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Preface for Volumes 1 and 2
In the last 30 years, progress in food science, food technology, and food engineering has advanced exponentially. As
usual, information dissemination for this progress is expressed in many media, both printed and electronic. Books are
available for almost every specialty area within these three disciplines, numbering in the hundreds. 

Collective works on the disciplines are also available, though in smaller number. Examples are encyclopedias (food
science, food engineering, food packaging) and handbooks (nutrition, food processing, food technology). Because hand-
books on these topics are limited, this four-volume treatise is released by Taylor & Francis to fill this gap. The title of
these four volumes is Handbook of Food Science, Technology, and Engineering with individual volume title as follows:

● Volume 1: Food Science: Properties and Products
● Volume 2: Food Science: Ingredients, Health, and Safety
● Volume 3: Food Engineering and Food Processing
● Volume 4: Food Technology and Food Processing

This preface introduces Volumes 1 and 2.  Each volume contains about 1,000 printed pages of scientific and techni-
cal information. Volume 1 contains 55 chapters and Volume 2 contains 46 chapters. Volume 1 presents the following cat-
egories of topics, with the number of chapters indicated:

● Food components and their properties, 14
● Food categories, 26
● Food analysis, 9
● Food microbiology, 6

Volume 2 presents the following categories of topics, with the number of chapters indicated:

● Food attributes, 7
● Food fermentation, 8
● Food and workers safety, food security, 12
● Functional food ingredients, 15
● Nutrition and health, 4

A brief discussion of the coverage for each volume is described below.

In Volume 1, the first group of topics covers the components and properties of food such as carbohydrate, protein,
fat, vitamins, water, and pigments. The second group of topics covers the different categories of food products includ-
ing, but not limited to, beverages, bakery, cereals, legumes, vegetables, fruits, milk, meat, poultry, fats, oils, seafood, and
wine. The third group of topics describes the analysis of food such as basic principles and various techniques (chemical
method, spectroscopy, chromatography, mass spectrometry, and other analytical methodology). The last group of topics
covers food microbiology such as basic considerations, spoilage, land and marine animals, and analytical methodology. 

In Volume 2, the first group of topics covers the attributes of food such as sensory science, data base concepts, fla-
vor, texture, and color. The second group of topics covers food fermentation including basic principles, quality, flavor,
meat, milk, cultured products, cheese, yeasts, and pickles. The third group of topics covers food from the perspective of
safety, workers health, and security, especially in the United States, such as food standards, food protection methods,
filth, pathogens, migratory chemicals, food plant sanitation, retail food sanitation, establishment safety, animal feeds and
drugs, and bio-terrorism. The fourth group of topics covers major functional food ingredients including, but not limited
to, antioxidants, colors, aroma, flavor, spice, enzyme, emulsifiers, phytates, sorbates, artificial sweeteners, eggs, gums.
The last group of topics covers special topics in nutrition and health such as food allergy, Chinese edible botanicals,
dietary supplements, and health related advertisement in the United States.



When studying the information in this two-volume text, please note two important considerations:

1. Although major topics in the discipline are included, there is no claim that the coverage is comprehensive.
2. Although the scientific information is applicable worldwide, a small number of topics with legal implications

are especially pertinent in the United States.

These two volumes are the result of the combined effort of more than 150 professionals from industry, government,
and academia. They are from more than 15 countries with diverse expertise and background in the discipline of food sci-
ence. These experts were led by an international editorial team of 13 members from 8 countries. All these individuals,
authors and editors, are responsible for assembling 2,000 printed pages of scientific topics of immense complexity. In
sum, the end product is unique, both in depth and breadth, and will serve as an essential reference on food science for
professionals in government, industry, and academia.

The editorial team thanks all the contributors for sharing their experience in their fields of expertise. They are the
people who make this book possible. We hope you enjoy and benefit from the fruits of their labor.

We know how hard it is to develop the content of a book. However, we believe that the production of a professional
book of this nature is even more difficult. We thank the editorial and production teams at Taylor & Francis for their time,
effort, advice, and expertise. You are the best judge of the quality of this book.

Y. H. Hui
J. D. Culbertson
S. Duncan
I. Guerrero-Legarreta
E. C. Y. Li-Chan
C. Y. Ma
C. H. Manley
T. A. McMeekin
W. K. Nip
L. M. L. Nollet
M. S. Rahman
F. Toldrá
Y. L. Xiong



The Editor
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England, and a Ph.D. (1983) in food science from the University of Guelph, Canada. Her research and teaching work
has been focused on meat and fish preservation and utilization in subtropical areas. She has also studied the obtainment
of products from marine resources, stressing the utilization of marine underutilized material and its by-products. Her pro-
fessional contributions include over 100 papers, book chapters, and a patent on industrial carotenoid pigment separation
from shrimp wastes. 
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Companies, including manager of Beverage Development and Technology for Thomas J. Lipton, director of Flavor
Operations for the National Starch and Chemical Company, and as vice president, International Business Development for
Quest International. Currently he serves as vice president of science and technology for Takasago International Corporation
(U.S.A.). Takasago is one of the leading Global Flavor and Fragrance Companies with sales volumes in the top five. His
major corporate responsibilities have been in managing commercialization of scientific research efforts and departments at
both Unilever and Takasago. He has made major professional contributions, including over 150 publications, patents, and
presentations in the field of flavor ingredient safety, food processing and science, and natural product chemistry. He has
served as the president of the Institute of Food Technologists (IFT) and the Flavor and Extract Manufacturers’ Association
(FEMA).

Professor Tom McMeekin holds a personal Chair of Microbiology at the University of Tasmania and is co-director of
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Institute of Refrigeration, 1987), the Annual Award of Merit (Australian Institute of Food Science and Technology,
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Food Properties Handbook published by CRC Press, Boca Raton, FL. He is editor of the Handbook of Food Preservation
published by Marcel Dekker, New York, which was translated into Spanish by Acribia, Spain in 2003. He is one of the
editors for the Handbook of Food and Bioprocess Modeling Techniques, which will be published by Taylor & Francis. Dr.
Rahman has initiated the International Journal of Food Properties (Marcel Dekker) and has been serving as the founding
editor for more than 6 years. He is one of the section editors for the Sultan Qaboos University Journal of Agricultural
Sciences (1999). In 1998 he was invited to serve as a food science adviser for the International Foundation for Science
(IFS) in Sweden. He received B.Sc.Eng. (chemical) (1983) and M.Sc.Eng. (chemical) (1984) degrees from Bangladesh
University of Engineering and Technology, Dhaka, an M.Sc. degree (1985) from Leeds University, England, and a Ph.D.
(1992) in food engineering from the University of New South Wales, Sydney, Australia. Dr. Rahman has received numer-
ous awards and fellowships in recognition of research/teaching achievements, including the HortResearch Chairman’s
Award, the Bilateral Research Activities Program (BRAP) Award, CAMS Outstanding Researcher Award 2003, and the
British Council Fellowship.

Dr. Fidel Toldrá holds a B.Sc. degree in chemistry (1980), M.Sc. degree in food technology (1981), and a Ph.D. in chem-
istry (1984). Currently, he is research professor and head of the Laboratory of Meat Science, Department of Food Science,
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I. INTRODUCTION TO CARBOHYDRATES

Carbohydrates, which in their basic form exhibit the gen-
eral chemical formula Cn(H2O)n, are a class of organic com-
pounds that were historically designated “hydrates of
carbon” due to their observed elemental composition. As

the most abundant class of organic compounds on Earth,
carbohydrates are the primary constituents of plants and
exoskeletons of crustaceans and insects. Therefore, carbo-
hydrates are virtually an unavoidable element of daily life,
as they are encountered in food (glucose, sucrose, starch,
etc.), wood, paper, and cotton (cellulose). Carbohydrates
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themselves can be sub-grouped according to the number of
sugar building blocks comprising their respective structures
from monomers (monosaccharides) right through to poly-
mers (polysaccharides). In addition, the diversity of carbo-
hydrates occurring within nature arises from the number of
carbon atoms comprising sugar monomer units (monosac-
charides of 3 to 9 carbon atoms), the varied chemical struc-
ture of monosaccharides (including substituent groups),
and the nature of linkages joining monosaccharide units. 

II. MONOSACCHARIDES

Monosaccharides, which represent the most basic carbohy-
drate elements, are polyhydroxy aldehydes and ketones
commonly referred to as aldoses and ketoses, respectively.
In addition, the number of carbon atoms present in the 

molecule also aids classification of monosaccharides. For
sugars comprised of 3, 4, 5, 6, and 7 carbon atoms, the anal-
ogous aldose sugars are referred to as trioses, tetroses, pen-
toses, hexoses, and heptoses, respectively, while the same
ketoses are correspondingly and officially named triuloses,
tertruloses, pentuloses, hexuloses, and heptuloses, respec-
tively. They may also be unofficially grouped with names
such as ketopentose and ketohexose. The simplest aldose
and ketose monosaccharides are the two entantiomers of
glyceraldehyde (D and L) (Figure 1.1) and 1,3-dihydroxy-
acetone (Figure 1.2), respectively. Aldoses exhibit one
additional chiral center compared to ketoses for the same
number of carbon atoms. With the addition of an extra
carbon atom to a growing monosaccharide chain, the num-
ber of possible stereoisomers increases. For the total num-
ber of chiral or asymmetric centers (n) possessed by a

FIGURE 1.1 Acyclic form of the D-aldose series.



monosaccharide, there are 2n possible arrangements. The
reference monosaccharide is considered to be D-glycer-
aldehyde, which provides a template for generation of
acyclic carbon skeletons (from 3 to 6 carbon atoms) as out-
lined in Figure 1.1 (Fischer projection format). For D-sug-
ars, the hydroxyl group of the highest numbered
asymmetric carbon atom (the one furthest from the car-
bonyl group) is situated on the right-hand side of the
Fischer projection, while for L-sugars, the same hydroxyl
group is positioned on the left. Thus, the analogous
L-aldose series (for brevity not shown) is represented by the
exact mirror image structures presented for the D-aldose
series. Most sugars found in nature are of the D-configura-
tion, though some common exceptions include L-arabi-
nose, L-rhamnose, L-fucose, L-guluronic acid and
L-iduronic acid. Monosaccharide units that differ only in
the configuration about a single chiral carbon atom are
referred to as epimers (diastereomers). For example, D-glu-
cose and D-galactose are C-4 epimers. Similar to the pat-
tern previously presented for the aldoses, the ketose acyclic
series begins with 1,3-dihydroxyacetone; however, the chi-
ral template series starts at D-erythrulose (Figure 1.2) [1,2].

The carbonyl group of aldoses and ketoses is reactive
and readily forms an intramolecular cyclic hemiacetal.

Therefore, most monosaccharides (except glyceraldehydes,
1,3-dihydroxyacetone and tetrulose) form energetically sta-
ble 5- (furan) and 6- (pyran) membered ring structures.
Through cyclization, an additional chiral center is formed
(compared to the acyclic form) at C-1 (aldoses) or C-2
(ketoses), which is designated the anomeric carbon atom.
At the new chiral center, there are two possible anomeric
configurations, α and β, which denote the hydroxyl group
below and above the ring plane, respectively (true for 
D-sugars, while the opposite designation is true for L-sug-
ars). The cyclic hemiacetal formation for both pyranose and
furanose ring structures (Haworth projections) is illustrated
in Figure 1.3 for D-glucose. The actual conformation of the
glucopyranosyl structure exists predominantly in the form
of a chair-shaped ring (not all ring atoms within the same
plane) with the bulky hydroxyl groups in an equatorial
arrangement to minimize steric (1,3-syn-diaxial) interac-
tions and lessen bond angle strain. For example, β-D-glu-
copyranose is shown in the 4C1 conformation (Figure 1.3).
The superscript and subscript numbers of the conforma-
tional notation denote the numbers of the carbon atoms
above and below the plane of the ring, respectively [1,2]. 

Aldoses and ketoses (both hemiacetals) can readily
react with alcohols to produce acetals called glycosides. The
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FIGURE 1.2 Acyclic form of the D-ketose series.



suffix -ide indicates an acetal linkage. For example,
D-xylose reacting with methanol produces a mixure of
methyl α-D-xylopyranoside and methyl β-D-xylopyra-
noside [1]. The alcohol (methanol in the above example)
portion of the glycoside is called the aglycon. In nature, the
aglycon (alcohol) is most often another monosaccharide
unit, and the covalent bond joining two monosaccharide
units is termed a glycosidic bond. This concept can be used
to describe two (disaccharide) or more monosaccharide
units attached through glycosidic linkages, including exten-
sive polymeric chains (e.g., polysaccharides) comprised of
many monosaccharide units.

In addition to the stereoisomeric configurations of sug-
ars, the chemical diversity of monosaccharides can include
chemical functionalities such as: carboxyl groups at the pri-
mary hydroxyl group position (uronic acids), amino groups
in place of hydroxyl groups (amino sugars), hydroxyl
groups replaced with hydrogen atoms (deoxy sugars), dou-
ble bonds (unsaturated derivatives), branch chain sugars,
ether substituents, and ester substituents. Examples of these
diverse structures are shown in Figure 1.4. A uronic acid is
an aldose in which the primary alcohol group (e.g., C-6) has
been converted to a carboxylic acid (e.g., α-D-galacturonic
acid). A deoxy monosaccharide involves the replacement of
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a hydroxyl group with a substituent such as a hydrogen 
atom (e.g., 6-deoxy-L-mannopyranose, commonly known
as L-rhamnose; 2-deoxy-D-erythro-pentose, also known as
2-deoxy-D-ribose; 3-deoxyl-D-ribo-hexose, also known as
3-deoxy-D-glucose). An amino sugar is a monosaccharide,
in which a hydroxyl group is replaced by an amino group
(e.g., 2-amino-2-deoxy-β-D-glucopyranose). A branch
chain sugar is C-substituted at a non-terminal carbon (e.g.,
3-C-hydroxymethyl-D-erythro-tetrose, also known as D-
apiose). Ether and ester carbohydrate derivatives will be dis-
cussed later.

Polyhydroxycyclohexanes, also known as cyclitols or
inositols, are discussed here due to their similarities to
pyranoses. Nine stereoisomers are possible, and the most
widespread in nature is myo-inositol (Figure 1.4). Methyl
ether derivatives of inositols are also common.

III. REACTIONS OF CARBOHYDRATES

A. HYDROLYSIS

Glycosides, including disaccharides and polymeric chains
(oligosaccharides and polysaccharides), undergo hydrolysis
in aqueous acids to yield free sugars. The process somewhat
randomly cleaves glycosidic bonds to reduce large carbohy-
drate chains into smaller fragments, which can in turn be
further depolymerized to monosaccharide units. Hydrolysis
is initiated in glycosides by protonation of the exocyclic
oxygen atom followed by breakdown of the conjugate acid
(cleavage of the bond between the anomeric carbon atom
and the glycosidic oxygen atom) resulting in the formation
of a cyclic carbocation, which is attacked by water to yield
the hemiacetal product (Figure 1.5). Glycosidic bonds can
also be cleaved by enzymes, which are very specific to the

type of sugar residue (e.g., D-galactosyl vs. D-glucosyl),
anomeric configuration (α or β), and the glycosidic linkage
site (e.g., 1→3). Both acid- and enzyme-catalyzed hydroly-
sis are commonly employed in the manufacture of mal-
todextrins and corn syrups, as well as in the commercial
production schemes of polysaccharides.

B. OXIDATION/REDUCTION

Aldoses can be readily oxidized to aldonic acids. Because
during the oxidation there is a concurrent reduction of the
oxidizing agent, aldoses are called reducing sugars
(Figure 1.6). Aldonic acids can readily cyclize to form a
stable lactone under neutral or acidic conditions. This oxi-
dation reaction has been successfully exploited either
chemically (Fehling solution, Cu(OH)2; bromine solution;
Tollens reagent) or enzymatically (glucose oxidase) to
quantitatively determine sugars [1,2]. In contrast, ketoses
must first be isomerized to an aldose (under alkaline con-
ditions), which can then undergo oxidation.

Reduction of an aldose or ketose results in the formation
of an alditol or sugar alcohol (denoted by the -itol suffix).
Commercial-scale operations typically use high-pressure
hydrogenation in conjunction with nickel catalyst for such
reductions. Sorbitol (D-glucitol) is a commonly occurring
alditol in fruits, and is 50% as sweet as sucrose. Sugar alco-
hols, such as D-glucitol, D-mannitol, and D-xylitol, are fre-
quently used as alternative sweeteners (noncariogenic) in
chewing gum and confectionary applications.

C. THERMAL REACTIONS

Heating of reducing sugars results in a complex series of
reactions called caramelization. The process is a cascade of
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FIGURE 1.5 Abbreviated mechanism of acid-catalyzed hydrolysis of a glycoside.
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FIGURE 1.6 Oxidation of an aldose to an aldonic acid with subsequent formation of D-gluconolactone.



dehydration reactions that form semi-volatile anhydrides
(e.g., 1,6-anhydro-�-D-glucopyranose (levo-glucosan))
and unsaturated compounds (e.g., 5-hydroxy-methyl-
furaldehyde (HMF) and furaldehyde) as shown in Figure
1.7 [1]. Catalysts such as salts and acids are added to pro-
mote the reaction.

Reducing sugars in the presence of amines (such as
proteins and amino acids) undergo a thermal reaction
called the Amadori rearrangement. In the case of D-glu-
cose, reaction with an amine (R-NH2) will form a deriva-
tive of 1-amino-1-deoxy-D-fructose and D-glucosylamine
(Figure 1.8a). If the reaction continues under acidic con-
ditions, it will undergo dehydration reactions to form
HMF. Above pH 5, reactive Amadori intermediates yield
complex polymerized dark-colored products via the
poorly understood non-enzymatic browning or Maillard
reaction, which contributes both color and flavor compo-
nents to a wide range of food systems (e.g., bread crust,
chocolate, caramels, etc.) Recently, acrylamide has been
detected in a myriad of high-temperature processed foods
(French fries, bread, breakfast cereal, popcorn, etc.), and
seems to be primarily derived by the reaction between 
D-glucose and asparagine. The reaction likely proceeds
via the glucosyl-asparagine derivative, and then under-
goes decarboxylative deamination to form acrylamide
(Figure 1.8b) [4]. To date, it is not known whether the low
levels (ppb) detected in food pose any significant health
risk to humans.

D. ESTER/ETHER FORMATION

Hydroxyl groups of sugars can form esters with organic
and inorganic acids. Reaction of hydroxyl groups with acyl
chlorides or acid anhydrides in the presence of a catalyst
(base) produces esters. Industrially, starches are esterified
(acetates, phosphates, succinates, adipates, etc.) to
improve their food-use properties. Acetates, sulfates, and
phosphates are commonly found as native constituents of
carbohydrates. For example, acetyl groups are present in
certain polysaccharides such as the plant hemicelluloses
(xylan and glucomannan), certain pectins, and xanthan,
while sugar phosphates are common intermediates in the
biosynthesis of monosaccharides and polysaccharides. The
polysaccharide carrageenan contains sulfate half-ester sub-
stituents. In addition to esters from sugar hydroxyl groups,
esterified uronic acid units are found in polysaccharides.
The best example is pectin, in which some of its D-galac-
turonic acid units exist in the methyl ester form. 

The hydroxyl groups of carbohydrates can also form
ethers. In nature, ether groups are not common, though
some D-glucuronic acid units, particularly in hemicellu-
loses, such as glucurononxylan, are methylated at the O-4
position (4-O-methyl-D-glucuronic acid). Industrially,
starches and celluloses are methylated (cellulose), hydroxy-
propylated (starch, cellulose), and carboxymethylated 
(cellulose) to improve the properties of these polysaccha-
rides for a variety of food applications.
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IV. OLIGOSACCHARIDES

Oligosaccharides are comprised of 2 to 20 glycosidically-
linked monosaccharide units [3]. In nature, enzymes
called glycosyltransferases catalyze the biosynthesis of
both oligosaccharides and larger polymeric carbohydrates
(e.g., polysaccharides). These very specific enzymes link
specific monosaccharide units together according to a
defined anomeric configuration and linkage position (e.g.,
C-3) on the aglycon sugar. Commercially, oligosaccha-
rides also can be generated through enzyme- or acid-
catalyzed hydrolysis of polysaccharides. The following
section will briefly discuss common disaccharides, trisac-
charides, and fructo-oligosaccharides.

A. DISACCHARIDES

Disaccharides are composed of two monosaccharide units
joined by a glycosidic bond. Disaccharides can either be
reducing (e.g., maltose and lactose, Figure 1.9) or non-
reducing (e.g., sucrose, Figure 1.10), depending on
whether one or both anomeric carbon atoms are involved
in the disaccharide glycosidic bond. Maltose (Figure 1.9),
a disaccharide formed by enzymatic hydrolysis of starch,
is produced commercially from the malting of barley, and

is the primary fermentable sugar used in the production of
beer [3]. The structure of maltose (α-D-glucopyra-
nosyl(1→4)-D-glucopyranose) can be written in short-
hand notation as αGlcp(1→4)Glcp. The shorthand
abbreviation for a monosaccharide unit is based on its first
three letters, except for glucose, which is designated as
Glc. The position of the linkage is designated as (1→4)
from carbon atom 1 of the glycosyl unit to carbon atom 4
of the agylcon unit. The sugar ring size is denoted as p for
pyranose or f for furanose, while the anomeric configura-
tion is designated as either α or β. In the case of D or L
configuration, it is only necessary to stipulate L-sugars
(D-sugars are assumed unless noted otherwise). This
shorthand notation can be used to define both oligosac-
charide and more complex polymeric (polysaccharide)
carbohydrate structures.

Lactose (βGalp(1→4)Glcp; Figure 1.9) is found in
milk at concentrations between 4 and 9%, and is the pri-
mary carbohydrate source for developing mammals. For
energy utilization, it is necessary that lactose be hydrolyzed
by the enzyme lactase (β-galactosidase) to D-galactose and
D-glucose in the small intestine to facilitate absorption into
the bloodstream. In some individuals, lactose is not
(or is only partially) hydrolyzed (lactase deficiency), which
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FIGURE 1.8 (a) Amadori reaction scheme and (b) formation of acrylamide. 



condition is clinically termed lactose intolerance, and
results in the bacterial, anaerobic fermentation of lactose in
the large intestine to lactic acid and gaseous products [3].

Sucrose (αGlcp(1↔2)βFruf; Figure 1.10) is composed
of an α-D-glucopyranosyl unit linked (reducing end to
reducing end) to a β-D-fructofuranosyl unit, and therefore
is non-reducing, because it has no free carbonyl (aldehyde)
group. Sucrose (table sugar) is one of the most common
low-molecular-weight carbohydrates in the human diet. It is
found in plants (e.g., sugar beets, sugarcane, and fruit),
where it represents an easily transportable energy and car-
bon source and an intermediate in starch and cellulose
biosynthesis. Another attribute of sucrose is its solubility in
water to form highly concentrated solutions, which result in
the lowering of the freezing point of water (anti-freeze) and
resistance against dehydration in plants and fruits [3]. As a
food ingredient, sucrose is utilized due to its water-solubil-
ity, desirable sweet taste, effects on colligative properties
(e.g., boiling and freezing point regulation), preservative
function (osmotic effect), and texturizing effects. 

In certain plants, some sucrose molecules are α-galac-
tosylated to form the non-reducing trisaccharide, raffinose

(αGalp(1→6)αGlcp(1↔2)βFruf), the tetrasaccharide,
stachyose (αGalp(1→6)αGalp(1→6)αGlcp(1↔2)βFruf)
as shown in Figure 1.10, and the pentasaccharide, verbas-
cose. These oligosaccharides are found especially in beans,
onions, and sugarcane. They are non-digestible and are
responsible for causing the flatulence (due to microbial fer-
mentation in the colon) associated with the eating of beans
and onions [3].

B. FRUCTOOLIGOSACCHARIDES

Fructans, which are polymers (polysaccharides) consist-
ing of β-D-fructofuranosyl units, are found in higher
plants, and are composed of two types, inulins and levans
(Figure 1.11). Inulins consist of (2→1)-linked β-D-fructo-
furanosyl units and are found in Jerusalem artichoke,
chicory, and dahlia tubers, while levans, consisting of
(2→6)-linked β-D-fructofuranosyl units, are found in
grasses. Both types of fructans are terminated at the
reducing end with a sucrose unit [2]. Fructo-oligosaccha-
rides, which are smaller versions of fructans are used in
prebiotic food applications, and are believed to serve as a
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preferred substrate to promote colonization of beneficial
gut microflora (e.g., bifidobacteria).

V. POLYSACCHARIDES

By definition, polysaccharides (glycans) are long-chain,
carbohydrate polymers comprised of, at minimum, 20 gly-
cosidically linked monosaccharide (monomer) units [3].
The number of individual monosaccharide units that com-
prise a particular polysaccharide is referred to as the
degree of polymerization (DP). Most indigenous polysac-
charides possess DPs far in excess of the stated minimum
(200–3000 DP is typical), though extremes are observed in
nature at both ends of the DP spectrum [3]. While poly-
saccharides are present in a wide range of plant and animal
biological systems, most glycans of commercial signifi-
cance occur in higher plants (though a few are produced by

bacteria). Collectively, polysaccharides from varied ori-
gins offer a multitude of structural and functional diversity
consistent with their respective intended roles (e.g., struc-
ture, energy storage, hydration, etc.) within biological sys-
tems. Of the various carbohydrate classes, polysaccharides
are by far the most abundant in nature [3], and, as a class
of compounds, represent the greatest single component of
biomass on the planet. Their relative abundance combined
with their diverse structural and functional characteristics
make them a superb source of biopolymers for utilization
in a wide range of food applications.

A. CLASSIFICATION OF POLYSACCHARIDES

Though commonly classified by source (Table 1.1), poly-
saccharides may also be categorized according to the
number of different monosaccharide types contained
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TABLE 1.1
Categorization of Select Polysaccharides according to Origin1

Origin/Source Polysaccharide Examples 

Higher plants
Cell wall associated Cellulose, hemicellulose, pectin
Energy stores (seeds, roots, tubers) Starch, guar gum, locust bean gum
Exudates Gum arabic, gum karaya

Marine plants (seaweed extracts) Carrageenan, alginate, agar
Microorganisms (bacterial fermentation) Xanthan, gellan
Chemical derviatives (of varied native origin) Hydroxypropylstarch, starch acetate, starch phosphate,

carboxymethylcellulose, hydroxypropylmethylcellulose,
methylcellulose

Synthetic Polydextrose

1Adapted from Ref. [3].



within their molecular structure (e.g., homoglycan: one
type vs. heteroglycan: more than one type), molecular
shape (e.g., branched vs. linear), electrostatic charge (e.g.,
neutral vs. anionic) and properties (e.g., gelling vs. non-
gelling) (Table 1.2).

In addition, polysaccharides differ from proteins and
nucleic acids in that they are both polydisperse and poly-
molecular [3]. With regard to polydispersity, a particular
polysaccharide type (e.g., pectin) is not defined by a spe-
cific number of monomeric units or a defined molecular
weight, but rather possesses a range of DPs and molecular
weights. Further, the majority of polysaccharides are not
chemically homogeneous (cellulose and bacterial polysac-
charides are exceptions); they are polymolecular in the
sense that individual molecules within a polysaccharide
type (e.g., pectin) may differ from one another with respect

to fine structure (monosaccharide sequence, proportion of
monosaccharide constituents, linkage type, branching fre-
quency). Thus, it is important to keep in mind that the
described structure of a polysaccharide type often is not
absolute; rather it is an idealized, statistical representation
for a population of macromolecules. For every polysaccha-
ride, the reported molecular weight is also an average value.

B. STRUCTURAL REGIMES OF POLYSACCHARIDES

Nevertheless, structural aspects of polysaccharides may be
defined on several different organizational levels (analo-
gous to protein primary, secondary, tertiary, and quater-
nary structural regimes) [5]. Polysaccharide primary
structure refers to the sequence of monosaccharide
units and the configuration of accompanying glycosidic
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TABLE 1.2
Categorization of Select Polysaccharides according to Multiple Classification Schemes Related to Structure and
Behavior1

Origin/Source Polysaccharide Examples 

By Shape 
Linear Cellulose, starch (amylose2), pectin,3 alginate, agar, carrageenan,

gellan, cellulose derivatives (carboxymethylcellulose,
hydroxypropylmethylcellulose, methylcellulose) 

Branched Guar gum, locust bean gum, xanthan 
Branch-on-branch Starch (amylopectin), gum arabic 

By Number of Types of Monomeric Units
Homoglycan Cellulose, starch (amylose, amylopectin)
(Di)Heteroglycan Guar gum, locust bean gum, alginate, agar, carrageenan, pectin3

(Tri)Heteroglycan Xanthan, gellan
(Tetra)Heteroglycan Gum arabic

By Charge
Neutral Cellulose, starch (amylose, amylopectin4), agar,5 guar gum,

locust bean gum, methylcellulose, hydroxypropylmethyl- 
cellulose, hydroxypropylstarch, starch acetate

Anionic Xanthan, gellan, alginate, carageenan, pectin, gum arabic, gum 
karaya, carboxymethylcellulose, starch phosphate

By Rheological Properties
Gelling Starch and starch derivatives, alginate, agar, carrageenan 

(κ- and ι-types), pectin, gellan, hydroxypropylmethylcellulose,
methylcellulose 

Non-gelling Celulose, xanthan,6 locust bean gum,7 guar gum, carrageenan 
(λ-type), gum arabic,8 carboxymethylcellulose, polydextrose

1 Adapted from Ref. [3].

2 Depending on botanical source, amylose can contain some minor short branches toward the molecular reducing end [3].

3 Categorization does not account for native pectin hairy regions (regions of extensive branching composed of multiple monosaccharide units), most
of which are lost during processing to commercial grade pectin [26].

4 Some starch amylopectin molecules (i.e., potato) may possess small amounts of native starch monophosphate [3].

5 Agar does possess small amounts of sulfate [30], but is considered to be largely neutral.

6 Though xanthan solutions do not gel, xanthan does form synergistic gels with locust bean gum, agar, and κ-carrageenan [3].

7 Though primarily a thickener, locust bean gum exhibits synergistic gelling behavior with xanthan, agar, and κ-carrageenan [3].

8 Forms gels at very high concentrations [3].



linkages. However, it is the glycan primary structure that
ultimately dictates the nature and extent of intramolecular
and intermolecular associations within a polysaccharide
system that lead to development of three-dimensional
molecular order (secondary, tertiary, and quaternary struc-
tures). Of the two defining elements of primary structure,
linkage type generally exerts a greater influence on molec-
ular conformation than monosaccharide type [6]. While
there is free rotation about glycosidic bonds, the extent of
rotation is limited to a narrow range of thermodynamically
favored conformations that coincide with potential energy
minima (as a function of hydrogen bonding, van der
Waals, polar, and torsional interactions) [5]. These pre-
ferred conformations define the proximity of adjacent gly-
cosyl units one to another, and dictate the polysaccharide
long-range, three-dimensional shape. This principle is
illustrated by the classic comparison of cellulose, amy-
lose, and dextran polysaccharides, which are all linear
chains of polyglucose, differing only in the nature of their
glycosidic linkages (Figures 1.12a–c) [3]. 

The equatorial-equatorial β(1→4) glycosidic linkage
of cellulose, which facilitates a strong hydrogen bonding
interaction between the ring oxygen atom and the C-3
hydroxyl group of adjacent glycosyl units, gives rise to a
flat, ribbon-like molecular conformation. On the contrary,
the axial-equatorial α(1→4) linkage of amylose leads to a
more open, coiled, helical structure, based on favorable

hydrogen bonding between the C-2 and C-3 hydroxyl
groups of neighboring glucosyl units. Finally, the
α(1→6) glycosidic linkage inherent to dextran introduces
an additional bond (C-5–C-6), about which free rotation
can occur. This additional bond also increases the distance
between adjacent glycosyl units such that hydrogen bond-
ing cannot occur. The resulting consequence is that dex-
tran molecules do not generally possess an ordered
three-dimensional conformation, but instead adopt the
structure of a random coil (possess no defined shape). 

The ability to form ordered secondary structure is
favored by a high degree of chain uniformity (regularity
of monosaccharide sequence and glycosidic linkage) [3],
while a random coil results from the lack thereof. In sum-
mary, the ribbon, helix, and random coil conformations
described for cellulose, amylose, and dextran, respec-
tively, effectively demonstrate the range of secondary
structure typical of polysaccharide systems. 

An example of polysaccharide tertiary structure is
observed with starch amylose molecules, which can asso-
ciate to form sections of ordered, double-helical arrange-
ments [5]. Triple-helical tertiary structures have also been
reported to exist for various polysaccharides [7,8]. Most
polysaccharide tertiary structures are typically stabilized
through intermolecular hydrogen bonds.

Temperature and physical state also influence the ten-
dency for a polysaccharide to adopt an ordered secondary
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or tertiary structure. A polysaccharide in an ordered con-
formation typically undergoes a reversible order (helix) to
disorder (random coil) transition with an increase in tem-
perature sufficient to disrupt hydrogen bonds that stabilize
the ordered conformation (Figure 1.13a) [9]. Under these
circumstances, double-stranded tertiary structures gener-
ally unfold (Figure 1.13b). Upon cooling below the tran-
sition temperature, polysaccharide molecules are again
able to regain their respective ordered secondary and/or
tertiary arrangements. For polysaccharides capable of
forming ordered secondary structures, the crystalline state
generally favors the existence of the ordered conforma-
tion, while the solution state (in water) often results in
adoption of a random coil [5]. In the solution state, com-
peting hydrogen bonds between solute (polysaccharide)
and solvent (water) molecules tend to minimize the stabi-
lizing effects of intramolecular (solute-solute) hydrogen
bonds that would otherwise stabilize an ordered polysac-
charide secondary structure. Nevertheless, the solution
state does not necessarily impede the formation of double-
helical tertiary structures, though solvent conditions nec-
essary for development of such structures may vary with
polysaccharide type. 

The ability to form some degree of ordered secondary
or tertiary structure is generally a prerequisite (but not a
guarantee) for polysaccharides to participate in advanced
quaternary supramolecular structures. Quaternary struc-
ture develops through alignment and aggregation of sec-
ondary- and/or tertiary-ordered polysaccharide molecules

[5], and is typically stabilized by non-covalent interactions
(electrostatic, non-polar, hydrogen bond associations)
under requisite solvent conditions. Such quaternary order
is responsible for the intermolecular associations that lead
to development of both gel (junction zone) and other crys-
talline structures, which are important to processed foods
and native plant cell wall systems. However, in discussing
any level of polysaccharide three-dimensional structure, it
is important to note that polysaccharide molecules in solu-
tion are in a constant state of dynamic flux, and likely exist
in a wide range of physical forms (helix, double helix, ran-
dom coil, etc.) at any point in time (even though a statisti-
cally favored conformation may be dominant) [3,5].
Nevertheless, the three-dimensional structures discussed
here provide a basis for many of the observed properties of
polysaccharide systems. A more detailed description of
molecular features impacting polysaccharide conforma-
tion and physical properties is presented next.

C. IMPACT OF POLYSACCHARIDE MOLECULAR

FEATURES ON PHYSICAL PROPERTIES

While polysaccharides possess ring oxygen and hydroxyl
groups capable of interacting with water through hydro-
gen bonds [3], physical properties such as solubility, vis-
cosity, and gelling capability are additionally influenced
by other molecular features inherent to a polysaccharide.
Water solubility of a polysaccharide is generally
enhanced by molecular features that prevent formation of
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FIGURE 1.13 Depiction of the conformational changes associated with the thermoreversible order to disorder transition for 
(a) single- and (b) double-helical structures.



an ordered three-dimensional structure (e.g., irregular
backbone structure) or that present physical barriers to
intermolecular interactions (e.g., uniform sidechains,
backbone repulsive charge) (Table 1.3). An irregular
polysaccharide glycosidic linkage or monosaccharide
repeat tends to promote polymer flexibility, which can
reduce opportunity for intermolecular association and aid
solubility. The presence of regular sidechains or deriva-
tized polysaccharide hydroxyl groups can introduce
steric hindrance and molecular repulsion (if substituents
are charged), which minimize polysaccharide intermole-
cular associations, leading to increased solubility [3].

The basis for the increased viscosity of polysaccha-
ride solutions (relative to pure water) varies according to
polysaccharide concentration. The viscosity of a polysac-
charide system within the dilute regime arises from the
restructuring of water at the polysaccharide-water inter-
face, and represents the collective (additive) effect of indi-
vidual polysaccharide molecules in solution [10]. At more
intermediate concentrations, typical of industrial applica-
tions, intermolecular effects become more predominant.
As a result of being in constant dynamic motion, a poly-
saccharide molecule in solution sweeps out or occupies a
theoretical volume or domain of spherical shape [10].
With increasing polysaccharide concentration, the proba-
bility for individual polysaccharide molecular domains to
collide or overlap becomes increasingly likely, leading to
entanglements, internal friction, and increased viscosity
[3,11]. The polysaccharide concentration at which inter-
penetration of polymer domains occurs is referred to as
the overlap concentration, and coincides with a concurrent

rise in the slope of the viscosity increase in response to an
increasing polysaccharide concentration [11]. 

Aside from concentration effects, molecular character-
istics of polysaccharides greatly influence solution viscos-
ity. The greater the theoretical volume swept out by a
polysaccharide molecule in motion, the greater the result-
ing viscosity (assuming a constant concentration). Thus, in
principle, the volume swept out by a polysaccharide in
solution is a function of both molecular size (DP) and shape
(three-dimensional structure) [3]. While a polysaccharide
of high molecular weight or DP might generally be
expected to sweep out a greater volume compared to a gly-
can of relatively smaller size, the factor of molecular shape
must also be considered. A random coil (highly flexible)
structure will occupy a smaller spherical solution domain
than that of a stiff, rod-like extended structure of equal
molecular size (Figures 1.14a and 1.14b) [3]. Likewise,
with the continued assumption of equal molecular weight,
a highly branched polysaccharide is anticipated to exhibit a
more compact shape and smaller volume in solution com-
pared to that of a highly linear, extended glycan (Figures
1.14b and 1.14c) [3]. Thus, linear, high-molecular-weight
polysaccharides capable of forming ordered secondary
(helical) and/or tertiary (double-helical) rod-like, extended
structures generally produce highly viscous solutions (at
relatively low concentrations). As previously described,
formation of ordered secondary or tertiary structures is gen-
erally favored by extended regions of chain uniformity
(regularity of monosaccharide sequence and glycosidic
linkage). Nevertheless, some degree of chain disruption
(presence of sidechain, charged, or derivatized moieties
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TABLE 1.3
General Description1 of Polysaccharide Molecular Features and Conditions That Promote Water-Solubility,
Viscosity Development, Gelling Behavior

Polysaccharide Feature Water-Solubility Viscosity Development Gelling Behavior/Stability

Backbone linkage and/or Irregular Regular (rigid structures) Mixed (both regular and irregular
monosaccharide repeat segments)

Backbone shape Branch-on-branch structure Linear, extended structures Linear, extended structures

Degree of branching and/or Regular, even distribution of Regular, even distribution of Sporadic or irregular distribution
substitution sidechains or substituents short sidechains or substituents of side chains or substituents

along polymer chains along polymer chains along polymer chains

Molecular charge Even distribution of charge Even distribution of charge Uneven distribution of charge 
(if charged) (repulsive) along (repulsive) along (repulsive) along polymer

polymer chains polymer chains chains

Degree of solvation Maximum High Balanced (segments of both
polymer-polymer and polymer-
water interactions)

Molecular size Low Intermediate to high Low to intermediate

1 It is important to note that polysaccharides do not necessarily need to possess all suggested molecular features or conditions to exhibit a particular pro-
perty, though the greater number of molecular features present will increase the likelihood for a particular property to be exhibited. Exceptions do also exist.



along backbone, etc.) is often necessary to retain polysac-
charide solubility (Table 1.2) [3,5]. In particular, charged
groups along the polysaccharide backbone tend to keep

polysaccharides in extended form by way of intramolecular
repulsion, and enhance solubility and increase viscosity.

The ability to form viscoelastic (combination of both
liquid-like (viscous) and solid-like (elastic) behavior) gels
represents another significant physical property inherent
to many polysaccharide systems. A polysaccharide gel
typically consists of some form of an open, continuous,
three-dimensional network of aggregated solute macro-
molecules (polysaccharides) capable of entrapping signif-
icant volumes of solvent molecules (water) (Figure 1.15)
[3]. The polysaccharide network is generally reinforced
through limited aggregation of secondary- and/or tertiary-
ordered polysaccharide molecules that form regions of
supramolecular quaternary structure termed junction
zones (intermolecular cross-links) [3,5]. Junction zones
may be anchored by a range of stabilizing forces (hydro-
gen bonds, hydrophobic interactions, electrostatic forces,
van der Waals attractions, molecular entanglement, etc.)
defined by the polysaccharide structure and solvent con-
ditions. Regions of polysaccharide molecules not
involved in junction zone structure maintain strong inter-
action with water molecules to achieve a delicate balance
between the solute-solute (junction zone structure) and
solute-solvent (soluble polysaccharide) interactions that
constitute a gel.

In general, the polysaccharide structural features that
promote gel formation (junction zone development) are
similar to those previously described to favor develop-
ment of secondary- and/or tertiary-ordered structures
(characteristics that encourage chain regularity).
Nevertheless, to achieve gel stability, most gelling poly-
saccharides also possess some degree of structural pertur-
bation or disruption that breaks up or limits the formation
of the ordered arrangement at sites along the length of
polysaccharide chains (Table 1.3) [5]. Such disruptions
prevent excessive growth or development of junction
zones that would otherwise lead to syneresis (loss of
water-holding capacity) and gradual precipitation of poly-
saccharide molecules [3]. Specific structural features that
serve this purpose include: occasional irregularity within
the chain primary structure (e.g., carrageenan); occur-
rence of mixed blocks of monsaccharides within the pri-
mary chain (e.g., alginate); and presence of short,
sporadic sidechains (e.g., locust bean gum in mixed gel
systems with xanthan or carrageenan), substituent groups
(e.g., hydroxypropylated starch), or charged moieties
(e.g., high-methoxyl pectin). Formation of a stable gel
structure also requires manipulation of solvent conditions
to meet gelling requirements imposed by the specific
structural features of a polysaccharide. Addition of low-
molecular-weight solutes (acids, salts, sugar, etc.) or
adjustment of temperature may also be used to encourage
polysaccharide interaction (reduction of solvation), and
regulate the balance of attractive and repulsive forces that
coincide with the formation of a stable gel system. 
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FIGURE 1.15 Schematic representation of a generalized poly-
saccharide gel structure consisting of segments of aggregated,
ordered polysaccharide molecules (double helices) that com-
prise junction zones (intermolecular cross-links) stabilizing a
porous, continuous three-dimensional network or suprastructure.
Void spaces are occupied by entrapped solvent (water) and
unordered (fully solvated) portions of polysaccharide molecules
to yield a viscoelastic material. 

Branched
structure

(c)Extended rod(b)Random coil(a)

FIGURE 1.14 Comparison of theoretical solution volumes
occupied or swept out by (a) a random coil, (b) a somewhat rigid
rod, and (c) a branched macromolecule with the assumption of
identical molecular weight.



D. POLYSACCHARIDE STABILITY AND REACTIVITY

Polysaccharides are subject to a range of environments and
conditions in food systems that have the potential to alter
not only their conformations, but also their chemical struc-
tures and behaviors. A primary means by which molecular
structure is significantly altered occurs through the cleav-
age of glycosidic bonds (depolymerization), which tran-
spires by two primary means, hydrolysis and β-elimination
reactions. The mechanism of chain cleavage by hydrolysis,
which may be initiated by acids or enzymes, was described
in an earlier section (Section II, Figure 1.5). While the rate
of acid-catalyzed hydrolysis is influenced by pH (lower =
faster rate), temperature, and time of exposure, it also
varies with the nature of the glycosidic linkage [3]. For
example, the rate of acid-catalyzed hydrolysis for uronic
acid-based polysaccharides (e.g., alginate) is significantly
slower than for corresponding neutral polysaccharides. For
enzyme-catalyzed hydrolysis, polysaccharides such as
starch can be readily hydrolyzed into maltose and
branched oligosaccharides by treatment with β-amylase
(exo-glucanase), which cleaves terminal maltosyl residues
from starch polysaccharides. In contrast, α-amylase (endo-
glucanase) cleaves α(1→4)-linked bonds at random points
along the polysaccharide chain affording oligosaccharide
products. Thus, for various polysaccharides, the pattern of
enzymatic hydrolysis may differ according to the specific
enzymes employed. Lastly, polysaccharide depolymeriza-
tion by means of beta-elimination is favored under alkaline
conditions, and requires oxidation at O-2, O-3, or O-6 for
the reaction to proceed as depicted below (Figure 1.16).
Aside from conditions encountered within food systems, it
is important to note that depolymerization reactions are
often intentionally employed in the production schemes of
many commercial polysaccharides [3]. 

The reactivity of polysaccharides is also frequently
manipulated to improve and extend their physical proper-
ties. The reactions described earlier in relation to monosac-
charides (Section II) are also pertinent to polysaccharides,
and generally involve derivatization of polysaccharide

hydroxyl groups. The extent of chemical modification is
most commonly described by the degree of substitution
(DS). Most individual monosaccharide units within a poly-
saccharide structure possess an average of three hydroxyl
groups available for reaction. The DS, which may exhibit a
maximum value of three, depicts the average number of
modified hydroxyl groups per glycosyl unit [3]. For reac-
tions in which it is possible for a substituent group result-
ing from reaction with a polysaccharide hydroxyl group to
further react with another reagent molecule, the degree of
reaction is described in terms of molar substitution (MS),
which is defined as the average number of moles of reactant
per glycosyl unit [3].

VI. POLYSACCHARIDE STRUCTURES AND
FUNCTIONS

Polysaccharides of commercial significance will be dis-
cussed in terms of their structural constituents that are
ultimately responsible for their observed properties. The
discussion of specific polysaccharides is anticipated to
highlight the diversity of structures and functions com-
mon to food systems, but is not intended to represent a
comprehensive list of polysaccharides present in foods
either naturally or as added ingredients. 

A. STARCH AND ITS DERIVATIVES

As the primary storage medium in higher plants, starch in
its simplest form consists of two diverse homopolymers,
amylose (linear structure) and amylopectin (branch-on-
branch structure), both of which are comprised exclusively
of D-glucosyl units (Figure 1.17a and 1.17b). The linear
fraction, amylose, consists of (1→4)-linked α-D-glucopy-
ranosyl units, and has a molecular weight in the range of
30,000 to greater than 106, depending on source [3]. While
the amylopectin backbone exhibits a primary structure
identical to that of amylose, it also possesses sidechains
of (1→4)-linked α-D-glucosyl units (average chain length
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FIGURE 1.16 A possible mechanism for depolymerization of pectin, which possesses native carboxylate and carboxy methyl ester
groups, via β-elimination.



of 20–30 units) attached to the main chain through
α(1→6) linkages. The sidechains themselves give rise to
further branches to yield large, yet compact, branch-on-
branch structures of significant molecular weight
(approaching 109) (Figure 1.17b) [3,12]. Starch is unique
in the sense that amylose and amylopectin molecules are
biosynthesized and assembled in the form of semi-crys-
talline aggregates, called granules, which vary in size
(1–100 µm) and shape (spherical, elliptical, angular,
lenticular, etc.) according to the botanical source. Starch
granules, which are stabilized by regions of complex
molecular order (double-helical association of polymer
chains), are insoluble in room temperature water. Slurries
of starch granules in water require heating sufficient to

disrupt the native granular structure to achieve solubility
and realize the functionality of starch [3].

Heating of starch granules in water brings about gela-
tinization or the irreversible loss of granular order, which
is accompanied by increased granule hydration, swelling,
and leaching of soluble components (primarily amylose)
[3,12–14]. In the presence of shear, the fragile, swollen
granules are reduced to a paste composed of granule rem-
nants dispersed within a continuous phase of solubilized
starch. As the paste is cooled, the linear amylose mole-
cules retrograde (crystallize), adopting regions of double-
helical structure, which through aggregation, form
junction zones that comprise a continuous three-dimen-
sional gel network (Figure 1.18) [15]. The dispersed
phase of a starch gel network consists of amylopectin-rich
regions and granule remnants. The branched nature of
amylopectin limits its intermolecular association, and
favors initial water solubility, though amylopectin chains
do slowly interact (crystallize) in time [3,12]. Thus, waxy
starches, which contain only amylopectin, lack the ability
to form strong gel networks, but are nevertheless capable
of generating highly viscous solutions over time at starch
levels above the overlap concentration via the develop-
ment of weak intermolecular associations. 

Due to their properties and abundance, starches of
varied biological origin are frequently exploited as thick-
eners, gelling agents, binding agents, texture modifiers,
and substrates in diverse food applications. However,
most food starch (≈75%) added as an ingredient is first
chemically and/or physically modified [16], while yet in
the granular form, to enhance the physical properties of
starch polymers in accordance with the intended end-use.
Several categories of starch derivatives will be discussed
briefly, though in reality most commercial starch deriva-
tives undergo multiple modifications.
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(a)

(b)

FIGURE 1.17 Idealized diagrams depicting the linear and
branch-on-branch structures of starch molecules, (a) amylose
and (b) amylopectin, respectively (∅ depicts the molecular
reducing end).

FIGURE 1.18 Schematic representation of the structural changes associated with the gelatinization and pasting of native starch gran-
ules. Gelatinization (loss of granular molecular order) is accompanied by granule swelling and leaching of soluble starch components
(amylose) during aqueous heating. With the application of shear, swollen granules undergo further disintegration to yield a paste,
which is composed of a continuous phase of solubilized starch and a dispersed phase of granule remnants. Upon cooling, amylose ret-
rogradation (depicted by the cross-hatching between molecules within the paste) results in the formation of a gel network.



Starch stabilization generally involves conversion of
starch hydroxyl groups to phosphate monoesters
(DS � 0.002), acetate esters (DS � 0.09), or hydrox-
ypropyl ethers (MS � 0.1) [3]. Modification is employed
to overcome the tendency for syneresis of native starch
pastes, which occurs due to excessive junction zone
growth. The periodic incorporation of bulky (hydrox-
ypropyl) and/or charged (phosphate monoester) sub-
stituent groups onto starch molecules (particularly
amylose) introduces a physical and/or electrostatic imped-
iment to intermolecular association and formation of
ordered structures (Figure 1.19a) [3,17]. By regulating
junction zone growth, stabilized starches exhibit
improved paste clarity and syneresis/freeze-thaw stability
in comparison to their native counterparts [3,17]. 

Cross-linked food starches are most frequently gener-
ated through reaction with phosphorus oxychloride or
sodium trimetaphosphate, and exhibit of low levels of
distarch phosphate ester cross-links (one per 1000–2000
glycosyl units) between adjacent starch molecules and/or
chains (Figure 1.19b) [17]. While the presence of cross-
links generally reduces the swelling of granules during
gelatinization, it also contributes stability and rigidity to
the swollen granule structure (less breakdown with shear),
leading to a higher ultimate paste viscosity (compared to
the unmodified starch) [17]. Due to the reinforced granule
structure, cross-linked starches display good stability to
shear, acidic conditions, and extended heating, and are
utilized in a broad array of food systems (retorted,
extruded, frozen, baked, and dehydrated applications) [3].

Acid-modified starch results from treatment of granular
starch with dilute acid to effect partial hydrolysis of starch
molecules within granule amorphous (disordered) regions
[17]. While retaining their granular shape, acid-modified
starch granules display minimal swelling and almost com-
plete disintegration upon heating in water. Most impor-
tantly, hot pastes of acid-modified starches exhibit very low
viscosities (breakdown of swollen granules), and are easily
pumped while hot, but form stiff, opaque gels upon cooling
[17]. Acid treatment of starch increases the proportion of

linear starch molecules (due to hydrolysis of branched
starch chains), which facilitate development of tertiary- and
quaternary-ordered structures that comprise a gel network.
Primary applications of acid-thinned starches involve pro-
duction of gelled candy products [3].

Generation of pregelatinized or cold-water swelling
starches requires the partial or complete disruption of the
native granule structure (molecular order) by pre-process-
ing (heating) a starch slurry under prescribed conditions
[3]. The resulting starch products exhibit either ambient
temperature solubility (pregelatinized) or granule
swelling (cold-water swelling) to achieve viscosity devel-
opment in aqueous environments without the requirement
of additional heating. Pregelatinized and cold-water
swelling starches are incorporated as both thickening and
gelling agents in dehydrated and/or instant food products
that do not require heat preparation.  

Lastly, starch is the substrate for an assortment of car-
bohydrate ingredients classified as starch hydrolyzate
products, which include maltodextrins, dextrose (com-
mercial name for glucose), corn syrups, and high fructose
syrups (HFS) [18]. Generation of these products involves
variable degrees of acid and/or enzyme conversion of
starch to lower-molecular-weight polysaccharides,
oligosaccharides, and glucose. With the exception of
some maltodextrins (bulking agent), all other noted starch
hydrolyzate products (sweeteners) are reduced in molecu-
lar size to the point they are no longer classified as poly-
saccharides. 

B. CELLULOSICS

As the most abundant component of biomass on the
planet, cellulose is the key structural constituent of plant
primary cell walls. It consists of long, linear chains com-
posed solely of (1→4)-linked β-D-glucopyranosyl units
(Figure 1.12a) [3]. As previously described, the nature of
the cellulose glycosidic linkage, its regular monosaccha-
ride sequence, and its linear backbone causes cellulose
molecules to adopt flat, rigid, ribbon-like secondary struc-
tures that readily aggregate to form crystalline, water-
insoluble superstructures [3]. Thus, in the native state,
while cellulose represents a good source of dietary fiber in
indigenous whole foods or in isolated form (referred to as
powdered cellulose), it generally requires further process-
ing or derivatization to enhance functionality for broader
food use. Several such cellulose derivatives will be high-
lighted below.

Microcrystalline cellulose (MCC), which is generated
by acid-catalyzed hydrolysis of native crystalline cellu-
lose fibers, can be categorized into two primary types,
powdered and colloidal, based on processing scheme and
function. Both are insoluble in water. For powdered MCC,
hydrolysis is conducted to generate small crystalline
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starch derivatives. 



fragments, which are spray-dried and agglomerated to
yield open, porous, aggregates of crystals of desired size
(20–100 µm typical) [3]. Powdered MCC is used as a
bulking agent and flow aid in food systems. On the other
hand, colloidal MCC is produced by applying mechanical
shear to crystalline fragments (obtained by acid hydroly-
sis) sufficient to further reduce crystallite size to the col-
loidal range (0.2 µm) [3]. A second polysaccharide
(generally one with a backbone negative charge) is added
to stabilize the dispersed phase (cellulose crystals) by pro-
viding a physical and or electrostatic barrier to aggrega-
tion [3,19]. Functioning as a protective colloid, the second
polysaccharide interacts with cellulose crystals along
uncharged segments of its backbone, while its charged
regions provide electrostatic repulsion to prevent exces-
sive association of cellulose particles. The dried disper-
sion, known as colloidal MCC, functions in food as an
emulsion stabilizer, thickener, or fat replacer depending
upon the properties of the protective colloid.

Production of carboxymethylcellulose (CMC)
involves reaction of cellulose with chloroacetic acid, and
converts native hydroxyl groups to carboxymethyl ethers
(Figure 1.20a). For food applications, typical DS levels
range from 0.4–0.95 [20]. The introduction of charged
substituents along the cellulose backbone greatly
enhances solubility (relative to that of native cellulose)
by way of intermolecular repulsion [3]. At pH values
above the carboxyl pKa, CMC molecules occur as
extended linear structures and sweep out large molecular
domains to form high viscosity solutions. Commercially,
CMC is available in a range of molecular weights (vis-
cosity grades) as are most food gums. It is utilized pri-
marily as a thickener in a wide range of food applications
[20].

Methylcellulose (MC) and hydroxypropylmethylcellu-
lose (HPMC) are additional ether derivatives that offer
unique properties to food systems. Methylcellulose is
achieved through reaction of cellulose with methyl chlo-
ride (MS levels 1.6–1.9) (Figure 1.20b), while production
of HPMC involves additional derivatization with propy-
lene oxide (DS levels 0.07–0.34) (Figure 1.20c) [3].
Relative to CMC, significantly higher derivatization levels
are required to achieve water-solubility of methylcellu-
lose, which is only marginally enabled by the presence of

bulky (but nonpolar) substituent groups distributed along
the length of cellulose chains. The marginal solubility of
MC becomes further reduced at increased temperatures
(due to loss of water molecules of solvation, which facili-
tates intermolecular association of polymer chains,
through hydrophobic interactions). The result is thermore-
versible gelation over the temperature range of 50–90°C
[3,20]. Due to the ability to form thermal gels, MC may
provide a physical barrier against moisture loss and fat
uptake during high-temperature frying operations. While
HPMC also exhibits thermal gelation behavior, gels are
typically weaker (relative to those of MC), and increase
in softness with an increasing degree of hydroxypropyla-
tion (decreases hydrophobic nature and provides a physi-
cal barrier to intermolecular associations) [20]. In
addition, HPMC exhibits good surface activity as a foam
stabilizer [3].

C. GALACTOMANNANS: LOCUST BEAN AND GUAR

GUMS

Galactomannans of significance include guar and locust
bean (carob) gums, which commercially are the ground
crude flours of their respective seed endosperm [3]. The
primary polysaccharide component of both guar and
locust bean gums possesses a backbone structure com-
prising of (1→4)-linked β-D-mannopyranosyl units with
the occurrence of solitary α-D-galactopyranosyl units
attached glycosidically at C-6 of main-chain mannosyl
units (Figure 1.21) [3,21]. 

While guar and locust bean gums have only low to
moderate molecular weights (200,000 and 80,000, respec-
tively) [21], the mannan backbone (extended ribbon-like
structure) contributes molecular rigidity that facilitates a
large hydrodynamic volume and development of high vis-
cosity solutions [3]. The presence of sidechains (impede
aggregation) enhances the solubility of both guar and
locust bean gums relative to unsubstituted mannan, which
forms insoluble, crystalline, intermolecular aggregates
(akin to native cellulose) [21]. Though the two gums have
similar structures, substitution with D-galactosyl units is
more frequent in guar gum (about 1 of 2 backbone units
substituted) and more evenly distributed over the length of
the polysaccharide chains as compared to locust bean gum
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(about 1 of 4 backbone units substituted with irregular
sidechain distribution) [3,21]. The regular substitution
pattern of guar gum minimizes intermolecular associa-
tions, and explains the excellent water solubility and non-
gelling behavior of this polysaccharide. The “naked
regions” (large polymer sections devoid of sidechains) of
locust bean gum afford open segments of the main chain
capable of intermolecular interaction, and account
for the gel-forming capabilty with xanthan gum and

κ-carrageenan (Figure 1.22) [3,21]. Thus, it is the differ-
ing patterns of sidechain substitution that primarily
account for the basic differences in the properties of locust
bean and guar gum.

D. ALGINATE

Extracted from brown seaweeds, alginates are complex,
linear, block copolymers composed of (1→4)-linked
β-D-mannopyranosyluronic acid and α-L-gulopyranosy-
luronic acid (occurs in 1C4 chair conformation) units
[3,5,22]. Three major types of primary structure gener-
ally describe the polymer backbone of alginate: 1) unin-
terrupted sections of D-mannuronate units (M blocks), 2)
uninterrupted regions of L-guluronate units (G blocks),
and 3) intermingled sequences of D-mannuronate and
L-guluronate units (mixed or MG blocks) (Figure 1.23a)
[23]. The occurrence of multiple, primary structural
regimes within a single molecule has significant conse-
quences on alginate three-dimensional structure and
properties. Due to backbone charge, alginate molecules
adopt an extended solution structure consisting of sec-
tions of M blocks (ribbon-like structure), G blocks (buck-
led shape), and MG blocks (irregular coil). In the
presence of divalent cations, alginate forms gel structures
that are described by the egg-box model (Figure 1.23b)
[24]. In this model, junction zones are stabilized by diva-
lent cations, which provide electrostatic cross-bridges
between oriented G block regions of adjacent molecules.
While the M and MG blocks do not participate in junc-
tion zone formation, they do serve to balance intermole-
cular associations by breaking up G block regions and
limiting excessive junction zone growth. At excessively
low pH values (below the pKa of the carboxylate group),
intermolecular electrostatic repulsion is lost, and precipi-
tation can occur [3].

Carbohydrate Chemistry 1-19

O
CH2OH

OH

OH

O

CH2

OH

O

O
O

O

CH2OH

OH
OH

OH

OH

FIGURE 1.21 Generalized structural repeat of galactomannans.

O

COO−

O
OH

O

OH

O

COO−

OH

OH

O

COO−

O
OH

OH

O

COO

O
OH

OH

O
OH

OOC

OH

O

O

COO−

O
OH

OH

O

O
OH

OH

COO−
O

O O

O

O

OH

OH
O

O O
O

O

OH

OH

OH

OH

COO

M

M

M

M

G
M

G G G G

Ca++

−

− − Ca++

Ca++

Ca++

(b)(a)

−

−
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FIGURE 1.22 Schematic representation of the junction zone
gel structure between locust bean gum “naked regions” and xan-
than or carrageenan double-helical segments.



E. PECTIN

Pectin, a cell-wall associated polysaccharide of higher
plants, is a predominantly linear glycan consisting of α-
D-galactopyranosyluronic acid units, some of which are
present in a methyl ester form [3,25,26]. The polygalac-
turonate chain may also be disrupted by the occasional
insertion of an α-L-rhamnopyranosyl unit [3,25,26] and
the presence of sporadic, highly branched segments (hairy
regions) [25,26], both of which introduce backbone irreg-
ularity (though hairy regions are mostly removed during
preparation of commercial pectin). Commercially, pectins
are categorized according to their degree of esterification
as either low-methoxyl (LM; <50% esterified) or high-
methoxyl (HM; > 50% esterified), which designation also
defines the optimum conditions in which they gel [3]. LM
pectins form gels in the presence of divalent cations, and
align to form an “egg box” junction zone structure similar
to that previously depicted for alginate (LM pectin and
alginate G blocks possess almost mirror image secondary 
structures). 

For HM pectin, solvent conditions must be adjusted to
reduce both polysaccharide solvation and intermolecular
repulsion (due to ionized carboxylate groups) to facilitate
junction zone development. In food systems, the addition
of competing solute (usually sugar; 55% minimum) and
acid (to achieve a pH <3.5 and reduce the amount of neg-
ative charge) provide conditions that lead to gelation [3].
Junction zones, which are stabilized by a combination of
both hydrogen bonds and hydrophobic interactions
(between methyl ester groups) on adjacent molecules
[27], are also effectively limited in size by occasional
backbone irregularity (insertion of rhamnose, presence of
hairy regions) to benefit gel stability [3,25]. 

F. CARRAGEENANS

Carrageenans represent a family of linear polysaccharides
isolated from red seaweed species, and are generally cate-
gorized into three primary classes (κ-, ι-, and λ-types)
according to chemical structure and physical properties [3].
All three classes exhibit a common, idealized, disaccharide
repeat consisting of 3-O-substituted β-D-galactopyranosyl
and 4-O-substituted α-D-galactopyranosyl units, but differ
primarily with respect to their degree of sulfation (at C-6
and C-2), which generally follows the trend κ < ι < λ
(Figure 1.24a–c) [3,28]. Both κ- and ι-types  also possess
significant proportions of 3,6-anhydro ring structures.

Due to the charged backbone arising from the pres-
ence of sulfate substituents, all classes of carrageenan
(only sodium salt forms for κ- and ι-types) are highly sol-
uble in water and adopt rigid, extended coil solution struc-
tures [3]. Below a particular transition temperature
(40–70°C), both κ- and ι-types form regions of double-
helical secondary order at sites along the polymer chain
[3,5]. In the presence of K+ and Ca2+ cations (κ- and 

ι-types, respectively), the shielding of negative charge by
counterions facilitates aggregation of double-helical
regions of polymer chains to form junction zones and a
characteristic gel structure (Figure 1.25) [3,5]. Periodic
irregularity (kinks) in the backbone structure limits the
length of double-helical segments, which in turn regulate
junction zone growth and promote gel stability [3,5]. 

In contrast, the high degree of negative charge and the
different shape of the disaccharide repeat inherent to λ-type
carrageenan molecules preclude significant intermolecular
association and gel formation under any conditions common
to food systems [3]. For carageenans, gel strength decreases
in the order κ > ι > λ (non-gelling), which is inversely
related to the degree of polysaccharide molecular charge.

G. AGAR

Agar, which is also derived from specific species of red sea-
weed, exhibits a chemical structure similar to that of κ-car-
rageenan, except that the second unit of the characteristic
disaccharide repeat is a 3,6-anhydro-α-L-galactopyranosyl
unit (in carrageenans, D-entantiomer is present instead)
(Figure 1.24d) [29]. Similar to the carrageenans, the back-
bone structure is interrupted by an occasional kink (presence
of sulfate hemiester at C-6 of the α-L-galactosyl unit),

1-20 Handbook of Food Science, Technology, and Engineering, Volume 1

O
O O

O

C
H2

O

OSO3
−

CH2OH

OH
OH

O
O O

O

C
H2

O

OSO3
−

CH2OH

OH
OSO3

−

O

O
O

O

OSO3
−

CH2OH

OH

OH

OSO3
−

C
H2

−O3SO

O
O

OO

O

CH2

OH
CH2OH

OH OH

(a)

(b)

(c)

(d)

FIGURE 1.24 Idealized structural repeats for (a) κ-car-
rageenan, (b) ι-carrageenan, (c) λ-carrageenan, and (d) agar that
provide insight into the physical properties of each respective
polysaccharide.



though the sulfate content of agar is nominal (1.5–2.5%)
compared to that of carrageenan (>20%) [30]. While heat-
ing (85°C) is required to bring about water solubility, the
lack of consistent negative charge along the length of the
agar backbone results in a fairly flexible, non-extended
polymer chain of relatively low viscosity (in comparison to
carrageenan) [29]. However, upon cooling (40°C), agar
molecules undergo a transition to an ordered double-helical
tertiary structure, which leads to intermolecular aggregation
of sections of ordered polymer chains and development of a
quaternary gel structure [23]. Agar junction zone and gel
structure are thought to mimic that of gelling carrageenans,
with the exception that counterions are not required to 
promote gel formation in agar (lack significant negative
charge that would require shielding for intermolecular asso-
ciation to occur) (Figure 1.25). Similar to carrageenan, occa-
sional kinks in backbone structure disrupt the double-helical
arrangement, which in turn prevents excessive growth of
junction zones and aids gel stability [29]. 

H. XANTHAN

Xanthan is the common name for the heteroglycan iso-
lated from the bacterium Xanthomonas campestris. While
xanthan has a backbone primary structure identical to that
of cellulose, it differs from cellulose in that it possesses a
trisaccharide sidechain glycosidically attached to O-3 of
alternating backbone units [3,31]. The sidechain consists
of two mannosyl units separated by a glucuronic acid unit
(Figure 1.26). Approximately half of the terminal 

mannose units of the sidechain contain pyruvic acid,
linked at C-4 and C-6 via a cyclic acetal structure, while
the nonterminal mannosyl units contain an acetyl sub-
stituent attached at C-6. 

The presence of the trisaccharide sidechain, which
reduces intermolecular associations (due to electrostatic
repulsion and steric hindrance), is thought to account for
the excellent water solubility of xanthan relative to that of
native cellulose (water-insoluble) [32]. Xanthan forms
highly viscous, pseudoplastic (shear-thinning) solutions
at low concentrations, which solutions are stable to vis-
cosity change over a wide range of pH (1–12), salt con-
centration (up to 0.7%), and temperature (0–95°C) [3].
The relatively high-viscosity solutions are attributable to
a high molecular weight (2–10 � 106) and molecular
rigidity derived from its ordered conformation, which is
thought to consist of an extended double-stranded helix
[33]. At a temperature of 120°C, xanthan solutions lose
up to 98% of their original viscosity due to loss of molec-
ular order and rigidity [34]. At reduced temperature, xan-
than solutions regain up to 80% of their original viscosity
as molecules appear to reform the ordered conformation
[34]. Due to its unique solution behavior, xanthan is used
as a multipurpose thickener in a wide range of food appli-
cations. 

I. GUM ARABIC

Gum arabic, also known as acacia gum, is the exudate 
material of the acacia tree common to the Sahel zone of
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FIGURE 1.25 Representation of the gelation mechanism and junction zone structure for κ-carrageenan gels, in which potassium ions
(•) shield backbone negative charges to allow intermolecular interaction of double-helical polysaccharide segments. The presence of
“kinks” (occasional backbone structural irregularity) lends stability to the gel by limiting junction zone size and growth. Agar gels are
believe to possess a similar gel mechanism and structure, except that potassium ions are not required to bring about gelation.
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FIGURE 1.27 Representation of the branched chemical structure and composition of gum arabic.

Africa [35,36]. The gum contains 2–3% protein (gives rise
to emulsification capability), which is covalently bound to
the polysaccharide component [3]. Chemically, gum arabic
has a (1→3)-linked backbone of β-D-galactopyranosyl
units, which constitute approximately 40% of the total
monosaccharide content of the gum (Figure 1.27) [3,36].
Further, the gum arabic backbone is highly substituted with
sidechains (which themselves may give rise to further
branching), producing a highly branched structure. It con-
tains at least four additional types of monosaccharide units
(L-arabinofuranosyl, L-rhamnopyranosyl, D-glucopyran-
osyluronic acid, and 4-O-methyl-D-glucopyranosyluronic
acid units) attached to the branched backbone [3,35]. 

Due to its highly branched nature, gum arabic, though
of substantial molecular weight (580,000), possesses a
very compact three-dimensional structure, which provides
the basis for its most unique physical properties, its astro-
nomical solubility, and low viscosity (up to 50% gum
solutions may be prepared) [3]. The compact nature of
gum arabic molecules is best comprehended by the fact
that gum solutions of up to 10% (w/v) display Newtonian
flow behavior, and that it is not until 30% (w/v) solutions
are achieved that steric overlap of individual molecular
domains begins to occur accompanied by a more substan-
tial rise in viscosity as a function of increasing gum con-
centration [36]. 
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I. INTRODUCTION

Carbohydrates include monosaccharides, oligosaccha-
rides, and polysaccharides as well as substances derived
from them by various reactions such as reduction, oxida-
tion, esterification, etc. Monosaccharides are the basic
units from which all carbohydrates are built. Linking of
monosaccharides via glycosidic bonds leads to the forma-
tion of oligosaccharides (2 to 20 monomers) and polysac-
charides (more than 20 monomers). The term “sugars” is
often used to refer to the monosaccharides and some dis-
accharides (e.g., sucrose). Polysaccharides are grouped
into two major classes: (1) simple polysaccharides, which
contain only monosaccharides and their derivatives (esters
and ethers), and (2) conjugate polymers made up of a
polysaccharide linked to another polymer, such as
polypeptide. It is the purpose of this chapter to focus on
the physical properties of simple carbohydrates and asso-
ciated characterization techniques that are important to
food sciences. 

As one of the three major food components, carbohy-
drates have enormous functions and applications. They
not only supply most of the energy in the diet of humans,
but also have various functionalities which are used to
confer desired texture in foods. In these latter applica-
tions, the physical properties of carbohydrates, such as
solubility, water holding capacity, and solution rheology,
play important roles. Although containing similar build-
ing blocks, mono-, oligo-, and poly-saccharides have dif-
ferent physical properties. An extreme example of this is
the contrast between the highly soluble monomeric glu-
cose and the completely insoluble cellulose, which is a
polymer of glucose. It has long been known that the con-
figuration and conformation of sugars are the determi-
nants of their chemical and physical properties, and those
of oligosaccharides and polysaccharides inevitably
depend on the constituent monosaccharide as well as the

intermonomeric linkages. Abundant evidence has shown
that most of the physical properties of carbohydrates
depend on the size, shape, charge, and polarity of the indi-
vidual molecules. The study of structure-function rela-
tionships has been an important topic of carbohydrate
research, and advances in physical techniques continue to
improve our understanding and provide more insight into
these relationships.

II. CONFORMATION OF CARBOHYDRATES

A. MONOSACCHARIDES

Most monosaccharides and their derivatives encountered
in foods are polyhydric alcohols carrying a “reducing”
keto or aldehydo unit, and they exist primarily in cyclic
tetrahydropyran and tetrahydrofuran forms, with the latter
occurring less frequently than the former. However, the
common ketosugars are more likely than aldosugars to
exist as furanoses. Seven-membered rings occur but are
not common in foods. Free reducing sugars in solution
may exist in different cyclic forms, which are in equilib-
rium via the acyclic aldehydo or keto form. 

There are three potentially stable shapes for the six-
membered saturated sugar rings, namely chair, boat, and
skew (Figure 2.1).  The chair conformation predominates
in most cases because the widest separation of the elec-
tronegative oxygen atoms is usually achieved through
equatorial orientations of most of the hydroxyl and
CH2OH groups. The anomeric hydroxyl unit differs in
that it may adopt two orientations (α or β), which are
strongly influenced by the ring oxygen. Similarly, there
are two principal conformations for saturated furanoid
rings, described as envelope (E) and twist (T) (Figure 2.1),
each with four or three coplanar atoms, respectively.
Because of the low energy barriers between the E and 
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FIGURE 2.1 Examples of chair (C), boat (B), and skew (S) forms for pyranoid rings and envelope (E) and twist (T) forms for 
furanoid rings.
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T conformers, interconversions of these occur more read-
ily than between the pyranoid forms. The shapes of
acyclic aldehydo and keto carbohydrates and their
reduced forms are usually described as either a linear (zig-
zag) or a sickle shape. The advent of diffraction and NMR
techniques has allowed the determination of the configu-
ration and conformation of almost all the important mono-
saccharides (1). In crystals, most molecules adopt a single
conformation, whereas in solution there is generally more
than one conformation undergoing fast intercon-
version.

For a more detailed treatment of monosaccharide
chemistry and nomenclature, the readers are referred to
standard textbooks (2).

B. OLIGOSACCHARIDES

The conformation of oligosaccharides is less well docu-
mented than that of monosaccharides, although the natu-
rally occurring common oligosaccharides are well
characterized. Most data from x-ray diffraction and NMR
analysis are limited to oligosaccharides having less than
four monomeric units. There is considerable experimental
difficulty encountered when applying these techniques to
large oligosaccharides (3). However, although based on
limited amount of data, some general features about the
conformation of oligosaccharides can be drawn. Once
incorporated into an oligosaccharide or polysaccharide
chain, the monosaccharide ring is relatively rigid and the
ring geometry becomes effectively fixed. Thus, the overall
shape of oligosaccharides become more determined by the
two torsion (dihedral) angles φ and ψ across the two single
bonds of their connecting glycosidic linkage than by the
unit geometries. Wells of minimum potential energy may
be calculated, which limit the values adopted by φ and ψ
but not rigidly so. Generally speaking, disaccharides should
have a preference for staggered conformations about the
two linkage bonds, unless there are geometric constraints
imposed by, for example, a hydrogen bond between the two
rings. The crystal structures of many oligosaccharides have
been elucidated (3). Monosaccharides and certain oligosac-
charides possess definite crystalline structures, and thus
have well-defined melting points and solubilities.

C. POLYSACCHARIDES

Similar to polypeptides, polysaccharides also have different
levels of structures, although higher level structures are less
well defined. The primary structure describes the covalent
sequence of monosaccharide units and the respective glyco-
sidic linkages. The secondary structure describes the char-
acteristic shapes of individual chains such as ribbons and
helices, which arise from repetition of units adopting a par-
ticular average orientation in shape. Polysaccharide chains
with well-defined secondary structure (or sufficient areas of
such) may interact with each other, leading to further
ordered organizations incorporating a group of molecules.
This is known as the tertiary structure. Further association of
these ordered entities results in large quaternary structures.

1. Ordered Structures in the Solid State

A repeated sequence of monomers or oligomers leads to an
ordered and periodic conformation of polysaccharide mol-
ecules. The different linkage types, arising from the
anomeric nature of glycosidic linkage and the orientation
of OH units through which it is attached, impose certain
general features on oligosaccharide and polysaccharide
conformations because of the limitations placed on the
dihedral angles. Fundamentally there are four different
types of chain shapes: ribbons, hollow helices, loosely
jointed, and crumpled types (4). For example, for β-(1→4)
linked D-glucopyranosyl units, the two bonds from the
ring to its two bridging oxygens define a zig-zag form,
which promotes a tendency to adopt a flat, extended, ribbon-
like conformation, in the polymer (Figure 2.2a). In con-
trast, when the links between the D-glucopyranosyl units
are β-(1→3) or α-(1→4), they define a U-turn form
(Figure 2.2b); this geometry extended over multiple units
often produces a hollow helical conformation, which
becomes stabilized in multiple helices. The linkage
through the primary hydroxyl units, such as between
(1→6) linked hexopyranose units, leads to a loosely
jointed type of conformation and marked molecular flexi-
bility in the resultant polysaccharides. This arises from the
extra single bond and torsion angle (ω) between the two
sugar rings that separates the rings, reducing inter-unit
interactions and allowing a greater range of conformational
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FIGURE 2.2 Examples of geometrical relationships across sugar rings. (a) Zig-zag relationship across 1,4-linked β-D-glucopyra-
nose; (b) U-turn relationship across 1,3-linked β-D-glucopyranose.
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possibilities. A further type of conformation known as
“crumpled,” such as in β-(1→2) linked glucopyranoxyl
units, is less common in food carbohydrates. 

The regular conformation of polysaccharides can
always be described as a helix, which may be defined by
just two parameters, the number of units per turn of the
helix, and the translation of each repeating residue along
the helical axis. The resultant single helix may associate
to form multiple helices, which are then further packed in
various ways to form higher ordered structures in the solid
state. The majority of polysaccharides in their native form
exist in an amorphous structure, examples being the
antiparallel, extended twofold ribbon-like organized chain
structure in the family of mannans and galactomannans
(5). A relatively small number of polysaccharides are
organized into a repeating crystalline or partly crystalline
structure, examples being cellulose, starches, chitin, and
some β-D-glucans. The crystalline element is usually
capable of existing in different polymorphic forms. The
ordered structures of polysaccharides have been exten-
sively studied by x-ray and electron diffraction (6), and
the x-ray structures of more than 50 well-defined poly-
saccharides are known (7). 

2. Secondary and Tertiary Structures in
Solutions and Gels

The extensively ordered conformation of a polysaccharide
in the solid state may not be retained following hydration
in solutions and gels. Polysaccharide chains tend to adopt
a more or less coiled shape in solutions and fluctuate con-
tinuously between different local and overall conforma-
tions. A large group of non-gelling polysaccharides, or
gelling polysaccharides in non-gelling conditions, exist in
solutions with a conformation known as disordered ran-
dom coils. Since polysaccharide molecules contain a large
number of hydroxyl groups, they have a high tendency to
associate into supramolecular aggregates through hydro-
gen bonding in aqueous solutions. For example, combin-
ing static and dynamic light scattering, a fringed micelle
model was proposed for the aggregates formed in solu-
tions by a number of neutral polysaccharides including
tamarind xyloglucan (8) and cereal (1→3)(1→4)-β-glu-
cans (9). The association of molecules in such a form
markedly increases the stiffness of the single chains, lead-
ing to enhanced solution viscosity.  More ordered struc-
tures may be developed, in solution through the so-called
cooperative interactions, especially for polysaccharides in
which identical repeat units result in a regularity of
sequence. Conformational transitions in solution between
random coils and helices have been well recognized and
characterized for a number of polysaccharides such as
curdlan, xanthan, and gellan (10). Under favorable condi-
tions, these ordered structures may further associate, lead-
ing to the formation of three-dimensional gel networks. 

D. PHYSICAL TECHNIQUES USED TO STUDY

CARBOHYDRATE CONFORMATION

A wide range of physical techniques has been used to
study the structures of carbohydrates at different levels,
i.e., molecular, macromolecular, and supramolecular
structures (11). The use of such means as mass spec-
troscopy and molecular spectroscopy to elucidate the pri-
mary structure of carbohydrates will not be covered in this
chapter. The purpose is to include only those physical
techniques used for studying the conformation of carbo-
hydrates in general, and for probing the higher level struc-
tures of polysaccharides. Generally there is a need to
combine several physical techniques to provide comple-
mentary information about the structure of carbohydrates.

1. X-Ray Diffraction

a. Background
X-ray diffraction and other types of diffraction methods
(electron and neutron) have contributed to our understand-
ing of the molecular geometry of carbohydrates. Diffraction
is essentially a scattering phenomenon. When a monochro-
matic x-ray beam travels through a test specimen, a small
proportion of the radiation is scattered with mutual rein-
forcement of a large number of scattered rays, and the result-
ant x-ray intensity in specific directions depends on the
arrangement of the scattering atoms within the sample. 
X-ray scattering techniques are divided into two categories:
wide-angle x-ray scattering (WAXS) and small-angle x-ray
scattering (SAXS). Typically, SAXS gives information on a
scale of ~ a few nanometers and smaller, while WAXS gives
information on a scale of 1–1000 nm. WAXS is used to
measure crystal structure and related parameters, which is
the topic of this section. SAXS will be discussed in the next
section together with light and neutron scattering tech-
niques.

The diffraction pattern, commonly recorded on photo-
graphic film, consists of an array of spots (reflections) of
varying intensities, from which structural information for a
chemical repeat may be deduced. If a large enough size of
crystal can be prepared, it is usually possible to determine
the crystal structure and hydrogen bonding to a high degree
of accuracy. Information such as repeating unit cell dimen-
sions, lattice type, space group symmetry and bond lengths,
and valence angles can be derived from the analysis.

b. Monosaccharides and oligosaccharides
For almost all monosaccharides and many oligosaccha-
rides with low degrees of polymerization, it is not a major
problem to prepare single crystals for x-ray measurement.
X-ray characterized structures are available for most of
these molecules (3, 12–16). As an example, in the study of
mannotriose (O-β-D-mannopyranosyl-(1→4)-O-β-D-
mannopyranosyl-(1→4)-O-α-D-mannopyranose) (14), the
unit cell was determined as monoclinic with dimensions of
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a � 0.1183 nm, b � 0.1222 nm, and c � 0.9223 nm, and
β � 112.34°; the space group was P21. The crystal struc-
ture includes three water molecules, two of which are
involved in hydrogen bonding such that the mannotriose
molecules occur effectively as sheets of long parallel
chains, with each consecutive sheet having chains lying at
approximately right angle to those in a neighboring sheet.

c. Polysaccharides
Large oligosaccharides rarely and polysaccharides never
form single crystals that are good enough for classical 
x-ray crystallography. They tend to form fibers that are
amorphous, or at best only partly crystalline, starch being
a typical example of the latter. X-ray study of starches
mostly measures the degree of crystallinity and identifies
different polymorphic forms. To obtain useful x-ray dif-
fraction data from other more amorphous non-starch poly-
saccharides, oriented fibers or films are used (6). These
polycrystalline fibers or films are prepared in such a way
that the polysaccharide helices are preferentially oriented
with their long axes nearly parallel. The x-ray diffraction
intensities then provide information about the helical
structures such as repeat spacing of the helix and helix
screw symmetry, and if the diffraction pattern is suffi-
ciently “crystalline,” the unit cell dimensions and lattice
type. However, the x-ray data alone are inadequate to solve
a fiber structure, and interpretation requires supplementa-
tion with molecular modeling analysis using existing
stereochemical information derived from surveys of crys-
tal structures of related mono- or oligosaccharides (7, 17). 

X-ray fiber diffraction is of great value in the determi-
nation of the conformations of polysaccharides. Studies of
the (1→3)-β-D-glucan family, curdlan, schizophyllan, and
scleroglucan, are good examples. Curdlan is a linear
(1→3)-β-D-glucan, whereas schizophyllan and scleroglucan
also contain some β-(1→6)-glucosyl branches. These
(1→3)-β-D-glucans usually form triple-stranded helices
(18). The structure of curdlan (in both hydrated and anhy-
drous forms), determined from oriented fibers, assume a
right-handed, parallel, six-fold triple-helical conformation.
There are interstrand O2…O2 hydrogen bonds in the
hexagonal unit cell, with parameters a � b � 1.441 nm
and c � 0.587 nm. The space group is P63 and there is one
helix per unit cell (19). The short-branch substitutions on
the main chain primary hydroxyls in schizophyllan and
scleroglucan do not seem to affect the fundamental triple-
helical structure (20). 

2. Light, X-Ray, and Neutron Scattering

a. Background
The principles on which light, x-ray, and neutron scattering
depend are basically similar and can be treated by the same
fundamental sets of equations. For all three modes of scat-
tering, angular dependence of the normalized scattering

intensity provides information on the size and shape of the
macromolecules. The resolving power of scattering tech-
niques is related to the wavelength of the scattered radiation
(21). The wavelengths are 0.1–0.3 nm for SAXS, 0.2–1.0
nm for small angle neutron scattering (SANS), and ~500
nm for light scattering. Conventional light scattering typi-
cally reveals only the global dimensions of a macromole-
cule, which may be tens to hundreds of nanometers for a
typical polysaccharide. SAXS and SANS can probe molec-
ular structures at closer ranges of about 2–25 nm (22).
SANS may additionally observe the Gaussian behavior of
polymer chains in their own bulk (solid), which conven-
tional light scattering cannot. Light scattering is effective in
measuring the angular dependence of intensity typically in
the range 30° to 135°. SAXS can be carried out at very
small angles, typically less than 1°, and is thus superior for
the determination of the size and shape of macromolecules,
but it is less convenient for the determination of molecular
weight and second virial coefficient. 

b. Application to polysaccharides
Scattering measurements can be carried out in two modes,
static and dynamic. The former measures the average
scattering intensity within a selected time period, whereas
the latter measures the fluctuation of the intensity over
time. From static measurements, the weight average
molecular weight (Mw), z-average radius of gyration (Rg),
and the second virial coefficient can be extracted. From
dynamic measurement, the translational diffusion coeffi-
cient is obtained from which the hydrodynamic radius
(Rh) can be determined. The parameter, ρ = Rg/Rh, may
provide information on the architecture of the macromol-
ecules and their aggregates (23). From the combination of
static and dynamic scattering data, other information may
be derived including the linear mass density, Kuhn seg-
ment length, and polydispersity index. To obtain as much
structural information as possible, experimental data from
scattering are usually processed and presented through
various plots, and need to be interpreted using molecular
model such as the worm-like chain model (23). 

Light scattering was applied to study the solution
properties of amyloses and the retrogradation of amyloses
as early as the 1960s (24–26). A typical flexible chain
behavior was observed for high-molecular-weight amy-
loses in freshly prepared aqueous solutions. With decreas-
ing molecular weight, the tendency to aggregate increased
considerably so that a stable aqueous solution could not
be prepared. The many studies on amylopectin and glyco-
gen demonstrated how scattering techniques may be used
for investigating the branching behavior of polysaccha-
rides (27). The branching nature of amylopectin and
glycogen can be detected clearly by light scattering from
the Zimm plot, which shows an upturn (28, 29). 

Scattering techniques can be used to probe the confor-
mational transition of polysaccharides in solution. For
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example, the thermal transition evident in low ionic strength
xanthan solutions was followed by light scattering (30). It
was observed that the apparent hydrodynamic radius signif-
icantly decreases with increasing temperature in the vicinity
of the helix-coil transition temperature. As discussed above
(Section II.C.2), light scattering is also useful in investigat-
ing aggregation properties of polysaccharides.

3. Chiroptical Methods

a. Background 
Optical activity is one of the most readily and often meas-
ured physical properties of carbohydrates. Carbohydrates
contain several similarly substituted asymmetric carbon
atoms and are therefore all optically active. The optical
activity can be determined by optical rotation (OR), opti-
cal rotatory dispersion (ORD), and circular dichroism
(CD). OR is measured by a polarimeter at a single wave-
length, usually the sodium D line (589 nm), and expressed
as specific (or molecular) rotations [α]D. A number of
approaches, all of them empirical in nature, have been
devised to interpret the relationship between the measured
optical rotations and structural features of carbohydrates
(31). Specific rotations are used extensively to character-
ize new derivatives and to recognize known ones. Instead
of using a single wavelength, optical rotatory dispersion
measures the optical rotation angle (ϕ) over a wide range
of wavelengths, and circular dichroism measures the dif-
ferential absorption of right- and left-circularly polarized
light as a function of wavelength. Both ORD and CD
spectra can exhibit marked changes in slope in the vicin-
ity of the absorption maximum of a chromophore attached
to the chiral center, known as the Cotton effect.

b. Optical rotation 
In a monosaccharide molecule, several chiral carbons
contribute to the overall optical rotation, but the configu-
ration of the carbon atoms attached to the ring oxygen
atom have the greatest influence on the overall rotation
value. For many monosaccharides and reducing oligosac-
charides, the initial optical rotation in aqueous solutions
changes with time until reaching a constant value. This
phenomenon is known as mutarotation, most often the
outcome of interconversion between α and β ring isomers,
until reaching an equilibrium. 

Similar to monosaccharides, oligo- and polysaccha-
rides have optical activity. With advances in the under-
standing of carbohydrate stereochemistry, it has become
generally recognized that the overall optical rotation is
determined more by the relative orientation of adjacent
monosaccharide residues (defined by dihedral angles) than
by the additive contributions from each asymmetric center.
The optical activity of these is therefore beyond those aris-
ing from the simple monosaccharides, but is rather associ-
ated with the conformation of larger molecules or

macromolecules. Stevens and co-workers developed a chi-
roptical technique to investigate disaccharide conforma-
tion (32), based upon the estimates of variation in the
optical activity of a particular disaccharide as a function of
its glycosidic conformation. A number of disaccharides,
including sucrose, maltose and cellobiose, have been char-
acterized using this method (33).

The optical rotation of polysaccharides at long wave-
lengths is usually dominated by the optical activity of the
polymer backbone. Measurement of optical rotation at
long wavelengths remains a standard and practical tech-
nique for polysaccharide systems despite the advent of
ORD and CD instruments. For example, OR is used fre-
quently for monitoring the progress of cooperative con-
formational transitions of polysaccharides (34). 

c. Circular dichroism and optical rotatary 
dispersion

Monosaccharides of most food carbohydrates exist in
cyclic forms, thus do not possess the unsaturated chro-
mophores necessary to display a Cotton effect at long
wavelengths. In the absence of unsaturated chro-
mophores, two very short wavelength transitions associ-
ated with conformational transitions of carbohydrate
backbone may be used (35–37). These can be observed by
modern vacuum UV polarimetry. One such transition is
centered near 175 nm, attributed to the n→σ* transitions
of the acetal oxygen atoms. The second is usually found
around 150 nm and is closely related to the optical rota-
tion at long wavelengths. CD and ORD experiments show
that the variation in intensity of these two bands in poly-
saccharides is correlated to their composition and confor-
mation (38). Thus, CD and ORD offer powerful tools to
study structural and conformational transitions.  

Some polysaccharides contain chromophores that
absorb at substantially longer wavelengths than the poly-
meric backbone and thus give significant CD and ORD
bands at wavelengths above ~185 nm. Examples are acyl
and pyruvate ketal constituents and the carboxyl groups.
In these cases, the CD spectra are close to those of the iso-
lated monosaccharides, with little direct influence from
the chain geometry. Since CD is very sensitive to the local
environment of chromophores, conformational changes
caused by, for example, specific site binding of uronate
segments are usually accompanied by dramatic changes in
CD spectra (39). This provides an alternative approach to
study the gelation mechanisms of polysaccharides con-
taining carboxyl groups such as alginate, pectin, xanthan,
and gellan (40, 41). 

4. Microscopy Techniques

a. Background
Direct imaging of polysaccharides using microscopy 
provides an important additional method for physical
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characterization of polysaccharides. Two types of micro-
scopy are especially of interest. First, electron microscopy
(EM) is the traditional type, like light microscopy, but
instead uses an electron beam to probe smaller structures
than possible with light. Atomic force microscopy (AFM)
senses forces such as electrostatic, magnetic, capillary, or
van der Waals forces, as the molecular surface is
approached by a probe. EM has considerable power to
study supramolecular assemblies such as starch granules
and mixed structures such as composite gels, whereas
AFM has wide potential applications in investigating the
structures of single molecules, as well as supramolecular
assemblies and gel networks.

b. Electron microscopy 
In EM, an electron beam produced from an electron gun is
employed as an illuminating source instead of visible light.
In transmission electron microscopy (TEM), when a fine
electron beam hits the specimen, the electrons are trans-
mitted after a series of interactions with the specimen, and
then magnified to produce the image on a fluorescent
screen or a photographic film. In scanning electron
microscopy (SEM), the secondary electrons originating
from ionization of the specimen atoms by the incident pri-
mary electrons are collected by an electron detector. The
incident beam is scanned over a small area corresponding
to the area of the micrograph. EM gives a better resolution
than light microscopy because the wavelength of an elec-
tron beam is shorter than that of visible light. 

A critical part of electron microscopy is adequate
preparation of the specimen to minimize structural
changes and to avoid artifacts. In most cases, the samples
are exposed to a series of treatments prior to observation
such as dehydration (or solidification), sectioning, and
coating with electrical conducting materials. Thus, the
image shapes obtained from the specimens may differ
from their true shapes in the hydrated state. 

Information can be obtained from EM on how macro-
molecules associate into supramolecular assemblies, and
under favorable conditions, form gel networks (42). EM
was used to monitor the conformational changes of poly-
saccharides that often initiate gelation such as coil-helix
transitions (42). Direct visualizing of the structure of gel
networks using EM has helped the understanding of struc-
ture-function relationships of polysaccharide gelation. In
addition to these qualitative assessments of structural fea-
tures, it is also possible to quantify properties like contour
length, persistence length, linear mass density, and 
thickness of strands, using advanced image analysis sys-
tems (42, 43). Polysaccharides like xanthan and various 
β-D-glucans, all with a persistence length in the order of
100 nm, are ideally suited for such EM investigations.
Since EM only provides a two-dimensional projection of
the specimen, it is important to compare the parameters
derived from EM with those obtained from other physical

techniques, or from specimens prepared by different tech-
niques. 

c. Atomic force microscopy
AFM is still a relatively new form of microscopy and has
only been applied to the study of biopolymers since the
late 1990s. It generates images by sensing the changes in
force between a probe and the sample surface as the sam-
ple is scanned. Using a variety of probing methods (44), a
three-dimensional image with sub-nanometer resolution of
the surface topography of tested samples can be produced
(45). Thus, AFM affords an opportunity to directly image
individual molecules and the helical structures of polysac-
charides with minimal sample preparation (44, 46, 47).
The polysaccharides are simply deposited from aqueous
solution onto the surface of freshly cleaved mica, air dried,
and then imaged directly under appropriate liquid (45).

For highly flexible polysaccharides such as dextrans,
the AFM images show globular structures representing
time-averaged pictures of the random coil structure. For
more extended polysaccharides, such as xanthan and 
β-D-glucans, the AFM images may be quantified to yield
persistence length, contour length, and its distributions
(48). The dimensions observed by AFM are often larger
than those derived from conventional techniques (44).
This is believed to be due to the polymer-surface interac-
tions which occur when the molecules are absorbed onto
the mica surface prior to observation.  AFM can be used
to investigate the nature of association in junction zones,
and also the overall structure of gel networks (49–51). 

The use of EM and AFM has led to an improved
understanding of the functional properties of polysaccha-
rides at a molecular level. Furthermore, the ability to pro-
vide direct information about heterogeneity makes
microscopy not simply complementary to other physical
techniques, but also indispensable for obtaining additional
detailed structural information.  

5. Nuclear Magnetic Resonance

a. Background
Nuclear magnetic resonance (NMR) spectroscopy provides
detailed structural information of carbohydrates, such as
identification of monosaccharide composition, elucidation
of α or β configurations, and establishment of linkage pat-
terns and sequence of the sugar units in oligosaccharides
and polysaccharides. Recent advances in two-dimensional
NMR techniques allow the elucidation of some polysac-
charides without chemical analysis (52). NMR can also be
used to determine the conformation and chain
stiffness/mobility of oligosaccharides and some polysac-
charides in solution and to monitor coil-helix transitions
and gel formation (53). 

The principle of NMR spectroscopy is based on the
magnetic property of the nucleus in atoms associated with
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spins. The most useful nuclei in carbohydrate research are
1H and 13C, which by absorbing radio frequency energy in
a strong magnetic field, jump to higher energy levels.
Spins at the higher energy levels tend to relax to lower
energy levels, and the transitions are dependent on the
magnetic field strength in the local environment of the
nucleus. Therefore, every nuclear spin in a molecule is
influenced by the small magnetic fields of the nuclei of its
nearest neighbors. Hence, the signal released by the
nucleus reveals structural information of the nucleus in
specific environment. The analysis of these individual sig-
nals relative to a standard, expressed by chemical shift and
spin-coupling between nuclei, can yield detailed informa-
tion on the structure and shape of molecules.

One-dimensional NMR experiments are limited to the
portrayal of response intensity as a function of the obser-
vation frequency under the applied field. Two-dimen-
sional NMR techniques utilize a second frequency
domain, which greatly expands the information contained
in the spectrum. The introduction of this second domain
allows correlations to be established and hence connectiv-
ity information can be obtained. These are very useful in
determining molecular structures, particularly of complex
oligosaccharides and polysaccharides. For example,
COSY (COrrelation SpectroscopY) and TOCSY (TOtal
Correlation SpectroscopY) are used to establish connec-
tivities around monosaccharide rings. Long-range correla-
tion experiments, such as Nuclear Overhauser Effect
(NOE), a through-space phenomenon, can be used in 
the study of shape and conformation. Long-range het-
eronuclear correlation experiments can establish inter-
residue connectivity, and the sequences of complex
oligosaccharides and polysaccharides can therefore be
determined.

b. NMR in molecular dynamics and 
conformational analysis

NMR relaxation data (T1 and T2
*) provide information on

the dynamics of oligosaccharides and polysaccharides
involving several different types of internal motion (53).
NOESY provides information on inter-glycosidic spatial
constraints, which helps define linkage conformations.
Since they are able to provide conformational analysis of
oligosaccharides in solution, NMR techniques are impor-
tant means to obtain information on the three-dimensional
structures free of crystal lattice constraints. NMR meas-
urements of vicinal long-range homonuclear couplings

(3JH,H) and long-range heteronuclear couplings (3JC,H) 
provide information on both intra- and inter-residue con-
formation(s) by measuring the parameters controlled by
the dihedral angles between constituent monosaccharides
of oligosaccharides and polysaccharides. In a recent appli-
cation of NMR spectroscopy, long-range heteronuclear
coupling constants were measured across the glycosidic
linkages of a series of eight α- or β-linked disaccharides in
solution (54). The 3JC,H values were determined by multi-
ple 13C site-selective excitation experiments using
1H decoupling under pulsed field gradient-enhanced spec-
troscopy. The experimentally determined long-range
three-bond heteronuclear coupling constants were con-
verted to calculate values of the glycosidic dihedral angles
of each disaccharide using a Karplus-type equation. Wide
applications of NMR in solution dynamics, conforma-
tional analysis, and prediction of helical structure of
oligosaccharides and polysaccharides can be found in the
literature (55–57).

In summary, NMR spectroscopy is a very powerful tool
not only for analyzing the primary structures of carbohy-
drates to provide information such as anomeric configura-
tion, linkage sites, and sequences of monosaccharides, but
also to determine the dynamics and shape of carbohydrates
in solutions. The information can be further enhanced by
combining with molecular modeling techniques. In this
way, a deeper understanding of the dynamic properties and
three-dimensional conformation of oligosaccharides and
polysaccharides, and hence, the structure-property relation-
ships, are obtained.

III. MOLECULAR WEIGHT AND
MOLECULAR WEIGHT DISTRIBUTION 

A. POLYDISPERSITY AND MOLECULAR WEIGHT

AVERAGES

Monosaccharides and oligosaccharides have well-defined
chemical structures, and specific molecular weights.
However, polysaccharides contain molecules with differ-
ent numbers of monosaccharide units (thus different
molecular weights) and are said to be polydisperse. 
The distribution of molecular weight (MWD) varies,
depending on the synthetic pathway and environments,
as well as the extraction conditions to isolate the 
polysaccharides. The distribution may be described as
mono-, bi-, or polymodal. Before we discuss how to quan-
titatively describe this polydispersity in molecular weight,
we have to introduce the concept of molecular weight
averages. 

There are four statistically described molecular
weight averages in common use, number average molec-
ular weight (Mn), weight average molecular weight (Mw),
z-average molecular weight (Mz), and viscosity average
molecular weight (Mv). The mathematical descriptions of
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these averages in terms of the numbers of molecules Ni

having molecular weight Mi are:

Mn � (2.1)

Mw � (2.2)

Mz � (2.3)

Mv � � �
1/α

(2.4)

In Equation 2.4, α is the Mark Houwink exponent
(Section V.B.2). Most of the thermodynamic properties
are dependent on Mn and bulk properties such as viscosity
are particularly affected by Mw. Mw and Mz emphasize the
heavier molecules to a greater extent than does Mn. Mv is
usually between Mw and Mn and closer to Mw; when 
α = 1, Mw = Mv. For very stiff polysaccharides with 
α > 1, Mv exceeds Mw.

A convenient measure of the range of molecular
weights present in a distribution is the ratio Mw/Mn, called
the polydispersity index (PI). In a random MWD pro-
duced by condensation syntheses, as with polysaccha-
rides, PI is typically around 1.5~2.

B. PHYSICAL METHODS FOR MOLECULAR WEIGHT

DETERMINATION

Absolute techniques for MW determination include mem-
brane osmometry, static light scattering and equilibrium
sedimentation. These techniques require no assumptions
about molecular conformation and do not require calibra-
tion employing standards of known MW. Relative tech-
niques include gel permeation chromatography (GPC),
dynamic light scattering, velocity sedimentation and vis-
cometry, and require either knowledge/assumptions con-
cerning macromolecular conformation or calibration using
standards of known MW. Combined techniques use infor-
mation from two or more methods, such as velocity sedi-
mentation combined with dynamic light scattering, velocity
sedimentation combined with intrinsic viscosity measure-
ments, and GPC combined with on-line (or off-line) static
light scattering or equilibrium sedimentation. 

1. Osmometry

Polymer solutions exert osmotic pressure across a porous
boundary because the chemical potentials of a pure 
solvent and the solvent in a polymer solution are unequal.
There is a thermodynamic drive toward dilution of the
polymer-containing solution with a net flow of solvent
through a separating membrane, toward the side contain-
ing the polymer. When sufficient pressure is built up on
the solution side of the membrane, equilibrium is restored.
The osmotic pressure π depends on Mn and polymer con-
centration c as follows (58):

π � RT � � A2c
2 � A3c

3 � …� (2.5)

where R is the molar universal gas constant, T is the
absolute temperature, and A2 and A3 are the second and the
third virial coefficients, respectively. In very dilute solu-
tions, it is usually sufficient to consider only the first two
terms in the equation, which can then be rearranged as:

� �RTA2c (2.6)

where π/c is called the reduced osmotic pressure. According
to the above equation, Mn may be determined by a plot of
π/c versus c extrapolated to zero concentration. The inter-
cept gives RT/Mn, and the slope of the plot yields A2. 

For neutral polysaccharides, osmotic pressure meas-
urements can be made in water. However, for charged
polysaccharides, salt solutions should be used to suppress
the charge effects on apparent molecular weights. Usually 
0.1–1 M NaCl or LiI is of sufficient ionic strength. Since
osmotic pressure is dependent on the number of molecules
present in solution, it is less sensitive to high MW poly-
saccharides. In practice, this method is only useful for
polysaccharides having MW less than 500,000 g/mol (59).

2. Static Light Scattering

Static light scattering is widely used for determining the
MW of macromolecules and measures Mw. For a highly
dilute solution, the normalized intensity of scattered light
R(q) as a function of scattering wave vector (q) and con-
centration (c) is given as (60):

� � 2A2c (2.7)

where K is a contrast constant and P(q) is the particle scat-
tering factor. For a random coil, P(q) is expressed by:

P(q) � 1 � � … (2.8)

and q � sin� � (2.9)

where λ is the wavelength, θ is the scattering angle, and
Rg is the radius of gyration. Equations 2.7–2.9 form the
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basic theory for MW determination using static light scat-
tering. In practice, this is done by measuring the angular
dependence of scattered light from a series of dilute solu-
tions. The scattering data are then processed in the form
of a Zimm plot or other associated plots (Berry and
Gunniur plots). In a typical Zimm plot, Kc/R(q, c) is plot-
ted against q2 � kc, where k is an arbitrary constant to
separate the angle-dependent curves from different con-
centrations. The double extrapolation to c � 0 and q � 0
(i.e., θ�0) results in two limiting curves intersecting the
ordinate at the same point. This point gives 1/Mw. The ini-
tial slope of the curve at θ � 0 is 2A2, and from the initial
slope of the curve at c � 0, Rg is obtained. Figure 2.3 is a
Zimm plot of (1→3) (1→4)-β-D-glucan tricarbanilate
measured in dioxan by static light scattering. 

The measurement of the MW of polysaccharides by
light scattering has not been an easy task when compared
to many other macromolecules. The major difficulty is the
preparation of optically clear solutions that are free of
dust and molecular aggregates. A detailed procedure for
the preparation and clarification of polymer solutions is
given by Tabor (61) and Harding et al. (59). The meas-
urement of MW is especially complicated by the exis-
tence of aggregates. Extreme caution has to be taken in
interpreting the data. Poor reproducibility is often an indi-
cation of the presence of aggregates. Extensive efforts
have been made to eliminate aggregates by the selection
of appropriate solvents (9, 62, 63) or by chemically trans-
forming the polysaccharides to reduce H-bonding, using
derivatives such as carbanilates (64).

3. Sedimentation

Sedimentation methods are of two types, sedimentation
equilibrium and sedimentation velocity. The equilibrium
technique employs a centrifugal field to create concentra-
tion gradients in a polymer solution contained in a special
centrifuge cell. For a solute under appropriate conditions
(sedimentation equilibrium), sedimentation and diffusion
become comparable so that there is no net transport of the

solute. Analysis of the distribution of the solute concen-
tration along the centrifugal field at such an equilibrium
provides a means to study the MWD and the average MW.
For polysaccharides, such an equilibrium distribution is
generally achieved in 24–48 hours depending on the
nature of the solute and experimental conditions (59). 

The basic equation describing the distribution of
solute concentration J(r) at sedimentation equilibrium is
given for an ideal system as (65):

� (2.10)

where r is the distance of a given point in the cell from the
center of the rotor, ω is the rotor speed (rad/s), υ is the
partial specific volume (ml/g), and ρ is the solution den-
sity. The solute concentration profile is recorded, usually
by a Rayleigh interference optical system, and trans-
formed into plots of log J(r) versus r2, from which the
(point) weight average molecular weight can be obtained.
The whole-cell Mw can then be calculated as

Mw � (2.11)

where a and b are the distance from the center of the rotor
to the cell meniscus and cell bottom, respectively, and J0

is the initial loading concentration.
Sedimentation equilibrium can cover a very wide

range of molecular weights compared to light scattering
and osmotic pressure methods. However, since the proce-
dure is inherently time consuming and the thermodynamic
non-ideality of polysaccharides can complicate interpreta-
tion of the measurements, the technique is not frequently
applied in polysaccharide research.

As with equilibrium sedimentation, velocity sedimen-
tation is based on the principle that the sedimentation rate
of a polymer under a centrifugal field is directly propor-
tional to its MW and shape. Velocity sedimentation mon-
itors the boundary movement during ultracentrifugation
by an optical method, from which the sedimentation coef-
ficient, and hence MW, can be estimated provided the
conformation of the molecule is known. By the use of
high angular velocities, initial sedimentation may occur
before diffusion effects become important. Compared to
equilibrium sedimentation, velocity sedimentation is less
time consuming, but can only provide qualitative infor-
mation on average MW and MWD.

4. Viscometry 

Because of the simple experimental setup and ease of oper-
ation, viscometry is extensively used to determine the MW
of polysaccharides. The method simply requires the meas-
urement of the relative viscosity ηr and polymer concentra-
tion of dilute solutions. Experimentally, ηr can be measured
either by a capillary viscometer, a rotational viscometer, or

2RT
��ω 2(1 � υρ)

J(b) � J(a)
��
J0(b

2 � a2)

Mw(r)(1 � υρ)ω 2

��
2RT

dlnJ(r)
�

d(r 2)
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a differential viscometer (66). The MW of the polysaccha-
rides is then calculated via the Mark-Houwink relationship
(Equation 2.18). The Mark-Houwink constants K and α are
usually determined experimentally using a series of ideally
monodisperse substances with known molecular weights.
More discussion of this method will follow (Section V.B). 

Caution is needed when applying this relative method
to polysaccharides with chemical heterogeneity. Any fac-
tors that may change chain extension lead to changes in K
and α values; examples are degree of branching (as with
amylopectin and dextrans) and the distribution and/or
substitution of certain monosaccharide units (as with algi-
nates and galactomannans). The chemical composition
and structure of the material under test should resemble
those of the calibration substances. 

5. Gel Permeation Chromatography

Gel permeation chromatography (GPC) or size exclusion
chromatography (SEC) is widely used for the determina-
tion of MW and MWD of polysaccharides. In GPC, the
polymer chains are separated according to differences in
hydrodynamic volume by the column packing material.
Separation is achieved by partitioning the polymer chains
between the mobile phase flowing through the column
and the static liquid phase that is present in the interior of
the packing material, which is constructed to allow access
of smaller molecules and exclude larger ones. Thus, larger
molecules are eluted before smaller ones. 

Conversion of the retention (or elution) volume of a
polymer solute on a given column to MW can be accom-
plished in a number of ways. Narrow MWD standards
with known MW, such as pullulan and dextran, may be
used to calibrate the column. As with viscometry, the dif-
ference in structure between the calibration standards and
the tested sample may lead to over- or underestimating the
MW.  To overcome this, a universal calibration approach
may be applied in which the product of intrinsic viscosity
[η] and MW, being proportional to hydrodynamic vol-
ume, is used (67). For different polysaccharides, a plot of 
log [η] MW versus elution volume emerges to a common
line, the so-called “universal calibration curve.” The cali-
bration is usually obtained using narrow MWD standards
from which the MW of a test sample can be read, pro-
vided the intrinsic viscosity is known. 

In the last two decades or so, methods for the deter-
mination of MWD have been facilitated by combining
GPC with a laser light scattering detector (68, 69). These
methods provide absolute measurement of average MW
and information on MWD and molecular conformations.

6. Other Methods

There are a number of other less frequently used methods
for MW determination of carbohydrates, such as mass
spectrometry, end group analysis, and NMR. The readers

are referred to the review by Harding (59) for a detailed
discussion of alternative methods on MW determination
of carbohydrates. In addition, recent development in AFM
has shown that it is a potential means for MW determina-
tion of polysaccharides. The power of this approach is that
it permits MW measurements of single polysaccharide
molecules rather than mixtures of single molecules and
aggregates. All the other methods described above deter-
mine the apparent MW of samples that often include
molecular aggregates. Round et al. (46) found that Mn and
Mw obtained from AFM is 2–3 times smaller than that for
similar samples measured by conventional techniques.

IV. HYDRATION AND SOLUBILITY OF
CARBOHYDRATES 

A. LOW-MOLECULAR-WEIGHT CARBOHYDRATES

Carbohydrates contain both polar -OH groups and non-polar
-CH groups. In an aqueous system, the numerous hydroxyl
groups of carbohydrates may hydrogen bond strongly
with water molecules. Also, the ring oxygen atom and the
glycosidic bridging oxygen atom can form hydrogen
bonds with water. Franks and coworkers discussed the
thermodynamic data of small carbohydrates in the context
of NMR and dielectric relaxation data (70). They found
no solute-solute interactions in aqueous solutions even at
fairly high concentrations. Both the sites of hydration and
their relative conformations are important factors in the
resultant hydration properties. Molecular dynamics stud-
ies have revealed that hydroxyl groups make on average
between two and three hydrogen bonds with solvent (71,
72). Because of the proximity of adjacent hydroxyl
groups, many water molecules were found to simultane-
ously hydrogen bond to two hydroxyl groups (71). The
geometric requirements of these solute-solvent hydrogen
bonds favor one conformation over another, leading to
some solutes experiencing less favorable interactions with
water, and hence being less soluble (73, 74). Nevertheless,
low-molecular-weight carbohydrates, with degrees of
polymerization less than 15~20, are generally very solu-
ble in water and other polar solvents (75). The solubility
decreases with increasing degree of polymerization
because of increased solute-solute interactions. 

Addition of polar organic solvents to solutions of car-
bohydrates results in the precipitation of an amorphous or
crystalline form of the carbohydrates. Increasing the con-
centration of alcohol decreases the solubility of mono-
and oligosaccharides, and they are only slightly soluble
when the alcohol concentration is higher than 80% (76). 

B. POLYSACCHARIDES

Polysaccharides display a wide range of solubilities con-
ventionally described as easily soluble, intermediately
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soluble, and insoluble. There is no clear boundary between
the three groups but the general consensus is: easily solu-
ble polysaccharides are readily dissolved in cold water;
intermediately soluble ones are only soluble in hot water;
and insoluble ones cannot be dissolved even in boiling
water. Structure and molecular weight are the two primary
factors that determine solubility. Polysaccharides with a
highly regular conformation that can form crystalline or
partial crystalline structures (Section II.C.1) are usually
insoluble in water. Linear polysaccharides with high regu-
larity in structure, such as 1→4 or 1→3 linked β-D-
glucans, and 1→4 linked β-D-mannans, are examples of
this group. Although (1→4)-β-D-mannan can be dissolved
in 5% alkaline solution, neutralization leads to reassocia-
tion and precipitation. Cellulose is insoluble, but swells in
strong alkaline solutions such as 18% sodium hydroxide
(77). Only cellodextrins with DP of about 15–80 can be
dissolved or dispersed in such alkaline solutions; for DP
less than 15, there is solubility in neutral aqueous solutions
(75). Amylose, an α-(1→4)-homoglycan, is insoluble in
cold water but can be dissolved in hot water. 

A decrease in uniformity/regularity of molecular struc-
ture is always accompanied by an increase in solubility.
The irregularity of the molecular chains prevents the for-
mation of a closely packed structure, allowing many poly-
saccharides to readily hydrate and dissolve when water is
available. The mixed linkage (1→3) (1→4)-β-D-glucans
from cereals differ from cellulose only by the introduction
of occasional single (1→3) linkages. The insertion of these
linkages introduces “kink” points into the otherwise stiff
cellulosic backbone, rendering the polymer soluble in
water. Branching or substitution of the polysaccharide
chain also reduces the possibility of intermolecular associ-
ation and usually increases solubility. Examples are easily
seen by comparing the solubility of galactomannans with
that of (1→4)-β-D-mannan. By introducing single α-D-
galactopyranosyl constituents (1→6) linked to the mannan
backbone, the resulting galactomannans are fairly soluble
in water. Any structures which contain especially flexible
units such as (1→6) linkages will lead to higher solubility
because of a larger favorable entropy of solution. Highly
branched polysaccharides are almost always very soluble
in water as in the case of amylopectin which has a much
better solubility compared to its linear counterpart,
amylose.

C. DISSOLUTION KINETICS

The ability of a substance to be solvated is governed by
the fundamental thermodynamic equation:

∆G � ∆H � T∆S (2.12)

where ∆G, ∆H, and ∆S are the changes of Gibbs free
energy, enthalpy, and entropy of mixing, respectively. T is

the absolute temperature of the system. A homogeneous
solution is obtained when the Gibbs free energy is 
negative. For an ideal system, ∆H is usually small, so dis-
solution is an entropically driven process.

For low-molecular-weight carbohydrates, dissolution
of the molecules is promoted by a large increase in
entropy on mixing. The dissolution rate is mainly con-
trolled by the diffusion or convective transport of solute
from the interfacial boundaries to the bulk solution, which
in turn is determined by the difference between the solute
concentration and the saturated concentration at a given
temperature. The dissolution process is generally fast as
long as the solution is not close to the saturation point.
Increase in the hydrodynamic field, such as stirring, pro-
motes dissolution.

For polysaccharides, the contribution of entropy
changes during dissolution is limited because of confor-
mational constraints of the polymer chains. Most linear
polysaccharides only form colloidal dispersions in aque-
ous systems that are not in thermodynamic equilibrium. In
the initial stage of dissolution, amorphous polymer starts
to swell as a result of water diffusing into the particle with
a simultaneous transition from a glassy state to a rubbery 
gel-like state. Consequently, a gel layer forms on the sur-
face of the polymer particle. The dissolution rate may be
determined by a number of factors, either individually or
combined together, including the rate of water penetration
into the polymer, the rate of disentanglement of the poly-
mer from the gel layer, and the diffusion or convective
transport of solute from the interfacial boundaries to the
bulk solution. In the case of high MW polysaccharides, the
disentanglement of molecules is often the limiting step of
dissolution. Thus the dissolution rate is expected to
decrease with increasing MW because disentanglement of
large molecules from the gel layer takes a longer time. The
dissolution rate of guar gum was shown to be inversely
related to the MW of the galactomannan (78). Diffusion or
transport of solutes may also be the controlling factor in
combination with disentanglements, such as in the case of
a low MW polymer in low hydrodynamic environment
(low temperature, low agitation), or when the viscosity of
the solvent phase has built up significantly (78). The initial
solvent content may also affect the dissolution of certain
polysaccharides, but in various ways. Theoretical work
and experiments suggest that dissolution rate increases
with the level of residual solvent in the solid polymer (79,
80). However, if the presence of low levels of solvent leads
to an increase in structure ordering, the suggested
enhanced dissolution may not occur. For example, it has
been observed that purified (1→3) (1→4)-β-D-glucan is
very difficult to dissolve in water when it is precipitated
from an aqueous solution and air dried. Solvent exchange
using isopropanol before drying greatly improves solubil-
ity and dissolution. This is presumably due to the presence
of water in the polymer, resulting in increased ordering of
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the polymer and poorer solubility. Other factors such as
particle size and porosity of the polymer may also influ-
ence dissolution rate. 

V. RHEOLOGICAL PROPERTIES OF
POLYSACCHARIDES

A. CONCENTRATION REGIME

Rheology is the study of flow and deformation of materi-
als, and for any given polysaccharide, concentration is of
course of primary importance. A dilute polymer solution
is one in which each polymer coil and the solvent associ-
ated with it occupies a discrete hydrodynamic domain
within the solution. The isolated macromolecules provide
their individual contribution to the rheological properties
of the system almost independently of the imposed shear
rate. As the concentration of polymer increases, a stage is
reached at which the individual molecular domains begin
to touch one another frequently. The corresponding con-
centration is called the overlap concentration c*. At poly-
mer concentration c>c*, the solution is called semi-dilute
and when c>>c* the solution is concentrated.

B. DILUTE SOLUTIONS

1. Steady Shear Viscosity 

The ratio of applied shearing stress (τ) to rate of shear (γ.
)

for an ideal viscous fluid is called the coefficient of vis-
cosity, or simply viscosity (η), which is a measure of the
resistance to flow. The term “fluidity,” which is the recip-
rocal of viscosity, is sometimes used in the food industry.
The viscosity increase due to the contribution of dissolved
or dispersed solutes over the solvent is described by the
relative viscosity (ηr) and specific viscosity (ηsp):

ηr � (2.13)

ηsp � � ηr �1 (2.14)

where ηs is the solvent viscosity and η the overall solution
viscosity. For most polysaccharides, especially of the ran-
dom coil type, dilute solutions under shear flow show
essentially Newtonian behavior. That means the viscosity
of the solution is a constant independent of share rate.
However, non-Newtonian flow behavior is observed for
dilute solutions of some rigid polysaccharides, such as
xanthan and some other β-glucans (81). For these sys-
tems, the apparent viscosity falls as the shear rate
increases –– a phenomenon called shear thinning. The
shear thinning behavior of such polysaccharide solutions
is a result of progressive orientation of the stiff molecules
in increasing field of shear.

2. Intrinsic Viscosity 

In dilute solutions, viscosity usually increases with con-
centration according to the Huggins and the Kramer equa-
tions:

ηsp � [η]c � K�[η]2c2 (2.15)

ln(ηr) � [η]c � (K� � 0.5)[η]2c2 (2.16)

where K� is the Huggins coefficient. [η] is known as intrin-
sic viscosity and is the limit of reduced viscosity (ηsp/c) as
c→0:

[η] � lim
c→0

(ηsp�c) (2.17)

Experimentally, [η] is usually determined from the meas-
urement of ηr or ηsp over a series of dilute solutions. By
plotting ηsp/c or ln (ηr)/c versus c, [η] is obtained as the
average of the two intercepts at the ordinate via graphic
extrapolations of c→0.

Intrinsic viscosity is not actually a viscosity but is a
characteristic property of an isolated polymeric molecule
in a given solvent, and is a measure of its hydrodynamic
volume. It has a unit of volume per unit weight. Mark
(82) and Houwink (83) independently correlated the
intrinsic viscosity with the viscosity average molecular
weight Mv

[η] � KMα
v (2.18)

where both K and α are constants for a given polysaccha-
ride-solvent pair at a given temperature. The exponent α
is a conformation-sensitive parameter and usually lies in
the range of 0.5–0.8 for random coil polymers, and
increases with increasing chain stiffness. It can be as high
as 1.8 for polysaccharides with a stiff rod conformation.
Low values of α (<0.5) tend to indicate significant
branching or a compact structure. Values of K and α for
some food polysaccharides have been documented by
Harding (66). 

C. SEMI-DILUTE AND CONCENTRATED SOLUTIONS

1. Steady Shear Viscosity

Polysaccharides of sufficiently high molecular weights
and concentrations can form an entangled network in
solution which impedes flow. Such a system usually
shows strong shear thinning behavior. Unlike dilute solu-
tions, the shear thinning behavior of a semi-dilute or con-
centrated solution is associated with the continuous
interchange between entanglement and disentanglement.
At high shear rates, the newly formed entanglements can-
not compensate for those being disentangled, which leads
to a decrease in viscosity. A typical viscosity-shear rate

η � ηs
�ηs

η
�ηs
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flow curve consists of a low shear rate Newtonian plateau,
followed by a shear thinning region where viscosity
decreases as shear rate increases (Figure 2.4). In theory,
there exists an upper Newtonian plateau at very high shear
rates, but this is not accessible for most polysaccharide
solutions using current instrumentation. As shown in
Figure 2.4, the increase in viscosity with concentration is
more pronounced at low shear rates. Therefore, for mean-
ingful comparison of different systems, zero-shear rate
viscosity (η0) should be used. η0 is obtained by measuring
viscosity at a range of low shear rates and extrapolating to
zero concentration, as illustrated in Figure 2.4 (84).  

Shear thickening of polysaccharide solution, although
rare, is observed occasionally. This phenomenon usually
results from a shear-induced formation of ordered struc-
tures (10).

2. Concentration and Molecular Weight Effects

As with dilute solutions, the viscosity of semi-dilute or
concentrated polysaccharide solutions also increases with
increasing concentration. The relationship normally can
be described by the power-law type correlation:

ηsp � acn (2.19)

where ηsp is zero-shear specific viscosity.  At a concentra-
tion above the overlap concentration c*, a more pro-
nounced increase in both the zero-shear viscosity and the
shear rate dependence of viscosity develops. For most
random coil systems, the exponent n lies between 1~1.5
when c < c*, and 3.5~5 at c > c* (85).

Precisely, the viscosity generated by disordered poly-
mer coils is dependent on the degree of space-occupancy by
the polymer, which is determined by both concentration and
molecular weight. In general, for linear polysaccharides in

a given solvent, solution viscosity increases proportionally
to their molecular weight and concentration. The space
occupancy is characterized by the dimensionless product of
concentration and intrinsic viscosity c[η], since [η] is a
measure of volume occupancy of the isolated coil in the sol-
vent. Morris et al. (86) found that the double-logarithmic
plots of ηsp vs. c[η] for a number of different disordered
polysaccharides and the same polysaccharides with differ-
ent molecular weights are virtually identical.

3. Temperature and Ionic Strength Effects

Another important factor that may affect the viscosity values
and the profile of flow curves is temperature. In the absence
of temperature-induced conformational changes, increasing
the temperature leads to a monotonical decrease of solution
viscosity and an increase of the shear rate of onset of the
non-Newtonian region. For polysaccharides with charged
groups, the shear viscosity is also sensitive to ionic strength
and pH. Due to an expanded chain conformation caused by
like-charge repulsions, a higher viscosity is normally
obtained at lower ionic strength. Electrostatic repulsions are
suppressed at higher ionic strength, leading to a less
extended chain conformation and hence lower viscosity.

4. Dynamic Properties

Polysaccharide solutions are viscoelastic substances, i.e.,
have both solid and liquid characteristics. An important
experimental approach to the study of the viscoelasticity
of a polymer solution is to use a dynamic oscillatory
measurement. A sample is subjected to a small sinusoidal
oscillating strain (γ); this generates two stress components
in viscoelastic materials, an elastic component which is in
phase with the applied strain and a viscous component
which is 90° out of phase with the strain:

σ0 � G�γ0 sinωt � G��γ0 cosωt (2.20)

tanδ � (2.21)

where G′ is the elastic or storage modulus, G″ is the vis-
cous or loss modulus, tanδ is the loss tangent, and ω is the
frequency of oscillation. The loss tangent is the ratio of
the energy dissipated to that stored per cycle of deforma-
tion. The frequency dependency of these viscoelastic
quantities allows specific features of different classes of
polysaccharides to be distinguished. Based on the relative
magnitudes of G′ and G″ in a frequency sweep experiment
within the linear viscoelastic strain range, three types of
polysaccharide systems may be distinguished: solutions,
weak gels, and gels (85). For dilute solutions of polysac-
charides, G″ values are higher than G′, with G″ ∝ ω and
G′ ∝ ω2 at low frequency. When the frequency or concen-
tration is increased, there is a crossover between G′ and
G″, implying that the system passes from being a more and

G��
�
G�
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FIGURE 2.4 Shear rate (γ.
) dependence of viscosity (η) for

xyloglucan from Detarium senegalense Gmelin in aqueous solu-
tions at different concentrations. From Wang et al., 1997 (84).
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more viscous liquid to being a viscoelastic solid. Also,
both G′ and G″ become less frequency dependent as the
frequency is increased; a “rubbery” plateau of G′ is seen at
high frequencies. Gels have a very different spectrum, with
G′ remaining almost constant and G″ only increasing
slightly as frequency increases; and G′ values are higher
than G″ at all frequencies, with tanδ around 10�1 for a
weak gel and 10�2 for a true gel.

D. POLYSACCHARIDE GELS

1. Gelation Mechanism 

Under certain conditions, the association of hydrated
polysaccharides results in a three-dimensional polymeric
network (a gel) that fills the liquid available rather than
precipitation of the polysaccharide. In these resultant gels,
polysaccharide molecules or portions of these are aggre-
gated in the junction zones through interactions such as
hydrogen bonding, hydrophobic association, and cation-
mediated cross-linking. To induce gelation, polysaccha-
rides usually have to be first dissolved or dispersed in a
solution, in order to disrupt mostly the hydrogen bonds
from the solid state. The subsequent transformation of
sols to gels is achieved by treatments such as heating and
cooling, addition of cations, and change of pH.  

The adoption of an ordered secondary and tertiary
structure such as a helix or flat ribbon is a primary mech-
anism for the gelation of polysaccharides. The familiar
gelation of algal polysaccharides agarose and κ-car-
rageenan, and bacterial polysaccharide gellan, involves
the formation of helices (87). These helices may further
associate to form a quaternary structure (gel network)
through intermolecular hydrogen bonding or incorpora-
tion of counterions in the case of some charged polymers.
The gelation of some other polysaccharides is through the
formation of pleated sheets, sometimes described as an
egg-box structure. Familiar examples of this are gels of
low-methoxyl pectin and alginate. In this structure, the
polysaccharides associate into matched aggregates in a
twofold ribbon-like conformation, with the metal ions
cooperatively bound during the process, sitting inside the
electronegative cavities like eggs in an egg box. 

2. Physical Properties of Polysaccharide Gels

Polysaccharides are able to form a vast range of gel struc-
tures which can be controlled by the properties of polysac-
charides themselves and by the gelling conditions. A list of
gelling food polysaccharides and a comparison of their rel-
ative textural characteristics are given by Williams and
Phillips (88). Some polysaccharides form thermo-
reversible gels and examples exist where gelation occurs on
either the cooling or heating cycle. Thermal hysteresis may
exist in some of the thermo-reversible gels; the melting
temperature of the gel is significantly higher than the set-
ting temperature. Thus, gelation occurs when hot agarose

solutions are cooled to below 40°C, but this gel does not
melt until the temperature is raised to above ~90°C.  Some
polysaccharides form thermally irreversible gels, which are
usually formed by cross-linking polysaccharide chains with
divalent cations. 

Gel formation occurs above a critical minimum con-
centration for each polysaccharide, and gel strength nor-
mally increases with increasing concentration. Molecular
weight is also important. Intermolecular associations of
polysaccharides are stable only above a minimum critical
chain length necessary for the cooperative nature of the
interaction, typically in the range of 15–20 residues (75).
Gel strength normally increases significantly as MW
increases up to a certain point, then becomes MW inde-
pendent at higher values.

The gelation of anionic polysaccharides is also
dependent on the type and concentration of associated
cations because the association of the charged tertiary
structures may be promoted by specific counterions
whose radii and charges are suitable for incorporation into
the structure of the junction zones.

Mixed gels from two or three polysaccharides may
impart novel and improved rheological characteristics to
food products. Synergy is observed for a number of binary
systems including pectin-alginate, xanthan-galactoman-
nan or glucomannan, and agarose or carrageenan–galac-
tomannan or glucomannan. In these mixtures, synergism
confers either enhanced gelling properties at a given poly-
saccharide concentration, or gelation under conditions in
which the individual components will not gel. Although
the gelation mechanisms for mixed polysaccharides are
still controversial, there is evidence that some form of
binding and structure compatibility has to be present
between the two polysaccharides (87).

REFERENCES

1. GA Jeffrey, M Sundaralingam. Bibliography of crystal
structures of carbohydrates, nucleosides, and
nucleotides. Adv Carbohydr Chem Biochem 43:
203–421, 1985.

2. RL Whistler, JN BeMiller. Carbohydrate Chemistry for
Food Scientists. St. Paul, MN: Eagan Press, 1997, pp.
1–17. 

3. J Brady. Oligosaccharides geometry and dynamics. In:
P Finch. ed. Carbohydrates: Structures, Syntheses and
Dynamics. London: Kluwer Academic Publishers,
1999, pp. 228–257.

4. DA Rees. Polysaccharides Shapes. New York: John
Wiley & Sons, 1977, pp. 42–43. 

5. RH Marchessault, A Buleon, Y Deslandes, T Goto.
Comparison of x-ray diffraction data of galactoman-
nans. J Colloid Interface Sci 71: 375–382, 1979.

6. AH Clark. X-ray scattering and diffraction.  In: SB
Ross-Murphy. ed. Physical Techniques for the Study of
Food Biopolymers. New York: Blackie Academic &
Professional, 1994, pp. 65–150.

Carbohydrates: Physical Properties 2-15



7. R Chandrasekharan. Molecular architecture of polysac-
charide helices in oriented fibres. Adv Carbohydr Chem
Biochem 52: 311–439, 1997.

8. P Lang, W Burchard. Structure and aggregation behav-
iour of tamarind seed polysaccharide in aqueous solu-
tion. Makromol Chem Macromol Chem Phys 194:
3157–3166, 1993.

9. A Grimm, E Kruger, W Burchard. Solution properties of
β-D-(1,3) (1,4)-glucan isolated from beer. Carbohydr
Polym 27: 205–214, 1995.

10. R Lapasin, S Pricl. Rheology of Industrial
Polysaccharides. London: Blackie Academic and
Professional, 1995, pp. 250–494.

11. SB Ross-Murphy. Introduction. In: SB Ross-Murphy.
ed. Physical Techniques for the Study of Food
Biopolymers. New York: Blackie Academic &
Professional, 1994, pp. 1–12.

12. GA Jeffrey, M Sundaralingam. Bibliography of crystal
structures of carbohydrates, nucleosides, and nucleotides.
Adv Carbohydr Chem Biochem 43: 203–421, 1985.

13. GA Jeffrey, D Huang. The hydrogen bonding in the
crystal structure of raffinose pentahydrate. Carbohydr
Res 206: 173–182, 1990.

14. W Mackie, B Sheldrick, D Akrigg, S Perez. Crystal and
molecular structure of mannotriose and its relationship
to the conformations and packing of mannan and gluco-
mannan chains and mannobiose. Int J Bio Macromol 8:
43–51, 1986.

15. R Gilardi, JL Flippen-Anderson. The tetrasaccharide
stachyose. Acta Crys C43: 806–808, 1986.

16. S Raymond, A Heyraud, DT Qui, A Kvick, H Chanzy.
Crystal and molecular structure of β-D-cellotetraose
hemihydrate as a model of cellulose II. Macromol 28:
2096–2100, 1995.

17. S Arnott, WE Scott. Accurate x-ray diffraction analysis
of fibrous polysaccharides containing pyranose rings. l.
linked-atom approach. J Chem Soc Perkin Trans 2:
324–335, 1972.

18. RH Marchessault, Y Deslandes, K Ogawa, PR
Sundarajan. X-Ray diffraction data for β-(1,3)-D-glu-
can. Can J Chem 55: 300–303, 1977.

19. Y Deslandes, RH Marchessault, A Sarko. Triple-helical
structure of (1,3)-β-D-glucan. Macromolecules 13:
1466–1471, 1980.

20. T Yanaki, T Norisuye, H Fujita. Triple helix of schizo-
phyllum commune polysaccharide in dilute solution. 3.
Hydrodynamic properties in water. Macromolecules 13:
1462–1466, 1980.

21. K Kajiwara, T Miyamoto. Progress in structural char-
acterization of functional polysaccharides. In: S
Dumitriu. ed. Polysaccharides: Structural Diversity and
Functional Versatility. New York: Marcel Dekker, 1998, 
pp. 1–55.

22. DA Brant. Novel approaches to the analysis of polysac-
charide structures. Current Opinion in Structural
Biology 9: 556–562, 1999.

23. W Burchard. Light scattering. In: SB Russ-Murphy. ed.
Physical Techniques for the Study of Food
Biopolymers. New York: Blackie Academic &
Professional, 1994, pp. 151–214.

24. E Husemann, B Pfannemüller, W Burchard.
Streulichtmessungen und Viskositätsmessungen an
wässrigen Amyloselösungen, I and II. Makromol Chem
59: 1–27, 1963.

25. HL Doppert, AJ Staverman. Kinetics of amylose ret-
rogradation. J Polym Sci A-1 4: 2353–2366, 1966.

26. M Kodama, H Noda, T Kamata.  Conformation of amy-
lose in water. I. Light scattering and sedimentation-
equilibrium measurements. Biopolymers 17: 985–1002,
1978.

27. W Burchard. Static and dynamic light scattering from
branched polymers and biopolymers. Adv Polym Sci
48: 1–120, 1983.

28. A Thurn, W Burchard. Heterogeneity in branching of
amylopectin. Carbohydr Polym 5: 441–460, 1985. 

29. W Burchard, JMG Cowie. Selected topics in biopolymeric
systems. In: Light Scattering from Polymer Solutions.
New York: Academic Press, 1972, pp. 725–787.

30. JG Southwick, AM Jamieson, J Blackwell. Quasielastic
light scattering studies of xanthan in solution. In: DA
Brant. ed. Solution Properties of Polysaccharides.
Washington, D.C.: American Chemical Society, 1980,
pp 1–13.

31. ES Stevens, CA Duda. Solution conformation of
sucrose from optical rotation. J Am Chem Soc 113:
8622–8627, 1991.

32. ES Stevens, BK Sathyanarayana. A semiempirical the-
ory of the optical activity of saccharides. Carbohydr Res
166: 181–193, 1987.   

33. ES Stevens. The potential energy surface of methyl 3-O-
(alpha-D-mannopyranosyl)-alpha-D-mannopyranoside
in aqueous solution: Conclusions derived from optical
rotation. Biopolymers 34: 1395–1401, 1994.

34. DA Rees, ER Morris, D Thom, JK Madden. Shapes and
interactions of carbohydrate chains. In: GO Aspinall.
ed. The Polysaccharides. Vol. 1.  Toronto: Academic
Press, 1982, pp 195–290.

35. RG Nelson, WC Johnson Jr. Optical properties of sug-
ars. I. Circular dichroism of monomers at equilibrium. J
Am Chem Soc 94: 3343–3345, 1972.

36. RG Nelson, WC Johnson Jr. Optical properties of sug-
ars. 3. Circular dichroism of aldo- and ketopyranose
anomers. J Am Chem Soc 98: 4290–4295, 1976.

37. JS Balcerski, ES Pysh, GC Chen, JT Yang. Optical rota-
tory dispersion and vacuum ultraviolet circular dichro-
ism of a polysaccharide, ι-Carrageenan. J Am Chem
Soc 97: 6274–6275, 1975.

38. WC Johnson Jr. The circular dichroism of carbohydrates.
Adv Carbohydr Chem Biochem 45: 73–124, 1987.

39. I Listowsky, S Englard, G Avigad. Conformational
aspects of acidic sugars: circular dichroism studies.
Trans NY Acad Sci 34: 218–226, 1972.

40. ER Morris, DA Rees, GR Sanderson, D Thom.
Conformation and critical dichroism of uronic acid
residues in glycosides and polysaccharides. J Chem Soc
Perkin Trans II: 1418–1425, 1975.

41. D Thom, GT Grant, ER Morris, DA Rees.
Characterisation of cation binding and gelation of
polyuronates by circular dichroism. Carbohydr Res 100:
29–42, 1982.

2-16 Handbook of Food Science, Technology, and Engineering, Volume 1



42. BT Stokke, A Elgsaeter. Conformation, order-disorder
conformational transitions and gelation of non-crys-
talline polysaccharides studied using electron
microscopy. Micron 25: 469–491, 1994.

43. AM Hermansson, M Langton. Electron microscopy. In:
SB Ross-Murphy. ed. Physical Techniques for the Study
of Food Biopolymers. New York: Blackie Academic &
Professional, 1994, pp. 277–341.

44. VJ Morris, AR Kirby, AP Gunning. Atomic Force
Microscopy for Biologists. London: Imperial College
Press, 1999. 

45. AR Kirby, AP Gunning, VJ Morris. Imaging polysac-
charides by atomic force microscopy. Biopolymers 38:
355–366, 1996.

46. AN Round, AJ MacDougall, SG Ring, VJ Morris.
Unexpected branching in pectin observed by atomic
force microscopy. Carbohydr Res 303: 251–253, 1997.

47. AW Decho. Imaging an alginate polymer gel matrix
using atomic force microscopy. Carbohydr Res 315:
330–333, 1999.

48. MJ Ridout, GJ Brownsey, AP Gunning, VJ Morris.
Characterisation of the polysaccharide produced by
Acetobacter xylinum strain CR1/4 by light scattering
and atomic force microscopy. Int J Bio Macromol 23:
287–293, 1998.

49. AP Gunning, AR Kirby, MJ Ridout, GJ Brownsey, VJ
Morris. Investigation of gellan networks and gels by
atomic force microscopy. Macromolecules 29: 6791–
6796, 1996.

50. AP Gunning, AR Kirby, MJ Ridout, GJ Brownsey, VJ
Morris. ‘Investigation of gellan networks and gels by
atomic force microscopy vol. 29, pp. 6791–6796, 1996.’
Macromolecules 30: 163–164, 1997.

51. VJ Morris, AR Mackie, PJ Wilde, AR Kirby, ECN Mills,
PA Gunning. Atomic force microscopy as a tool for
interpreting the rheology of food biopolymers at the
molecular level. Lebensm-Wiss Technol 34: 3–10, 2001.  

52. W Cui. Application of two dimensional (2D) NMR
spectroscopy in the structural analysis of selected poly-
saccharides. In: PA Williams, GO Phillips. eds. 
Gums and Stabilizers for the Food Industry. Vol. 
11, Cambridge: Royal Chemical Society, 2001, 
pp. 27–38.

53. CA Bush, M Martin-Pastor, A Imberty. Structure and
conformation of complex carbohydrates of glycopro-
teins, glycolipids, and bacterial polysaccharides. Ann
Rev Biophys Biomol Struct 28: 269–293, 1999.

54. NWH Cheetham, P Dasgupta, GE Ball. NMR and mod-
elling studies of disaccharide conformation. Carbohydr
Res 338: 955–962, 2003.

55. P Dais. Carbon-13 nuclear magnetic relaxation and
motional behavior of carbohydrate molecules in solu-
tion. Adv Carbohydr Chem Biochem 51: 63–131, 1995.

56. L Catoire, C Derouet, AM Redon, R Goldberg, CH du
Penhoat. An NMR study of the dynamic single-stranded
conformation of sodium pectate. Carbohydr Res 300:
19–29, 1997.

57. B Coxon, N Sari, G Batta, V Pozsgay. NMR spec-
troscopy, molecular dynamics, and conformation of a
synthetic octasaccharide fragment of the O-Specific

polysaccharide of Shigella dysenteriae type 1.
Carbohydr Res 324: 53–65, 2000.

58. C Tanford. Physical Chemistry of Macromolecules.
New York: John Wiley & Sons, 1961. 

59. SE Harding, KM Vårum, BT Stokke, O Smidsrød.
Molecular weight determination of polysaccharides.
Adv Carbohydr Anal 1: 63–144, 1991.

60. BH Zimm. The scattering of light and the radial distri-
bution function of high polymer solutions. J Chem Phys
16: 1093–1099, 1948.

61. BE Tabor. Preparation and clarification of solutions. In:
MB Huglin. ed. Light Scattering from Polymer
Solutions. London: Academic Press, 1972, pp. 1–25.

62. ML Fishman, HK Chau, F Kolpak, P Brady. Solvent
effects on the molecular properties of pectins. J Agric
Food Chem 49: 4494–4501, 2001.

63. B Seger, T Aberle, W Burchard. Solution behaviour of
cellulose and amylose in iron sodium tartrate. Carbohydr
Polym 31: 105–112, 1996.

64. W Burchard, E Husemann. Eine vergleichende
Strukturanalyse von Cellulose und Amylose-tricarbani-
laten. Makromol Chem 44–46: 358–387, 1961.

65. JM Creeth, RH Pain. The determination of molecular
weights of biological macromolecules by ultracen-
trifuge methods. Prog Biophys Mol Biol 17: 217–287,
1967.

66. SE Harding. Dilute solution viscometry of food
biopolymers. In: SE Hill, DA Ledward, JR Mitchell.
eds. Functional Properties of Food Macromolecules.
Gaithersburg, MD: Aspen Publishers, 1998, pp. 1–49.

67. H Benoit, Z Grubisic, P Rempp, D Decker, JG Zilliox.
Liquid-phase chromatographic study of branched and
linear polystyrenes of known structure. J Chem Phys 63:
1507–1514, 1966.

68. ML Fishman, L Pepper, WC Damert, JG Phillips, RA
Barford. A critical reexamination of molecular weight
and dimensions of citrus pectins. In: ML Fishman, JJ Jen.
eds. Chemistry and Functions of Pectins. Washington,
DC: American Chemical Society, 1986, pp. 22–37.

69. MG Kontominas, JL Kokini. Measurement of molecular
parameters of water soluble apple pectin using low
angle laser light scattering.  Lebensm-Wiss Technol 23:
174–177, 1990.

70. F Franks, JR Ravenhill, DS Reid. Thermodynamic stud-
ies of dilute aqueous solutions of cyclic ethers and sim-
ple carbohydrates. J Solution Chem 1: 3–16, 1972.

71. Q Liu, JW Brady. Anisotropic solvent structuring in
aqueous sugar solutions. J Am Chem Soc 118:
12276–12286, 1996.

72. RK Schmidt, M Karplus, JW Brady. The anomeric 
equilibrium in D-xylose: Free energy and the role of 
solvent structuring. J Am Chem Soc 118: 541–546,
1996.

73. H Shiio. Ultrasonic interferometer measurements of the
amount of bound water, saccharides. J Am Chem Soc
80: 70–73, 1958.

74. H Høiland. Partial molar compressibilities of organic
solutes in water. In: H Hinz. ed. Thermodynamic Data
for Biochemistry and Biotechnology. New York:
Springer-Verlag, 1986, pp. 129–147.

Carbohydrates: Physical Properties 2-17



75. RL Whistler. Solubility of polysaccharides and their
behavior in solution. Adv Chem Series 117: 242–
255, 1973.

76. M Levine, JF Foster, RM Hixon.  Structure of the dex-
trins isolated from corn sirup. J Am Chem Soc 64:
2331–2337, 1942.

77. JO Warwicker, AC Wright.  Function of sheets of cellu-
lose chains in swelling reactions on cellulose. J Appl
Polym Sci 11: 659–671, 1967.

78. Q Wang, PR Ellis, SR Ross-Murphy.  Dissolution kinet-
ics of guar gum powders, II. Effects of concentration
and molecular weight. Carbohydr Polym 53: 75–83,
2003.

79. I Devotta, MV Badiger, PR Rajamohanan, S Ganapathy,
RA Mashelkar. Unusual retardation and enhancement in
polymer dissolution: Role of disengagement dynamics.
Chem Eng Sci 50: 2557–2569, 1995.

80. AA Ouano. Solvent-property relationships in polymers.
In: RB Seymour, GA Stahl. eds. Macromolecular
Solutions. New York: Pergamon Press, 1992, pp.
208–219.

81. E Steiner, H Divjak, W Steiner, RM Lafferty, H
Esterbauer. Rheological properties of solutions of a col-
loid-disperse homoglucan from Schizohyicum com-
mune. Progr Coll Polym Sci 77: 217–220, 1988.

82. H Mark. Der Feste Korper. Leipzig, Germany: 
Hirzel, 1938. 

83. R Houwink. Relation between the polymerization
degree determined by osmotic and viscometric meth-
ods. J Prakt Chem 157: 15–18, 1940.

84. Q Wang, PR Ellis, SB Ross-Murphy, W Burchard.
Solution characteristics of the xyloglucan extracted
from Detarium senegalense Gmelin. Carbohydr Polym
33: 115–124, 1997.

85. SB Ross-Murphy. Rheological methods. In: HS Chan.
ed. Biophysical Methods in Food Research. Critical
Reports on Applied Chemistry, Vol. 5. Oxford:
Blackwell Scientific Publications, 1984, pp. 138–199.

86. ER Morris, AN Cutler, SB Ross-Murphy, DA Rees, J
Price. Concentration and shear rate dependence of vis-
cosity in random coil polysaccharide solutions. Carbo-
hydr Polym 1: 5–21, 1981.

87. VJ Morris. Gelation of polysaccharides. In: SE Hill, DA
Ledward, JR Mitchell. eds. Functional Properties of
Food Macromolecules. Gaithersburg, MD: Aspen
Publishers, 1998, pp. 143–226.

88. PA Williams, GO Phillips. Introduction to food 
hydrocolloids. In: PA Williams, GO Phillips. ed.
Handbook of Hydrocolloids. Boca Raton, FL: CRC
Press, 2000, pp. 1–20.

2-18 Handbook of Food Science, Technology, and Engineering, Volume 1



Starch is the major source of calories and dietary energy in
most human food systems. As the primary human metabolic
substrate, starch is preferentially digested, absorbed and
metabolized. Most diets worldwide have a substantial
starchy component as a main or side item. For instance,
potatoes are a major item in most northern European diets,
rice is popular in Asian diets, maize-based foods are com-
mon in Latin America, and starchy root and tuber crops con-
stitute a significant part of the diet in most tropical areas.

Starch occurs naturally in plants and is the storage
polysaccharide of plants. It is heterogeneous, consisting
of two glucose polymers: amylose and amylopectin. It is
a polymer of glucose and a complex carbohydrate, which
finds multiple applications in various industries such as
pharmaceuticals, textiles, paper, and the food industry.

Starch performs various functions in food systems. It
is used as a carrier in various products, as a texture modi-
fier, as a thickener, and as a raw material for the production
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of other valuable food ingredients and products.
Physiologically, it is a source of energy. In addition,
starches that are resistant to amylase digestion have prop-
erties similar to soluble fiber.

I. STARCH COMPOSITION AND
STRUCTURE

Starch is composed of two basic molecular components:
amylose and amylopectin. These are identical in their con-
stituent basic units (glucose), but differ in their structural
organization (linkages). These variations in the linkages in
turn affect their functionality in food applications. Amylose
is a straight chain molecule, while amylopectin is a
branched molecule. In addition, each is hydrolyzed,
digested, and absorbed differently. Amylose is hydrolyzed
mainly by amylases, while amylopectin requires debranch-
ing enzymes such as pullulanase for complete hydrolysis.
As a result of their structure, the nature and products of
hydrolysis of amylose and amylopectin differ. The propor-
tions of amylose and amylopectin in foods therefore influ-
ence the extent of digestibility of the starch.

The ratios of amylose to amylopectin vary among
starch sources and play a considerable role in determining
reactions and physicochemical properties of starches in
processing and food applications (1–6). Most tuber
starches contain high levels of amylopectin, imparting a
“waxy” texture.

Amylose and amylopectin are the polymers which
constitute the starch granule (Table 3.1).

A. AMYLOSE

Amylose is composed of D-glucose molecules, which are
linked in an α-1→4 conformation. The glucose monomers
therefore form a linear straight chain polymer.

Amylose is less predominant (about 20%) and typi-
cally constitutes about 20–40% in proportion (7).

Amylose contains α-1→4 glycosidic bonds and is
slightly soluble in water. Amylose molecules are arranged
in a helical conformation. This facilitates formation of
complexes with iodine, lipids, and other polar substances
(2,8,9). The iodide ions are sequestered in the central tun-
nel of the helix. Amylose forms a blue complex with
iodine, which can be read at about 650 nm.

The starch iodine test is often used to determine amy-
lose content of various starches and starch types (4,10).
Amylose is more suitable for the starch-iodine test. The
affinity of pure amylose for iodine is 19–20% compared
to only about 1% for amylopectin (1,2,6). Amylose would
adsorb 19–20.5 g of iodine per 100 g compared to only
about 1.2 g for amylopectin. The starch iodine test is often
considered to be a measure of apparent amylose content
of the starch.

Amylose is the key component involved in water
absorption, swelling, and gelation of starch in food pro-
cessing. High amylose starches are therefore most com-
monly applied in food products that require quick-setting
gels such as candies and confectionery. Amylose is more
susceptible to gelatinization and retrogradation, and hence
is most commonly involved in resistant starch formation.
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TABLE 3.1
Properties of Amylose and Amylopectin (1–6,9)

Property Amylose Amylopectin

Structure Linear Branched chains
(branched chains isolated from some starches) (long segments of linear chains in some starches)

Molecular weight Up to 1 000 000 Up to 5 000 000
Glycosidic linkage α-1→4 α-1→4 and α-1→6
Iodine complex Blue Purple
Iodine affinity 19–20.5% 0–1.2%
Blue value 1.2–1.6 0–0.05
Polar agents Complexes with polar agents Does not complex with polar agents
X-ray diffraction pattern Crystalline Amorphous
Phosphorus Phosphorus-free 0.06–0.9% phosphorus 

(mostly in root/tuber starches)
Association with lipids High Low
α-Amylase hydrolysis products Glucose, maltose, maltotriose, mainly Small amounts of reducing sugars, mainly 

oligosaccharides oligosaccharides
Hydrolysis to maltose 100% 55–60 

(100% with limit dextrinase and β-amylase)
Pullulanase No effect Debranches α-1→6 linkages
Gel stability Firm, translucent, quick-setting gels Clear viscous gels
Susceptibility to retrogradation Retrogrades readily Mostly stable
Common sources Typically higher in cereal starches Typically high in tubers and root starches 

(e.g., corn starch) (e.g., tapioca starch)



B. AMYLOPECTIN

Amylopectin consists of D-glucose units which 
are linked in an α-1→4 conformation as is the case with
amylose, as well as D-glucose units in an α-1→6 confor-
mation. Amylopectin is therefore highly branched as the 
α-1→4 linear chains are punctuated with the α-1→6 link-
ages. The α-1→6 constitute about 5% of the structure of
amylopectin and gives rise to the branching (11). The amy-
lopectin molecule therefore is much larger than the amylose
molecule. The larger molecular size of amylopectin from
amylose facilitates separation of these two polymers by size
exclusion chromatography (2,7). Negligible amounts of
unbranched amylopectin (A chains) in some starches have
also been reported. In addition, there are long unbranched
portions of the glucose polymer in some amylopectin mol-
ecules. While the straight chain of amylose is readily
hydrolyzed by β-amylases, de-branching enzymes have to
be used to obtain full hydrolysis of amylopectin (2,3,8).

Amylopectin has short branched chains and branch
linkages, and thus cannot form the helical complex with
iodine. The branched dextrin of amylopectin, however,
gives a purple color with the iodine complex, identifiable
at about 550 nm (3,9).

The enzymes required for amylopectin hydrolysis
vary from those required for hydrolysis of amylose.
Pullulanase, an enzyme which is specific for the α-1→6
glycosidic linkage, and other debranching enzymes are
needed to hydrolyze amylopectin.

The properties of amylopectin in food applications dif-
fer considerably from those of amylose. Amylopectin gels
are more flexible and resistant. Amylopectin also is much
more resistant to retrogradation than amylose. High amy-
lopectin starches (waxy starches) are therefore commonly
used in noodle processing and in some baked products to
extend shelf-life. They also are used to improve freeze-
thaw stability due to their resistance to retrogradation.

C. THE STARCH GRANULE

The basic components of starch, amylose and amylopectin,
are located in granules. The size, shape, and characteristics
of the granules are specific to the plant source. The growth
and development of the granule originates at the center of
the granule, which is known as the hilum. Under magnifica-
tion and polarized light, native starch granules typically
appear to have a cross-like structure, similar to a maltese
cross, exhibiting birefringence. The size and shape of this
cross-like shape varies among botanical starch sources. For
instance, starch from pinto bean has elliptical shaped lobes,
while some starches have more than four lobes (12). 

The ordered arrangement of amylopectin molecules
intertwines to form three-dimensional double helices
between adjacent branches of the same amylopectin mole-
cule or between adjacent clusters. The double helices are

stabilized by weak van der Waals and hydrogen bonds. The
various arrangements of the helices result in the presence
of crystalline regions on the granule (11,13,14). The nature
of these regions becomes clear by their X-ray diffraction
patterns. The crystalline patterns vary under X-ray diffrac-
tion patterns. These polymorphic arrangements occur in
two patterns, which are classified as A or B, and an inter-
mediate form or mixture of A and B forms, known as C
type (11,14,15). Most cereal starches have A type patterns.
Root and tuber starches such as potato starch contain
mostly B type patterns, while legume starches have a com-
bination of both polymorphic A and B forms, and hence are
classified as C forms (11,14,15). The crystalline nature and
diffraction of starch is greatly altered by processing (16).

Natural starch granules are insoluble in water, which
is why starch is separated by sedimentation. This shape is
disfigured and lost as starch loses its structure with modi-
fication such as heat and moisture.

Granules vary in shape and size and are characteristic of
the starch sources. These shapes may be round, lenticular,
or oval (11,17). Starch granule properties are used as diag-
nostic characteristics for identification and characterization
of starches, based on structure and shape (Figure 3.1).

D. NON-STARCH COMPONENTS

Various non-starch components are covalently linked to
amylose or amylopectin in starch. Structural and func-
tional proteins are present which surround the starch gran-
ule. The protein friabilin, responsible for hardness of the
endosperm in most cereals, is located on the granule. In
addition, the enzyme responsible for starch synthesis,
granule-bound starch synthase (GBSS), is located on the
granule (18,19). Wheat starch characteristics are espe-
cially influenced by the presence of proteins. The propor-
tion of protein in starches could be up to 0.5%.
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FIGURE 3.1 Tapioca starch granules.



Most starches contain glycolipids, complexed to amy-
lose or amylopectin. Wheat starch, for instance, contains
amylose-lipid complexes. The nature of lipids present in
starches differs depending on the origin and nature of the
starch. Lipids such as monoglycerides and lysophos-
phatidyl choline form complexes with amylose and amy-
lopectin. Lipids may occur on the surface of the starch
granule as well as in the interior of the granule. Lipids that
occur within the starch granule are typically monoacyl
lipids which could either be mostly free fatty acids or
lysophospholipids (20). In addition, most of the lipids on
the surface of the granules are monoacyl lipids. Some
lipids are non-starch lipids and not associated with starch,
but rather occur in the endosperm (21).

Phosphorus is a common constituent of many starches,
occurring primarily as phosphate monoesters on amylose
and amylopectin. Rice starch, corn starch, wheat starch,
and potato starch contain various proportions of organic
phosphorus or phosphate groups (22,23). Banana starches
are reported to contain potassium and magnesium (24).

Non-starch components such as protein and lipids
influence starch behavior in food applications. Functional
properties such as water absorption, gelatinization, and
starch hydrolysis are influenced by the presence of these
components. The presence of lipids, for instance, affects
water absorption and hence gelatinization properties. This
in turn influences the formation of resistant starch and
starch susceptibility to enzymatic digestion.

II. STARCH SOURCES 

Starch is obtained from various plant sources. The most
common sources of dietary and industrial starch are
grains, such as maize and wheat, and roots such as potato
and cassava (tapioca). Roots and tubers are significant
sources of dietary starch (25). 

A. GRAIN STARCHES

The grains primarily used as dietary and industrial starch
sources include various cereal grains, mainly maize, wheat,
and rice. Legumes and pulses also contribute considerably
to dietary starch consumption. Corn starch, from maize
(Zea mays), is the most commonly used source of industrial
starch. Corn contains about 86% starch on a dry weight
basis. As a high amylose starch, it forms heavy and easy
setting gels, and therefore is commonly used for thickening.
Corn starch is also used as a carrier, as an ingredient for var-
ious applications, and as raw material for other industrial
products. For instance, it is hydrolyzed in various ways to
obtain sweeteners and glucose. Starch from wheat
(Triticale aestivum) and rice (Oryza sativa) is also a pre-
dominant ingredient in food industry applications. Other
cereal grains such as sorghum (Sorghum bicolor) and bar-
ley (Hordeum distichon) are sources of starch, less com-
monly used than maize or wheat starch (Figure 3.2).

Grain starches tend to have high levels of amylose.
Furthermore, these starches typically contain amylopectin
in the crystalline regions. The amylose of these starches
meanwhile may form complexes with glycolipids (26).
Most cereal starch sources such as maize and wheat
starches are A-type starches (15).

Various legumes contain up to 45% starch (12).
Legumes commonly used as sources of starch include
pinto bean, faba bean, moth bean, chickpea, and mung
bean. As a result of their high amylopectin content, some
legume starches such as mung bean starch have restricted
swelling and increased overall stability during processing.
They are therefore of high suitable quality for application
in food products such as starch noodles (27).

Most legumes contain B-type starches that are gener-
ally more resistant to digestion (28,29). In addition, other
legume starches such as pea starch meanwhile contain C-
type starches. Legume starches have lower digestibility
than other starches and hence result in a lower post-pran-
dial glycemic and insulin response (30) (Figure 3.3).

B. ROOT AND TUBER STARCHES

Among the root starches, potato (Solanum tuberosum)
starch and tapioca (Manihot esculenta) or cassava starch are
the most predominant industrial starch sources. Root
starches have high amylopectin content and therefore have
greater clarity, minimal flavor, and acceptable water absorp-
tion, and subsequently swelling capacity. Tapioca (cassava)
starch is a major ingredient in dietary and industrial starch
application. Also known as yucca or manioc, this root crop
is the primary source of dietary energy in various tropical
regions of the world. Tapioca starch has unique attributes
that make it particularly desirable in food applications.

Potato is a dietary staple of most European and
Scandinavian diets. Potato starch has high water-binding
capacity and a bland taste, and is commonly used in the
food industry in many applications for thickening and tex-
ture modification.

Other dietary and industrially important root and tuber
starch sources include banana and plantain (Musa spp.),
taro (Colocasia esculenta), cocoyams (Xanthosoma spp.),
and various yams (Dioscorea spp.), sweet potato (Ipomea
batatas) (31,32). Even though there are multiple sources of
dietary starch in the tropics, including grains and legumes,
roots and tubers constitute dietary staples in most areas as
their cultivation is suited to the hot humid tropics. When
freshly harvested, they are high in moisture, containing
about 70–80% moisture and between 16–24% starch (32).
Starchy foods are generally processed in some manner
prior to utilization in food preparation. In addition, they are
processed into raw material for secondary products. These
therefore satisfy needs for calories, food preferences, and
convenience foods (Figure 3.4).

Some of these find limited use in industrial applica-
tions such as is the case with yam starches (32). Root
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starches contain amylopectin in the crystalline regions,
while amylose is more common in the amorphous regions
of the starch granule (26).

C. OTHER SOURCES OF STARCH

In addition to the major sources of dietary and industrial
starch such as maize and tapioca starch, other starch-
containing plants find considerable application as dietary
and commercial sources of starch. These include lesser
known sources of starch such as sago (Metroxylon sagu),

arrow root (Maranta arundinacea), and edible canna
(Canna edulis). Sago starch is obtained from the trunk of
the plant Metroxylon sagu. The starch is used in various
food products as it has high storage stability. Refined sago
starch finds application in noodles, as well as raw material
in industry for monosodium glutamate (MSG), glucose,
and caramel (33). It is susceptible to enzymatic hydroly-
sis to glucose, which can then be fermented to produce
fermentation products.

Arrowroot starch contains up to 23% amylose and is
used in dietary applications as a thickener in various
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FIGURE 3.2 Some common cereal grain starch sources: (a) wheat, (b) barley, (c) maize.



sauces. Another lesser known root crop commonly used in
starch production for food application is edible canna,
obtained from Canna edulis (34). The root contains up to
16% high amylose starch. The separated starch is used in
production of noodles in various parts of Asia, particularly
Vietnam. The properties of the canna starch are desirable
for noodle production.

III. STARCH PHYSICOCHEMICAL
PROPERTIES AND FUNCTIONALITY

The application of starch in food products is greatly influ-
enced by its physicochemical properties and interactions
with various components. The reaction of starch molecules
in foods is essential for the multiple properties that they con-
tribute to the quality of food products. For instance, water
absorption and gel formation are extremely essential for the
thickening properties of starch. In addition, hydrolysis and
digestion of starch, for instance, are not feasible if starch is
not gelatinized as the amylases and starch hydrolysis
enzymes do not interact with intact, ungelatinized granules.

Characteristics such as gelatinization temperature,
granule size, and shape are specific to the type of starch.
They are diagnostic properties characteristic of native

starches and can therefore be used for identification. The
quality of products formulated with starch, such as carri-
ers and thickeners, is largely affected by its functional and
pasting properties (35,36).

Water-holding capacity, solubility, and paste viscosity
are important parameters that influence the quality of
products such as carbohydrate-based fat substitutes (37).
These in turn influence gelling ability, water- and fat-
binding ability, slicing ability, and hence textural quality
of food products. Functionality and physicochemical
properties vary among starches as they are influenced by
the ratios of amylose to amylopectin. High amylopectin
starches for instance are preferred for high viscosity prod-
ucts. In addition, the presence of phosphate esters in some
starches such as potato starch may influence starch water-
binding capacity by weakening the bonds between starch
molecules due to ionic repulsion.

A. STARCH GELATINIZATION

Gelatinization occurs when the ordered structure of the
starch granule is disrupted and reorganized in the pres-
ence of heat and sufficient moisture. The granules are dis-
rupted with absorption of water, losing their organized
molecular structure, to facilitate swelling (29,38).
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Starch gelatinization is critical in the utilization of
starch in food applications. Native starch granules are
insoluble in cold water and gelatinization is essential to
facilitate water absorption and enhances the chemical and
physical reactivity of inert starch granules in food pro-
cessing (11). Granular characteristics of starches are char-
acteristic of the plant source. The structure of the granule
in turn influences the structure of the gels or pastes
formed on heating.

Gelatinization results in starch swelling, and forma-
tion of a viscous paste that may be opaque or translucent
depending on the nature of the starch (12). Gelatinization
is followed by gelation, a process in which the swollen
granules are disrupted and amylose is released into the
starch-water medium. The leaching of amylose from
gelatinized granules contributes to the thickening charac-
teristics of starch and gel formation, a colloidal dispersion
of starch in water. The leached amylose in the starch-
water system associates to form a structural network to
entrap the granules, resulting in the formation of a gel.

Viscosity of starches such as maize and tapioca starch
are greatly influenced by ratios of amylose to amylopectin
(10). Genetically modified high amylose starches form
highly resistant and firmer gels (39). Increasing amylose
content also increases early onset of gelation. Starches with
low levels of amylose such as waxy maize — less than 1%
amylose — do not form gels effectively. Instead, they form
clear pastes that are generally resistant to syneresis (11).

The strength of the starch gel is influenced by the
presence of ionic components which may interact with the
negatively charged starch molecules. Water absorption
and swelling of starch is limited by the presence of 
amylose-lipid complexes (20).

B. STARCH RETROGRADATION

Cooling of gelatinized starch results in the re-association
of the leached amylose from gelatinized granules. This is
the process of retrogradation. Retrogradation is also
referred to as setback, and occurs with re-crystallization
of amylose. Amylose is much more susceptible to ret-
rogradation and amylopectin is only minimally involved
in starch retrogradation even though amylopectin has
been shown to influence retrogradation and syneresis in
corn starch gels (5). This re-association and re-crystalliza-
tion of amylose causes release of the water absorbed and
bound during gelatinization, leading to the phenomenon
known as syneresis.

Retrogradation of starch in food products is a concern
as it affects product quality. The stability of starch-con-
taining products during cold storage in particular is greatly
affected by the extent of retrogradation. Freeze-thaw
cycles result in extensive retrogradation and syneresis.

Retrogradation of starch in some instances enhances
quality as such starches are resistant to enzyme hydrolysis

and hence more stable. Cooling retrograded starches at
room temperature prior to freezing at �20°C results in the
formation of resistant starch as the retrograded starch is no
longer susceptible to enzyme hydrolysis (29). This proce-
dure is used in the production of industrial resistant starch.

C. STARCH DAMAGE

Starch damage is the modification or destruction of starch
granule structure to the extent that it affects physicochem-
ical properties such as water absorption. This in turn influ-
ences functionality of damaged starch in food applications,
and subsequently, the quality of the final product. Starch
damage results from various processes such as milling of
grains. Starch damage affects the susceptibility of starch to
hydrolysis and reactions as enzymes do not properly inter-
act with the restructured granules.

Starch damage by processing or mechanical action
causes a cracked appearance to granules. Extensive starch
damage causes disruptions in the molecular structure of
the starch. Modification to the starch granule therefore
results in increased swelling ability and is more suscepti-
ble to enzymatic hydrolysis (19). In addition, cold water
solubility of starch is enhanced. This affects the applica-
bility in baking and food applications.

D. INTERACTIONS WITH ACIDS, SUGAR, AND SALTS

The presence of chemical components such as sugar and
salts has a great effect on the characteristics of starch in
food systems. The granule surface structure is affected
and restructured in the presence of acid, as there is 
de-polymerization and hydrolysis of amylose and amy-
lopectin (40). This results in lower viscosities of starch
pastes. Solubility of starch is enhanced by acid. These
effects are due to the disintegration of the component
amylose and amylopectin at the low pHs typical of highly
acidic solutions.

Starch competes with sugars such as glucose, fructose,
and sucrose for water absorption. Gelling and swelling of
a starch is therefore modified in the presence of sugars.
This is because sugars contain hydrophilic hydroxyl
groups identical to the glucose monomers of starch. As a
result they decrease the water activity of the starch-water
system. There is an overall increase in the free volume of
water, reducing its effectiveness as a desirable plasticizer
required to facilitate starch gelatinization (41,42). Slade
and Levine (1988) report that sugar has an anti-plasticiza-
tion effect on starch. The sugars bind the water, reducing
its availability for starch gelatinization (43). Consequently,
sugars elevate the temperature at which the gelatinization
of various starches occurs.

The ionic nature of salts is responsible for their inter-
action with starch and the subsequent effects on starch
physicochemical properties. Starch molecules possess a
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weakly charged ionic structure. In the presence of cations,
the granules are stabilized and protected, whereas in the
presence of anions, the hydrogen bonds are ruptured. This
destabilizes the granules, enhancing and facilitating gela-
tinization (44,45).

Various salts such as phosphates form complexes with
the amylose and amylopectin, a property exploited for use
in industrial in starch modification. Salts overall delay
loss of birefringence and depress overall extent of gela-
tinization.

Sodium chloride has great influence on starch physico-
chemical properties. Sodium chloride increases the gela-
tinization temperature of various starches. At concentrations
of 6–9%, sodium chloride solution inhibits starch gela-
tinization (46). Various procedures for starch pre-treatment
are commonly used in food processing. A common proce-
dure is alkalization, in which alkalizing agents are added to
maize, wheat, or rice in the preparation of tortillas, Chinese
wheat noodles or rice dumplings, respectively. Common
alkalizing agents include sodium hydroxide, or sodium and
potassium carbonate (47).

Addition of alkali contributes to improving starch
swelling capacity. The presence of lime (calcium hydrox-
ide) has been shown to decrease starch crystallinity in
corn (48). Gelatinization temperature of corn starch is
also increased by the presence of lime, attributed to cross
linking of calcium with the starch, as well as due to ionic
interactions with hydroxyl groups on the starches (47). It
is expected that these would in turn lead to variations in
gelatinized starch quality characteristics — color, gela-
tion, and retrogradation tendency.

IV. STARCH HYDROLYSIS

Starch hydrolysis is the cleaving of the starch polymer to
short chain fragments such as dextrins and maltose, or to
the glucose monomers. Starch hydrolysis is essential in
many aspects of the application of starch. For instance,
starch is hydrolyzed by various means for the production
of sweeteners. Hydrolysis products of starch are multifold
and include products such as dextrins and simple sugars.
Starch hydrolysis is carried out primarily by the use of
enzymes or chemicals, or in combination.

A. ENZYME HYDROLYSIS

Enzymatic hydrolysis of starch is carried out for various
purposes, but most notably for the industrial production of
maltose syrup (49). The key enzymes used for starch
hydrolysis are �-glucosidases, which hydrolyze the amy-
lose and amylopectin in starch. These include α-amylase,
amyloglucosidase, and pullulanase.

The extent of starch hydrolysis is quantified by vari-
ous parameters. This could be the hydrolysis index (HI),
or by the dextrose equivalent (DE). The hydrolysis index

quantifies the proportion of starch hydrolyzed. Dextrose
equivalent describes the potential for starch conversion to
dextrose (glucose) and is defined as the sum of reducing
sugars expressed as dextrose. This is because starch in its
native form has few reducing sugar ends. The number of
reducing ends is influenced by the proportion of amy-
lopectin. Degree of polymerization is indicative of the
number of glucose residues. Amylose from starches such
as maize or wheat have DP of 200–1200, while amy-
lose from potato or tapioca starch have DP of about 
1000–6000.

Hydrolysis of starch to maltodextrins is achieved by
use of α-amylase enzymes. These enzymes are categorized
either as endoamylases, exoamylases, debranching
enzymes, or transferases (26). The endoamylases, the most
common being α-amylase (EC 3.2.1.1), are specific for the
α-1→4 linkage in amylose and amylopectin. Their hydrol-
ysis products from starch hydrolysis are mainly oligosac-
charides and dextrins (26). Exoamylases, on the other
hand, have the ability to hydrolyze both the α-1→4 and 
α-1→6 bonds of amylose and amylopectin. A common
example is amyloglucosidase (EC 3.2.1.20). β-Amylase is
an exoamylase that has the ability to hydrolyze the α-1→4
bond of amylose.

Debranching enzymes used in starch hydrolysis are
targeted at hydrolyzing the α-1→6 bonds in amylopectin.
These include pullulanases. Hydrolysis products of these
are mainly maltose and maltotriose. The transferases have
low activity with regard to starch hydrolysis but are
involved in formation of new glycosidic linkages (26).

Enzymatic hydrolysis of starch is influenced by the
presence of non-starch components such as lipids, partic-
ularly lipids bound to amylose. This is because the pres-
ence of these complexes renders the amylose less
susceptible to hydrolysis enzymes (20). Additional
enzymes such as lysophospholipase are therefore some-
times required for complete hydrolysis of starch in the
production of glucose from starch.

Amylase enzymes produced by lactic acid bacteria —
Lactobacillus plantarum, Lactobacillus amylophilus, and
Lactobacillus delbruecki, in particular — are used for
industrial hydrolysis of starch for conversation of starch to
glucose. This is a process known as saccharification (50).
Yeasts such as Saccharomyces cerevisiae, which produce
α-amylase, are also used in bioreactors for enzymatic
hydrolysis of starch and subsequent fermentation of the
hydrolysis product (glucose) by the yeast strains (33).
These micro-organisms produce heat-stable amylase
which can survive the high bioreactor process tempera-
tures required for gelatinization and hydrolysis of the
starch. The lactobacilli produce enzymes that hydrolyze
the starch to glucose, and then the bacteria ferment the
starch of the industrial production of lactic acid.

Immobilized enzymes also are used in industrial
hydrolysis of starch. The enzymes are extracted from an
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industrial source, usually microorganisms such as
Aspergillus, and then immobilized on inert particles such
as silica (51). This ensures that the enzyme has optimum
activity and access for starch hydrolysis. Co-enzymes and
ionic particles such as calcium are required for starch
hydrolysis.

While traditionally acids (mainly hydrochloric acid)
have been used for hydrolysis of starch, there has been an
increase in use of industrial enzymes for starch hydroly-
sis. Most of these convert starches for the production of
maltodextrin, modified starches, glucose syrup, or fruc-
tose syrup. Hydrolysis of starch in foods is increased by
processing. Enzymatic hydrolysis of starch in various
legumes for instance is enhanced by soaking and sprout-
ing. Gelatinization of starch is required prior to enzymatic
hydrolysis.

B. ACID HYDROLYSIS

Acids are used to facilitate the hydrolysis of starch. The
α-1→4 linkages in amylose and amylopectin are suscep-
tible to hydrolysis at the low pH typical of acids.
Hydrochloric acid at low concentrations (0.36% w/v)
hydrolyzes starch (52).

The use of acids in combination of alcohols has been
suggested for starch hydrolysis. Formation of limit-
dextrins with varying degrees of polymerization occurs in
the presence of various alcohols such as methanol,
ethanol, and propanol. These alcohols are possibly
involved in disrupting the hydrophobic and hydrogen
bonds of the starch helical structure in the granule.
Increase in temperature further increases the susceptibil-
ity of starch to acid hydrolysis in alcohol (52). 

C. ALKALINE HYDROLYSIS

Alkaline hydrolysis of starch is enhanced and influenced
in the presence of heat and inorganic salts. There is com-
plete hydrolysis of starch with microwave heating in the
presence of metal chlorides (53). The theoretical yield of
glucose (111%) is obtained in the presence of chloride
salts such as lithium chloride, barium chloride, and iron
trichloride. On the other hand, acid hydrolysis of starch is
greatly limited in the presence of sulfate salts. In the pres-
ence of sulfate salts — sodium sulfate, magnesium sulfate
and or zinc sulfate — acid hydrolysis is actually greatly
impeded (53).

D. HEAT-INDUCED HYDROLYSIS

Extrusion of starch is used in combination with enzymes
for effective starch hydrolysis. The starch is treated under
conditions of high temperature, high pressure, shear, and
moisture (54). Heat stable amylase is used for starch
hydrolysis. Extrusion cooking facilitates disruption of the
granule structure and the crystallinity. This renders the

amylose and amylopectin susceptible to gelatinization
(55). Application of extrusion in starch hydrolysis has the
advantage in that the process conditions can be modified
such that the extent of hydrolysis is controlled for desired
end products and dextrins (55). 

V. STARCH MODIFICATION

Native starches such as tapioca starch often require con-
siderable modification to enhance quality and versatility
in food applications, and for storage stability. The compo-
nents of starch — amylose and amylopectin — are highly
sensitive to shear, stress, acidity, and high temperatures,
and are typically altered by heat-moisture conditions of
processing (15). Most native starches such as tapioca
starch have limited swelling power and solubility.
Modification is essential to improve paste clarity, paste
stability, resistance to degradation, and freeze-thaw stabil-
ity. Modification of starch is important to improve the
reactivity of glucose, as well as introduce reactive side
chains (56). The integrity and structure of the granule is
also enhanced by modification. Additional side chains
interfere with potentially deleterious post-process starch
properties such as retrogradation. Most starches used in
food applications are modified starches.

Modification of starches is by physical and chemical
procedures. Modification procedures include acetylation,
hydroxypropylation, and a combination of hydroxypropy-
lation and cross-linking (57). Hydroxypropylated starches
are most commonly used in the food industry (57).
Stabilization of starch is facilitated by use of acetates 
and hydroxypropyl esters (58). These modification proce-
dures greatly increase freeze-thaw stabilization and
increase resistance to process conditions such as heat and
shear.

Cross-linking is commonly carried out with various
chemical agents such as phosphorus oxychloride, sodium
trimetaphosphate, and anhydrides (58). Cross-linked
starches are more resistant to process conditions such as
temperature and acidity as a result of the fact that the
hydrogen bonds have been reinforced and act as bridges.
These are useful in preventing re-crystallization of amy-
lose and the subsequent retrogradation in processed
starchy foods.

Some procedures that have been shown to be effective
in modification of banana starch include cross-linking
with sodium trimetaphosphate, formation of starch phos-
phate with sodium tripolyphosphate, and hydroxypropyla-
tion using a combination of sodium hydroxide and sodium
sulphate (24). These procedures result in starches with
enhanced water-binding capacity, and in most cases,
increased solubility. Starch phosphates in particular have
increased freeze-thaw stability.

Acid-thinned starches are obtained by reducing the
concentration of concentrated starch slurry with a mineral
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acid at 40–60°C, to obtain a desirable viscosity. The starch
is recovered after the acid is neutralized (59). The granule
structure of the starch is not destroyed in the process, but
various changes to the properties of the starches occur.
Starch solubility and gel strength for instance are
increased, while starch viscosity is decreased (60). Rate of
starch hydrolysis is increased with increasing concentra-
tion of acid (59).

Physical modification procedures that have been used
include pre-gelatinization. Pre-gelatinization increases
swelling power and paste clarity of banana starch (24).
Extrusion cooking of starch is used to improve quality and
characteristics of starch.

VI. STARCH IN FOOD APPLICATIONS

Starch is a functional ingredient in many food products.
There are multiple functions of starch in food products.
Most commonly, starch is used as a bulking agent, binder,
carrier, in fat-replacers, as a texture-modifier, and as raw
material for other starch-related products. It is a basic
ingredient in products such as breads, puddings, mari-
nades, and sauces, and also serves a considerable function
in other products such as powdered spices and beverages.
The applicability and utility of a starch in food products is
enhanced by factors such as its composition and function-
ality. Starch is a substrate for lactic acid bacteria in fer-
mentation to produce lactic acid (61).

Starch-based foods play a major role in the diet in var-
ious areas because of their bulking quality, and ability to
contribute to satiety. Fermentation of cassava for instance
imparts a sour taste that is sometimes highly desirable.

A. FUNCTIONAL PROPERTIES

Starch is used as to facilitate thickening and gel formation
in various food products such as fruit preparations (62).
The consistency of products such as tapioca pudding and
many custards would not be attainable without the thick-
ening and stabilizing properties of starch.

High amylose starches have high viscosity, and form
thick gels. This enhances their properties as thickeners in
food products. Starches with lower amylose content are
better suited for use in certain types of noodles, such as
Japanese noodles (23). High amylose starches are desir-
able for application in fried products as they have minimal
fat absorption. High amylose starches are also applicable
as thickeners and for use as gelling agents in foods such
as jellies. High amylose starch gels set rapidly hence are
desirable in production of confectionary and candies (56).
Other desirable properties of high amylose starches
include their flexibility, water resistance, and tensile
strength (63).

Starches with high swelling ability and high viscosity
are desirable for various types of Asian noodles (18).

Starches high in amylopectin and low in amylose (waxy
starches) such as waxy wheat are produced for use in such
products. The higher levels of amylopectin further con-
tribute to extending shelf-life, by reducing retrogradation
and staling in baked products. High amylopectin starches
are less susceptible to retrogradation, and hence very
applicable in improving freeze-thaw stability (63).

Modified starches are highly effective as stabilizers in
products such as yogurt (57). The presence of side groups
such as acetyl and hydroxyl groups in modified starches,
however, results in interactions with amylose and amy-
lopectin, improving overall stabilizing ability.

Fermented, sun-dried cassava starch is commonly
used in baked products in various parts of South America
and Brazil. This is unique in that the fermentation facili-
tates expansion which is desirable in the baked products
(64). Viscosity of sour starch pastes is lower than for non-
fermented starch, attributable to the solubilization of amy-
lopectin. 

Starch is used to improve quality of extruded food
products. Addition of cassava starch to cassava flour prior
to extrusion increases water solubility, but decreases
water absorption and bulk density properties (65).

Shear thinning of starch is an important characteristic
with regards to stability of starch pastes during process-
ing, particular in food products that require extensive stir-
ring and agitation. Removal of lipids (defatting) in
sorghum starch has been associated with increased shear-
thinning characteristics (66). Starches that are resistant to
shear thinning are generally highly desirable to ensure
product stability and suitable consistency.

Products of starch hydrolysis find considerable appli-
cation in food products. Maltodextrins, for instance, are
commonly used in heat-stable gels (67).

B. VALUE-ADDED FOOD APPLICATIONS

Starch is used as a basic ingredient in starch-based fat
substitutes. These simulate the functional properties of
fats, particularly texture modification, but with less
caloric value. Various starch-based fat substitutes are
commonly used in industry. Some examples of these
include TrimChoice (Specialty Grain products, NE)
made from hydrolyzed oat starch, Amalean (American
Maize Products, IN) made from modified high-amylose
corn starch, and SlenderLean (National Starch, NJ)
made from tapioca starch (37).

Starch-based fat substitutes are especially applicable
in baked products and value-added foods.

Resistant and minimally digestible starches are used in
value-added food products. Most of these products are tar-
geted at the management of diet-related diseases such as
obesity and type II diabetes. An example of such a product
is Extend, a snack bar formulated with resistant starch
(corn and rice starch), which has been formulated for the
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management of type II diabetes. The product ensures a
slow and sustained digestion of the resistant starch, and
minimal absorption of glucose, mitigating the problems of
high post-prandial blood glucose levels (Figure 3.5).

VII. STARCH NUTRITIONAL QUALITY

Starch is the primary nutrient involved in energy intake
and regulation. Typically, most adults require about 200 g
carbohydrate daily to facilitate brain and muscle function.
The digestibility and absorption of starch has significant
nutritional and physiological implications. As the primary
source of energy, starch is rapidly metabolized and
absorbed. The extent of starch digestibility is influenced
by the nature of the starch, food processing, and physio-
logical status.

There is a dichotomy of starch functionality as a nutri-
ent. On the one hand, it is a source of glucose, the primary
substrate for cell metabolism. On the other hand, starch
resistant to digestion (resistant starch) is minimally
digestible and only minimally absorbed, and therefore is
not physiologically available.

A. STARCH AND GLYCEMIC INDEX

Starch is the primary source of metabolizable energy, and
therefore its availability and digestion are important. High

starch foods are rapidly digested and metabolized.
Glycemic index (GI), the post-prandial blood glucose
response to a particular food, has been used to differenti-
ate the metabolic response to dietary carbohydrates (68).
Glycemic index is indicative of the relationship between a
food and the implications of starch digestibility, absorp-
tion, and metabolism. Foods that are high in readily
digestible starch result in high levels of glucose in the
blood. These are classified as high GI foods. Typically,
most tropical root starchy staples such as cassava and
yams have high levels of readily digestible waxy starches
(high amylopectin). These are rapidly and readily
absorbed, resulting in elevated levels of glucose in the
blood. This is, however, modified to a large extent by
other factors associated with the nature of the starch, its
processing, preparation, and consumption.

Starch is hydrolyzed by salivary and pancreatic amy-
lases to yield monosaccharides such as glucose and fruc-
tose, and maltodextrins. These are transported via the
hepatic portal vein and available for metabolism. Starch
digestion and metabolism has been classified into three
categories: rapidly digestible starch, slowly digestible
starch, and resistant starch (69). Rapidly digestible starch,
which typically is completely digested, is associated with
post-prandial glucose response, and hence has effect on
insulin levels. Rapidly available glucose meanwhile
describes glucose and sucrose obtained as hydrolysis
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products of rapidly digestible starch. Rapidly digestible
starch occurs most commonly in highly processed foods
such as puffed wheat cereal, while slowly digestible
starch occurs in foods such as legumes and pasta (69).

Starch digestion and glycemic index also have been
associated with satiety. Rapidly digestible starches are
quickly absorbed and metabolized, whereas slower
digesting starches are only slowly absorbed and therefore
improve satiety (70). These have also been shown to
improve exercise endurance (71).

There are differences in the metabolic response to
dietary carbohydrates. Post-prandial blood glucose and
insulin responses vary depending on the nature of carbo-
hydrates, particularly starch. Physiological conditions
such as type II diabetes and obesity have been associated
with starch metabolism. Other conditions such as coro-
nary heart disease are linked to metabolism of glucose
derived from dietary starch. The physiological conse-
quence of starch consumption is influenced by the extent
of its digestibility and metabolism. Digestibility of starch
is determined by its availability and susceptibility to
digestive enzymes. Susceptibility of starch to digestive
enzymes is in turn influenced by the chemical nature of
the starch and the changes that result from processing.

Starch digestibility is influenced by various factors
such as processing, storage, amylose content, and pres-
ence of dietary fiber (72). The ratios of amylose to amy-
lopectin are important in starch digestion and metabolism.
Consumption of modified high amylopectin starches have
been shown to result in an increase in serum free fatty
acids and serum glucose levels. This is probably as a
result of gluconeogenesis. Conversely, modified amylose
cornstarch is highly digestible, and results in lower insulin
levels. Starch that is digested and absorbed, however, has
physiological effects, some of which have been linked to
disease conditions.

Researchers have demonstrated that the consumption
of high starch diets in human test subjects apparently
leads to an overall decrease in overall energy intake, com-
pared to a high-sucrose (simple sugar) or high fat meals
(70,73). This indicates that high starch may have potential
for a high satiety value, but with low caloric density, and
hence the lowered energy intake.

Type II diabetes, a condition that results from inade-
quate production of insulin to facilitate glucose uptake, is
exacerbated by the presence of glucose in the blood.
Clinical manifestations of Type II diabetes include faint-
ing and dizzy spells as a result of low brain glucose lev-
els. Starch and glucose metabolism have been also
associated with obesity and accumulation of fat, as glu-
cose is involved in fat metabolism.

The nature of starch and the level of amylose in the
starch play a considerable role in the diabetic process and
insulin response. Long-term consumption of a high amy-
lose corn starch (70% amylose) by hyper-insulinemic 

subjects results in a normal insulin response (74). High
amylose starch in the diet reduces insulin response (75).
Meanwhile legume starches such as pure pea starch have
been shown to be even more effective than corn starch in
reducing hyperglycemia, as has been demonstrated with
purified pea starch (76).

The conversion of sugars, which are starch hydrolysis
products, into fat has been implicated in diabetes and car-
diovascular disease and obesity. The consumption of sim-
ple sugars and refined grain foods has been linked to
higher rates of cardiovascular disease and Type II dia-
betes, particularly in instances of insulin resistance
(68,77).

B. RESISTANT STARCH

Resistant starch is non-digestible starch which occurs in
foods in various forms.

Resistant starch is described in various ways, includ-
ing as starch and starch degradation products not absorbed
in the gut (78,79).

Resistant starch occurs in four categories, primarily
dependent on their mode of origin. These are described as:
type 1 (RS1): physically entrapped starch in the cell
matrix of whole or partially milled grains, hence is inac-
cessible; type 2 (RS2): native granular starch, mostly 
B-type legume starches which are may be ungelatinized
during processing; type 3 (RS3): retrograded starch, par-
ticularly from food processing; and type 4 (RS4): chemi-
cally modified starch (29,79–82).

Resistant starch levels in food products are influenced
by various factors including the nature of the starch, the
mode of food processing and preparation, and storage
conditions (83). Physical inaccessibility such as cell wall
structure and the presence of dietary fiber influences lev-
els of resistant starch, particularly in legumes (72).

Type 3 resistant starch (RS3), which is retrograded
starch, is the most commonly occurring form of resistant
starch in processed foods. Starch in cooked then cooled
foods such as pasta, rice, and lentils exhibits considerably
reduced susceptibility to enzymatic digestion, indicating
the formation of resistant starch (72). This is attributable to
the retrogradation which occurs following cooling of gelat-
inized starch. Amylose is more susceptible to retrograda-
tion than amylopectin. Resistant starch formation is
therefore influenced by ratios of amylose to amylopectin.

Processing of starchy foods, in addition to factors
such as starch amylose: amylopectin ratios and chemical
modification, influences their digestibility. This is as a
consequence of the disruption of the physical and chemi-
cal structure of the starch (84,85). Retrogradation of amy-
lose with processing is mainly thought to be responsible
for this alteration in susceptibility to digestive enzymes.
In some cases, however, partial damage to starch 
molecules which would otherwise be physically entrapped
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by the cell wall and inaccessible to digestive enzymes, may
improve their susceptibility to digestion (86).

Consumption of resistant starch yields physiological
effects similar to soluble fiber (82). Fermentation prod-
ucts include short chain fatty acids such as acetate, propi-
onate, and butyrate, which facilitate absorption of
minerals, excretion of bile acids, and consequently protect
against colorectal cancer.

Resistant starch-containing foods such as legumes,
and retrograded starches, however, have been associated
with disease prevention. Fermented corn porridge, com-
monly consumed among some indigenous populations, has
been shown to contain considerable amounts of starch that
is resistant to digestion and subsequently is protective
against various colon conditions (87). Experimental evi-
dence using high resistant starch breakfast cereals in
humans shows an improved glucose tolerance (88). In
rural South Africa, however, consumption of cold maize
porridge, which is high in retrograded starch and has rather
low starch digestibility and a low glycemic index, has been
associated with low levels of diabetes mellitus (87,89).

High resistant starch foods which have low glycemic
index are effective in lowering the concentrations of high-
density-lipoprotein (HDL) cholesterol and in improving
glucose tolerance in incidence of diabetes and insulin
resistance (77,88,90).

Root and tuber starches, unlike grain starches, are
high in amylopectin and do not have the same restricting
nature of the cell wall. They are, therefore, generally more
digestible. Processing techniques such as autoclaving to
reduce starch digestibility by increasing resistant starch
levels have been suggested in foods (91). Digestibility of
legume starch is increased by processes such as soaking
and sprouting (30).

VIII. NEW STARCH TECHNOLOGIES

The functionality and applicability of starch in so many
food applications and its importance as a food ingredient
have led to continuous efforts to improve and optimize
properties and versatility of starch. Some techniques cur-
rently used include genetic modification to modify starch
yields and quality, multi-cycle autoclaving for production
of resistant starch, and new processes such as microwave
hydrolysis of starch. 

A. GENETIC MODIFICATION

Genetic modification of starch most commonly targets the
enzymes of the starch biosynthetic pathway. The activities
of these enzymes dictate and determine the quantities of
starch synthesized as well as specific characteristics such as
ratios of amylose to amylopectin. Their activity therefore
influences starch properties: its reactivity, functionality, and
applicability in food processing and in food applications.

Genetic modification of cereal starch is commonly
employed to modify ratios of amylose to amylopectin,
and hence improve functionality and nutritional quality of
starch.

The primary enzymes involved in starch synthesis
include the starch synthases, starch branching enzymes
and adenosine diphosphate-glucose pyrophosphorylase
(ADP-glucose-phosphorylase). The starch synthases
occur both as a granule-bound synthase (GBSS) or
located in the soluble phase, and catalyze the formation of
the α-1→4 glucan chains by adding ADP-glucose to the
non-reducing end of the primer. The starch branching
enzyme catalyzes formation of the α-1→6 branches of
amylopectin molecules. The ADP-glucose pyrophospho-
rylase catalyzes the formation of ADP-glucose (56). Other
important enzymes are starch debranching enzymes and
phosphorylases.

A major contribution of genetic modification is the
modification of various cereal starches to reduce amylose
content and produce high amylopectin starch. These waxy
starches are desirable for various characteristics. They are
desirable in various noodles, for modification of amylose
characteristics in extrudates, and to extend the shelf-life of
baked goods (18).

Waxy starches are produced by modification of the
enzyme involved in amylose synthesis, granule-bound
starch synthase (GBSS). While naturally occurring muta-
tions in various wheats have resulted in waxy wheat starch,
biotechnology to modify the expression of the GBSS
genes is used to produce waxy starches, including rice,
maize and wheat. Modification by decreasing the levels of
enzymes such as starch synthase and starch branching
enzyme is employed to increase amylose levels.

Modification by decreasing levels of GBSS results in
increased amylopectin levels.

Regular cereal starches (up to 27% amylose) typically
form opaque pastes and firm gels. Genetic modification
techniques are applied to either decrease or increase the
amylose to amylopectin ratios. Low amylose cereal
starches (waxy maize, waxy rice, waxy wheat) lack
GBSS, and therefore contain less than 1% amylose. These
therefore do not effectively form gels but instead clear
pastes. Genetically modified high amylose starches form
highly resistant and firmer gels (41). Increasing amylose
content also increases early onset of gelation. High amy-
lose maize starch — amylomaize — is modified to have
high levels of amylose, 50–70%. The granules of amylo-
maize are more resistant to swelling and therefore form
much firmer and more rigid gels (11,92).

Genetically modified potato starch has been shown to
be suitable in processing and preparation of starch noo-
dles, as these have greater transparency and higher flexi-
bility (93). This may be due to higher amylose content.
Modification of starch synthesis to increase overall yields
of starch in food products is carried out by modifying 
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levels of adenosine triphosphatase (ATPase) and starch
branching enzymes (56).

Genetic modification of reactive groups such as phos-
phates is used to change the composition of starch by
decrease of the starch branching enzyme (56).

B. RESISTANT STARCH PRODUCTION BY

AUTOCLAVING

Autoclaving and steam processing are used in the produc-
tion of resistant starch. Resistant starch produced by this
technique is retrograded starch (RS3), as it involves gela-
tinization and subsequent retrogradation of starch, render-
ing it resistant to digestive amylases. Autoclaving has been
shown to modify resistant starch content in grain sorghum
(94). High amylose starches which are most susceptible to
retrogradation are therefore preferred for this process.

High pressure autoclaving has been standardized for
the production of resistant starch (91,95). Starch with a
high volume of water is gelatinized in a high pressure
autoclave with stirring until a homogenous gel is
obtained. The mixture is then cooled and frozen to facili-
tate retrogradation.

C. OTHER PROCEDURES

Other procedures employed in starch modification include
microwave solubilization (96,97). Corn starch modified
by microwave heating for a short period of time (32–90
seconds) at 900 W has decreased swelling ability (96).
Microwave pre-solubilization of starch at 180 W for 10
minutes is employed in food analysis (97). In the presence
of dilute hydrochloric acid, there is complete hydrolysis
of starch in 5 minutes of microwave processing. This is
attributable to the superheating produced by the presence
of the ions. These procedures are proposed to substitute
for the more expensive and time-consuming enzyme
hydrolysis procedures commonly used.
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I. INTRODUCTION

Gums are long chain polysaccharides widely used in the
food and many other industries as thickeners, stabiliz-
ers, and texture modifiers. Gums and related polysac-
charides are produced in nature as storage materials,
cell wall components, exudates, extracellular sub-
stances from plants or microorganisms, and in some
cases from exoskeletons of shellfish such as lobsters,
shrimps and crabs (e.g., chitosan). Some polysaccha-
rides are simple in sugar composition, such as cellulose
and β-D-glucans, which contain only one type of mono-
saccharide (e.g., β-D-glucose), while others are rather
complex and may contain up to six types of monosac-
charides plus one or two types of uronic acids. Common
monosaccharides and uronic acids present in natural
polysaccharides include D-glucose, D-galactose,
D-mannose, D-xylose, L-arabinose, L-rhamnose,
L-fucose, D-galacturonic acid, D-gulucuronic acid,
D-mannuronic acid, and L-guluronic acid. The primary
structure of a polysaccharide, i.e., monosaccharide
composition, linkage patterns, and molecular weight,
defines the solubility and conformation of the polymer
chains in aqueous solutions, which in turn dictate the
functional properties of the gums exhibited in food and
other systems.

Polysaccharides can be linear or branched poly-
mers. With the same molecular weight, linear polysac-
charides generally have poorer solubility and higher
viscosity than branched counterparts due to their
extended conformation in solutions (if soluble or dis-
persible). Perfectly linear homoglycans such as cellu-
lose are either difficult to dissolve or insoluble in
aqueous medium due to excessive intra- and intermole-
cular interactions (mainly through hydrogen bonding),
which make them less useful as hydrocolloidal gums.
Irregularity introduced by substitution or branching to
the linear chain increases solubility. Highly branched
polysaccharides are usually very soluble but exhibit
lower viscosity in solutions because of their smaller
hydrodynamic volumes compared to liner molecules
with the same molecular weight. The variations in
monosaccharide composition, linkage patterns, molecu-
lar weight, and molecular weight distribution of gums
contribute to the unique functional properties exhibited
by each gum.

The goal of the present chapter is to provide informa-
tion on the basic structural and functional properties and
major applications of all commercial gums and some
emerging gums in food and other industries. For detailed
descriptions of chemical structure, molecular characteri-
zation, physicochemical properties, and applications of
these gums, readers are referred to several comprehensive
books and chapters (1–5).

II. FUNCTIONAL PROPERTIES OF
POLYSACCHARIDE GUMS

A. VISCOSITY ENHANCING OR THICKENING PROPERTIES

When polysaccharide gums are dissolved into solution,
one remarkable phenomenon is the considerable increase
in solution viscosity; gums restrict the movement of water
molecules and in extreme cases gels are formed. The abil-
ity of polysaccharide gums to increase viscosity or to
thicken the aqueous system is the most important property
of such polymers. The shape and conformation of poly-
saccharides are determined by their primary sequence
structure. Once the structure is determined, the shape
and/or conformation of a polysaccharide are more or less
fixed, and the molecular weight (size) and number of
polysaccharide molecules in a given volume (concentra-
tion) become important in determining their functional
properties. In addition, environmental factors such as
solution pH, temperature, presence of certain ions, and
ionic strength of the system have significant influences on
the conformation of polysaccharide chains, and hence
their functional properties.

Solution viscosity of a gum almost always increases
with concentration, but not necessarily in a linear manner.
At low concentrations, dilute gum solutions normally
exhibit Newtonian flow behavior (independent of shear
rate) in which polymer molecules are free to move inde-
pendently without intermolecular entanglements. For most
random coil polysaccharides, the relationship between
zero-shear specific viscosity (ηsp) and concentration (c)
follows ηsp ∝ c1.1–1.3. When the polymer concentration is
increased to a critical point (critical concentration C*), the
viscosity of the solution increases sharply due to entangle-
ment of polymer molecules. This is called the semi-dilute
region within which polysaccharide gums usually exhibit
shear thinning flow behavior where viscosity decreases
with increase in shear rate. 

The viscosity of most gum solutions decreases with
increased temperature, although some gums are more
resistant to temperature changes. For example, the viscos-
ity of xanthan gum solution is relatively unchanged over a
wide range of temperatures (�4°C to 93°C) (4). There are
other extremes, such as methyl cellulose, where the viscos-
ity increases as the temperature increases, and eventually
gels are formed at higher temperature. Other factors influ-
encing viscosity include pH, ionic strength, and presence of
co-solutes with effects differing in individual gums.

B. GELLING PROPERTIES

All hydrocolloids have viscosity enhancing or thickening
properties, but only a few are able to gel. Gelation of poly-
saccharides is caused by the cross-linking (covalently
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and/or non-covalently) of long polymer chains to form a
continuous three-dimensional network which traps and
immobilizes water and forms a firm and rigid structure
resistant to flow under force. Gelation of polysaccharides
usually involves three stages: 1) Polysaccharide gums
have to be dissolved/dispersed at temperature above the
melting point. At this stage, polymer chains exist in a
coiled conformation. Upon cooling, polymer chains start
to form ordered structures such as helices. 2) Formation of
a gel network with further cooling. At this stage, helices
begin to aggregate by forming cross-links or super-junc-
tions, and a continuous network is eventually developed.
3) Aging stage where existing helices or aggregations are
further enhanced and some new helices are formed.
Contraction of gel networks may occur with the liberation
of free water (“weeping” or syneresis). Most of the poly-
saccharide gels are thermally reversible below 100°C with
defined setting and melting temperature ranges. There is a
minimum concentration for each polysaccharide, below
which gel cannot be obtained. Some gels exhibit thermal
hysteresis where the melting temperature is significantly
higher than the setting temperature, e.g., agarose gels (6).
However, there are a few gelling gums which do not fol-
low the above rules. Some gums form gels upon heating
while others can form gels by changing ionic strengths
and pH or introducing specific ions. A wide range of gels
with different textures, such as soft, elastic, very firm, and
brittle, can be prepared by selecting different types of
polysaccharides and by varying gelation conditions.

C. SURFACE ACTIVITY AND EMULSIFYING

PROPERTIES

Although polysaccharides are hydrophilic compounds not
conventionally perceived to be surface active, many poly-
saccharide gums are used to stabilize emulsions that
already contain an emulsifier (proteins or surfactants). The
universal role of gums in emulsion systems is to thicken
the continuous phase, thereby inhibiting or slowing droplet
flocculation and/or creaming. There are a few exceptions
of gums that actually exhibit surface activity; these gums
play double roles in emulsion systems: as an emulsifier
and a thickener. In most cases, surface activity of these
gums is attributed to the protein component associated
with the polysaccharides, while in other situations, the sur-
face activity is due to the presence of hydrophobic func-
tional groups, such as in the cases of methyl cellulose and
propylene glycol alginate. Although it is still controversial
regarding what is responsible for the surface activity, fenu-
greek gum does exhibit excellent emulsifying and emul-
sion stabilizing properties even at very low protein content
(e.g., �0.5%) (7). Detailed applications of these gums as
emulsifiers are described in the following sections.

III. CHEMISTRY, FUNCTIONAL
PROPERTIES, AND APPLICATIONS OF
POLYSACCHARIDE GUMS IN FOOD
AND OTHER INDUSTRIES

A. GUMS FROM EXUDATES

The earliest gum known to humans is from plant exudates.
Many plants exude a viscous, gummy liquid when wounded
and the liquid will dry to form hard, glassy, tear-drop-like
balls or other shapes of masses. The exudates are hand col-
lected, sorted/graded, and further processed to meet the
application needs. Gum arabic, tragacanth, karaya, and
ghatti are exuded gums that are commercially significant.

1. Gum Arabic

a. Source and structure
Gum arabic, or acacia gum, is prepared from the exudate
of Acacia trees, mostly from senegal species, and some-
times mixed with seyal species. Natural gum is in the
form of spherical balls resembling tear drops, collected by
hand and processed before use. Almost all commercial
gum arabic is produced from the Sahelian regions of
Africa. 

Gum arabic consists of a mixture of a relatively low-
molecular-weight polysaccharide (~0.25 � 106 daltons, a
major component) and a high-molecular-weight hydrox-
yproline-rich glycoprotein (~2.5 � 106 daltons, a minor
component) (8). It is a heavily branched polysaccharide; the
main chain consists of (1→3)-linked β-D-galactopyranosyl
residues. The side chains are two to five units in length made
of (1→3)-linked β-D-galactopyranosyl units, joined to the
main chain by (1→6)-linkage. Both main and side chains
are substituted by α-L-arabinofuranosyl, α-L-rhamnopyra-
nosyl, β-D-glucuronopyranosyl, and 4-O-methyl-β-D-glu-
curonopyranosyl units. The monosaccharide composition of
gum arabic varies with gum sources, e.g., gum from Acacia
senegal contains about 44% galactose, 27% arabinose, 13%
rhamnose, and 16% glucuronic acid of which only 1.5% are
4-O-methylated. In contrast, gum arabic from Acacia seyal
contains 38% galactose, 46% arabinose, 4% rhamnose, and
12% total glucuronic acid (of which 5.5% are 4-O-methy-
lated) (8). These compositional and structural differences
affect their functionalities, e.g., gum arabic from Acacia
senegal is a much better emulsifier than gum from Acacia
seyal.

b. Functional properties and applications 
Gum arabic is readily dissolved in water to give clear solu-
tions with light colors ranging from very pale yellow to
orange brown. It is a typical low viscosity gum and the solu-
tions exhibit Newtonian flow behavior even at concentra-
tions as high as 40%. Higher concentration solutions can be
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prepared up to 55%. A major functional property of gum
arabic is its ability to stabilize oil-in-water emulsions. The
protein-rich high-molecular-weight species are preferen-
tially adsorbed onto the surface of oil droplets while the car-
bohydrate portion inhibits flocculation and coalescence by
electrostatic repulsions and steric forces (8). The major
application of gum arabic is in the confectionary and bever-
age industries for stabilizing emulsions and flavor encapsu-
lation. In the confectionary industry, gum arabic is used to
prevent sugar crystallization and to emulsify the fatty com-
ponents. Examples of such products include pastilles,
caramel, and toffee. Gum arabic has also been used in chew-
ing gums, cough drops, and candy lozenges. Good stability
under acidic conditions makes gum arabic useful in bever-
ages, e.g., it is used as an emulsifier in the production of con-
centrated citrus juices and cola flavor oils of soft drinks (3).
Gum arabic stabilized flavor oils can be spray-dried to form
microencapsulated powders that can be easily incorporated
into dry food products such as soup and dessert mixes. 

2. Tragacanth Gum

a. Source and structure
Tragacanth gum is dried exudates from branches and trunks
of Astragalus gummifer Labillardiere or other species of
Astragalus grown in West Asia (mostly in Iran, some in
Turkey). After hand collection, the exudates are graded,
milled, and sifted to remove impurities. Tragacanth gum is
composed of a water-soluble fraction and a water-insoluble
fraction. The water-soluble fraction, accounting for 30–40%
of total gum, is a highly branched neutral polysaccharide
consisting of L-arabinose side chains attached to D-galacto-
syl backbones (9, 10). The D-galactosyl residues in the core
chains are mostly 1→6-linked, sometimes 1→3-linked,
whereas the branching L-arabinosyl residues are mutually
joined by 1→2-, 1→3-, and/or 1→5-linkages. The water-
insoluble fraction, the major fraction (60–70%), is an acidic
polysaccharide consisting of D-galacturonic acid, D-galac-
tose, L-fucose, D-xylose, L-arabinose, and L-rhamnose, and
is called tragacanthic acid or bassorin. It has a (1→4)-linked
α-D-galacturonopyranosyl backbone chain with randomly
substituted xylosyl branches linked at the 3 position of the
galacturonic acid residues. Some of the xylosyl residues are
attached by an α-L-fucosyl or a β-D-galactosyl residue at
the 2 positions (3, 11). 

b. Functional properties and applications
Tragacanth gum swells rapidly in both cold and hot water to
form a viscous colloidal suspension rather than a true solu-
tion. When added to water, the soluble tragacanthin fraction
dissolves to form a viscous solution while the insoluble tra-
gacanthic acid fraction swells to a gel-like state, which is
soft and adhesive. When more water is added, the gum first
forms a uniform mixture; after 1 or 2 days, the suspension
will separate into two layers with dissolved tragacanthin in
the upper layer and insoluble bassorin in the lower layer.

The viscosity of the suspension reaches a maximum after 24
hours at room temperature, and hydration can be accelerated
by an increase in temperature. The suspension typically
exhibits shear thinning behavior. The ability to swell in
water, forming thick, viscous dispersions or pastes, makes it
an important gum in the food, pharmaceutical, and other
industries. It is the most viscous of the natural water-soluble
gums and is an excellent emulsifying agent with good sta-
bility to heat, acidity, and aging. 

Food applications of tragacanth gum include salad
dressings, oil and flavor emulsions, ice creams, bakery fill-
ings, icings, and confectionary. In the pharmaceutical and
cosmetic industries, tragacanth gum is used as an emulsifier
and stabilizer in medicinal emulsions, jellies, syrups, oint-
ments, lotions, and creams. Gum tragacanth is also a good
surface design thickener since it is a good medium for mix-
ing with natural dyes and conveying controlled design onto
fabric. It allows easy painting, stamping, and stenciling,
and ensures a good control over color placement. 

3. Gum Karaya

a. Source and structure
Gum karaya is from the exudates of Sterculia urens, trees
of the Sterculiaceae family grown in India. It is a
branched acidic polysaccharide with high molecular
weight. Gum karaya contains 37% uronic acid and 8%
acetyl groups. The backbone chain consists of (1→4)-
linked α-D-galacturonic acid and (1→2)-linked α-L-
rhamnosyl residues with side chains of (1→3)-linked
β-D-glucuronic acid, or (1→2)-linked β-D-galactose on
the galacturonic acid unit where one half of the rhamnose
is substituted by (1→4)-linked β-D-galactose (12, 13).
The quality of the gum varies significantly depending on
the season of collection: summer usually gives high yields
and high viscosity gum. During storage, the viscosity of
gum karaya can be lost when exposed to high temperature
and high humidity. The decrease in viscosity is more sig-
nificant when the particle size is small. Preservatives may
be added to prevent viscosity loss.

b. Functional properties and applications
Similar to gum tragacanth, gum karaya does not dissolve in
water to give a clear solution but swells to many times its
own weight to give a dispersion. The type of dispersion is
influenced by the particle size of the product. For example,
coarse granulated gum karaya produces a discontinuous,
grainy dispersion whereas a fine powdered product gives 
a homogenous dispersion. Dispersion of gum karaya
exhibits Newtonian flow behavior at low concentration
(�0.5%) and shear thinning behavior at semi-dilute concen-
trations (0.5% � c � 2%) (13). Further increase in gum
concentration produces a paste resembling spreadable gels.
An increase in temperature improves solubility in water, but
excessive heat will cause degradation of the polysaccha-
rides, resulting in non-recoverable loss of viscosity. At
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extreme pHs and in the presence of sodium, calcium, and
aluminium salts, the viscosity of gum karaya dispersion
decreases. 

Gum karaya is used to stabilize packaged whipped
cream products, spread cheeses and other dairy products,
frozen desserts and salad dressings, and as acid-resist-
ant stabilizers in acidified products. It is also used as a 
water binder in bread, processed meats, and low-calorie
dough-based products such as pasta (11). Other applica-
tions of karaya gum include dental adhesives, bulk laxa-
tives, and adhesives for ostomy rings. Gum karaya is also
used in the manufacture of long-fibered, lightweight papers
in the paper industry and as a thickening agent in the textile
industry to help print the dye onto cotton fabrics.

4. Gum Ghatti

a. Source and structure
Gum ghatti is an amorphous translucent exudate of
Anogeissus latifolia, a tree of the Combretaceae family
grown in India. It contains L-arabinose, D-galactose,
D-mannose, D-xylose, and D-glucuronic acid in the ratio
of 10:6:2:1:2, plus traces of a 6-deoxyhexose. The detailed
structure of gum ghatti has not been clearly established. Its
main chain consists of β-D-galactopyranosyl residues con-
nected by (1→6)-linkages and D-glucopyranosyluronic
acid units connected by (1→4)-linkages (9).

b. Functional properties and applications
Similar to gum karaya and tragacanth, gum ghatti does not
dissolve in water to give clear solutions, but can be dis-
persed to form a colloidal dispersion. The dispersion
exhibits non-Newtonian flow behavior and its viscosity is
between those of gum arabic and gum karaya dispersions
at the same concentration. Gum ghatti is an excellent
emulsifier and can be used to replace gum arabic in more
complex systems (13). The pH of gum ghatti dispersions is
4.8, and the viscosity increases with increase in pH, reach-
ing a maximum at pH 8 (3). The viscosity of gum ghatti
dispersions increases with time regardless of solution pH;
however, addition of sodium salts, such as sodium carbon-
ate and sodium chloride, results in decrease in viscosity.
Loss in viscosity also occurs when the gum dispersions are
not protected by preservatives against bacterial attack.
Gum ghatti is used as an emulsifier and stabilizer in bev-
erages and butter-containing table syrups, and as a flavor
fixative for specific applications. Gum ghatti is also used
to prepare powdered, stable, oil-soluble vitamins, and as a
binder in making long-fibered, lightweight papers. 

B. GUMS FROM PLANTS

Gums of plant origin other than exudates are also impor-
tant for food use. These include storage polysaccharides
from seeds and tubers, mucilages from seed coats, and
cell wall materials from fruits and cereals.

1. Galactomannans (Locust Bean, Tara, Guar, and
Fenugreek Gums)

a. Source and structure
Galactomannans are a group of storage polysaccharides
from various plant seeds. There are four major sources of
seed galactomannans: guar (Cyamopsis tetragonoloba),
locust bean (Ceratonia siliqua), tara (Caesalpinia spinosa
Kuntze) and fenugreek (Trigonella foenum-graecum L.).
Among these, only guar and locust bean gums are of con-
siderable industrial importance and the use of tara and fenu-
greek is limited due to availability and price. Most of the
guar crop produced worldwide is grown in India and
Pakistan. The plant has also been cultivated in tropical areas
such as South and Central America, Africa, Brazil, Australia,
and the semi-arid regions of the southwest United States.
Locust bean is produced mostly in Spain, Italy, Cyprus, and
other Mediterranean countries. Fenugreek is grown in north-
ern Africa, the Mediterranean, western Asia, and northern
India, and has been recently cultivated in Canada.

The production of commercial guar, locust bean, and
tara gums is similar, involving separation of endosperms
from the seed hull and germ, grinding and sifting of the
endosperm to a flour of fine particle size and sometimes
purifying by repeated alcohol washings. The final product is
a white to cream-colored powder. The amount and molecu-
lar weight of galactomannans found in the endosperm
extract can vary significantly depending on the source of
seed and growing conditions. Most commercial gums con-
tain >80% galactomannan. Low-molecular-weight grades
are produced from acid, alkaline, or enzyme hydrolysis of
native gums. Fenugreek gum is extracted from the
endosperm or ground whole seed with water or dilute alkali,
and yields vary from 13.6% to 38%, depending on the vari-
ety/cultivar and extraction methods (14). Commercial fenu-
greek gum products, such as Fenu-pure and Fenu-life,
contain over 80% galactomannas with about 5% proteins.
Laboratory-prepared material involves pronase treatment of
the gum samples, which produces a product of much higher
purity with less than 0.6% protein contaminates (15).

Seed galactomannans consist essentially of a linear 
(1→4)-β-D-mannopyranose backbone with side groups of
single (1→6)-linked α-D-galactopyranosyl units. The
molar ratio of galactose to mannose varies with origins, but
are typically in the range 1.0:1.0~1.1, 1.0:1.6–1.8, 1.0:3.0,
and 1.0:3.9~4.0 for fenugreek, guar, tara, and locust bean
gums, respectively. The distribution of D-galactosyl
residues along the backbone chain is considered irregular,
where there are longer runs of unsubstituted mannosyl units
and block condensation of galactosyl units (16, 17). 

b. Functional properties and applications
The solubility of galactomannan gums increases with the
degree of galactose substitution. Guar and fenugreek gums
are readily dissolved in cold water whereas locust bean gum
is only slightly soluble in cold water but can be dissolved in
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hot water. The hydration rate and solution viscosity depend
on factors such as particle size, pH, temperature, etc. Guar
gum solutions are reported to be stable over the pH range
4.0–10.5, and the highest hydration rate is reported at ~ pH
8.0 (18). Hydration rates are reduced in the presence of salts
and other water-binding agents such as sucrose. 

Like many polysaccharides found in nature, these
galactomannans are polydisperse, high-molecular-weight
polymers. Average molecular weight varies, typically from
1.0 to 2.5 million Daltons. The galactomannan molecules
exist as an extended ribbon-like structure at solid state and
adopt a flexible coil-like conformation in solution. All four
types are highly efficient thickening agents. Given the same
molecular weight and polymer concentration, the thicken-
ing powder decreases in the order of the increase of galac-
tose contents, i.e., locust bean > tara > guar > fenugreek.
The rheological properties of some galactomannan solu-
tions show a considerable departure from classical random
coil-like behavior (19). In particular, there is a lower coil
overlap parameter C*[η] ~2.5 in comparison with C*[η] ~4
for most other disordered coils, and a stronger dependence
of specific viscosity on concentration (ηsp∝ c~4.5 in contrast
to ηsp ∝ c~3.3). This is attributed to intermolecular associa-
tions at high concentrations. 

Galactomannan gums are compatible with most
hydrocolloids. There is a useful synergistic increase in
viscosity and/or gel strength by blending galactomannan
gums with certain linear polysaccharides including xan-
than, κ-carrageenan, and agarose. The synergistic interac-
tions are more pronounced with galactomannans of lower
galactose contents. 

Fenugreek and guar gums are non-gelling polysac-
charides whereas locust bean and tara gum solutions may
form weak gels upon freeze-thaw treatment, or by adding
large amounts of ethylene glycol or sucrose. Gelation of
galactomannans can also be induced by the addition of
cross-linking agents such as borax and transition metal
ions. The synergistic interactions of locust bean and tara
gums with some gelling polysaccharides, such as κ-car-
rageenan and agarose, may enhance gelation, impart a
desirable elastic character, and retard syneresis in these
gels. These mixed gels have been used to form sheeted,
fruit-flavored snack products and to produce hair gels.

Polysaccharides are generally considered non-surface
active agents and the apparent surface activity is fre-
quently attributed to the presence of small amounts of
proteins. However, purified fenugreek gum (with less than
0.6% proteins and used in less than 1%) appears to be
more efficient than guar and locust bean gums in lowering
interfacial free energy. Fenugreek gum is also more con-
centration-efficient than gum arabic and xanthan gum in
stabilizing oil/water emulsions.

Guar and locust bean gums are the most extensively
used gums in the world. In the food industry they are
widely used as thickening and stabilizing agents, usually in

amounts of <1% of the food weight. They are used as 
stabilizers to improve shelf-life, to prevent creaming or 
settling in salad dressings, soft drinks, and fruit juices, to
influence crystallization, and to improve freeze-thaw
behavior of frozen products such as ice-cream and frozen
desserts. They are also used as thickener or water-binding
agents in pie fillings, icings, meat products, and pet foods.
Addition of guar gum to baked products and pastry reduces
the degree of starch retrogradation and improves texture
and shelf-life. Guar gum is a potential dietary supplement
in weight control and treatment of diabetes and hyperlipi-
demia. Guar and locust bean gums and their derivatives also
have wide applications in other industries including phar-
maceutical, mining, paper, textile, and construction (18). 

2. Pectins

a. Source and structure
Pectin is a generic name for a group of polysaccharides
extracted from cell walls of plant tissues. The main com-
mercial pectins are produced from citrus peels and apple
pomace, although other raw materials are also used includ-
ing sugar beet pulp, sunflower seed head, peach pulp, and
potato pulp. Pectin is mainly composed of an α-(1→4)-
linked D-galacturonic acid backbone chain interrupted by
α-(1→2)-linked L-rhamnose residues and the mole-per-
cent of rhamnose varies with the source of pectin (20). The
carboxyl groups of galacturonic acids are partly
methylesterified and in certain pectins are partially acety-
lated. The degree of esterification higher than 50% is
defined as high methoxyl (HM) pectin; the degree of ester-
ification lower than 50% is defined as low methoxyl (LM)
pectin. The molecules have “smooth regions” consisting of
blocks of galacturonic acid residues and “hairy regions”
with condensation of the side-chains. Often, arabinan,
galactan, or arabinogalactan side chains are attached to the
C-4 position of the rhamnose residues. Other sugars such
as glucuronic acid, L-fucose, D-glucose, D-mannose, and
D-xylose are sometimes found in the side-chains. 

b. Functional properties and applications
In the solid state, pectin molecules exist as right-handed
helices which are stabilized by intra- and intermolecular
hydrogen bonding and/or intermolecular calcium ions
forming an ordered and fairly stiff structure. It is generally
accepted that the backbone adopts a worm-like conforma-
tion in solution. Several studies on the solution properties
of pectins suggested that pectin molecules are further
aggregated into either rods or segmented rods in solution
and held together by non-covalent forces (21).

Pectins are highly heterogeneous with respect to their
molecular weight. For isolated and purified pectins, the
molecular weight is largely determined by the extraction
modes and conditions. The average molecular weight
from various fruit sources is typically the order of
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104~105 daltons (22). Pectins are generally soluble in
water and the solubility usually decreases with increasing
ionic strength and molecular weight and decreasing
degree of esterification. Aqueous pectin dispersions show
rheological behavior similar to many other commercial
polysaccharides, and the viscosity decreases with
increasing temperature but increases with increasing con-
centration. The viscosity of aqueous pectin solutions also
depends on molecular weight, degree of esterification,
electrolyte concentration, type and concentration of co-
solute, and pH. Addition of salts of monovalent cations,
such as sodium chloride to pectin, dispersions reduces
viscosity (23), whereas the addition of calcium or other
polyvalent cations increases viscosity of pectin disper-
sions. In a calcium-free solution, viscosity decreases
when pH is increased. Because of its low molecular
weight, pectin is not an efficient thickener compared to
other high-molecular-weight polysaccharides. 

For both high methoxyl (HM) and low methoxyl
(LM) pectins, gels can be prepared at concentration above
0.5~1%. Both high molecular weight and high concentra-
tion favor gel formation and enhance gel strength. Other
intrinsic and extrinsic factors such as pH, amount and type
of co-solutes, and the degree of esterification (DE) are
also important with different effects on HM and LM
pectins. HM pectins form thermally irreversible gels at
sufficiently low pH (pH<~3.6) and in the presence of sug-
ars or other co-solutes at a concentration of greater than
~50% by weight. The DE and overall distribution of
hydrophilic and hydrophobic groups have major effects
on gelation. Commercial HM pectin is classified as rapid-
set, medium-set, and slow-set types. Sucrose and other co-
solutes also affect gelation although to a lesser extent. The
amount of co-solute required increases with increasing
DE. LM pectins require calcium or other divalent cations
for gelation, and the reactivity to calcium is governed by
the proportion and distribution of carboxyl groups and
DE. The relative amount of calcium affects the gelling
properties of LM pectins considerably. Gelation is favored
by increased soluble solids and decreased pH. LM pectin
gels prepared at low pH are thermally reversible whereas
those prepared at neutral pH are thermally irreversible.

The main uses of pectins are as gelling agents in var-
ious food applications including dairy, bakery, and fruit
products. HM pectins have long been used in traditional
jams and jellies, whereas LM pectins are used in low-
calorie, low-sugar jams and jellies. Pectin gels can be
used as an alternative to gelatine in fruit desserts and ami-
dated LM pectins are used to prepare milk gels and
desserts. Pectins are also used as a protein dispersion sta-
bilizer in acidified dairy products such as yoghurt and
milk-based fruit drinks and other protein drinks prepared
from soya and whey. The enhanced emulsion stability is
caused by interaction between pectin and protein 
particles (24). 

3. Konjac Glucomannan

a. Source and structure
Konjac mannan, or glucomannan, is prepared from the
tubers of the konjac plant (Amorphophallus konjac).
Konjac is a perennial plant unique to Asia and is specially
cultivated in Japan. In the production of konjac flour, two-
year-old tubers are sliced into thin chips and subsequently
dried and milled. Further purification of konjac flour is
achieved by washing with ethanol aqueous solutions to
remove proteins, lipids, and soluble salts. Purified konjac
flour contains typically 88% carbohydrates, 1.7% ash,
0.9% lipids, and 0.5% protein (25). Konjac polysaccha-
ride is a copolymer consisting of random blocks of β-D-
glucose and β-D-mannose in the ratio of 2:3. All the
monosaccharide units are joined together by 1→4 link-
ages with occasional substitutions of acetyl group (5–8%)
attached at the 3 position of the mannose or both mannose
and glucose residues (26, 27).

b. Functional properties and applications
In the solid state, konjac glucomannan has a crystalline
structure. X-ray diffraction characterization revealed that
it has extended two-fold helices (28). Konjac glucoman-
nan yields a high viscosity solution, but extra efforts such
as extensive stirring are needed to dissolve the gum. The
solution is a typical non-Newtonian system showing shear
thinning behavior. A thermo-irreversible gel is formed
when konjac glucomannan solution is heated in alkali
conditions. A possible gelling mechanism is that hydroly-
sis of the acetyl groups under alkali conditions promotes
intra- and intermolecular hydrogen bonding leading to
“cross-linking” of the glucomannan molecules. However,
this hypothesis cannot explain why the gel is thermo-irre-
versible. Another interesting property of konjac gluco-
mannan is its synergism with other hydrocolloids.
Mixture of konjac glucomannan and xanthan gum form
gels at a total concentration as low as 0.1%. Thermo-
reversible gels can be prepared when konjac glucomannan
is mixed with agarose or carrageenan solutions. 

Alkali konjac gel is a popular traditional Japanese
food (Kon-nyaku). Thermo-reversible gels formed from
interactions between konjac glucomannan and other gums
also have applications in products such as health jellies.
Konjac flour is suitable for thickening, gelling, texturing,
and water binding. It is a major ingredient for some vege-
tarian meat products and is also used in fat-free or low-fat
meat products. 

4. Soluble Soybean Polysaccharides

a. Source and structure
Water-soluble soybean polysaccharide (SSPS) is the cell
wall material of the cotyledons of soybeans. Commercial
SSPS is extracted with dilute acid from by-products
produced from the manufacturing of soy proteins or tofu.
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The extract is filtered and/or centrifuged, and dried to give
a yield of ~45% (29). 

SSPS is a highly branched pectic polysaccharide. 
The backbone consists of a galacturonan (GN) and a 
rhamnogalacturonan (RG). The RG structure consists of a
diglycosyl repeating unit: (1→4)-α-D-galacturonic acid-
(1→2)-α-L-rhamnopyranose units with β-D-galactan side-
chains. The side-chains are substituted with L-fucosyl and
L-arabinosyl residues, which are linked to the C-4 of the
rhamnosyl residues. The degree of polymerization is esti-
mated to be 43–47 which is longer than those of fruit
pectins. SSPS is highly polydisperse in molecular weight.
Three to four fractions with molecular weights ranging from
4,700 to 542,000 daltons were identified (30).

b. Functional properties and applications
Similar to gum arabic, SSPS is a low viscosity gum. It is
soluble in cold water and exhibits Newtonian flow behav-
ior at a concentration as high as 10%. When the concen-
tration is increased to 20%, it exhibits shear thinning flow
behavior. Unlike pectins, the viscosity of SSPS solution is
not sensitive to salts, including NaCl, CaCl2 and KCl;
however, the viscosity increases with increase in sugar
concentration (e.g., sucrose). The viscosity is also sensi-
tive to pH and temperature, decreases with decrease in pH
and increase in temperature, and the effect is reversible. 

SSPS could be used in the food industry as a stabilizing
and thickening agent. Addition of 10% SSPS has less effect
than wheat bran on color and surface smoothness of Chinese
steamed bread but has a stronger detrimental effect on vol-
ume and texture (29). Recent applications of SSPS include
stabilizing milk proteins under acidic conditions (31).

5. Flaxseed Gum

a. Source and structure
Flaxseed gum is extracted from the seed or hull (seed
coat) of the flax plant (Linum usitatissimum). Flaxseed
gum is composed of a neutral arabinoxylan and acidic
pectic polysaccharide. The neutral arabinoxylan has a
(1→4)-β-D-xylosyl backbone to which arabinose side-
chains are attached to the 2 and/or 3 positions. The acidic
polysaccharide has a backbone of (1→2)-linked α-L-
rhamnopyranosyl and (1→4)-linked D-galactopyranosy-
luronic acid residues, with side-chains of L-fucose and
D-galactose, with the former at the non-reducing end. The
ratio of L-rhamnose, L-fucose, D-galactose, and D-galac-
turonic acid is 2.6:1:1.4:1.7 (5, 32).

b. Functional properties and applications 
Flaxseed gum exhibits Newtonian flow behavior at low
concentrations and shear thinning behavior at high con-
centrations. Flaxseed gum is a low to medium viscosity
gum and the viscosity is influenced by pH, with higher vis-
cosity at pH 6–8, and lower viscosity at pH 2–6. Viscosity
of flaxseed gum solutions decreases with increase in 

temperature. Flaxseed gum demonstrates surface activity
and the ability to stabilize oil/water emulsions.

In food applications, flaxseed gum has been used as an
egg white substitute in bakery products and ice creams. It
can be used in medicinal preparations, e.g., ointments and
pastes containing flaxseed gum are effective in the treat-
ment of furunculosis, carbunculosis, impetigo, and
ecthyma (33). Flaxseed gum is used as a bulk laxative, a
cough emollient agent, and a stabilizer in barium sulphate
suspensions for X-ray diagnostic preparations (34).
Flaxseed gum solution is also used as a saliva substitute
because it possesses lubricating and moisture-retaining
characteristics resembling those of natural saliva (35). The
stringy and fast drying properties of flaxseed gum make it
suitable for hairdressing preparations and hand cream for-
mulations. At 2.5% concentration, flaxseed gum is a good
base for eye ointments. Other applications of flaxseed gum
include printing, textile, and cigar papers. 

6. Yellow Mustard Gum

a. Source and structure
Yellow mustard gum is a mucilage deposit in the epidermal
layer of yellow mustard seed (Sinapis alba). It is water-sol-
uble and can be extracted from whole seed or seed coat
(bran). Yellow mustard gum is a mixture of two polysaccha-
rides, a linear 1,4-linked β-D-glucan with ethyl substitutes
and a branched acidic rhamnogalacturonan composed of,
disaccharide repeating unit: (1→2)-α-L-Rhamp-(1→4)-α-
D-GalpA as backbone chains. The side-chains are com-
posed of a terminal non-reducing end 4-O-Me-β-D-GlcpA,
and/or (1→6)-β-D-Galp which is attached at the 4 position
of the rhamnose residues in the backbone chain. The ratio of
the 4-substituted and unsubstituted rhamnose is 2:1 (5).

b. Functional properties and applications
Yellow mustard gum solution/dispersion is a non-
Newtonian system exhibiting shear thinning flow behav-
ior and weak gel structures resembling xanthan gum. It
also demonstrates surface activity and emulsifying capac-
ity. The gum solution has a high viscosity over a wide
range of pH. Similar to xanthan gum, yellow mustard gum
has synergistic interactions with galactomannans leading
to considerable increase in solution viscosity or formation
of thermo-reversible gels (e.g., with locust bean gum).

Yellow mustard gum is an ideal stabilizer for salad
dressings and fruit juice concentrates. It is also used in
cosmetics, e.g., a skin care moisturizing lotion prepared
using this gum gives a favorable hand feeling (36). 

7. Cereal ββ-Glucan

a. Source and structure
Mix linked (1→3)(1→4)-β-D-glucans are cell wall poly-
saccharides of cereal endosperm and aleurone cells. The
content of β-D-glucans in cereals follows the order of 
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barley (3–11%), oats (3.2–6.8%), rye (1–2%), and wheat
(<1%). It is a linear, unbranched polysaccharide contain-
ing a single type of monosaccharide, β-D-glucose. β-D-
Glucans from different cereals share a common structural
feature: with consecutive blocks of (1→4)-linked β-D-
glucose (mostly 2 or 3, and sometimes up to 14) inter-
rupted by a single (1→3)-linked β-D-glucose. The
β-(1→3)-linked cellotriosyl unit (trisaccharide) is the
major building block (58–72%), followed by β-(1→3)-
linked cellotetraosyl unit (tetrasaccharide, 20–34%). The
ratio of cellotriose/cellotetraose is about 2.0–2.4 in oats,
3.0 in barley, and 3.5 in wheat (37).

b. Functional properties and applications
β-D-Glucan solution exhibits a wide range of rheological
behavior, from viscoelastic fluid, weak gel to real gel,
depending on molecular weight and concentration.
Solutions of high-molecular-weight β-D-glucans are typi-
cally viscoelastic fluids of the “random coil” type. In con-
trast, low-molecular-weight β-glucans are able to form gels
at reduced temperature or favored solvent properties. The
gelling property depends on molecular weight and struc-
tural regularity (tri-/tetra ratio). The higher the tri-/tetra
ratio, the more regular is the structure, and the easier in gel
formation. Above the minimum molecular weight for gela-
tion, lower molecular weight favors gel formation (5, 38). 

Commercially, there are two β-D-glucan products:
Oatrim and Glucagel. Oatrim is made by treating oat bran
or flour with a thermo-stable α-amylase at high tempera-
ture. Its main component is dextrins, but its functionality
appeared to be attributed to β-glucans and dextrins.
Oatrim is used in bakery products, frozen desserts,
processed meats, sauces, and beverages. Because it mim-
ics the texture of fats, Oatrim is also used as a fat replacer
in low-fat or no-fat products (39).

Glucagel is produced by partial hydrolysis of barley
β-D-glucan and is a low-molecular-weight product
(15,000 to 150,000 daltons) which can form gels at 2%
concentration. Glucagel has gelling and fat mimetic prop-
erties and is used as a fat substitute in bakeries, dairy
products, dressings, and edible films (40, 41). 

Oat β-D-glucan is recognized as having important
health benefits. It may lower cholesterol levels and reduces
glycemic response, and is recommended as a good dietary
fiber supplement. Oat β-D-glucan is also used in cosmet-
ics as a moisturizer in lotions and hand creams.

8. Psyllium Gum

a. Source and structure
Psyllium gum is from the seed of Plantago, a plant com-
prising about 200 species of herbs or shrubs widely dis-
tributed in the temperate regions of the world. The gum is
deposited in the seed coat (husk, hull), and has a long his-
tory of medicinal use. 

Psyllium gum is a mixture of polysaccharides contain-
ing heteroxylans with a (1→3)- and (1→4)-linked 
β-D-xylopyranosyl backbone with short side-chains
attached to position 2 of some of the 1,4-linked β-D-xylopy-
ranosyl residues and to position 3 of other 1,4-linked β-D-
xylopyranosyl residues (42). The side-chains consist of
β-D-xylopyranosyl and α-L-arabinofuranosyl residues.
1→4-linked α-D-GalpA residues are also present in addi-
tion to small amounts of 1,2,4-linked Rhap and 1,3-, 1,6-,
and 1,3,6-linked Galp. The latter monosaccharides may
arise from a small portion of pectic polysaccharides.

b. Functional properties and applications
Psyllium gum does not dissolve completely in water but
swells to a mucilagenous dispersion with the general
appearance of wallpaper paste (33, 43). A 2.0% psyllium
gum dispersion exhibits gel-like structure, similar to that
of xanthan gum which generates a “weak-gel” network by
entanglement of rigid, ordered molecular structures (44).
Increasing the concentration of psyllium gum from 1% to
2% gives a significant increase in gel strength. However,
freshly prepared solutions/dispersions of psyllium gum
(1%) show flow properties similar to those of disordered
coils, with a Newtonian plateau at low shear rate. Upon
aging, psyllium gum solutions form cohesive gels and
show obvious syneresis. The gels continue to contract on
storage over long periods (to about 30% of their original
volume after three months). This contraction process can
be accelerated by freezing and thawing cycles. However,
psyllium gum is stable in high-salt solutions (e.g., 2.5 M
NaCl) which are formed by neutralization of the alkaline
extract over a prolonged storage, with no evidence of
gelation or precipitation. 

Psyllium gum is used with other gums in bakeries to
replace wheat gluten. Adding psyllium gum and hydrox-
ypropylmethylcellulose (HPMC) at 2% and 1%, respec-
tively, to rice flour gives a loaf volume close to that of
hard wheat control (43). The effectiveness of the psyl-
lium-HPMC system arises from the psyllium network sta-
bilizing gas cells formed during proving, and preventing
them from collapsing during initial stages of heating in
the baking oven. When temperature is further increased,
HPMC starts to gel and stabilizes the gas cells.

As a dietary fiber, psyllium gum lowered plasma LDL-
cholesterol levels by 6–20% in mildly hypercholesterolemic
individuals, although conflicting results were reported (45,
46). Psyllium gum has been used as a demulcent in dysen-
tery, erosion of intestines, dry coughs, burns, excoriations,
and inflammations of the eyes (33, 47). It is extensively used
as a bulk laxative. When ingested with the proper amount of
water, it swells and increases the size of the fecal mass, and
has a lubricant effect equal to that of oil but without oil’s dis-
advantages. The water-holding capacity and gelling property
of psyllium gum can be used to delay and reduce allergic
reactions by holding toxins and allergens in the gel structure. 
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9. Pentosans/Arabinoxylans

a. Source and structure
Arabinoxylans or pentosans are the primary construction
material of the cell wall in some cereals, such as wheat
and rye, and are also present in oats and barley. According
to solubility, cereal arabinoxylans are classified as water-
soluble and water-insoluble. The water-soluble wheat ara-
binoxylans are present mainly in the flour (endosperm cell
walls), while the water-insolubles can be found in both the
bran and flour fractions. Insoluble arabinoxylans are
cross-linked with proteins through phenolic ester bonds
which can be rendered water-soluble by treating with
alkali or specific enzymes. 

Arabinoxylans consist of a backbone of (1→4)-linked
β-D-xylopyranose residues to which α-L-arabinofuranose
units are attached through O-3 and/or O-2,3 positions of
the xylose residues. The distribution of the α-L-arabi-
nosyl branches along the backbone chain are random with
some regions heavily substituted and others unsubstituted
(smooth domain) (48). The pattern and degree of substitu-
tion vary with cereal sources and tissue locations in the
grain.

b. Functional properties and applications
Arabinoxylans are random coil polysaccharides in aque-
ous solutions, and exhibit Newtonian flow behavior at low
concentrations and shear thinning behavior at higher con-
centrations. Because of the presence of ferulic acid, wheat
flour arabinoxylans can form thermo-irreversible gels
upon oxidation (48). In comparison, arabinoxylans from
wheat bran can form thermo-reversible gels upon cooling
(5). Wheat and rye arabinoxylans are important functional
ingredients in baked products affecting water binding,
dough rheology, and starch retrogradation. They also pro-
tect gas retention in dough due to viscous influence on the
gluten-starch films (49). 

C. GUMS FROM SEAWEEDS

Seaweed or algae is an important natural source for hydro-
colloidal gums. Most seaweed extracts are gelling agents.
However, their chemical compositions and structures vary
significantly due to the sources of raw material and pro-
cessing conditions, so do their gelling mechanism. 

1. Agar

a. Source and structure
Agar, or agar agar, is extracted from red seaweeds
(Rhodophycae). It is commercially obtained from
Gelidium spp. and Gracilariae spp. The Japanese are pio-
neers in processing agar, called “Kanten” in Japanese,
meaning “cold days” or “cold weather,” reflecting the
weather conditions used to remove water from agar gels

through freeze-thaw cycles which are still being used in
modern agar processing plants. The alternative procedure
is a syneresis method, in which the absorbed water is
eliminated by applying a proper force.

Agar contains a major component, agarose, and a
minor component, agaropectin. Agarose is the gelling
component which has a molecular weight about 120,000
daltons. It is a linear polymer consisting of a (1→3)-β-D-
galactopyranosyl and (1→4)-3,6-anhydro-α-L-galac-
topyranosyl residues as building units. Agaropectin is a
heterogeneous mixture of polysaccharides of lower
molecular weights. Their structures are similar to agarose
but slightly branched and sulfated, and they may also
have methyl and pyruvic acid ketal substituents (6, 50). 

b. Functionality and applications
Agar is referred to as the queen of the gelling agents. The
gelling property is due to the three equatorial hydrogen
atoms on the 3,6 anhydro-L-galactose residues of agarose
to form hydrogen bonds. The gel network contains double
helices formed from left-handed threefold helices. These
double helices are stabilized by the presence of water
molecules bound inside the double helical cavity. Exterior
hydroxyl groups allow aggregation of these helices to
form suprafibers. The gelling temperature is around 38°C
and the melting temperature is about 85°C, which gives
very high gelling hysteresis. With this enormous gelling
power and hysteresis property, agar has found broad
applications in food and other industries. It is used in the
baking industry because of its heat-resistant gel proper-
ties, and is widely used as a stabilizer in pie fillings,
icings, toppings, and glazes. The heat-resistant gelling
properties help to prevent chipping, cracking or sweating
of icings, toppings, and glazes in baked goods. Agar is
particularly effective in forming a stiff gel at low concen-
trations and it is compatible with most other gums. At
around 40°C and upon setting, agar gel forms an impervi-
ous moisture barrier between icing and wrapping and it
has the unique property of not sticking to the wrapping.
Agar is also widely used in the confectionary industry as
a gelling agent, and in preparing canned meat, fish, and
poultry products. 

Addition of a small portion of locust bean gum to
Gelidium agar (1:9) may enhance gel strength and
improve gel texture; in particular, it increases the elastic-
ity of the gel (6). This is due to the synergistic interaction
between locust bean gum and agar which has practical
applications in the food industry where less brittle texture
is desired. However, this interaction is only limited to
agar from species of Gelidium and Pterocladia. Due to its
excellent gelling characteristics and high resistance to
metabolization by microorganisms, agar is used in
biotechnology applications such as in microbiological
culture media where it forms clear, stable, and firm gels.
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2. Algin (Alginates) 

a. Source and structure
Alginates or algin are the salts and derivatives of alginic
acid, an acidic polysaccharide extracted from the brown
seaweeds (Phaeophyceae). The main species of commer-
cial significance include Laminaria hyperborea, L. digi-
tata, L. japonica, Macrocystis pyrifera, Ascophyllum
nodosum, Eclonia maxima, Lessonia nigrescens, Durvillea
antarctica, and Sargassum spp. Natural alginate is insolu-
ble due to its salt derivatives obtained during growth in
seawater, including calcium, magnesium, and barium salts.
In order to extract the material, a pre-extraction treatment
is necessary to convert the insoluble cations into protons
by treating milled algae tissue with dilute mineral acids.
The next step is to neutralize with sodium carbonate or
sodium hydroxide, and alginic acid is converted into
water-soluble sodium salt. Following the removal of algal
particles by sifting, floatation, centrifugation, and filtra-
tion, sodium alginate is precipitated by alcohol, calcium
chloride, or mineral acids. A derivative of alginate, propy-
lene glycol alginate (PGA), is produced from alginate by
an esterification reaction with propylene oxide. 

Alginate is an unbranched polymer containing 
β-(1→4)-linked D-mannuronic acid (M) and α-(1→4)-
linked L-guluronic acid (G) residues (3, 51). It is a
copolymer composed of three types of blocks: two
homopolymeric blocks consisting of the same residues of
M or G, respectively, and a block with strictly alternating
residues (i.e., GMGMGMGM). The lengths and
sequences of the three blocks vary considerably with the
source of algae, place and season of collection, as well as
part of the algae from which the alginate is extracted. The
differences in chemical structures account for their differ-
ences in functionalities and applications.

b. Functional properties and applications
In commercial alginate products, the following factors are
important in determining functionality: type of cations,
M/G ratio, molecular weight and residual calcium.
Sodium salt is the most common form of alginates.
Potassium, ammonium, and calcium salts and free alginic
acid are also available (3).

The primary function of alginates is to form thermally
stable cold-setting gels in the presence of calcium ions.
Alginate gels can be heat treated without melting although
they may eventually degrade. Gelling properties and gel
strengths of alginate gels depend on the type and mode of
ion binding (Mg2+ << Ca2+ < Sr2+ < Ba2+) (52). Therefore,
the control of cation addition is critical for the production
of homogeneous gels. High G alginates produce strong brit-
tle gels with good heat stability (except if present in low-
molecular-weight molecules), but water weepage
(syneresis) occurs on freeze-thaw whereas high M alginates 

produce weaker but more elastic gels with good freeze-thaw
stability. Two basic methods have been used to control the
introduction of cross-linking ions: diffusion and internal
setting. The diffusion method lets the cross-linking ion (e.g.,
Ca2+) diffuse from an outer reservoir into an alginate solu-
tion which is used for the restructuring of foods such as arti-
ficial berries, pimiento strips, and onion rings. Internal
setting differs from the former in that the Ca2+ ions are
released in a controlled fashion from an inert calcium
source within the alginate solution. The controlled release
of Ca2+ is usually achieved by a change of pH and/or by lim-
ited solubility of calcium salt. The internal setting gels
found wide applications in food, pharmaceutical, and cos-
metic applications, such as cold water dessert gel, instant
imitation bakery jelly, and facial masque (52). 

The molecular weights of commercial alginates are
between 12,000 and 190,000 daltons. Higher-molecular-
weight favors gel strength and viscosity enhancement.
However, it is sometimes desirable to use a higher con-
centration of low-molecular-weight alginates to obtain
strong gels and to avoid excessively high viscosity prior to
gelation. 

Chemically modified alginates, e.g., propylene glycol
esters of alginic acid (PGAs), are very different from algi-
nates in functionality. They are much more tolerant to cal-
cium ions and acidic environments such as in milk-based
products and salad dressings (51). PGAs also exhibit sur-
face activities due to esterification, and can be used as an
emulsifier and foam stabilizer. 

3. Carrageenans

a. Source and structure
Carrageenans are popular seaweed gums extracted from
red seaweed (Rhodophycae). The main species used are
Eucheuma cottonii, E. spinosum. E. cottonii, and E. spin-
osum which are spiny bushy plants growing along the
coasts of the Philippines, Indonesia, and other islands in
the Far East. Other species of commercial significance
include Chrondrus crispus from around the coasts of the
North Atlantic and Gigartina sp. from the cold deep
coastal waters of South America. Based on the origins and
processing conditions, three types of carrageenan gums
are on the market, namely kappa (κ), iota (ι), and lambda
(λ) carrageenans. The process of producing carrageenan
gums is rather complex, involving washing and cleaning
of the seaweed, alkaline extraction, followed by coarse
and fine filtrations, solvent precipitations and/or freeze-
thaw cycles and finally, drying, grinding, and blending.

Carrageenan gums consist of alternating (1→3)-
linked-β-D-galactopyranose and (1→4)-linked-α-D-
galactopyranose sugar units. The three gums differ from
one another in their content of 3,6-anhydro-D-galactose
and number and position of ester sulfate groups (53).
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κ-Carrageenan is composed of alternating (1→3)-β-
D-galactopyranose-4-sulfate and (1→4)-3,6-anhydro-α-
D-galactopyranose units. It is produced by alkaline
elimination of µ-carrageenan isolated mostly from the
tropical seaweed Eucheuma cottonii (also known as
Kappaphycus alvarezii). Typical food grade κ-car-
rageenans contain 25% of ester sulfate and 35% of 
3,6-anhydro-D-galactose, which is close to the theoretical
maximum.

ι-Carrageenan is composed of alternating (1→3)-β-D-
galactopyranose-4-sulfate and (1→4)-3,6-anhydro-α-D-
galactopyranose-2-sulfate units. ι-Carrageenan is pro-
duced by alkaline elimination of µ-carrageenan isolated
from the Philippines seaweed Eucheuma denticulatum
(also called Spinosum). The major difference between κ-
and ι-carrageenan amount of 2-sulfate on the 1,4-linked
3,6-anhydro-D-galactose. As the degree of sulfation
increases from 25% in κ- to about 50% in ι-carrageenans,
there is a noticeable weakening of gelling properties aris-
ing from decreased potassium sensitivity. 

λ-Carrageenan is mainly composed of (1→3)-β-D-
galactopyranose-2-sulfate-(1→4)-α-D-galactopyranose-
2,6-disulfate repeating. It is isolated mainly from
Gigartina pistillata or Chondrus crispus and can be con-
verted into θ-carrageenan (theta-carrageenan) by alkaline
elimination.

b. Functional properties and applications
All carrageenan gums are highly flexible molecules which,
at higher concentrations, interact with each other to form
double-helical zones (3). Food-grade carrageenans have
molecular weights in the range of 2–4 � 105 daltons. Gel
formation of κ- and ι-carrageenans requires gel-inducing
and gel-strengthening cations, such as K+ and/or Ca2+ and
it involves helix formation upon cooling from a hot solu-
tion. Carrageenans are used mainly as gelling, thickening,
and suspending agents. κ-Carrageenan gels are firm, clear,
and brittle with poor freeze-thaw stability. These gels may
be softened (and are generally regarded to be synergisti-
cally strengthened) by mixing with locust bean gum. Ionic
binding of ι-carrageenan is less specific and increasing
ionic strength promotes formation of junction zones lead-
ing to soft elastic gels with good freeze-thaw stability. 
λ-Carrageenan is non-gelling as it lacks 3,6-anhydro
groups in the 1→4-linked α-D-galactopyranosyl residues
which are necessary for forming the initial double helix. 
λ-Carrageenan can act as a cryoprotectant, and a combina-
tion of λ-carrageenan with locust bean gum improves the
freeze-thaw behavior of frozen products (54).

κ-Carrageenan stabilizes dairy products due to its inter-
actions with casein micelles (~200 nm diameter), preventing
whey separation. It is used in ice creams as a second stabi-
lizer to prevent LBG and β-casein from phase separation
(55). Carrageenan is also used as a water binder in cooked
meats and as a thickener in toothpaste and puddings.

D. GUMS FROM MICROBIAL FERMENTATION

Some microorganisms produce slimy materials such as
extracellular polysaccharides, structural polysaccharides,
or intracellular storage polysaccharides. The extracellular
polysaccharides are water-soluble and exhibit unique
functional properties, and are hence an important source
of hydrocolloids. Since the fermentation process can be
controlled and processed in large quantity, gums from
microbial production are more consistent than naturally
occurring gums.

1. Xanthan Gum

a. Source and structure
Xanthan gum is an extracellular polysaccharide produced
commercially by aerobic submerged fermentation from
Xanthomonas campestris (56). The primary structure of
xanthan gum is a β-(1→4)-D-glucopyranosyl backbone
with tri-sugar unit side-chains consisting of a β-D-glu-
curonic acid residue between two D-mannopyranosyl
residues, which is attached to the backbone at the 3-posi-
tion of alternative β-D-glucosyl residues. In the side-
chains, the terminal β-D-mannosyl residue is
glycosidically linked to the 4-position of the β-D-glu-
curonic acid, which in turn is linked to the 2-position of
the α-D-mannose. About 40% of the terminal mannose
residues are 4,6-pyruvated while almost all the inner man-
nose is 6-acetylated (57). 

b. Functional properties and applications
Xanthan is considered a non-gelling gum and is best
known for its unique shear thinning flow behavior and
weak gel structures. It hydrates rapidly in cold water, but
proper hydration depends on particle size, solvent quality,
and rate of agitation. Since the viscosity of xanthan gum
solutions/dispersions is relatively temperature independ-
ent and the polymer is resistant to acids, alkali, and
enzymes, it is a popular thickener and stabilizer in the
food industry. The most striking property of xanthan gum
is the very high low-shear viscosity coupled with its
strongly shear-thinning characteristics. The relatively low
viscosity at high shear rate provides the advantages of
easy to mix, pour, and swallow, and the high viscosity at
low shear rate gives good suspension and coating proper-
ties to colloidal suspensions at rest. This makes xanthan
gum a perfect stabilizer for salad dressings, sauces,
gravies, syrups, and toppings. In dairy products, such as
ice creams, sour cream, and sterile whipping cream, xan-
than gum provides optimal viscosity, long-term stability,
improved transfer characteristics during processing, heat
shock protection, and ice crystal control. In baked goods,
xanthan gum contributes to smoothness, air incorporation
and retention, hence improved volume, texture, and mois-
ture retention of refrigerated dough. Blending of xanthan
gum with dry cake ingredients helps uniform hydration
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and batter mixing, which are important for the overall
quality of finished cakes, particularly after storage (58). 

Xanthan gum exhibits pronounced synergistic interac-
tions with galactomannans and glucomannans (59, 60).
These interactions result in increased viscosity, and in
some cases formation of thermo-reversible, soft elastic
gels. Experimentally, mixture of xanthan-locust bean gum
forms thermo-reversible gels at polymer concentrations as
low as 0.1%; in contrast, xanthan-guar gum mixtures only
exhibit increased viscosity regardless of the concentra-
tion. It is necessary to heat the mixtures to about 90 to
95°C to achieve maximum synergism as this not only
unfolds the xanthan structure but also helps to fully
hydrate the locust bean gum. The extent of interaction
between xanthan gum and galactomannans is reduced at
low pH and high salt concentrations. The optimum ratio
of interaction is 50:50 for xanthan–LBG mixture and
20:80 for xanthan–guar mixture (4).

2. Gellan Gum

a. Source and structure
Gellan gum is a bacterial exocellular polysaccharide,
commercially produced by inoculating a fermentation
medium with Sphingomonas elodea (ATCC 31461).
Gellan gum is composed of a linear tetrasaccharide
repeating unit: →3)-α-D-glcp- (1→4)-β−D-glcpA-
(1→4)-β-D-Glcp-(1→4)-α-L-rhap-(1→ (61, 62). There
are two acyl substitutions on the 3-linked glucose, a 
L-glyceryl at O(2) and an acetyl at O(6) positions. The
average degree of substitution is one glycerate per repeat
unit and one acetate every two repeats.

b. Functionality and applications
The functional property of gellan gum is dependent on the
degree of acylation and presence of counter ions. High
acyl (HA) gellan gum can form soft, elastic, transparent,
and flexible gels by cooling the hot solutions when con-
centration is above 0.2%. The gels set and melt at
70–80°C with no thermal hysteresis and the gelling prop-
erty is not affected by the presence of counter ions. In
contrast, low acyl (LA) gellan gum forms hard, non-elas-
tic brittle gels when binding with a wide variety of ions,
such as Ca2+, Mg2+, Na+, K+, and H+; the divalent ions are
more efficient than the monovalent ions in promoting
gelation. The gel strength of LA gellan gum increases
with increasing ion concentration until a maximum is
reached. Increase of ion concentration also results in
increased gel setting and melting temperatures. Sugar has
a negative influence on the gelation of LA gellan gum
which is often described to have a ‘snap set’ since 
gelation occurs rapidly once the setting temperature is
reached. In contrast to HA gellan gum, significant thermal
hysteresis is observed for LA gellan gels. However, under

most conditions, LA gellan gels are not thermo-reversible
below 100°C. The minimum gelling concentration of LA
gellan gum can be as low as 0.05% in the presence of
cations (63). 

Both LA and HA gellan gums are commonly used as
gelling agents and can be used to prepare dessert jellies
with a variety of textures. Gellan gum is used in dairy
products and sugar confectionery. LA gellan gum is used
to modify traditional gelatin dessert jellies. An interesting
application of gellan gum is to prepare structured liquids
by applying shear stress either during or after gelation.
These structured liquids are extremely efficient suspend-
ing agents (61). 

3. Curdlan Gum

a. Source and structure
Curdlan gum is an extracellular polysaccharide commer-
cially produced by microbial fermentation of a mutant
strain of Alcaligenes faecalis var. myxogenes. Curdlan is a
linear, homopolymer composed entirely of (1→3)-β-D-
glucosidic linkages. Native curdlan has a granular struc-
ture and is water-insoluble but can be dissolved in sodium
hydroxide solutions (64), cadoxen aqueous solution, and
dimethyl sufoxide (DMSO). 

b. Functional properties and applications
Curdlan gum can form gels by heating the suspensions or
reduce the pH of an alkali solution. Heat treatment of
curdlan suspensions may produce two types of gels,
depending on temperature. A thermo-reversible low-set
gel is obtained by heating gum suspensions at 55°C fol-
lowed by cooling. A thermo-irreversible high-set gel
requires heating up to 80°C or higher. The gel strength
increases with heating temperature (gelation starts at
55°C) but stays constant between 60–80°C. Further
increase in temperature results in steady increase of gel
strength (64, 65). At the same heating temperature, gel
strength increases with increased concentration. The addi-
tion of co-solute also has significant effects on gel
strength, e.g., adding borate to curdlan suspension signif-
icantly increases gel strength, and adding urea markedly
reduces gel strength (65).

Curdlan is a tasteless, odorless, and colorless product
with wide food applications. It is used in making tofu noo-
dles and other processed cooked foods as texture modifier,
binding, and moisture improvement agents. Curdlan is
used in noodle dough to reduce leaching of soluble ingre-
dients, giving a clear broth with improved texture and
mouthfeel. Addition of curdlan in processed meats modi-
fies texture and improves water-holding capacity. Other
food applications include processed rice cake, ice creams,
jellies, sausages, and hams. It is also a popular low-energy
ingredient in dietetic foods.
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4. Dextran

a. Source and structure
Dextran is a group of α-glucans produced by exocellular
bacteria Lactobacillaceae, particularly the genera
Lactobacillus, Leuconstoc, and Streptococcus.
Commercially important dextran is produced by
Leuconstoc mesenteroides B-512 (F) (66). Dextran is a
homo-polysaccharide composed primarily of 1→6-linked
α-D-glucopyranose units (~95%) with branches at C-3
and/or C-4, occasionally at C-2. About 80% of the
branches are single D-glucose. The molecular weight of
dextrans can be 40 to 600 million daltons, however, the
molecular weight of commercial food-grade dextrans is
below 100,000 daltons.

b. Functional properties and applications
Dextran is a fine, white powder, very soluble in both cold
and hot water giving clear solutions with low viscosity. A
solution can be made to contain up to 50% dextran. The
viscosity of dextran solution (2%) is independent of shear
rate and unaffected by co-solutes, salts, or changes in the
pH (3–10). Dextran has good water-holding capacity and
imparts good bodying attributes to liquid systems. It also
exhibits effective emulsifying and stabilizing properties. 

The most important use of dextran is as a blood
plasma extender with strict control of molecular weight
(75,000 ± 25,000 daltons). Other pharmaceutical applica-
tions include cryo-protective agent to protect cells from
freezing damage, suspending agent for X-ray opaque
compositions, binder for tablets, stabilizing agent for
water-insoluble vitamin preparations and a stomach-irri-
tant preventive, a pharmaceutical taste masking agent, and
a drug encapsulating agent in combination with methycel-
lulose. 

Dextrans with molecular weight below 100,000 dal-
tons are permitted by the U.S. Food and Drug
Administration as Generally Regarded as Safe (GRAS)
until their deletion in 1973 due to the lack of use (67). The
apparent lack of interest in dextran in foods is probably
due to its high solubility and low solution viscosity (66).
Bread prepared from yeast-raised dough containing 1–2%
dextran was soft with a greater volume and longer shelf-
life (68). The addition of dextran (up to 0.5%) to ice
cream conferred excellent stability and heat-shock resist-
ance. Dextran can be used as a stabilizer for confectionery
to prevent crystallization, improve moisture retention,
increase viscosity, and maintain flavor. It can also be used
in soft drinks, flavor extracts, milk beverages, and icing
compositions. Other food applications include fish prod-
ucts, meats, vegetables, and cheeses. 

E. CHEMICALLY MODIFIED GUMS

Cellulose is the most abundant polysaccharide in plants.
Natural cellulose is completely insoluble in aqueous

media due to extensive intra- and intermolecular hydrogen
bonding. However, certain treatments and chemical mod-
ification can render cellulose water-soluble and the
derived products exhibit unique functional properties,
making them useful as hydrocolloids in many industrial
applications. About a third of the purified cellulose is used
as base material for water-soluble derivatives and a wide
range of products with designed properties, depending on
the groups involved and degree of derivatization. 

1. Microcrystalline Cellulose (MCC)

a. Source and structure
Microcrystalline cellulose (MCC) is produced by treating
purified cellulose with a strong mineral acid, such as
hydrogen chloride (69). Acid hydrolysis removes the
amorphous regions of cellulose and gives a product con-
sisting primarily of crystallite aggregates. Powdered MCC
is produced by drying the acid hydrolysates. Dispersible
MCC can be prepared by further processing the
hydrolysates by wet mechanical disintegration, which
breaks up the aggregates to microcrystals, followed by 
co-processing with a hydrophilic barrier or other hydro-
colloids, such as guar gum, xanthan gum, or carboxyl-
methylcellulose. 

b. Functional properties and applications
Colloidal MCC exhibits thixotropic flow behavior in
which viscosity decreases with increase in shear stress, and
once the stress is removed, viscosity will recover gradually
over time (70). MCC dispersions have good thermo-stabil-
ity which is useful in the preparation of heat-stable prod-
ucts. MCC can also be used to modify textures, resulting
in a cleaner mouthfeel and good flavor release, and mak-
ing a useful fat replacer in emulsion products. In addition,
MCC is a good suspending agent for particles and solids.

MCC has many applications in pharmaceutical, food,
and paper industries. Examples include bar mixes to add
creaminess and pulpiness. In batters and breadings, MCC
improves cling and reduces drying time and fat absorption
during frying. MCC also adds creaminess in chocolate
drinks in addition to its ability to suspend solids and add
opacity to the product (69). 

2. Carboxymethylcellulose (CMC)

a. Source and structure
Carboxymethylcellulose (CMC) is produced by reacting
alkali cellulose with monochloroacetic acid. The substitu-
tion is mostly at 2-O and 6-O, occasionally at 3-O posi-
tions. The degree of substitution (DS) is generally 
0.6–0.95 per monomeric unit (maximum DS is 3) (62, 71).

b. Functional properties and applications
CMC is readily dissolved in cold water, with maximum
viscosity and best stability at pH 7–9. The rheological
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properties of CMC are determined by the uniformity of
substitution and degree of polymerization (DP). CMC
solutions with medium to high DP are pseudoplastic,
whereas solutions of low DP exhibit low viscosity and are
less pseudoplastic. Medium and high viscosity gum solu-
tions with 0.4–0.7 DS, especially those that are less uni-
formly substituted, are thixotropic. In contrast, evenly
substituted, high DS, medium and high DP gums show no
or less thixotropic behavior in solutions (71).

Gelation of CMC can be induced by adding trivalent
metal ions (e.g., aluminum) or subjecting the solution to
high shear. Gels ranging from soft to very firm can be pre-
pared by selecting different grades of CMC and types of
metal ions. The gel structure is also dependent on polymer
concentration, DP, pH, and metal cation to carboxylate
anion ratio.

Food grade CMC is widely used in the food industry
as a thickener, stabilizer, and suspending agent. CMC can
be used to improve the volume yield during baking by
encouraging gas bubble formation; it is also used in
frozen desserts and soft-serve ice creams to control ice
crystal growth, and to improve mouthfeel, body, and tex-
ture. CMC is used in pet food to bind water, thicken
gravy, aid extrusion, and bind fines. Because CMC is
insoluble in acidic stomach fluids but soluble in alkaline
intestinal fluids, it is a good coating for powders and
tablets in the pharmaceutical industry. In the cosmetic
industry, CMC is used as a stabilizer for hand lotions and
vitamin-oil emulsions. CMC also found applications in
textiles and detergents (62).

3. Methylcellulose

a. Source and structure
Methylcellulose (MC) is prepared by etherifying the
available hydroxyl groups of cellulose chain by conver-
sion of cellulose into alkali cellulose in sodium hydrox-
ide, followed by reaction with methyl chloride (62). Many
MC derivatives are available, but the most important one
is hydroxypropylmethylcellulose (HPMC). 

b. Functional properties and applications
MC solutions exhibit shear thinning flow behavior at
0.5% concentration and above. The pseudoplastic prop-
erty is enhanced with increases in concentration and
molecular weight. A unique functional property of MC
and HPMC is their inverse temperature solubility and
thermo-gelling property; they can form gels when the
temperature reaches above a critical level due to
hydrophobic interactions between high-substituted
regions, which consequently stabilizes intermolecular
hydrogen bonding. The gels break down upon cooling.
Another unique property of MC and HPMC is their sur-
face activity, making them useful emulsifiers for oil-in-
water emulsions. 

Due to the multifunctional properties, MC and HPMC
are used as emulsifiers and stabilizers in French dressings
and in low-oil or no-oil salad dressings (72). MC is often
used in fried foods to reduce oil absorption through film for-
mation and thermal gelation. In addition, batter adhesion
and matrix food cohesion are improved by adding MC
and/or HPMC. MC is used in baked goods including cakes,
doughnuts, breads, cookies, fruit pie fillings, icings, and
glazes. The thermal gelation property prevents boil-over of
pastry fillings and aids gas retention during baking. MC
retards water migration in frozen baked products during
freeze-thaw cycles. MC is also used in non-dairy whipped
toppings because of its surface active properties. In the phar-
maceutical industry, MC is used in tablet film coating, con-
trolled drug release and ointments. MC and its derivatives
are also used as adhesives for wallpapers, controlled release
agents for pesticides and fertilizers, and emulsifiers and sta-
bilizers in shampoo and hair conditioners.

4. Hydroxypropylcellulose and
Hydroxyethylcellulose

a. Source and structure
Hydroxypropylcellulose (HPC) and hydroxyethylcellulose
(HEC) are prepared by reactions of alkali cellulose with
propylene oxide and ethylene oxide, respectively, at ele-
vated temperature and pressure (62, 73). The substitution
patterns of HPC and HEC are random and lead to signifi-
cant number of hydroxyl groups unsubstituted along the
backbone chain. The molar substitution (MS) of commer-
cial HPC is between 3–4; in comparison, commercial
water-soluble grades HEC has a much wider MS value,
from 1.8 to 3.8. The molecular weight of HPC and HEC
ranges from 50k to 1,300k daltons.

b. Functional properties and applications
HPC is soluble in cold water, but becomes insoluble at
temperature above 45°C. It has good film forming and
surface active properties and can be used to stabilize top-
pings, especially at high ambient temperatures. HPC is
soluble in ethanol, and has potential applications in alco-
holic beverages. It is also used as a thickener in solvent-
based adhesives, alcohol-based hair dressings, grooming
aids, perfumes, inks, and paint removers. In the polymer
industry, HPC is used as a secondary stabilizer in the sus-
pension polymerization of vinyl chloride. 

HEC with a DS greater than 1.6 is soluble in hot or
cold water. The viscosity decreases with increase in tem-
perature. HEC solutions exhibit Newtonian flow behavior
at low shear rate and shear thinning behavior at high shear
rate. It is useful as a thickener, viscosity control additive,
protective colloid, binder, suspending agent, and film for-
mer in many industrial applications, including latex paints,
emulsion polymerization, petroleum, paper, and pharma-
ceutical products. The largest use of water-soluble HEC is
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for thickening latex paints because of its solubility, low
foaming characteristics, high thickening efficiency, and
good compatibility with universal coloring systems.

5. Chitin and Chitosan

a. Source and structure
Chitin is the second most abundant natural biopolymer on
Earth and is composed of α-(1→4)-linked 2-acetamido-2-
deoxy-β-D-glucose (N-acetylglucosamine). Chitin is
found in exoskeletons, peritrophic membranes, and
cocoons of insects. Chitin is water-insoluble, but can be
converted to water-soluble derivatives such as chitosan.
Commercial chitin is prepared from shells of lobster, crab,
or shrimp which are grounded and treated with 5%
hydrochloric acid to remove minerals. The demineralized
shell is further processed with pepsin or trypsin to remove
proteins. Alkali deproteinization is also used and pre-
ferred if the final product is deacetylated chitin, i.e., chi-
tosan. Chitosan is prepared by N-deacetylation of chitin
under strong alkali conditions. The degree of acetylation
of commercial chitosans is about 0.20 (74, 75).

b. Functional properties and applications
Chitosan is insoluble in organic solvents but soluble in
aqueous acidic media. Following protonation of the amino
groups, it forms a unique polycationic structure, while
other polysaccharides usually give a neutral or anionic
structure. Unlike most gelling polysaccharides, chitosan
forms gels through chemical and enzymatic reactions. A
thermo-irreversible gel can be prepared by treating chi-
tosan in acetate salt solution with carbodiimide to restore
acetamido groups. Gelation is probably attributed to
hydrophobic interactions which are thermally favored.
Chitosan gel can also be prepared by introducing large
organic counter ions, such as 1-naphthol-4-sulphonic acid
or 1-naphthylamine-4-sulphonic acid. 

Chitosan is also chemically modified for specific
applications, e.g., a stable and self-supporting gel can be
obtained by enzyme treatment of tyrosine glucan, which
is synthesized by reacting chitosan with 4-hydroxy-
phenylpyruvic acid. The enzyme tyrosinase oxidizes phe-
nol to quinine which forms cross-links with the free
amino groups. Chitosan can also be cross-linked with glu-
taraldehyde in lactic acid to produce a colorless, rigid, and
infusible gel up to 200°C (74).

Chitin, chitosan, and their derivatives have a wide
range of applications in pharmaceutics, biomaterials,
foods, water treatments, biotechnology, cosmetics, tex-
tiles, and membranes. Chitosan is a good film former and
is recommended for textile finishing, paper sheet forma-
tion, glass fiber coating, dye application, shrink proofing
of wool, photographic application, and cement setting
retardation. Chitosan is also used as a dietary fiber for
weight control. 

IV. FUTURE PROSPECTS AND NEW
DEVELOPMENT

There have been continuous efforts in the field of hydro-
colloids to reduce production costs, improve functionality,
explore novel applications of existing gums, and discover
new gums from natural resources. Although the use of new
hydrocolloid gums in foods is limited by extremely high
costs required to pass legislative approval, there are gums
that have long history of use in foods which could easily
get approval for food uses. Currently, we have a good
understanding of the basic structures and functional prop-
erties of most gums, but problems arise on a daily basis at
the production level due to inconsistency of the gum sup-
plies and lack of knowledge on how these gums interact
with other food ingredients, such as starch, proteins, oils,
etc. Therefore, the following areas are recommended for
future research: 1) improve manufacturing practice to pro-
duce consistent gum products; 2) further understand the
structure-function relationships of hydrocolloids and their
interactions with other food ingredients; 3) develop new
hydrocolloids from natural sources. Most hydrocolloids,
particularly non-starch polysaccharides, are conceived as
dietary fibers. Some natural polysaccharides or oligosac-
charides are biologically active, such as tissue repairing,
anti-carcinogenic, anti-inflammatory, and immuno-modu-
latory. These polysaccharides are potential ingredients for
functional foods or neutraceuticals in addition to their role
as thickeners and stabilizers. More research should be
directed to these bioactive polysaccharides. 
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I. INTRODUCTION 

A. DEFINITIONS AND PERSPECTIVES

Protein analysis is the development of methods, instru-
mentation, and strategies for obtaining information about
the quantity and composition of proteins within a sample;
analysis also extends to the study of the kinetic and ther-
modynamic behavior of proteins. A food protein is any
protein of interest, in food science and technology, in rela-
tion to enhancing the supply of food, which is wholesome,
nutritious, affordable, and safe. Two broad areas of food
protein analysis are readily recognizable: (i) quantitative
analysis – determination of the total amount of protein,
and (ii) qualitative analysis – fractionation, characteriza-
tion, and identification of proteins. Of course, so-called
qualitative methods also yield quantitative (i.e., numeri-
cal) data related to the concentrations of specific proteins
in a mixture, molecular mass, isoelectric point, etc.

The major areas of application for food protein analy-
sis are: (a) protein quantitation, (b) protein speciation –
including the detection of cultivars, varieties, genetic
polymorphism, and adulteration, (c) tests for physical
functionality – defined as protein physicochemical prop-
erties of interest in food processing, (d) tests for nutri-
tional quality, and (e) detection of bioactive agents
including allergens, inhibitors, microbial toxins, as well
as functional ingredients. Figure 5.1 summarizes some of
the major techniques for food protein analysis 

The aim of this chapter is to provide a brief outline of
selected techniques for food protein analysis. The principles
behind different techniques are well described in the general
literature. Less well discussed are the many practical and
scientific issues confronted by food protein analysts. In the
remainder of Section I, we consider the scope for food pro-
tein analysis. Section II covers protein quantitation meth-
ods, Section III deals with protein fractionation analysis by
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electrophoresis, chromatography and mass spectrometry.
Section IV provides a brief overview of proteomics, which
features high-throughput techniques for protein identifica-
tion. Food protein analysis is a vast discipline. Only selected
themes are introduced in this chapter. Some spectral meth-
ods, i.e., colorimetric (e.g., biuret, Lowry, Coomassie blue,
bicinchoninic acid, etc.) or spectrophotometric (e.g., ultra-
violet absorbance) methods of analysis, were reviewed
recently (1) and are not covered here. The following mono-
graphs and reviews provide further reading (1–5).

B. FOOD PROTEINS

The major food protein groups are listed in Table 5.1. They
are mostly industrial proteins produced from well-known
food commodities, including milk, wheat, maize, soybean,
peanut, canola, fish, egg, meat, some animal by-products.
The manufacturing processes involve standard unit opera-
tions, e.g., particle size reduction, solubilization, mem-
brane separation, ion exchange, and dehydration.
Processing can lead to changes in protein structure, not all
of which are “undesirable.” Denaturation is effectively har-
nessed to create interesting high-protein foods (5). 

A key requirement for food protein analysis is repro-
ducibility. Consistent protein readings are necessary for fair
decision-making about product quality, pricing, and compli-
ance with food legislation. Other desirable assay character-
istics include high speed, and low capital and running costs
for analysis. Assay sensitivity is not a premium because
food samples are readily available. On the contrary, large

sample sizes lead to concerns about representative sampling.
Accuracy, the closeness of a measurement to a real value, is
not of paramount concern because bias (deviation from the
true reading) is readily determined by calibration. 

Table 5.2 shows the movement of protein within the
food system from agricultural production through to 
the consumer. Protein analysis is important at all levels of
the food system. Farm gate prices for many commodities,
e.g., grain and milk, are partly determined by their protein
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• Kjeldahl
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• Quantitative amino
 acid analysis

Spectral methods
• Infrared analysis

• Colorimetric–Biuret,
Lowry, dye binding

FIGURE 5.1 Some of the major areas of food protein analysis.

TABLE 5.1
Schema for Food Protein Analysis-1

Some Major Protein Ingredients Specific Proteins

Animal protein ingredients Specific animal proteins
● Blood proteins ● Blood serum albumins
● Egg protein ● β-Lactoglobulin,
● Milk protein α-lactalbumin, casein
● Muscle – fish, poultry and meat ● Ovalbumin
● Skin & feather – gelatin ● Myosin
● Carcass and by-products, bone meal ● Collagen

Plant protein ingredients Specific plant proteins
● Cereals – vital gluten ● Albumins, globulins
● Legume – protein isolates ● Prolamins, glutelins 

(soy, peas, sesame) ● Residue proteins*

● Tuber – potato protein
● Leaf protein

Microbial proteins or single 
cell protein (SCP)

* Residue proteins refer to cereal storage proteins not extracted using
conventional Osborne solvents.



content. Pricing of farm inputs (e.g., animal feeds) is also
affected by levels of protein nitrogen. Recent legislation
requires that feed intended for ruminants is free from animal
protein. Protein ingredient manufacturers and users require
functionality testing, ingredient standardization, optimiza-
tion, and quality control (Figure 5.1). High protein foods
(cheese, milk, meat, fish) are potential targets for adulter-
ation and undeclared substitution – leading to a need for
methods to ensure product authenticity. Detection of protein
allergens and toxins assumes considerable importance at the
consumer end of the food system. Table 5.2 lists also the
main food science expertise areas recognized by the Institute
of Food Technologists (IFT). All the sub-disciplines in food
science offer some opportunity for protein analysis. The
schemes in Figure 5.1 and Tables 5.1 and 5.2 provide an
indication of the wide scope for food protein analysis.

C. FOOD PROTEIN ANALYSIS-GENERAL

CONSIDERATIONS

According to accepted guidelines (6), one should consider
the scope and purpose of food protein analysis – type of
method (empirical, definitive, screening) and their intended
use (research, quality control, surveillance, enforcement).
Assay selection should follow desktop research (literature
review) and discussions with people having relevant expe-
rience. One should obtain some notion of the strengths and
disadvantages of different assays (bias, equipment cost,
running cost, limit of detection, precision, specificity,
speed, etc.). The degree of training necessary is another
factor. Initial method development should be followed by
optimization. As a rule, most off-the-shelf protein assays
are not optimized for specific food samples with regard to
interferences (additives, contaminants, flavors) or food
matrix effects. Consider whether to use a commercially
available ready-made kit. Sample clean-up may be neces-
sary for complex foods, whether raw or processed. Particle
size reduction and adequate mixing are important before
sampling. Accuracy can be confirmed by comparing the
results of one assay with that of an established method.

Consider forms of sample storage and transport where pro-
tein tests are performed off-site. 

II. QUANTITATION OF FOOD PROTEINS 

A. KJELDAHL METHOD

Biological materials are transformed water, carbon dioxide,
sulfur dioxide and ammonia when heated at 370–400°C in
concentrated sulfuric acid. About 100–250 mg of food mate-
rial requires 3–10 ml of concentrated sulfuric acid along
with potassium sulfate, hydrogen peroxide, or metal oxide
catalyst for digestion. There is sample charring followed by
decomposition to form a clear-green liquid. Nitrogen (from
urea, amino acids, peptides, proteins, nucleic acid, etc.) is
converted to ammonium sulfate. Collection and quantitation
of ammonia involves (a) neutralization with sodium hydrox-
ide, (b) distillation and absorption by 4% standard boric acid,
and (c) titrimetric analysis in the presence of a suitable titra-
tion indicator. Sample nitrogen, SN (g-N per 100 g food-
stuff), can be calculated from Eq. 5.1:

SN � (5.1)

where VTITRANT is the volume of titrant corrected for blank
readings, N is the normality of titrant (0.1M) and Wt(g) is
the weight of food sample (grams) digested. Finally, val-
ues for SN are converted to crude protein (cP) by multi-
plying with KF (the nitrogen-to-protein conversion factor).
For animal proteins KF has a default value of 6.25 assum-
ing that such proteins contain 16% N. 

cP (%)�SN (g-N per 100 g foodstuff)*KF (g-protein per g-N)
(5.2)

The accuracy of Kjeldahl analysis is impaired when sam-
ples contain high levels of non-protein nitrogen (NPN).
For plant foods a default KF-value of 6.25 overestimates
protein content (7). Yeoh & Wee (8) determined KF for 90
plant species from first principles. Leaf protein content
was determined by amino acid analysis (next section).
Then SN was determined via the Kjeldahl method. From
Eq. 5.2, we see that KF � cP/SN. Three distinct KF param-
eters were identified: (i) KA – ratio of protein to amino
acid-N excluding amide-N from glutamine and asparagine
residues, (ii) K�A – ratio of protein to amino acid-N and
ammonia, or (iii) Kp – Kjeldahl factor; this is protein con-
tent (from amino acid analysis) divided by SN including
contributions from NPN. As a matter of interest, the value
for KA, K�A or Kp was 6.16 � 0.05, 5.72 � 0.12 or
4.43 � 0.4 (g-protein per g-N), respectively. 

Plant leaves contained 0.9–12% free amino acid and
�30% NPN. Ezeagu et al. (9) reported KF for 13 tropical
seeds with a mean protein content of 19.83 � 6.43% for

14.01 * VTITRANT * NTITRANT * 100
����

Wt(g) * 1000
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TABLE 5.2
Schema for Food Protein Analysis-2

The Food System IFTa Expert Areas in Food Science

Agricultural production Food chemistry & analysis
↓ Food safety & microbiology

Processing & packaging Food processing & engineering
↓ Nutrition

Transportation & distribution Other - legislation
↓

Wholesale & retail
↓

Consumption

a IFT refers to the Institute of Food Technologists.



10-leguminoseae. They found KA � 7.13 � 0.23, K�A �
5.94 � 0.34, and Kp � 4.97 � 1.07. Clearly the default Kp

value is not 6.25 for legumes. Multiplying the average
value for SN (4.14%) by Kp gave accurate estimates for cP
(20.5%).

Mushrooms and other fungi have high levels of NPN,
mostly ammonia, urea, free amino acids, and chitin.
Mattila et al. (10) found that Kp was 4.7 � 0.21 for several
mushroom species. Protein levels reported for brown or
white Agaricus bisporus (27% dry weight) were compara-
ble to values found by Weaver et al. (11), but significantly
lower than the value of 7% DW reported by others (12).

Kjeldahl analysis remains one of the most reliable
methods for protein quantitation. Further research is needed
to address the relation between Kjeldahl and other methods
of food protein analysis (13), accuracy issues for Kp (7–10),
rapid (colorimetric) methods for ammonia determination
(14), and collaborative testing for novel foods (15,16).

B. DUMAS METHOD — COMBUSTION NITROGEN

ANALYZERS

The sample is heated in a combustion nitrogen analyzer
(CNA) oven at 950–1000°C within a high (99�%) oxygen
atmosphere. Most of the gases produced by combustion
(carbon dioxide, sulfur dioxide, and water vapor) are
removed using adsorbents. The remaining nitrogen oxide
is reduced to elemental nitrogen and measured by a ther-
mal conductivity detector. Instrument output (SN) is con-
verted to cP after multiplying by KF (Eq. 5.2). Table 5.3
shows some examples of CNA applications for food analy-
sis. The Dumas method is approved by the CGC (Canadian
Grain Commission), AOAC (Association of Official
Analytical Chemist), AOCS (American Oil Chemists’
Society), ASBC (American Society of Brewing Chemists),
AFI (American Feed Industry), BRF-International
(Brewing Research Foundation-International), IOB
(Institute of Brewing), and EBC (European Brewing
Convention).

Williams (21) discussed sources of error during com-
bustion analysis. Equipment error is possible from infre-
quent or sporadic instrument use, poor maintenance, and
instrument malfunction. Common sources of sampling error
include incorrect weighing and the presence of trapped air
(nitrogen). EDTA (ethylenediaminetetraacetic acid) used
for calibration should be highly pure and low in moisture.

C. QUANTITATIVE AMINO ACID ANALYSIS

Amino acid concentration (CT; mole per g) is routinely
determined during the nutritional evaluation of many
foodstuffs. Multiplying CT by the formula weight for each
amino acid (Fi, g per-mole) gives the weight of that amino
acid (AAm) per gram of sample (Eq. 5.3a). Protein content
is the sum of all amino acids within the sample (Eq. 5.3b).

AAm � CT * Fi (5.3a)

cP � � (AAm) (5.3b)

Results from quantitative amino acid analysis (QAA) are
normally corrected for proline and tryptophan. Such cor-
rections are necessary because acid hydrolysis of proteins
destroys tryptophan, and many colorimetric reagents for
detection of amino acids fail to react with proline (1).
Nowadays, QAA is used mainly to assess values for KF,
which are needed for both the Kjeldahl and Dumas pro-
tein assays (7–10). Examples of QAA include the deter-
mination of proteins in peanuts (30), vegetables from
Japan (31), meat, seafoods, baked goods, and fruits (32).

D. NEAR INFRARED ANALYSIS

Protein determination by near infrared (NI) analysis began
in the 1970s (33,34). Protein, moisture, fat, starch, and fiber
levels can be determined simultaneously. Other advantages
of NI analysis include high sensitivity, high sample
throughput, and high precision. NI analysis is non-destruc-
tive and the instrumentation is rugged and well suited for
on-site operation. The AACC has approved NI analysis for
cereals and grains including barley, oats, rye, triticale, wheat
of all classes, and soybean (35). More recent developments
have led to NI analysis for on-line or real time monitoring.
Several monographs (36,37) and reviews (38–40) provide
further details about NI analysis. There are very few reviews
dealing solely with NI analysis of food proteins. 

During near infrared reflectance (NIR) measure-
ments, radiation reflected from the sample is sensed using
a lead sulfide detector and an integrating optical sphere
(41). Log (1/R) is linearly related to protein concentration.
In the NI transmission (NIT) mode, a double beam of
radiation passes through the sample and reference cells.
Protein concentration is directly proportional to log 
(1/transmittance). Commercial NIR instruments include
the Grain Quality Analyzer (Neotech Corporation, Silver
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TABLE 5.3
Analysis of Food Proteins Using the Dumas or
Combustion Method 

Sample Reference

Animal feeds Sweeney (17) 
Brewing grains Buckee (18), Johnson & Johansson (19)
Cereal grains Bicsak (20), Williams, Sobering & Antoniszyn (21)
Dairy products Wiles, Gray & Kissling (22), Simonne et al. (23)
Fruit Huang et al. (24)
Infant food Bellemonte, Costantini & Giammorioli (25)
Meat products King-Brink & Sebranek (26)
Oilseeds Duan & DeClercq (27), Berner & Brown (28)
Potatoes Young, Mackerron & Davies (29)

Source: Adapted from Ref. 1.



Spring, MD), Grain Analyzer Computer (Dickey-John,
Auburn, IL), Infratec 1225 (Tectator AB, Sweden),
Inframatic 8100 & 8144 (PerCon Instruments),
InfraAlyzer 300 & 400 (Technicon) and the NIRSystems
Model 6500 instrument (NIRSystems,1 Silver Spring,
MD). The following instruments were used in an NIT
mode: MilkoScan 104, 203B, 605, etc. (Foss Electric),
Multipec M (Shields Instruments, UK) and the
NIRSystems Model 6500 instrument (NIRSystems, Silver
Spring, MD). Recent developments in NI instrumentation
have been reviewed (36,37). Collaborative trials were
reported for NI analysis for milk (42), barley (43), wheat
(44–46), meat (47), and kernel wheat (48).

1. Near Infrared Analysis of Grain Proteins 

A recent example of grain analysis by NIR is described by
Corbellini & Canevara (49) using 100 bread wheat 
(T. aestivum L.) samples from Italy. Analysis was per-
formed for ground wheat as well as kernel wheat. Over
the range of 7.8–14.7% protein (SN � 5.7) content, the
correlation coefficient (r) for NIR and Kjeldahl results
was � 0.98. Other protein-related quality attributes are
measurable by NIR (Table 5.4). It is possible to correlate
NI instrument output with grain moisture content, kernel
hardness, sedimentation value, water absorption, and loaf
volume. In addition to multilinear regression analysis,
sophisticated multicomponent analysis, such as principal

component analysis or partial least squares calibration,
enable grain quality assessment by NIR (50, 51). 

2. Near Infrared Analysis of Meat and Milk
Proteins

NIR results for ground lamb and beef were affected by
sample homogeneity, particle size, and temperature (62).
Results from NIR and Kjeldahl analysis showed only
moderate correlation (r � 0.67–0.8). Higher correlation of
r ≈ 0.99 was reported in more recent studies for protein
determination in fresh chicken (63), mutton (64), trout
(65), and meat patties (66). The precision of NIR results
appears to match or surpass those from Kjeldahl results.
Furthermore, the NIR format leads to greater repro-
ducibility as compared to NIT. However, the coefficient of
variation for meat protein analysis (2.71–3.43%) was con-
sidered too high for NIR to be adopted for regulatory pur-
poses (67). Sources of error for NIR and NIT
measurements (21) include instrumental error, tempera-
ture variations, changes in relative humidity, and stray
light. Operator error is often the result of inadequate train-
ing. NIR was applied for protein determination in milk
powder and semi-solid dairy products including whey
protein (68), nonfat dried milk (69), cheese (70,71), and
fermented products (72,73).

III. FRACTIONATION ANALYSIS OF FOOD
PROTEINS

A. ELECTROPHORESIS AND CHROMATOGRAPHY

Electrophoresis and chromatography are the foremost
methods for food protein fractionation (74,75). High res-
olution polyacrylamide gel electrophoresis (PAGE) is
available in a range of formats. Chromatography also
offers a variety of separation chemistries (Table 5.5). The
principles of electrophoresis and chromatography are
described in References (76–78). During PAGE analysis,
protein molecules migrate under the influence of an
applied potential difference. The rate of migration is
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TABLE 5.4
Characterization of Grain Quality Using Near Infrared
Analysisa

Sample-Type of Analysis References

Bread making quality — water Delwiche & Weaver (52),
absorption and protein content Delwiche et al. (53), Millar &

Bar L’Helgouac’h (54)
Essential amino acids Fontaine et al. (55)
Grain grading, hard red winter vs. Delwiche et al. (56)

spring wheat — protein content
Heat damage (wheat kernels) Wang et al. (57)
Insect infestation — insect protein, Ridgway & Chambers (58)

chitin & moisture
Kernel hardness — γ-zein content Eyherabide et al. (59)*
Vitreous vs. non-vitreous wheat Dowell (60), Wang et al. (61)

a NIR unless otherwise indicated with (*) for NIT analysis.

TABLE 5.5
Methods for Food Protein Fractionation*

Electrophoresis Chromatography

Gel electrophoresis HPLC or FPLC
Native PAGE, acid-PAGE, Size exclusion, ion 
urea-PAGE, SDS-PAGE, exchange, hydrophobic 
Isoelectric focusing (IEF)-PAGE, interaction, reverse phase,
two-dimensional PAGE hydroxyapatite, affinity

Capillary electrophoresis
CAE, CGE, CIEF, HICE

* See accompanying text for explanation of abbreviations.

1 A number of corporate takeovers have affected producers of NI instru-
ments. Neotec Corporation (1966–1981) introduced the first commercial
NI instrument in 1972 and microprocessor-controlled NI instruments in
1974. The company was bought by Pacific Scientific Corporation in
1981. In 1989, Perstorp Analytical (Sweden) purchased the NIR opera-
tions from Pacific Scientific and renamed it NIRSystems. Ownership
passed to Foss-Electric (Denmark) in 1997. Foss-NIRSystems is based
in Silver Spring, MD, the home of Neotech Corporation. Extract from
http://www.foss.dk/c/p/default.asp?width � 1024. 



dependent on protein charge-to-mass ratio. Protein bands
separated by PAGE are visualized by staining (for exam-
ple, with Coomassie blue dye or silver stain), destaining,
and scanning with a densitometer. Native-PAGE is widely
applied for identifying genetic polymorphism in milk and
cereal proteins. A single amino acid difference for beta-
lactoglobulin A and B leads to distinct protein bands dur-
ing native-PAGE. Acid (acid-PAGE) or urea (urea-PAGE)
can be added to gels in order to improve protein solubil-
ity. Acid-PAGE allows the identification or differentiation
of cereal cultivars based on the analysis of their storage
proteins (79,80). Fractionation of milk caseins frequently
involves urea-PAGE (81,82). 

Addition of ampholyte to native or urea-PAGE for-
mats yields isoelectric focusing-PAGE (IEF-PAGE),
which fractionates proteins on the basis of their isoelectric
point (pI). IEF-PAGE requires high voltages and conse-
quently the gels are thinner than those used for conven-
tional PAGE to allow increased heat dissipation. Another
PAGE format of interest involves sodium dodecylsulfate
(SDS). Addition of this detergent encourages protein sub-
unit dissociation, denaturation, and transformation into
negatively charged polymers. During SDS-PAGE, pro-
teins are separated on the basis of their molecular mass.
Examples of food proteins analyzed by PAGE are pro-
vided in References 74, 75, and 83.

Proteins can be transferred from polyacrylamide gels
by electroblotting and fixed to synthetic (nitrocellulose,
polypropylene, or polyvinylinefluoride) membranes
before staining. The membrane-bound protein can also be
analyzed using highly specific antibodies as probes.
Immunoblotting is an important screening method for food
allergens (84,85). Finally, protein zones from PAGE can be
excised for analysis using techniques such as mass spec-
trometry (see below).

Capillary electrophoresis is a relatively recent devel-
opment in food protein analysis (86,87). Proteins are sep-
arated within a small diameter capillary. Various
detectors are compatible with CE including fluorescence,
refractive index, UV absorbance, and mass spectrome-
ters. A range of protein separation methods is possible,
such as capillary affinity electrophoresis (CAE), capillary
gel electrophoresis (CGE), capillary isoelectric focusing
(CIEF), and hydrophobic interaction capillary elec-
trophoresis (HICE). The principles of CE are described in
several reviews (77,86,88,89). Applications to dairy and
cereal products are discussed in References 90 and 91,
respectively.

B. MASS SPECTROMETRY OF FOOD PROTEINS

The principles of mass spectrometry (MS) are well
known. Only a brief outline is provided here. A food sam-
ple is bombarded with high energy electrons in an evacu-
ated chamber. Molecular ions produced by bombardment

are accelerated via an electric field, past a set of electro-
magnets, towards a detector. The detection time for
molecular ions is proportional to their mass-to-charge
ratio (mi/zi)

½. Techniques for generating protein ions for
MS analysis were only developed in the mid-1980s. The
best known of these desorption techniques are fast atom
bombardment (FAB), matrix assisted laser desorption ion-
ization (MALDI), and electrospray ionization (ESI). The
theory, principles, and instrumentation for protein MS
analysis have been reviewed (92). Table 5.6 summarizes
each desorption method and types of information avail-
able from MS analysis of proteins. Process-induced
changes in food proteins appear to be readily detectable.
For example, ESI-MS analysis of beta-lactoglobulin from
109 cows showed it to be covalently modified by a 324 Da
species, probably lactose (93). The mechanism of heme
protein denaturation was also examined by ESI-MS (94).
Proteolysis of caseins during cheese manufacture and
ripening was readily followed by MALDI-MS (95).
Virtually all the major food protein groups have been ana-
lyzed by MS including milk, egg, meat and cereal proteins
as reviewed in References 96–98.

IV. PROTEOMICS

The term proteome was introduced by Wilkins et al. in
1995 to describe the “entire PROTEin complement
expressed by a genOME, or by a cell or tissue type” (99).
Proteomics is the wholesale identification of proteins
comprising a proteome using large-scale, high-throughput
technologies, primarily 2D gel electrophoresis and MS. In
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TABLE 5.6
Mass Spectrometric Analysis of Food Proteins

Technique Comments

FAB ● Protein + glycerol are bombarded by Xe or
Cs ions at 8–40 keV. Sample is introduced
into MS port. 

ESI ● Protein solution disintegrates from the tip 
of capillary polarized at �3000–5000 V. 
Electrospray is fed to MS port.

MALDI ● Protein + large excess of crystalline matrix
is irradiated by a laser. The matrix absorbs
energy, vaporizes, and ionizes protein.

Application areas*
Aggregation Molecular mass analysis
Cheese ripening Polymorphism

and maturation
Denaturation Post-translational modification
Glycation Process effects
Heat effects Proteolysis 
Irradiation Purity
Meat postmortem Sequence determination

Sulfur/disulfide exchange

* Compiled from References 92–98.



the so-called post-genomics era, interest has extended to
the subsidiary topics of transcriptomics, proteomics, and
metabolomics (Figure 5.2). The transcriptome and
metabolome refer to the total profile of RNA and metabo-
lites within a cell, respectively (100). Protein functions
other than metabolism – the entirety of enzymatic reac-
tions within a cell – are also of interest. Proteomics is con-
sidered a protein-based method for gene expression
analysis.

The rationale for proteomics can be seen from the
central dogma of molecular biology, postulated by Francis
Crick in 1958. The direction of information flow within
cells is DNA � RNA � protein � function (101).
Transcription of DNA leads to time-dependent expression
of cell function. However, the relation between genome
and cell function is complicated due to the presence of
regulatory mechanism, redundancy, or amplification
processes during information transfer. The study of pro-
teomics is clearly essential because (i) proteins are the
machinery that perform day-to-day functions within a
cell, (ii) there is a low correlation between the number of
genes and the number of proteins within a cell, (iii) dif-
ferential gene expression occurs at different times and in
different parts of the organism, and (iv) single genes can
encode for more than one protein due to post-translational
modification.

There are five essential steps for proteomics research:
(i) sample preparation – cells, tissues, or organelles are
homogenized to produce a protein extract. Care is needed
to avoid protein modification by endogenous proteases,
chemical modification or denaturation; (ii) protein separa-
tion by 2D electrophoresis. Typically, IEF (1D) and SDS-
PAGE (2D) analysis is followed by protein visualization
and densitometry leading to a 2D digital representation of
the separated proteins. With the new generation of densit-
ometers it is possible to perform a comparative image
analysis of hundreds of protein spots resolved by 2D elec-
trophoresis. The key is to discover differences between
specific protein (spots) for the control and treatment sam-
ple; (iii) protein identification – protein spots of interest

are excised from the 2D gel, digested with trypsin, then
subjected to HPLC or CE analysis; (iv) peptide sequenc-
ing – the products of proteolysis are analyzed by MALDI-
MS or ESI-MS as described in Section IIIB. Sophisticated
MS instrumentation can now provide protein molecular
mass as well as sequence information, (v) Bioinformatics
– the application of computerized informatics tools to bio-
logical data. Peptide sequences are compared with the
DNA- sequence database in order to identify the protein of
interest. Digitized 2D gel patterns can also be compared
directly with computerized library data for protein identi-
fication (99).

The impact of proteomics on food science and tech-
nology could be considerable (100,102). It may be possi-
ble to correlate changes in protein expression or
post-translational modification with specific treatments,
be they developmental, environmental, nutritional, or hor-
monal. Potential areas for proteomics research in food
related areas include the study of protein structure func-
tion relations, functional ingredients, food-borne
pathogens (103), allergens (104), food adulteration, novel
ingredients, starter cultures (105), muscle or meat science
(106), and the identification of protein markers for grain
quality (107).

V. CONCLUSION

Aspects of food protein analysis are reviewed in this
chapter. Food proteins were defined as those proteins
which are of interest in food science. Food protein analy-
sis is a vast topic but still emerging as an integrated dis-
cipline. Novel techniques for protein quantitation and
characterization are being developed. The food system
and food science expertise areas (Tables 5.1–5.2) were
suggested as schema for defining the perspective of this
rapidly evolving subject. The first part of the chapter
emphasized “approved” methods for protein quantitation
which are used within the food industry (Figure 5.1).
Further research on Kjeldahl and Dumas analysis is
needed to establish national and international protocols
for a wide range of foods. Further developments in NIR
analysis are needed in the areas of instrumentation and
pattern recognition software. On-line NIR analysis for
products on conveyor belts will probably increase (108).
An example of a commercially available NIR on-line
instrument is the MM170 analyzer from NDC Infrared
Engineering (109). The trend towards diode array NIR
instrumentation will lead to more rapid acquisition of
spectra, increased portability, and more affordable instru-
mentation. Section III dealt with selected methods for
protein fractionation, and the chapter culminated with a
discussion of proteomics (Section IV). Though less than
10-years old, high-throughput protein analysis within a
proteomics framework is now firmly on the food science
agenda.
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FIGURE 5.2 Information flow in cells is from DNA (genome)
to mRNA (transcriptome) to proteins (proteome) to a variety of
protein functions (phenome, physiome, and metabolome). 
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I. INTRODUCTION

Proteins perform various functions in processed foods.
The functional properties of proteins, such as foaming,
emulsifying, gelling, thickening, texturizing, dough form-
ing, whipping, curdling, water binding, flavor binding,
and fat binding properties, are important for imparting
desirable sensory attributes in a variety of food products.
These various functional properties of proteins emanate
from two molecular attributes of proteins, namely hydro-
dynamic properties and physicochemical attributes of the
protein’s surface (1). While the hydrodynamic properties
relate to the size and shape of the molecule, the properties
of a protein’s surface relate to its topology and to the pat-
tern of distribution of polar and non-polar patches.
Although these molecular attributes of proteins in their
native state can be determined fairly precisely from their
crystallographic structure, it has been difficult to predict
their functionality in a complex food milieu. This is prin-
cipally due to denaturation of proteins that inevitably
occurs during food processing, which might alter both
their hydrodynamic attributes (shape and size) and surface
characteristics. In the denatured state, the intensity of
intermolecular interactions between proteins, or between

proteins and other constituents in the food milieu, would
dramatically alter the proteins’ functionality. 

The extent of denaturation of proteins in a food milieu
depends on the susceptibility of intra-molecular interac-
tions that hold the compact native protein structure to tem-
perature, pressure (shear), pH, ionic strength, types of ions,
and specific and non-specific interactions with other food
components such as sugars, polysaccharides, lipids, and
other additives. It should be recognized, however, that from
a food application standpoint, protein denaturation during
processing is not always undesirable. In fact, in some cases
it is highly desirable. For instance, partial denaturation of
proteins at the air-water and oil-water interfaces improve
their foaming and emulsifying properties (2, 3), whereas
excessive thermal denaturation of soy proteins diminishes
their foaming and emulsifying properties (4). In protein
beverages, where high solubility and dispersibility of pro-
teins is a necessity, even partial denaturation of protein dur-
ing processing may cause flocculation and precipitation
during storage and thus may adversely affect the sensory
attributes of the product. Thus, to develop appropriate pro-
cessing strategies, a basic understanding of the environ-
mental and other factors that affect structural stability of
proteins in food systems is imperative.
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II. PROTEIN STRUCTURE

Protein structure is a highly complex architecture. A
polypeptide chain containing hundreds of main chain
covalent bonds can theoretically assume numerous con-
figurations in three-dimensional space. Yet, under physio-
logical pH, temperature, and ionic strength conditions,
proteins always assume a particular native folded confor-
mation. This native conformation represents a thermody-
namic equilibrium state in which the free energy of the
molecule is usually at the lowest possible level and it is
achieved through optimization of various intra-molecular
interactions within the polypeptide chain as well as inter-
actions of its constituent amino acid residues with the sur-
rounding aqueous medium.

At the molecular level, protein structure can be defined
in terms of four levels. The primary structure denotes the
linear sequence of amino acid residues in the polypeptide
chain. Intuitively, one would expect this linear structure to
possess chain flexibility similar to that of random coil poly-
mers. However, this is not the case. The amide linkage
between amino acid residues, which constitute one-third of
the covalent bonds in the backbone of a polypeptide chain,
possesses a partial double bond character and this substan-
tially restricts the flexibility of the chain. Furthermore,
depending on the amino acid sequence, the bulky side
chains of amino acid residues impose additional restrictions
on local flexibility of polypeptide chains. As a result of such
sequence-imposed local restrictions on flexibility, polypep-
tides do not behave like other natural polymers, such as
polysaccharides or nucleic acids, and synthetic polymers in
solution. These restrictions on local flexibility play the crit-
ical role of guiding the protein toward attaining a particular
folded native conformation. Thus, the primary structure of
a protein is believed to possess the coded information for its
final three-dimensional structure.

The secondary structure refers to regular conforma-
tions in polypeptide chains. This regularity of conforma-
tion occurs when the dihedral angles of each amino acid
residue in a segment of the polypeptide assume the same
set of values. The α-helix and β-sheet are the two regular
structures found in polypeptides. Segments of polypeptide
chain where consecutive amino acid residues assume dif-
ferent sets of dihedral angles tend to be in a disordered
state and those regions are termed a periodic structures.
The secondary structures in proteins arise as a result of
short-range non-covalent interactions that tend to mini-
mize local free energy of the protein chain. 

The tertiary structure refers to the overall three dimen-
sional arrangement of the folded polypeptide chain. For
most proteins, the folded tertiary structure is roughly spher-
ical in shape with irregular topography. The crevices on the
surface, which are inaccessible to solvent water, are non-
polar in nature. In food proteins, these crevices act as bind-
ing sites for hydrophobic ligands, such as fat and flavor

molecules. The tertiary structure of a protein is the net
result of optimization of various short and long-range inter-
actions within the polypeptide chain and represents a state
that has the lowest possible free energy under physiological
conditions. In a monomeric protein, i.e., a protein that con-
tains only one polypeptide chain, the surface of the protein
that contacts with surrounding solvent water is predomi-
nantly polar and hydrophilic. However, in some proteins,
depending on amino acid composition and sequence, some
surface regions of the tertiary fold may be non-polar. In
such instances, the protein molecules aggregate via
hydrophobic interaction; an aggregated structure of the pro-
tein, which contains more than one polypeptide chain, is
referred to as the quaternary structure. 

A. NON-COVALENT FORCES

Folding of a protein from a nascent unfolded state to 
a folded native conformation is driven by several non-
covalent interactions within the molecule. These include
van der Waals forces, steric strains, hydrogen bonding,
electrostatic, and hydrophobic interactions. The van der
Waals interactions are short range in nature and therefore
involve interactions between neighboring atoms. Although
most of the main chain and side-chain covalent bonds in
proteins are single bonds, their rotational freedom is hin-
dered because of steric constraints from side-chain groups.
Thus, steric strains indirectly limit the number of configu-
rations accessible to various segments of polypeptides. 

Proteins contain several groups that can form hydrogen
bonds. The greatest number of hydrogen bonds in proteins
occurs between the NH and CO groups of main chain
amide bonds. The maximum strength of hydrogen bonds
formed between N-H and C=O groups in proteins is about
4.5 Kcal mol�1. The majority of hydrogen bonds in proteins
occur in α-helix and β-sheet structures. The stability of
these secondary structures is partly attributable to these
hydrogen bonds. The vectorial orientation of hydrogen
bonds in α-helices renders it to behave like a macro dipole.
When two such α-helices come close and orient themselves
in anti-parallel directions and form a bundle, the macro
dipole-dipole interactions between these helices can stabi-
lize such conformations (5). However, because water itself
can hydrogen bond with amide groups in proteins, forma-
tion of hydrogen bonds between amide groups in proteins
is not thermodynamically stable in an aqueous environ-
ment. More importantly, they do not, and cannot, act as the
driving force for protein folding. Thus, their existence in 
α-helix and β-sheet structures might be the result of other
interactions that create a non-polar environment where the
hydrogen bonding and other macro dipole-dipole interac-
tions become stable. Based on these considerations, it is fair
to say that hydrogen bonds in proteins are only pseudo-
stable and their stability depends on maintenance of the
non-polar environment. 
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Electrostatic interactions in proteins at neutral pH arise
mainly between the positively charged ε-amino groups of
lysine, arginine, and histidine residues and the side-chain
carboxyl groups of glutamate and aspartate residues.
Depending on the relative numbers of these groups, a pro-
tein assumes either a net positive or a net negative charge
at neutral pH. The stability of electrostatic interactions is
dependent on the dielectric constant of the local environ-
ment. They are stronger in a non-polar environment than in
a polar environment. In aqueous solutions, because of the
high dielectric screening effect of water on charged
groups, attractive and repulsive electrostatic interactions
between charged groups in proteins are very insignificant.
Thus, charged groups located on the surface of the protein
do not greatly influence the stability of protein structure.
On the other hand, if a salt bridge occurs between two
buried opposite charges in the interior of a protein, where
the dielectric constant is about 2–4, it can contribute very
significantly to the structural stability of the protein. 

Hydrophobic interactions between non-polar side-
chain groups are considered to be the major driving force
for protein folding in aqueous solutions. These interac-
tions arise as a result of thermodynamically unfavorable
interaction between solvent water and non-polar groups in
proteins. The unfavorable free energy change occurs nei-
ther because of phobia between hydrocarbon and water
nor because of attraction between hydrocarbons. In fact,
the negative free energy change for dipole-induced dipole
interaction between water and hydrocarbons is greater
than the induced dipole-induced dipole interactions
between hydrocarbons. The origin of hydrophobic inter-
actions is rooted in the fact that the affinity between water
molecules is much greater than between water and hydro-
carbon; that is, the negative free energy change for water-
water interaction is greater than water-hydrocarbon
interaction. Because of this thermodynamically driven
preferential interaction, water tends to minimize the sur-
face area of direct contact with hydrocarbon chains and
maximize its interaction with other water molecules.
Water accomplishes this by forcing the hydrocarbon
chains to aggregate. In proteins, this hydrophobic aggre-
gation/association process is the main driving force for
the folding of the protein chain. As the non-polar residues
are removed from the aqueous environment, the non-polar
regions created within the molecule allow formation of
hydrogen bonds in such water-deficient regions as the
interior of α-helix and β-sheet structures. 

From the above discussions, it can be summarized that
the folding of a protein from a nascent unfolded state to a
folded native state is driven by a simple but fundamental
thermodynamic requirement that a majority of non-polar
groups be buried in the interior of the protein, away from
contact with the aqueous phase, and that a majority of
hydrophilic polar and charged groups be located on 
the surface of the protein in contact with the surrounding

aqueous phase in such a manner that the global free energy
of the molecule is at the lowest possible level (1). In par-
tial accordance with this dictum, almost all charged and
hydrophilic groups are found on the surface of the protein
and most, but not all, of the non-polar groups are buried in
the interior. The inability to bury all non-polar groups is
essentially related to steric constraints imposed by the
polypeptide chain. In most globular proteins, about 40% of
the protein’s surface is non-polar.

The structural stability of the folded state under a given
set of solution conditions depends on two opposing forces:
the sum of the energetics of hydrophobic interactions and
other non-covalent interactions, such as hydrogen bonds,
attractive and repulsive electrostatic interaction, and 
van der Waals interactions which favor folding of the
polypeptide chain, and the conformational entropy of the
polypeptide chain which opposes folding of the chain.
Thus, the net stability of a folded protein molecule is 

∆GU↔N � (∆GH-bond � ∆Gele � ∆GHφ � ∆GvdW ) � T ∆S
(6.1)

Here ∆GH-bond, ∆Gele, ∆GHφ, and ∆GvdW are free energy
changes for hydrogen bonding, electrostatic, hydropho-
bic, and van der Waals interactions, respectively and T∆S
is the free energy change arising from the decrease in con-
figurational entropy of the polypeptide chain as a result of
folding at temperature T. For most proteins the transfor-
mation from an unfolded state (U) to the folded state (N)
is spontaneous, implying that ∆GU↔N is negative. The net
stability, ∆GU↔N, is in the range of �5 to �20 kcal mol�1

(Table 6.1). This marginal stability suggests that the favor-
able free energy change emanating from numerous non-
covalent interactions is greatly offset by the unfavorable
free energy change arising from the loss of configura-
tional entropy of the chain.
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TABLE 6.1
Free Energy Change for Unfolding of Proteins at 25°C

Protein ∆∆GN↔↔U (kcal mol��1) Ref.

Actin 6.6 63
Bovine serum albumin 7.2
Carbonic anhydrase 10.5 64
α-Chymotrypsin (bovine) 12.9 65
Cytochrome c 8.3 65
Lysozyme (chicken) 13.5 65
α-Lactalbumin 5.3 66
β-Lactoglobulin 6.6 67
Ovalbumin 5.9 68
Papain 20.7 69
Pepsin 10.8 70
Ribonuclease A 6.0 65
Alkaline phosphatase 20.0 (30°C) 71
Troponin 4.7 (37°C) 72



The spontaneous transformation of a protein from an
unfolded state to a folded conformation in an aqueous
medium often resembles that of a hetero-polymer chain
collapsing on itself from an expanded state to a compact
state driven by the non-covalent interactions (6). This is
schematically shown in Figure 6.1. Note that because of
the partial double bond character of the amide linkage and
local steric restrictions caused by bulky side-chains, pro-
tein chains do not behave as a true random coil polymer
even in a fully unfolded, denatured state. 

III. DENATURATION

The low ∆G U↔N values indicate that the tertiary structure
of proteins is only marginally stable. Any change in the
thermodynamic environment of the protein, such as pH,
ionic strength, temperature, pressure, or presence of other
solutes, can readily cause a shift in the equilibrium in
favor of the denatured state. Two terminologies are often
used to define alterations in protein structure. Subtle
changes in the tertiary structure that do not greatly alter
the topographical features of the protein are usually iden-
tified as conformational adaptation. This kind of change
in structure occurs when a substrate, inhibitor, or a low-
molecular-weight ligand binds to a protein. Breakdown of
the tertiary fold along with unfolding of the secondary
structures is often termed “denaturation.”

While the native structure of a protein is a well-
defined entity with structural coordinates for each and
every atom in the molecule obtainable from its crystallo-
graphic structure, it is not the case for the denatured state.
Denaturation is a phenomenon wherein a well-defined ini-
tial state of a protein formed under physiological condi-
tions is transformed into an ill-defined final state under
non-physiological conditions by the application of a dena-
turing agent. It does not involve any chemical changes in
the protein. In the denatured state, because of a greater
degree of rotational motions of dihedral angles of the
polypeptide chain, the protein can assume several config-
uration states differing only marginally in free energy
(Figure 6.1). 

A. MEASUREMENT OF DENATURATION

Since conformation of a protein is not a quantifiable prop-
erty, and the “denatured state” is not a precisely definable
one, the thermodynamics of transformation of a protein
from the native state to a denatured state is often deter-
mined by measuring changes in physical and chemical
properties, such as viscosity, sedimentation coefficient,
extinction coefficient, fluorescence, optical rotation, cir-
cular dichroism, enzyme activity, and reactivity of
sulfhydryl groups of the protein. These intrinsic properties
of proteins are conformation-dependent and they are mod-
ified significantly as the protein is progressively unfolded
from the native state to a denatured state. 

The majority of globular proteins so far studied exhibit
a “two-state transition” denaturation model. The two-state
model stipulates that a protein molecule can only exist either
in the native or in the denatured state, but not in an interme-
diate state. The experimental evidence for this comes from
the fact that when changes in a physical property y of a pro-
tein are monitored as a function of the concentration of a
denaturant or temperature, the property y changes abruptly
within a narrow range of denaturant concentration (or tem-
perature), indicating that the transition from the native state
to the denatured state is a highly cooperative process. That
is, when certain critical intra-molecular interactions in the
native state are destabilized by the denaturant, other interac-
tions in the protein become highly unstable, and as a conse-
quence the whole structure unravels within a small  range of
increment of denaturant concentration. An example of this
phenomenon is shown in Figure 6.2 for urea and guanidine
hydrochloride-induced denaturation of cytochrome c (7).

For a two-state transition model, the equilibrium
between the native and the denatured state is given by

N
KD D

KD � (6.2)

Here KD is the equilibrium constant. If y(X) is the value of
the property y in the presence of a denaturant at concen-
tration X, and yN(X) and yD(X) are the values of the native
and denatured states, respectively, at denaturant concen-
tration X, then the equilibrium constant for denaturation
can be expressed as

KD(X) � � (6.3)

where fD(X) and fN(X) are the fraction of molecules in the
denatured and native states, respectively, at denaturant
concentration X. The free energy change ∆GD(X) is deter-
mined from the equation

∆GD(X) ��RT lnKD(X) (6.4)

y(X)�yN(X)
��
yD(X)�y(X)

fD(X)
�
fN(X)

[D]
�
[N]
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where R is the gas constant and T is the temperature. The
effect of the denaturant concentration on ∆GD(X) generally
follows the linear relation (7)

∆GD(X) � ∆GD(0) � md [X] (6.5)

where ∆GD(0) is the free energy change in the absence of the
denaturant, obtained from the intercept, and md is the slope. 

Although many proteins follow the two-state denatu-
ration model, recent evidence suggests that certain pro-
teins, such as α-lactalbumin, carbonic anhydrase B, and
bovine growth hormone, show deviations from the two-
state model (8–11). These proteins, under certain denatu-
ration conditions, follow a three-state transition model 

N � A � D (6.6)

where A is a stable intermediate state. The intermediate
state is described as the “molten globule” state. The con-
formation of protein in the molten globule state is neither
in the fully folded form nor in the fully unfolded form. The
characteristic features of the molten globule state, which is
sometimes referred to as the third thermodynamic state
(11), are 1) its secondary structure content in terms of 
α-helix, β-sheet, and aperiodic structures, is very similar to
that of the native conformation, 2) its overall shape and
dimension is very close to that of the native state such that
its intrinsic viscosity is almost the same as that of the

native state, 3) the environment of the side-chains, as
measured by tryptophan fluorescence, is very similar to
that of the native state, and 4) in spite of the presence of
secondary structures, the enthalpy of the molten globule is
almost the same as that of the denatured state (9). 

Acid- or alkali-induced transitions in proteins typi-
cally produce an unfolded state characterized as the
molten globule state. This phenomenon has been very
well studied in the cases of α-lactalbumin, carbonic anhy-
drase B, and bovine growth hormone. The stability of this
state depends on the ionic strength. At low ionic strength,
the molten globule, also known as the A state, becomes
fully unfolded because of electrostatic repulsion. In addi-
tion to acid and alkaline induced transitions, structural
states similar to that of molten globule are also produced
under other conditions. For instance, complete removal of
bound calcium from α-lactalbumin produces a partially
unfolded state that is identical to that produced in the acid
transition (12, 13). Stable but partially denatured state
produced by mild heating, which has a structure different
from that of the A state, is also categorized as a molten
globule (14, 15). The molten globule state is also formed
by reduction of intra-molecular disulfide bonds in pro-
teins (16). Thus, it appears that the molten globule can be
defined as any partially unfolded but stable and roughly
globular state of a protein formed under a variety of
experimental conditions, but having an enthalpy content
similar to that of the fully unfolded state. 

IV. MECHANISM OF DENATURATION

A. TEMPERATURE-INDUCED DENATURATION

Many unit operations in food processing and preservation
involve heating and cooling. These processes invariably
cause protein denaturation. Typically, most proteins undergo
thermal denaturation at elevated temperatures, but certain
proteins, e.g., myoglobin, exhibit “cold denaturation” at
sub-ambient temperatures as well. In such proteins, the
∆GN↔U versus temperature profile exhibits a bell-shaped
curve with an optimum temperature for maximum stability. 

Proteins exhibit vast differences in their thermal stabil-
ity. For instance, most enzymes are unstable even at 45°C,
which is only a few degrees above the physiological tem-
perature at which they function optimally, whereas other
enzymes, such as alkaline phosphatase, are stable at higher
temperatures. Non-enzyme proteins, especially food pro-
teins such as whey proteins and legume proteins, are usually
stable up to 70–80°C. In general, enzymes/proteins from
thermophilic and thermotropic organisms are more heat sta-
ble than those from psychrophilic and mesophilic species. 

The mechanism of temperature-induced denaturation
of proteins primarily involves the effect of temperature on
the stability of non-covalent interactions. In this respect,
the hydrogen bonding and electrostatic interactions, which

Protein: Denaturation 6-5

Urea, M
0 1 2 3 4 5 6 7 8 9

A

10

25

20

15

10

∆ε
40

5×
10

−3
, M

−1
 c

m
−1

5

1

2

0 1 2 3 4 5
GdnHCl, M

FIGURE 6.2 Guanidine hydrochloride (curve 1) and urea-
(curve 2) induced unfolding of cytochrome c at pH 6 and 25°C
(from Ref. 7). The ordinate represents change in molar extinc-
tion coefficient of the protein at 293 nm as a function of denatu-
rant concentration.



are exothermic in nature, are destabilized, and hydropho-
bic interactions, which are endothermic, are stabilized as
the temperature is increased. In addition to non-covalent
interactions, temperature dependence of conformational
entropy, T∆Sconf, also plays a major role in the stability of
proteins. The net stability of a protein at a given tempera-
ture is then the sum total of these interactions.

In globular proteins, the majority of charged groups
exist on the surface of the protein molecule, fully exposed to
the high dielectric aqueous medium. Because of the dielec-
tric screening effect of water, attractive and repulsive elec-
trostatic interactions between charged residues are greatly
reduced. For instance, the strength of electrostatic interac-
tion between two charged residues at a distance of 5 Å in
water is only about �0.8 kcal mol�1, which is comparable
to thermal kinetic energy at 25°C. In contrast, in an envi-
ronment having a dielectric constant of 4, which is compa-
rable to that of protein interior, the strength of the same
ion-pair interaction would be about �16 kcal mol�1. In
addition, at physiological ionic strength, screening of
charged groups in proteins by counter ions further reduces
electrostatic interactions in proteins. Because of these facts,
the influence of temperature on electrostatic interactions in
proteins would be negligible. Similarly, hydrogen bonds are
unstable in an aqueous environment and therefore their sta-
bility in proteins is dependent on hydrophobic interactions
that create local low dielectric environment. This implies
that so long as a non-polar environment is maintained, the
hydrogen bonds in proteins would remain intact when the
temperature is increased. These facts suggest that although
polar interactions are affected by temperature, they gener-
ally do not play a significant role in heat-induced denatura-
tion of proteins. Based on these considerations, the stability
of the native state of a protein can be simply regarded as the
net free energy difference emanating from hydrophobic
interactions that tend to minimize the nonpolar surface area
of the protein molecule and the positive free energy change
arising from the loss of conformational entropy of the chain
(T∆S). That is,

∆Gfold � ∆GHφ � ∆Gconf (6.7)

The temperature dependence of the stability of the protein
at constant pressure is then given by (17)

� � (6.8)

Hydrophobic interactions are strengthened at higher tem-
peratures; therefore, ∂∆GHφ/∂Τ � 0. Conformational
entropy increases upon unfolding of the protein; 
therefore, ∂∆Gconf/∂Τ � 0. As the temperature is
increased, the interplay between these opposing forces
reaches a point at which ∂∆Gfold/∂Τ � 0. The temperature
at which this occurs signifies the denaturation temperature
of the protein.

In dilute solutions under certain heating conditions,
thermal denaturation of globular proteins is completely
reversible. At high concentration, e.g., �1%, protein-pro-
tein interaction between unfolded protein molecules hin-
ders refolding of the protein. Prolonged heating of protein
solutions at high temperatures, viz., �90°C, can cause
irreversible denaturation of proteins regardless of the pro-
tein concentration. This is mainly due to chemical
changes in proteins, such as destruction of cysteine and
cystine residues and deamidation of asparagine and gluta-
mine residues at high temperatures (18, 19). 

In addition to denaturation at above ambient tempera-
tures, several proteins have been shown to undergo denat-
uration at cold temperatures. For instance, myoglobin
exhibits maximum stability at about 30°C and is destabi-
lized at lower and higher temperatures (20). Several food
proteins also undergo reversible dissociation and denatu-
ration at cold temperatures. For example, glycinin under-
goes reversible aggregation and precipitation when stored
at 2°C (21). The cold temperature-induced denaturation
of proteins is mainly due to a decrease in the stability of
hydrophobic interactions at low temperatures. 

The fact that the hydrophobic (solvophobic) force and
the conformational entropy are the two important forces
manifestly controlling thermodynamic stability of proteins
tentatively suggests that the stability of proteins might be in
some way depend on the amino acid composition. However,
studies have shown that thermal denaturation temperature of
proteins is not correlated with the mean hydrophobicity of
amino acid residues in proteins (22). On the other hand, cor-
relations between certain groups of amino acid residues and
thermal stability have been found. For instance, statistical
analysis of 15 proteins of known amino acid composition
and thermal denaturation temperatures has revealed that the
denaturation temperature of these proteins increased linearly
with the number percentage of the sum of Asp, Cys, Glu,
Lys, Leu, Arg, Trp, and Tyr residues, whereas it decreased
linearly with the number percentage of the sum of Ala, Gly,
Ser, Thr, Val, and Tyr residues (23). No other combinations
of the 20 different amino acid residues in proteins showed a
statistically significant correlation with the denaturation
temperature. It is likely that attractive interactions between
positively and negatively charged groups and the hydropho-
bic Leu, Trp, and Tyr residues in the first group might be
responsible for imparting stability, whereas the highly flexi-
ble Gly, Ala, and Ser residues in the second group may tend
to increase conformational entropy of proteins and thereby
contribute to instability. 

Thermal stability of proteins from thermophilic and
hyperthermophilic organisms, which can withstand
extremely high temperatures, is attributed to their unique
amino acid composition (24). These proteins contain lower
levels of Asn and Gln residues than those from mesophilic
organisms. The implication here is that because Asn and
Gln are susceptible to deamidation at high temperatures,

∂∆Gconf
�∂T

∂∆GHφ
�∂T

∂∆Gfold
�∂T
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higher levels of these residues in mesophilic proteins may
partly contribute to instability. The Cys, Met, and Trp con-
tents, which can be oxidized easily at high temperatures,
are also very low in thermostable proteins. On the other
hand, thermostable proteins have high levels of Ile and Pro
(25, 26). It is believed that the high Ile content might help
in better packing of the interior core of the protein (27),
which reduces buried cavities or void spaces. Absence of
void spaces can reduce mobility of the polypeptide chain at
high temperatures and this will minimize the increase in its
configurational entropy of the polypeptide chain at high
temperatures. A high content of Pro, especially in the loop
regions of the protein chain, is believed to provide rigidity
to the structure (28, 29). However, comparison of packing
volumes of hydrophobic residues in the interior core of
homologous glutamate dehydrogenases from mesophilic
and hyper-thermophilic organisms has shown no significant
difference between them (30), implying that the Ile content
and the packing volume may not be really critical for ther-
mostability. On the other hand, examination of crystallo-
graphic structures of several proteins/enzymes from
thermophilic organisms shows that these thermostable pro-
teins contain a significantly higher number of ion-pairs in
crevices on the surface and a substantially higher amount of
buried water molecules engaged in hydrogen bonding
bridge between segments than in their mesophilic counter-
parts (30, 31). In other words, it appears that polar interac-
tions (both salt bridges and hydrogen bonding between
segments) in the protein interior are responsible for ther-
mostability of proteins from thermophilic and hyper-ther-
mophilic organisms. As discussed earlier, it is conceivable
that the presence of 3 to 4 salt bridges between oppositely
charged groups in the protein interior could increase the
stability of protein structure by about 64 kcal/mol. In spite
of these findings, a real understanding of the molecular fac-
tors contributing to hyper-thermostability of proteins is still
elusive. Apparently, a combination of salt bridges, a strong
hydrophobic core, and reduced conformational flexibility
seems to be involved in thermostability of proteins.

Water content of dry protein powders affects their ther-
mal denaturation. As the water content is increased from
zero to about 0.4 g/g, which incidentally corresponds to
monolayer coverage for most proteins, the denaturation
temperature of proteins decreases asymptotically and
reaches a value that is similar to the denaturation tempera-
ture of the protein in a dilute solution (32). This is due to
the plasticizing effect of water, which promotes segmental
mobility in proteins.

Small-molecular-weight solutes, such as salts and sug-
ars, affect the denaturation temperature of proteins. For
instance, addition of 0.5 M NaCl to α-lactalbumin
increases its denaturation temperature by about 5°C (33).
Sucrose and glucose at 50 wt% level also elevates the
denaturation temperature by about 5°C in α-lactalbumin
(33). On the other hand, the denaturation temperature of

soy glycinin is elevated by about 15°C and that of soy con-
glycinin by about 12°C in the presence of 0.5 M NaCl com-
pared to the control (34). Interaction of vanillin with
ovalbumin decreases both the temperature and the enthalpy
of denaturation of ovalbumin (35). Addition of up to 
40 wt% sucrose to whey protein isolate solution signifi-
cantly increased both the denaturation temperature and the
gelation temperature (36). The gels formed in the presence
of sucrose were more rigid than the control. Addition of cal-
cium at 1–10 mg/g of protein during isoelectric precipita-
tion of soy protein significantly increased the denaturation
temperature of soy proteins, especially the 11S fraction; the
enthalpy of denaturation, however, was not affected (37).
These observations suggest that the magnitude of impact of
small-molecular-weight solutes on thermal stability of pro-
teins is dependent on the intrinsic properties of proteins and
their response to changes in the external environment. 

B. PRESSURE-INDUCED DENATURATION

Proteins are inherently highly flexible. This high flexibil-
ity is the underlying reason for their marginal stability
under physiological conditions. This flexibility and mar-
ginal stability, which arise due to various competing and
balancing forces, are necessary requirements for function-
ing of enzymes under physiological conditions, because a
highly rigid protein cannot exhibit conformational adapt-
ability required for binding of substrates and other ligands.

The flexibility of proteins arises because of void
spaces or cavities in the interior of the protein. The void
spaces in the interior are created by imperfect packing of
the residues as the protein chain collapses on itself during
folding. In aqueous solutions, the partial specific volume,
v�0, of a protein consists of 

v�0
� Vc � Vcav � ∆Vsol (6.9)

Here Vc is the sum of constitutive volumes of atoms in the
protein, Vcav is the volume of cavities in the protein, and
∆Vsol is the volume change due to hydration (38). Among
these three parameters, Vc is constant for a given protein
molecules since atomic volumes are incompressible. Thus,
Vcav and ∆Vsol are the main parameters that affect partial
specific volumes of proteins.

The pressure-induced denaturation is caused by com-
pressibility of the cavities or void spaces in the interior of
a protein. Differentiation of Equation 6.9 with pressure
under iso-entropic (i.e., adiabatic) conditions results in

(�v�0/�P) � (�Vcav/�P) � (�∆Vsol/�P) (6.10)

The adiabatic compressibility is defined as 

—
βs �� (6.11)

∂v
�0

�∂P
1

�
v�0
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Thus, Equation 6.10 can be expressed in terms of adia-
batic compressibility as

—
βs �� � � � (6.12)

When hydrostatic pressure is applied, compression of the
cavities results in a reduction in volume, i.e., ∂Vcav/∂P � 0,
but disruption of the hydration shells of charged and polar
surfaces causes an increase in volume, i.e., ∂Vsol/∂P � 0
(38). Because of these two opposing effects, the net com-
pressibility or decrease in the volume is only marginal.
However, if the compressibility arising from ∂Vcav/∂P
alone is considered, the compressibility of proteins is an
order of magnitude greater than water (38). 

The adiabatic compressibility,
—
βs, of some proteins is

shown in Table 6.2. It should be noted that fibrous proteins,
such as gelatin, F-actin, myosin, and tropomyosin, have
negative compressibility, indicating that the increase in vol-
ume due to disruption of hydration shells, i.e., ∂Vsol/∂P � 0,
is more dominant than the volume decrease due to elimina-
tion of cavities. It is possible that these fibrous proteins
might be devoid of cavities altogether and therefore
∂Vcav/∂P might be almost close to zero. The positive com-
pressibility values of globular proteins suggest that the neg-
ative volume change due to compression of cavities is much
greater than the positive volume change from hydration
effects. It should be noted that although the partial specific
volume of β-casein (0.744 ml g�1) is greater than that of 
αs-casein (0.739 ml g�1) and κ-casein (0.739 ml g�1), its
adiabatic compressibility is significantly lower than those
of αs- and κ-caseins. This might be related to higher proline
content of β-casein (17%) than αs- and κ-caseins. Because

of lack of rotational freedom of the dihedral angle φ of the
N-Cα bond of proline residues, protein segments containing
proline residues often behave like a stiff rod (39). It is con-
ceivable that the uniform distribution of 35 proline residues
along the backbone chain in β-casein may render the pro-
tein to behave as a stiff rod with only limited flexibility.
Among the globular proteins listed in Table 6.2,
cytochrome c has the lowest adiabatic compressibility. 

Under very high hydrostatic pressure, the collapse of
the cavities formed as a result of imperfect packing of
amino acid residues causes unfolding of the protein. In the
unfolded state, elimination of the cavities decreases the vol-
ume, and hydration of the exposed hydrophobic residues
also leads to a reduction in the volume of the solvent. Thus,
pressure-induced denaturation usually results in a net
reduction in the volume of the system (protein+water).

The free energy change under pressure-induced
denaturation of protein is related to its volume change
according to the equation

∆V � d(∆G)/dP (6.13)

The pressure-induced denaturation of single-chain pro-
teins has been measured by monitoring changes in fluo-
rescence emission and UV absorption spectra of
tryptophan residues, and changes in turbidity (40–42). A
critical review of the data in the literature suggests the fol-
lowing. In single chain proteins, pressure-induced denatu-
ration occurs only at very high pressures. For most
proteins, the midpoint of pressure-induced structural tran-
sition is in the range of 4–8 kilobars (43). In oligomeric
proteins, dissociation of subunits occurs at 1–2 kilobars,
followed by unfolding of the subunits at higher pressures.
The volume change in proteins upon pressure-induced
unfolding is typically about 0.5% of the total volume of
the protein molecule, which is considerably smaller than
the theoretically predicted value of about 2%. This tenta-
tively suggests that proteins may retain some residual
folded structures even at pressures as high as 10 kilobars.
This may partly explain complete reversibility of pres-
sure-induced unfolding in most proteins, including
oligomeric proteins. For most single chain proteins, the
free energy change at the midpoint of transition at neutral
pH and ambient temperature is in the range of 10–20 kcal
mol�1. This value is comparable to that obtained from
heat-induced or urea and guanidine hydrochloride-
induced denaturation. Taken together, the smaller than
expected volume change in proteins might indicate that
proteins may assume a molten globule state, instead of the
completely unfolded state, under high pressure since the
enthalpy content of the molten globule state and the fully
unfolded state are almost the same.

In addition to causing protein denaturation, high
hydrostatic pressure disrupts the integrity of macromolec-
ular assemblies, such as biomembranes, ribosomes, and

∂Vsol
�∂P

∂Vcav
�∂P

1
�
v
�0
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TABLE 6.2
Adiabatic Compressibility, 

—
ββs, of Proteins1

Protein
—
ββs (cm2 dyn��1 1012)

Gelatin �2.5
F-actin �6.3
Myosin �18.0
Tropomyosin �41.0
α-Casein 7.74
αs-Casein 5.68
β-Casein 3.80
κ-Casein 7.49
Whole casein 6.67
α-Lactalbumin 8.27
β-Lactoglobulin 8.45
Lysozyme 4.67
Myoglobin 8.98
Peroxidase 2.36
Ovalbumin 9.18
Ovomucoid 3.38
Bovine serum albumin 10.50
Cytochrome c 0.066

1 Compiled from References 73 and 74.



bacterial cell walls. Disruption of cell membrane is often
irreversible, which results in inactivation of vegetative
cells. For this reason, high-pressure treatment of food
products is being examined for its effectiveness as a tool
for food preservation (44–46). At sufficiently high protein
concentration, pressure denaturation can cause non-ther-
mal gelation of proteins (47, 48). Exposure of myosin to
pressures up to 800 MPa for 20 min causes denaturation
and polymerization of myosin; the polymerized structure
contains both hydrogen bonds (as judged from differential
scanning calorimetry (DSC)) and disulfide cross-links
(49). Pressure-induced gels are softer in texture than the
heat-induced gels. However, pressure-induced gels retain
color, flavor, and vitamins and other nutrients that are
destroyed to some extent in thermally processed foods
and in heat-induced gels. 

C. DENATURATION BY SMALL-MOLECULAR-
WEIGHT ADDITIVES

Several small-molecular-weight solutes, such as urea,
guanidine hydrochloride, detergents, sugars, and neutral
salts, affect protein stability in aqueous solutions. While
urea, guanidine hydrochloride, and detergents destabilize
the native conformation of proteins, sugars tend to stabilize
the native structure. In the case of neutral salts, while cer-
tain salts, such as sulfate and fluoride salts of sodium,
termed as kosmotropes, stabilize protein structure, other
salts, such as bromide, iodide, perchlorate, and thiocyanate,
termed as chaotropes, destabilize protein structure.

The stabilizing or destabilizing effects of small-
molecular-weight additives on proteins is believed to fol-
low a general mechanism. This is related to their prefer-
ential interaction with the aqueous phase and the protein
surface. Additives that stabilize protein structure bind
very weakly to the protein surface but enhance preferen-
tial hydration of the protein surface (Figure 6.3). Such
additives are generally excluded from the region sur-
rounding the protein; that is, their concentration near the
protein is lower than in the bulk solution. This concentra-
tion gradient presumably creates an osmotic pressure gra-
dient surrounding the protein molecule, sufficient enough
to elevate the thermal denaturation temperature. For
instance, studies on protein stabilization by glycerol using
the electrospray ionization mass spectrometry (ESI-MS)
technique have shown that in glycerol solutions lysozyme
assumes a slightly compressed state compared with its
state in water (50). This might be due to creation of an
exclusion zone around the protein surface for glycerol and
development of an osmotic pressure gradient.

In the case of additives that destabilize protein struc-
ture, the opposite seems to be true. That is, those additives
that decrease the stability of proteins preferentially bind to
the protein surface and cause dehydration of the protein.
In such cases, water molecules are excluded from the

region surrounding the protein and the concentration of
the additive in this water-excluded region is higher than in
the bulk solvent. Favorable interaction of such additives
with protein surface, particularly the non-polar surface,
promotes unfolding of the protein so that the buried non-
polar surfaces are further exposed for favorable interac-
tion with the additive.

When a protein is exposed to a mixture of stabilizing
and destabilizing solutes, the net effect on protein stabil-
ity generally follows an additivity rule. For example,
sucrose and polyols are considered to be protein structure
stabilizers, whereas guanidine hydrochloride is a structure
destabilizer. When sucrose is mixed with guanidine
hydrochloride, the concentration of guanidine hydrochlo-
ride required for unfolding proteins increased with
increase of sucrose concentration (51). It was also
observed that the structure of water was altered in the
presence of guanidine hydrochloride and urea. However,
addition of polyhydric compounds such as sucrose coun-
tered this urea and guanidine hydrochloride-induced
change in water structure. Thus, the increase in guanidine
hydrochloride and urea concentrations required for unfold-
ing proteins in the presence of sucrose and other polyhy-
dric compounds might be due to mutually opposing effects
of these compounds on water structure (51). This also
underscores that changes in water structure in the presence
of additives are involved in some fundamental way in the
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FIGURE 6.3 Schematic representation of preferential binding
of solute and solvent molecules with proteins in the cases of 
kosmotropes (structure stabilizers) and chaotropes (structure
destabilizers).



transmission of the effects of additives on protein stability.
The exact mechanism is still elusive, partly because “water
structure” is not yet a well-defined concept.

Theoretical statistical thermodynamic analyses have
shown that the excluded volume of additives has three dis-
tinct types of effects on protein stability (52): 1) Small-size
solutes strongly denature proteins, 2) medium-size solutes
stabilize proteins at low solute concentrations and destabi-
lize them at high concentrations, and 3) large-size solutes
stabilize the native state of proteins across the whole liquid
region. In agreement with this theory, stabilizers tend to be
large-size molecules such as sugars, polymers, polynols,
nonionic, and anionic surfactants while denaturants tend to
be small-size molecules such as alcohols, glycols, amides,
formamides, ureas, and guanidium salts.

The mechanism of preferential binding to or exclusion
from protein surface of additives in aqueous solutions is a
complex one. Various molecular interactions between the
additive and protein (both with the protein surface and pro-
tein interior) are involved. These interactions include elec-
trostatic and van der Waals interactions (consisting of
Debye-Keesom and London dispersion interactions) with
proteins, as well as their interaction with solvent water. It
has been pointed out (53, 54) rather convincingly that pref-
erential binding or exclusion of ions from a protein surface
in aqueous electrolyte solutions can be fully explained
only by including, in addition to electrostatic interactions,
dispersion interactions between ions and the protein.

1. Urea and Guanidine Hydrochloride

Both urea and guanidine hydrochloride denature proteins
at very high concentrations. Guanidine hydrochloride is a
more potent denaturant than urea. For globular proteins the
midpoint of unfolding transition occurs at 4–6 M urea and
at 3–4 M guanidine hydrochloride concentrations.
Generally, globular proteins are completely denatured in 8
M urea and 6 M guanidine hydrochloride. The mechanism
of denaturation of proteins by urea and guanidine
hydrochloride is related to their solubilizing effect on both
polar and non-polar amino acid residues. Solubility studies
on non-polar amino acids have shown that the free energy
change for transfer of non-polar groups from water to urea
and guanidine hydrochloride solutions is favorable (55).
This transfer free energy is proportional to the accessible
surface area of the non-polar solute, which is about –7.1
cal mol�1 Å�2 for 8 M urea and –8.3 cal mol�1 Å�2 for 6
M guanidine hydrochloride (55). Because urea and guani-
dine hydrochloride interact more favorably with both polar
and non-polar groups (via ion-dipole and dispersion inter-
actions) on the protein surface than does water, they pref-
erentially bind to proteins. This preferential interaction
further leads to unfolding and solubilization of buried non-
polar residues. This shift in equilibrium from native state
to the unfolded state is driven by the thermodynamic

requirement to increase the area of contact between protein
non-polar surfaces and the denaturant. 

2. Neutral Salts

Neutral salts affect protein stability via two different mech-
anisms. At low concentrations (�0.5 M), non-specific elec-
trostatic interactions with charged groups on protein surface
results in neutralization of electrostatic (repulsive) interac-
tions within a protein and this often leads to stabilization of
protein structure. Salts also affect the pKa of ionizable
groups in proteins, especially the acidic residues, which
causes changes in thermal stability of proteins (56). At
higher concentrations, neutral salts exert ion-specific effects
on protein stability depending on their relative position in
the Hofmeister Series (56). The effects of anions on protein
stability are greater than the cations and follows the order
F��SO4

2��Cl��Br��I��ClO4
��SCN��Cl3CCOO�.

F� and SO4
2� actually increase the stability of protein struc-

ture (kosmotropes), whereas Br�, I�, ClO4
�, SCN�, and

Cl3CCOO� ions destabilize protein structure (chaotropes).
The stabilizing and destabilizing effects of these ions on
protein structure are manifested in the form of elevation and
depression of the denaturation temperature (Td) of proteins.
For instance, Figure 6.4 shows the effect of neutral salts on
Td of β-lactoglobulin (58). At high concentrations, Na2SO4

and NaCl significantly raise the denaturation temperature,
whereas NaSCN and NaClO4 lower the denaturation tem-
perature of β-lactoglobulin. 

Several theories have been proposed to explain the
effects of neutral salts on protein structure and stability 
(57, 59). Experimental evidence indicates that the effects of
salts on protein stability are related to their relative ability to
bind to proteins and affect its hydration. Salts that stabilize
protein structure weakly bind to the protein surface and
enhance hydration of the protein, whereas salts that destabi-
lize protein structure bind strongly to protein surface and
cause dehydration of the protein (60). However, the funda-
mental reasons for differential binding of salts, for example
monovalent salts, to proteins are not well understood. It
appears that ion binding to proteins cannot be simply
explained using classical electrostatic potential on the 
surface. It might also involve dispersion forces between the
ion and the apolar interior of the protein (54). The dispersion
potential, which relates to ion-dipole polarizability effects,
is dependent on ionic radius and concentration and the
dielectric susceptibility of the protein. On a more funda-
mental level, differences in interaction of salts with proteins
must be related to free energy differences between interac-
tion with solvent water and protein surface. In this case, ions
might affect the thermodynamic state of water and alter its
solvent properties. It has been shown that salts that stabilize
protein structure also enhance hydrogen-bonded structure of
water, and salts that destabilize protein structure also break
down the hydrogen-bonded structure of water (59).
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3. Detergents

Detergents, especially anionic detergents such as sodium
dodecyl sulfate (SDS), are potent denaturing agents.
Unlike urea and guanidine hydrochloride, SDS can dena-
ture proteins at 3–8 mM concentration. The mechanism of
denaturation involves strong binding of SDS to hydropho-
bic groups in the crevices of the protein molecule, which
results in destabilization and solubilization of buried
hydrophobic regions. Proteins bind up to about 1.4 g of
SDS per gram of protein. Because of this high binding
capacity, proteins in SDS solution become highly nega-
tively charged and consequently electrostatic repulsion
between segments also play a role in protein unfolding.
Unlike in other denaturing environments, the denatured
state of proteins in SDS solution is generally not in a ran-
dom or aperiodic conformation; invariably they assume a
helical rod-type shape. Because of strong binding via
hydrophobic interactions, detergent-induced denaturation
of proteins is mostly irreversible, whereas denaturation by
urea and guanidine hydrochloride is generally reversible
under appropriate conditions. 

4. Organic Solvents

The mechanism of protein denaturation by organic solvents
such as ethanol, propanol, and acetone is complex. This is
because these water miscible organic solvents affect various

molecular forces, such as electrostatic, hydrogen bonding,
and hydrophobic interactions, in proteins differently.
However, the effects are mediated mainly via a decrease in
the dielectric constant of the solvent medium. First, when a
water-miscible organic solvent is added to a protein solu-
tion, the decrease in the permittivity of the medium
increases electrostatic repulsion between like charges and
enhances attraction between unlike charges. The repulsive
interactions tend to unfold the protein, whereas the attractive
electrostatic interactions tend to stabilize the structure. The
latter becomes crucial if the protein contains a salt bridge
between a carboxyl and an amino group in a partially
exposed crevice on the surface of the protein. Second,
because apolar residues in proteins are more soluble in an
organic solvent and in an aqueous-organic solvent mixture
than in water, the hydrophobic interactions within the pro-
tein are weakened and consequently the buried non-polar
groups tend to become exposed to the solvent, which results
in unfolding of the tertiary structure of the protein. Third,
although the tertiary (and quaternary) structure of the pro-
tein may unfold, the secondary structures, viz., α-helix and
β-sheet, which are stabilized by hydrogen bonds, may not
unfold. In the low dielectric environment of the aqueous-
organic solvent mixture, strengthening of these dipole-
dipole interactions may actually stabilize the secondary
structure. In fact, a recent study has shown that in the entire
range of aqueous-organic mixtures, that is, from pure water
to pure organic solvent, the secondary structure of lysozyme
and subtilsin remained essentially intact (61). It is notewor-
thy that several enzymes retain their activity in neat organic
solvents and that is the basis for non-aqueous enzymology
(61). Hexane extraction of oil from dry soybeans and other
oilseeds at low temperature causes very little denaturation of
soy proteins. However, when the moisture content of soy-
bean is high (�10%), hexane extraction often leads to par-
tial denaturation of soy proteins.

Exposure of proteins to polar organic solvents at ele-
vated temperature usually causes extensive denaturation. In
the case of food proteins, this results in poor aqueous solu-
bility of the protein. For example, hot aqueous ethanol treat-
ment (55% ethanol at 80°C) caused complete denaturation
of pea protein isolate and a large reduction in its protein dis-
persibility index (62). A significant reduction in the trypsin
inhibitory activity of pea protein isolate also was observed.
However, treatment with higher ethanol concentration
(65%) and lower treatment temperature (65°C) minimized
protein insolubility and caused only a marginal reduction in
trypsin inhibitory activity. 

5. pH-Induced Denaturation

Proteins are either negatively or positively charged at neu-
tral pH. Since this represents the physiological pH, the
native structure of the protein represents an equilibrium
structure with a global minimum free energy that has
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already taken into account the preexisting repulsive and
attractive electrostatic interactions. However, at pH values
away from the neutral pH, changes in the state of ionization
of various charged residues in proteins alter the electrostatic
free energy of the protein, resulting in conformational
changes. Most proteins are very stable at their isoelectric
pH, where the net charge of the protein is zero and electro-
static repulsive interactions are at a minimum. However,
many proteins unfold at pH values below 5 and above 10.
This unfolding is not simply because of changes in the ion-
ization state of the charged residues on the surface of the
protein, but is related to ionization of residues that are par-
tially or fully buried in the protein. Specifically, in many
proteins histidine (pKa � 6.0) and tyrosine residues (pKa �
9.6) are buried in the un-ionized form in proteins. When the
pH of the solution is decreased below 5.0, ionization of the
buried histidine residues can cause unfolding. Similarly
when the pH of the solution is increased above 10, ioniza-
tion of buried tyrosine residues can unravel the protein
structure. The pH-dependent ionization of charged residues
on the surface of the protein also may contribute to protein
denaturation. Protonation of carboxyl groups (pKa � 4.6)
at acidic pH eliminates negative charge and the protein
becomes highly positively charged. On the other hand,
deprotonation of lysine residues (pKa � 10.2) at pH above
10.5 decreases the positive charge and the protein becomes
highly negatively charged. In both situations, increased
electrostatic repulsion between surface charges may also
contribute to unfolding of the protein. If salt bridges
between positively and negatively charged residues in par-
tially buried surface crevices of proteins are involved in the
stability of native structure of proteins, then protonation (of
the carboxyl group) and/or deprotonation (of the amino
group) of one of the groups of the salt bridge can signifi-
cantly perturb protein structure. In many cases, the pH-
induced denaturation of proteins is reversible, but
prolonged exposure to extreme pH values can cause hydrol-
ysis of certain peptide bonds, deamidation of asparagine
and glutamine residues, and destruction of cysteine
residues via β-elimination reaction. Such chemical alter-
ations in proteins would result in irreversible denaturation.

V. SUMMARY

Despite the presence of numerous intra-molecular inter-
actions, proteins exist in a metastable state.
Thermodynamically, the net stability of the native struc-
ture of proteins is only about 5–20 kcal mol�1. Because of
this, destabilization of a few critical interactions in a pro-
tein by temperature, salts, pH, and other small-molecular-
weight denaturants can cause cooperative unraveling of
the native structure. In the case of food proteins, the
majority of which are oligomeric proteins, the denatura-
tion phenomenon is more complex than that 
in monomeric proteins. In oligomeric proteins, the 

denaturation process may follow a three-state model, the
first being the dissociation of the oligomer into monomers
and the second being unfolding of the monomers. In some
proteins these two processes may occur in a de-coupled
manner and in other proteins these may be coupled
together. Such complex structural transitions in proteins
may affect their functional properties as food protein
ingredients. They also affect the nutritional properties of
proteins, e.g., digestibility. Proteins that are resistant to
thermal denaturation also are less digestible, e.g., soy pro-
teins. Thus, a fundamental understanding of the structural
stability of food proteins and their denaturation behavior
under various environmental conditions as encountered in
a food milieu is essential for understanding their struc-
ture-function relationships in food systems.

REFERENCES

1. S Damodaran. Structure-function relationship of pro-
teins. In: NS Hettiarachchy, GR Ziegler. eds. Protein
Functionality in Food Systems. New York: Marcel
Dekker, 1994, pp. 1–38.

2. Z Haiming, S Damodaran. Heat-induced conformational
changes in whey protein isolate and its relation to foam-
ing properties. J Agric Food Chem 42:846–855, 1994.

3. LP Voustinas, E Cheung, S Nakai. Relationship of
hydrophobicity to emulsifying properties of heat dena-
tured proteins. J Food Sci 48:26–32, 1983.

4. N Matsudomi, H Mori, A Kato, K Kobayashi.
Emulsifying and foaming properties of heat denatured
soybean 11S globulin in relation to their surface
hydrophobicity. Agric Biol Chem 49:915–919, 1985.

5. CN Pace. The stability of globular proteins. CRC Crit
Rev Biochem 3:1–43, 1975.

6. KA Dill, D Stigter. Modeling protein stability as het-
eropolymer collapse. Advan Protein Chem 46:59–104,
1995.

7. R Gupta, F Ahmad. Protein stability: Functional
dependence of denaturational Gibbs energy on urea
coancentration. Biochemistry 38:2471–2479, 1999.

8. OB Ptitsyn. Protein folding: Hypotheses and experi-
ments. J Protein Chem 6:272–293, 1987.

9. K Kuwajima. The molten globule state as a clue for
understanding the folding and cooperativity of globular
protein structure. Proteins: Structure Function Genetics
6:87–103, 1989.

10. JJ Ewbank, TE Creighton. The “molten globule” protein
conformation probed by disulfide bonds. Nature
350:518–520, 1991.

11. W Pfeil. Is the molten globule a third thermodynamic
state of protein? The example of α-lactalbumin. Proteins:
Structure Function Genetics 30:43–48, 1998.

12. DA Dolgikh, RI Gilmanshin, EV Brazhnikov, VE
Bychkova, GV Semisotnov, S Venyaminov, OB Ptitsyn.
α-Lactalbumin compact state with fluctuating tertiary
structure? FEBS Lett 136:311–315, 1981.

13. K Kuwajima, Y Harushima, S Sugai. Influence of 
Ca2� binding on the structure and stability of bovine 

6-12 Handbook of Food Science, Technology, and Engineering, Volume 1



α-lactalbumin studied by circular dichroism and nuclear
magnetic resonance spectra. Int J Peptide Protein Res
27:18–27, 1986.

14. PP de Laureto, E Frare, R Gottardo, A Fontana. Molten
globule of bovine alpha-lactalbumin at neutral pH
induced by heat, trifluoroethanol, and oleic acid: A
comparative analysis by circular dichroism spec-
troscopy and limited proteolysis Proteins: Structure
Function Genetics 49:385–397,2002. 

15. K Gast, D Zirwer, H Welfle, VE Bychkova, OB Ptitsyn.
Quasielastic light scattering from human a-lactalbumin:
Comparison of molecular dimensions in native and
‘molten globule’ states. Int J Biol Macromol 8:231–236,
1986.

16. SW Cai, BR Singh. Role of the disulfide cleavage
induced molten globule state of type A botulinum neu-
rotoxin in its endopeptidase activity. Biochemistry 40:
15327–15333, 2001.

17. KA Dill, DOV Alonso, K Hutchinson. Thermal stabilities
of globular proteins. Biochemistry 28:5439–5449, 1989.

18. CH Wang, S Damodaran. Thermal destruction of cys-
teine and cystine residues of soy protein under condi-
tions of gelation. J Food Sci 55:1077–1080, 1990.

19. TJ Ahren, AM Klibanov. The mechanism of irreversible
enzyme inactivation at 100° C. Science 228:1280–1284,
1985.

20. PL Privalov. Cold denaturation of proteins. CRC Crit
Rev Biochem 25:281–305, 1990.

21. WJ Wolf, DA Sly. Cryoprecipitation of soybean 11S
protein. Cereal Chem 44:653–657, 1967.

22. HB Bull, K Breese. Thermal stability of proteins. Arch
Biochem Biophys 158:681–686, 1973.

23. PK Ponnuswamy, R Muthusamy, P Manavalan. Amino
acid composition and thermal stability of proteins. Int J
Biol Macromol 4:186–190, 1982.

24. RJM Russell, GL Taylor. Engineering thermostability:
Lessons from thermophilic proteins. Curr Opin
Biotechnol 6:370–374, 1995.

25. D Shortle, WE Stites, AK Meeker. Contributions of the
large hydrophobic amino acids to the stability of
Staphylococcal nuclease. Biochemistry 29:8033–8041,
1990.

26. K Watanabe, K Chishiro, K Kitamura, Y Suzuki. Proline
residues responsible for thermostability occur with high
frequency in the loop regions of an extremely ther-
mostable oligo-1,6-glucosidase from Bacillus thermoglu-
cosidasius KP1006. J Biol Chem 266:24287–24294.

27. RJM Russell, DW Hough, MJ Danson, GL Taylor. The
crystal structure of citrate synthase from the ther-
mophilic archaeon, Thermoplasma acidophilium.
Structure 2:1157–1167, 1994.

28. S Nakamura, T Tanaka, RY Yada, S Nakai. Improving
the thermostability of Bacillus stearothermophilus neu-
tral protease by introducing proline into the active site
helix. Protein Engineering 10:1263–1269, 1997.

29. Y Li, PJ Reilly, C Ford. Effect of introducing proline
residues on the stability of Aspergillus awamori. Protein
Engineering 10:1199–1204, 1997.

30. KSP Yip, TJ Stillman, K Britton, PJ Artymium, PJ
Baker, SE Sedelnikova, PC Engel, A Pasquo, R

Chiaraluce, V Consalvi, R Scandurra, DW Rice. The
structure of Pyrococcus furiosus glutamate dehaydroge-
nase reveals a key role for ion-pair networks in main-
taining enzyme stability at extreme temperatures.
Structure 3:1147–1158, 1995.

31. CF Aguilar, L Sanderson, M Moracci, M Ciaramella, R
Nucci, M Rossi, L Pearl. Crystal structure of the β-gly-
cosidase from the hyperthermophilic archeon
Sulfolobus solfataricus. J Mol Biol 271:789–802, 1997.

32. Y Fujita, Y Noda. The effect of hydration on the thermal
stability of ovalbumin as measured by means of differ-
ential scanning calorimetry. Bull Chem Soc Jpn
54:3233–3234, 1981.

33. JI Boye, I Alli, AA Ismail. Use of differential scanning
calorimetry and infrared spectroscopy in the study of
thermal and structural stability of α-lactalbumin. J
Agric Food Chem 45:1116–1125, 1997.

34. S Damodaran. Refolding of thermally unfolded soy pro-
teins during the cooling regime of the gelation process:
Effect on gelation. J Agric Food Chem 36:262–269,
1988.

35. VY Grinberg, NV Grinberg, AY Mashkevich, TV
Burova, VB Tolstoguzov. Calorimetric study of interac-
tion of ovalbumin with vanillin. Food Hydrocolloids
16:333–343, 2002.

36. A Kulmyrzaev, C Bryant, DJ McClements. Influence of
sucrose on thermal denaturation, gelation and emulsion
stabilization of whey proteins. J Agric Food Chem
48:1593–1597, 2000.

37. AA Scilingo, MC Anon. Calorimetric study of soybean
protein isolates – Effects of calcium and thermal treat-
ments. J Agric Food Chem 44:3751–3756, 1996.

38. K Gekko. Flexibility of globular proteins in water as
revealed by compressibility. In: H Levine, L Slade, Eds.
Water Relationships in Food. New York: Plenum Press,
1991, pp. 753–771.

39. C Branden, J Tooze. In: Introduction to Protein
Structure. New York: John Wiley & Sons, 1980, p. 628.

40. RS Garcia, JA Amaral Jr, P Abrahamsohn, S Verjovski-
Almeida. Dissociation of F-actin induced by hydrostatic
pressure. Eur J Biochem 209:1005–1011, 1992.

41. PTT Wong, IS Girons, Y Guillou, GN Cohen, O Barzu,
HH Mantsch. Pressure-induced changes in the 
secondary structure of the Escherichia coli methionine
repressor protein. Biochim Biophys Acta 996:260–262,
1989.

42. SJ Tumminia, JF Koretz, JV Landau. Hydrostatic pres-
sure studies of native and synthetic thick filaments: in
vitro myosin aggregates at pH 7.0 with and without 
C-protein. Biochim Biophys Acta 999:300–312, 1989.

43. G Weber, HG Drickamer. The effect of high pressure
upon proteins and other biomolecules. Quarterly Rev
Biophys 16:89–112, 1983.

44. DG Hoover, C Metrick, AM Papineau, DF Farkas, D.
Knorr. Biological effects of high hydrostatic pressure on
food microorganisms. Food Technol (Chicago), pp.
99–107, 1989.

45. DE Johnston, BA Austin, RJ Murphy. Effects of high
hydrostatic pressure on milk. Milchwissenschaft
47:760–763.

Protein: Denaturation 6-13



46. T Ohshima, H Ushio, C Koizumi. High pressure 
processing of fish and fish products. Trends Food Sci
Technol 4:370–375, 1993.

47. DE Johnston, BA Austin, RJ Murphy. Properties of
acid-set gels prepared from high pressure treated skim
milk. Milchwissenschaft 48:206–209, 1993.

48. K Yamamoto, T Miura, T Yasui. Gelation of myosin 
filament under high hydrostatic pressure. Food
Structure 9:269–277, 1990.

49. K Angsupanich, M Edde, DA Ledward. Effect of high
pressure on myofibrillar proteins of cod and turkey. J
Agric Food Chem 47:92–99, 1999.

50. R Grandori, I Matecko, P Mayr, N Muller. Probing pro-
tein stabilization by glycerol using electrospray mass
spectrometry. J Mass Spectrometry 36:918–922, 2001.

51. LS Taylor, AC Williams, HGM Edwards, V Mehta, GS
Jackson, IG Badcoe, AR Clark. Sucrose reduces the
efficiency of protein denaturation by a chaotropic agent.
Biochim Biophys Acta 1253:39–46, 1995.

52. YQ Zhou, CK Hall. Solute excluded-volume effects on
the stability of globular proteins: A statistical thermody-
namic theory. Biopolymers 38:273–284, 1996.

53. J Mahanty, BW Ninham. Dipersion Forces. London:
Academic Press, 1976.

54. BW Ninham, V Yaminsky. Ion binding and ion speci-
ficity: The Hofmeister effect and Onsager and Lifshitz
theories. Langmuir 13:2097–2108, 1997.

55. TE Creighton. Electrophoretic analysis of the unfolding
of proteins by urea. J Mol Biol 129:235–264, 1979.

56. Y Abe, T, Ueda, H Iwashita, Y Hashimoto, H
Motoshima, Y Tanaka, T Imoto. Effect of salt concen-
tration on pKa of acidic residues in lysozyme. J
Biochem 118:946–952, 1995.

57. KD Collins, MW Washabaugh. The Hofmeister effect
and the behavior of water at interfaces. Q Rev Biophys
18:323–422, 1985.

58. S Damodaran. Influence of protein conformation on its
adaptability under chaotropic conditions. Int J Biol
Macromolec 11:2–8, 1988.

59. PH von Hippel, T Schleich. The effects of neutral salts
on the structure and conformational stability of macro-
molecules in solution. In: SN Timasheff, GD Fasman,
Eds. Structure and Stability of Biological
Macromolecules. New York: Marcel Dekker, 1969, pp.
417–574.

60. T Arakawa, SN Timasheff. Mechanism of protein salt-
ing-in and salting-out by divalent cation salts: Balance

between hydration and salt binding. Biochemistry
23:5912–5923, 1984.

61. K Griebenow, AM Klibanov. On protein denaturation in
aqueous-organic mixtures but not in pure organic sol-
vents. J Am Chem Soc 118:11695–11700, 1996.

62. GH Tolman. Effect of hot aqueous ethanol treatment on
antinutritional factors, protein denaturation and func-
tional properties in raw pea and pea protein isolate.
Animal Feed Sci Technol 56:159–168, 1995.

63. CC Contaxis, CC Bigelow, CG Zarkadas. The thermal
denaturation of bovine cardiac G-actin. Can J Biochem
55:325–331, 1977.

64. P Cupo, W El-Deiry, PL Whitney, WM Awad.
Stabilization of proteins by guanidination. J Biol Chem
255:10828–10833, 1980.

65. GI Makhatadze, PL Privalov. Thermodynamic proper-
ties of proteins. In: JE Mark, ed. Physical Properties of
Polymers Handbook. New York: AIP Press, 1996, p. 91.

66. TM Hendrix, Y Griko, P Privalov. Energetics of struc-
tural domains in alpha-lactalbumin. Protein Sci
5:923–931, 1996.

67. M Hollecker, TE Crieghton. Effect on protein stability
of reversing the charge on amino groups. Biochim
Biophys Acta 701:395–404, 1982.

68. F Ahmad, A Salahuddin. Reversible unfolding of the
major fraction of ovalbumin by guanidine hydrochlo-
ride. Biochemistry 15:5168–5175, 1976.

69. W Pfeil. Unfolding of proteins. In: HJ Hinz, Ed.
Thermodynamic Data for Biochemistry and
Biotechnology. Berlin-New York: Springer-Verlag,
1986, p. 349.

70. PL Privalov, PL Mateo, NN Khechinashvili, VM
Stepanov, LP Revina. Comparative thermodynamic
study of pepsinogen and pepsin structure. J Mol Biol
152:445–464, 1981.

71. K Wuthrich, G Wagner, R Richarz, W Braun.
Correlations between internal mobility and stability of
globular proteins. Biophys J 32:549–560, 1980.

72. AL Jacobson, G Devin, H Braun. Thermal denaturation
of beef cardiac troponin and its subunits with and with-
out calcium ion. Biochemistry 20:1694–1701, 1981.

73. K Gekko, Y Hasegawa. Compressibility-structure rela-
tionship of globular proteins. Biochemistry
25:6563–6569, 1986.

74. K Gekko, Y Hasegawa. Effect of temperature on the
compressibility of native globular proteins. J Phys
Chem 93:426–433, 1989.

6-14 Handbook of Food Science, Technology, and Engineering, Volume 1



I. INTRODUCTION

Functionality has been described as the non-nutritive roles
that food constituents play in a food system. More for-
mally, functional properties are the physical and chemical
properties that affect the behavior of molecular con-
stituents in food systems. Functionality of ingredients is
important in the preparation, processing, storage, quality,
and sensory attributes of foods (1). Proteins in foods are
multifunctional and may be the principal structural com-
ponent in many food systems, including products from

meat and poultry, eggs, dairy, cereals, and legumes.
Proteins contribute significantly to the sensory attributes
and overall quality of products of which they are a com-
ponent. Knowledge of protein functionality is critical for
the development of new products and the improvement of
existing ones. An example is the use of less expensive pro-
tein sources as replacements in traditional food products.
Use of less expensive proteins not only allows for cost
reduction, but also can increase the utilization of food
materials that previously might have been considered
waste products. As our society increases in complexity,
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the demand for new food products requires us to under-
stand protein functionality so that we can modify or con-
trol their behavior in new food systems. 

Functional properties commonly associated with pro-
teins include solubility, gelation, emulsification, foaming,
and water-holding capacity. Table 7.1 lists these func-
tional properties and gives examples of foods which com-
monly exhibit them. Smith (2) classified functional
properties into three broad categories: 1) hydration pro-
perties such as solubility or water retention, 2) protein-
protein interactions such as gelation, and 3) surface
properties such as emulsification and foaming. 

In many foods systems, proteins are multifunctional
in that they might play a number of different functional
roles in a given food. Additionally, a given food might
require several different proteins so that all of the func-
tional needs of the food are met. Excellent examples of
this are highly ground or comminuted muscle foods sys-
tems such as frankfurters or bologna. Those products
require proteins that exhibit good solubility, gelation,
water-holding capacity, and emulsification. Because the
naturally occurring proteins in muscle might not perform
all of these roles well, it is necessary to add functional
proteins to these formulations in the form of food protein
ingredients. Protein additives available for use in 

formulated foods come from many sources and are in high
demand by the food industry. As seen in Table 7.2, protein
ingredients are extracted and purified (or partially puri-
fied) from both plant and animal sources. Besides native
source, the major functional protein in each is also listed.
Typically, protein ingredients are called concentrates if
they contain between 50–80% protein and isolates if their
concentration is greater than 90% (2).

The major factors that influence the functional proper-
ties of a protein are its biochemical nature and how it was
affected by extraction and purification into a food ingredi-
ent. Perhaps of paramount importance is the primary struc-
ture, or amino acid sequence, of the protein. This sequence
dictates how the protein might fold in regular patterns (sec-
ondary structure) and how it might appear in three dimen-
sions (tertiary structure). Whether or not a protein is a
single unit or contains multiple subunits (quaternary struc-
ture) is also a function of primary structure. The tertiary and
quaternary structures of proteins are very important to the
overall functionality of the proteins. These structures dic-
tate the physicochemical properties of the protein including
surface charge, hydrophobicity, stability to heat and chem-
icals, molecular flexibility, and dissociation behavior. The
physicochemical properties of proteins are what determine
how it functions in a food system. Thus, if we can under-
stand the physical and chemical properties of a protein we
can begin to predict how it might behave in a food.
Understanding these principles also allows us to manipulate
the physical and chemical characteristics of a protein dur-
ing food preparation and subsequent processing. We can
also use this knowledge to perhaps alter the properties of a
protein ingredient to change how it functions in a food. 

Figure 7.1 illustrates how the physicochemical prop-
erties of a protein might be altered. Food proteins can be
altered by processing operations, environmental condi-
tions, or interactions with other ingredients in the food
system. Processing conditions that might alter functional
properties include heating, drying, freezing, mixing or
shearing, and pressurizing. Environmental conditions that
influence protein functionality are ionic strength, pH,
types of salts present, and oxidation-reduction potential.
Environmental conditions tend to overlap with ingredient
interactions, since many ingredients have a strong 
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TABLE 7.1
Important Functional Properties of Proteins in Several
Food Systems

Functional Property Food System(s)

Solubility Infant formulas, protein beverages, beer,
yogurt drinks

Water-holding ability Tumbled hams, deli meats, frankfurters,
(capacity) poultry products, yogurt

Gelation Frankfurters, custards, gelatin, comminuted 
meat and poultry products

Emulsification Ice cream, liquid coffee creamers, salad 
dressings, milk, mayonnaise, gravies

Foaming Angel and sponge cakes, meringues, soufflés,
marshmallows, whipped cream and
toppings

TABLE 7.2
Major Functional Proteins: Their Sources and Food Use Examples

Major Functional Protein Source Use

Gluten: glutenin, gliadin Wheat Bakery, pasta, bread
Legumin: 11S and 7S globulins Legumes Soy protein isolates, texturized vegetable protein, infant formulas
Casein Milk Whipped toppings
Alpha lactalbumin
Beta lactoglobulin

Whey Whey protein isolates, ice cream, infant formula

Myosin Muscle (beef, poultry) Frankfurters, deli meats, massaged and tumbled hams, lunchmeats, surimi
Gelatin Rendering of beef, fish (collagen) Gelatin desserts, yogurt
Ovalbumin, ovomucin Egg white Angel and sponge cakes, soufflés, meringues



influence on the environment in which a protein exists.
An example is the presence and type of ions and salts that
might be added in the form of an ingredient. The presence
and types of lipids or fats have a powerful influence on the
physicochemical properties of proteins. An example is the
inclusion of a small amount of egg yolk in a mixture of
egg white proteins that are meant to be foamed. The lipids
present in the egg yolk will interact with the egg white
proteins and markedly reduce their ability to foam in
terms of overall volume and foam stability. 

Small changes in formulation (and thus environment)
or processing can greatly alter the functionality of food
proteins. A classic example is the effect of salt on the
functional properties of muscle proteins in processed
meats such as frankfurters and lunchmeat (3). The addi-
tion of 1.5–2.5% salt solubilizes the meat proteins and
allows them to bind water and form an elastic, rubbery
gel. This results in the typical texture and sensory quality
that we expect in a hot dog or frankfurter. If the salt is not
present, the hot dog has poor water binding and gelation,
which results in a brittle, tough product. 

Storage of food ingredients or finished foods will also
influence the functionality of food proteins. Proteins may
partially unfold or denature during storage, leading to
aggregation and loss of solubility. If a food system con-
tains oxidizing lipid, proteins may react with lipid break-
down products to form unstable aggregates, brown
polymers, and otherwise dramatically change in terms of
function in the food. When frozen for extended periods,
proteins may lose their ability to bind and hold water, thus
creating excessive drip in the thawed product. 

Because food systems are so complex, protein func-
tionality has been traditionally studied in model systems
where many of the interactions with ingredients or pro-
cessing can be controlled or removed. These studies
involve the use of very controlled conditions which are
carefully defined so that reproducible results might be
obtained. A number of model systems have been devel-
oped for each functional property. Functional property
tests should be based on a fundamental physical property
of a protein. An error that some researchers have repeated
is the development of tests that are based solely on equip-
ment available in the researchers’ laboratory. In the next
section we will examine some of the individual functional
properties of proteins that determine their use and appli-
cation in various foods.

II. FUNCTIONAL PROPERTIES OF FOOD
PROTEINS

A. PROTEIN SOLUBILITY

The solubility of a protein many times determines its use
in foods. Solubility may be the most important aspect of
functionality for a protein. In beverages, foams, and emul-
sions, a protein must be soluble to have functionality.
Foaming, gelation, and water binding are also influenced
by solubility. In some cases, e.g., water binding, less sol-
uble proteins may function more efficiently. Using classi-
cal biochemical terminology, albumins are water-soluble
proteins; globulins are salt soluble; glutelins are soluble at
high pH values; and prolamines are most soluble in alco-
hols. The solubility of a protein is determined by its pri-
mary structure—the sequence of amino acids in the
protein chain. If a protein has a polar surface due to the
presence of polar amino acids, it will have good solubility
in a polar solvent such as water. Since the pH of a solution
will influence the overall charges on a protein, the use of
a protein in a given food is many times dictated by the pH
of the food system. Proteins with higher contents of
hydrophobic amino acids, fewer charges on their surface,
or those which contain many subunits tend to have limited
water solubility.

As we will see, heat-treated proteins unfold and tend
to form less soluble aggregates. Thus, solubility may be
used as an index of denaturation of the protein due to
exposure to heat, processing or storage. Solubility is
markedly affected by pH, polarity of the solvent, temper-
ature, and concentration of dissolved salts.

1. Effect of pH

Surfaces of proteins have net charges due to their amino
acid content and the pH of their environment. Amino acid
residues such as argenine or lysine can provide positive
charges for protein surfaces, while aspartic or glutamic
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acids can yield negative charges. The charges present
depend on the pH of the food system. When a protein has
equal numbers of positive and negative charges on its sur-
face it has minimal solubility. This is called the pI or iso-
electric point of the protein. At this point the protein has a
net charge of zero. There is minimal solubility because
intermolecular repulsion is at a minimum and proteins
will tend to aggregate. At pH values above the pI of a pro-
tein it has a net negative charge. At pH values below the
pI, it will have a net positive charge. In both cases the
presence of pronounced surface charges will result in
intermolecular repulsion and enhanced solubility. 

2. Effect of Salt Concentration

Solubility is also affected by the type and concentration of
salts in a food system. As salts increase in concentration
proteins become more soluble. This is called “salting in”
of a protein and is attributed to the ability of salt ions to
enhance the surface charges on proteins. In foods, sodium
chloride is commonly used for this purpose. Salt concen-
trations may be adjusted in a product to enhance the func-
tional properties of the food system. At high salt
concentrations, usually above 1 molar, protein solubility
decreases. This is thought to be due to salt competing with
the proteins for available water for solvation. This effect is
called “salting out” and is rarely seen in foods as the con-
centration of salt required is so high that the food would
be inedible. 

3. Protein Denaturation

In their natural state, proteins tend to have highly folded
structures. Many are “globular” or roughly spherical in
shape. This is called their “native” structure. These native
structures tend to be very sensitive to conditions which
would cause them to change their shape or conformation
in a food setting. If a protein unfolds or unravels due to
large changes in its surface charges and conformation, it
is said to be denatured. For most proteins, denaturation is
an irreversible process. Proteins can be denatured by very
low or high pH values, organic solvents, high salt concen-
trations, mechanical shear, and elevated temperatures.
Single strands of denatured protein are unstable, leading
them to form aggregates which can form gels, foams, or
precipitates. The temperature at which proteins denature
varies widely due to differences in amino acid sequence
and other environmental conditions, such as pH or salt
concentration. As denaturation proceeds, protein mole-
cules change in regard to surface charges, shape, size, and
hydrophobicity. Most thoroughly denatured proteins are
insoluble. When foods are cooked or otherwise thermally
processed, the majority of proteins in them become dena-
tured. Denatured protein functions differently from native
proteins. Since the solubility of a protein is many times
dependent on native structure, denaturation can be simply

measured by looking at how soluble a known protein is
under certain conditions. 

Since denaturation results in loss of solubility, it is
undesirable in many food systems where solubility is
important. An example is the preparation of protein prod-
ucts for use in foods that rely on protein functionality. Egg
whites are pasteurized to destroy pathogenic bacteria;
however, the process to do so must be sufficiently gentle
so that the finished product can be used in the baking
industry to make products such as angel food cake. If the
whites were harshly heated, the desired proteins would
denature and the ingredient would not function in the fin-
ished food. On the other hand, denaturation may cause
desirable changes in some food systems, such as in the
manufacture of gelatin from collagen or the gelling of egg
whites during the cooking of an egg. Some ingredients,
such as whey protein concentrates, are available in a vari-
ety of degrees of denaturation for application in different
products (4, 5). Whey products used for foaming applica-
tions have less denaturation than those sold for use as
water-binding agents. 

4. Measurements of Solubility

One must always remember that any test used to measure
a functional property is empirical and thus the results will
vary with the test conditions selected. Many solubility
tests are based on suspending and stirring a known
amount of protein in a buffered solution, followed by cen-
trifugation to remove insoluble components with subse-
quent protein analysis (colorimetric or Kjeldahl) of the
supernatant. The results depend greatly on the protein
concentration used, pH, buffer ionic strength, and cen-
trifugal force. Over 70 methods have been published to
measure the water-holding capacity and solubility of dairy
proteins (6). To obtain results that can be compared to
other data and laboratories, it is always best to use a stan-
dard method if available. Two commonly used standard
methods are published by the American Oil Chemists
Society (AOCS) (7) and the American Association of
Cereal Chemists (AACC) (8). 

B. GELATION

A protein gel is a three-dimensional cross-linked network
of protein molecules imbedded in an aqueous solvent (9).
Many processed foods are gels such as custards, yogurts,
cheeses, frankfurters, and gelatin-based desserts. Most
gels are very high in water content (up to 95–98%), yet still
have characteristics of solid or rigid food materials.
Gelation is based on the denaturation of proteins, followed
by their intermolecular association to form matrices which
trap water, fat, and other food ingredients. The formation
of gels is influenced by heat, pH, pressure or shearing, and
the presence of various solvents. The majority of edible
food gels based on protein are formed due to heating.
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Food gels fall into two categories: thermally reversible
and thermally irreversible. Thermally irreversible gels are
also called “thermoset” gels and represent the largest
group of edible gels. Included in the group are gels based
on the muscle protein myosin and ovalbumin, an egg pro-
tein. Thermoset gels form chemical bonds that will not
break during reheating of the gel and thus remain rigid if
reheated. An example would be reheating a cooked egg
white. Thermoplastic gels are thermoreversible and will
“melt” when reheated due to the reversible nature of the
bonds which hold the strands of the gel together. The col-
lagen breakdown product gelatin is the most common
example of a thermally reversible gel. Some types of pro-
tein, such as alpha-lactalbumin from whey, will form either
type of gel depending on the environmental conditions in
the food system during heating (5). 

1. Properties of Thermoset (Irreversible) Gels

Most thermoset gels are the result of protein unfolding
and denaturation followed by aggregation of the mole-
cules into a cross-linked network. During this process,
heated proteins partially unfold and form clumps or
aggregates. As the “gel-point” temperature is reached,
these aggregates unfold further and rapidly cross-link to
form a gel (4). This network is generally formed via non-
covalent bonds such as hydrophobic interactions and
hydrogen bonds. Occasionally, disulfide bonds may be
involved. In order for a stable gel to set, there must be a
balance between the charges on the denatured protein sur-
faces and the water molecules in the system. If the pro-
tein-protein attraction is too weak, the proteins will
remain in solution and a viscous fluid will result. If the
attractive forces are too strong, the proteins will aggregate
and precipitate. The proper amount of denaturation will
result in proteins that interact sufficiently to form a matrix
that will also hold a large amount of water. 

2. Factors Affecting Thermoset Gel Properties

As one might predict, environmental conditions such as
pH and salt concentration, as well as heating rate and final
temperature greatly affect the properties of a thermoset
gel. Thermoset gels can be opaque and turbid or transpar-
ent and clear. Turbid gels are formed when repulsive
forces between the protein molecules are low (such as pH
values close to the isoelectric point). When heated, the
proteins tend to form grape-like aggregate clusters which
then are cross-linked together upon further heating (10).
Transparent gels are more likely to form when protein
molecules are highly charged and repulse each other until
denaturation occurs. In transparent gels the protein mole-
cules tend to form structures which resemble “strings of
pearls” where individual molecules form chains which
occasionally cross-link with other strands. Various
researchers have examined the differing properties of gels

formed from a single type of protein when conditions of
pH, ionic strength, and heating are varied (11).
Manipulation of environmental factors can produce tur-
bid, transparent, or hybrid gels from the same protein.

3. Thermoplastic Gels (Thermoreversible)

The most extensively studied protein which forms ther-
moplastic gels is gelatin, a product of refined collagen.
Collagen is a triple-stranded helical protein used in a vari-
ety of structural roles in many species. When heated it dis-
sociates into single proteins strands called gelatin that
assume random coil configurations. When gelatin is dis-
solved in hot water, it attempts to reform its original triple
helix structure. If the mixture is cooled, gelatin strands
will randomly reform sections of the helical structure
resulting in the formation of a cross-linked matrix. The
sections where intermolecular bonding occurs are called
“junction zones.” The bonds used to form the matrix are
hydrogen bonds, which are thermally reversible. Heating
a gelatin gel will cause the hydrogen bonds in a junction
zone to dissociate and the matrix/gel will melt. Upon
cooling, the gel will reform.

4. Measurements of Gel Properties

As with solubility, a range of functional tests for protein
gels exists. Although it might seem appropriate to use a
model system where only the protein and water are stud-
ied, the impact of other food system components, such as
fat or ground particulate matter (such as spices), can be
very great and cannot always be ignored. In general, the
more simple a model system is, the less likely it will mimic
what occurs in a real food, such as a frankfurter (2).

Quality control operations in the food industry have
developed a number of empirical tests to relate the prop-
erties of gelled products to their acceptability by con-
sumers. An example would be measuring the amount of
force required to shear through a cross-section of a frank-
furter. Samples of finished product can be gathered off the
processing line and sheared as a means of ensuring proper
product formulation and processing. However, these types
of tests are only valuable for measuring specific products
which that particular company produces. 

A common test used to test gel strengths is the “tor-
sion test” (12). A gel of appropriate size and shape is
twisted in a rheometer until the gel breaks or ruptures. The
force required to rupture the cross-sectional area of the gel
can be calculated and compared to other properties, such
as sensory evaluation results. Several gel strength tests
have been widely accepted for use in this manner (13, 14). 

C. WATER BINDING

Water binding is an important functional property for sev-
eral reasons: 1) most foods contain high amounts of water
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and if their chemistry changes in a manner that would
cause the formation of free water or drip loss, consumers
would be displeased, 2) increasing the amount of water a
product can hold effectively can increase the profitability
of a given product, and 3) both product yield and sensory
quality are highly dependent on the proper moisture con-
tent of a finished food. Water-binding capacity is the
amount of water that is bound or retained by a protein
under highly defined conditions.

Water is usually be bound to the surface of a protein
by hydrogen bonding, which is sometimes called dipole
bonding. Hydrogen bonding results from water’s interac-
tion with the R group of amino acids which are dipoles,
such as serine and threonine, or ionic, such as lysine or
aspartic acid. Water bound to the surface of proteins in
this manner is called “monolayer” water and is very
tightly associated with the protein. Other water associated
with the protein or protein matrices can be trapped in cap-
illary structures and pores. In food systems, water can also
be held in cells and other structural networks. Water that
is not associated with the monolayer on the protein sur-
face is called free water and moves unhindered through-
out the food system. Depending on the food or model
system, water-binding capacity tests measure a mixture of
the free and bound water present. 

1. Factors Influencing Water Binding

For a given food system, the protein concentration, tem-
perature, salt type and concentration, and degree of denat-
uration impact on the water binding exhibited. In addition,
small polar molecules, such as sugars or sugar alcohols,
will enhance water binding by proteins in general. As the
protein concentration increases, so does the water binding
observed. Generally, water binding increases as tempera-
ture increases. In some cases the proteins will form gels,
which will enhance the binding of water by the system.
Many types of whey protein and soy protein isolates will
form gels when heated above 80°C. Enhanced binding in
gels is due to water being bound by both hydrogen bonds
and by being trapped in pores. 

Ions also influence water binding. Sodium chloride
binds to charged groups on protein surfaces and weakens
intermolecular bonds. This is a positive effect in systems
which utilize muscle fibers as part of the structural ele-
ments of the food. Salt allows the muscle proteins to dis-
tance themselves from others within the muscle fiber and
thus increase the number of sites for water to bind. In var-
ious muscle types, water binding may be increased 2–3
fold by the presence of salt (15). 

The pH of a system markedly influences its ability to
bind water. This is due to changes in the surface charges
on a protein as the pH is altered. Water binding is lowest
at the isoelectric point (pI) of a protein. As the pH is
adjusted away from the isoelectric point the ionic charges

on the protein increase dramatically and water binding is
enhanced. As the pH is lowered from the isoelectric point
the protein assumes a net positive charge. Conversely, as
the pH is increased, a net negative charge is seen. 

2. Methods of Measurement

Water-binding model systems must be carefully defined if
reproducible results are expected. Most of the methods are
empirical and are usually designed for a specific product
or application. At least 15 different methods have been
developed to measure the water binding of various mus-
cle/meat proteins (16). In general, two main types of tests
exist. One is based on sorption—the adsorptions of water
by a dry powder of protein. The other is sometimes called
“expressible moisture” where a product is subjected to a
force and the amount of moisture expelled is measured.
The force is usually pressure or centrifugation. These
types of tests must be carefully designed so that the actual
internal structure of the gel or food is not destroyed when
the pressure is applied. This would lead to an underesti-
mation of the water binding for the system since water
that normally would have been trapped in the matrix
would be expressed (17).

D. EMULSIFICATION

An emulsion is a mixture of two immiscible liquids in
which one is dispersed in the other in the form of droplets
(18). It is common practice to call the liquid in the
droplets the dispersed, internal, or discontinuous phase.
The surrounding phase is called the external or continuous
phase. Emulsions in which the dispersed phase is a lipid
are called “oil in water” emulsions (o/w). Water in oil
emulsions contain droplets of water dispersed in a lipid
continuous phase. Egg yolk and milk are examples of nat-
ural emulsions. Many manufactured foods are intentional
emulsions including ice cream, salad dressings, chocolate,
mayonnaise, cakes, frosting, butter, and spreads. Food
emulsions are far more complex than a droplet of one
phase suspended in another. Foods contain many other
materials such as air, particulates or other dispersed
solids, partially crystallized fat, and gels. 

1. Principles of Emulsification

When a liquid is exposed to air, the surface between them
is in a state of tension. This so-called “surface tension” is
due to the attractive forces between molecules in the liq-
uid that are enhanced by exposure to air. In lay terms, the
molecules “bunch” together to decrease their exposure to
the air surface. When two immiscible liquids, such as
water and oil are in contact, the region of contact is called
the interface, with the development of “interfacial ten-
sion.” As the interfacial area increases, the stability of the
mixture decreases. An example would be the creation of
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temporary emulsion of oil in water by forming millions of
small droplets of oil suspended in the water phase. One
can imagine creating this mixture by blending several mil-
liliters of oil into a cup of water in a high speed mixer.
This type of mixture is called a “temporary emulsion,” for
although there would initially be millions of oil droplets,
they would rapidly coalesce into a separate oil layer which
would form on top of the aqueous phase. Coalesced
droplets have less surface area exposed to the water, and
thus are more stable. Vinegar and oil salad dressing is a
classic example of temporary emulsions. 

To stabilize emulsions it is necessary to add molecules
which decrease the interfacial tension between mixtures of
lipids and water. Surfactants are molecules that contain
both hydrophobic (non-polar) and hydrophylic (polar)
regions in their structure. When added to a system that
contains both lipids and water, surfactants rapidly migrate
to the interfaces between the two phases. At the interface,
the surfactants orient their polar region towards the aque-
ous phase and their non-polar region towards the lipid
phase. Since proteins contain amino acid residues that can
be polar and non-polar they can be excellent surfactants in
food systems. Figure 7.2 illustrates the coating of an oil or
fat droplet with a protein molecule. Once the droplet or air
bubble is coated, the interfacial tension between the two

phases is markedly lowered and the tendency to coalesce is
greatly reduced. The simplistic illustration in Figure 7.2
shows a single molecule of protein unfolding on the oil
surface. In a real emulsion, there are thousands of mole-
cules involved on the surface of a single droplet. If a suffi-
cient reduction in interfacial tension is achieved, the
emulsion can be stable for long periods of time.

2. Factors Affecting Protein-Based Emulsions

Food emulsions are complex systems which are normally
created by using large amounts of energy to form very
small particles of one phase which become suspended in
another. Higher energy inputs normally result in smaller
droplets and enhanced activity of any surfactants that are
present. To work well as a surfactant, a protein must be
able to migrate to the interface, orient polar and non-polar
side chains into the proper phases, and form a stable film
around the droplet. In many cases proteins may partially
unfold or denature during these activities. After unfolding
and orientation towards the proper phase, proteins form
multiple layers on the droplet surface due to intermolecu-
lar ionic, hydrogen, and hydrophobic bonding between
unfolded protein strands. The formation of superior emul-
sions by proteins relates to their ability to form viscous
yet flexible films around the surface of droplets (19). 

Most food emulsions are oil in water. In forming o/w
emulsions, the initial water solubility of the protein is very
important. Therefore, factors such as protein concentra-
tion, pH, salts, ionic strength, and temperature strongly
affect the emulsification ability of proteins. Other factors
that influence their ability to emulsify are related to the
physicochemical properties of the protein, such as surface
charge, surface hydrophobicity, molecular flexibility, ease
of denaturation, and dissociation behavior of subunits.
Table 7.3 lists the factors which can be important to the
formation and stability of protein-based emulsions. 

Since proteins vary in physicochemical properties, it
is not unexpected that researchers have seen varying
results when studying the effects of pH, salts, and tem-
perature on the emulsification ability of proteins. Because
proteins have unique primary, secondary, and quaternary
structures, environmental effects such as pH must be
determined for each individual protein. In general, pro-
teins near their isoelectric point (pI) are poor emulsifiers,
presumably due to poor solubility. As the pH is adjusted
away from the pI, improvement in emulsification is gen-
erally seen and is probably due to enhanced solubility.
Very low or high pH may lead to poor emulsification even
though the proteins might be very soluble. In this case, the
proteins are so highly charged they do not interact to form
films on the surface of the dispersed phase. If proteins are
coated with an excess of charges they will not form cohe-
sive, flexible films (19). Proteins with multiple subunits,
such as the soybean storage protein legumin, may exhibit
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improved emulsification activity at pH values where the
subunits are encouraged to dissociate (20). 

Several researchers have shown that surface
hydrophobicity can be highly related to the ability of pro-
teins to act as emulsifiers (21). In general, proteins that are
water soluble but which have large numbers of hydropho-
bic groups on their surface tend to be superior emulsifiers.
With increased surface hydrophobicity, a larger portion of
the protein strand might be able to interact with the oil or
fat droplet and form stronger protein films (22). Results
have shown that proteins with high surface hydrophobici-
ties, such as casein or bovine serum albumin (BSA), are
superior emulsifiers compared to proteins with low sur-
face hydrophobicities, such as collagen or gelatin (21). 

3. Methods of Measurement

As with other model systems tests, the results of protein
emulsification evaluations are often highly empirical.
Comparison of results between laboratories is only possi-
ble when strict testing conditions are maintained.
Although the absolute numbers obtained in these tests
may vary from lab to lab, the ranking of different proteins
in terms of ability to emulsify or emulsion stability are
often similar. The results seen in rapid tests may not give
the same results seen in a true food system. Many food
companies, however, cannot wait a year for results when
they are evaluating proteins for use in products under
development and subject to an accelerated development
time table. 

Emulsions are commonly tested for two parameters:
stability and capacity. Emulsification capacity is normally
measured as the maximum amount of oil a protein may
emulsify. A classic test of emulsification capacity is that
of Wang and Kinsella (23), where the maximum amount
of oil that a protein can emulsify is determined by a titra-
tion method. Oil is added to a protein solution in a blender
or mixer until the emulsion fails, which is determined by
a rapid decrease in viscosity. Advantages are that the pro-
cedure is quick and simple. Disadvantages are that the
results are highly dependent on the equipment used to
generate the emulsions and the protein:lipid ratios
encountered in the test are not commonly encountered in
food systems (24). Another widely used technique is the
Emulsification Activity Index (EAI) developed by Pearse
and Kinsella (25). In this assay, the interfacial area created

in an emulsion is measured by a spectrophotometric assay.
As the ability of a protein to emulsify increases, smaller
and smaller emulsion droplets are formed, which can be
measured by light scattering principles. Advantages of
this method are that it is a rapid technique that does not
rely on the use of an external force to break the emulsion.
Disadvantages are: 1) emulsions must be prepared under
very standardized conditions (e.g., sample container vol-
ume, homogenizer or mixer manufacturer, speed or power
settings) and 2) several studies have found poor correla-
tions between EAI and emulsion stability (24). 

Emulsion stability can be measured by a variety of
methods. Choice of method depends on the type of insta-
bility or emulsion breakdown observed in the actual food
system where the protein may be used. Separation and
clustering of fat or oil droplets on the top of an emulsion
is called “creaming” and is a marked sign of emulsion
breakdown. A standard test for creaming (26) involves the
placement of an emulsion in a graduated cylinder which is
held in an environmental chamber. The height of the
boundary between the top of the creaming layer and the
residual emulsion is measured as it decreases with time.
Advantages of the test are that it can be set up rapidly and
it can be easily used to determine how pH, ionic strength,
and protein concentration impact emulsion stability.
Disadvantages are that lengthy storage times under highly
controlled conditions are required (24). A more rapid test
is the Emulsion Volume Index where centrifugation in
microhematocrit tubes is used to accelerate the forces
which cause emulsion breakdown (27). Advantages are
that analysis times are much shorter and other researchers
have found correlations between EVI and longer term 
stability testing of actual products (24). If time is not
essential, it is possible to use a long-term storage test to
evaluate emulsion stability by measuring droplet size 
distribution and concentration in a hermetically sealed
container (28). Although the test can duplicate actual stor-
age conditions of products, it may take over a year to 
complete (24). 

E. FOAMING

Emulsions and foams are similar types of food systems in
that they contain two distinct phases. In foams, the liquid
or solid continuous phase surrounds a dispersed gaseous
phase which is usually air. Many times a protein which
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TABLE 7.3
Factors Affecting Formation and Stability of Protein-Based Emulsions

Environmental factors Temperature, pH, salt concentration, salt type, ionic strength, other ions, other food components
Protein characteristics Solubility, ease of denaturation, surface hydrophobicity, surface charge, isoelectric point, flexibility, elasticity 

of protein film
Processing parameters Amount and rate of energy input (shear), oil or fat type, oxidative state of lipid, temperature
Aqueous phase Viscosity



emulsifies well will also foam well. The first step in the
formation of a foam is the migration of proteins to the
interface between air bubbles and the aqueous phase. At
the interface the protein will unfold and orient their non-
polar regions toward the air phase. As proteins adsorb on
the bubble surface, they begin to form layers of partially
denatured proteins which encapsulate the air bubble and
prevent the foam from collapsing (29). Foams may be pro-
duced by mechanical agitation (whipping) or sparging,
which is the injection of gas through very small orifices to
produce bubbles. Most food foams are produced by whip-
ping and include meringues, soufflés, whipped cream,
non-dairy whipped toppings, angel food or sponge cakes,
and ice cream. Yeast leavened breads are foams that are
produced by the trapping of carbon dioxide bubbles by the
gluten protein matrix.

1. Factors Affecting Foaming

As with other functional properties, solubility plays a crit-
ical role in foaming. Good foaming proteins also exhibit
one or more of the following molecular properties: 1) high
rates of diffusion and adsorption at the interface, 2) abil-
ity to unfold and denature at the interface, and 3) ability to
form intermolecular associations with other molecules
that result in the formation of cohesive films around the
air bubble (1). The surface hydrophobicity of proteins cor-
relates with its ability to form foams (21). Since it is
important for a protein to unfold on the interface, the
foaming ability of some proteins can be improved by a
mild heat treatment or chemical modification which
loosens the protein structure and allows it to unfold more
rapidly. Enhanced film formation through increased inter-
molecular bonding is also generally seen. Excessive
denaturation will decrease foam formation and stability
by decreasing initial protein solubility and causing protein
films to form at the interface that are inflexible and stiff.
This is a result of excessive intermolecular interaction
between protein strands. 

In regard to foaming ability, egg whites (albumen)
form some of the highest quality foams due to the proper-
ties of the constituent proteins, ovalbumin, globulins, and
ovomucoid. During the foaming of egg whites, acids such
as cream of tartar (potassium acid tartrate) are added after
an initial whipping period. The acid lowers the pH and
reduces the net charge on the protein which allows the
protein strands to interact more strongly. It also facilitates
the denaturation of proteins to increase the elasticity of
protein films around the air bubbles. Overall, a more sta-
ble film results. Addition of the tartrate before the initial
foaming causes the proteins to unfold prematurely and
interact before they reach the air bubble surface, which
results in decreased foam volumes and stabilities (1). 

In most cases, the foaming ability of proteins in inhib-
ited by the presence of lipids. Contamination of egg white

with as little as 0.03% egg yolk completely inhibits foam-
ing (30). It is theorized that lipid is absorbed at the
air/water interface within the foam and causes the protein
film to rupture. Conversely, high concentrations of satu-
rated fat can stabilize foams. An example is whipped dairy
cream in which cold coalesced fat droplets can sur-
round protein-encapsulated air bubbles, resulting in a very
stable foam.

The amount of energy used during foam formation
impacts on foam stability. Energy inputs must be sufficient
to create very small air bubbles and assist in the denatura-
tion of proteins due to shear forces. Over-whipping, how-
ever, may cause the foam to dehydrate and collapse,
leading to decreased foam volume and stability. Energy
input must not cause the proteins to denature prior to
encountering air bubbles. Denatured protein may fail to
reach the air bubble surface and precipitate by interacting
with other protein molecules in solution. The denatured
protein may also form more brittle films on the air bubble
surface. 

2. Methods of Measurement

As previously mentioned, the results of functional tests
many times are empirical and depend on the methods
used and the laboratory in which they are performed.
Several methods have been published for foaming pro-
teins, including shaking, sparging (gas injection), and
whipping (31). Most food foams are prepared by whip-
ping. Results from a model system test that is based on
whipping might be better correlated to actual foods since
the method of preparation more closely resembles actual
food preparation. Both foam volume and foam stability
are important in the manufacture of foods, so it would be
valuable to gather data in a model system on those two
parameters. Wilde and Clark (29) have published foama-
bility and stability methods that have been widely
accepted. The methods use inexpensive equipment but
care should be taken to use identical procedures between
different laboratories. Another widely used test deter-
mines the percent overrun of a foam and involves the
removal of samples at various times to determine foam
density (32). Stability tests for foams commonly use a
“half-life” determination where the time for half of the
foam to break down or half the original liquid volume to
return to the liquid state is measured.

III. APPLICATION OF FUNCTIONAL
PROPERTIES

A. INTENTIONAL MODIFICATION OF PROTEIN

FUNCTIONAL PROPERTIES

The manufacture of many modern food products relies on
the use of proteins for their functionality. The proteins
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may be a natural constituent of the food, such as in mus-
cle, or the proteins may be added as an ingredient due to
their ability to solubilize, bind water, gel, emulsify, or
foam. As we have discussed, the functional properties of
proteins are interrelated and associated with the structures
of the protein molecule. Although we can obtain protein
from a multitude of sources, not all proteins are highly
functional due to their primary, secondary, tertiary, or qua-
ternary structures. For example, several yeast proteins and
many plant proteins have limited functionality when used
in their native conformation. Solubility may be a problem
for some types of proteins and require the addition of salts
to enhance their functionality. An example is in the man-
ufacture of frankfurters where 0.5–1.5% salt is commonly
used to enhance the functionality of myosin in gel forma-
tion. Protein modification has the potential to enhance the
use of many less functional and less expensive proteins to
perhaps make foods more economical and perhaps more
desirable in a nutritional sense. 

Modification is the intentional alteration of the
physicochemical properties of a protein by chemical,
physical, or enzymatic means to improve functional prop-
erties (33). Many of the alterations simply increase solu-
bility, since it is paramount to most functional properties.
For proteins with substantial quaternary structures, such
as the legume storage proteins, improvement is related to
the disruption of the bonding between individual subunits.
In other cases it might be the alteration of amino acids on
the protein surface to make them more polar or the dis-
ruption of hydrophobic cores of proteins to decrease their
molecular density. 

As we have learned, a protein’s ability to emulsify or
foam is related to its ability to migrate to an interface and
denature or unfold. Some types of modification will
“loosen” up the native structure of a protein through
chemical, physical (e.g., heating), or enzymatic means to
allow the protein to migrate, unfold, and interact more
substantially on the interface in either emulsions or foams.
These types of treatments can also enhance the ability of
water to bind within a protein or the ability of protein
strands to interact to form gels; thus both water-binding
and gelation behavior of proteins can be enhanced by
modification. 

1. Chemical Modification

A variety of chemical modifications have been used to
enhance the functionality of proteins from plants, animals,
and microorganisms. These generally involve the use of a
chemical agent to modify the protein by reacting to cova-
lently alter the amino acid residues on its surface.
Acylation reactions that involve the direct addition of
chemical groups through the R groups (side chains) of
amino acids have the most potential to modify proteins.
Researchers have examined modification of surface

charge via the creation of esters with acetic, succinic,
phosphoric, and a number of fatty acids. Sugars and other
oligosaccharides have also been attached to the surfaces
of proteins (33).

The common sites for acylation are the epsilon and
alpha amino groups of proteins. Lysine is a particularly
reactive amino acid, followed by tyrosine and cysteine.
Alteration of surface charge and surface hydrophobicity
through these modifications is the likely mechanism for
functionality improvement.

For chemically altered proteins to be acceptable for
human foods they must be nontoxic and digestible (34).
Typically, modified proteins can be tested using protocols
outlined by the Food and Drug Administration (FDA). A
number of different tests can be used to determine the
impact on nutritive value (33). Because lysine is an essen-
tial amino acid for many species and is also a major site
for modification, decreases in nutritive value are seen in
chemically modified proteins. Protein Efficiency Ratios
(PER) for modified proteins typically range from
40–100% of the values for their unmodified counterparts
(33). Since physical and enzymatic methods do not alter
amino acid composition dramatically, they are preferred
methods for modifying proteins. 

2. Enzymatic Modification

Enzymatic modification of proteins includes partial
hydrolysis, covalent attachment of functional groups, and
the incorporation of cross-links between protein mole-
cules (35).

Protein hydrolysis is the most widely used of these
techniques. Proteolysis is easy to control, very rapid, and
occurs under ambient conditions. There is very low risk
for the formation of toxic residues. Proteolysis is consid-
ered by many to be the most cost-effective way to enhance
protein functionality (35). Because proteolysis produces
peptides that are smaller in size and which contain less
secondary structure than the original proteins, their solu-
bility is increased. Enhanced solubility is directly related
to the degree of hydrolysis and related to increases in
functional properties such as foaming and emulsification.
Partial hydrolysis has been used to improve the function-
ality of a wide variety of proteins from beef, chicken,
dairy, fish, yeast, corn, wheat, and peas. Proteolysis is
commercially used to prepare functional protein products
for use as food ingredients. Depending on the source of
protein, optimal peptide size for one functionality, such as
foaming, does not always equate to optimal functionality
for another, such as emulsification. Proteolysis is quite
interesting in that it is possible to fine tune the process to
obtain protein ingredients that are optimized for a given
functionality. 

Enhanced functionality due to cross-linking or cova-
lent attachment of a hydrophylic or hydrophobic residue
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is also an area of intense research. Several very functional
natural proteins, such as ovomucin, the superior foaming
protein from egg white, have surfaces that are highly polar
due the presence of glycosyl groups. Researchers have
been able to produce protein products with excellent
foaming abilities from soy and casein using enzymes
which attach very polar groups to their surface (36).
Another enzyme, peptidoglutaminase, has also been
examined as a means of improving functionality (37). The
enzyme increases the negative charges on a protein by
converting glutamine and aparagine to their negatively
charged counterparts, glutamic and aspartic acids. This
technology appears to have potential for widespread use
since many insoluble proteins from soy, peas, beans,
dairy, and wheat have substantial numbers of glutamine
and aparagine residues on their surface. 

3. Physical Modification

Heat is the major way in which physical modifications are
carried out with proteins. For example, the industry is
replete with many soy protein products that have been
modified by heating to improve foaming, emulsification,
water-binding, and gelation properties (38). Heat causes
proteins to partially denature through changes in second-
ary and primary structure. In theory, this should increase
the functionality of the protein by improving its ability to
unfold at interfaces and form films around air bubbles or
lipid droplets. In particular, the gelling ability of several
proteins, such as those from dairy whey, has been sub-
stantially improved through heat treatment (4). Many of
the procedures used to manufacture heated protein ingre-
dients for use in formulated foods are proprietary. It is
known, however, that the procedures used to maximize
the functionality of a protein source for one application
are usually not the same for another. In other words, heat-
ing techniques used to enhance foaming or gelling are not
the same as for emulsification (4).

A specific type of modification of plant proteins using
heat has widespread application. Texturized Vegetable
Protein (TVP) is commonly used in the processed food
and food service industry to bind water and fat. Most TVP
products are made from soy and are manufactured under
very specific environmental conditions of temperature,
pH, ionic strength, and pressure. TVP is produced using
extrusion techniques where the proteins are subjected to
heat, pressure, and shear forces simultaneously. The pro-
teins are extensively denatured and insolublized; however,
the resulting matrix is almost sponge-like in its ability to
bind other liquids, such as excess fat and moisture, in food
systems. 

One interesting application of physical alteration of
proteins is the manufacture of several fat substitutes
through the manipulation of their physical characteristics.
Using a process generically called “microparticulation,”

proteins from milk and/or eggs are denatured and refolded
into smaller, denser particles that can act as lubricants
during the chewing and swallowing of foods. These mate-
rials have the mouthfeel of lipids, but are actually a blend
of proteins and water. Simplesse (registered trade name by
the NutraSweet Company) is an example. Since these
ingredients are proteins, they cannot be used in products
that will see extremes of environment, such as heat or pH,
since they would most likely denature under such condi-
tions. Their use is probably limited to products that will
only see low temperature heating processes, such as pas-
teurization. 

IV. SUMMARY

The functional properties of proteins are defined as their
physical or chemical properties that affect foods during
their preparation, processing, storage, and consumption.
They contribute greatly to the quality and acceptability of
a wide range of natural and processed/prepared foods in
the food supply. Proteins are considered by many experts
to be the most multifunctional components of foods in
that they can play many different roles in foods. Natural
products made from meat, poultry, dairy, eggs, cereal
grains, and legumes, as well as the majority of formulated
foods developed and marketed through the food industry,
all rely on the functionality of proteins for their accept-
ability and quality. 

The functional properties include solubility, water-
holding ability or capacity, gelation, emulsification, and
foaming. Solubility is paramount for the successful use of
proteins in most food systems. To function in a food the
protein must be able to migrate throughout the aqueous
phase to seek interfaces (foaming and emulsification),
hold water, or form extensive three-dimensional networks
(gelation). The solubility of a protein is determined by its
amino acid sequence and is greatly influenced by envi-
ronmental factors such as solvent polarity, pH, tempera-
ture, and concentration of dissolved salts. 

Food gels are diverse structures primarily composed
of immobilized water held within a cross-linked protein
matrix. Both thermally reversible (gelatin) and thermally
irreversible (frankfurters) gels are important food prod-
ucts. The ability of a protein to gel is primarily evaluated
by measuring the texture or strength of the gel using a tor-
sion test.

Water binding by proteins is influenced by tempera-
ture, concentration of protein, concentration of salt,
degree of protein denaturation, and the presence of other
compounds, such as sugars or alcohols. Two main meth-
ods, water absorption and expressible moisture, are com-
monly used to measure the water binding of proteins.

Emulsification and foaming are cousins in the protein
functionality family. They both rely on similar properties
of the protein in the food system, such as solubility and
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ease of denaturation. Proteins must be able to migrate to
the interface formed with the second phase of oil in emul-
sions and air in foams. Proteins must be able to form
cohesive, multilayered, flexible films around droplets of
lipid or air. The main model tests involve measuring the
overall ability of a protein to emulsify or foam, as well as
the stability of the emulsion or foam created. 

The functional properties of proteins are often meas-
ured using model systems that can vary widely from
researcher to researcher. To make the results of our
research valuable, we must strive to use protocols that are
widely accepted and used by our colleagues. In many
cases, model systems do not mimic the conditions seen in
real food systems. We tend to measure, and correctly so,
the fundamental properties that are related to the desired
functional property seen in the food. 

The modification of proteins by chemical, physical,
and enzymatic methods has increased the utilization of
less conventional protein sources and decreased the costs
of manufacture for a number of food products. Most
methods attempt to increase the solubility of proteins.
Although chemical methods are effective, there are ques-
tions regarding safety and nutritional losses. Enzymatic
and physical methods have been adapted for use in the
protein ingredients industry. Heating remains the most
widely used modification technique and has been very
successful in increasing the functionality of a wide range
of proteins, particularly those from soybeans and whey.
Texturization produces very useful protein ingredients
which have the ability to adsorb excess moisture and fat in
foods. Lastly, the ability of proteins to be compressed
allows them to be used as fat substitutes in foods. 
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I. INTRODUCTION

Although the intake of excess fat may result in significant
health problems, it is important to note that fats are a crit-
ical part of a proper diet. The human body can produce
most fatty acids but certain “essential” fatty acids (e.g.,

linoleic and linolenic acid) are typically derived from
lipid-containing foods since the body cannot produce
them. In addition, fats in foods are sources of vitamins A,
D, E, and K. There is considerable evidence that thera-
peutic components that can improve human health are
endogenous to food fats. Fats also contribute unique 
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flavors and physical properties to the foods that con-
sumers find desirable. 

The two major classes of fats in foods are phospho-
lipids (PL) and triacylglycerols (TAG). Phospholipids are
constituents of cell membranes while TAG are fatty glob-
ules that exist primarily as coalesced droplets in biologi-
cal tissues. Other types of fats include sterols, waxes, and
carotenoids. Lipid is a term used to encompass all types of
compounds that are soluble in organic solvents and there-
fore classified as fats. Olive oil contains only triacylglyc-
erols while muscle foods contain both PL and
triacylglycerols. Food emulsions can contain only TAG
(e.g., margarine) or TAG and PL (e.g., mayonnaise). The
egg portion of mayonnaise supplies PL, which cause the
water phase and the oil phase to be continuous. In other
words, yolk phospholipids act as emulsifiers.
Phospholipids and TAG are each susceptible to oxidation
during storage that results in the formation of off-odors
and off-flavors, which effectively end shelf life. Loss of
nutritional value can also occur due to oxidation of the
lipid and co-oxidation of proteins and vitamins (1).
Triacylglycerols and phospholipids can be modified so
that desirable functional properties are made available.
These functional properties include physical attributes,
flavor stability, caloric value, therapeutic effects, and
nutrient content. This chapter will primarily focus on 1)
factors that promote or inhibit lipid oxidation processes,
and 2) chemical modification of lipids that improve their
functional and nutraceutical properties. Further, the chem-
istry involved in food processes such as oil refining, fry-
ing, and food irradiation will be addressed.

II. NOMENCLATURE

The core portion of any lipid comprises repeating units of
the hydrocarbon group (-CH2)n. Saturated hydrocarbons
are typically named with a numerical prefix and the ter-
mination “ane” (e.g., octane is an 8-carbon saturated
hydrocarbon). The suffix “ene” indicates the presence of
double bonds also expressed as “unsaturation” in the
hydrocarbon. Fatty acids contain an acid group (-COOH)
bound to the hydrocarbon tail (Figure 8.1). At pH values
above the pKa for each fatty acid, the fatty acid will exist
mainly in its conjugated base form (COO−). The charge on
the fatty acid will control its reactivity.

The shorthand for c-9 octadecenoic acid (oleic acid) is
18:1ω9. This indicates there are 18 carbons and one double
bond. The ω9 indicates that the double bond is nine car-
bons in from the end of the hydrocarbon portion. c-11
octadecenoic acid (asclepic acid, 18:1ω7) also exists in
nature but is less prevalent than oleic acid. This molecule is
identical to oleic acid except that the double bond is seven
carbons in from the hydrocarbon tail. The omega symbol
(ω) is assigned because nutritional and health impact of
different fatty acids are related to the locations of the dou-

ble bonds. Omega-3, ω-3, and n-3 are often used inter-
changeably. Linolenic acid (18:3ω6 or 18:3 cis-6, cis-9,
cis-12) indicates that there are three double bonds. The 6,
9, 12 are the positions where the double bonds begin count-
ing the carboxylic acid group as the first carbon (Figure
8.1). The cis conformation is indicative that both alkyl
groups adjacent to the double bond are aligned in the same
direction. Trans fatty acids have the alkyl groups pointing
in opposite directions. Most polyunsaturated fatty acids
have 1,4-pentadiene structures as illustrated in Figure 8.1.
Conjugated fatty acids will have one of the double bonds
shifted one carbon closer to the adjoining double bond.
Desaturases and elongases cause smaller and more satu-
rated fatty acids (e.g., linoleic acid 18:2ω6) to be converted
to longer and less saturated fatty acids (e.g., arachidonic
acid 20:4 ω6). 

Each membrane phospholipid contains two fatty acids
and a single polar head group esterified to glycerol 
3-phosphate (Figure 8.2). Typical head groups bound to
the phosphate portion include ethanolamine, choline, and
serine. These head groups are polar and orient themselves
toward the aqueous phase while the fatty acids assemble
away from the water phase to form a lamellar membrane
bilayer (Figure 8.3). Sterols, proteins, and glycolipids
imbedded in the membrane are not illustrated. Other
molecular arrangements of phospholipids are possible
including inverted micelles (2). Triacylglycerols contain a
glycerol backbone on which three fatty acids are esteri-
fied. Locations of the fatty acids are designated as sn-1,
sn-2, and sn-3. A more extensive review of nomenclature
of lipids including different sphingolipids, waxes, sterols,
and carotenoids is available (3).

III. LIPID OXIDATION

Lipid oxidation needs to be controlled during storage in
order to prevent the formation of off-odors and off-flavors
in foods. Desired color and nutritional attributes are also
compromised when oxidation of lipids is unimpeded 
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FIGURE 8.1 (Top) Structure of cis-6, cis-9, cis-12 linolenic
acid (18:3ω6). (Bottom) The 1,4-pentadiene unit within most
polyunsaturated fatty acids.



during storage. The mechanism and rate of lipid oxidation
will vary depending on the system under investigation.
Interfacial properties, processing temperature, particle
size, fatty acid unsaturation, and non-lipid constituents
will differ among different systems (e.g., a bulk oil, salad
dressing emulsion, raw muscle, cooked meat). Therefore
the optimal strategies used to inhibit lipid oxidation
processes will change from system to system. This should
be kept in mind as general principles of lipid oxidation
reactions are discussed. Attention to lipid oxidation has
rapidly expanded in recent years due to the growing accu-
mulation of evidence that the onset of various disease
states may be related to intake of oxidized food lipids and
ingesting critical amounts of antioxidants may improve
human health (4, 5).

The classical description of lipid oxidation processes
begins with the initiation step where a hydrogen atom is
abstracted from a polyunsaturated fatty acid (Figure 8.4).

This causes the formation of a lipid alkyl radical (L•) that
reacts with oxygen to form a peroxyl radical (LOO•). The
peroxyl radical can then abstract a hydrogen atom from a
different polyunsaturated fatty acid to form a lipid
hydroperoxide (LOOH) and another alkyl radical (propa-
gation). It should be kept in mind that small amounts of
pre-formed lipid hydroperoxides exist in freshly processed
oils, muscle foods and even biological tissues in vivo
(6, 7). This may decrease the importance of controlling true
‘initiators’ of lipid oxidation and switch the emphasis to a
better understanding of food constituents that break down
lipid hydroperoxides. The breakdown of lipid hydroperox-
ides by metals, heme, heme proteins, and hydroperoxide
lyases causes the formation of key volatiles (e.g., aldehy-
des and ketones) that are responsible for the undesirable
odors and flavors associated with lipid oxidation.

Oleic acid (18:1) is generally more susceptible to lipid
oxidation than any saturated fatty acids. This is because the
lower bond energy of hydrogen atoms adjacent to a double
bond allows for more easy abstraction compared to hydro-
gen atoms in fatty acids lacking double bonds. Most fatty
acids with two or more double bonds possess the 1,4-pen-
tadiene structure (Figure 8.1). Hydrogen atoms in the cen-
ter of the 1,4-pentadiene are around 20 times more
abstractable than the abstractable hydrogen of oleic acid
(8). Increasing the number of double bonds increases the
number of 1,4-pentadiene units and thus increases suscep-
tibility to lipid oxidation. The relative rates of lipid oxida-
tion of oleate (1 double bond): linoleate (2 double bonds):
linolenate (3 double bonds) was reported to be 1:12:25 (9).
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FIGURE 8.4 Initiation, propagation and termination of lipid
peroxidation.



This was the case in pure lipid systems. In different lipo-
some preparations, oxidative stability decreased as the
degree of fatty acid unsaturation increased (10). However,
the order of oxidative stability was found to increase with
increasing degree of unsaturation when different fatty acids
were dispersed in 1% Tween 20 and exposed to iron salts
and ascorbate (11). Although atypical, this indicates that
under certain conditions highly unsaturated fatty acids are
more resistant to lipid oxidation than more saturated ones.
In oil-in-water emulsions, fatty acid composition, the phys-
ical states of the lipids, content of tocopherols, and activity
of transition metals were implicated as factors controlling
rates of lipid oxidation (12).

In muscle foods the situation is even more complex. A
multitude of components are present that can either acceler-
ate or slow down lipid oxidation processes. Water-washing
of muscle fibers from various animal species was used to
obtain a wide range of fatty acid unsaturation (13). Washing
the muscle removes aqueous antioxidants and pro-oxidants
while insoluble myofibrillar proteins and membrane phos-
pholipids remain after washing. Metmyoglobin or iron was
added to the washed fibers to stimulate lipid oxidation. The
general trend was that lipid oxidation occurred more rapidly
in washed muscle containing elevated levels of polyunsatu-
rated fatty acids (fish > chicken > beef). It has also been
shown that the ability of fish, poultry, and beef hemoglobins
to promote lipid oxidation in a washed muscle system
occurred in the following order (fish > chicken > beef) (14).
Therefore, the reactivity of different hemoglobins in various
muscle foods should be considered as a causative factor in
addition to fatty acid unsaturation and endogenous antioxi-
dant capacity. 

Compartmentation of cellular and extracellular reac-
tants should be critical in controlling rates of lipid oxida-
tion. Takama et al. (15) suggested that minced flesh of
trout was susceptible to rancidity due to the dispersed
blood pigments in the flesh caused by the mechanical
destruction of the tissue. Crushing plant tissue brings for-
merly segregated reactants together to stimulate various
reactions including oxidation of lipid (16). Critical cellu-
lar components and additional factors that control rates of
lipid oxidation are discussed below. In any discussion per-
taining to lipid oxidation, it is important to realize that any
component that accelerates lipid oxidation under one set
of conditions can be inhibitory under different conditions.

A. METALS

Low-molecular-weight metals are potent catalysts of lipid
oxidation. Copper and iron are two of the more potent
metal catalysts in biological systems. Only ferrous ions
and oxygen are needed to produce hydrogen peroxide
(H2O2) as seen in reactions 1 and 2:

Fe2+ � O2 → Fe3+ � �•O2 [reaction 1] 

�•O2 � 2H+ → H2O2 [reaction 2]

Ferrous iron (Fe2+) can then react with H2O2 or pre-
formed lipid hydroperoxides to produce hydroxyl or
alkoxyl and hydroxyl radicals, respectively (reactions 3
and 4). Hydroxyl and alkoxyl radicals are capable of
abstracting a hydrogen atom from a polyunsaturated fatty
acid and hence initiate/propagate lipid oxidation (17). 

Fe2+ � H2O2 → Fe3+ � −OH � �•OH [reaction 3] 

Fe2+ � LOOH → Fe3+ � �•OH � LO�• [reaction 4] 

Reaction 3 is termed the Fenton reaction. Hydroxyl radi-
cal can also be produced via the Haber-Weiss reaction
(reaction 5). A “ferryl ion” is produced from Fenton
reagents and relevant as an initiator of lipid oxidation
(reaction 6); even in the absence of H2O2, ferryl ion can be
produced from the reaction of Fe2+ and the “perferryl ion”
complex (Fe2+O2) (18). 

�•O2 � H2O2 → O2 � OH− � •OH [reaction 5] 

Fe2+ � H2O2 → Fe2+O � H2O [reaction 6] 

Ferryl ion

Chelators such as ethylenediaminetetraacetic acid (EDTA)
and adenosine diphospate (ADP) are widely used to
enhance the ability of iron to promote lipid peroxidation
(19). Ascorbate increased the ability of iron to stimulate
lipid oxidation by reducing ferric iron (Fe3+) to ferrous
iron (Fe2+) (20). Antioxidant properties of ascorbate and
metal chelators are discussed later (Section V.F and V.G).
Ferric iron can also be reduced enzymatically (e.g., mem-
brane bound reductase, ADP and NADH). Although Fe2+

did eventually stimulate lipid oxidation in sarcoplasmic
reticulum, increasing concentrations of Fe2+ increased the
lag phase prior to lipid oxidation; this suggested that Fe2+

initially was an antioxidant by reducing membrane antiox-
idant radicals to their active form (21). Fe2+ could then
stimulate lipid oxidation after the antioxidant capacity was
exhausted. Lipolysis, cooking temperatures, ascorbate,
peroxides and extended storage times have the ability to
increase iron concentrations in biological systems by stim-
ulating the release of iron from proteins including ferritin,
transferrin, hemoglobin, and myoglobin (22–26).

B. HEME PROTEINS

Hemoglobin and myoglobin are the predominant heme
proteins (HP) in muscle foods. The blood protein hemo-
globin is a tetrameric protein while myoglobin from the
interior of muscle cells is a monomer (single polypeptide
chain). Hemoglobin tetramers dissociate into monomers
and dimers upon dilution and with decreasing pH (27, 28).
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Certain aquatic and land animals possess multiple hemo-
globins with different chromatography characteristics 
(29, 30). These factors can cause erroneous determination
of hemoglobin and myoglobin content in tissue extracts.
Heme proteins consist of a globin chain(s) and a heme
ring(s), the latter containing an iron atom. The iron is pri-
marily in the ferrous state (HP-Fe2�) in vivo. Met heme
protein (HP-Fe3�) accumulates post mortem via a proton
or deoxygenated HP mechanism (reactions 7 and 8) (31).
A general term for the formation of metHP from
ferrousHP is heme protein autoxidation. 

oxy(+2)HP + H+ → met(+3)HP + •OOH [reaction 7]

deoxy(+2)HP + O2 → met(+3)HP + �•O2 [reaction 8]

Met heme protein formation is likely critical to the onset of
lipid oxidation since metHP reacts with either H2O2 or lipid
hydroperoxides to form the ferryl HP radical that is capable
of initiating lipid oxidation (reactions 9 and 10) (32).
MetHP is much more likely to unfold and release its heme
group compared to ferrous HP (33, 34). Released or dis-
placed heme can react with lipid peroxides to form various
lipid radical species that have the ability to propagate lipid
oxidation processes (reaction 11) (35–37). Bohr effects
occur in certain fish hemoglobins (38). This decreases oxy-
gen affinity of the heme protein at post mortem pH values
and hence increases met heme protein formation (reaction
8). It is still unclear if ferrous forms of heme proteins can
react with lipid hydroperoxides to stimulate lipid oxidation
processes although some potential pathways have been sug-
gested involving oxyHP and deoxyHP (39, 40).

met(�3)HP � H2O2 → HP+•ferryl(�4) � O + H2O
[reaction 9]

met(�3)HP � LOOH → HP+•ferryl(�4) � O + LOH
[reaction 10]

heme(�3) � LOOH → Heme(+3)-O• � LO• [reaction 11]

C. PEROXIDES

There are numerous sources of hydrogen peroxide in bio-
logical systems. Equations 1 and 2 describe an iron, oxy-
gen, and proton-mediated mechanism of formation.
NADPH-cytochrome P450 reductase produces �•O2 that
dismutates to H2O2 (19). Production of H2O2 in mito-
chondrial and peroxisomal fractions has been described
(41). H2O2 production in erythrocytes was mainly
attributed to hemoglobin autoxidation (42). H2O2 was pro-
duced at a rate of 14 nmol/g of fresh weight/30 min in
turkey muscle at 37°C (43). High concentrations of H2O2

will cause release of iron from the heme ring of heme
proteins (25). 

Like H2O2, lipid hydroperoxides (LHP) react with
metals or heme proteins to produce free radical species
that propagate lipid oxidation. Further, the collection of
volatiles that produce rancid odor result from LHP break-
down. Trace amounts of LHP are required for lipoxyge-
nase activity, converting iron in the active site from the
ferrous to ferric form (44). Reduction of lipid hydroper-
oxides to alcohols with compounds such as ebselen and
triphenylphosphine often abolishes any lipid oxidation
that was observed prior to reduction (45, 46). Tocopherol-
mediated lipid peroxidation was found to require Cu2+ and
low levels of lipid hydroperoxides (47).  Fe2+ reacts with
lipid hydroperoxides around 20 times faster than with
hydrogen peroxide (48). Protein hydroperoxides may also
exacerbate lipid oxidation processes (49). Non-lipid sur-
factant hydroperoxides increased rates of lipid oxidation
in oil-in-water emulsions (50).

D. ROLE OF OXYGEN

Oxygen not only peroxidizes alkyl radicals to propagate
lipid oxidation (Figure 8.4) but also is a source of acti-
vated oxygen species (Figure 8.5). Unlike �•O2,

•OOH
can cross membranes, which may increase its pro-oxida-
tive character (51). The oxygen concentration in marine
oils is fairly constant between 20°C and 60°C but
rapidly decreases between 60°C and 80°C (52). The O2

concentrations in these oils at 20°C (0.44 to 1.25 mM)
exceed the O2 concentration found in water at the same
temperature (around 0.30 mM). In 80% oxygen and 20%
carbon dioxide packaging, oxygen penetrated 1.7 to 11
mm into different muscle foods (beef � pork � lamb)
(53). At high ratios of [O2]/[H2O2], the ferryl ion initia-
tion (reaction 6) is believed to dominate while Fenton
reagents (reaction 3) are more prevalent at lower ratios
(18). In CCl4-induced lipid peroxidation of hepatocytes,
a distinct maximum was obtained at 7 mm Hg oxygen
while iron-mediated lipid oxidation in microsomes dif-
fered in oxygen dependence depending on whether initi-
ation or propagation phases were considered (54).
Metmyoglobin formation in beef occurred most rapidly
at around 11 mm Hg oxygen (55). Non-destructive oxy-
gen sensors are available to measure the oxygen content
in headspace of different packaging systems (56).
Carotenoids are believed to be more effective antioxi-
dants at low oxygen concentrations compared to higher
oxygen concentrations (57).

Lipid Chemistry and Biochemistry 8-5

O2
–•O2

e– e–/2H+ e–/H+ e–/H+

H+ pKa 4.8 +

HO•

HOO•

H2O2 H2O

H2O

↔

FIGURE 8.5 One-electron reductions of oxygen.



E. LIPOXYGENASES AND MYELOPEROXIDASES

Lipoxygenases are responsible for flavor deterioration in
beans during frozen storage (58). Lipoxygenases “initiate”
lipid oxidation processes by hydrogen abstraction from a
polyunsaturated fatty acid. The off-flavor is due to the
volatiles that are produced from breakdown of the lipoxy-
genase-derived lipid hydroperoxides. Fresh fish aromas
are believed to result in part from lipoxygenases that
enzymically peroxidize fatty acid substrates (59). These
enzymes may also be responsible for formation of rancid
odors by providing critical amounts of lipid hydroperox-
ides that can be broken down by metals or heme proteins
to produce rancid odor. Some of the confusion surround-
ing the presence or absence of lipoxygenases in animal tis-
sues may be due to the quasi- lipoxygenase activities of
myoglobin and hemoglobin (60, 61). Esculetin has been
utilized as a specific lipoxygenase inhibitor; however,
esculetin is a phenolic compound that has general free rad-
ical scavenging ability and should not be considered a spe-
cific inhibitor of lipoxygenase.

Myeloperoxidases are found in white blood cell neu-
trophils. Myeloperoxidase catalyzes the reaction of chloride
and hydrogen peroxide that produces hypochlorous acid
which in turn reacts with •−O2 and yields hydroxyl radical
(62). This reaction was found to be six orders of magnitude
faster than the Haber-Weiss reaction (reaction 5) and does
not require iron. 

F. LIPOLYSIS

Lipolysis results in the formation of free fatty acids.
Lipolysis occurs due to enzyme action or heat and mois-
ture. Free fatty acids are responsible for both undesirable
and desirable flavors (e.g., milk rancidity or positive flavors
in cheese, bread, and yogurt). Cabbage phospholipase D
decreased the formation of lipid oxidation products in beef
homogenates and egg yolk phosphatidylcholine liposomes
(63). Adding free fatty acids to fresh salmon flesh, at levels
of free fatty acids that accumulated during 6 months at
–10°C storage, increased taste deterioration in fresh minced
salmon (64). The amount of taste deterioration from each
fatty acid was 22:6n-3 > 16:1n-7 > 18:2n-6 > 20:5n-3). This
suggested that hydrolysis of triacylglycerols negatively
impacted sensory quality. A review on lipolysis effects in
fish muscle indicated that triacylglycerol hydrolysis results
in increased lipid oxidation while phospholipid hydrolysis
was inhibitory (65). 

G. PHOTOACTIVATED SENSITIZERS (SINGLET

OXYGEN)

Oxygen can exist in the triplet (3O2) or singlet state (1O2).
Triplet oxygen is the normal state of oxygen while singlet
oxygen is generated via photosensitization by natural pig-
ments in food (e.g., riboflavin or chlorophyll). The two

electrons in the antibonding 2p orbitals of 3O2 have the
same spin and are in different orbitals. This creates a small
repulsive electronic state. In 1O2, the two electrons are in
a single antibonding orbital and have opposite spins;
therefore, electrostatic repulsion will be great. 1O2 is thus
at a higher energy state than 3O2, and 1O2 is more elec-
trophillic than 3O2. This causes 1O2 to react readily with
moieties of high electron density such as double bonds in
unsaturated fatty acids (8). This direct addition of 1O2 to
unsaturated fatty acids initiates lipid oxidation without the
need for hydrogen abstraction as is the case with free rad-
ical-mediated initiation. Nine or more conjugated double
bonds (e.g., carotenoids) are required for physical
quenching of singlet oxygen (66). Other compounds such
as tocopherols and amines can quench singlet oxygen by
a charge transfer mechanism (67). 

H. FAT CONTENT

Release of c-9 aldehydes into headspace decreased with
increasing oil content in oil-in-water emulsions (68). This
suggested that the impact of certain odor compounds is
decreased by elevated levels of fat via solubilization of the
component into the oil phase. A study was conducted that
examined the effect of added triacylglycerols on rates of
hemoglobin-catalyzed oxidation of washed cod muscle
lipids. No difference in rate or extent of lipid oxidation
catalyzed by hemoglobin was obtained when washed cod
muscle (around 0.7% phospholipids) was compared to the
washed cod muscle containing up to 15% added triacyl-
glycerols (69). This indicated that triacylglycerols did not
accelerate rates of lipid oxidation during storage. Similar
non-effects of added triacylglycerols were obtained in
cooked lipid-extracted muscle fibers (70). Increasing fat
contents did not increase oxidized oil odor in frozen
stored catfish (71).

I. EFFECT OF COOKING

Consumers are finding less time to prepare meals. The
food industry is responding to this by increasing the avail-
ability of pre-cooked meats. A major problem with pre-
cooked meats is the development of an objectionable
warmed-over flavor via lipid oxidation (72). This
warmed-over flavor occurs more rapidly during refriger-
ated compared to frozen storage temperatures. It has been
suggested that released iron from heme proteins promotes
warmed-over flavor in pre-cooked beef (23). The evidence
for this was that the low-molecular-weight fraction in an
aqueous extract of beef muscle stimulated lipid oxidation
of washed muscle fibers much better than the high-molec-
ular-weight fraction (73). On the other hand, in pre-
cooked fish, heme proteins were believed to be the active
catalysts due to higher pro-oxidative activity in the high-
molecular-weight fraction of the fish muscle (74).
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Polyphosphates inhibited lipid oxidation in pre-
cooked beef, which may be due to iron chelating proper-
ties of the phosphates (73). Inhibitors of warmed-over
flavor were produced in meat during retorting but could
not be extracted from raw beef. This suggests that the high
temperature processing caused formation of products that
inhibit lipid oxidation (75). Browning reactions that
involve carbohydrates and amino acids were believed to
impart this antioxidant effect.

Lipid oxidation is much less of a problem in pre-
cooked meats that are cured. Cured meats contain nitrite
in the formulation. The primary way that nitrite is
believed to exert its antioxidant effect is by conversion of
nitrite to nitric oxide (NO) that binds to the iron atom in
the heme ring of heme proteins. The NO-ligand may be
antioxidative by preventing release of heme or iron during
cooking and storage or by decreasing heme protein reac-
tivity. Nitrite can also act as an antioxidant by chelating
metals and scavenging free radicals. Nitrite may be toxic
at elevated levels and therefore it is critical to control the
residual nitrite content in the product.

IV. MEASURING RATES OF LIPID
OXIDATION IN FOOD SYSTEMS 

Lipid hydroperoxides are primary lipid oxidation products
that are precursors to rancidity. Lipid hydroperoxides need
to be broken down to form the low-molecular-weight
volatile compounds (secondary products) that impart ran-
cidity. It is imperative to measure primary and secondary
lipid oxidation products. To accentuate this point, toco-
pherol enriched lipoproteins had higher levels of conju-
gated dienes (primary product) than lipoproteins containing
little tocopherol (76). Standing alone, this errantly suggests
that tocopherol was a pro-oxidant. Fortunately, these
researchers also measured thiobarbituric reactive sub-
stances (TBARS) which indicated less formation of the sec-
ondary products in the tocopherol enriched samples.
Apparently, tocopherol stabilized the hydroperoxides.
Thus, a more complete picture is realized when measuring
both primary and secondary lipid oxidation products.

Sensory analysis should be done whenever possible
since human subjects can determine the point at which
the product becomes undesirable which ultimately deter-
mines shelf life. Degree of rancidity or quality perception
is harder to pinpoint using chemical indicators of lipid
oxidation. Single time point measurements are also dis-
couraged. Primary and secondary lipid oxidation prod-
ucts commonly increase, reach a maximum, and then
decrease substantially. This can create a situation where
one sample is perceived to be minimally oxidized but 
in fact had undergone extensive oxidation well before 
the measurement. Thus, measuring lipid oxidation prod-
ucts at multiple time points during storage is suggested so
that a kinetic curve can be obtained which demonstrates

a lag phase, exponential phase and plateau, or decrease
phase.

Common lipid oxidation indicators that are measured
during storage of lipid-containing foods include lipid per-
oxides, conjugated dienes, headspace volatiles, thiobarbi-
turic acid reactive substances (TBARS), anisidine value,
oxygen consumption, and carotene bleaching. A descrip-
tion of these and other methods including those used in
fried products is available (8). Very good correlations
between TBARS and headspace volatiles (e.g., hexanal,
pentenal) were determined in cooked turkey during 4°C
storage (77). TBARS are unlikely to provide useful results
if the starting material has already undergone consider-
able oxidation. Rancidity can develop before any
detectable change in fatty acid composition occurs. For
example, no difference in fatty acid composition was
found when fresh mackerel muscle was compared to
extensively rancid mackerel muscle (78). This should not
be a surprise considering that extremely small amounts of
fatty acid precursors are required to produce the amount
of volatiles needed for sensory impact (79).

Numerous pitfalls exist when measuring rates of lipid
oxidation. Thermogravimetric methods entail weighing
the sample until a rapid increase in weight occurs due to
oxygen adding to the lipid. This can be done under
isothermal conditions or programming from ambient to
elevated temperatures. The drawback is that by the time a
spike in weight occurs, detection of rancidity had previ-
ously occurred. Bulk oils are sometimes heated to 90°C to
shorten the storage period needed to produce quantifiable
levels of lipid oxidation. The amount of oxygen that is sol-
uble in oil decreases substantially at elevated tempera-
tures. This causes the mechanism of oxidation to be
different from that which would occur at lower tempera-
tures. Both the AOM and Rancimat method have been
considered unreliable due to the high temperatures that
are used (80). More reasonable methods to accelerate the
rate of lipid oxidation in oils and emulsions are to store
samples at 50°C and add metals or hemin to the system. It
is interesting to note that fish held at –10°C was more sus-
ceptible to lipid oxidation than muscle stored at around
0°C. The temperature deceleration effect was apparently
less substantial than the effect of freeze concentration of
reactants (81). The mechanism of lipid oxidation at –20°C
(commercial storage) may also be different than –10°C
considering that less tissue damage should occur at the
lower temperature due to faster freezing rate and smaller
sized ice crystals.

V. ANTIOXIDANTS

Food antioxidants are used to inhibit lipid oxidation reac-
tions that cause quality deterioration (e.g., flavor, color,
texture, nutrient content). It is important to note that any
compound that is antioxidative under one set of conditions

Lipid Chemistry and Biochemistry 8-7



can become pro-oxidative under different conditions. As
an example of this point, ascorbate has been found to both
inhibit and accelerate lipid oxidation depending on the
concentration of linoleate hydroperoxides in the system
(82). The main antioxidant mechanisms are free radical
scavenging, chelation of metals, removal of peroxides or
reactive oxygen species, and quenching of secondary lipid
oxidation products that produce rancid odors (83). 

A. FREE RADICAL SCAVENGERS

Some typical free radicals that can initiate/propagate lipid
oxidation and hence be scavenged by antioxidants include
hydroxyl (•OH), alkoxyl (LO•), peroxyl radicals (LOO•),
and ferryl heme protein radicals (HP+•ferryl(+4)=O) (84).
•OH is one of the strongest biological oxidants (Table 8.1)
and therefore will react with nearly any molecule that it
encounters. This might limit the amount of •OH that will
react with fatty acids. Peroxyl radicals are likely prevalent
since the reaction of oxygen with alkyl radicals that forms
after hydrogen abstraction from a fatty acid is highly
favored both thermodynamically and kinetically. Alkoxyl
radicals will form due to breakdown of lipid hydroperox-
ides by heme or reduced metal complexes. Alkoxyl radi-
cals can undergo β-scission reactions that produces a
short chain alkyl radical (RCH2

•) that reacts readily with
O2 to form peroxyl radicals (17).

There are numerous free radical scavengers (FRS)
that are either endogenous to the food or incorporated dur-
ing processing. The antioxidant effectiveness will depend
on hydrogen bond energies (85). The donation of hydro-
gen from a generic phenolic antioxidant to an alkoxyl rad-
ical is depicted in Figure 8.6. The ability of a particular
FRS to donate hydrogen to a free radical can be predicted
from standard one-electron reduction potentials (17). Any
compound that has a reduction potential lower than that of
a free radical is capable of donating hydrogen to that free
radical (Table 8.1). For example, catechol has a lesser
reduction potentials than alkoxyl radical. Thus, catechol
can donate hydrogen to the alkoxyl radical. This donating

ability of catechol competes with the undesirable reaction
of alkoxyl radicals with polyunsaturated fatty acids
(PUFA-H) (Table 8.1) and hence inhibits lipid oxidation
processes. It should be kept in mind that the reduction
potential of a compound changes as a function of pH,
temperature, and concentration of the compound(s) of
interest.

A potential drawback is that the FRS becomes a free
radical itself after donating hydrogen to the alkoxyl radi-
cal (Figure 8.6) (Table 8.1). The most efficient FRS exist
as low energy radicals after scavenging. The benefit of
existing as a low energy radical is that the radical is
unlikely to abstract hydrogen from polyunsaturated fatty
acids. Low energy radicals result from resonance delocal-
ization (Figure 8.6). The conjugated ring structure of the
phenolic allows the phenolic radical to reside at multiple
sites on the molecule. As the radical migrates from site to
site, a low energy radical results that possesses low reac-
tivity. Evidence of low reactivity can be gleaned from the
one-electron reduction potentials. Any radical with reduc-
tion potential less than a polyunsaturated fatty acid (e.g.,
catechol radical) cannot abstract hydrogen from the fatty
acid; hence the antioxidant radical cannot initiate/propa-
gate lipid oxidation processes (Table 8.1).

Efficient FRS in their radical form should also not
react with oxygen. If reaction with oxygen occurs, a free
radical peroxide forms (FR-OOH). The free radical per-
oxide cannot be regenerated by reducing equivalents as
can occur when the FRS is in a resonance delocalized
form (FR•). The net effect is depletion of the antioxidant
upon reaction with oxygen. Further free radical peroxides
can decompose to species capable of furthering oxidation.
Note that ascorbate has a one-electron reduction potential
that is less than tocopherol (Table 8.1) and thus ascorbate
can regenerate tocopherol from tocopheroxyl radicals.

Thus, phenolic compounds are efficient FRS due to
their hydrogen donating properties and resonance delocal-
ization of the phenoxyl radical. There is a multitude of phe-
nolic free radical scavengers available to food scientists.
The synthetic phenolics butylated hydroxy toluene (BHT),
butylated hydroxy anisole (BHA), tertiary butyl hydro-
quinone (TBHQ), and propyl gallate (PG) (Figure 8.7) are
commonly used in the food industry due to their low cost
of production although consumers prefer natural FRS such
as tocopherols and plant phenolics.

B. SYNTHETIC PHENOLICS

Propyl gallate (PG) is poorly soluble in oils and sensitive to
heat degradation (e.g., frying temperatures). Substitution of
the propyl group with octyl or dodecyl groups provides
more heat stability and lipid solubility. Gallates have been
used to stabilize meat products, baked goods, fried prod-
ucts, confectionaries, nuts, and milk products (86).
Butylated hydroxyanisole (BHA) volatilizes upon frying,
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TABLE 8.1
Standard One-Electron Reduction Potentials of
Components Involved in Free Radical Reactions

[Oxidized / Reduced] Couple E° ′′ (mV)

HO•, H+ / H2O 2310
LO•, H+/ LOH 1600
LOO•, H+ / LOOH 1000
PUFA•, H+ / PUFA-H 600
Catechol•, H+ / catechol 530
α-Tocopheroxyl•, H+ / α-tocopherol 500
Ascorbate• −, H+ / ascorbate− 282

Adapted from Ref. 17.



but residual BHA does protect fried foods. BHA is a mix-
ture of two isomers (Figure 8.7). The −C(CH3)3 group on
the conjugated ring increases oil solubility and enhances
resonance stabilization of the phenoxy radical. This alkyl
group on the conjugated ring also enhances hydrogen-
donating properties. Butylated hydroxytoluene is highly
soluble in oil due to its two −C(CH3)3 groups and single
methyl group (Figure 8.7). TBHQ has two hydroxy groups
and significant solubilities in a wide range of fats, oils, and
solvents. The order of antioxidant efficacy in fish oil stored
at 60°C was TBHQ> PG=BHA>BHT (87). 

C. TOCOPHEROLS AND TOCOTRIENOLS

Tocopherols are of plant origin and exist in four forms
(α, β, γ, δ). The structures of the isomers are illustrated
in Figure 8.8. Tocopherols are soluble in oils and
ethanol. When tocopherol reacts with a peroxyl radical,
at least five resonance structures of the tocopherol radi-
cal can form (83). BHA, BHT, and PG are considerably
more stable to heat treatment than α-tocopherol (86).
α-, β-, γ-, and δ-tocopherol inhibited formation of

cholesterol oxidation products to different degrees in
metal-induced oxidation of unilamellar phospholipid-
choleseterol liposomes (88). In beef muscle, toco-
pherolquinone and 2,3-epoxy-tocopherolquinone were
the dominant tocopherol oxidation products and lower
amounts of 5,6-epoxy-tocopherolquinone and toco-
pherolhydroquinone were detected (89). This was con-
sistent with mainly a peroxyl radical scavenging
function of tocopherol but also some scavenging of
other free radicals. Predominant amounts of the 2,3- and
5,6-epoxy-tocopherolquinone products would suggest a
nearly exclusive mechanism of peroxyl-radical scaveng-
ing. When examining Atlantic mackerel, a substantial
amount of tocopherol was present in stored muscle that
was highly rancid (90). This suggested that tocopherol
was not an effective antioxidant in the mackerel muscle.
Tocotrienols are similar in structure to tocopherols but
contain three unsaturated units in the isoprenoid chain.
γ- and δ-tocotrienols extended shelf life of coconut fat
better or in a manner similar to their corresponding
tocopherols during 60°C storage and exposure to frying
temperatures (91).
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D. PLANT PHENOLICS

Simple plant phenolics contain a single conjugated ring
with various substitutions. These compounds are usually
water soluble and examples are gallic acid and hydrox-
ycinnamic acid. Anthocyanidins are 3-ringed structures
that exist as protonated cations at acidic pH values, are
colorless open-ringed structures at intermediate pH val-
ues, and are anions at higher pH values. Glycosylated
anthocyaninidins are termed anthocyanins and are the
common red pigments in fruits. Flavan 3-ols are colorless
compounds that are common in tea. Epicatechin is an
example of a flavan-3-ol (Figure 8.9). Quercetin is a
flavonol and is one of the most abundant flavonoids
(Figure 8.9). Flavonoids is a general term that includes
anthocyanins, flavonols, flavones, isoflavones, and chal-
cones. A quercetin metabolite was found to have antioxi-
dant properties in a liposomal membrane (92). Linked
flavan-3-ol repeated molecules are high molecular weight,
generally poorly soluble in water, and referred to as
proanthocyanidins, procyanidins, tannins, or het-
eropolyflavans (93). Extensive structural diversity exists

in different plant phenolics. In rosemary leaf extract,
carnosol, carnosic acid, rosmarinic acid, and ros-
maridiphenol have antioxidant potency (86).

The rate of peroxyl radical scavenging by quercetin
and epicatechin was greater in non-polar solvents com-
pared to hydrogen bonding solvents (94). In a liposomal
model system that generate free radicals during metal-
induced peroxidation, 1) antioxidant activity increased
with increasing hydroxy substitutions present on the B
ring for anthocyanidins but the opposite was observed for
the flavan-3-ol, catechin, 2) substitution by methoxyl
groups decreased antioxidant activity of anthocyanidins,
and 3) substitution of a galloyl group at position 3 of the
flavonoid moiety decreased antioxidant activity of the cat-
echin (95). 

Many phenolic antioxidants have been characterized
in grapes, berries, teas and spices. Beet root pigments
were found to have free radical scavenging properties
(96). Betanidin 5-O-beta-glucoside in beet was found to
inhibit lipid oxidation at low concentrations (97). In
pineapple juice, phenolic compounds containing cysteine,
glutamyl, and glutathione linkages were identified (98).
Proteins (casein or albumin) decreased antioxidant effi-
cacy of tea flavanols (99). Freezing and storage had neg-
ligible effects on antioxidant capacity of raspberry
phenolics (100). Ferryl myoglobin, a possible pro-oxidant
in muscle tissue, was reduced by epigallocatechin gallate
from green tea (101). The antioxidant effects of tea cate-
chins in raw chicken muscle were attributed to free radi-
cal scavenging ability and iron chelating effects (102). 

E. CAROTENOIDS

Carotenoids are fat-soluble pigments. Canthaxanthin and
astaxanthin possess oxo groups at the 4 and 4�-positions in
the β-ionone ring (Figure 8.10). β-carotene and zeaxanthin
do not contain oxo groups and were found to be less
inhibitory to methyl linoleate peroxidation than canthaxan-
thin or astaxanthin (103). β-carotene, however, can scav-
enge free radicals. Peroxyl radicals either add directly to the
hydrocarbon portion of the molecule displacing an unsatu-
ration site or add to the β-ionine ring forming a β-carotene
cation radical; these oxidation products, however, are 
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susceptible to breakdown that results in formation of
alkoxyl radicals (83). There is evidence that carotenoids are
effective antioxidants at low oxygen concentrations but not
higher oxygen concentrations (57). Carotenoids including
lycopene can inactivate singlet oxygen by physical quench-
ing of the activated oxygen specie (104). 

F. OTHER FREE RADICAL SCAVENGERS AND

REDUCTANTS

Uric acid is present in plasma and can inhibit lipid oxida-
tion by scavenging free radicals or singlet oxygen (105).
Ascorbate is believed to scavenge tocopheroxyl free radi-
cals thereby regenerating tocophopherol (17). Ascorbate
can also scavenge various free radicals such as •−O2,
•OOH, and •OH (48). Like flavonoids, ascorbate reduces
hypervalent forms of heme proteins to potentially inhibit
lipid oxidation in muscle foods (106). Heme oxygenase
converts heme into bilirubin. Bilirubin is believed to scav-
enge free radicals, which results in formation of biliverdin
that is reduced back to bilirubin by NADH and biliverdin
reductase. This redox cycle was used to explain the high
antioxidant power of bilirubin in vivo (107). It is not
known how effective bilirubin inhibits lipid oxidation in
food systems. Ubiquinol is a phenolic compound that is
conjugated to an isoprenoid chain and is associated
with mitochondrial membranes. Oxidation of ubiquinol
results in formation of semiubiquinone radical. Dietary

ubiquinone increased ubiquinol levels in lipoproteins 
and decreased lipid oxidation rates (108). Ubiquinol is
considered a weak free radical scavenger due to internal
hydrogen bonding that interferes with abstraction of its
phenolic hydrogen by free radicals (109).

A potent natural antioxidant from shrimp was tenta-
tively identified as a water-soluble, polyhydroxylated
derivative of an aromatic amino acid (110).

G. METAL INACTIVATORS

Ethylenediamine tetraacetic acid (EDTA) can inhibit lipid
oxidation by forming an inactive complex with metals.
EDTA can either promote or inhibit lipid oxidation
depending on the iron/EDTA ratio, which modulates the
effective charge in the system (111). EDTA is approved for
use in foods at low concentrations. It is poorly soluble in
fats and oils but only small amounts are needed for maxi-
mum activity. EDTA protected lard better than a combina-
tion of BHT and citric acid (86). It should be noted that
EDTA indirectly acts as a free radical scavenger. Jimenez
and Speisky (112) showed that glutathione scavenged free
radicals less effectively in the presence of copper than
when EDTA was mixed with copper prior to addition of
gluathione. The ability of EDTA to tie up copper or form
a chelate with glutathione apparently increased the free
radical scavenging ability of glutathione. The carboxylic
acid groups of EDTA are protonated at low pH values 
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(i.e., when pH is below the pKa for the acid groups of
EDTA). This interferes with the ability of EDTA to com-
plex metals or other cellular components. 

Desferrioxamine is often used as a “metal chelator” in
research studies, but this can lead to errant results since
desferrioxamine can also act as a free radical scavenger
(113). EDTA, tartaric acid and citric acid are other com-
monly used metal chelators in the food industry. Citrate
esters improve oil solubility but at least two free carboxyl
groups are needed for effective metal inactivation.
Propylene glycol increases solubility of citric acid in oils
and fats (86). Sodium tripolyphosphate can act as an
antioxidant via metal chelation (114). A disadvantage of
using metal chelators in general is that iron bioavailability
during digestion may be compromised. 

Ceruloplasmin inhibits metal-catalyzed oxidation via
its ferroxidase activity. The ferroxidase converts Fe2+ to
Fe3+, a less catalytic form of iron (115). Transferrin (plasma
protein) and ferritin (muscle cell protein) can inactivate
metals by chelation of iron but also can release iron causing
a pro-oxidant effect; lipolysis and ascorbate, respectively
are capable of triggering the iron release (22, 116).
Carnosine is a B-alanylhistidine dipeptide found in skeletal
muscle at high concentrations. It is capable of chelating
copper, scavenging peroxyl radicals, and forming adducts
with aldehydes (117). Histidine was found to inhibit non-
enzymatic iron mediated lipid oxidation apparently due to
formation of an inactive chelate but histidine was also found
to activate enzymic pathways of lipid oxidation (118). 

H. ENZYMES THAT INACTIVATE OXIDATION

INTERMEDIATES

Superoxide anion (�•O2) can be produced by heme protein
autoxidation or by any process that causes addition of an
electron to oxygen (119). Superoxide can reduce Fe3� to
Fe2�, the more pro-oxidative form of iron. In addition, the
pKa of �•O2 is around 4.5. Thus at pH values below 4.5, the
conjugate acid •OOH is the predominant form which can
directly initiate lipid oxidation (84). Superoxide dismutase
is present in cells and extracellular fluids to remove �•O2

resulting in formation of oxygen and hydrogen peroxide.
Hydrogen peroxide (H2O2) can react with either low-

molecular-weight iron or heme proteins to form free radi-
cals that initiate/propagate lipid oxidation processes.
Biological systems are equipped with antioxidants to deal
with this stress. Catalase, a heme-containing enzyme
reacts with H2O2 to form water and oxygen (120). In
plants and algae, ascorbate peroxidase removes H2O2 and
forms monodehydroascorbate and water. Glutathione per-
oxidase removes H2O2 and forms water and oxidized glu-
tathione. The reaction of glutathione peroxidase with lipid
hydroperoxides results in formation of an alcohol, water,
and oxidized glutathione. Compounds such as methionine
and thiodipropionic acid can also decompose peroxides
but at much slower rates than the enzymes. 

I. SCAVENGING OF LIPID OXIDATION

BREAKDOWN PRODUCTS

Lipid oxidation breakdown products (e.g., aldehydes,
ketones, hydrocarbons) form a mixture of volatiles that
causes objectionable flavors and odors. Carnosine, anser-
ine, histidine, lysine, albumin, and sulfur or amine con-
taining compounds have the ability to bind aldehydes and
therefore decrease rancidity in foods (83). These “scav-
engers” should be examined in relation to browning of
beef considering that lipid oxidation derived aldehydes
accelerated the conversion of oxyMb to metMb and hence
have the capacity to accelerate browning in beef (121). 

J. OTHER MECHANISMS OF ANTIOXIDANT ACTION

Spermine was found to inhibit lipid oxidation in hepato-
cytes of CCL4-treated rats; a possible mechanism was for-
mation of polyamine-phospholipid complexes (122).
Conjugated linoleic acid (CLA) has been shown to
decrease rates of lipid oxidation in muscle tissue (123).
The mechanism may be related to the ability of dietary
CLA to decrease polyenoic fatty acid concentrations in
the muscle (124). Organosulfur compounds such as dial-
lyl sulfide and N-acetyl cysteine may exert their antioxi-
dant protection by modulating antioxidant enzymes such
as catalase and glutathione-s-transferase (125).

K. INTERFACIAL, CHARGE, AND LOCATION EFFECTS

Deciding which antioxidant(s) to utilize in a particular
food system is a formidable task. Having water and lipid
soluble antioxidants was found to maximize extension in
shelf life of mayonnaise prepared from fish oil (126).
However, cost limitation is a factor that limits amounts of
antioxidant addition. Most foods have a water phase, lipid
phase and water-lipid interface. Location of different
antioxidants should affect antioxidant potency. Membrane
phospholipids are believed to be more prone to lipid oxi-
dation than triacylglycerols in muscle foods so protecting
membrane lipids is desired (127). δ-Tocopherol could be
preferentially incorporated into isolated membranes com-
pared to triacylglycerols by proper selection of antioxi-
dant solvent (ethanol instead of corn oil) (128). In minced
chicken muscle containing added triacylglycerols, δ-toco-
pherol could be preferentially incorporated into the mem-
brane fraction if the antioxidant was added to the lean
muscle before addition of TAG lipids (129). Hydrophilic
antioxidants (trolox and ascorbic acid) were generally
more effective than more hydrophobic compounds (toco-
pherol and ascorbyl palmitate) in bulk oils while the
hydrophobic compounds were more effective in oil-in-
water emulsions (130, 131). However, when comparing
carnosic acid to the more hydrophobic methyl carnosate,
the latter was a more effective antioxidant in both bulk
oils and emulsions (132). Benzoic acid, a water-soluble
phenolic, partitioned into the oil phase of a whey-protein
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stabilized emulsion more than could be explained by
oil/water partitioning alone (133). This suggested that
benzoic acid bound to protein adsorbed at the interface. In
oil-in-water emulsions, excess surfactant solubilized phe-
nolic antioxidants into the aqueous phase but the removal
of antioxidants from the oil or oil interface phases did not
accelerate lipid oxidation (134). The ability of excess sur-
factant to cause lipid hydroperoxides and iron to partition
into the aqueous phase (away from oil droplets) may
explain the ability of excess surfactant to inhibit lipid oxi-
dation in oil-in-water emulsions (50, 135). Positively
charged protein emulsifiers inhibited lipid oxidation more
effectively than negatively charged emulsifiers in oil-in-
water emulsions (136). This was attributed to the ability of
the positive charge of the protein interface to repel iron
away from the oil phase. The ability of Trolox to inhibit
lipid oxidation in liposomes was least when the mem-
brane bilayer and trolox molecule were negatively
charged and removing the repulsive forces by altering
membrane type or pH increased antioxidant efficacy
(137). More studies are needed to evaluate the distribution
of antioxidants in different phases in conjunction with
lipid oxidation kinetics during storage.

VI. PRODUCTION OF FATS AND OILS

Production of fats and oils from plant, animal, fish, and
dairy lipids can be broken into four classifications: recov-
ery, refining, conversion, and stabilization. Pressing or
solvent extraction are common processes to liberate oil
from plant seeds. Care should be taken during transporta-
tion of seeds to prevent cell rupture prior to oil extraction.
Lipases and lipoxygenases in the cytosol that mix with
TAG prematurely due to decompartmentation will be
detrimental to oil quality (i.e., formation of free fatty acids
and peroxidized lipids prior to extraction will reduce TAG
purity and hence yields). Heating during or prior to the
pressing step (115°C for 60 min) inactivates lipases and
lipoxygenases. Other benefits of heating are rupturing of
cell wells, decrease in oil viscosity, and coagulation of
proteins. Elevated moisture levels are discouraged due to
the ability of excess water to facilitate hydrolysis of ester-
ified lipids. Recovery of animal fat and marine oil is also
a high temperature process called rendering. Trimmings,
cannery waste, bones, offal, tallow and lard can be sub-
jected to rendering to produce valued added oils and fats.

Refining is the removal of non-TAG components
including free fatty acids, phospholipids, pigments, pro-
tein, and wax. The degumming step is a water wash that
removes phosphatides (e.g., lecithin, phospholipids).
Hydration in the presence of heat makes phosphatides
insoluble in the oil allowing removal by centrifugation.
Heating of oil contaminated with phosphatides can result
in foaming and even fire due to the surfactant properties of
the phospholipids. The next step in refining is neutraliza-
tion. Free fatty acids and phosphatides react with sodium

hydroxide to form a soap (e.g., saponified material).
Subsequent bleaching removes undesirable pigments typ-
ically by use of neutral clays. Waxes are then removed by
cooling the oil to around 7°C for 4 hours and filtering at
18°C. The final step in refining is deodorizing, which
removes hexane, pesticides, and peroxide decomposition
products that can potentially impart off-odors and off-fla-
vors. Deodorization is accomplished by steam distillation
at high temperatures (180°C to 270°C) under vacuum.
Freshly deodorized oils should have a peroxide value of
zero and a free fatty acid content of less than 0.03% (138).
Ideally fat-soluble antioxidants such as tocopherols are
retained in the purified oil. Unfortunately, refining strips
antioxidants from the TAG which often requires post-pro-
cessing addition of antioxidants to pure oil.

The conversion processes winterization and fractional
crystallization are physical processes that alter the lipids
and thus are out side the scope of this chapter. Various
chemical processes of conversion (e.g., interesterification)
and stabilization (e.g., hydrogenation) are described later
in this chapter. Stabilization techniques for fats and oils are
also discussed in the preceding section on antioxidants. 

VII. MODIFICATION OF LIPIDS AND
PRODUCTION OF SPECIALTY FATS

This section describes the numerous chemical processes
that are available to modify the functional properties of
food lipids. Functional properties include 1) oxidative sta-
bility, 2) plastic range, 3) flavor properties, 4) nutrient
content, 5) health promoting effects, and 6) caloric value.
Increasing fatty acid saturation or redistributing fatty
acids on the glycerol backbone to improve functionality
can be accomplished in bulk oils by treatment with low-
molecular-weight catalysts. In other cases, more specific
alteration of lipids is accomplished through the use of
enzymes to improve functionality. Endogenous enzymes
in yeasts, molds, and bacteria utilize nonlipid or lipid con-
taining carbon sources to produce a wide array of differ-
ent specialty lipids (e.g., cocoa-butter substitutes,
triacylglycerols rich in omega-3 fatty acids, biosurfac-
tants, polyunsaturated fatty acids, wax esters, and hydroxy
fatty acids). A thorough description of the emerging fields
of “lipid biotechnology” and “structured lipids” is avail-
able (139, 140). Some specific examples that utilize
lipases to produce specialty lipids are cited in Section
VII.C of this chapter. The opportunity to modify lipids
“pre-harvest” is addressed in Section VII.D.

A. HYDROGENATION

Hydrogenation is done for two important reasons: 1) pro-
vides a semi-solid fat at room temperature from an oil
source and, 2) increase oxidative stability during storage.
Hydrogenation involves mixing oil with a catalyst such
as nickel at elevated temperatures (140°C to 225°C).

Lipid Chemistry and Biochemistry 8-13



Hydrogen gas is then introduced with agitation. Once the
desired saturation is obtained, the material is cooled and
the catalyst is removed by filtration. Typical products that
result include shortenings and margarine. A disadvantage
of this process is the formation of trans fatty acids that are
considered unhealthy.

B. NON-ENZYMATIC INTERESTERIFICATION

Factors that contribute to textural properties of fats
include not only degree of fatty acid unsaturation and the
chain length but also the location of fatty acids on the
glycerol backbone. Chemical interesterification “random-
izes” the location of the different fatty acids, thereby
improving the utility of the fat. Spreadability, melting
point, and solid-fat content temperature profile are modi-
fied by the randomization. This process typically involves
the use of sodium methoxide (0.1%) as a catalyst. The
catalyst should function at low temperatures (around
50°C) to avoid polymerization and decomposition of
lipids during interesterification. Moisture inactivates the
catalyst. Therefore, the water content must be below
0.01%. Free fatty acids and lipid peroxides must be below
0.1% and 1%, respectively. The catalyst must be soluble
in the lipid.

The mechanism of interesterification using alkaline
bases involves nucleophillic attack by the catalyst towards
the slightly positive carbonyl carbon. This attack liberates
a fatty acid methyl ester and a resulting glycerate anion
(Figure 8.11). The glycerate anion is the nucleophile for
subsequent carbonyl attacks. This process continues until
all the available fatty acids have exchanged positions.
Sodium methoxide also removes an acidic hydrogen from
the carbon alpha to the carbonyl carbon. The carbanion
produced is a powerful nucleophile.

On occasion randomness is not desirable. If the fat is
maintained below its melting point, interesterification
proceeds with the formation of more saturated triacyl-
glycerols. This “directed interesterification” produces a
product with a higher solids content at higher tempera-
tures, which extends its plastic range.

A practical application of interesterification involves
the modification of lard. In its native form, lard has nega-
tive attributes including grainy texture, poor appearance,
poor creaming capacity, and limited plastic range (141).
The graininess is due to a preponderance of palmitic acid
at the sn-2 position. Randomization decreases the amount
of palmitic acid and the sn-2 position and hence decreases
graininess. Directed interesterification resolves the plastic
range problem. Improvement in plasticity and stability is
due to alterations in the polymorphic behavior. The inter-
esterified lard crystallizes into a β�-2 form that promotes
the improved functionality (8).

Fish oils are liquid at room temperature due to their
high content of polyunsaturated fatty acids including

omega-3 fatty acids (e.g., 22:6 and 20:5). Ingestion of
omega-3 fatty acids are noted for their ability to decrease
incidences of various diseases but are also highly suscep-
tible to lipid oxidation in foods, which causes off-flavors
and off-odors. A possible route to increased consumption
of these fatty acids with less quality loss during storage is
chemical interesterification. Interesterification of a hydro-
genated vegetable oil and the fish oil will produce a mix-
ture of fatty acids on the glycerol backbone ranging from
highly saturated to highly unsaturated. The saturated
TAGs can be removed by low temperature fractional crys-
tallization and centrifugation. The fraction obtained with
intermediate unsaturation (moderately higher temperature
crystallization) comprises TAGs containing both saturated
fatty acids and the highly coveted omega-3 fatty acids.
Compared to the starting fish oil, this results in triacyl-
glycerols 1) with a greater plastic temperature range
increasing product applications, 2) more resistance to
lipid oxidation due to the incorporation of the saturated
fatty acids, and 3) a relatively more stable source of
omega-3 fatty acids for incorporation into foods. An area
of concern would be the stability of the omega-3 fatty
acids at the temperatures used during chemical interester-
ification. An alternative process that requires lower reac-
tion temperatures is enzymatic interesterification.

C. ENZYMATIC MODIFICATION OF LIPIDS

Enzymatic interestification is accomplished using lipases
from bacterial, yeast, and fungal sources. The regio- and
stereospecificity obtained through the use of lipases is a
marked advantage over chemical interesterification.
Enzymatic interesterification requires less severe reaction
conditions, products are more easily purified, and pro-
duces less waste than chemical interesterification.
Enzymatic interesterification is more expensive at the
present time although advances are expected to lower
costs. In any event, certain processes can be accomplished
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with lipases that are not achievable via chemical inter-
esterification. For example, it is optimal to incorporate
stearic acid (18:0) at the sn-1 or sn-3 position because
stearic acid is least absorbed at these positions compared
to the sn-2 position (142). This is advantageous since
caloric value is decreased while maintaining a long chain
saturated fatty acid that expands the plastic range. An 
sn-1,3 lipase facilitates the regioselectivity desired
whereas chemical interesterification cannot. Since fatty
acids at the sn-2 position are more efficiently absorbed
than those at the sn-1,3 positions, the ideal location for
essential fatty acids is at the sn-2 position.  Fatty acids at
sn-2 will be shuffled to other positions on the triacylglyc-
erol in chemical interesterification, which is undesirable.
The sn-1,3 lipases, however, allow those endogenous fatty
acids to remain at the sn-2 site.

The major triacylglycerols in cocoa butter all contain
oleic acid at the sn-2 position (1-palmitoyl-2-oleoyl-3-
stearoyl-glycerol, 1,3-dipalmitoyl-2-oleoyl-glycerol, and
1,3-distearoyl-2-oleoyl-glycerol). Palm oil is rich in
palmitic and oleic acid but lacks appreciable amounts of
steric acid. Thus, palm oil has been reacted with stearic
acid and an sn-1,3 specific lipase; replacement of palmitic
acid with stearic acid at the sn-1 or sn-3 position
produced an effective cocoa butter substitute. Chemical
interesterification will randomize the location of all
the fatty acids and produce a less effective substitute.
Cocoa butter is an expensive material due to its limited
quantities and unique melting properties (hard and brittle
at room temperature but melts as it is warmed in the
mouth).

The reaction of fatty acids with esters such as those
found in triacylglycerols is termed acidolysis. Another
acidolysis reaction involves incorporating capric acid
(10:0) and caproic acid (6:0) into an oil stock. This is ben-
eficial since these fatty acids are readily oxidized in the
liver and therefore are excellent sources of energy as
opposed to normal storage fat for individuals having defi-
ciencies in fat absorption.

Transesterification is the exchange of acyl groups
between two esters, specifically between two tricacyl-
glycerols. Mixtures of hydrogenated cotton oil (rich in
stearic and palmitic acid) and olive oil (rich in oleic) can
be reacted in the presence of the proper lipase and mini-
mal water to create a cocoa butter substitute. To separate
the desired TAG from the undesired TAG, trisaturated
TAG can be removed by crystallization in acetone or tem-
perature differentials that crystallize out the more satu-
rated triacylglycerols. This process can also be performed
using sodium methoxide catalyst instead of lipases but
again the randomization of oleic acid from the sn-2 posi-
tion in the chemical interesterification should produce a
less effective substitute than a sn-1,3 lipase-driven inter-
esterification that regiospecifically alters the starting oil
stocks, thereby maintaining oleic acid at the sn-2 position.

Alcoholysis is the esterification reaction between an
alcohol and an ester. The most common alcoholysis is the
production of mono- and diacylglycerol surfactants (e.g.,
emulsifiers) by reacting glycerol with triacylglycerols.
Specifically, this reaction is termed glycerolysis and is
usually performed using nonspecific lipases. The newly
formed mono- and diacylglycerols are isolated by temper-
ature-induced crystallization. In glycerolysis, Tc is
defined as the critical temperature below which mono-
acylglycerols crystallize out of the reaction mixture (143).
This pushes the equilibrium of the reaction to produce
more monoacylglycerols. Vegetable oils have low melting
points and hence low Tc due to the abundance of polyun-
saturated fatty acids compared to animal fats. By reducing
the temperature below the Tc for vegetable oils (Tc = 5°C
to 10°C), yields of monoacylglycerols can be increased.

D. MODIFICATION OF LIPIDS PRIOR TO HARVEST

Genetic manipulation of lipid biosynthesis is a possible
route to improve functionality of TAG and phospholipids
(144). For example, the overexpression of cis-9 desaturase
in transgenic tomato results in increases in 16:1(cis 9),
16:2(cis 9,12), and 18:2(cis 9,12) fatty acids, which
enhance positive flavor attributes in the fruit mediated by
a lipoxygenase/hydroperoxidelyase/isomerase/reductase
enzyme system (145, 146). Apparently the enhanced fatty
acids are precursors for the desirable flavor compounds in
tomato. In cell membranes, phosphatidyl glycerol contain-
ing two saturated fatty acids is correlated with decreased
chilling injury in plants. Incorporating plastidic sn-glyc-
erol-3-phosphate acyltransferase (GPAT) from a chilling-
insensitive species (spinach) into a moderately chilling
sensitive species (tobacco) increased disaturated phos-
phatidyl glycerol and was successful at decreasing chilling
injury in the tobacco (147). Oxidative stability of trans-
genic canola oil was improved by decreasing the activity
of a cis 15-endogenous desaturase using antisense tech-
nology (148). This lowered the 18:3 (cis 9,12,15) content
from 6.9% to 1.4% in the oil. Although lipid stability was
improved by this technique, 18:3 is an essential fatty acid
so functionality is improved at the expense of nutritional
quality. A thorough review of genetic engineering of crops
that produce modified vegetable oils is available (149). 

E. FAT REPLACERS

Fat replacers can be primarily carbohydrate, protein, or
lipid based. Protein or carbohydrates replacers are called
mimetics and tend to absorb water readily but cannot carry
lipid-soluble flavor compounds. The other category of fat
replacers, called substitutes, will typically contain fatty
acids esterified to a carbohydrate. The fatty acids provide
desirable physical properties of fats but are not readily
cleaved by lipases during digestion. In other words, the
lipids are not metabolized and therefore caloric intake is
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reduced per gram or fat ingested. An example of a fat sub-
stitute is raffinose polyester. Raffinose is made up of
galactose-glucose-fructose units. The eleven available
hydroxy groups can potentially be esterified with fatty
acids. As the degree of substitution increases the suscepti-
bility to hydrolysis and absorption will decrease (150).
Sucrose fatty acid esters act as emulsifiers, texturizers,
and protective coatings in various foods products. 

Benefat consists of short chain fatty acids (e.g., 2:0,
3:0, 4:0) and a long chain saturated fatty acid (stearic acid,
18:0). Short chain fatty acids have low caloric value
because they are easily hydrolyzed by digestive lipases
and readily converted to carbon dioxide (151). Stearic
acid is only partially absorbed, especially if located at the
sn-1 or sn-3 position. Benefat is around 5 kcal/g while
typical fats are 9 kcal/gram. Currently, Benefat is pro-
duced by base-catalyzed interesterification of hydro-
genated vegetable oils with TAGs of acetic, propionic,
and/or butyric acids (152). The ratios of the short chain
fatty acids and the long chain saturated fatty acid can be
varied not only providing a low caloric intake but also the
physical properties required for specific food applica-
tions. Benefat can be used in cookies, baked goods, dairy
products, dressings, dips, and sauces (150).

VIII. CHEMISTRY OF FRYING

Frying of oils results in distinctive fried flavors and unde-
sirable off-flavors if the oil is overly deteriorated. Off-fla-
vors are manifested via 1) hydrolysis, 2) oxidation, and 
3) polymerization reactions. The interaction of steam,
water, and oil will hydrolyze TAG into mono-acylglyc-
erols, di-acylglycerols, and free fatty acids. With
increased time even glycerol will be produced due to com-
plete hydrolysis of an individual triacylglycerol. Little
glycerol can be detected in frying oils since glycerol
volatilizes around 150°C and frying temperatures are typ-
ically higher. Factors that control hydrolysis are oil tem-
perature, interface area between oil and aqueous phases,
water level, and steam level (153). Metals that contami-
nate the oil interact with lipid hydroperoxides to form free
radical species that initiate and propagate oxidation reac-
tions in the presence of oxygen. Frying temperatures will
greatly increase the rate of these fundamental lipid oxida-
tion processes and stimulate reactions that may not occur
at lower temperatures resulting in an array of oxidation
products including aldehydes, ketones, alcohols, esters,
hydrocarbons, and lactones. These low-molecular-weight
compounds that form due to degradation of the frying oil
are considered “volatile,” contributing desirable and
undesirable flavors. Polymerization is common in frying
where molecules cross-link often as a free radical-free
radical reaction. As polymerization increases so too does
viscosity of the oil. Most polymerized products are non-
volatile (e.g., dimeric fatty acids, TAG-trimers) and hence

do not produce flavor. However, with further heating these
non-volatile compounds can be degraded to off-flavor and
toxic products. Degradation products negatively affect not
only flavor and safety but also color and texture of the
fried products. 

Antioxidants and antifoam are added to frying oil to
extend frying life. Other measures of delaying degrada-
tion of oil quality include utilizing fresh oil, using an oil
low in polyunsaturated fatty acids and contaminating met-
als, filtration of oil with adsorbents, turnover of oil, and
decreasing exposure of oil to oxygen. Antifoam will aid in
reducing exposure of oil to oxygen. Continuous heating is
better than discontinuous heating in extending frying life
of the oil (153). Not all oxidation that occurs with frying
is negative. For instance, 2-4-decadienal is considered a
positive flavor compound. Often a preliminary batch of
fried foods is prepared and discarded so that the subse-
quent batches have a desired flavor profile. More unsatu-
rated oils oxidize faster than less saturated oils which
decreases the amount of time needed to obtain a proper
frying flavor in the food. 

Free fatty acid content is an unreliable measure of fry-
ing oil quality. There still is not a fully appropriate single
test to assess frying oil quality. The FoodOil sensor (FOS)
(Northern Instruments Corp., Lino Lakes, MN) measures
dielectric constant of frying oil compared to fresh oil and
has had some success. The dielectric constant increases
with increasing polarity so that once a certain value is
reached the oil needs change.

IX. FOOD IRRADIATION

The purpose of food irradiation is to destroy microorgan-
isms and hence extend shelf life. Lipids can be adversely
affected. Typical dosages range from 1 to 10 kGy.
Sterilization is achieved at doses of 10–50 kGy. When
ionization radiation is absorbed by matter, ions, and
excited molecules are produced. These ions, and excited
molecules can dissociate to form free radicals. Reactions
induced by irradiation prefer to react near the oxygen por-
tion of TAG (154). Reaction occurs preferentially near the
oxygen due to the high localization of electron deficiency
on the oxygen atom. This explains the preponderance of
aldehydes with the same chain length as the most abun-
dant parent fatty acid (cleavage at location b) (Figure
8.12). Cleavage at locations c and d results in hydrocar-
bons that have one and two carbons less, respectively, than
the parent fatty acid, which also is more common than a
random assortment of hydrocarbons. Alternatively, free
radicals can combine. For instance, two alkyl radicals
react to form a dimeric hydrocarbon; acyl and alkyl radi-
cals result in a ketone; acyloxy and alkyl radicals produce
an ester; alkyl radicals can react with various glyceryl
residue radicals to form alkyl glyceryl diesters and
glyceryl ether diesters.
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Irradiation was found to accelerate lipid oxidation in
raw pork patties and raw turkey breast that was aerobi-
cally packed (155, 156). Lipid oxidation was accelerated
by irradiation (3 kGy) in aerobically packed, pre-cooked
chicken (157). Irradiation caused formation of a brown
pigment in raw beef and pork, but not turkey (158).
Carbon monoxide was implicated as the cause of pinking
in irradiated raw turkey breast muscle (159). 
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I. INTRODUCTION

The physical properties of fats and oils are of great practi-
cal importance so it is necessary to understand the makeup
of these materials and how they should be used (1–9).
Thus, many technical applications of fatty materials,
including their uses in edible products, depend on the oili-
ness, surface activity, solubility, melting behavior, or other
physical properties peculiar to long-chain compounds
(10). Because fats and oils are mainly composed of mix-
tures of triacylglycerols, the physical properties of these
molecules are going to determine the physical characteris-
tics of the oil or fat. Thus, these characteristics are depend-
ent on such factors as seed or plant source, degree of
unsaturation, length of carbon chains, isomeric forms of
the constituent fatty acids, molecular structure of the tria-
cylglycerols, and processing. This chapter will review the
most important physical properties of triacylglycerol mol-
ecules as well as of the most common edible fats and oils.

II. CRYSTALLIZATION AND
POLYMORPHISM

Crystallization from solution is usually a slow process
that first requires supercooling and then leads to nucle-
ation and crystal growth. A high degree of supercooling
will be conductive to nucleation, and very small crystals
will be formed. At temperatures closer to the crystalliza-
tion point, crystal growth will be favored and large crys-
tals will be formed (2). Once formed, crystals, which may
be stable or metastable, are able either to modify their
habit or undergo phase transitions, respectively. Both
processes result in polymorphic behavior, a behavior com-
mon to fats and other lipids (11–22).

A. CRYSTALLINE STRUCTURE OF TRIACYLGLYCEROLS

In the solid state, molecules adopt the ideal conformation
and arrangement in relation to their neighbors in order to
optimize intra- as well as intermolecular interactions and
achieve close-packing. The smallest building unit of a crys-
tal, the repeating unit of the whole structure, is called the
unit cell (Figure 9.1). The crystal structure is obtained by
repetition of this unit in the three axial directions (5). Only
seven different cells are necessary to include all possible
point lattices. These correspond to the seven crystal sys-
tems into which all crystals can be classified (Table 9.1).

Of these seven crystal systems, it is now accepted that
three predominate in crystalline triacylglycerols (23).
Usually, the most stable form of triacylglycerols has a tri-
clinic subcell with parallel hydrocarbon–chain planes (T||).
A second common subcell is orthorhombic with perpendi-
cular chain phases (O⊥). The third common subcell type is
hexagonal (H) with no specific chain plane conformation
(24). This hexagonal form exhibits the lowest stability.

Interpretation of X-ray crystallography data from tri-
laurin and tricaprin resulted in representation of triacyl-
glycerols in a tuning fork conformation when crystalline
(Figure 9.2). The fatty acids esterified at the sn-1 and sn-2
positions of glycerol are extended and almost straight. The
sn-3 ester projects 90º from sn-1 and sn-2, folds over at the
carboxyl carbon, and aligns parallel to the sn-1 acyl ester.
Molecules are packed in pairs, in a single layer arrange-
ment, with the methyl groups and glycerol backbones in
separate regions. The main cell is triclinic centered and
contains two molecules; the subcell is also triclinic.

In addition to these bilayer structures, triacylglycerols
may also be arranged in trilayers (Figure 9.2) (25–27).

TABLE 9.1
The Seven Crystal Systems

System Angles and Axial Lengths

Cubic All axes equal and all at right angles
a = b = c and α = β = γ and = 90º

Tetragonal Two of three axes equal and all at right angles
a = b ≠ c and α = β = γ and = 90º

Rhombohedral All axes equal and none at right angles
a = b = c and α = β = γ and ≠ 90º

Hexagonal Two axes = 120º and the third at 90º relative to them
a = b ≠ c and α = β = 90º and γ = 120º

Orthorhombic All axes unequal and all at right angles
a ≠ b ≠ c and α = β = γ and = 90º

Monoclinic Three unequal axes having one pair not equal to 90º
a ≠ b ≠ c and α = γ = 90º ≠ β

Triclinic All axes unequal and none at right angles
a ≠ b ≠ c and α ≠ β ≠ γ and ≠ 90º

Source: Ref. 11.

Angle of tilt

Short
spacings

Long
spacing

FIGURE 9.1 The triclinic unit cell for long-chain compounds.



Thus, a trilayer structure occurs when the sn-2 position of
the triacylglycerol contains a fatty acid that is either cis-
unsaturated or of a chain length different by four or more
carbons from those on the sn-1 and sn-2 positions (28).
Also, a trilayer structure has been predicted to arise if the
sn-2 position contained a saturated acyl ester with unsatu-
rated moieties occupying the sn-1 and sn-3 positions (29).
When unsaturation results in a trans configuration around
the carbon–carbon double bond, the crystal structure
exhibits the normal bilayer appearance (12).

B. POLYMORPHISM AND PHASE BEHAVIOR OF

NATURAL FATS

Polymorphism is the ability of fat crystals to exist in more
than one crystal form or modification. In the case of nat-
ural fats, these crystal forms are α, β�, and β, in order of
increasing stability (Table 9.2). The changes among these
phases are monotropic, and, therefore, proceeds in the
solid phase from lower to higher stability. The forms dif-
fer in crystalline structure and in melting points, and cor-
respond to the crystal structures described for natural fats
in Section II.A. Thus, the most stable and with highest
melting point T|| is the β polyform. Another polyform,
with variable stability and a melting point lower than β, is
β�, which has orthorhombic subcell packing (O⊥). Finally,
phases with the hexagonal subcell have the lowest melting
point and represent the α polymorph.

In addition to these three basic polymorphs, other
polymorphs showing subtle differences may be observed.
Within groups having the same subcell, lower melting
polymorphs are designated with a progressively higher
subscript. In addition, the bilayer or trilayer structure of
the triacylglycerol is designated with 2 or 3 following the

polymorph description. Thus, β�2-2 designates a bilayer of
a β� polymorph with the second highest melting point.

The fatty acid makeup and position in the glycerides
of the fat solids and temperature history are the two main
factors in determining polymorphic behavior (1). Other
factors include kind and quantity of impurities, nature of
possible solvent, and degree of supercooling. A high level
of fatty acids of identical chain length results in a slow
conversion rate of β� to β and a coarsening of crystal
structure. The more heterogeneous of fatty acid makeup,
the more likely it will be β� and fine-grained or needlelike
crystals. Thus, mixed fatty acid triacylglycerols, such as
those in lauric fats, tend to be β�-stable.

If a fat is cooled rapidly, the tendency is to form the
small, α-crystals. These generally do not last long and
convert rapidly to the β� needlelike crystals. These β�
crystals are considered highly stiffening and, hence, are
the form of choice for plastic shortenings (1). Depending
on the glyceride composition and the temperature history,
the β�-form may convert to the most stable β-form. This
form has large, coarse, platelike crystals. These are not
stiffening; hence, those hydrogenated fats exhibiting this
behavior are the choice for the solids in fluid shortenings
(1). Generally speaking, β�-forms melt about 5–10°C
higher than the α-forms, and the β-forms also melt about
5–10°C higher than the β�-forms. Fats that tend to crys-
tallize in β-forms include soybean, corn, olive, sunflower,
and safflower oils, as well as cocoa butter and lard. On the
other hand, cottonseed, palm, and rapeseed oils, milk fat,
tallow, and modified lard tend to produce β� crystals that
tend to persist for long periods.

1. Milk Fat

As with many natural fats, the temperature at which crys-
tallization occurs influences milk fat firmness, crystalline
conformation, and percentage of solid fat. Hardness vari-
ability in milk results from different thermal treatments
and may be better understood considering the presence of
three milk fat fractions, which are observed by using dif-
ferential scanning calorimetry. These fractions are defined
as high-, middle-, and low-melting fractions (HMF, MMF,
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Bilayer Trilayer

1

2
3

FIGURE 9.2 Double and triple chair arrangements of β form.

TABLE 9.2
Characteristics of the Polymorphic Forms of
Monoacid Triacylglycerols

Characteristic αα Form ββ’ Form ββ Form

Chain packing H O� T||

Short spacing (Å) 4.15 4.2, 3.8 4.6, 3.9, 3.7
IR bands (cm-1) 720 727, 719 717
Density Least dense Intermediate Most dense
Melting point Lowest Medium Highest
Morphology Amorphous-like Rectangular Needle shaped

Source: Refs. 10, 12, 15.



and LMF, respectively). LMF is liquid at ambient temper-
ature. Stable polymorphs of MMF and HMF were found to
be a mixture of β�-2 + β�-3, and β-2, respectively (30,31).

2. Palm Oil

Palm oil is expressed from the pulp of the oil palm (Elaeis
guineensis) fruit and is unique among vegetable oils
because of the large percentage (10–15%) of saturated
acyl esters at the sn-2 position of the triacylglycerols. In
addition, it has almost 5 % of free fatty acids that play a
role in the hardness. At room temperature, the oil appears
as a slurry of crystals in oil. Three polymorphs have been
determined: β�2, α-2, and the stable β�1 form (32). The β�
stability has resulted in the addition of palm oil to oils
destined for shortening or margarine, since β-tending fats
can result in gritty textures.

3. Lauric Fats

Lauric fats are those fats rich in laury acyl esters in the tri-
acylglycerol molecule, mainly coconut oil and palm ker-
nel oil. Two polymorphs have been identified in these fats:
α and β�-2. The α form is fleeting and can be recognized
only after rapid cooling, as it quickly transforms into the
β�-2 polymorph (33–35). The melting point of these fats
is sharp at 22°C for coconut and 25°C for palm kernel 
oil (36).

4. Liquid Oils

Evaluations of polymorphism in fats that are liquid at
room temperature are limited. Cottonseed and peanut oils
crystallize in a β�2 form that is transformed into a stable
β�1-2 form. Four other oils (corn, safflower, sunflower,
and soybean) show polymorphism similar to that of
peanut and cottonseed, but these four fats developed a sta-
ble β-2 form (12).

5. Hydrogenated Fats

Complete hydrogenation eliminates the asymmetry, often
leading to β stable polymorphs. Thus, soybean, peanut,
sunflower, corn, and sesame oils, are converted to hydro-
genated fats having stearoyl esters and consequently show
the stable β-2 form. For oils rich in palmitic, hydrogena-
tion leads to fats containing a high proportion of 1,3-
dipalmitoyl-2-stearoyl-sn-glycerol (PStP). Because the
rearrangement of PStP into a stable β form is hindered by
misalignment of the methyl end plane of the β� unit cell
(23), a fat rich in this triacylglycerol will stay in the β�
form. On the other hand, a hydrogenated fat rich in StPSt
can transform into a stable β form. The high PStSt 
fats have equally stable β� and β forms, and any transfor-
mation to the β form occurs over a long period of 
time (12).

6. Cocoa Butter

Cocoa butter occupies a special place among natural fats
because of its unusual and highly value physical proper-
ties. Products containing cocoa butter, such as chocolate,
are solid at room temperature; have a desirable “snap”;
and melt smoothly and rapidly in the mouth, giving a
cooling effect with no greasy impression on the palate.
The main characteristic of cocoa butter is the presence of
a high content of symmetrical monounsaturated triacyl-
glycerols (1-palmitoyl-2-oleyl-3-stearoyl-sn-glycerol
(POSt), 1,3-distearoyl-2-oleyl-sn-glycerol (StOSt), and
1,3-dipalmitoyl-2-oleyl-sn-glycerol (POP) account for
about 80% of the total). The polymorphic behavior of
cocoa butter is more complex than that of its component
glycerides, and a specific system for cocoa butter is often
used. This was introduced by Wille and Lutton (37) and
recognizes six different polymorphs –I, for the lowest
melting form, through VI, for the highest melting form
(Table 9.3). Another system in use recognizes only five
polymorphs, designated γ, α, β�, β2, and β1, in order of
increasing stability and melting point (42–45).

The desirable physical properties of cocoa butter and
chocolate – snap, gloss, melting in the mouth, and flavor
release – depend on the formation of polymorph V or β2,
which has to be obtained under controlled temperature
conditions (41,46). After a long storage or unfavorable
storage conditions such as extreme temperatures, choco-
late may show “bloom.” This is a grayish covering of the
surface caused by crystals of the most stable β phase
(phase VI) (41). Eventually the change progresses to the
interior of the chocolate and the resulting change in crys-
tal structure and melting point makes the product unsuit-
able for consumption.

7. Confectionery Fats

Cocoa butter is the primary fat used in chocolate. Its
expense has led to the development of other fats, used
alone or in combination, to replace some or all cocoa but-
ter in cocoa-containing confections. These confectionery
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TABLE 9.3
Nomenclature and Melting Point (°C) of Cocoa
Butter Polymorphs

Form Melting Pointa Form Melting Pointa

I 17.3–17.9 γ 16–18
II 23.3–24.4 α 21–24
III 25.5–27.7
IV 27.3–28.4 β� 27–29
V 33.0–33.8 β2 34–35
VI 34.6–36.3 β1 36–37

a Values correspond to the range of the different values described in the
literature.
Source: Refs. 12, 37–45.



or specialty fats can be classified into cocoa butter equiv-
alents (CBE) and cocoa butter substitutes (CBS) (47).
Essentially, a CBE is a mixed fat that provides a fatty acid
and triacylglycerol composition similar to those of cocoa
butter. A CBS is a fat that provides some of the desired
physical characteristics to a confection independent of its
dissimilar chemical composition to that of cocoa butter.

Miscibility is an important characteristic of confec-
tionery fats. When fats of different composition are
mixed, the melting point or the solid fat content of the
blend may be lower than that of the individual compo-
nents (eutectic effects). This happens when cocoa butter is
mixed with a CBS that may lead to unacceptable soften-
ing. Mixing of cocoa butter and CBE gives no eutectic
effect, and this type of fat can be used in any proportion
with cocoa butter, analogously to milk fat (33). However,
it has been reported that minor components of milk fats
exert a significant influence on the crystallization behav-
ior when milk fat is mixed with cocoa butter and other
confectionery fats, having, for instance, a softening effect
and antibloom properties (8,48,49). CBEs are generally
based on three raw materials – shea oil, illipe butter, and
palm – oil and processed by fractionation. CBEs also
require the same tempering procedures as cocoa butter,
since they will exhibit polymorphism similar to that of
cocoa butter. It is also possible to tailor make CBEs to
higher solid content and melting point than some of the
softer types of cocoa butter. These fats are described as
cocoa butter improvers (CBIs).

CBSs are available in two types, lauric and nonlauric.
Lauric CBSs are based on palm kernel oil or coconut oil
and are not compatible with cocoa butter. They do not need
tempering, and the crystals formed are stable. Nonlauric
CBSs are produced by hydrogenation of liquid oils, fre-
quently followed by fractionation and/or blending. These
products, especially those made from palm olein, are very
stable in the β� form. Nonfractionated CBSs are used in
compound-coating fats for cookies. The fractionated,
hydrogenated CBSs have better eating quality and can tol-
erate up to 25% cocoa butter when used in coatings.

C. TECHNIQUES TO DETERMINE CRYSTALLIZATION

AND POLYMORPHISM

The techniques used to elucidate crystal structures are
either spectroscopic or microscopic. Spectroscopic tech-
niques include X-ray diffraction and Raman and infrared
spectroscopy. Microscopic techniques include polarized
light and electron microscopy (50).

1. Infrared and Raman Spectroscopy

The region of major interest in an IR spectrum for the
study of fat polymorphism is the methylene rocking vibra-
tion mode which appears between 670 and 770 cm�1. The

spectra vary according to the polymorphic form. The
nomenclature for polymorphs is as follows: a doublet at
728 and 718 cm�1 indicates the presence of the β� form, a
singlet at 720 cm�1 the α form, and a singlet a 717 cm�1

the β modification (51). In addition, vibrational (infrared
and Raman) spectra have given fruitful information on
molecular conformations of aliphatic chains and olefinic
groups, and methyl end packings (52–54).

Raman spectroscopy is also used to identify the
different states of order of lipids (55). Two regions are
of interest: the C-C stretching vibration region at about
1100 cm�1, and the C-H stretching vibration region at
about 2850 cm�1. Lipids with crystalline chains show two
sharp peaks near 1065 and 1130 cm�1, whereas these
peaks are shifted towards a broad band near 1090 cm�1

when the chain melts. The ratio 1080/1130 can be taken
as a measure of the degree of a liquid-type order (56). In
addition, a peak at 2850 cm�1 corresponds to symmetric
vibrations of methylene groups characteristic for the liq-
uid state, whereas a peak at 2890 cm�1 is caused by anti-
symmetric vibrations of methylene groups and dominates
when hydrocarbon chains are crystalline (57).

2. X-Ray Diffraction

The principle of X-ray diffraction is to excite an anticath-
ode which will emit X-rays being diffracted by the crystal
structure at a specific angle. The angle depends on the dis-
tance between two crystal planes, d, and d is different for
each crystal structure. The chain packing of the triacyl-
glycerol molecules determines the spacing between
adjoining molecules. The cross-sectional structures deter-
mine the short spacings (Figure 9.1). Each of the chain-
packing subcells is characterized by an unique set of
X-ray diffraction lines in the wide-angle region between
3.5 and 5.5 Å. The nomenclature used to identify lipid
crystal forms was proposed by Larsson (40) and is based
on the following criteria: a form that gives only one strong
short-spacing line near 4.15 Å is termed α; a form that
gives two strong short-spacing lines near 3.80 and 4.20 Å
and also shows a doublet in the 720 cm�1 region of the
infrared absorption spectra is termed β�; a form that does
not satisfy criterion two is termed β (Table 9.2).

X-ray diffraction is a powerful analytical technique to
identify polymorphic phases unambiguously in both pure
triacylglycerol systems and edible fats (43,58–60). In addi-
tion, recent developments in high-energy accelerators and
X-ray detectors have reduced the exposure times of the sam-
ple to the order of milliseconds. Thus, with synchrotron
radiation X-ray diffraction, the kinetics of rapid triacylglyc-
erol polymorphic transformations has been elucidated under
both isothermal and nonisothermal conditions in pure and
mixed triacylglycerol systems (18,61–63).

The complex structure of the crystal network is deter-
mined by the fractal dimension, D, which describes the
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relation between the number of crystals in a crystal aggre-
gate and its radius, R (64,65). In general, the higher the D
value, the more compact the crystal dispersion and, in the
case of triacylglycerols, its value changes with ageing of
the system after crystallization. In turn, the magnitude of
D affects the value of the elastic modulus and, therefore,
the texture of the crystal dispersion at a given temperature
(e.g., mouthfeel, spreadability). Although the rheology of
fat crystal dispersions determines important properties in
vegetable oil system (i.e., texture, sedimentation), still
more research is needed to understand the structure-prop-
erty relationship (65).

3. Microscopic Techniques

Polarized light spectroscopy allows under certain circum-
stances to differentiate the α (platelets), β� (small nee-
dles), and β (larger and growing in clump) forms. This
technique makes it  possible to view crystals in the range
of 0.5–100 µm (66).

In contrast to polarized light microscopy, electron
microscopy resolves details in areas of 0.1 µm. However,
since fine structures of fats are temperature sensitive, spe-
cial techniques such as freeze-fracture or freeze-etching
are required (66). Structures of liquid and crystallized fat
in systems such as butter and margarine can be character-
ized in micrographs due to the amorphous appearance of
the originally liquid fat (67).

III. THERMAL AND RHEOLOGICAL
PROPERTIES, AND OTHER PHYSICAL
CONSTANTS

A. MELTING

1. Melting Points

The melting point is the temperature at which a solid fat
becomes a liquid oil. Thus, an individual fatty acid or tria-
cylglycerol has a specific complete melting point for each
polymorphic form (Table 9.4 collects the melting points of
common triacylglycerols in their three polymorphic
forms). Complications arise in fats and oils because they
are essentially mixtures of mixed triacylglycerols which
crystallize in several crystal forms (Table 9.5 collects tria-
cylglycerol composition of some common fats and oils).
These molecules, although of the same chemical structure,
differ in chain length, unsaturation, and isomerism. Each
component in these products has its own melting point.
Fats, therefore, do not have sharp melting points, but a
melting range. What is commonly known as the melting
point of a fat is in reality the end of the melting range.
Table 9.6 collects melting and solidification points of some
common fats and oils. In addition, softening points (74)
and congeal points (75) are sometimes reported. 

The more complex and diversified the mixture of tri-
acylglycerols in the fat, the greater the melting range. If
the melting range is less than 5°C, the fat is considered to
be non-plastic (cocoa butter, for example). If the melting
range is significant (in certain cases it may exceed 40°C)
the fat is called plastic. This happens for the majority of
natural and processed fats.

The temperature at which a fat or oil is completely
melted depends on various factors (12), including the
average chain length of the fatty acids (in general, the
longer the average chain length, the higher the melting
point); the positioning of the fatty acids on the glycerol
molecule (as an example, safflower oil, which has a long
average chain length, will melt like a medium chain
length triacylglycerol); the relative proportion of saturated
to unsaturated fatty acids (the higher the proportion of
unsaturated fatty acids, the lower the melting point); and
the processing techniques employed, for example the
degree and selectivity of hydrogenation and winterization.
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TABLE 9.4
Melting Points (°C) of Common Triacylglycerols

Form

TAGa αα ββ’ ββ

LaLaLa 15.0 34.5 46.5
MMM 33.0 46.0 58.0
PPP 45.0 56.6 66.1
StStSt 54.9 64.1 73.4
AAA 62.0 69.0 78.0
PStP 47.0 68.9 65.5
PPSt 47.4 59.9 62.9
PStSt 50.6 60.8 65.0
StPSt 51.8 64.0 68.5
POP 18.1 30.5 35.3
PPO 18.5 35.4 40.4
POSt 18.2 33.2 38.2
StPO 25.3 38.7 40.5
PStO 25.5 37.4 –
StOSt 23.5 36.6 41.2
StStO 30.4 42.2 42.1
StESt 46.0 58.0 61.0
StRSt 25.8 48.0 –
PLP – 18.6 –
OPO – – 18.7
POO �4.0 2.5 19.2
StOO �1.5 8.6 23.0
OOO �32.0 �11.8 5.1
EEE 15.5 37.0 42.0
LLL �33.7 �21.0 �10.0
LnLnLn �44.6 – �24.2

a Abbreviations: TAG, triacylglycerol. Fatty acids in TAG: A, arachidic;
E, elaidic; L, linoleic; La, lauric; Ln, linolenic; M, miristic; P, palmitic;
R, ricinoleic; and St, stearic.
Source: Refs. 7, 8, 41, 68.
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2. Specific Heat and Heat of Fusion

Specific heat, cp, is defined as the amount of heat required
to increase the temperature of 1 g of material by 1°C. It is
believed to be largely independent of the molecular
weight for oils, but it does increase with unsaturation (10).
In addition, the specific heats of the solid and liquid states
of fatty compounds are different. Fats at temperatures just
above their melting points have specific heats of
~0.5 cal/g. Their solid forms have lower values. The spe-
cific heat of oils has often been observed to increase lin-
early with temperature (76). Other workers, however,
have observed nonlinear increases at higher temperatures
(77,78), although these increases may be due to autoxida-
tion reactions (79). Specific heat data for some simple tri-
acylglycerols are given in Table 9.7. Specific heat data of
common fats and oils are given in Table 9.8.

The transformation of solid to liquid releases the
latent heat of crystallization. Transformation of a lower to
a higher polymorphic form also is an exothermic reaction.
The heat of fusion (Hf) of a fatty material includes the
amount of energy required to melt a gram of material and
the heat of crystal transition. Heat (with negative sign) is
released when a fat crystal is transformed from a less sta-
ble form to a more stable form. Heat of fusion data for
several monoacid triacylglycerols are given in Table 9.9
and they increase with chain length. The corresponding
values for common fats and oils are collected in 
Table 9.10.

B. PLASTICITY

Plasticity is defined as the capability of fats of being
molded by largely maintaining the deformation due to a
stress after removal of the stress. This is a consequence of
the semisolid state of fats at room temperature. Their
solid character is the result of the presence of a certain
proportion of crystallized triacylglycerols. As the tem-
perature drops, more of the triacylglycerols solidify and
the fat becomes progressively firmer. On the other hand,
as the temperature rises, most solid triacylglycerols melt
and the fat becomes progressively softer until it has prac-
tically no “body” or plasticity at all, and eventually it
becomes completely melted (82). 
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TABLE 9.7
Specific Heat (cp) of Triacylglycerols

cp (cal/g · °C) b

TAGa Liquid Solid

LaLaLa 0.510 (66) –
0.530 (97.1)

MMM 0.518 (65.3) –
0.534 (91.9)

PPP 0.519 (65.7) –
0.539 (96.0)

StStSt 0.530 (79.0) 0.259 (�77.1, β)
0.542 (98.5) 0.310 (�30.3, β)

0.273 (�81.0, α)
0.346 (�36.5, α)

a Abbreviations: TAG, triacylglycerol. Fatty acids in TAG: La, lauric; 
M, miristic; P, palmitic; and St, stearic.
b Numbers in parentheses indicate the temperature in °C.
Source: Ref. 80.

TABLE 9.8
Specific Heat (cp) of Common Fats and Oils

Fat or Oil Temperature (°C) cp (cal/g · °C)

Castor 20 0.435
Coconut 20–30 0.511
Corn 20–30 0.415
Cottonseed 19.3 0.475
Grapeseed 20–30 0.395
Lard 20–30 0.483
Linseed 40 0.48
Olive 20–30 0.475
Palm 20–30 0.5
Peanut 20–30 0.490
Rapeseed 20–30 0.469
Sesame 20–30 0.478
Soybean 19.7 0.458
Sunflower 20–30 0.430
Tallow 30–38 0.55

Source: Refs. 70, 73, 76–78, 81.

TABLE 9.6
Melting Points (°C) of Common Fats and Oils

Fat or Oil Melting Point (°C) Solidification Point (°C)

Butter 36
Castor �12 to �18
Cocoa butter 31–35 28–29
Coconut 24–26 14–23
Corn �10 to �20 �10 to �18
Cottonseed 10–15.5 �6 to 4
Grapeseed �11 to �17
Hazelnut �18 to �20
Lard 32–38 27–32
Linseed �18 to �27
Olive �9 to 0 �9 to �2
Palm 30–37 20–40
Palm kernel 23–30 20–24
Peanut 8–13 0–3
Rapeseed �8 to �18
Safflower �15

(high linoleic)
Sesame �3 to �6
Soybean �15 �10 to �16
Sunflower �15 �16 to �18
Tallow 40–50 27–38

Source: Refs. 68–73.



If a fat or a shortening that is workable over a wide
temperature range is desired, then it should be made up of
a combination of triacylglycerols ranging widely in melt-
ing points. By the same reason, when a fat or shortening
with a narrow temperature range of workability is needed,
it is made up of a greater amount of triacylglycerols of
similar melting points.

One of the most important properties of fats is the solid
fat content (41). It is dependent on temperature and tem-
perature history, and it is related to different physical prop-
erties of the fats, including hardness, heat resistance,
waxiness, coolness, and flavor release (83). Fats may
retain their solid character with solid fat contents as low as
12 to 15%. Below this level, fats become pourable and lose
their plastic character. The relationship between hardness
and solid fat content indicates that there is only a range of
solids that results in a product being neither too hard nor

too soft. This is called the plastic range of fats. Shortening
is an example of a product that requires an extended plas-
tic range. The solid fat content (SFC) as a function of tem-
perature of some natural fats is collected in Table 9.11.

Plastic fats combine the physical properties of both
solids and liquids. This is caused by the presence of a
three-dimensional network of crystals in which a consid-
erable amount of liquid oil is immobilized. A plastic fat is
usually workable at room temperature when the solid fat
content lies between 20 and 40%. Under the influence of
weak attractive forces between crystals, mostly due to van
der Waals forces, a three-dimensional structure is formed
that lends the product a good deal of resistance to defor-
mation. As a result of the presence of this fat crystal net-
work, plastic fats exhibit a yield value. Thus, the product
behaves like a rigid solid until the deforming stress
exceeds the yield value and the fat start flowing like a vis-
cous liquid. The application of a shear stress to such prod-
uct is accompanied by structural breakdown and a
decrease in strength. This is also known as work soften-
ing. The consistency of plastic fats is determined by a
number of factors, including solid fat content, crystal size
and shape, and polymorphic form.

The earliest developed technique for solid fat content
determination was dilatometry. It remains a recommended
method of the American Oil Chemists’ Society (84) but it
has been largely replaced by various nuclear magnetic res-
onance methods (85,86). Lipid crystallization and, there-
fore, changes in solid fat content, can also be measured by
differential scanning calorimetry (87) or by using ultra-
sounds (88). 
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TABLE 9.9
Heat of Fusion (∆∆Hf) and Transition of Triacylglycerols

TAG a Transition Temperature (°C) ∆∆Hf (cal/g)

LaLaLa β→Liq 46.3 46.2
MMM β→Liq 57.0 50.3

α→Liq 32.3 34.6
α→β 32.2 �12.6

PPP β→Liq 65.7 53.1
α→Liq 44.7 37.4
α→β 44.7 �13.3

StStSt β→Liq 72.5 54.5
α→Liq 54.0 38.9
α→β 54.0 �13.7

a Abbreviations: TAG, triacylglycerol. Fatty acids in TAG: La, lauric; 
M, miristic; P, palmitic; and St, stearic.
Source: Ref. 80.

TABLE 9.10
Heat of Fusion (∆∆Hf) of Common Fats and Oils

Fat or Oil ∆∆Hf (cal/g)

Butter 24.5
Cocoa butter 35.0
Coconut 30.6
Cottonseed 16.8
Lard 29.2
Linseed 18.2
Olive 20.3
Palm 22.6
Palm kernel 32.0
Peanut 21.7
Rapeseed 19.8
Sesame 16.3
Soybean 17.9
Sunflower, crude 19.0
Tallow 27.3

Source: Refs. 69, 70, 76.

TABLE 9.11
Solid Fat Content (SFC) of Common Fats and Oils

SFCa

Fat or Oil 10 30 50 70 90

Butter 28.0°C 16.0°C 10.5°C 2.0°C �12.0°C
Cocoa butter 32.5°C 30.5°C 29.0°C 25.5°C 8.0°C
Coconut 23.0°C 20.5°C 16.0°C 10.0°C �1.0°C
Cottonseed 3.5°C �6.0°C �11.0°C �23.0°C �28.5°C
Lard 40.0°C 29.5°C 17.5°C 2.5°C �7.5°C
Linseed, crude �8.5°C �13.5°C �15.5°C �17.0°C �23.0°C
Olive 6.0°C �2.0°C �5.5°C �8.0°C �11.0°C
Palm, crude 31.5°C 16.5°C 12.0°C 7.5°C �6.0°C
Palm kernel 26.0°C 23.0°C 18.5°C 8.5°C �6.5°C
Peanut, crude �3.0°C �7.5°C �12.5°C �15.5°C �19.5°C
Rapeseed 3.0°C 2.0°C 1.0°C �1.0°C �4.5°C
Sesame �4.0°C �10.0°C �15.5°C �19.5°C �22.5°C
Soybean �5.5°C �11.5°C �13.0°C �14.0°C �20.0°C
Sunflower, crude �10.0°C �13.0°C �14.5°C �15.5°C �18.0°C
Tallow 46.5°C 41.0°C 31.0°C 15.5°C 5.0°C

a Data indicate the temperature at which the SFC shown at the top of the
column is achieved.
Source: Ref. 70.



C. VISCOSITY

Viscosity is a measure of internal friction of a liquid to
resist flow. It is usually denoted by η, and defined as the
ratio between the shear stress (in force per unit area) and
the shear rate (the velocity gradient between the moving
and stationary phases). The viscosity, η, carries a dimen-
sion of poise (P) or dyne/(cm2 · s). Water has a value of 1
centipoise (cP) at 20°C. The viscosities of triacylglycerols
or oils (Tables 9.12 and 9.13, respectively) are much
higher than that of water, which can be attributed prima-
rily to the intermolecular attractions of the long-chain
fatty acids of their triacylglycerols. This is one of the rea-
sons why the oils exhibit their unique oily characteristics

and have the ability to form oily or lubricating films. This
lubricating action is very important in the preparation of
some foods, such as grilled foods (1).

Vegetable oils follow Newtonian flow behavior, i.e., at
a given temperature a constant value of viscosity is
obtained independent of the force applied to the oil. As a
result, oil viscosity (η) is defined as the slope of the shear
stress-shear rate curve, also known as the flow curve (65).

In general, the viscosity of oils decreases slightly with
an increase in unsaturation, and, therefore, hydrogenated
oils are slightly more viscous than original oils (94). In
addition, for an equivalent degree of unsaturation, oils and
fats containing a greater proportion of fatty acids of rela-
tively low molecular weight are slightly less viscous than
those containing a higher proportion of high-molecular-
weight acids. Most common oils range in viscosity from
20 to 50 cP at ambient temperature. An exception is cas-
tor oil, which has a viscosity exceptionally high because
of its high content of ricinoleic acid.

The viscosity of highly polymerized oils is much
greater than that of normal oils. For this reason, viscosity is
occasionally referred to in determining the conditions of
fats used in deep frying. During use in the frying kettle, the
viscosity of a frying fat or oil will tend to increase as oxi-
dation and polymerization increase (95). This can be related
to polymer development and tendency toward foaming.

Viscosity is also an important parameter in the
process of melt crystallization. The dry fractionation of
oils to produce a solid and a liquid fraction is greatly
influenced by the viscosity of the oil at the fractionation
temperature. Toro-Vazquez and Gallegos-Infante (96)
have described the relationship between viscosity and
crystallization in a system containing saturated triacyl-
glycerols and liquid oil. 

D. VAPOR PRESSURE

The vapor pressure, defined as the pressure associated with
the vapor in equilibrium with a condensed phase, is very
low in triacylglycerols of long-chain fatty acids. Therefore,
they can only be satisfactorily distilled by molecular or
short-path distillation. These values decrease as chain
length increases (Table 9.14). Analogous values and
behavior are also observed in fats and oils (Table 9.15).

E. SMOKE, FLASH, AND FIRE POINTS

The smoke, flash, and fire points are important properties
when oils or fats are heated in contact with air, as in fry-
ing operations. These indices are often used as a quick
quality control means for a critical process step such as
deodorization. In this case, lower than normal smoke,
flash, or fire points indicate the presence of an excess of
residual nontriacylglycerol impurities, such as free fatty
acids, monoacylglycerols, and other volatiles, which
should be largely removed during steam deodorization.
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TABLE 9.13
Viscosities of Common Fats and Oils

Viscosity (cP)

Fat or Oil 20°C 30°C 40°C 50°C 60°C

Castor 950–1100 453 232 128
Cocoa butter 42
Coconut 34 24 17–20 13
Corn 56–66 31 18
Cottonseed 65–69 33
Grapeseed 53–58
Hazelnut 66–76
Lard 35 25 17–20
Linseed 42–47 33 24 18
Olive 75–79 42
Palm 40 25–31
Palm kernel 36 25 17–20
Peanut 68–82 49 33 24
Rapeseed 86–97 56 38 27
Safflowera 52–54
Safflowerb 70–75
Sesame 64–67 42 29 21
Soybean 53–58 43 32 23
Sunflower 51–57 40 28 20
Tallow 42 30 19–20

a High linoleic.
b High oleic.
Source: Refs. 10, 69, 70, 76, 91–93.

TABLE 9.12
Viscosities of Triacylglycerols

Viscosities (cP)

TAGa 60°C 70°C 75°C 80°C 85°C

LaLaLa 13.59 10.30 9.11 8.09 7.22
MMM 17.71 13.42 11.70 10.35 9.20
PPP 16.79 14.67 12.92 11.44
StStSt 18.50 16.21 14.31

a Abbreviations: TAG, triacylglycerol. Fatty acids in TAG: La, lauric; 
M, miristic; P, palmitic; and St, stearic.
Source: Refs. 89, 90.



The smoke point is the temperature at which smoking
is first detected in a laboratory apparatus protected from
drafts and provided with special illumination (98). The
flash point is the temperature at which volatile products
are evolved at such rate that they are capable of being
ignited but do not support combustion. The fire point is
the temperature at which the volatile products will support
continuous combustion. Smoke, flash, and fire points of
common fats and oils are shown in Table 9.16.

The smoke and flash points of fats and oils are greatly
dependent on content of free fatty acids and to a lesser
degree on partial glycerols. The influence of degree of
unsaturation is minimal, but chain length has an important
effect. Oils containing short-chain fatty acids (e.g., the lau-
ric acids) have lower smoke and flash points than oils with
predominantly longer fatty acids. According to Formo
(10), the smoke points of corn, cottonseed, and peanut oils
vary from about 232°C at a free fatty acid content of 0.01%
to about 94°C at 100% free fatty acid content. The flash
points correspondingly decrease from about 329 to 193°C
and the fire points from 362 to 221°C.

F. HEAT OF COMBUSTION

The heat of combustion is defined as the amount of heat
released when a definite quantity of a substance is 

completely oxidized at constant pressure or constant vol-
ume. All fats and oils have very similar heat of combus-
tion values and they are about 9.4 kcal/g. These values are
collected in Table 9.17.

G. THERMAL CONDUCTIVITY

Thermal conductivity describes the ease with which heat
passes through a material. Specifically, it quantifies the
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TABLE 9.14
Vapor Pressure of Triacylglycerols

Temperature (°C)

TAGa 0.05 mm Hg 0.001 mm Hg

LaLaLa 244 188
MMM 275 216
PPP 298 239
StStSt 313 253
StOSt 315 254
MPSt 297 237
PLaSt 290 232
MLaSt 282 223

a Abbreviations: TAG, triacylglycerol. Fatty acids in TAG: La, lauric; 
M, miristic; P, palmitic; and St, stearic.
Source: Ref. 97.

TABLE 9.15
Vapor Pressure of Fats and Oils

Temperature (°C)

Oil 0.05 mm Hg 0.001 mm Hg

Cottonseed 250a

Olive 308 253
Peanut 250a

Soybean 308 254

a Values at 0.04 mm Hg.
Source: Refs. 68, 91.

TABLE 9.16
Smoke, Flash, and Fire Points of Common Fats and Oils

Free Fatty Smoke Point Flash Point Fire Point
Fat or Oil Acids (%)a (°C) (°C) (°C)

Castor n. s. 200 298 335
Coconut 0.2 194 288 329
Corn n. s. 227 326 359
Cottonseed 0.04 223 322 342

0.18 185 318 357
Lard 2.30 282 352
Linseed n. s. 160 309 360
Olive (virgin) n. s. 199 321 361
Palm 0.06 223 314 341
Peanut n. s. 229

0.09 207 315 342
0.11 198 333 363

Rapeseed 0.08 218 317 344
Safflower, crude 1.7 159 317 362
Sesame n. s. 165 319
Soybean n. s. 234 328 363

0.04 213 317 342
Sunflower n. s. 253

0.1 209 316 341
Tallow 2.5 263 332

0.5 324 357

a Abbreviation: n. s., not specified.
Source: Refs. 70–73, 99.

TABLE 9.17
Heat of Combustion of Common Fats and Oils

Fat or Oil Heat of Combustion (Kcal/g)

Castor 8.880
Coconut 9.020
Corn 9.413
Cottonseed 9.447
Lard 9.449
Linseed 9.364
Olive 9.456
Peanut 9.410
Rapeseed 9.680
Sesame 9.394
Soybean 9.478
Sunflower 9.499
Tallow 9.485

Source: Refs. 10, 69, 70, 73.



rate of flow of thermal energy through a material in the
presence of a temperature gradient, given by the amount
of heat transfer across a unit area in a unit amount of time,
divided by the negative of the space rate of change in tem-
perature in the direction perpendicular to the unit area.
Fats are relatively poor conductors of heat (10) and the
thermal conductivity decreases with the temperature
(100). Thermal conductivity data for common fats and
oils are given in Table 9.18.

H. THERMAL DIFFUSIVITY

Thermal diffusivity is the thermal conductivity divided by
the product of specific heat capacity and density. It is
more generally applicable than thermal conductivity in
most heat transfer problems. Thermal diffusivity values
for some fats and oils are given in Table 9.19.

I. THERMAL EXPANSION

The thermal expansion is defined as the increase in the
size of a substance when the temperature of the substance
is increased. The thermal expansion coefficients are the
proportionally constants that related these increases. Fat
and oils have thermal expansion coefficient values in the
range 6.6 · 10�4 –7.8 · 10�4 mL/g · °C (Table 9.20). These
values increase approximately linearly with temperature
for liquid oils (79). 

J. DIELECTRIC CONSTANT

The dielectric constant is the property of a material that
determines how much electrostatic energy can be stored
per unit volume of the material when unit voltage is
applied. It is quantified as the ratio of electric flux density
produced in a material to the value in free space produced
by the same electric field strength. In fats and oils, most
values are in the range of about 3.0–3.2, and, therefore,
dielectric constants are not a particularly distinguishing
characteristic. Castor and oiticica oils, however, which
contain oxygenated fatty acids (ricinoleic and licanic
acids, respectively), have higher dielectric constants
(around 4.0). Oxidation increases the dielectric constant of
oils by the introduction of polar groups (104). On the other
hand, thermal polymerization without considerable oxida-
tion has relatively little effect (10). Dielectric constants for
some common fats and oils are given in Table 9.21.

K. DENSITY

The density of a material is a measure of the mass per unit
volume. Liquid oils have a density between 0.91 and 
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TABLE 9.19
Thermal Diffusivity (m2/h) of Common Fats and Oils

Temperature

Fat or Oil 20°C 40°C 60°C 80°C 100°C

Corn 0.391 0.385 0.366 0.351 0.338
Cottonseed 0.403 0.388 0.372 0.359 0.345
Grapeseed 0.401 0.382 0.367 0.356 0.342
Sesame 0.364 0.349 0.334 0.319 0.304
Soybean 0.380 0.363 0.350 0.334 0.320
Sunflower 0.340 0.322 0.310 0.295 0.281

Source: Ref. 70.

TABLE 9.20
Thermal Expansion of Common Fats and Oils

Fat or Oil Thermal Expansion Coefficient (mL/g · °C)

Butter 6.64·10�4

Castor 6.90·10�4

Cocoa butter 7.72·10�4

Coconut 6.77·10�4

Corn 7.22·10�4

Cottonseed 6.75–7.30·10�4

Linseed 6.90·10�4

Olive 7.19–7.27·10�4

Palm 7.24·10�4

Palm kernel 7.02·10�4

Peanut 6.52–6.75·10�4

Rapeseed 6.71·10�4

Sesame 6.87·10�4

Soybean 6.70–7.24·10�4

Sunflower 6.61–7.46·10�4

Tallow 7.26·10�4

Source: Refs. 70, 79, 102, 103.

TABLE 9.18
Thermal Conductivity (cal/cm · s) of Common Fats
and Oils

Temperature

Fat or Oil 20°C 40°C 60°C 80°C 100°C

Butter 4.02·10�4 a

Castor 4.00·10�4 3.85·10�4 c

Corn 4.14·10�4 4.06·10�4 4.00·10�4 3.83·10�4 3.72·10�4

Cottonseed 4.00·10�4 3.92·10�4 3.89·10�4 3.81·10�4 3.72·10�4

Grapeseed 4.03·10�4 3.89·10�4 3.81·10�4 3.69·10�4 3.57·10�4

Lard 5.55·10�4

Olive 4.00·10�4 3.85·10�4 c

Peanut 4.02·10�4 b

Rapeseed 3.79·10�4

Sesame 4.31·10�4 4.19.10�4 4.08·10�4 3.97·10�4 3.83·10�4

Soybean 4.21·10�4 4.11.10�4 3.97·10�4 3.88·10�4 3.76·10�4

Sunflower 4.00·10�4 3.92·10�4 3.89·10�4 3.81·10�4 3.72·10�4

Tallow 8.33·10�4 4.17·10�4

a Data at 10°C.
b Data at 4°C.
c Data at 71°C.
Source: Refs. 70, 100, 101.



0.92 g/mL at 25°C, and this value decreases as the tem-
perature increases (Table 9.22). Oil density generally
increases with lower molecular weight fatty acids and by
hydrogenation (76,94,107). The densities of solid fats are
generally higher than those of their liquid states. In addi-
tion, the various types of crystal forms, α, β�, and β, melt-
ing at progressively higher temperatures, also show
increasing densities (Table 9.23).

L. SOLUBILITY

Fats and oils are almost completely insoluble in water.
When they are held together in systems such as cake batters
or butterfat in milk, these systems require the use of food
emulsifiers and/or mechanical means such as homogenizers.
These same fats, oils, and fatty acids are completely misci-
ble with most organic solvents, such as hydrocarbons,
ethers, esters, and so on, at temperatures above their melting
points. The solubility of fats in organic solvents increases
with temperature, decreases with increasing mean molecu-
lar weight, and increases with increasing unsaturation. This
last is the basis for fractional crystallization of fats into a
number of fractions based on molecular weight and unsatu-
ration. Alcohols from methanol to octanol have the property
of being miscible with the liquid portion of plastic fats but
not the solid. This has been used as a method for the sepa-
ration of solid fat (109). The Crismer value is sometimes
used to measure the solubility of an oil in a standard solvent
mixture, composed of t-amyl alcohol, ethyl alcohol, and
water in volume proportion 5:5:0.27. This value is charac-
teristic within a narrow limit for each kind of oil (110).
Examples of such values are 68.5–71.5 for olive oil, 67–70
for canola (low erucic rapeseed oil) and 76–82 for high eru-
cic rapeseed oil (111,112). The miscibility of an oil is related
to the solubility of glycerides and is affected mainly by the
unsaturation and chain length of the constituent fatty acids.

Water is slightly soluble in oil at 0°C, with solubility
amounting to about 0.07 and 0.14% at 32°C (2). 

Some selected solubility data of nitrogen, oxygen,
hydrogen, and carbon dioxide are shown in Table 9.24.
With the exception of carbon dioxide, the solubilities of
these gases in oil usually increase with temperature.

M. SURFACE TENSION, INTERFACIAL TENSION, AND

EMULSIFICATION

Surface tension is the force acting on molecules at the sur-
face of the oil that tends to pull them into the bulk of the
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TABLE 9.21
Dielectric Constants (λλ) of Common Fats and Oils

Fat or Oil Temperature (°C)a λλ

Castor 11 4.62
Cocoa butter 40 2.99
Coconut n. s. 3.44
Cottonseed 20 3.15
Linseed 20 3.19
Olive 21 3.11
Peanut 11 3.03

20 3.05
Sesame 13 3.02
Sunflower 20 3.11

a Abbreviation: n. s., not specified.
Source: Ref. 70.

TABLE 9-22
Density of Common Fats and Oils

Density (g/mL)

Fat or Oil 20°C 40°C 60°C

Canola 0.914–0.917
Castor 0.955–0.968 0.942–0.952
Cocoa butter 0.906–0.909
Coconut 0.926 0.908–0.920
Corn 0.917–0.925 0.905–0.911
Cottonseed 0.917–0.925 0.905–0.908
Grapeseed 0.923–0.926 0.896–0.920
Hazelnut 0.912–0.915 0.899–0.904
Lard 0.916 0.896–0.906
Linseed 0.928–0.933 0.914–0.922
Olive 0.910–0.916 0.899–0.905
Palm 0.922 0.895–0.900
Palm kernel 0.930 0.899–0.913
Peanut 0.914–0.920 0.906–0.912
Rapeseed 0.910–0.916 0.897
Safflowera 0.922–0.927
Safflowerb 0.910–0.916
Sesame 0.915–0.923 0.910–0.913
Soybean 0.921–0.924 0.906–0.912
Sunflower 0.920–0.925 0.906–0.910
Tallow 0.936–0.952c 0.893–0.904 0.885–0.887

a High linoleic.
b High oleic.
c Data at 15°C. 
Source: Refs. 10, 69, 70, 72, 73, 102, 105, 106.

TABLE 9.23
Density of Solid Triacylglycerols

Polymorphic Temperature Density
TAG or Fata Form (°C) (g/mL)

LaLaLa β �38.6 1.057
MMM β �38.4 1.050
PPP β �38.2 1.047
StStSt β �38.6 1.043

β� �38.0 1.017
α �38.0 1.014

OOO Highest m. p. �38.7 1.012
Lard Highest m. p. �38.6 1.005

a Abbreviations: m. p., melting point; TAG, triacylglycerol. Fatty acids in
TAG: La, lauric; M, miristic; P, palmitic; and St, stearic.
Source: Ref. 108.



liquid. The interfacial tension is the surface tension at the
surface separating two non-miscible liquids. Surface and
interfacial tensions against water for different oils are
given in Tables 9.25 and 9.26, respectively, and are simi-
lar among them (114).

Interfacial tensions may be decreased by the use of
emulsifiers (115). Thus, the presence of monoacylglyc-
erols and lecithin decreases the interfacial tension
between oil and water from 30 to <10 dyne/cm. This
reduction of interfacial tension lowers the energy required
to homogenize the oil/water mixture, thus making possi-
ble the fine oil-in-water or water-in-oil dispersions.

Acylglycerols with three fatty acids attached to a glyc-
erol molecule have minimal emulsification properties.
However, fats and oils are important constituents of emul-
sions (116–124). An emulsion consists of a three-phase
system composed of a continuous phase (the phase or
medium in which the disperse phase is suspended), a dis-
perse phase (the phase which is disrupted or finely divided
within the emulsion), and an emulsifier (16). The emulsi-
fier is present at the interface between the dispersed phase
and the continuous phase, and keeps them apart; it reduces
the interfacial tension between the two liquids, enabling
one liquid to spread more easily around the other; and it
forms a stable, coherent, viscoelastic film that prevents or
delays coalescence of the dispersed emulsion droplets. 
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TABLE 9.24
Solubility of Gases in Oils

Solubility (mL gas/100 mL Oil)

Fat or Oil I. V.a Temperature (°C) Nitrogen Hydrogen Oxygen Carbon Dioxide

Butter n. s. 40 10.1b 5.4 14.2 109.5
n. s. 60 9.6b 6.8 12.7 91.0

Cottonseed n. s. 40 8.7b 4.7 12.7 87.6
104.3 30.5 7.1 4.6
104.3 49.6 7.8 5.4
104.3 147.8 11.8 10.2

Lard n. s. 40 8.8b 5.0 11.5 100.3
70.1 41.5 7.7 5.2
70.1 147.3 12.1 10.4
1c 64.3 6.1 92.0
1c 67.0 8.4 14.5
1c 84.7 15.4
1c 88.0 79.1
1c 139.4 11.7 9.8 61.9

Soybean n. s.d 22.5 3.2
n. s.e 22.5 1.3

Sunflower n. s.d 22.5 2.9
n. s.e 22.5 1.9

a Abbreviations: I. V., iodine value; n. s., not specified.
b Data correspond to the solubility of air.
c Hydrogenated lard.
d Data correspond to the crude oil.
e Data correspond to the refined oil.
Source: Refs. 10, 68, 70, 113. 

TABLE 9.25
Surface Tension of Oils 

Surface Tension (dyne/cm)

Fat or Oil 17°C 20°C 50°C 80°C 130°C

Castor 34.9 34.0 32.2 30.0
Coconut 21.4a,b 28.4 24.0

33.6b

Corn 34.8b

Cottonseed 33.2a 31.4 27.5
35.5

Linseed 34.6a

36.4
Olive 36.0–36.8 32.6 30.5 29.1
Palm kernel 32.4a

33.5
Peanut 44.4 31.6a

34.6
Sesame 36.3
Soybean 34.1a

35.8
Rapeseed 35.3 34.5a 29.6 28.1

32–34

a Data correspond to crude oil.
b Data at 25°C.
Source: Refs. 2, 68, 70, 71, 93.



These properties of the emulsifiers are a consequence
of their structure: the molecules contain two distinct sec-
tions, one having polar or hydrophilic character, the other
having nonpolar or hydrophobic properties. The relative
sizes of the hydrophilic and hydrophobic sections of an
emulsifier mostly determines its behavior in emulsification.
To make the selection of the proper emulsifier for a given
application and to predict the type of emulsion that will be
formed, the so-called hydrophile-lipophile balance (HLB)
system has been developed. It is a numerical expression for
the relative simultaneous attraction of an emulsifier for
water and for oil. Emulsifiers with HLB in the range 2–6
tend to form water-in-oil (W/O) emulsions, those with HLB
in the range 7–9 are good wetting agents, and those with
HLB in the range 10–18 tend to form oil-in-water (O/W)
emulsions (115). HLB values of some commercial non-
ionic emulsifiers are given in Table 9.27. These values can
be estimated from experimental measurements of its cloud
point or can be calculated from a knowledge of the number
and type of hydrophilic and lipophilic groups that it con-
tains, according to the equation:

HLB � 7 � � (hydrophilic group numbers) � �
(lipophilic group numbers)

Hydrophilic and lipophilic group numbers have been tab-
ulated (115,116,125).

Foods contain many natural emulsifiers, of which
phospholipids and proteins are the most common
(126,127). Mono- and diacylglycerols are examples of
emulsifiers that are added to products in order to provide
ease of mixing. They absorb at the interface, reducing
interfacial tension, and increasing the spreadability of the
continuous phase, or the wettability of the dispersed phase.

Many natural and processed foods exist either partly
or wholly as emulsions, or have been in an emulsified
state at some time during their existence (117,128–132).
Milk is the most common example of a naturally occur-
ring food emulsion (133). Mayonnaise, salad dressing,
cream, ice cream, butter, and margarine are all examples
of manufactured food emulsions. Powdered coffee
whiteners, sauces, and many desserts are examples of
foods that were emulsions at one stage during their pro-
duction but subsequently were converted into another
form (116). 

N. ULTRASONIC PROPERTIES

Ultrasonic velocity in triacylglycerols or oils is a measure
of the speed of sound in these food components. It is
related to its fatty acid composition and the supramolecu-
lar lipid structure. This is one of the most important vari-
ables in predicting the velocity of sound in an emulsion.
The speed of sound in oils decreases monotically with
temperature (134), is similar for oils and water at 20°C
(79), and is lower in solid fats than oils. Ultrasonic veloc-
ities for some triacylglycerols as well as for some com-
mon oils are given in Tables 9.28 and 9.29, respectively.

The ultrasonic attenuation coefficient is a measure of
how much ultrasound is dissipated in an oil per unit dis-
tance. This coefficient has little direct value beyond predict-
ing the ultrasonic properties of an emulsion. However, in
this application, a precise value is essential. The attenuation
coefficient increases with frequency at a single temperature
(79). Attenuation and its frequency dependence tend to
decrease with increased temperature. Ultrasonic attenuation
coefficients for some common oils are given in Table 9.29.

IV. OPTICAL AND SPECTROSCOPIC
PROPERTIES

A. COLOR

Fatty acids and triacylglycerols, are colorless and essen-
tially transparent to visible light. Natural fats and oils,
however, often contain pigments that partially absorb
transmitted light. Most of these pigments are removed
from fats and oils by the refining and bleaching process,
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TABLE 9.27
HLB Values of some Commercial Nonionic Emulsifiers

Emulsifier HLB

Sorbitan trioleate 1.8
Sorbitan tristearate 2.1
Mono- and di-acilglycerols 3.2–3.5
Glycerol monostearate 3.8
Sorbitan monooleate 4.3
Sorbitan monostearate 4.7
Sorbitan monopalmitate 6.7
Sorbitan monolaurate 8.6
Polyoxyethylene sorbitan monostearate 9.6
Polyoxyethylene sorbitan monooleate 10.0
Polyoxyethylene sorbitan trioleate 11.0
Glycerol monostearate 11.0
Polyoxyethylene monostearate 11.1–16.0
Polyoxyethylene monolaurate 12.8
Sodium oleate 18
Sucrose monoester 20
Potassium oleate 20
Sodium stearoyl lactylate 22
Sodium lauryl sulfate 40

Source: Refs. 41, 115.

TABLE 9.26
Interfacial Tension of Oils 

Oil Interfacial Tension (dyne/cm) at 70°C

Cottonseed 29.8
Peanut 29.9
Soybean 30.6

Source: Ref. 68.



but some of them remain and most oils have their specific
color, which is a consequence of the type and amount of
natural pigments present. Therefore, some oils are natu-
rally darker than others (68).

Carotene is the predominant red/yellow color pigment
in soybean, safflower, and sunflower oils, among others.
Carotene becomes colorless when subjected to the tempera-
tures encountered in the edible oil processing steps. The oxi-
dation products and other pigments found in these refined
oils can be removed by adsorption on diatomaceous earth in
the edible oil processing step referred to as bleaching. Most

of the red color found in cottonseed oil, on the other hand,
comes from a minimal residual level of gossypol and gossy-
pol derivatives, especially a complex gossypurpurin. While
some of the pigments that contribute to oil colors can be
removed by adsorption on bleaching earths and any carotene
is rendered colorless by heating, the gossypol can only be
removed by alkali refining. The level of color removal that
can be achieved is, to a great extent, dependent on the hand-
ling and storage of the seed and crude oil prior to refining.

In addition, poor grade of crude oil or improper pro-
cessing and handling may produce oils and fats which are
darker than usual. Thus, insufficient refining may leave
residual phospholipids that will darken the oil during
deodorization. Vegetable oils and shortening will also
darken after being stored for a long time or at elevated
temperatures due to the oxidation of tocopherol to toco-
quinones. During frying, oil darkening is further compli-
cated by the polymerization of oil and interaction between
the oil and other components of the food being fried (95). 

Color may be determined by a number of procedures.
The Lovibond method determines color by matching the
color of the light transmitted through a specific depth of
liquid fat or oil to the color of the light originating from
the same source, transmitted through glass color standards
(140). Results are given in red and yellow units describing
the combination that matches the sample color. By using
this methodology, the maximum accepted values for edi-
ble oils are collected in Table 9.30. Other methods that
also determine color by comparison with permanent color
standards or glasses of known color characteristics have
also been described (142,143).

Color can also be determined spectrophotometrically.
In this case the oil or fat is dissolved in the required sol-
vent and the transmittance or the extinction of the solution
is then determined at the specified wavelengths with ref-
erence to pure solvent (144). These absorptions may be
expressed as specific extinctions (the extinction of 1%
solution of the oil in the specified solvent, in a thickness
of 1 cm), conventionally indicated by K (145). K values
are usually employed to define olive oil quality (146). 
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TABLE 9.30
Lovibond Colors of Edible Oilsa

Fat or Oil Red Yellow

Coconut 1.0 10
Cottonseed 2.5
Palm 3.0
Palm kernel 1.5
Peanut 2.0 25
Safflower 1.5 15
Soybean 1.0
Sunflower 2.0 20

a Maximum accepted values are indicated.
Source: Refs. 71, 73, 99, 105, 106, 141. 

TABLE 9.29
Ultrasonic Properties of Fats and Oils

Ultrasonic Attenuation 
Ultrasonic Velocity (m/s) Coefficient (at 20°C)

Fat or Oil 20°C 40°C 70°C 2 MHz 5 MHz

Butter 1359
Castor 1494 1457 11.0
Coconut 1362
Corn 1470 1403 1308
Cottonseed 1405
Grapeseed 1309
Linseed 1414
Olive 1466 1401 1302 6.5 1.94
Palm 1459 1399 1298
Palm kernel 1368
Peanut 1466 1405 1308 3.6 1.0
Rapeseed 1468 1411 1308 3.6 1.0
Safflower 1472 1408 1310 4.0 1.18
Sesame 1403
Soybean 1470 1405 1309 4.9
Sunflower 1472 1407 1311

Source: Refs. 79, 135–139.

TABLE 9.28
Ultrasonic Properties of Triacylglycerols

Ultrasonic Velocity (m/s)

TAG a 20°C 40°C 70°C

LaLaLa 1357
PPP 1290
PSP 1292
SSS 1301
POP 1389 1293
PPO 1390 1295
POS 1392 1297
PSO 1393
SPO 1394
SOS 1302
OOO 1463 1397 1304
LLL 1474 1407

a Abbreviations: TAG, triacylglycerol. Fatty acids in TAG: La, lauric;
M, miristic; P, palmitic; and St, stearic.
Source: Refs. 108, 135, 136.



B. REFRACTIVE INDEX

The refractive index of a fat is a measure of the relative
velocities of light in air and in the material to be tested. It
is defined as the ratio of the sine of the incident angle of
light from air and the sine of the refractive angle in the
medium. This index, which can be easily measured, is
influenced by wavelength, temperature, density, and con-
stitution, and it is employed to examine the purity and
concentration of a liquid sample, and to control the
progress of some reactions such as hydrogenation and iso-
merization. For lipids, the refractive index normally
increases with the hydrocarbon chain length and with the
number of double bonds and conjugation, and decreases
with an increase in the temperature (the refractive index
for an oil drops by 0.00035 per °C). The refractive indices
of some triacylglycerols and common fats and oils are
given in Tables 9.31 and 9.32, respectively.

C. ULTRAVIOLET SPECTROSCOPY

Monoene and methylene-interrupted polyene acids and their
triacylglycerols absorb ultraviolet light at wavelengths too
low for convenient study. Therefore, the use of ultraviolet
spectroscopy in the study of fats and oils is confined to sys-
tems containing or generating conjugated unsaturation.
Thus, ultraviolet spectroscopy is a valuable tool and it is
broadly employed for detecting fatty acids and their corre-
sponding triacylglycerols with conjugated double bonds.
Conjugated dienes show a single absorption peak at
230–235 nm, whereas conjugated trienes show three peaks
at ~260, 270, and 280 nm. Methylene-interrupted polyenes
undergo double bond migration to produce compounds with
conjugated unsaturation in reactions such as oxidation or
hydrogenation and the appearance of absorption at appro-
priate wavelength has been employed in the study of such
processes. Thus, the edible oil industry estimates spec-
trophotometrically at 233 nm the amounts of conjugated
dienes in the finished fats and oils (148), and the K234 and
K270 are indexes of olive oil quality (146,149). 

D. INFRARED (IR) SPECTROSCOPY

The infrared spectra has been applied to solid lipids to
provide useful information about polymorphism, crystal
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TABLE 9.31
Refractive Indices of Triacylglycerols

TAGa Temperature 60°C

LaLaLa 1.440
MMM 1.443
PPP 1.445
StStSt 1.447
StLaLa 1.444
LaStLa 1.444
StPP 1.447
PStSt 1.447
LaStSt 1.445
StLaSt 1.446
PStSt 1.446
StPSt 1.448
StMP 1.444
StLaP 1.443
StPM 1.444
StPLa 1.443
StMLa 1.442
LaLaO 1.446
LaOLa 1.446
PPO 1.448
POP 1.448
StStO 1.449
StOSt 1.449
LaOO 1.450
MOO 1.451
POO 1.451
StOO 1.452
OOO 1.455
LLL 1.465
LnLnLn 1.474

a Abbreviations: TAG, triacylglycerol. Fatty acids in TAG: La, lauric; M,
miristic; P, palmitic; St, stearic; O, oleic; L, linoleic; and Ln, linolenic.
Source: Refs. 89, 147.

TABLE 9.32
Refractive Indices of Common Fats and Oils

Temperature

Fat or Oil 20°C 40°C 60°C

Butter 1.455 1.447
Canola 1.465–1.467
Castor 1.476–1.481 1.466–1.473
Cocoa butter 1.456–1.458
Coconut 1.454 c 1.448–1.450 1.441
Corn 1.474–1.477 1.465–1.466 > 1.447
Cottonseed 1.470–1.473 1.464–1.468
Grapeseed 1.473–1.476 1.464–1.471
Hazelnut 1.470–1.471 1.462–1.463
Lard 1.457–1.461 1.451–1.453
Linseed 1.479–1.484 1.472–1.475
Olive 1.468–1.471 1.461–1.462
Palm 1.453–1.458
Palm kernel 1.457 c 1.450–1.452 1.443
Peanut 1.470–1.474 1.461–1.463
Rapeseed 1.472–1.473 1.464–1.466
Safflower a 1.474–1.478
Safflower b 1.470–1.474
Sesame 1.474–1.477 1.465–1.468
Soybean 1.473–1.477 1.465–1.469 > 1.447
Sunflower 1.474–1.476 1.466–1.468
Tallow 1.448–1.460 1.450–1.454

a High linoleic.
b High oleic.
c Data at 25°C.
Source: Refs. 69–73, 93, 99, 105, 106.



structure, conformation and chain length of fats and oils,
and it is also frequently employed for identification and
quantitative analysis of fats and oils. Most oils containing
the usual mixture of saturated and unsaturated acids have
similar infrared spectra. Superimposed on this there may

be additional absorption bands associated with less com-
mon functional groups. A selection of the bands of inter-
est in the study of fats and oils is collected in Table 9.33. 

The most frequent use of infrared spectroscopy is in
the recognition of trans isomers. The trans-double bond
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TABLE 9.33
Infrared Absorption Bands of Interest in the Study of Fats and Oils

Functional Group Absorption (cm��1) Functional Group Absorption (cm��1)

O–H stretching C=C stretching
Free O–H 3640–3600 –CH=CH2 1645
Bonded O–H (single-bridged 3600–3500 –CH=CH– (cis) 1660

dimer) –CH=CH– (trans) 1675 weak
Bonded O–H (double-bridged 3400–3200 –CH=CH–CH=CH– 1650, 1600

polymer)
Hydroperoxide (O–O–H) 3560–3530 C–H bending
Acid (O–H) 3000–2500 –CH3 1460 (δas)

1380 (δs)
C–H stretching –COOCH3 1440–1435
=CH2 3080 (νas) 1365–1356

2975 (νs) –CH2– 1470
=CH– 3020 –CH=C2 1420
–CH3 2960 (νas) –CH=CH– 1415

2870 (νs)
–CH2– 2925 (νas) C–O stretching and C–O bending

2850 (νs) Ester
–CHO 2820, 2720 –CO–O– two bands at 1300–1050 

R–CO–O–R 1190
C=O stretching R–CO–O–CH3 1165
Ester –C=C–CO–O– 1300–1250
–CO–O– 1735 1200–1050
–C=C–CO–O– 1720
–CO–O–C=C– 1760 Acid

νC=C 1690–1650 –COOH 1420
1300–1200

Acid
Saturated Carboxylate

monomer 1760 –COO– 1400
dimer 1710

α,β-unsaturated Alcohol
monomer 1720 Free OH 1250 (δ)
dimer 1690 Associated OH 1500–1300 (δ)

Primary OH 1050
Carboxylate Secondary OH 1100

νasCO 1610–1550 Tertiary OH 1150
νsCO 1400

C–H bending (out of plane)
Aldehyde –CH=CH– (cis) 730–675
–CHO 1725 –CH=CH– (trans) 968
α,β-unsaturated 1685
α,β-γ,δ-unsaturated 1675 Skeletal and “breathing”

Epoxide
Ketone trans 916–880
–CO– 1715 cis 838–829
α,β-unsaturated 1675

νC=C 1650–1600
α,β-γ,δ-unsaturated 1665



produces a characteristic absorption at 968 cm�1 that does
not change for additional double bonds unless these are
conjugated, when there are small changes from this value.
Therefore, this absorption can be employed to estimate
the percentage of trans of the total amount of double
bonds (146,150,151). There is not a similar diagnostic
infrared absorption band for cis unsaturation, but Raman
spectra show strong absorption bands at 1665 ± 1 cm�1

(cis-olefin) and 1670 ± 1 cm�1 (trans-olefin).
Carbonyl compounds have a strong absorption band

in the region 1650–1750 cm�1. The wavelength varies
slightly with the nature of the carbonyl compounds (Table
9.33) and this may be of diagnostic value. Thus, this band
has been suggested for free acidity determination in oils
(152) and it is usually employed for measurement of fat
content in automatic analyzers (153). Other applications
of infrared spectra are the determination of iodine value,
saponification value, free acid, oxidative stability, and
carotene content, among others (3,154–156). By using
Fourier transform infrared spectrometers (FTIR), these
parameters can be measured by simple menu-driven pro-
cedures in a few minutes. The results are not only
obtained more quickly, but without recourse to solvents or
laborious titrimetric methods.

Near infrared spectroscopy, covering the region
800–2500 nm, is also being employed in fat and oil analy-
sis. Thus, methods to determine fatty acid composition,
peroxide value, oil content of individual seeds, recogni-
tion of individual vegetable oils, oil oxidation and in-line
measurement of tempered cocoa butter and chocolate,
among others, have been developed (3,157–160).

E. RAMAN SPECTROSCOPY

As commented above, Raman spectroscopy may be
appropriate to use for the simultaneous analysis of the cis
and trans content of oils, since cis and trans carbon-car-
bon double bond stretching bands can be observed simul-
taneously. By using this technique, the cis/trans isomer
ratios were determined with a precision of 1% (161). The
carbon-carbon double bond stretch and the methylene
scissor intensity ratios have also been used to determine
iodine values. In addition, the total unsaturation in oils
and margarines can also be determined (162).

F. NUCLEAR MAGNETIC RESONANCE (NMR)
SPECTROSCOPY

NMR spectroscopy is used in two ways in the study of fats
and oils. With low-resolution instruments, it is possible to
determine the proportion of solid and liquid in a fat and
the content of oil in a seed. High-resolution spectrome-
ters, on the other hand, are used to mainly examine solu-
tions and give information about the solute.

1. Low-Resolution NMR

Differently to high-resolution NMR, broad band NMR
does not distinguish among hydrogen nuclei in different
atomic environments. Two techniques can be employed,
namely wide-line NMR or pulsed NMR, and both distin-
guish between hydrogen atoms in liquid and solid environ-
ments. Nowadays, the most widely used technique is pulsed
NMR. By using this technique, a measurement related to
the total number of hydrogen nuclei is followed by a sec-
ond measurement after 70 µs to determine only those
hydrogen nuclei in a liquid environment. This determina-
tion depends on the fact that the signal for hydrogen nuclei
in solid triacylglycerols decays much more quickly (less
than 1% remains after 70 µs) than that of hydrogen nuclei
in a liquid environment (which requires about 10000 s).

These measurements require only about 6 seconds and
are used routinely for the study of margarine and other con-
fectionery fats and of cocoa butter and similar substances.
However, though the measurement is so quick, it may have
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TABLE 9.34
Chemical Shift Assignments of Main 1H NMR Signals
of Fats and Oilsa

Chemical 
Shift (ppm) Assignment

Glycerol and Unsaturated Protons
5.40–5.26 O9/O10/L9/L10/L12/L13/Ln9/Ln10/Ln12/Ln13/Ln15/Ln16
5.26–5.20 β-Glycerol
4.32–4.10 α-Glycerol

Saturated Protons
2.75 Ln11/Ln14
2.72 L11
2.34 L2/Ln2
2.23 O2
2.22 S2
2.03 Ln17
2.00 L8/L14
1.99 Ln8
1.95 O8/O11
1.57 L3/Ln3
1.56 O3
1.55 S3
1.28 L chain/Ln chain
1.23 O chain
1.19 S chain
0.93 Ln18
0.84 L18
0.82 O18/P16/St18

a Assignments are abbreviated by fatty acid and carbon number. 1(3)-
and 2-Positions of glycerol are designated by the Greek symbols α and
β, respectively. Labeling of acyl chains: S, saturated; P, palmityl; St,
stearyl; O, oleyl; L, linoleyl; Ln, linolenyl chain. Depending on the oil
composition and experimental conditions, a lower number of signals is
usually observed.



to be preceded by a lengthy tempering routine. Without
controlling tempering the results would not be reproduced
from day to day or between laboratories. The tempering
regime varies with the kind of fat but a typical procedure for
cocoa butter involves melting at 100°C then holding at
60°C (1 h), 0°C (1.5 h), 26°C (40 h), 0°C (1.5 h), and
finally at the measuring temperature for 1 h. For many fats
the long tempering at 26°C can be omitted (3).

For oilseed breeders, the NMR method is often used
to estimate the oil content of oilseeds in a nondestructive
manner. This information is of commercial value and can
assist seed breeders and agronomists in their studies to
develop improved varieties. Pulsed NMR is also
employed in lipid crystallization studies (163).

2. High-Resolution 1H NMR

The use of 1H NMR in the study of oils, fats and food
lipids has increased particularly because of the great
amount of information that high field instruments can pro-
vide in a very short period of time (164). The NMR spec-
trum consists of a series of sharp signals whose
frequencies and multiplicities can be related to the chem-
ical nature of the different hydrogen atoms (methyl, meth-
ylene, olefin, etc.) and whose intensities are directly
related to the number of hydrogens producing the signal
(165,166). In this spectrum, all hydrogen atoms having
the same chemical surroundings produce signals at the
same frequency. The position of a resonance signal in the
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TABLE 9.35
Chemical Shift Assignments of Main 13C NMR Signals of Fats and Oilsa

Chemical Shift (ppm) Assignment Chemical Shift (ppm) Assignment Chemical Shift (ppm) Assignment

Carbonyl Carbons Aliphatic Carbons 29.22 L5β
176–174 Fatty acids 34.25 P2β/St2β 29.21 O5α/Ln5β
173.29 P1α 34.23 O2β 29.19 L5α/Ln5α
173.26 O1α 34.20 L2β/Ln2β 29.17 O6β/St4α
173.25 St1α 34.09 P2α/St2α 29.16 P4α
173.22 L1α/Ln1α 34.06 O2α 29.15 O6α/L6β
172.88 P1β 34.04 L2α/Ln2α 29.14 L6α/Ln6β
172.85 O1β/St1β 31.98 St16αβ 29.13 O4α/St4β/Ln6α
172.82 Ln1β 31.96 P14αβ 29.12 P4β
172.81 L1β 31.94 O16αβ 29.11 L4α

Olefinic Carbons 31.55 L16αβ 29.10 Ln4α
131.96 Ln16αβ 29.80 O12αβ 29.09 O4β
130.23 Ln9α 29.76 O7β/St11αβ/St12αβ/St13αβ/St14αβ 29.07 L4β
130.22 L13β 29.74 O7α/P11αβ/P12αβ/St10αβ 29.06 Ln4β
130.21 L13α/Ln9β 29.73 P10αβ 27.26 O11αβ
130.06 O10β 29.72 St9αβ/St8αβ 27.23 L14αβ/Ln8αβ
130.04 O10α 29.70 P8αβ/P9αβ/St7β 27.21 O8αβ/L8αβ
130.01 L9α 29.68 P7β/St7α 25.66 L11αβ
129.98 L9β 29.66 P7α 25.65 Ln11αβ
129.74 O9α 29.65 L7β 25.56 Ln14αβ
129.71 O9β 29.63 L7α 24.95 P3β/St3β
128.32 Ln12β 29.62 Ln7β 24.92 O3β
128.31 Ln12α 29.61 Ln7α 24.91 St3α
128.26 Ln13α 29.56 O14αβ/St5β 24.90 L3β/P3α/Ln3β
128.25 Ln13β 29.54 P5β 24.88 O3α
128.12 L10β 29.53 St5α 24.86 L3α/Ln3α
128.10 L10α 29.52 P5α 22.73 St17αβ
127.93 L12α 29.42 St15αβ 22.72 P15αβ
127.92 L12β 29.40 P13αβ 22.71 O17αβ
127.80 Ln10β 29.37 L15αβ 22.59 L17αβ
127.79 Ln10α 29.36 O13αβ/O15αβ 22.57 Ln17αβ
127.15 Ln15α 29.35 St6β 14.29 Ln18αβ
127.14 Ln15β 29.33 P6β 14.13 P16αβ/St18αβ

Glycerol Carbons 29.32 St6α 14.12 O18αβ
68.93 β-Glycerol 29.31 P6α 14.08 L18αβ
62.13 α-Glycerol 29.24 O5β

a Assignments are abbreviated by fatty acid and carbon number. 1(3)- and 2-Positions of glycerol are designated by the Greek symbols α and β, respec-
tively. Labeling of acyl chains: S, saturated; P, palmityl; St, stearyl; O, oleyl; L, linoleyl; Ln, linolenyl chain. Depending on the oil composition and
experimental conditions, a lower number of signals is usually observed.



spectrum is called the chemical shift (δ). In the 1H NMR
spectra of fats and oils the resonances appear between 
δ 4.10 and 5.40 ppm for glycerol and unsaturated protons,
and saturated protons signals appear between δ 0.80 and
2.80 ppm. Table 9.34 collects the assignation of most
common signals.

By using the information contained in the spectra, 1H
NMR has been employed, among others, to determine the
iodine value, number of double bonds, average molecular
weight, proportion of acyl groups in the triacylglycerol
molecule, n-3 polyunsaturated fatty acid proportion, and
docoxahexahenoic acid content (167–176). Some attempts
to apply 1H NMR spectroscopy to oil authenticity have
also been carried out (177).

1H NMR spectroscopy may also be employed to
determine minor oil components, but the signals of these
components should not overlap with those of the main
components, their concentration be high enough to be
detected, and high field equipment be employed. Thus,
the determination of saturated and unsaturated aldehydes
in virgin olive oils as well as diacylglycerols have been
described (170,177,178).

3. High-Resolution 13C NMR

High-resolution 13C NMR spectra are more complex than
1H spectra and they do not provide quantitative information
so easily. Nevertheless, they contain much more structural
information (chemical shifts and intensities) if this can be
teased out of the data provided with each spectrum. 13C
NMR resonances of fats and oils can be grouped into four
well-defined spectral regions: carbonyl carbons ranging
from 173.3 to 172.8 ppm; unsaturated carbons ranging
from 132.0 to 127.1 ppm; glycerol carbons ranging from
69.1 to 61.6 ppm; and aliphatic carbons ranging from 34.3
to 14.0 ppm. The assignation of the different signals has
been the objective of many studies and it is nowadays
clearly resolved (179–181). The main resonances
observed in the 13C NMR spectra of fats and oils are col-
lected in Table 9.35.

Information contained in these spectra has been
employed for edible oil authenticity determination and
quality controls, including the analysis of fatty acid com-
position and distribution of fatty acids in the triacylglyc-
erol molecule, the free fatty acid, iodine value, and
diacylglycerol determination, the analysis of minor com-
ponents, the oil stability prediction, the determination of
polar components and oil colors, etc. (182–198). All these
data suggest that with only one analysis, NMR allows the
determination of a large number of components with very
little or without any manipulation of the oil samples that
nowadays need many different analyses. In addition, the
application of multivariate statistics to NMR spectral data
increases considerably the potential of the technique.
However, and because minor components of the oils are

playing an essential role in defining oil authenticity and
quality, concentration of these compounds (either by
using a chromatographic procedure or by the use of
unsaponifiables) or their observation during routine
analysis by using special probes seem to be a necessary
requisite to achieve a routine application of NMR to most
aspects of oil analysis. 
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I. INTRODUCTION

The water-soluble vitamins consist of a mixed group of
chemical compounds. Their classification into specific
chemical groups depends on both chemical characteristics
and functions. The letter designations (vitamins B1, B2,
B3, etc., C) represent in part remnants from the past as the
discovery of given dietary growth or curative factors were
given letter designations. 

Vitamins are novel in their roles as “external” or
dietary regulatory agents. They have largely evolved to
serve: 1) specific cofactor and/or co-substrate functions,
2) as regulatory agents, or 3) as antioxidants. All of the
vitamins undergo specific and metabolically controlled
modifications before activation or conversion into their
functional forms. The most limiting events that control
function are often a specific step(s) in cofactor formation,
e.g., a phosphorylation reaction or ATP addition. 

The use of broad functional categories as headings to
organize this chapter was chosen. For example, niacin,
riboflavin, and ascorbic acid serve primarily as redox
cofactors. The roles of thiamin, pyridoxine (vitamin B-6)
and pantothenic acid (as a component of coenzyme A) are
distinguished because of their importance to carbohy-
drate, protein and amino acid, and acyl and acetyl trans-
port, respectively. Folic acid, vitamin B-12 (cobalamin),
and biotin will be discussed in relationship to their roles
in single-carbon or CO2 transfer reactions. 

II. VITAMINS IMPORTANT IN REDOX
REACTIONS

A. ASCORBIC ACID (VITAMIN C)

Ascorbic acid functions primarily as a cofactor for micro-
somal mono-and dioxygenases (hydroxylases) and oxi-
dases. In most animals, ascorbic acid is synthesized from
glucose in the liver. In birds and reptiles, ascorbic acid
synthesis takes place primarily in the kidney. In animals
that require ascorbic acid, e.g., humans, it is a deficiency
of gulonolactone oxidase, the last step in ascorbic acid
synthesis, which results in the need for a dietary source
(Figure 10.1; 12). 

1. Chemistry

Ascorbic acid (2,3-enedial-glulonic acid) is a powerful
cellular reducing agent and is of general importance as an
antioxidant because of its high reducing potential. Both of
the hydrogens of the enediol group dissociate, which

result in the acidity of ascorbic acid (pK1 = 4.2). When
ascorbic acid plays a role in reductions, the reaction usu-
ally occurs in a stepwise fashion with monodehydroascor-
bic acid, as a semiquinone intermediate. This intermediate
then disproportionates to ascorbic acid, and dehy-
droascorbic acid (Figure 10.1).

2. Absorption, Tissue Distribution, and
Metabolic Functions

Dietary ascorbic acid is absorbed from the duodenum and
proximal jejunum. Measurable, albeit small, amounts of
ascorbic acid also cross the membranes of the mouth and
gastric mucosa. Although some controversy exists regard-
ing the relationship between dietary intake and the intes-
tinal absorption of ascorbic acid, studies indicate that
within the physiological ranges of intake (40–200 mil-
ligrams per day for humans or ~5–25 mg/kJ of diet);
80–90% of the vitamin is absorbed. Uptake at apical mem-
branes involves a specialized Na�-dependent, carrier-
mediated system. Exit of ascorbic acid from enterocytes
utilizes a Na�-dependent carrier system. To date, two Na+-
dependent L-ascorbic acid transporters have been cloned
and partially characterized. The preference for these trans-
porters is for L-ascorbic acid. Dehydroascorbic acid
uptake is facilitated by hexose transporters (3, 12).

In tissues, the highest concentration of ascorbic acid is
found in the adrenal and pituitary glands followed by the
liver, thymus, brain, and pancreas. In diabetic animals, the
ascorbic acid content of tissue is often depressed, which
may be due to competition for uptake between dehydro
forms of ascorbic acid and glucose (3).

Ascorbic acid is maintained in cells by several mech-
anisms. Ascorbic acid reductases maintain L-ascorbic
acid in the reduced form, which is less susceptible to easy
diffusion. Within most cells, measurable amounts of
ascorbic acid are also maintained as the 2-sulfate deriva-
tive. The ability to maintain ascorbic acid in the reduced
state and as ascorbic acid-2-sulfate appear important in
maintaining cellular ascorbic acid levels (12).

In the neonate, glutathione is also very important to
ascorbic acid recycling. In this regard, an argument can be
made for a dietary need for ascorbic acid in the neonates
of some animal species in which the adult does not have a
dietary requirement. For example, the levels of glu-
tathione are relatively low in neonate rat and mouse tis-
sues. As ascorbic acid is oxidized to dehydroascorbic
acid, there is the need for conservation, because dehy-
droascorbic acid is easily degraded. Glutathione in its
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reduced form serves as the reducing substrate for glutare-
doxin, an enzyme that can maintain ascorbic acid in a
reduced state (3, 12).

As a cellular reducing agent, ascorbic acid plays a
number of very important roles. It serves as a cofactor for
mixed-function oxidations that result in the incorporation
of molecular oxygen into various substrates. Examples
include the hydroxylation of proline in collagen, elastin,
C1q complement, and acetylcholine esterase. Some of the
P-450-dependent hydroxylases that carry out the hydrox-
ylation of steroids, drugs, and other xenobiotics also have
a need for ascorbic acid (12). 

Ascorbic acid-dependent hydroxylation steps also
occur in the biosynthesis of carnitine and the hydroxyla-
tion of tyrosine in the formation of catecholamines. Most
of the enzymes involved in these processes are metal-
requiring enzymes, in which the role of ascorbic acid is to
maintain the metal (usually Cu or Fe) in a reduced state.

3. Requirement, Deficiency, and Toxicity

Most animals with the exception of primates, guinea pigs,
some snakes, fruit-eating bats, birds such as passerines,
and salmonid fish synthesize ascorbate (Figure 10.1).
Impaired collagen synthesis is a principle feature of ascor-
bic acid deficiency, which is evidenced in capillary
fragility, bleeding gums, delayed wound healing, and
impaired bone formation. Connective tissue lesions are
primarily a result of under-hydroxylated collagen 

(at specific prolyl and lysyl residues). This can result in
abnormal collagen degradation and, as a consequence,
decreased collagen production. In addition, the inability to
deal with metabolic stress requiring normal adrenal gland
function and abnormal fatty acid metabolism (carnitine
synthesis) can be signs of scurvy. 

The current requirement for humans is 75 mg per day
(U.S. RDA for the healthy adults) or 30–60 mg per 1000
kcal or 4 MJ of diet (4; Table 10.1). Because of the mech-
anisms in place to homeostatically regulate ascorbic acid,
evidence of toxicity, other than gastric upset, is seldom
reported (e.g., diarrhea, gastric irritation). Evidence of
toxicity, however, may be manifest, when ascorbic acid is
consumed in gram quantities per day. Of interest, ascorbic
acid intake in this range can result in decreased histamine
production and facilitate reduction of nitrosamines and
other putative cancer promoting agents with similar
chemical characteristics. The interaction with
nitrosamines occurs primarily in the stomach, and is
chemical in nature owing to ascorbic acid’s potential to
function as an excellent reducing agent. The anti-hista-
mine effects from pharmacologic exposure of ascorbic
acid are in part the basis for its use as an analgesic in the
treatment of “common colds.”

When fed in excess of metabolic need, tissue levels of
ascorbic acid are homeostatically maintained. Homeostasis
occurs by the induction of ascorbic acid decarboxylases,
which initiates enhanced degradation of ascorbate to CO2

and C-4 or C-5 fragments (12).
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FIGURE 10.1 Ascorbic acid. In most animals ascorbic acid is derived from glucose. Gulonolactone is produced from glucose and
its oxidation to ascorbic acid is catalyzed by gulonolactone oxidase (dashed line). The Kas for the two dissociable protons in ascor-
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TABLE 10.1
The Daily Reference Intakes for the Water-Soluble Vitamins (Part 1)a

Age Age
Vitamin Condition EARb RDAc AId ULe Vitamin Condition EAR RDA AI UL

Ascorbic Years mg/day mg/day mg/day mg/day Niacin Years mg/day mg/day mg/day mg/day
Acid 0–0.5 – – 40 – 0–0.5 – – 2. –

0.5–1 – – 50 – 0.5–1 – – 4. –
1–3 13 15 – 400 1–3 5 6 – 10
4–8 22 25 – 650 4–8 6 8 – 15
9–13 39 45 – 1200 9–13 9 12 – 20

14–18 63 75 – 1800 14–18 12 14 (M), 16 (F) – 30
19–>70 75 90 – 2000 19–>70 11 14 (M), 16 (F) – 35
19–30 70 85 – 2000 19–30 13 17 – 35

Pregnancy Pregnancy
19–30 100 120 – 2000 19–30 13 17 – 35

Lactation Lactation

Ribofla- Years mg/day mg/day mg/day mg/day Thiamin Years mg/day mg/day mg/day mg/day
vin 0–0.5 – – 0.3 – 0–0.5 – – 0.2

0.5–1 – – 0.4 – 0.5–1 – – 0.3
1–3 0.4 0.5 – – 1–3 0.4 0.5 –
4–8 0.5 0.6 – – 4–8 0.5 0.6 –
9–13 0.8 0.9 – – 9–13 0.7 0.9 –

14–>70 0.9 (M), 1.1 (M), – – 14–>70 0.9 (M), 1.1 (M), –
1.1 (F) 1.3 (F) 1.0 (F) 1.2 (F)

19–30 1.2 1.4 – – 19–30 1.2 1.4 –
Pregnancy Pregnancy

19–30 1.3 1.6 – – 19–30 1.2 1.5 –
Lactation Lactation

Pantothenic Years mg/day mg/day mg/day mg/day Vitamin Years mg/day mg/day mg/day mg/day 
Acid 0–0.5 – – 1.7 – B-6 0–0.5 0–0.5 – – 0.1

0.5–1 – – 1.8 – 0.5–1 0.5–1 – – 0.3
1–3 – – 2 – 1–3 0.4 0.5 – 30
4–8 – – 3 – 4–8 0.5 0.6 – 40
9–13 – – 4 – 9–13 0.8 1.0 – 60

14–>70 – – 5 – 14–>70 1.1 1.3 – 80
19–30 – – 6 – 19–30 1.1 1.3 – 100

Pregnancy Pregnancy
19–30 – – 7 – 19–30 1.1 1.3 – 100

Lactation Lactation

The Daily Reference Intakes for the Water-Soluble Vitamins (Part 2)a

Biotin Years µg/day µg/day µg/day µg/day Folic Years µg/day µg/day µg/day µg/day
0–0.5 – – 5.0 – Acid 0–0.5 – – 65 –

0.5–1 – – 6.0 – 0.5–1 – – 80 –
1–3 – – 8.0 – 1–3 120 150 – 300
4–8 – – 12 – 4–8 160 200 – 400
9–13 – – 20 – 9–13 320 400 – 1000

14–>70 – – 25 – 14–>70 320 400 – 1000
19–30 – – 30 – 19–30 520 600 – 1000

Pregnancy Pregnancy
19–30 – – 30 – 19–30 520 600 – 1000
Lactation Lactation

(Continued)



4. Food Sources and Stability

Ascorbic acid is widely distributed in fruits and vegeta-
bles, with foods such as citrus fruits, berries, kiwi, pep-
pers, Brussels sprouts, and broccoli being particularly
high in this vitamin. Ascorbic acid is relatively unstable
and easily destroyed during processing and storage of
foods. It is labile to neutral and alkaline conditions, heat,
light, and exposure to oxygen. The rate of decomposition
is accelerated by the presence of metals, especially iron
and copper, and by enzymes such as peroxidases. Food
preservation techniques that act to limit losses of ascorbic
acid are blanching of vegetables, pasteurization, and
deaereation of juices to limit oxygen and inactivate the
enzymes. Additionally, packaging in containers that limit
exposure to light and oxygen will maintain ascorbate con-
centrations. Erythorbic acid, a biologically inactive ana-
log of ascorbic acid, is often added to foods as an
antioxidant to preserve freshness. A summary of chemical
characteristics for ascorbic acid and other B-vitamins is
given in Table 10.2 (4, 13).

III. THE B VITAMINS

A. NIACIN

Throughout the 18th and 19th centuries, the disease pella-
gra was prevalent in Western Europe and the southern
region of the United States. This disease would eventually

became associated with the vitamin, niacin, and the con-
sumption of corn (maize), as a principle source of dietary
energy. The nutritional availability of niacin in corn is rel-
atively low bioavailability. Corn also has a low content of
tryptophan. As shown in Figure 10.2, niacin can be gener-
ated upon tryptophan degradation.

Normally, niacin is derived from foods, such as corn,
by hydrolysis of NAD (nicotinamide adenosyl dinu-
cleotide) and NADP (nicotinamide adenosyl phosphodi-
nucleotide) by the action of pancreatic or intestinal nucle-
osides and phosphatases. As most human diets now con-
tain adequate tryptophan, and available NAD and NADP,
niacin deficiency is seldom observed (6).

1. Chemistry

NAD and its phosphorylated form, NADP, are two coen-
zymes derived from niacin. Both contain an unsubstituted
pyridine 3-carboxamide that is essential to function in
redox reactions with a chemical potential near –0.32 V.
Virtually all cells are capable of converting niacin to
NAD. Most enzymes that require NAD are oxidoreduc-
tases (dehydrogenases). 

NAD catalyzes a diverse array of reactions, such as
the conversion of alcohols and polyols to aldehydes or
ketones. The most common mechanisms involve the
sterospecific abstraction of a hydride ion [H: (-)] from the
substrate with its subsequent transfer. It is of interest that
cells generally delegate NAD to enzymes in catabolic
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TABLE 10.1 (Continued )
Age

Vitamin Condition EARb RDAc AId ULe

Vitamin Years µg/day µg/day µg/day µg/day
B-12 0–0.5 – – 0.4 –

0.5–1 – – 0.5 –
1–3 0.7 0.9 –
4–8 1 1.2 – –
9–13 1.5 1.8 – –

14–>70 2 2.4 – –
19–30 2.2 2.6 –

Pregnancy
19–30 2.2 2.6 - –
Lactation

a Dietary Reference Intakes (DRI) — Reference values that are quantitative estimates of nutrient intakes to be used for planning and assessing diets
for apparently healthy people. There are 4 reference values: the EARs, RDAs, AIs, and UIs. 

b Estimated Average Requirement (EAR) — The nutrient intake value that is estimated to meet the requirement of half of the healthy individuals in a
group. The EAR is used to assess the adequacy of dietary intakes within a population and it is used to develop the RDAs.

c Recommended Dietary Allowances (RDA) — The average daily dietary intake level that is sufficient to meet the nutrient requirements of nearly all
(97–98%) healthy individuals in a designated group.

d Adequate Intake (AI) — AI is used when the RDA for a nutrient is not available. It is a recommended daily intake that is based on observed or exper-
imentally determined approximations of nutrient intake by a group of healthy people. An AI is developed when there is no EAR or research to help
develop the RDA for a nutrient.

e Tolerable Upper Intake Level (UL) — Highest level of daily nutrient intake that is likely to pose no risks of adverse health effects to almost all indi-
viduals in the general population.
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TABLE 10.2
Stability of Water-Soluble Vitamins

Effect of pH

Vitamin Acid Neutral Alkaline Oxygen UV Light Heat

Ascorbic Acid S U U U U U
Biotin S S U S S S
Cobalamin (B-12) S S S U U S
Folic acid S U U U U U
Niacin S S S S S S
Pantothenic acid U S U S S U
Pyridoxine (B-6) S S S S U U
Riboflavin (B-2) S S U S U S
Thiamin (B-1) S S U U S U

S=Stable, U=Unstable.
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FIGURE 10.2 NAD and NADP. The structures for NAD and NADP (via ATP-derived phosphate addition to NAD, cf. dashed arrow)
and their site of hydrogen transfer (solid arrow) are indicated along with a mechanism of hydrogen transfer. The HR and HS desig-
nations are shown to indicate that the transfer occurs with stereospecificity. NAD and NADP are products of tryptophan degradation
through the quinolate portion of the tryptophan degradation pathway. In addition to acting as a reductant, NAD is precursor to ribo-
sylations and cyclic ribosylated products that are important to cellular regulation.



pathways, whereas NADP is utilized in synthetic path-
ways. An additional and equally important function of
NAD is its role as a substrate in poly- and monoribosyla-
tion reactions. Mono and polyribosylation post-transla-
tional chemical modifications are important in many
cellular regulatory functions (see next section). 

2. Absorption, Tissue Distribution, and 
Metabolism

Transporters for niacin uptake have been identified, but are
not as well characterized as some of the other vitamin
transporters. As noted, NAD may be derived from trypto-
phan through the so-called quinolinate pathway (Figure
10.1). About half the niacin as NAD or NADP is associated
with enzymes; the remainder is available as a substrate for
mono- and polyribosylation reactions that are important in
the regulation of a broad range of enzymes. In the nuclei of
cells, polyribosylation of specific histones precedes the
normal process of DNA repair. When niacin is in excess,
most mammals convert it to N-methylnicotinamide, which
has a low renal threshold and is excreted (6).

3. Requirements, Toxicity, and Pharmacology

Niacin is needed in amounts corresponding to 14 to 16 mg
per day or 4–6 mg per 1000 kcal or 4 MJ of diet (4; Table
10.1). Niacin requirements are often expressed as equiva-
lents, where one equivalent corresponds to 1 mg of niacin.
The conversion of tryptophan to niacin produces about 
1 mg or equivalent of niacin for every 60 mg of trypto-
phan degraded (Figure 10.2). 

There are a number of therapeutic uses for pharmaco-
logic doses of niacin-derived compounds, when increased
blood flow is desirable. Nicotinic acid can cause vasodi-
latation when consumed in amounts of 100 mg or more.
Niacin in gram quantities is an effective lipid-lowering
agent (increases HDL). However, in some individuals,
flushing, gastric irritation, and other similar side effects
caused by pharmacologic doses of nicotinic acid or niacin
may preclude use (6).

4. Food Sources and Stability

Niacin is found in high levels in animal tissues (chicken,
fish, beef – especially liver), and peanuts, and in moderate
amounts in whole grains such as wheat and barley,
enriched cereal products, mushrooms, and some vegeta-
bles such as corn and peas. Niacin is very stable in a vari-
ety of conditions. Indeed some treatments such as
moderate heat and alkali treatment of corn can result in
greater niacin availability (Table 10.2). An excess of water
used in cooking and processing of foods can result in
leaching of the vitamin, as is similar for all water-soluble
vitamins (4).

B. RIBOFLAVIN

Riboflavin was one of the first of the B vitamins identified
(10). Originally, it was thought to be the heat stable factor
responsible for the prevention of pellagra. Riboflavin is
present in tissue and cells as FAD (flavin adenine dinu-
cleotide) and FMN (flavin adenine mononucleotide). FAD
and FMN are cofactors in aerobic processes, usually as
cofactors for oxidases, although FAD can also function in
anaerobic environments as a dehydrogenase cofactor.

1. Chemistry

Flavins, such as riboflavin derivatives (Figure 10.3), are
ideally suited to catalyze one electron, one-proton transfer
reactions. Oxygen is often utilized as a co-substrate in the
redox reactions catalyzed by FAD- and FMN-containing
enzymes. Carbon-carbon double bond formation and
redox of sulfur-containing compounds, e.g., lipoic acid,
are catalyzed also by flavoproteins. NADP(H) � H� com-
monly serves as a reductant in processes to regenerate
FAD and FMN. Riboflavin has a number of designations,
some of which are still in use (vitamin B-2, vitamin G,
ovoflavin, uroflavin, lactoflavin, heptoflavin). 

Riboflavin was separated and identified from other B
vitamins, because it is heat stable, but light instable and
fluorescent. The chemical name for riboflavin is 6,7-
dimethyl-9-(d-1�-ribityl) isoalloxazine. Deviations in
structure can markedly affect activity (10). For example,
the polyol side-chain must be in the D-form and substitu-
tion in other positions causes loss of activity or gives rise
to compounds that have inhibitory activity, e.g.,
5,6-dimethyl (isoriboflavin). 

2. Absorption, Tissue Distribution, and
Metabolism

Like most water-soluble vitamins, riboflavin is absorbed
in the proximal part of the small intestine by a carrier-
mediated process. Riboflavin is not particularly soluble.
There are upper limits to riboflavin’s availability, which
are dictated in part by solubility. In this regard, an impor-
tant chemical characteristic that is attributed to the ribose
moiety is improved water solubility. Isoalloxazines are
not particularly water-soluble. 

Intestinal riboflavin uptake is adaptively regulated by
dietary levels, and by specific intracellular protein kinase-
mediated regulatory pathways. Over-supplementation
with pharmacological amounts of riboflavin can lead to a
significant and specific down-regulation in riboflavin
uptake; riboflavin deficiency causes a significant and spe-
cific up-regulation in intestinal riboflavin uptake. Factors
that have been shown to interfere with the normal intes-
tinal riboflavin uptake process include alcohol and certain
tricyclic drugs (e.g., chlorpromazine). 
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Transport to tissues can be perturbed by boric acid
and certain drugs, e.g., theophylline and penicillin, which
displace riboflavin (or FMN) from known binding pro-
teins (e.g., albumin > globulins > fibrinogen).

Once in cells, riboflavin is phosphorylated to FMN. In
most cells about 20% of the riboflavin is present as FMN
and of the remainder, over 70% is present as FAD with 1
or 2% as free riboflavin. Urine is the major route of excre-
tion for riboflavin, although some FMN is excreted in bile
(10 and refs. cited therein).

3. Metabolism and Requirements

The requirements for riboflavin, 1.1 to 1.3 mg/day, are
lower than those for niacin or ascorbic acid because
riboflavin is tightly associated with the enzymes that
serve as a cofactor, and accordingly turns over much
slower than niacin or ascorbic acid (Table 10.1; 4). In
some cases, FMN is covalently bound (e.g., as in succinic
dehydrogenase). Riboflavin is not toxic, primarily
because of its regulated uptake at the intestinal level, and
its relatively low solubility compared to other B-vitamins.

In humans, signs of riboflavin deficiency include
lesions of the oral cavity, the lips, and the angle of the
mouth (cheilosis), inflammation of the tongue (glossitis)
and accompanying seborrhic dermatitis. Like other
severe B-vitamin deficiencies, the filiform papillae of the
tongue may also be lost with changes in color from pink
to magenta. Anemia and increased vascularization of the
eye are present in some animals with riboflavin defi-
ciency.

4. Food Sources and Stability

The best sources of riboflavin are milk and dairy prod-
ucts. Other good sources are meats, especially liver, eggs,
dark green leafy vegetables, and fortified breakfast cere-
als (4). Today, milk and breakfast cereals make the great-
est contributions to riboflavin intake in the U.S. and the
U.K. Riboflavin is stable to acid pH, heat, and oxygen,
but is very susceptible to destruction by light, resulting in
the inactive compounds lumiflavin and lumichrome
(Table 10.2; 13). These compounds and other oxidative
products can contribute to off-flavors due to oxidative
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damage to milk lipids. Milk exposed to visible spectrum
light will lose 50% of its riboflavin content after two
hours, thus the importance of packaging milk in opaque
containers. 

IV. B-VITAMINS IMPORTANT TO SPECIFIC
FEATURES OF CARBOHYDRATE,
PROTEIN, OR LIPID METABOLISM

A. THIAMIN

Studies on thiamin played an important role in the devel-
opment of early concepts on the function and importance
of vitamins. For example, the demonstration by the Dutch
medical officer, Christian Eijkman, that polyneuritis could
be produced in an experiment animal by dietary manipu-
lation was conceptually very important. Eijkman and his
colleagues fed a diet of polished rice, presumably low in
thiamin, to chickens (one of the first uses of an animal
model to study disease) and observed characteristic fea-
tures of beriberi, such as head retraction, a common neu-
rological sign in animals. The focus on rice and the
observation that there appeared to be a curative principle
in rice bran led to the eventual isolation of thiamin. This
sequence of events and experimental protocols provided
the underpinnings that led to the discovery of vitamins as
precursors to cofactors (19).

1. Chemistry

The five-member (thiazole) ring of thiamin contains an
arrangement of atoms (-N=CH-S-) called an ylid. The
central carbon has carbanion character that acts as an elec-
tron-rich center for reactions that are commonly charac-
terized as decarboxylations and transketolations (Figure
10.4). Thiamin is not stable to heat or alkali.

2. Absorption, Tissue Distribution, and 
Metabolism

Thiamin occurs in the human body as free thiamin and its
mono-, di-, and triphosphorylated forms: thiamin
monophosphate, thiamin pyrophosphate (TPP), which is
designated as thiamin diphosphate, and thiamin triphos-
phate (TTP), which is found mostly in neural tissue. TPP
and TTP are the cofactor forms of thiamine. 

Thiamin is essential to the utilization of carbohydrates
as energy sources, because of roles in TCA cycle regulation,
and perturbations in the pentose phosphate – related carbo-
hydrates pathways. In the TCA cycle, the principle enzymes
are pyruvate dehydrogenase and α-ketoglutarate dehydroge-
nase. These enzymes catalyze the decarboxylations of pyru-
vate and α-ketoglutarate. TPP is also a cofactor for
transketolase reactions. Transketolation is a central activity
in the metabolic sequence known as the pentose phosphate
pathway. One of the most important intermediates of this

pathway is ribose-5-phosphate, a phosphorylated 5-carbon
sugar, required for the synthesis of the high-energy ribonu-
cleotides, ATP, GTP, the nucleic acids, DNA and RNA, and
the niacin-containing coenzyme NADPH, which is essential
for a number of biosynthetic reactions. A deficiency of thi-
amin can lead to decreased production of NADPH, which
impacts synthetic processes, such as fatty acid biosynthesis.
In addition, it is evident from the neurological disorders
caused by thiamine deficiency that thiamin plays a vital role
in nerve function. In the brain, TTP is proposed to function
in ion transport. The concentration of thiamin in the brain is
resistant to changes in dietary concentration. Stimulation of
nerves results in the release of thiamine monophosphate and
free thiamine with accompanying decrease of cellular thi-
amine pyrophosphate and thiamine triphosphate and
changes in Na+ and K+ gradients (19). 

Human thiamin deficiency, beriberi, is termed dry,
wet, or cerebral, depending on the systems that involved.
The main feature of dry (paralytic or nervous) beriberi is
peripheral neuropathy, including abnormal (exaggerated)
reflexes, diminished sensation, and weakness in the legs
and arms. Muscle pain and tenderness are also features.
When cardiovascular manifestations occur, the term wet
beriberi is used. Signs include a rapid heart rate, cardiac
enlargement, and edema. Ultimately, congestive heart
failure may be the cause of death. Cerebral beriberi can
lead to Wernicke’s encephalopathy and Korsakoff’s psy-
chosis. Signs include abnormal eye movements, stance
and gait abnormalities, and abnormalities in mental func-
tion, e.g., confusion (19).

3. Requirements, Pharmacology, and Toxicity

The requirement for thiamin is 1.1 to 1.2 mg per day or 0.5
mg per 1000 kcal or 4 MJ of diet (4; Table 10.1). Factors
that influence requirements are inadequate intake, strenu-
ous physical exertion, fever, pregnancy, breastfeeding, and
adolescent growth, or exposure to antagonists, such as tan-
nins, alcohol (sufficient to cause inflammatory bowel con-
ditions), and thiaminases, enzymes in many foods,
particular mollusks, and the muscle of fish. Individuals
who habitually eat raw freshwater fish, raw shellfish, and
ferns are at higher risk of thiamin deficiency because these
foods contain a thiaminase. For example, an acute neuro-
logical syndrome (seasonal ataxia) in Nigeria has even
been associated with thiamin deficiency precipitated by a
thiaminase in African silkworms, a traditional high-protein
food for some Nigerians. 

Antagonists include pyrithiamine and oxythiamine,
which act to inhibit the phosphorylation of thiamin.
Amprolium (coccidiostat) inhibits thiamin absorption.

4. Food Sources and Stability

Thiamin is present in most animal and plant foods, but is
especially prominent in whole grains, organ meats, pork,
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eggs, nuts, and legumes. Many food cooking and processing
conditions will negatively affect thiamin content, as it is
unstable in neutral and alkaline conditions, and with heat,
oxygen, and sulfur exposure (Table 10.2). Milling of whole
grains will remove the bran where thiamin and other B vita-
mins are in greatest concentrations; however, the current
practice of fortification has restored thiamin levels in flours
and grain-based products (13).

B. PANTOTHENIC ACID

Roger William discovered pantothenic acid in 1933, and
observed that it was an essential growth factor for yeast
and lactic acid bacteria. Over the next 15 years, pan-
tothenic acid was shown to be essential in animals.
Pantothenic acid serves as a component of coenzyme A
(Figure 10.5) and as a part of phosphopantotheine, e.g., at
the acyl carrier site in acyl carrier protein (ACP) (18).
Recently, pantothenic acid has been shown to be present

in a number of other enzymes where thioesters facilitated
transfer reactions are essential (5). 

1. Absorption, Tissue Distribution, and
Metabolism

Both Coenzyme A (CoASH) and ACP are present in
foods. Consequently, absorbed pantothenic acid must first
be released from CoASH and ACP, steps that involve the
actions of peptidases and nucleosidases. The mechanism
of absorption of pantothenic acid in the small intestine
involves the same carrier-mediated Na�-dependent sys-
tem that transports biotin (15). Similarly, colonic absorp-
tion of pantothenic acid was found to involve the
biotin-Na�-dependent, carrier-mediated system. The
interaction between biotin and pantothenic acid transport
has also been described in other tissues such as the blood
brain barrier, the heart, and the placenta, but the impor-
tance of this interaction is not understood.
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2. Metabolic Functions and Requirements

CoASH is the principle moiety for the vectoral transport
of acyl and acetyl groups in synthetic and catabolic reac-
tions. A deficiency is characterized by impaired acetyl and
acyl metabolism. The ability to utilize fatty acids as fuels
is clearly compromised in experimental pantothenic acid
deficiency. There is also an increased production of short
chain fatty acids and ketone bodies, which can lead to
severe metabolic acidosis. Dermal lesions occur because
of impaired fatty acid metabolism. Selected aspects of
pantothenic acid utilization and CoASH regulation are
given in Figure 10.5.

The requirement for pantothenic acid is about 5 mg
per day or 2 mg per 1000 kcal (~4 MJ) of diet. Even at
gram intakes, pantothenic acid does not appear to be
toxic (4).

3. Food Sources and Stability

Good dietary sources of pantothenic acid are meats, organ
meats, eggs, nuts and legumes, cereals and some vegeta-
bles such as broccoli. The vitamin is stable in neutral pH,
but unstable outside of this range, and also susceptible to
degradation by heat treatment. 

C. PYRIDOXINE

Pyridoxine or vitamin B-6 is a collective term for pyri-
doxine, pyridoxal, and pyridoxyl amine. Pyridoxine is
most abundant in plants; pyridoxal and pyridoxyl amine
are most abundant in animal tissues. The active form of
vitamin B-6 is phosphorylated at the 5 position, e.g., pyri-
doxal-5-phosphate (7).

1. Chemistry

The most common of the reactions catalyzed by vitamin
B-6 containing enzymes is the transaminase reaction.
Transaminations are essential to the interconverson of
amino acids to corresponding α-keto acids. The mecha-
nism is also useful for reactions important to producing
racemic amino acid mixtures (e.g., the conversion of 
L-alanine to D-alanine) and α, β−addition or elimination
reactions. An example of an α, β−elimination reaction is
the conversion of serine to pyruvic acid or the conversion
of homocysteine plus serine to cystathionine. The basic
feature of the transamination mechanism is electron with-
drawal from the α-carbon resulting in a proton liberation,
which sets the stage for subsequent substitution and addi-
tional reactions (Figure 10.6; 7). 
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The second most common reaction involves electron
withdrawal from the α-carbon and carboxylic acid group
carbon, which results in decarboxylation (Figure 10.6).
Decarboxylation reactions include the conversions of tyro-
sine to tyramine, 5-hydroxytryptophan to serotonin, histi-
dine to histamine, and glutamate to γ−aminobutyric acid
(GABA). Signs of convulsions associated with vitamin 
B-6 deficiency are attributed to insufficient activity of 
pyridoxal-5�-phosphate-dependent, L-glutamate decar-
boxylase.

A third type of reaction involves electron withdrawal
from the β,γ-carbons of amino acids (Figure 10.6). This sets
the stage for hydride condensations or aldol reactions. A
good example of an aldol reaction is the conversion of ser-
ine to glycine with the transfer of the β-carbon (as formalde-
hyde) to another vitamin cofactor, tetrahydrofolic acid in
single carbon reactions (see the next section). Another
example of a hydride condensation is the formation of 
α-aminolevulinic acid, the first step in heme biosynthesis.

Another important function of vitamin B-6 (as pyri-
doxal-5�-phosphate), independent of amino acid metabo-
lism, is its role in glycogen phosphorylase. Glycogen
phosphorylase catalyzes the hydrolysis of ether (α-1 to 4
C-O-C) bonds in glycogen to form glucose-6-phosphate.
Ether bonds are best catalyzed through acid-mediated
mechanisms. The acid proton in this instance is derived
from the phosphate group of pyridoxal-5�-phosphate. This
important mechanism was only elucidated recently.
Previously, it was speculated that the association of vita-
min B-6 with glycogen phosphorylase was primarily
some type of storage mechanism for B-6.

2. Absorption, Tissue Distribution, and
Metabolism

Vitamin B-6 is absorbed in the upper gut by energy-
dependent pathways. Muscle, kidney, and liver are rich in
pyridoxal enzymes, e.g., glycogen phosphorylase (in 
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muscle) and amino acid catabolizing enzymes and
transaminases (in liver and kidney). 

The major form of vitamin B-6 in cells is pyridoxal
–5�-phosphate. The conversion of the pyridoxal form of
the vitamin to pyridoxic acid signals elimination from the
body (7 and refs. cited).

3. Requirements, Pharmacology, and Toxicity

Vitamin B-6 deficiency is rarely seen as most diets provide
adequate amounts. Normally, the vitamin B-6 is met at 1.3
or more mg per day or about 0.3 mg per 1000 kcal (4MJ)
of diet (Table 10.1; 4). Drug-induced vitamin B-6 defi-
ciency can occur following administration of the tubercu-
lostatic drug, isoniazid (isonicotinic acid hydrazide). This
drug forms hydrazone derivatives with pyridoxal or pyri-
doxal phosphate, which can then act to inhibit pyridoxal-
containing enzymes. Patients receiving long-term isoniazid
therapy respond to the administration of supplemental vita-
min B-6. Penicillamine (β-dimethylcysteine) used in the
treatment of Wilson’s disease also can interfere with nor-
mal B-6 metabolism due to the formation of thiazole deriv-
atives. A naturally occurring antagonist to vitamin B-6,
linatine (1-amino-D-proline) is present in flax seed, which
forms a stable product with pyridoxal phosphate (7). 

The most important signs of B-6 deficiency relate to
defects in amino acid metabolism. Neurologic signs occur
because of reduced synthesis of important biogenic amines
from amino acid precursors (7), and anemia is a conse-
quence of decreased heme synthesis. Adverse effects have
only been documented from vitamin B-6 supplements and
never from food sources. Chronically high doses of pyri-
doxine can result in painful neurological symptoms known
as sensory neuropathy. Symptoms include pain and numb-
ness of the extremities, and in severe cases difficulty walk-
ing. Sensory neuropathy typically develops at doses of
pyridoxine in excess of 1,000 mg per day. At intakes below
200 mg/day, sensory neuropathy is not observed.

4. Food Sources and Stability

The richest sources of vitamin B-6 are meats and whole
grains. Heat and light are the two primary treatments that
negatively affect the stability of the vitamin (Table 10.2).
Similar to other B vitamins, milling of whole grains and
removal of the bran will result in significant losses of
pyridoxine. Fortification of cereal products will restore B
vitamin levels (4). 

V. B-VITAMINS INVOLVED IN SINGLE
CARBON AND CO2 TRANSFER
REACTIONS

A. BIOTIN

Biotin was discovered following a long search for factors
important to the understanding of the condition, egg white

poisoning, which was associated with poor growth, alope-
cia, and dermatitis in animals exposed to raw eggs and egg
whites as a primary source of dietary protein. It was even-
tually found that biotin-binding factors in eggs could
reduce biotin availability (see below). 

1. Chemistry

Biotin functions in enzymatic carboxylation reactions as a
cofactor for CO2 – fixing enzymes. Examples include:
acetyl CoA carboxylase, which is essential for fatty acid
synthesis; propionyl CoA carboxylase, which participates
in odd chain fatty acid metabolism; pyruvate carboxylase,
which is involved in the formation of oxaloacetate, an
important obligatory step in reverse glycolysis and gluco-
neogenesis; and β-methylcrotonyl CoA, important in
leucine metabolism (9). 

Biotin is covalently bound in carboxylases and trans-
carboxylases by peptidyl linkage between the carboxylic
acid moiety of biotin and the ε-amine function of peptidyl
lysine (extends from the side chain associated with the
sulfur-containing ring of biotin, which is only partially
depicted in Figure 10.7). The biotin-lysine adduct is
called biocytin. Biocytin can be cleaved by the enzyme
biocytinase to generate free biotin. 

2. Metabolism and Requirements

Biotin is found in highest concentrations in the liver. In
plant foods, biotin is present in relative high concentrations
in most cereals. Dietary biotin exists in free and protein
bound forms. The latter form is digested first by gastroin-
testinal proteases and peptidases to generate biocytin 
(N-biotinyl-L-lysine) and eventually free biotin plus lysine.
Like the other water-soluble vitamins, biotin is taken up by
specialized Na�-dependent carrier-mediated mechanisms.
At the basolateral membrane, biotin exits cells via a Na�-
dependent carrier system. In adult humans, biotin uptake is
significantly higher in the duodenum and jejunum com-
pared to ileum. As noted previously, biotin shares the trans-
porter with pantothenic acid (15, 18).

When biotin-containing carboxylases are degraded in
cells, biotin is also released as biocytin. Cellular biocyti-
nases catalyze its cleavage to release free biotin for reuti-
lization. In the absence of this enzyme, biotin reutilization
is compromised. Re-biotinylation requires ATP to catalyze
the formation of a peptide bond between biotin and a lysyl
group at the active center of targeted carboxylases (9).

The nutrition need for biotin is expressed as an
“Adequate Intake” and amounts to ~25 micrograms per
day (Table 10.1; 4). Reasons for the relatively lower
requirements are: biotin is covalently attached to a limited
number of enzymes that it serves as a cofactor; biotin is
extensively reutilized; significant amounts of biotin are
produced by the gut microflora. 
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Nevertheless, nutritional problems associated with
biotin status can occur. Biotin and biocytin have a high
affinity for certain proteins, particularly avidin in egg
white. The consumption of raw egg albumin can induce
biotin deficiency, due to the strong association of biotin
with avidin rendering dietary biotin unavailable. Ingestion
of significant quantities of raw egg white by fur-bearing
animals and pigs has led to the condition initially
described as “egg white injury.”

Biotin deficiency leads to impairment of gluconeoge-
nesis and fat metabolism. Biotin deficiencies can also
induce severe metabolic acidosis. The inability to carry
out fat metabolism, also markedly affects the dermis.
Alopecia and dermatitis are characteristics of biotin defi-
ciency in most animals (9).

3. Food Sources and Stability

Biotin in animal foods is found in highest concentrations
in the liver, but also in meats, milk, and egg yolk. In plant
food, biotin is present in relative high concentrations in
most cereal grains, as well as nuts, mushrooms, and some
green vegetables. It is relatively stable to most treatments,
with the exception of heat and alkaline conditions, which
result in minor losses. 

B. FOLIC ACID AND VITAMIN B-12

Vitamin B-12 and folic acid will be discussed together,
because their functions and metabolism are uniquely
linked (Figure 10.8). Knowledge regarding folic acid and
B-12 evolved from efforts to better understand macrocytic
anemias and certain degenerative neurologic disorders
(8). The Scottish physician, Combe, recognized in the
early 1800s that certain forms of macrocytic anemia
appeared related to a disorder of the digestive organs. In
classic studies by Minot, Murphy, Castle, and others, it
became clearer that the disorder was associated with gas-
tric secretions and in some cases could be reversed by
consuming raw or lightly cooked liver.

In parallel studies, folic acid was also associated with
macrocytic anemia. Large-scale efforts throughout the

1940s and 1950s and careful clinical and basic studies even-
tually led to the isolation of folic acid and vitamin B-12.

1. Chemistry Folic Acid

The folates are a group of heterocyclic compounds com-
posed of 4-(pteridin-6-ylmethyl)-aminobenzoic acid con-
jugated with one or more L-glutamate units. Folate and
folic acid are the preferred synonyms for pteroylglutamate
and pteroylglutamic acid, respectively, and designate any
members of the family of pteroylglutamates having vari-
ous levels of reduction of the pteridine ring, one-carbon
substitutions, and differing numbers of glutamate residues
(Figure 10.8; 2). 

The reactions that involve folic acid include the gen-
eration and utilization of formaldehyde, formimino, and
methyl groups. For these conversions to occur, folic acid
must be reduced in the form of tetrahydrofolic acid
(THFA). Reduction brings the nitrogen at positions 5 and
10 closer together and changes their electrochemical
properties, which facilitates the formation of the various
THFA single carbon derivatives.

The formyl, methanyl, and methylene forms of THFA
are utilized for purine synthesis and in thymidylate (i.e.,
DNA-related) synthesis. These reactions are essential to
cell division and proliferation. Folate also participates in
reactions involved in the interconversion and catabolism
of amino acids. Much of the folate in the body is also in
the form of methyl-THFA for eventual methyl transfer
reactions. Removal of the methyl group from methyl-
THFA and its eventual irreversible transfer to methionine
by the vitamin B-12 requiring enzyme, methionine syn-
thetase, represents an important interaction between folic
acid and vitamin B-12 (1, 2).

2. Chemistry: Vitamin B-12

Vitamin B-12 consists of a porphyrin-like structure of
tetrapyrrole rings with a monovalent cobalt metal at the
center (Figure 10.9; 1). A 5�,6�-dimethylbenzimidazolyl
nucleotide is also linked to the tetrapyrrole rings via a
phosphate sugar linkage. Vitamin B-12 catalyzes the 
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conversion of homocysteine to methionine via transfer of
a methyl moiety derived from methyl-THFA. Vitamin B-
12 in the form of the adenosyl derivative can also catalyze
the conversion of methylmalonyl CoA to succinyl CoA.
Deficiency of vitamin B-12 leads to intracellular accumu-
lation of metabolites of these two reactions, homocysteine
and methylmalonic acid (1, 2, 8, 13, 16).

3. Digestion, Metabolism, and Tissue Distribution

Folate absorption requires processing of food-derived
folates from poly- to monoglutamyl forms. The proximal
part of the small intestine is the main site of absorption of

dietary folate. A specialized carrier-mediated system is
involved in folate uptake across the apical membrane of
the absorptive cells, as well as other cells. The factors that
negatively affect intestinal folate absorption are alcohol
consumption and the use of certain pharmacological
agents like sulfasalazine and phenytoin (Dilantin). An
important step in the digestive process is the conversion of
polyglutamyl folate to monoglutamyl folate by intestinal
polyglutamyl hydrolase. 

There are a number of substances in unprocessed
foods (e.g., uncooked beans) that act as folate hydrolase
inhibitors. In plasma, there are specific carrier proteins,
which take folic acid to targeted cells. In this regard,
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ethanol can also markedly decrease folate biliary secretion,
thereby reducing availability to body tissues from liver. In
tissues, the distribution of folates is largely dependent on
the concentration of folate dependent enzymes. Methyl-
THFA mono glutamate is rapidly transported (bound to
carrier proteins) to liver. Uptake proceeds through a 
receptor-mediated endocytotic process and is then quickly
converted to folate in various polyglutamyl forms (2).

Steps important to processing of vitamin B-12 involve
first release from foods under acidic conditions. Vitamin
B-12 then binds to proteins produced by cells of the gas-
tric fundus, pancreas, and salivary gland. Two proteins
have been identified, which are designated as R protein
and intrinsic factor. Vitamin B-12 first binds to R protein
and is released in the intestinal lumen by the action of
pancreatic and intestinal proteinases and peptidases, to
allow vitamin B-12 to bind to intrinsic factor. Intrinsic
factor is a small-molecular-weight glycoprotein, which is
made in stomach parietal cells (1). The vitamin B-12 –
intrinsic factor complex then interacts with receptors on
the intestinal brush border localized in the midgut (i.e.,
ileum). Interference with R protein or intrinsic factor pro-
duction, or inflammatory disease affecting the ileum, or
overproduction of intestinal microflora can adversely
affect the availability of vitamin B-12 (1).

After vitamin B-12 is taken up by luminal cells, it is
transported into the lysosomes where the vitamin B-12 –
intrinsic factor complex is degraded and the vitamin 
B-12 is released and vectorally directed for release into
plasma. Vitamin B-12 is transported in plasma by one of
three specific transport proteins, transcobalmin I, II, or III.
Transcobalmin I carries vitamin B-12 to the liver.
Transcobalmin II carries vitamin B-12 from the liver to
peripheral tissues. Note that the processing of folate and
vitamin B-12 in and out of tissues differs from that for
other water-soluble vitamins. The process is receptor
mediated and endocytotic, in contrast to involvement of
an active sodium-dependent transporter (1).

4. Requirements, Pharmacology, and Toxicity

Decreased production of methanyl and methylene forms
of folate can result in decreased purine synthesis and
thymidylate formation from uridylate. The latter can cause
replicating cells to arrest in the S-phase of the cell cycle.
Epithelial cells are often most affected by folate deficiency
(2, 8). The consequences range from megaloblastic ane-
mia to growth retardation. Accordingly, aggressive supple-
mentation of folic acid has been associated with a decrease
in the appearance of certain developmental defects, e.g.,
abnormal neutral tube closure (2, 11, 13, 16).

As noted, the most important link between folate and
vitamin B-12 occurs at the methionine synthetase step,
where 5-methyl THFA serves as a substrate with homo-
cysteine to form methionine. In this regard, recent studies
have suggested that low folate levels may play a role in

the etiology of coronary artery disease because of the
association of elevated homocysteine as a risk factor in
vascular disease (8).

The movement of single carbon units from folate
through methionine synthetase in the formation of
methionine is also important for S-adenosylmethionine
(SAM) formation. SAM is essential to methylation of
phospholipids, and production of methylated forms of
various amino acids and carbohydrates. SAM also serves
as the methyl source in DNA methylation. 

Deficiencies of both vitamin B-12 and folic acid pro-
duce clinical signs of macrocytic anemia and disyn-
chronies in growth and development owing to the
importance of folic acid to purine and DNA synthesis.
Chronic deficiencies of either folic acid or B-12 can also
promote fatty liver disease and indirectly influence extra-
cellular matrix maturation stability by causing abnormal
elevations in homocysteine (1, 2, 8, 11, 13, 16). Such
signs and symptoms are attributable to both THFA and 
B-12 deficiencies, because of the integral relationship of
vitamin B-12 to THFA regeneration. Dietary intakes of
folic acid, sufficient to maintain functional THFA levels,
can mask the initial signs of vitamin B-12 deficiency (e.g.,
macrocytic and megaloblastic anemia). Prolonged vitamin
B-12 deficiency in humans results in serious neurologic
disorders due to degeneration of the myelin sheath (1).

The requirement for folic acid is 400 µg per day
(Table 10.1; 4). However, there are some conditions in
which the folic acid requirements are conditionally high,
e.g., when either natural or pharmacological folic acid
agonists are present in the diet. A range of genetic poly-
morphisms in proteins important to folate metabolism can
also influence the folic acid requirement. Alterations in
folate hydrolase, folate reductase, or methionine syn-
thetase that cause changes in the affinity for folate bind-
ing are all known to impact folate requirements (2).

The requirement for vitamin B-12 is 2.4 µg per day or
1 µg per 1000 kcal (~4 MJ) of diet (Table 10.1; 4).
Although vitamin B-12 deficiency is rare, disease of the
stomach, proximal duodenum, or ileum and pancreatic
insufficiency can affect folic acid and vitamin B-12
absorption, respectively.

5. Food Sources and Stability

Folic acid: Foods that are particularly high in folate are
oranges, green leafy vegetables, and whole grains.
Fortification with folic acid to all enriched cereal grain
foods was begun in the U.S. in 1998 by mandate of the
Food and Drug Administration (11). The primary objec-
tive of this program was to provide increased folic acid to
women of childbearing age in order to decrease the occur-
rence of neural tube defects (NTD). The fortification pro-
gram has successfully decreased NTDs by 19%, but any
longer term health benefits on other diseases is unknown
at this time. Folic acid is stable in acid pH, but is rapidly
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destroyed in neutral or alkaline conditions and is unstable
to prolonged heat, oxygen, and light exposure.

Dietary sources of B-12 are meats with liver being the
highest followed by dairy products and some seafoods 
(1, 2, 4). B-12 is also present in yeast and fortified cere-
als. The reliance on primarily animal products for vitamin
B-12 means that strict vegetarians are potentially at risk
for B-12 deficiency. B-12 is relatively stable and
destroyed only by extended heat treatments and exposure
to light and oxygen (Table 10.2). 

VI. CONCLUDING COMMENTS

Additional compounds, mostly derived from carbohydrate
and amino acid metabolites, are listed with the vitamins,
because of conditional dietary needs or functions in meta-
bolic regulation. Many of these compounds typically per-
form specialized transport function, particularly in relation
to fatty acids. Examples include choline (a major source of
methyl groups in the diet), inositol (important in signal
transduction), and carnitine (required for the transportation
of fatty acids from the cytosol into the mitochondria).
Taurine, queuine, the ubiquinones (coenzyme Q), the
tetrahydrobiopterins, pyrroloquinoline quinone (17), and
lipoic acid could also be added to the list, because of their
novel roles in metabolism.

Regarding the need for vitamins, acute deficiencies for
most water-soluble vitamins can be induced under experi-
mental conditions. Frank deficiency diseases are rarely seen
in most populations unless specific food sources are severely
limited due to food distribution problems, environmental
problems such as drought, or severe economic constraints
that limit access to food. However, marginal deficiencies can
be observed when individuals consume a monotonous diet
in which relatively few foods constitute a source of calories.
Genetic polymorphisms in proteins involved in vitamin
metabolism may also affect vitamin nutriture and result in
increased needs. When a defect is associated with a vitamin
deficiency, what often defines why the defect occurs is the
Km for the association or binding of the vitamin with pro-
teins associated with the defect (e.g., a specific enzyme). In
such cases, the Km or related constants is usually high. In
addition, disturbances of absorption (e.g., pancreatic insuffi-
ciency, biliary obstructions, alcohol, enteropathies), antago-
nists (e.g., antibiotics, tannins, caffeic acid, alcohol), or
metabolic conditions (e.g., pregnancy, diabetes) may con-
tribute to the increased need for given vitamins (14). 
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I. INTRODUCTION

The fat-soluble vitamins include vitamin A, vitamin D,
vitamin E, and vitamin K. Knowledge of their roles in
metabolism and maintenance of health has greatly
expanded over the recent past decades. Consumer interest
has been energized by many diet-health relationships that,
in some cases, have been well documented. Such interest
and the expanding knowledge base has led to rapid growth
of the use of fat-soluble vitamins in supplements and
functional food products, increased fortification of food,
the need to improve global food composition data banks,
technology improvements in synthesis and food techno-
logical aspects, and increased need for accurate analytical
methods both for scientific and regulatory use. Recent
publication of the Dietary Reference Intakes (1–3) has
added new perspectives on human requirements and diet
planning. This chapter provides an overview of chemistry
and nutrition of the fat-soluble vitamins.

II. VITAMIN A AND CAROTENOIDS

Night blindness resulting from vitamin A deficiency repre-
sents one of the earliest recognized dietary deficiency dis-
eases (4). Scientific studies began in the early 20th century,
and McCollum and Davis reported (1913) the presence of
a lipid-like substance in butter and egg yolk required for
the growth of young rats. The factor was named fat-solu-
ble A in 1916, and the name vitamin A was first used in
1920 to emphasize the discovery of the first fat-soluble
vitamin, differentiating it from the water-soluble vitamins.
The structure of vitamin A was determined in 1931. The
vitamin A activity of β-carotene was identified in 1929,
and the term “provitamin A” was then used to differentiate
carotenoid precursors of vitamin A from carotenoids with-
out potential to form vitamin A. Plant carotenoids are,
therefore, the precursors of all vitamin A found in the ani-
mal kingdom. Dietary vitamin A, by convention, is called
preformed vitamin A when all-trans-retinol or its esters are
consumed as a dietary constituent of animal products or
through use of supplements (5). Identification of roles for
vitamin A in gene expression, embryonic development,
and immunological function (1) has greatly expanded
interest in the nutritional significance of vitamin A to
human well-being. Likewise, identification of functions
other than as a precursor for vitamin A for both provitamin
A carotenoids and other carotenoids such as lutein and
lycopene have confirmed their significance as health-
promoting components of a well-balanced diet (6).

A. CHEMISTRY

1. Vitamin A

Vitamin A refers to all isoprenoid compounds from animal
products with the biological activity of all-trans-retinol

(Figure 11.1). All-trans-retinol is the parent structure to
most retinoids and contains a substituted β-ionone ring 
(4-{2,6,6-trimethyl-2-cyclo-hexen-1-yl}-3-buten-2-one)
(5) with a side chain of three isoprenoid units linked at the
6-position of the β-ionone ring. The conjugated double-
bond system includes the 5,6-β-ionone ring carbons and the
isoprenoid side chain. Retinoids include all substances with
vitamin A activity and many structurally similar synthetic
compounds without vitamin A activity (7). Various
retinoids are identified as significant for cell differentiation,
immunity, and embryonic development. All-trans-retinoic
acid, retinol esters, and various cis-isomers are significant
metabolites (Figure 11.1). 13-cis-Retinol is frequently
found in food extracts as a result of isomerization of all-
trans-retinol during the extraction process (8). Acetate and
palmitate esters of all-trans-retinol are the primary com-
mercial forms of vitamin A used by the pharmaceutical and
food industry in supplements and fortified foods.
Esterification stabilizes the vitamin toward oxidation.
Availability of the esters in beadlet or encapsulated prod-
ucts adds further stability during processing and marketing
of supplements and fortified foods. The USP standard is
retinyl acetate. Physical properties of all-trans-retinol,
retinyl esters, and closely related retinoids are provided in
Table 11.1.

2. Carotenoids

Carotenoids comprise an extensive family of plant pig-
ments, and as many as 1000 occur naturally in the plant
kingdom (6, 9). In the plant, carotenoids function in photo-
synthesis as light harvesting pigments that supplement the
ability of chlorophyll to capture light energy (10, 11). They
protect the photosynthetic apparatus by quenching reactive
oxygen species (1O2,

3O2, O2
2�) and acting as free radical

interceptors, thus preventing oxidative events which can
irreversibly damage cell membranes and DNA (11).

Carotenoids are formed by the head-to-tail linkages of
eight isoprene units to provide a C40 skeleton. Nomenclature
for the carotenoids specified by the International Union of
Pure and Applied Chemistry (IUPAC) and the International
Union of Biochemistry (IUB) was reviewed by Weedon
and Moss (12). Structures of common provitamin A
carotenoids and other significant carotenoids to the human
are given in Figure 11.2. Lycopene, which shows the
acyclic hydrocarbon backbone chain, is considered the par-
ent compound (12). Modifications of lycopene produce the
diverse family of the carotenoids found throughout the
plant kingdom. β-carotene (Figure 11.2) is characterized by
the presence of β-ionone rings on both ends of the hydro-
carbon chain. Oxygenation produces the xanthophylls.
Oxygen functions include hydroxylation at the 3- or 4-posi-
tion to produce lutein and β-cryptoxanthin, respectively,
and ketolation to yield canthaxanthin. Other structural
variants include aldehydes, epoxy, carboxy, methoxy, and
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various other oxygenated forms. Some of the most fre-
quently occurring carotenoids include the hydrocarbons
lycopene, phytoene, and phytofluene, carotenal esters, and
carotenol fatty acid esters (5).

The most commonly occurring provitamin A caroten-
oids in plant foods are β-carotene, α-carotene, γ-carotene,

and β-cryptoxanthin. cis-Isomers are biologically not as
active compared to the all-trans naturally occurring
carotenoids. Vitamin A activity depends on the presence of
one, non-hydroxylated β-ionone ring in the provitamin A
structure. Presence of the β-ionone ring allows conversion
to all-trans-retinol (6). Acyclic hydrocarbons (lycopene,

Fat-Soluble Vitamins 11-3
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phytoene, phytofluene), therefore, are not provitamin A
carotenoids. Carotenoids with one hydroxylated ring or
other oxygen function on one ring usually possess less than
50% of the biological activity of β-carotene (β-cryptoxan-
thin). Hydroxylation of both β-ionone rings (lutein) leads to
a complete absence of vitamin A activity. Conversion of the
provitamin A carotenoids to all-trans-retinol can occur by
central oxidative cleavage at the 15,15� double bond to
yield two moles of vitamin A per mole of β-carotene or by

random oxidative cleavage that yields only one or two
moles of vitamin A per mole of β-carotene, depending on
the point of cleavage (13–15). Central cleavage is accom-
plished by β-carotene-15,15�-dioxygenase within the intes-
tinal absorptive cells (1).

Physical properties of various carotenoids are pro-
vided in Table 11.1. β-Carotene and β-apo-8�-carotenal
are added to margarines, salad dressings, and other foods
to enhance color as well as to fortify the products. In the
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poultry industry, xanthophyll concentrates derived from
the marigold are added to rations to enhance yellow to red
pigmentation in the skin and in egg yolks. The xantho-
phylls deposited in the skin and yolks do not add to the
vitamin A activity of the products, since xanthophylls lack
vitamin A activity.

3. Spectral Properties

The conjugated double bond system of the retinoids gives
the compounds strong UV absorption properties. UV
absorption maxima (Table 11.1) vary with structural mod-
ification of the all-trans-retinol. Effects on UV absorption
by structural variations of the retinoids indicate that max-
imal absorption ranges from 318 to above 360 nm.
Absorption maxima vary with solvent and the presence of
cis-isomers (Z-). Isomerization to the cis-form decreases
the absorption maxima and E1%

1cm values relative to all-
trans-retinol (Table 11.1) (17, 20).

All-trans-retinol and retinyl esters fluoresce strongly
at λex from 325 to 490 nm. Fluorescence intensity is
greater in non-polar solvents; therefore, fluorescence is an
ideal detection mode for normal-phase liquid chromatog-
raphy-based analytical systems compared to UV detection
(5, 21). Most other retinoids other than retinol and its
esters do not fluoresce and oxidation of the alcohol results
in lower fluorescence (20).

Carotenoids contain eleven π electron conjugated
double bonds and, thus, possess strong primary absorption
in the visible region due to the long conjugated double
bond system. The bright and varied pigmentation of the
carotenoids characterize the strong, visible region absorp-
tion. Published absorbance maxima are given in Table
11.1. Spectra commonly show two to three absorption
maxima between 400 and 500 nm. A characteristic UV
absorption peak occurs in cis-isomers approximately 142
nm below the longest-wavelength absorption maxima of
the all-trans carotenoid (22). cis-Isomers show UV max-
ima between 330 to 340 nm and a downward shift of the
entire spectrum (20, 22). Absorption intensity is affected
by solvent or mobile phase composition (23, 24).
Detection at 450 nm is commonly used as a detection
mode for β-carotene after LC resolution.

4. Stability

Eitenmiller and Landen (5) summarized studies that exist
in the literature on the stability of all-trans-retinol and 
β-carotene in foods during processing and storage. Little
information exists on the stability of other retinoids or
carotenoids such as lycopene and lutein. However, due to
similarities in chemical properties, stability characteristics
would be somewhat similar. Ball (25) provided an excel-
lent review of the stability of all-trans-retinol and 
β-carotene with many specific literature citations.

Significant facts regarding the stability of all-trans-retinol
and carotenoids presented by Eitenmiller and Landen (5)
include the following:

1. Conversion of all-trans to cis-isomers is easily
induced by light, acids, metals, lipoxygenase
action, and heat processing, acting independ-
ently or synergistically.

2. All-trans-retinol and the carotenoids are oxida-
tively unstable. Autoxidation of lipids can induce
rapid loss of vitamin A activity. Some carote-
noids are active singlet oxygen quenchers. This
ability is directly related to the number of double
bonds in the conjugated double bond system. 
β-Carotene, lutein, and other carotenoids prefer-
entially react with singlet oxygen, converting it to
the triplet state (26). The excited triplet state
carotenoids can thermally disperse excess
excited state energy through chemical reactions
that destroy the carotenoids (27). Degradation
products include various cleavage products.

3. Carotenoids scavenge free radicals at low oxy-
gen pressures (<155 mm Hg) and act as primary
chain-breaking antioxidants. Carotenoids, like 
β-carotene, trap peroxyl radicals through the
addition of the radical at the 5,6-double bond of
the carotenoid with conversion to peroxides (27).

4. All-trans-retinol and the carotenoids become
more unstable as the food matrix is disrupted or
the compounds are removed from the matrix by
extraction prior to analysis. Destruction of the
food matrix can liberate lipoxygenases that cat-
alyze isomerization.

5. Blanching of plant products prior to freezing
inactivates lipoxygenase and removes oxygen
from the tissue. Thus, carotenoids are protected
from lipoxygenase-initiated oxidative degrada-
tion during freezer storage.

6. Air drying or freeze drying can produce large
losses in all-trans-retinol or the carotenoids.
Storage of freeze-dried foods, because of the
open, porous nature of the product, requires
removal of oxygen with inert gas or vacuum to
stabilize the vitamin A activity. Losses can be
considerable during the drying process.

7. All-trans-retinol and the carotenoids are rela-
tively stable at alkaline pH. Therefore, saponi-
fication can be used for sample extraction if the
reaction vessel is evacuated and protected from
light. Saponification at ambient temperature
can be used to slow isomerization reactions that
are more predominant at elevated temperatures.

8. All-trans-retinyl palmitate and all-trans-retinyl
acetate are the commonly available commercial
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forms of vitamin A used for food fortifica-
tion and by the pharmaceutical industry. The
ester forms are more stable to oxidation.
However, conversion of all-trans to cis-isomers
can readily occur. Most LC procedures will
resolve the all-trans from the cis-isomers,
which is essential to accurately assess biologi-
cal activity. Encapsulation of concentrates in a
matrix of gelatin, microcrystalline cellulose, or
modified starch inhibits oxidation and isomer-
ization. Antioxidants including tocopherols
and other free radical interceptors are usually
added to vitamin A preparations to inhibit oxi-
dation.

Due to the lability of all-trans retinol and the carote-
noids to oxidation and isomerization, precautions must be
taken during analysis of foods and other biological samples
to avoid conditions adverse to the analytes. Precautions to
minimize destruction during extraction and determinative
chromatography include the following (5, 28):

1. During all phases of sample handling, exclude
oxygen. Air should be replaced by vacuum or
inert gas.

2. Addition of antioxidants such as butylated
hydroxytoluene (BHT), pyrogallol, ascorbic
acid, or combinations is necessary prior to
saponification. Low levels of antioxidants in
extracting solutions and mobile phases are often
added to protect the retinoids and carotenoids
from oxidation.

3. Trans- to cis-isomerization (E → Z) is pro-
moted at elevated temperatures. Therefore, use
of the lowest practical temperature is recom-
mended. Use of solvents with low boiling
points is preferred. For rotary evaporation,
40°C should not be exceeded. Solutions should
be stored at �20°C, preferably lower.

4. All sunlight should be avoided. Analytical steps
and extractions should be completed in dim
light, diffused sunlight, or under gold fluores-
cent light. Solutions of sample analytes and
standards should be stored in low actinic glass-
ware whenever possible. Isomerization rapidly
occurs through light activation and is a com-
mon source of cis-isomer formation in biologi-
cal sample extracts.

5. Acid must be avoided. All solvents must be
acid free. Addition of Triethylamine (TEA) at
0.001% is useful to neutralize low acid levels in
some solvents.

6. Alkaline conditions can lead to base-catalyzed
isomerization, especially if exposure to light
occurs.

B. NUTRITION AND BIOCHEMISTRY OF VITAMIN A

1. Functions of Vitamin A

Functional roles of vitamin A continue to be identified as
the scientific basis of its relationship to cell growth and
differentiation and immunological function becomes bet-
ter understood. Specifically, vitamin A is required for nor-
mal vision, gene expression, reproduction, embryonic
development, growth and immunological function.

The role of vitamin A in maintenance of eye health and
the visual cycle is quite well understood. Retinoic acid is
required for normal differentiation of the cornea, conjunc-
tival membranes, and photoreceptor rod and cone cells of
the retina (1, 7). In the visual cycle, all-trans-retinol is iso-
merized to 11-cis-retinol which is oxidized to 11-cis-retinal
(29). In the rod cells, 11-cis-retinal is bound to opsin to
form the visual pigment, rhodopsin. Absorption of light by
rhodopsin isomerizes 11-cis-retinal to all-trans-retinal
which triggers signaling to neuronal cells in the visual cor-
tex of the brain (1). All-trans-retinal is released from the
protein, converted back to all-trans-retinol, and stored as
all-trans-retinyl esters, completing the cycle (1, 7, 29).

Identification of two families of nuclear receptors,
retinoic acid receptors (RAR) and retinoid receptors
(RAX), has helped explain the role of vitamin A in cell
differentiation. In the nucleus, all-trans- and 9-cis-retinoic
bind with RAR and 9-cis retinoic acid binds with RAX.
The activated receptors regulate gene expression signifi-
cant to embryonic development and integrity of epithelial
cells (1, 7, 29).

The relationship of vitamin A deficiency to decreased
disease resistance and increased child mortality in areas of
the world lacking proper food supplies has been recog-
nized for decades. Vitamin A influences immune response
through maintenance of circulating natural killer cells
with anti-viral and anti-tumor activity, by increasing
phagocytic activity, and by increasing production of
cytokines which regulate production of T and B lympho-
cytes (1). Fortunately, in vitamin A deficient individuals,
immune function can be improved through supplementa-
tion of the diet with vitamin A.

2. Vitamin A Deficiency

Vitamin A deficiency is characterized by changes in the
eye that can cause irreversible blindness. Clinical symp-
toms are referred to as xerophthalmia. The initial stage of
development of xerophthamia is night blindness or the
inability to adapt to dim light due to decreased ability to
regenerate rhodopsin. At this stage, addition of supple-
mentary vitamin A will reverse the disease. Progression of
the disease leads to corneal and conjunctival xerosis (dry-
ness) due to a decreased amount of globlet cells and to the
appearance of Bitot’s spots on the conjunctiva. Final
stages are referred to as keratomalacia or ulceration and
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scarring of the cornea that leads to loss of vision. Other
symptoms include skin lesions, loss of appetite, epithelial
keratinization of epithelial tissue, impaired embryonic
development, lack of growth and increased susceptibility
to infections (1, 30–32).

While vitamin A deficiency in developed countries is
not prevalent and is limited to individuals with fat absorp-
tion abnormalities, chronic liver disease, and alcoholics
(32), it continues to be the leading cause of blindness
world-wide and greatly contributes to infant and child
mortality. Recent estimates indicate that 250,000 to
500,000 children go blind annually due to lack of vitamin
A (1, 33, 34). Although fortification programs can be suc-
cessful in improving vitamin A status at low cost, large
segments of the world’s population can still benefit from
fortification of staple foods or through provision of sup-
plements. The role of the food industry and public health
organizations in this regard can still dramatically improve
human well-being.

3. Hypervitaminosis A

Vitamin A toxicity can occur from high intake of foods high
in vitamin A or high potency supplements. Toxicity to
retinoids has been classified as acute, chronic, and terato-
genic (1, 29). Acute toxicity results from a single dose or a
limited number of large doses over a short time period. A
single dose greater than 200 mg (>200,000 RAE (retinol
activity equivalent), >660,000 IU or 0.7 mmol) or all-trans-
retinol can result in acute toxicity in adults. For children,
50% of the adult dose can cause acute toxicity (29).
Symptoms include nausea, vomiting, headache, increased
cerebrospinal fluid pressure, vertigo, blurred vision, muscle
incoordination, and bulging fonanel in infants (1). Chronic
toxicity results from ingestion of large doses at or above 30
mg (30,000 RAE) per day for months or years (1).
Symptoms of chronic toxicity include alopecia, ataxia, liver
abnormalities, membrane dryness, bone and skin changes,
visual impairment, and nervous system effects (1, 29). Most
symptoms are reversible when vitamin A intake is
decreased (29). Teratogenic effects can result from single,
large doses (30–90 mg) or long-term intakes that result in
chronic toxicity (29). Common teratogenic defects include
physical malformations, heart, kidney, and thymic disor-
ders, and central nervous system disorders (29).

4. Dietary Reference Intakes

Based on newer information on absorption of dietary
carotenoids, the Institute of Medicine (1) established the
retinol activity equivalent (RAE) to replace the retinol
equivalent (RE) as a measure of the vitamin A activity of
dietary provitamin A carotenoids. One RAE is defined as
1 µg of all-trans-retinol, 12 µg of all-trans-β-carotene and
24 µg of other provitamin A carotenoids (usually limited to
α-carotene and β-cryptoxanthin). International units (IU)

are used for labeling pharmaceuticals, supplements, and
foods. One microgram of all-trans-retinol equals 3.33 IU
of vitamin A activity. The Reference Daily Intake (RDI)
set by the Nutritional Labeling and Education Act of 1990
(NLEA) is 5000 IU.

Establishment of the RAE was based on the accepted
carotene: retinol equivalency ratio (µg) of a low dose of puri-
fied β-carotene in oil of 2:1, indicating that 2 µg of 
β-carotene in oil yields 1 µg of retinol (1). Differences
between RE conversion factors and RAE factors stem from
absorption studies that show that 6 µg of dietary 
β-carotene is equivalent to 1 µg of purified β-carotene in oil
(1). Since previous data indicated 3 µg of dietary 
β-carotene was equal to 1 µg of β-carotene in oil (6 � 2:1 �
12:1), the RAE calculation doubles the amounts of dietary
provitamin A carotenoids required to provide 1 µg of retinol
or 1 RAE as compared to calculation of RE values. The
Institute of Medicine report (1) emphasizes that vitamin A
intake from provitamin A carotenoids has been overesti-
mated by previous assumptions made on carotenoid absorp-
tion from mixed meals including fruits and vegetables.
Implications to the presentation of food composition data-
bank information are significant in that reliable data on
carotenoid composition of fruit and vegetables are still
somewhat limited.

The ability of the scientific community to reliably
quantify carotenoids from fruits and vegetables has greatly
improved with the introduction of a C30 stationary phase
designed to provide high absolute retention, enhanced
shape recognition of carotenoid isomers, and to moderate
silanol activity of the support (35). This LC support has
gained wide acceptance, with utilization for multi-analyte
analyses including the tocopherols (36, 37). With a LC
reversed-phase method based on the C30 support, Darnoko
et al. (37) quantified tocopherols and 13 carotenoids in red
palm oil. The C30 support adds a new dimension to LC
assay of fat-soluble vitamins from foods and supplements
and expands the capability to use reversed-phase systems,
in general, for fat-soluble vitamin assay.

Dietary Reference Intake (DRI) values for vitamin A
range from an Adequate Intake (AI) of 400 µg RAE/day
(RAE, retinol activity equivalents) for the 0- to 6-month
infant to Recommended Dietary Allowance (RDA) values of
700 µg RAE/day for adult women and 900 µg RAE/day for
adult men. The RDA increases to 1300 µg RAE/day for lac-
tating women (19–50 years) (1). The Tolerable Upper Intake
Level (UL) is 3000 µg RAE/day for adults (Table 11.2).

5. Food Sources and Dietary Intake

Significant dietary sources of preformed vitamin A include
organ meats (liver), fish oils, butter, eggs, whole milk, and
fortified reduced fat and skim milk, other dairy products,
and high fat species of fish including tuna and sardines (8).
Fortification of foods with retinyl palmitate and/or 
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TABLE 11.2
Dietary Reference Intake Values for the Fat-Soluble Vitamins

EARa RDAb AIc

Life Stage Group Male Female Male Female Male Female ULd

Preformed
Vitamin A (µµg RAE/d) Vitamin A (µµg/d)

0 through 6 mo 400 400 600
7 through 12 mo 500 500 600
1 through 3 y 210 210 300 300 600
4 through 8 y 275 275 400 400 900
9 through 13 y 445 420 600 600 1,700
14 through 18 y 630 485 900 700 2,800
>19 y 625 500 900 700 3,000
Pregnancy

14 through 18 y 530 750 2,800
19 through 50 y 550 770 3,000

Lactation
14 through 18 y 885 1,200 2,800
19 through 50 y 900 1,300 3,000

Vitamin D (µµg/d) (µµg/d)

0 through 12 mo 5 5 25
1 through 50 y 5 5 50
51 through 70 y 10 10 50
>70 y 15 15 50

Pregnancy
14 through 50 y 5 50

Lactation
14 through 50 y 5 50

Any Form of 
Supplementary 

Vitamin E (mg αα-T/d) αα-T (mg/d)

0 through 6 mo 4 4
7 through 12 mo 5 5
1 through 3 y 5 5 6 6 200
4 through 8 y 6 6 7 7 300
9 through 13 y 9 9 11 11 600
14 through 18 y 12 12 15 15 800
19 through 70 y 12 12 15 15
> 70 y 12 12 15 15
Pregnancy

14 through 18 y 12 15 800
19 through 50 y 12 15 1,000

Lactation 800
14 through 18 y 16 19 1,000
19 through 50 y 16 19

Vitamin K (µµg/d)

0 through 6 mo 2 2
7 through 12 mo 2.5 2.5
1 through 3 y 30 30
4 through 8 y 55 55
9 through 13 y 60 60
14 through 18 y 75 75
19 through 70 y 120 90
>70 y 120 90

(continued)



β-carotene helps to prevent vitamin A deficiency in coun-
tries that require fortification. Commonly used food vehi-
cles for delivery of vitamin A include fluid milk, dry milk,
margarine, and some edible oils. Choice of the proper food
for delivery of vitamin A depends on which foods are con-
sumed by the target population. In the United States, milk
is fortified with not less than 2,000 IU of vitamin A (retinyl
palmitate), and margarine is fortified with no less than
15,000 IU per pound (by a combination of retinyl palmi-
tate and β-carotene) (38).

Provitamin A carotenoids are widely distributed
throughout the plant kingdom. However, reliable quantita-
tive data only exist for β-carotene, α-carotene, and β-cryp-
toxanthin in some fruit and vegetables. Minor carotenoids
with provitamin A activity provide only small amounts to
the total vitamin A in human diets because of lower natural
levels compared to the primary provitamin A carotenoids.
Color or color intensity cannot be used to predict the vita-
min A activity of a food due to the complexity of carotenoid
profiles and the fact that most carotenoids such as lycopene
have zero vitamin A activity. The red color of ripe tomatoes
is primarily due to lycopene and most tomato cultivars are
quite low in vitamin A activity (5). An excellent database
exists that was formulated through efforts of the United
States Department of Agriculture and the National Cancer
Institute. The database contains compositional information
on 2400 fruits and vegetables for β-carotene, α-carotene,
β-cryptoxanthin, lutein plus zeaxanthin, and lycopene
(39–41). The database provides the most easily applied tool
to estimate dietary intake (42). Estimation of dietary intake
of non-provitamin A carotenoids has become more signifi-
cant to public health as new, functional roles are identified 
for carotenoids such as lutein and lycopene. Although 

β-carotene and several other carotenoids are clinically asso-
ciated with lower risk of several chronic diseases, the DRI
Panel on Antioxidants and Related Compounds (3) sup-
ported increased consumption of fruits and vegetables but
did not set DRIs for β-carotene or other carotenoids. The
Panel did not recommend use of supplemental β-carotene
other than as a source of provitamin A for the control of
vitamin A deficiency.

The Institute of Medicine report on DRIs for vitamin A
(1) gives quite good, documentable data on vitamin A
intake in the U.S. based upon the Third National Health and
Nutrition Examination Survey (NHANES) (43). The fol-
lowing facts pertaining to vitamin A intake were delineated:

1. The median dietary intake of vitamin A is 744
to 811 µg RAE for men and 530 to 716 µg RAE
for women.

2. For adults, 25 to 50% had vitamin A intakes
less than the estimated average requirement
(EAR) of 500 µg RAE/day for women and 625
µg RAE/day for men.

3. The data suggest that many adults in the U.S.
have lower liver stores of vitamin A than is con-
sidered optimal. However, intake is sufficient to
avoid clinically measurable deficiency.

4. Conversion factors based upon the RAE factors
give dietary intake levels that are lower compared
to older estimates calculated using retinol equiv-
alent (RE) factors. Therefore, greater amounts of
provitamin A carotenoids are needed to meet
vitamin A requirements.

5. Carrots provide 25% of the β-carotene in the
U.S. diet.
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TABLE 11.2 (Continued )
EARa RDAb AIc

Life Stage Group Male Female Male Female Male Female ULd

Vitamin K (µµg/d)

Pregnancy
14 through 18 75
19 through 50 90

Lactation
14 through 18 75
19 through 50 90

aEAR�Estimated Average Requirement. The intake that meets the estimated nutrient needs of half of the 
individual in a group.

bRDA�Recommended Dietary Allowance. The intake that meets the nutrient need of almost all (97–98%) of
individuals in a group.

cAI�Adequate Intake. The observed average or experimentally determined intake by a defined population or sub-
group that appears to sustain a defined nutritional status, such a growth rate, normal circulating nutrient values,
or other functional indicators of health. The AI is needed if sufficient scientific evidence is not available to derive
an EAR. The AI is not equivalent to an RDA.

dUL�Tolerable Upper Intake Level.
Source: Refs. 1–3.



6. Cantaloupe, broccoli, squash, peas, and spinach
are major contributors of β-carotene.

7. Carrots contribute 51% of the α-carotene in the
U.S. diet.

8. Fruits are the only sources of β-cryptoxanthin.
9. All provitamin A carotenoids contribute 26 and

34% of vitamin A consumed by men and women,
respectively. Previous estimates indicated that
approximately 75% of the vitamin A in the U.S.
diet originated as preformed vitamin A from ani-
mal products.

III. VITAMIN D

Rickets was initially identified in 1919 as a deficiency of a
fat-soluble factor in dogs fed fat-free diets and kept indoors
in the absence of sunlight (44). The deficiency state was
cured by feeding cod liver oil. The fat-soluble, antirachitic
factor was named vitamin D in 1925 by McCollum’s
research group and proven to be produced in the skin by
ultraviolet irradiation. Vitamin D was isolated as ergocalcif-
erol or vitamin D2 from irradiated ergosterol from yeast in
1931. The structure was identified in 1932. Cholecalciferol
or vitamin D3 was later characterized and shown to be the
antirachitic factor in cod liver oil. Better understanding of
the intermediary metabolism of vitamin D occurred in the
1970s with the identification of the hydroxylated metabo-
lites, 25-hydroxyvitamin D3 (25(OH)D3) and 1 α, 25 dihy-
droxy D3 (1 α, 25(OH)2D3). Biologically, 1 α, 25(OH)2D3 is
the primary metabolically active form known as calcitriol.
Vitamin D, as a general term, is referred to as calciferol (2).

A. CHEMISTRY

Vitamin D refers to steroids that are antirachitic.
Structures of vitamin D3 (cholecalciferol) and the steroid
nucleus are given in Figure 11.3. The International Union
of Pure and Applied Chemists – International Union of
Biochemistry (IUPAC-IUB) nomenclature rules for
steroid structure are used to characterize the ring system
(45, 46). The rings (A, B, C, D) are derived from the
cyclopentanoperhydrophenanthrene steroid structure.
Cholesterol serves as the parent compound (Figure 11.3)
(46). In nature, 7-dehydrocholesterol and ergosterol are
the provitamin forms for cholecaliferol (D3) or ergocalif-
erol (D2). Previtamin D2 requires opening of the D ring at
the 9,10 bond. The open-ring vitamin D forms are secos-
teroids. Accepted IUPAC-IUB systematic names are 9,10-
seco(5Z,7E)-5,7,10(19) cholestatriene-3β-ol for vitamin
D3 and 9,10-seco(5Z,7E)-5,7,10(19),22 ergostatetraene-
3β-ol for vitamin D2. Conversions of the provitamins to
previtamins D2 and D3 by irradiation to vitamin D2 and
vitamin D3 are shown in Figure 11.4 along with the struc-
tures of the hydroxylated vitamin forms (25(OH)D3 and 1
α, 25(OH)2D3). Vitamin D2 and vitamin D3 structurally
vary by a double bond at C-22 and a methyl group at C-24

in vitamin D2. Since the structures are quite similar, chem-
ical and physical properties are similar (Table 11.3).

1. Spectral Properties

Vitamin D has a characteristic broad UV spectrum with
maximum absorption near 264 nm and a minimum near
228 nm (47). The vitamin does not fluoresce. Because
vitamin D is present, even in fortified foods, at quite low
concentrations, most methods of quantification by LC rely
on extract clean-up and concentration prior to determina-
tive chromatography (5). With proper sample treatment,
UV detection at 264–265 nm is sensitive and specific
enough to provide reliable data. UV detection is generally
not sensitive enough to quantify hydroxylated metabolites
in serum or biological tissues.

2. Stability

Stability of vitamin D is excellent in the absence of 
water, light, acidity, and at low temperatures (47). The 
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5,6-trans-isomer and isotachysterol can form when exposed
to acid or light (48). For food samples, saponification pro-
vides a convenient first step in extraction of vitamin D, since
the stability under alkaline conditions is quite good.
Precautions discussed in the vitamin A-carotenoid section of
this chapter must be adhered to for extraction of vitamin D
even though vitamin D is considered to be much more 

stable to oxidation compared to vitamin A. Oxidation can be
a predominate route for decomposition at the conjugated
double bond system at the 5,6 and 7,8 positions of the sec-
osteroid structure. However, vitamin D is less susceptible to
oxidative losses than vitamin A, carotenoids or vitamin E
(47). Since various environmental conditions can lead to iso-
merization of vitamin D2 and vitamin D3 to the previtamin
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TABLE 11.3
Physical Properties of Vitamin D, Hydroxylated Forms, Vitamin E and Vitamin K

Spectral Propertiesb

Molar Melting Crystal λλ max Fluorescencec

Substancea Mass Formula Solubility Point EC Form nm E1%
1cm εε��10−−33 λλEx λλEm

Vitamin D3 384.64 C27H44O Soluble in most 84–85 Fine 264 485 18.3
CAS No. 67-97-0 organic solvents; needles
10079 insoluble 

in water
Vitamin D2 396.65 C28H44O Soluble in most 115–118 Prisms 264 462 19.4
CAS No. 50-14-6 organic solvents;  yellow
10078 insoluble in water to white
25(OH) vitamin D3 400.64 C27H44O2 Soluble in most  82–83 265 [454] 18.2
CAS No. 19356-17-3 organic solvents;  
1638 insoluble in water
1α,25(OH)2 416.63 C27H44O33 Slightly soluble in 111–115 White 264 [418] 19

vitamin D3 methanol, ethanol, crystalline
CAS No. 32222-06-3 and ethyl acetates; powder
1643 insoluble in water
α−Τ 430.7 C29H50O2 Freely soluble in oils, 2.5 ~ 3.3 292 75.8 [3265] 295 320
CAS No. 59-02-9 fats, acetone, alcohol,
9571 chloroform, ether
β−Τ 416.68 C28H48O2 Freely soluble in oils, 296 296 89.4 [3725] 297 322
CAS No. 16698-35-4 fats, acetone, alcohol,
9572 chloroform, ether
γ−Τ 416.68 C28H48O2 Freely soluble in oils, �2 ~ �3 298 91.4 [3808] 297 322
CAS No. 54-28-4 fats, acetone, alcohol,
9573 chloroform, ether
δ−Τ 402.65 C27H46O2 298 87.3 [3515] 297 322
CAS No. 119-13-1
9574
α−Τ3 424.66 C29H44O2 292 91.0 [3864] 290 323
CAS No. 58864-81-6
9576
β−Τ3 410.63 C28H42O2 294 87.3 [3585] 290 323
CAS No. 490-23-3
9577
γ−Τ3 410.64 C28H42O2 296 90.5 [3716] 290 324
CAS No. 59-02-9
δ−Τ3 396.61 C27H40O2 297 88.1 [3494] 292 324
CAS No. 59-02-9
α-tocoperyl acetate 472.74 C31H52O3 Freely soluble in 26.5~ 286 40-44 [1891– 285 310
CAS No. 58-95-7 (l) acetone, chloroform, 27.5 2080]
52225-20-4 (dl) ether �27.5
9571
α-tocopheryl succinate 530.79 C33H54O5 Practically insoluble 76 ~ 77 286 38.5 [2044] – –
CAS No. 4345-03-3 in water
9571
Phylloquinone 450.69 C31H46O2 Sparingly soluble in – None 242 396 [17.8]
Vitamin K1 methanol; soluble in yellow 248 419 [18.9]
CAS No. 84-80-0 ethanol, acetone, viscous 260 383 [17.3]
7465 benzene, petr  oil 269 387 [17.4]

ether, hexane, 325 68 [3.1]
dioxin, chloroform,
ether

(continued )



forms, analytical methods must be capable of measuring all
biologically active forms, including the previtamins, to
accurately assess vitamin D activity. Thermal interconver-
sion is difficult to completely avoid during sample prepara-
tion prior to quantification.

Vitamin D is quite stable to food processes used for
fluid milk or in the production of nonfat dry milk.
Research has shown that light and air exposure of fluid
milk in the marketing channel results in only small losses
of vitamin D (48). Documentation of degradation during
the production of spray-dried, fortified whole milk
showed that vitamin D was stable to the preheating by
direct steam injection to 95°C, five-stage evaporation and
spray-drying. No significant losses were noted (49).

B. NUTRITION AND BIOCHEMISTRY OF VITAMIN D

1. Functions of Vitamin D

Vitamin D functions as a steroid hormone. In this respect,
vitamin D2 and D3 undergo conversion through hydroxy-
lation to the biologically active 1 α, 25(OH)2D form.

25(OH)D is initially formed in the liver by the action of
vitamin D 25-hydroxylase. The 25(OH)D constitutes the
primary circulating form of vitamin D, and circulating
levels can be used as an indication of overall vitamin D
status. In the kidney, 25(OH)D is hydroxylated by 25-
hydroxyvitamin D-1 α-hydroxylase to 1 α, 25(OH)2D
(50, 51). The dihydroxy form is then transported to target
tissues where receptor binding occurs. Hydroxylation in
the kidney also forms 24R, 25(OH)2D, although actions
for this dihydroxy form of vitamin D are not clearly estab-
lished (51). Overall, the actions of 1 α, 25(OH)2D include
maintenance of serum calcium and phosphorous concen-
trations and mobilization of monocytic stem cells in the
bone marrow to become mature osteoclasts (2). In this
regard, 1 α, 25(OH)2D regulates mineral homeostasis by
stimulation of the intestinal lumen-to-plasma flux of
calcium and phosphorous, stimulation of renal resorption
of calcium and phosphorous, and stimulation of bone
resorption to increase calcium and phosphorous levels in
the serum (51). Osteoblast formation is controlled at the
bone cell differentiation level. In the kidney, regulation of
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TABLE 11.3 (Continued )

Spectral Propertiesb

Molar Melting Crystal λλ max Fluorescence

Substancea Mass Formula Solubility Point EC Form nm E1%
1cm εε��10−−33 λλEx λλEm

Menaquinone-4 444.65 C31H40O2 35 Yellow 248 439 [19.5]
Vitamin K2(20) crystals
CAS No. 863-61-6
MK-4
5855
Menaquinone-6 580.88 C41H56O2 50 Yellow 243 304 [17.7]

crystals
Vitamin K2(30) 248 320 [18.6]
CAS No. 84-81-1 261 290 [16.8]
MK-6 270 292 [16.9]
5855 325–328 53 [3.1]
Menaquinone-7 649 C46H64O2 54 Light 243 278 [18.0]
Vitamin K2(35) yellow 248 195 [19.1]
CAS No. 2124-57-4 micro- 261 266 [17.3]
MK-7 crystalline 270 267 [17.3]
5855 plates 325-328 48 [3.1]
Menadione 172.18 C11H8O2 Insoluble in water; 105–107 Bright 
Vitamin K3 moderately soluble yellow
CAS No. 58-27-5 in  chloroform, crystals
5853 carbon 

tetrachloride

aCommon or generic name; CAS No. – Chemical Abstract Service number, bold print designates the Merck Index monograph number, l�Natural form,
dl�Synthetic form.

bIn ethanol (in petroleum ether for vitamin K), values in brackets are calculated from corresponding E1%
1cm or ε value.

cIn hexane.
Source: Refs. 16, 25, 86–88, 131–133.



the overall vitamin D endocrine system occurs through
control of activity of the 25(OH)2D-1 α-hydroxylase.
Other accepted roles for 1 α, 25(OH)2D include general
effects on cell regulation and differentiation, regulation of
protein synthesis, essentiality for insulin secretion, neural
function and brain metabolism, immunological function,
estrogen synthesis (52), and antiproliferative effects on
various cancers (53–60). Detailed discussion on the com-
plex vitamin D endocrine system has been presented by
Norman and colleagues (44, 51).

2. Vitamin D Deficiency

Inadequate intake of vitamin D, lack of exposure to sun-
light or metabolic failure to convert vitamin D to 1 α,
25(OH)2D, or a combination of the factors leads to defi-
ciency (2). Deficiency states are characterized by inade-
quate mineralization or demineralization of the skeleton.
These states are referred to as rickets in children and osteo-
malacia in adults. Deficiency due to inadequate intake or
exposure to sunlight responds to supplementation of the
diet but vitamin D-resistant rickets does not. Vitamin 
D-resistant rickets arises through genetic disorders and
includes loss of the renal resorption system for phosphate,
absence of the 25-hydroxy-vitamin D-1 α-hydroxylase in
the kidney and through disruption of the vitamin D recep-
tor gene (61). Rickets in children produces widening at 
the end of long bones, rachitic rosary, deformations in the
skeleton (bowed legs, knocked knees, curvature of 
the spine, and others) (2). Osteomalacia in adults results in
loss of calcium from the bone with bone pain, muscular
weakness, and development of a porous bone structure 
(2, 44). Absence of sufficient 1 α, 25(OH)2D leads to
decreased circulating calcium levels and an increased pro-
duction of parathyroid hormone (PTH). PTH stimulates
calcium mobilization from the bone, conserves calcium
excretion and increased excretion of phosphorous with the
effect of bone demineralization and osteoporosis (62–64).

3. Hypervitaminosis D

Hypervitaminosis D can occur through improper use of
supplements, excessive intake of foods fortified with vita-
min D or rarely through manufacturing errors of supple-
ments or food resulting in improperly labeled products
with excessively high vitamin D levels. Current Upper
Tolerable Intake Levels (UL) range from 25 to 50 µg/day
(Table 11.2); however, severe effects have been noted at
intakes of 250–1,250 µg/day or higher (2). Symptoms
include increased intestinal absorption of calcium and
increased resorption of calcium from bone resulting in
hypercalcemia. Hypercalcemia can lead to loss of renal
function. Other symptoms include anorexia, nausea, vom-
iting, thirst, polyuria, muscular weakness, joint pain, and
general disorientation with eventual death (44).

4. Dietary Reference Intakes

Dietary Reference Intakes (DRIs) for vitamin D are lim-
ited to Adequate Intakes (AI) and Tolerable Upper Intake
Levels (UL) (2). AIs range from 5 µg/day for infants
through 50 year adults and 15 µg/day (600 IU/day) for
older adults (>70 year). The AI recommendations assume
that no vitamin D is available from synthesis in the skin by
exposure to sunlight (2). UL values range from 25 µg/day
for infants (0–6 months) to 50 µg/day for all other age
groups (Table 11.2). Regarding development of hypervita-
minosis D, only a small degree of safety exists between the
AIs and the levels that can produce symptoms of hypervi-
taminosis D. For infants (AI-5 µg/day) 45 µg of vitamin D
per day has been established as the NOAEL (highest level
at which no adverse effects have been observed) (2). This
level represents an intake only 9 times higher than the AI.
The UL for infants is set at 25 µg/day (5 times the AI). For
adults, the UL is 50 µg/day or 10 times the AI.

5. Vitamin D Sources for the Human

a. Synthesis in the Skin
The availability of vitamin D from unfortified foods is
limited, and the major source to the human is synthesis in
the skin upon exposure to sunlight. Synthesis is com-
pletely dependent upon exposure to the sun and varies
with season, climate, and environmental conditions that
can limit exposure to the sun (65). 7-Dehydrocholesterol
from cholesterol is photoconverted to previtamin D3 by
exposure to UV irradiation between 290 and 315 nm
(Figure 11.4). The previtamin D3 is then isomerized to
vitamin D3. Likewise, ergosterol can be converted to pre-
vitamin D2 by photoconversion. However, plant foods are
generally devoid of vitamin D activity. Variability of sun-
light exposure, particularly during winter months, makes
dietary supply of vitamin D essential to avoid deficiency.

b. Food Sources and Dietary Intake
Vitamin D content of food and supplements is reported on
an international unit (IU) or microgram basis (2). One IU
of vitamin D is defined as the activity of 0.025 µg of
cholecalciferol (vitamin D3) measured by the rat or chick
bioassay. The United States Pharmacoepial (USP) stan-
dard is either vitamin D2 or vitamin D3 since biological
activity for the human is equal. Applications are develop-
ing for the use of 25(OH)D in supplements and for food
fortification (66). The activity of 25(OH)D is 5 times that
of vitamin D3 (1 IU�0.005 µg) (2).

Fortified foods represent the only concentrated
dietary sources of vitamin D other than some fatty fish
(salmon), liver of some aquatic mammals, some fish oils
and eggs from hens that have been fed rations containing
high levels of vitamin D (2). The lack of many naturally
occurring significant vitamin D sources, and the fact that
consumption of higher vitamin D-containing foods
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requires large intake levels to meet the vitamin D require-
ment places a significant emphasis on the role of food for-
tification in ensuring an adequate dietary supply of
vitamin D. In the United States, the primary vehicle for
food fortification is fluid milk. Although fortification of
fluid milk is optional (38), most fluid dairy products are
fortified with 400 IU/quart (10 µg/quart or 9.6 µg/L).
Margarine fortification in the United States is optional,
and most commercial margarines are only fortified with
retinyl palmitate and β-carotene (8). Vitamin D2 and vita-
min D3 can be used interchangeably for food fortification;
however, for fluid milk products, most are fortified with
vitamin D3. Synthetic vitamin D2 or D3 is readily available
to the food and supplement industries.

Since food fortification with vitamin D requires the
addition of µg levels to the food on a per serving basis,
problems have occurred with both over- and underfortifi-
cation of fluid milk and infant formulas which must con-
tain 40 IU/100 kcal. Surveys have noted wide variability
in vitamin D content of milk and infant formula products
arising from processing errors (67–69).

Dietary intake in the United States was estimated at a
median level of 2.9 µg/day for young women from the sec-
ond National Health and Nutrition Examination Survey
(NHANES II) (2). However, it is recognized that reliable
intake data do not exist (2). Lack of reliable data results
from analytical difficulties, variable composition of forti-
fied foods, and because food intake surveys have not
emphasized vitamin D (2). Recommendations pertaining
to the dietary reference intakes (DRI) were limited to aver-
age intake values (AI) due to the lack of reliable data
required to set estimated average requirements (EARs) and
recommended dietary allowances (RDAs). Average intake
values range from 5 µg/day for infants to 15 µg/day for
adults 70 years or older with the assumption that no vita-
min D is available from sunlight exposure. Further, it is
recognized that older individuals are more susceptible to
conditions leading to vitamin D deficiency (2).

IV. VITAMIN E – TOCOPHEROLS AND
TOCOTRIENOLS

Evans and Bishop discovered and characterized a fat-solu-
ble nutritional factor necessary for reproduction and fetal
death in rats (70). Published in 1922, the factor was desig-
nated “Factor X” and the antisterility factor. The name,
vitamin E, was given since its discovery closely followed
the discovery of vitamin D. A vitamin E active compound
was isolated from wheat germ oil by the Evans’ research
group and named α-tocopherol (α-T) from the Greek words
tocos (birth) and ferein (bringing) to denote the essentiality
of the vitamin to reproduction in rats (71). The “ol” ending
denoted that the compound was an alcohol (72). Other sig-
nificant early historical events of vitamin E research include

the isolation of β- and γ-tocopherol (β-, γ-T) from vegetable
oil in 1934 (73), determination of the structure of α-T in
1937 (74, 75), synthesis of α-T in 1938 (76), recognition of
the antioxidant activity of the tocopherols (77), recognition
that α-T was the most effective tocopherol in prevention of
vitamin E deficiency (73), isolation of δ-tocopherol (δ-T)
from soybean oil in 1947 (78), and identification of the four
naturally occurring tocotrienols (α-T3, β-T3, γ-T3, δ-T3)
(79, 80). Quantification of the vitamin E content of the diet
was initiated in the late 1940s. Publication of the paper
“Vitamin E Content of Foods” in 1950 (81) represents one
of the earliest documentations of dietary levels.

A. CHEMISTRY OF VITAMIN E

Vitamin E is the collective term for fat-soluble 6-hydroxy-
chroman compounds that exhibit the biological activity of
α-T measured by the rat resorption-gestation assay. Tocol
(Figure 11.5) (2-methyl-2-(4�,8�,12�-trimethyltridecyl)-
chroman-6-ol) is generally considered the parent com-
pound of the tocopherols. Accepted nomenclature has been
set by the IUPAC-IUB Joint Commission on Nomenclature
(82–84). Naturally occurring vitamin E consists of α-, β-,
γ-, and δ-T and the corresponding α-, β-, γ-, and δ-T3
(tocotrienol), (Figure 11.5). The tocopherols are character-
ized by the 6-chromanol ring structure methylated to vary-
ing degrees at the 5-, 7-, and 8-positions. At position 2,
there is a C16 saturated side chain. The tocotrienols are
unsaturated at the 3�, 7�, and 11� positions of the side chain.
The specific tocopherols and tocotrienols, therefore, differ
by the number and positions of the methyl groups on the 
6-chromanol ring. α-Tocopherol and α-T3 are trimethy-
lated; β-T, β-T3, γ-T, and γ-T3 are dimethylated; and δ-T
and δ-T3 are monomethylated (Figure 11.5). Trivial and
chemical names are given in Figure 11.5.

The tocopherols possess three asymmetric carbons
(chiral centers) at position 2 of the chromanol ring and at
positions 4� and 8� of the phytyl side chain. Synthetic α-
T (all-rac-α-T) is a racemic mixture of equal parts of each
stereoisomer. Therefore, each tocopherol has eight (3)
possible optical isomers. Only RRR-tocopherols are
found in nature. The eight isomers of all-rac-α-T (RRR-,
RSR-, RRS-, RSS-, SRR-, SSR-, SRS-, and SSS-) are
depicted in Figure 11.6. Only the 2R-stereoisomeric
forms (RRR-, RSR-, RRS-, and RSS) of α-T are consid-
ered active forms of vitamin E for the human (3). The
tocotrienols arising from 2-methyl-2-(4�,8�,12�-trimethyl-
trideca-3�,7�,11�-trienyl) chroman-6-ol (non-methylated
ring structure) have only one chiral center at position 2.
Consequently, only 2R and 2S stereoisomers are possible.
Unsaturation at position 3� and 7� of the phytyl side chain
permits four cis/trans geometric isomers. The eight poten-
tial tocotrienol isomers are given in Table 11.4. Only the
2R, 3� trans, 7� trans isomer exists in nature. Isolation and
elucidation of the structural properties of the tocotrienols
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was accomplished in the 1960s (80, 85). Physical proper-
ties of various vitamin E forms are given in Table 11.3.

1. Spectral Properties

UV and fluorescence properties of vitamin E compounds
are given in Table 11.3. Maximal UV absorption for toco-
pherols, tocotrienols and their esters occurs between 292
and 298 nm. Minimum absorption is between 250 and 260
nm (25, 89–92). Esterification at the C-6 hydroxyl shifts
the absorption to shorter wavelengths. For example, all-
rac-α-tocopheryl acetate has maximal absorption at 286
nm (88, 91, 92). Intensity of absorption decreases with
esterification. Reported E1%

1cm values for all-rac-α-toco-
pheryl acetate range from 40 to 44 compared to 75.8 to
91.8 for the tocopherols and tocotrienols (88).

Vitamin E alcohols possess strong native fluorescence
that provides an ideal and very specific mode of detection
for LC-based methods. Excitation of the chroman ring near
or at maximal absorption produces maximal emission at
320 nm or slightly higher wavelengths. Many quantitative
methods are based on excitation at 292 nm and emission at
320 nm (88). Vitamin E esters show only weak fluores-
cence compared to the alcohols. Older literature (prior to
1985) often states that α-tocopheryl acetate does not fluo-
resce. However, the ester shows weak fluorescence suffi-
cient to quantify the ester that is easily detected by currently
available fluorescent detectors. By measuring the α-toco-
pheryl acetate as the ester and avoiding saponification of
the sample, accurate measure of the biological activity is
possible. Biological activity of all-rac-α-tocopheryl acetate
is lower than that of RRR-α-T.
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2. Stability

Vitamin E is a natural antioxidant, acting as a chain-
breaking, primary antioxidant to intercept peroxyl free
radicals in biological systems. As an antioxidant, α-T, or
other vitamin E alcohols, is, thus, converted into the 
α-tocopheryl radical and to termination products consist-
ing of dimers and trimers and various oxygenated forms.

Since it is active in any fat system undergoing oxidation,
oxidative losses can become substantial quite rapidly.
Losses are accelerated by light, heat, irradiation, alkali
pH, lipoxidase activity, metals, and by the presence of
other proxidants in the fat system, including pre-formed
free radicals (88). Tocopherols and tocotrienols are stable
to heat and alkaline conditions necessary for saponifica-
tion of lipids. Therefore, saponification is routinely used
for extraction of vitamin E prior to analysis by LC.

Frying of foods normally results in loss of the native
vitamin E components in the edible oil. Heat combined
with incorporation of air with the food, the polyunsatu-
rated nature of the oil and introduction of proxidants into
the oil provides an ideal environment for oxidation.
Vitamin E through its antioxidant action, combined with
some loss through volatilization, leads to rapid loss of
vitamin E from the frying oil. Refining of edible oil pro-
duces some loss of native vitamin E, primarily at the
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TABLE 11.4
The Eight Possible RS, Cis/Trans Isomers of the
Tocotrienols

R Configuration Position 2 S Configuration Position 2

2R, 3�cis, 7�cis 2S, 3�cis, 7�cis
2R, 3�cis, 7�trans 2S, 3�cis, 7�trans
2R, 3�trans, 7�cis 2S, 3�trans, 7�cis
2R, 3�trans, 7�trans 2S, 3�trans, 7�trans



deodorization stage. However, loss is not enough to desta-
bilize the oil to oxidation. Deodorizer sludge, once a 
by-product of edible oil refining with little value, now rep-
resents the raw material source for isolation of natural
vitamin E. Natural vitamin E is in demand world-wide for
use in supplements, feeds, and cosmetics (72).

B. NUTRITION AND BIOCHEMISTRY OF VITAMIN E

1. Functions of Vitamin E

Vitamin E is the primary, lipid-soluble, chain-breaking
antioxidant that combines actions with other lipid and
water-soluble antioxidants to provide cells an efficient
defense against free radical damage. Free radicals are
chemical species capable of independent existence that
contain one or more unpaired electron (93). Free radical
generation occurs when organic molecules undergo
homolytic cleavage of covalent bonds and each fragment
retains one electron of the original bonding electron pair.
Two free radicals are produced from the parent molecule
with net negative charges. The free radicals have the abil-
ity to react with an electron of opposite spin from another
molecule. Free radical generation also occurs when a non-
radical molecule captures an electron from an electron
donor. During normal metabolism, many reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are
produced (94). ROS and RNS include both radicals and
oxidants capable of generation of free radicals (95, 96).
Common ROS and RNS are given in Table 11.5.

Oxidants and oxygen radicals formed from triplet
oxygen by reaction with other radicals or by photoexcita-
tion, metabolism, irradiation, metal catalysis, or heat are
the major inducers of oxidative stress in living systems.
They also initiate antioxidative events in raw and
processed foods. RNS, particularly nitric oxide (NO��)

contributes to oxidative stress along with ROS. Nitric
oxide acts as a biological messenger with regulatory func-
tions in the central nervous, cardiovascular, and immune
systems (97). It is synthesized through the oxidation of
arginine to NO�� by nitric oxide synthetase (NOS:EL
1.14.13.39). Nitric oxide synthetase is highly active in
macrophages and neutrophilis where NO�� and superoxide
anion (O2

����) are produced during the oxidative burst trig-
gered by inflammation (98).

α-Tocopherol is located in the cell membranes and
protects lipoproteins. It scavenges peroxy free radicals,
protecting unsaturated fatty acids. Lipid-generated free
radicals have greater affinity for reaction with α-T than
with unsaturated fatty acids located within the cell mem-
brane. It is an efficient chain-breaking antioxidant since it
can rapidly transfer the phenolic H� at C-6 to lipid peroxy
radicals. The α-T becomes the α-tocopheroxyl radical,
which is stabilized by resonance.

Potency of α-T as an antioxidant depends upon its
molecular properties and orientation within the cell mem-
brane. In the membrane, the phytyl side chain is embed-
ded within the bilayer (Figure 11.7) with the chromanol
ring and the 6-hydroxyl positioned toward the surface of
the membrane. Hydrogen bonding and hydrophobic inter-
actions between the chromanol ring, the phytyl tail, and
fatty acids stabilize the membrane and position the chro-
manol ring to facilitate hydrogen atom donation to lipid
peroxy radicals. The α-tocopheroxyl radical migrates
from the lipid bilayer to the surface of the membrane,
facilitating regeneration of α-T by ascorbic acid and other
water-soluble reducing agents that act as hydrogen donors
to the α-tocopheroxyl radical.

Non-autoxidative roles for α-T have been recently
delineated which cannot be fulfilled by other tocopherols or
tocotrienols. These functions at the molecular level appear
to be highly significant to understanding the onset of many
chronic diseases. Several critical reviews exist that indicate
that the molecular control aspects of vitamin E are just
beginning to be understood (98–103). α-Tocopherol acts as
a cell signaling molecule at the posttranscriptional level or
at the gene expression level. Many of these cell signaling
functions of α-T are operative through inhibition of protein
kinase C (PKC). PKC enzymes are phospholipid-
dependent serine/threonine kinases that participate in regu-
lation of cell growth, death, and stress responsiveness
(104). α-Tocopherol acts at the posttranscriptional level by
activating protein phosphatase PP2A which dephophory-
lates PKC (105, 106). Some specific physiological
responses regulated by PKC include cell proliferation,
platelet adhesion and aggregation, immune response, free
radical production and gene expression. Now regulation of
gene expression at the transcriptional stage is accepted as a
primary regulatory function of α-T.

Specific non-antioxidant functions for α-T3 have been
identified that are not fulfilled by α-T. Hendrich et al. (107)
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TABLE 11.5
Reactive Oxygen and Nitrogen Species

Radicals Nonradicals

ROS
Superoxide, O2

�� Γ Fe-oxygen complex
Hydroxy, OH�� Hydrogen peroxide, H2O2

Alkoxy, LO�� Singlet oxygen, 1O2

Hydropheroxyl, HO2
�� Ozone, O3

Peroxy, LO2
�� Hypochlorous acid, HOCl

RNS
Nitric oxide, NO� Nitrous acid, HNO2

Nitrogen dioxide, NO2
�� Dinitrogen tetroxide, N2O4

Dinitrogen trioxide, N2O3

Peroxynitrate, ONOOΓ
Peroxynitrous acid, ONOOH
Nitronium cation, NO2

�

Alkyl peroxynitrates, ROONO



suggested that tocotrienols should be considered as a spe-
cific group of food components independent of the toco-
pherols due to specific differences in action that differ from
actions of α-T. Such specific actions include posttranscrip-
tional suppression of 3-hydroxy-3-methylglutaryl Co A
reductase (HMG-Co A reductase) through a cell signaling
event (108, 109). The ability of tocotrienol supplements to

lower human total serum cholesterol levels is currently con-
troversial (110).

2. Vitamin E Deficiency

Vitamin E deficiency in humans is almost always due to fac-
tors other than dietary insufficiency. Deficiency results from
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genetic abnormalities in production of the α-tocopherol
transfer protein (α-TTP), fat malabsorption syndromes, and
protein-energy malnutrition (3). Fat-malabsorption can be
related to pancreatic and liver abnormalities that lower fat
absorption, abnormalities of the intestinal cells, length of the
intestine and defects in the synthesis or assembly of the chy-
lomicrons (61). Genetic abnormalities in lipoprotein metab-
olism can produce low levels of cylomicrons, very low
density lipoproteins (VLDL) and low density lipoprotein
(LDL) that affects absorption and transport of vitamin E
(111). Abetalipoproteinemia is an autosome recessive
genetic disorder leading to mutations in the microsomal
triglyceride transfer protein (112). The disease is associated
with ataxia and impaired intestinal absorption of lipids and
vitamin E, since the triglyceride transfer protein participates
in the transport of lipids and other fat-soluble substances.
Defects in the gene that codes for α-TTP leads to an inher-
ited autosomal recessive disease referred to as familial iso-
lated vitamin E deficiency or ataxia with vitamin E
deficiency (AVED) (112–114). Changes in α-TTP result in
inefficient transfer of RRR-α-T from the liver and recycling
of plasma RRR-α-T.

Clinical symptoms include many neurological prob-
lems stemming from peripheral neuropathy with degener-
ation of the large-caliber axons in the sensory neurons (3).
Common symptoms are ataxia, muscle weakness and
hypertrophy, neurological abnormalities, reproductive
disorders, abnormalities of the liver, bone marrow, and

brain (61). At the cellular level, increased oxidation can
occur due to increased oxidative stress.

3. Dietary Reference Intakes

When establishing the dietary reference intakes (DRIs) for
vitamin E, the Institute of Medicine, Panel on Dietary
Antioxidants and Related Compounds decided that human
requirements should only be based on the 2-R isomers of
α-T (RRR-, RSR-, RRS-, RSS-) (3). This decision stems
from the accumulated evidence of the strong selectivity of
α-TTP for the 2-R isomers in the liver which leads to pref-
erential secretion of the 2-R isomers into nascent VLDL.
Other forms of vitamin E (2-S isomers of α-T, β-T, γ-T,
δ-T, tocotrienols) are primarily secreted into the bile and
excreted. The selection process is not 100% effective;
however, only small amounts of other dietary and supple-
mental vitamin E forms are delivered to the cells.

For adults, EAR and RDA are 12 and 15 mg of α-T
per day, respectively (Table 11.2). The UL value includes
all forms of α-T from supplemental intake of all-rac-α-T.
The UL is 1000 mg/day.

Since the DRI values refer only to 2R-α-T forms, dis-
cussion is necessary on the units used to report vitamin E
concentrations in foods and pharmaceuticals. Currently
used units include the following:

1. International Units (IU) and USP Units
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USP Conversion Factor (mg/IU) � 1000 (µmol/mol)
Molar Conversion Factor (µmol/IU) ���������������������������

Molecular Weight (mg/mol) 

Calculation for RRR-α-tocopheryl acetate:

USP Conversion Factor (mg/IU) � 1000 (µmol/mol)
Molar Conversion Factor (µmol/IU) ���������������������������

Molecular Weight (mg/mol)

0.735 (mg/IU) � 1000 (µmol/mol)
���������������������������� 1.56 (µmol / IU)

472 (mg/mol)

Molar Conversion Factor (µmol/IU) � 430 (mg/mol) 
α-T Conversion Factor (mg/IU) � ��������������������������

1000 (µmol/mol) � R

Where R�2 for synthetic vitamin E and esters, R�1 for natural vitamin E and esters. 
So, the α-T conversion factor for RRR-α-tocopheryl acetate is determined as follows:

Molar Conversion Factor (µmol/IU) � 430 (mg/mol) 
α-T Conversion Factor (mg/IU) � ��������������������������

1000 (µmol/mol) � R
1.56 (µmol/IU) � 430 (mg/mol)

� �������������������������� � 0.067 (mg/IU)
1000 (µmol/mol) � 1



The United States Pharmacopeia (USP) (115) defined
the IU of vitamin E as 1 mg of all-rac-α-tocopheryl
acetate based on biological activity measured by the rat
fetal absorption test. Biological activities of various vita-
min E forms in relation to the activity of all-rac-α-toco-
pheryl acetate are given in Table 11.6. After 1980, the
USP discontinued use of the IU and replaced it with USP
units based on the same basis of biological activity as the
IU (3). One USP unit is defined as the activity of 1 mg of
all-rac-α-tocopheryl acetate. Therefore, USP units and
IUs are equivalent (116).

The Institute of Medicine, Panel on Dietary
Antioxidants and Related Compounds (3) recommended
that USP units be redefined by USP to take into account
the fact that all-rac-α-T has only 50% of the activity of
RRR-α-T present in nature or with other 2R stereoiso-
mers found in all-rac-α-T preparations that are used for
food fortification and in supplements (3). Factors to con-
vert USP units (IUs) to RRR-α-T or other 2R-isomers of
α-T are given in Table 11.7.

Derivation of the conversion factors given in Table
11.7 follows the general formula:

2. α-Tocopherol Equivalents

α-Tocopherol Equivalents (α-TEs) were defined for rec-
ommending dietary intakes of vitamin E based on biological
activity of tocopherols and tocotrienols determined by the
rat fetal absorption test (Table 11.6) (117). One mg of α-TE
is the activity of 1 mg of RRR-α-T. Total α-TEs (mg) of
mixed diets containing only RRR-isomers is determined by
multiplying the amount (mg) of α-T by 1.0, β-T by 0.5, γ-T
by 0.1, α-T3 by 0.3, and γ-T3 by 0.05. In fortified foods, the
conversion factors for all-rac-α-T and all-rac-α-tocopheryl
acetate are 0.74 and 0.67, respectively. Use of the α-TE unit
has been the accepted way of reporting vitamin E concen-
tration in foods for approximately the past two decades. The
Panel on Antioxidants and Related Compounds (3) deter-
mined from USDA food intake survey data that 80% of the
α-TE from foods arises from RRR-α-T. Therefore, to con-
vert α-TE mg to RRR-α-T, the conversion factor is 0.8.

The following conversions are fully explained in the
Dietary References Intake report (3):

a. mg of α-T in a meal � mg of α-TE � 0.8
b. mg of α-T in a food, fortified food, or multivi-

tamin � IU (USP unit) of RRR-α-T � 0.67 or
IU (USP Unit) of all-rac-α-T � 0.45

Anytime both natural and synthetic forms of α-T are pres-
ent, analytical procedures must be capable of resolution of
the specific compounds in order to apply the above for-
mulas. Almost always in a fortified food, both RRR-α-T
and all-rac-α-tocopheryl acetate will exist together.

4. Food Sources and Dietary Intake

The second National Health and Nutrition Examination
Survey (NHANES II) has been extensively evaluated to
show dietary sources of vitamin E in the United States.
Major food groups contribute the following percentages
of total vitamin E: fats and oils, 20.2; vegetables, 15.1;
meat, poultry, and fish, 12.6; desserts, 9.9; breakfast cere-
als, 9.3; fruit, 5.3; dairy products, 4.5; mixed main dishes,
4.0; nuts and seeds, 3.8; soups, sauces, and gravies, 1.7 
(3, 117). Data collected from the Continuing Survey of
Food Intakes by Individuals (CSFII, 1994) are given in
Table 11.8 (D. Haytowitz, personal communication,
2003). The tabulation shows that high oil content foods
are major sources but cereals fortified with α-tocopheryl
acetate are also significant sources. Raw tomatoes and
tomato products, due to high consumption, are significant
sources of vitamin E in the U.S. diet.

Using the CSFII and NHANES data as well as other
studies, the DRI committee estimated the median intake
of α-T from food and supplements at 9.8 mg for men and
6.8 mg for women (3). It was emphasized that data on
vitamin E intake from food intake surveys might be low
due to potential for underreporting of energy and fat
intake, problems with assessment of fats and oils added
during food preparation, uncertainty about the types of
fats added, and the variability of food composition tables.

Fat-Soluble Vitamins 11-23

TABLE 11.6
Biological Activity of Natural and Synthetic Vitamin E
Formsa

Biological Activity

USP Units Compared to 
Vitamin E Forms (IU)/mg RRR-αα-T (%)

Natural Vitamin E (RRR-)
α-Tocopherol 1.49 100
β-Tocopherol 0.75 50
γ-Tocopherol 0.15 10
δ-Tocopherol 0.05 3
α-Tocotrienol 0.75 50
β-Tocotrienol 0.08 5
γ-Tocotrienol Not known Not known
δ-Tocotrienol Not known Not known

Synthetic

2R4�R8�R α-tocopherol 1.49 100
2S4�R8�R α-tocopherol 0.46 31
Allrac-α-tocopherol 1.10 74
2R4�R8�S α-tocopherol 1.34 90
2S4�R8�S α-tocopherol 0.55 37
2R4�S8�S α-tocopherol 1.09 73
2S4�S8�R α-tocopherol 0.31 21
2R4�S8�R α-tocopherol 0.85 57
2S4�S8�S α-tocopherol 1.10 60
RRR-α-tocopheryl acetate 1.36 91
RRR-α-tocopheryl acid succinate 1.21 81
Allrac-α-tocopheryl acetate 1.00 67
Allrac-α-tocopheryl acid succinate 0.89 60

aSource: Ref. 8.



Although the estimated median intakes for men and
women are below the RDA of 15 mg of α-T per day
(Table 11.2) and many clinical studies exist that indicate
beneficial responses to supplemental vitamin E, the
panel believed that clinical evidence was too limited to
recommend use of vitamin E supplements for the gen-
eral population.

V. VITAMIN K

Vitamin K was characterized through the efforts of several
research groups in the 1930s. Observations by Dam in
Denmark showed that chicks developed blood with poor
clotting properties and fatal hemorrhages when fed diets
extracted with ether (118). Addition of the ether extract
back to the diet alleviated the deficiency. The fat-soluble
factor was named vitamin K by Dam in 1935 based on the
word “koagulation.” In 1939, the vitamin K form 
(2-methyl-3-phytyl-1,4-naphthoquinone) was isolated by
research groups led by Dam and Doisy (119, 120). The
vitamin K1 designation was given along with the generic
name of phylloquinone. Vitamin K2, the menaquinone-n
(MK-n) form, was isolated from fermented fish meal by
Doisy’s group in 1939. Vitamin K1 was synthesized by
Doisy’s group in 1939. In 1943, both Dam and Doisy
were awarded Nobel Prizes for their work on isolation and
synthesis of vitamin K.

A. CHEMISTRY

Vitamin K compounds consist of 2-methyl-1,4-naphtho-
quinone and all derivatives providing antihemorrhagic
activity of vitamin K1 (phylloquinone). 2-Methyl-1,4-
naphthoquinone (Figure 11.8) is the parent compound of
the family but does not occur in nature (120). It is com-
monly used in animal rations and is commercially
referred to as menadione (vitamin K3, MK-0) and, for-
merly, as menaquinone. Naturally occurring vitamin K
forms include vitamin K1 and the vitamin K2 series.
Vitamin K1 is phylloquinone (2-methyl-3-phytyl-1,4-
naphthoquinone) (Figure 11.8). Vitamin K1 is synthe-
sized in the plant kingdom and constitutes the primary
food source of vitamin K activity (120). Alkylation at
carbon-3 of the 2-methyl-1,4-napthoquinone ring with
five-carbon isoprenoid units produces the vitamin K
series. Vitamin K1(20), the most common phylloquinone,
contains four isoprenoid units of which three are reduced.
The reduced side chain or phytyl side chain at carbon-3
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TABLE 11.7
Conversion Factors to Calculate αα-Tocopherol from International Units or USP Units to Meet Dietary
Reference Intakes for Vitamin Ea

USP Units (IU)/mg mg/USP Units (IU) µµmol/USP Unit (IU) αα-Tocopherol mg/USP Unit (IU)

Natural Vitamin E
RRR-α-tocopherol 1.49 0.67 1.56 0.67
RRR-α-tocopheryl acetate 1.36 0.74 1.56 0.67
RRR-α-tocopheryl acid succinate 1.21 0.83 1.56 0.67

Synthetic Vitamin E
All-rac-α-tocopherol 1.1 0.91 2.12 0.45
All-rac-α-tocopheryl acetate 1 1 2.12 0.45
All-rac-α-tocopheryl acid succinate 0.89 1.12 2.12 0.45

a Source: Ref. 8.

TABLE 11.8
Significant Sources of Vitamin E in the Diet in the
United Statesa

% Vitamin E
in U.S. Dietb

1 Margarine, regular stick, 80% fat 5.5
2 Salad dressing, mayonnaise, soybean oil, with salt 4.3
3 Oil, soybean, salad or cooking 3.1
4 Cereals, ready-to-eat, Total 2.8
5 Oil, corn, salad or cooking 2.7
6 Shortening, composite, household 2.5
7 Salad dressing, Italian, commercial,

regular, with salt 2.4
8 Peanut butter, smooth, with salt 2.3
9 Snacks, potato chips, plain, salted 2.3

10 Eggs, whole, raw, fresh, frozen 2
11 Sauce, pasta, spaghetti/marinara, ready-to-serve 1.6
12 Oil, canola 1.4
13 Tomato products, canned, sauce 1.2
14 Shortening, composite, institutional 1.1
15 Rolls, hamburger or hot dog, plain 1
16 Margarine-like spread, tub, composite, 1

60% fat, with salt
17 Milk, cow, whole, fluid, 3.3% fat 1
18 Oil, cottonseed, salt or cooking 0.9
19 Tomato products, canned, puree, without salt 0.9
20 Fast foods, chicken, breaded, fried, boneless, plain 0.9
21 Broccoli, cooked, boiled, drained 0.9
22 Tomatoes, red, ripe, raw 0.7

aSource: D. Haytowitz, 2003.
bCalculated on the basis of mg α-tocopherol equivalents (mg α–TE).



of the 2-methyl-1,4-naphthoquinone ring with one dou-
ble bond characterizes the phylloquinones. The United
States Pharmacopeia (USP) designates vitamin K1 as
phytonadione. USP phytonadione is a mixture of E and Z

isomers with not more than 21% Z isomer content (115).
Natural phylloquinone is 2′-E, 7′R, 11′R (118).

Vitamin K2 (menaquinone-n series, MK-n) (Figure
11.8) have polyisoprenoid side chains at carbon-3 of the 
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2-methyl-1,4 naphthoquinone ring. Vitamin K2 com-
pounds are synthesized by bacteria except MK-4 is syn-
thesized by birds and animals from menadione (119). Side
chains are unsaturated and usually contain 4–13 iso-
prenoid units. The MK-n designation gives the number of
prenyl groups in the side chain. One or more of the iso-
prenoid units may be reduced. Reduction usually occurs
at the second isoprenoid units from the naphthoquinone
ring (118). Physical properties of vitamin K compounds
are given in Table 11.3.

Vitamin K compounds other than menadiones that are
modified to increase water solubility are lipid-soluble and
soluble in non-polar solvents. Vitamin K1 (20) is synthe-
sized and used by the food and supplement industries and
for use in olestra-containing products (121). Menadione is
toxic and not used for human supplements. It is an impor-
tant nutritional additive to poultry and animal rations.
Vitamin K1 is not used in animal feeds due to cost (25). In
poultry rations, chemotherapeutic agents inhibit intestinal
synthesis of vitamin K and, therefore, increase dietary
requirements (25). Stabilized forms of menadione with
increased water solubility are available to the feed indus-
try. These include menadione sodium bisulfate (MSB),
menadione sodium bisulfite complex (MSBC), and mena-
dione dimethyl-pyrimidol bisulfite (MPB) (Figure 11.8).
The menadione salts are absorbed more efficiently than
menadione and show greater stability due to their water
solubility.

1. Spectral Properties

Both phylloquinones and menaquinones show UV spectra
characteristic of the naphthoquinone ring. Phylloquinone
shows absorption maxima at 242, 248, 260, 269, and 325
nm in hexane. The UV spectrum of menadione in hexane
has an absorption maximum at 252 nm (25). Vitamin K
compounds do not fluoresce. Conversion of the quinone
to the hydroquinone induces strong fluorescence. Post-
column reduction to the hydroquinone forms the basis of
excellent quantitative procedures currently used for assay
of vitamin K in foods, supplements, and other biological
samples (122). The hydroquinone shows maximal fluo-
rescence at λex � 244, λem � 418.

2. Stability

Vitamin K is quite stable to oxidation and food processing
and preparation conditions (122). It is unstable to light and
alkalinity. Instability to alkalinity eliminates the use of
saponification for extraction from foods; so, it is difficult
to include extraction of vitamin K with multi-analyte pro-
cedures that rely on saponification as the initial step of the
assay. Reducing agents destroy the biological activity of
vitamin K1. Isomerization of trans- to cis-isomers leads to
loss of biological activity. Presence of variable quantities

of the cis-isomer in vitamin K concentrates requires that
quantitative methods be capable of resolving cis- and
trans-forms to accurately estimate biological activity
(122).

B. NUTRITION AND BIOCHEMISTRY OF VITAMIN K

1. Functions of Vitamin K

Vitamin K is a cofactor for vitamin K-dependent car-
boxylase required for the posttranslational conversion of
glutamic acid to gamma-carboxy-glutamyl residues (Gla)
(120, 123). Numerous Gla-containing proteins are known.
These include the blood coagulation proteins consisting of
prothrombin (factor II, factors VII, IX, and X, and pro-
teins C, S, and Z) (120). Three Gla proteins including
osteocalcin, matrix Gla protein, and protein S (120, 123)
are bone matrix components. Various other Gla proteins
have been identified, but the functions for such vitamin 
K-dependent proteins are not clearly understood (120).

2. Vitamin K Deficiency

Deficiency of vitamin K in the adult is rare. It is defined
as vitamin K-responsive hypoprothrombinemia character-
ized by an increase in prothrombin time (PT) (1). It usu-
ally results from fat malabsorption syndromes, liver
disease, and antibiotic treatments that inhibit synthesis of
vitamin K2 by the gut microflora. Anticoagulant treatment
with coumarin produces a secondary deficiency by dis-
ruption of vitamin K function and inhibition of synthesis
of vitamin K-dependent clotting proteins.

In human infants, deficiency of vitamin K commonly
occurs and is named hemorrhagic disease. The deficiency
occurs through poor placental transfer of vitamin K from
the mother to the fetus and lack of bacterial synthesis in
the gut of the newborn baby. Other factors include the low
concentration of vitamin K in breast milk and low con-
centrations of blood clotting factors at birth (120).
Hemorrhages occurs in the skin, subcutaneous tissue, GI
tract, umbilical cord, and intracranially. Central nervous
system disorders can occur if untreated. Hemorrhagic dis-
ease is prevented by intramuscular injection of vitamin K1

(0.5–1 mg) or oral dosage (2.0 mg) within 6 hours of birth
(120). Breast-fed infants develop hemorrhagic disease
more frequently than formula-fed infants because human
milk is low in vitamin K. Infant formula is fortified at a
minimum of 4 µg per 100 kcal as specified by the Infant
Formula Act of 1980 (124).

3. Dietary Reference Intakes

The panel on DRIs for vitamin K was unable to establish
average requirements for vitamin K because of lack of
data; therefore, only Adequate Intake (AI) values were set
(1). The AI levels are 120 and 90 µg/day for adult men and
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women, respectively (Table 11.2). Tolerable Upper Intake
Levels (ULs) were not established, since no adverse
effects have been reported at high intake levels (1).

4. Food Sources and Dietary Intake

Leafy green vegetables, certain legumes, and vegetable
oils are considered good sources of vitamin K. Vitamin K1

is the primary food source, and green leafy vegetables
provide 40 to 50% of the total intake (125). Milk and
dairy products, meats, eggs, cereals, fruits and vegetables,
are low but consistent sources of vitamin K to the U.S.
diet (122). Reliable data did not exist for the vitamin K
content of the diet until excellent LC procedures were
developed during the 1990s by Sadowski and colleagues
(126–129). Establishment of methodology and collection
of reliable data led to the development of a reliable data-
base to estimate intake of vitamin K1 (130). The database
was based on vitamin K1 intake in women’s diets col-
lected from the 1990 Food and Drug Administration Total
Diet Study (130). Major food sources were spinach, col-
lards, broccoli, iceberg lettuce, and coleslaw with salad
dressing. Addition of fats and oils to mixed dishes is a sig-
nificant source of vitamin K1 (125). The panel on DRIs for
vitamin K estimated the median intakes of vitamin K1 for
men and women to be 89 to 117 µg and 79 to 88 µg per
day, respectively (1). Data from the Third National Health
and Nutrition Examination Survey (NHANES III) (43)
were used to estimate the intakes.
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I. INTRODUCTION

Water, a natural occurring and abundant substance that
exists in solid, liquid, and gas forms on the planet Earth,
has attracted the attention of artists, engineers, poets, writ-
ers, philosophers, environmentalists, scientists, and politi-
cians. Every aspect of life involves water as food, as a
medium in which to live, or as the essential ingredient of
life. The food science aspects of water range from agri-
culture, aquaculture, biology, biochemistry, cookery,
microbiology, nutrition, photosynthesis, power genera-
tion, to zoology. Even in the narrow sense of food tech-
nology, water is intimately involved in the production,

washing, preparation, manufacture, cooling, drying, and
hydration of food. Water is eaten, absorbed, transported,
and utilized by cells. Facts and data about water are abun-
dant and diverse. This chapter can only selectively present
some fundamental characteristics of water molecules and
their collective properties for readers when they ponder
food science at the molecular level.

The physics and chemistry of water are the backbone
of engineering and sciences. The basic data for the prop-
erties of pure water, which are found in the CRC
Handbook of Chemistry and Physics (1), are useful for
food scientists. However, water is a universal solvent, and
natural waters contain dissolved substances present in the



environment. All solutes in the dilute solutions modify the
water properties. Lang’s Handbook of Chemistry (2) gives
solubility of various gases and salts in water. Water usage
in the food processing industry is briefly described in the
Nalco Water Handbook (3). For water supplies and treat-
ments, the Civil Engineering Handbook (4) provides prac-
tical guides. The Handbook of Drinking Water Quality (5)
sets guidelines for waters used in food services and tech-
nologies. Wastewater from the food industry needs treat-
ment, and the technology is usually dealt with in
industrial chemistry (6). Most fresh food contains large
amounts of water. Modifying the water content of food-
stuffs to extend storage life and enhance quality is an
important and widely used process (7).

A very broad view and deep insight on water can be
found in “Water – A Matrix of Life” (8). Research leading
to our present-day understanding of water has been
reviewed in the series “Water – A Comprehensive
Treatise” (9). The interaction of water with proteins
(10, 11) is a topic in life science and food science. Water
is the elixir of life and H2O is a biomolecule.

II. WATER AND FOOD TECHNOLOGY

Water is an essential component of food (12). Philosophical
conjectures abound as to how Earth evolved to provide the
mantle, crust, atmosphere, hydrosphere, and life. Debates
continue, but some scientists believe that primitive forms of
life began to form in water (13). Complicated life forms
developed, and their numbers grew. Evolution produced
anaerobic, aerobic, and photosynthetic organisms. The
existence of abundant life forms enabled parasites to appear
and utilize plants and other organisms. From water all life
began (14). Homo sapiens are integral parts of the environ-
ment, and constant exchange of water unites our internal
space with the environment. 

The proper amount of water is also the key to sustain-
ing and maintaining a healthy life. Water transports nutri-
ents and metabolic products throughout the body to balance
cell contents and requirements. Water maintains biological
activities of proteins, nucleotides, and carbohydrates, and
participates in hydrolyses, condensations, and chemical
reactions that are vital for life (15). On average, an adult
consumes 2 to 3 L of water: 1–2 L as fluid, 1 L ingested
with food, and 0.3 L from metabolism. Water is excreted
via the kidney, skin, lung, and anus (16). The amount of
water passing through us in our lifetimes is staggering. 

Aside from minute amounts of minerals, food consists
of plant and animal parts. Water is required for cultivating,
processing, manufacturing, washing, cooking, and digest-
ing food. During or after eating, a drink, which consists of
mostly water, is a must to hydrate or digest the food.
Furthermore, water is required in the metabolic process.

Cells and living organisms require, contain, and main-
tain a balance of water. An imbalance of water due to

freezing, dehydration, exercise, overheating, etc. leads to
the death of cells and eventually the whole body.
Dehydration kills far more quickly than starvation. In the
human body, water provides a medium for the transporta-
tion, digestion, and metabolism of food in addition to
many other physiological functions such as body temper-
ature regulation (17). 

Two thirds of the body mass is water, and in most soft
tissues, the contents can be as high as 99% (16). Water
molecules interact with biomolecules intimately (9); they
are part of us. Functions of water and biomolecules col-
lectively manifest life. Water is also required for running
households, making industrial goods, and generating elec-
tric power. 

Water has shaped the landscape of Earth for trillions
of years, and it covers 70% of the Earth’s surface. Yet, for
food production and technology it is a precious commod-
ity. Problems with water supply can lead to disaster (5).
Few brave souls accept the challenge to stay in areas with
little rainfall. Yet, rainfall can be a blessing or a curse
depending on the timing and amount. Praying for timely
and bountiful rainfall used to be performed by emperors
and politicians, but water for food challenges scientists
and engineers today. 

III. WATER MOLECULES AND THEIR
MICROSCOPIC PROPERTIES

Plato hypothesized four primal substances: water, fire,
earth, and air. His doctrine suggested that a combination
and permutation of various amounts of these four primal
substances produced all the materials of the world.
Scholars followed this doctrine for 2000 years, until it
could not explain experimental results. The search of fun-
damental substances led to the discovery of hydrogen,
oxygen, nitrogen, etc., as chemical elements. Water is
made up of hydrogen (H) and oxygen (O). Chemists use
H2O as the universal symbol for water. The molecular for-
mula, H2O, implies that a water molecule consists of two
H atoms and one O atom. However, many people are con-
fused by its other chemical names such as hydrogen
oxide, dihydrogen oxide, dihydrogen monoxide, etc.

A. ISOTOPIC COMPOSITION OF WATER

The discoveries of electrons, radioactivity, protons, and
neutrons implied the existence of isotopes. Natural iso-
topes for all elements have been identified. Three isotopes
of hydrogen are protium (1H), deuterium (D, 2D or 2H),
and radioactive tritium (T, 3T or 3H), and the three stable
oxygen isotopes are 16O, 17O, and 18O. The masses and
abundances of these isotopes are given in Table 12.1. For
radioactive isotopes, the half-lives are given.

Random combination of these isotopes gives rise to
the various isotopic water molecules, the most abundant
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one being 1H2
16O (99.78%, its mass is 18.010564 atomic

mass units (amu)). Water molecules with molecular
masses about 19 and 20 are present at some fractions of a
percent. Although HD16O (0.0149%) is much more abun-
dant than D2

16O (heavy water, 0.022 part per million),
D2O can be concentrated and extracted from water. In the
extraction process, HDO molecules are converted to D2O
due to isotopic exchange. Rather pure heavy water (D2O)
is produced on an industrial scale especially for its appli-
cation in nuclear technology, which provides energy for
the food industry.

A typical mass spectrum for water shows only mass-
over-charge ratios of 18 and 17, respectively, for H2O

�

and OH� ions in the gas phase. Other species are too weak
for detection, partly due to condensation of water in mass
spectrometers.

The isotopic composition of water depends on its
source and age. Its study is linked to other sciences (18).
For the isotopic analysis of hydrogen in water, the hydro-
gen is reduced to a hydrogen gas and then the mass spec-
trum of the gas is analyzed. For isotopes of oxygen, usually
the oxygen in H2O is allowed to exchange with CO2, and
then the isotopes of the CO2 are analyzed. These analyses
are performed on archeological food remains and unusual
food samples in order to learn their origin, age, and history.

B. STRUCTURE AND BONDING OF

WATER MOLECULES

Chemical bonding is a force that binds atoms into a mol-
ecule. Thus, chemists use H-O-H or HOH to represent the
bonding in water. Furthermore, spectroscopic studies
revealed the H–O–H bond angle to be 104.5° and the H–O
bond length to be 96 picometers (pm � 10�12 m) for gas
H2O molecules (19). For solid and liquid, the values
depend on the temperature and states of water. The bond
length and bond angles are fundamental properties of a
molecule. However, due to the vibration and rotational
motions of the molecule, the measured values are average
or equilibrium bond lengths and angles. 

The mean van der Waals diameter of water has been
reported as nearly identical with that of isoelectronic neon
(282 pm). Some imaginary models of the water molecule
are shown in Figure 12.1.

An isolated water molecule is hardly static. It constantly
undergoes a vibration motion that can be a combination of
any or all of the three principal modes: symmetric stretch-
ing, asymmetric stretching, and bending (or deformation).
These vibration modes are indicated in Figure 12.2.

Absorption of light (photons) excites water molecules
to higher energy levels. Absorption of photons in the
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TABLE 12.1
Isotopes of Hydrogen and Oxygen, and Isotopic Water Molecules Molar Mass (amu), Relative Abundance (%)
or Half Life 

Isotopes of Hydrogen Stable Isotopes of Oxygen

1H 2D 3T 16O 17O 18O

1.007825 2.00141018 3.0160493 15.9949146 16.9991315 17.9991604
99.985% 0.015% 12.33 years 99.762% 0.038% 0.200% 

Isotopic water molecules 
molar mass (amu) and relative abundance (%, ppm or trace)

H2
16O H2

18O H2
17O HD16O D2

16O HT16O 

18.010564 20.014810 19.014781 19.00415 19.997737 20.018789
99.78% 0.20% 0.03% 0.0149% 0.022 ppm trace

FIGURE 12.1 Some imaginative models of water molecules.

ν1 ν2 ν3

FIGURE 12.2 The three principal vibration modes of the
water molecule, H2O: ν1, symmetric stretching; ν2, bending; and
ν3, asymmetric stretching.



infrared (IR) region excites the vibration motion. Photons
exciting the symmetric stretching, bending, and asymmet-
ric stretching to the next higher energy levels have wave
numbers 3656, 1594, and 3756 cm�1, respectively, for
H2O (20). These values and those for other water mole-
cules involving only 16O are given in Table 12.2.

The spectrum of water depends on temperature and
density of the gaseous H2O. A typical IR spectrum for the
excitation of only the fundamental vibration modes con-
sists of three peaks around 1594, 3656, and 3756 cm�1.
Additional peaks due to excitation to mixed modes appear
at higher wave numbers. 

Rotating the H2O molecule around the line bisecting
the HOH angle by 180° (360°/2) results in the same fig-
ure. Thus, the molecules have a 2-fold rotation axis. There
are two mirror planes of symmetry as well. The 2-fold
rotation and mirror planes give the water molecules the
symmetry point group C2v.

Rutherford’s alpha scattering experiment in 1909
showed that almost all atomic mass is in a very small
atomic nucleus. In a neutral atom the number of protons
in the nucleus is the same as the number of electrons
around the nucleus. A proton and an electron have the
same amount, but different kinds of charge. Electrons
occupy nearly all of the atomic volume, because the
radius of an atom is 100,000 times that of the nucleus.

Electrons, in quantum mechanical view, are waves con-
fined in atoms, and they exist in several energy states called
orbitals. Electrons in atoms and molecules do not have
fixed locations or orbits. Electron states in an element are
called electronic configurations, and their designation for H
and O are 1s1, and 1s22s22p4, respectively. The superscripts
indicate the number of electrons in the orbitals 1s, 2s, or 2p.
The electronic configuration for the inert helium (He) is
1s2, and 1s2 is a stable core of electrons. Bonding or valence
electrons are 1s1 and 2s22p4 for H and O, respectively. 

The valence bond approach blends one 2s and three 2p
orbitals into four bonding orbitals, two of which accommo-
date two electron pairs. The other two orbitals have only
one electron each, and they accommodate electrons of the
H atoms bonded to O, thus forming the two H–O bonds. An
electron pair around each H atom and four electron pairs

around the O atom contribute stable electronic configura-
tions for H and O, respectively. The Lewis dot-structure,
Figure 12.3, represents this simple view. The two bonding
and two lone pairs are asymmetrically distributed with
major portions pointing to the vertices of a slightly dis-
torted tetrahedron in 3-dimensional space. The two lone
pairs mark slightly negative sites and the two H atoms are
slightly positive. This charge distribution around a water
molecule is very important in terms of its microscopic,
macroscopic, chemical, and physical properties described
later. Of course, the study of water continues and so does
the evolution of bonding theories. Moreover, the distribu-
tion of electrons in a single water molecule is different from
those of dimers, clusters, and bulk water.

The asymmetric distribution of H atoms and electrons
around the O atom results in positive and negative sites in
the water molecule. Thus, water consists of polar molecules.

The dipole moment, µµ, is a measure of polarity and a
useful concept. A pair of opposite charge, q, separated by
a distance, d, has a dipole moment of µ � d q with the
direction pointing towards the positive charge as shown in
Figure 12.4.

The dipole moment of individual water molecules is
6.187 � 10�30 C m (or 1.855 D) (21). This quantity is the
vector resultant of two dipole moments due to the O–H
bonds. The bond angle H–O–H of water is 104.5°. Thus,
the dipole moment of an O–H bond is 5.053 � 10�30 cm.
The bond length between H and O is 0.10 nm, and the
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TABLE 12.2
Absorption Frequencies of D2O, H2O, and HDO
Molecules for the Excitation of Fundamental Modes
to a Higher Energy Level

Absorption Energies in 
Wave Numbers (cm��1)

Vibration Mode H2O HDO D2O

Symmetric stretching 3656 2726 2671 
Bending 1594 1420 1178
Asymmetric stretching 3756 3703 2788 

H
H

δ−

δ−

δ+

δ+

FIGURE 12.3 A tetrahedral arrangement of the Lewis dot-
structure and charge distribution of the H2O molecule.

d

−q +q

µ = d q

FIGURE 12.4 Separation of a positive and a negative charge q
at a distance d results in a dipole, µ � d q.



partial charge at the O and the H is therefore q � 5.053 �
10�20 C, 32% of the charge of an electron (1.6022 � 10�19

C). Of course, the dipole moment may also be considered
as separation of the electron and positive charge by a dis-
tance 0.031 nm.

It should be pointed out that the dipole moments of
liquid and solid water appear to be higher due to the influ-
ence of neighboring molecules. For the liquid and solid,
macroscopic properties need be considered.

C. HYDROGEN BONDS

Attraction among water molecules is more than polar-polar
in nature. The O atoms are small and very electronegative.
As a result, the positive H atoms (protons) are very attrac-
tive to the negative O atoms of neighboring molecules. This
O- - -H – O strong attraction is called a hydrogen bond, a
concept popularized by L. Pauling (22). Furthermore,
hydrogen atoms bonded to atoms of N and F, neighboring
elements of O in the periodic table, are positive, and they
form hydrogen bonds with atoms of N, O, or F. The
strength of hydrogen bonds depends on the X–H - - - Y (X
or Y are N, O, or F atoms) distances and angles; the shorter
the distances, the stronger are the hydrogen bonds.

When two isolated water molecules approach each
other, a dimer is formed due to hydrogen bonding. The
dimer may have one or two hydrogen bonds (Figure 12.5).
Dimers exist in gaseous and liquid water. When more water
molecules are in close proximity, they form trimmers,
tetramers and clusters. Hydrogen bonds are not static, they
exchange protons and partners constantly. Hydrogen bond-
ing is a prominent feature in the structures of various solid
phases of water usually called ice as we shall see later.

Water molecules not only form hydrogen bonds
among themselves, they form hydrogen bonds with any
molecule that contains N–H, O–H, and F–H bonds.
Foodstuffs such as starch, cellulose, sugars, proteins,
DNA, and alkaloids contain N–H and O–H groups, and
these are both H-donors and H-acceptors of hydrogen
bonds of the type N- - H–O, O- -H–N, N- -H–N, etc. A
dimer depicting the hydrogen bond and the van der Waals
sphere of two molecules is shown in Figure 12.6 (23). 

Carbohydrates (starch, cellulose and sugars) contain
H–C–O–H groups. The O–H groups are similar to those of
water molecules, and they are H-acceptors and H-donors
for hydrogen bonds. Proteins contain O–H, R–NH2 or
R2 � NH groups, and the O–H and N–H groups are both
H-donors and H-acceptors for the formation of hydrogen

bonds. Thus, water molecules have intimate interactions
with carbohydrates and proteins.

IV. MACROSCOPIC PROPERTIES OF WATER

Collectively, water molecules exist as gas, liquid, or solid
depending on the temperature and pressure. These
phases of water exhibit collective or macroscopic proper-
ties such as phase transitions, crystal structures, liquid
structures, vapor pressures, and volume-pressure relation-
ships of vapor. In addition, energies or enthalpies for melt-
ing, vaporization, and heating are also important for
applications in food technology. 

Thermodynamic constants for phase transitions given
in Table 12.3 are those of pure water. Natural waters, of
course, contain dissolved air, carbon dioxide, organic sub-
stances, microorganisms, and minerals. Water in food or
used during food processing usually contains various
organic and inorganic substances. These solutes modify
the properties of water and caution should be taken to
ensure proper values are applied in food technology.

The triple point of water defines the temperature of
273.16 K in the SI unit system. The division of 1/2 73.16
in thermodynamic temperature scale is approximately 1°C. 

Water has many unusual properties due to its ability to
form hydrogen bonds and its large dipole moment. As a
result, the melting, boiling, and critical points for water
are very high compared to substances of similar molar
masses. In general, the higher the molar masses, the
higher are the melting and boiling points of the material.
Associated with these properties are its very large heat of
melting, heat capacity, heat of vaporization, and heat of
sublimation. Moreover, its surface tension and viscosity
are also very large. Thermodynamic energies and volume
changes for phase transitions of H2O are summarized
in Table 12.3. These data are mostly taken from
the Encyclopedia of Chemical Technology, Vol. 25
(1991) (24).
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FIGURE 12.5 Two possible structures of the water dimer, (H2O)2.

FIGURE 12.6 Hydrogen bond and the van der Waals sphere of
two water molecules, after M.F. Martin (23).



A. CRYSTAL STRUCTURES AND PROPERTIES OF ICE

Hydrogen bonding is prominent in the crystal structures
of various solid phases of H2O. The triple point of water
is at 273.16 K and 4.58 torr (611 Pa). The melting point at
1.00 atm (760 torr or 101.325 kPa) is 273.15 K in the
Kelvin scale. When water freezes at these temperatures
and atmospheric pressure or lower, the solids are hexago-
nal ice crystals usually designated as Ih. Properties of Ih

are given in Table 12.4. Snowflakes have many shapes
because their growth habit depends on temperature and
vapor pressure, but they all exhibit hexagonal symmetry,
due to the hexagonal structure of ice (25). 

However, from a geometric point of view, the same
bonding may also be arranged to have cubic symmetry. The
existence of cubic ice has been confirmed. When water
vapor deposits onto a very cold, 130–150 K surface or
when small droplets are cold under low pressure at high
altitude, the ice has a cubic symmetry usually designated as
Ic. At still higher pressures, different crystal forms

designated as ice II, III, IV, … etc., up to 13 phases of
cubic, hexagonal, tetragonal, monoclinic, and orthorhom-
bic symmetries have been identified (26). The polymor-
phism of solid water is very complicated. Some of these ice
forms are made under very high pressures, and water crys-
tallizes into solid at temperatures above the normal melting
or even boiling temperatures. Ice VII is formed above 10 G
Pa (gigapascal) at 700 K (26). 

When liquid water is frozen rapidly, the molecules
have little chance of arranging into crystalline ice. The
frozen liquid is called amorphous ice or glassy ice.

The basic relationships between nearest neighboring
water molecules are the same in both Ih and Ic. All O atoms
are bonded to four other O atoms by hydrogen bonds, which
extend from an oxygen atom towards the vertices of a tetra-
hedron. A sketch of the crystal structure of hexagonal Ih is
shown in Figure 12.7 (27). In Ih, hydrogen positions are
somewhat random due to thermal motion, disorder, and
exchanges. For example, the hydrogen may shift between
locations to form H3O

� and OH� ions dynamically
throughout the structure. In this structure, bond angles or
hydrogen-bond angles around oxygen atoms are those of the
idealized tetrahedral arrangement of 109.5° rather than
104.5° observed for isolated molecules. Formation of the
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TABLE 12.3
Thermodynamic Constants for Phase Transitions of
H2O (molar mass, 18.015268 g mol��1) at 101.314
kPa Pressure

Fusion Vaporization
(Melting) Boiling Sublimation

Temperature K 273.15 373 273.16

∆H kJ mol�1 6.01 40.66 51.06
∆S J mol�1 K�1 22.00 108.95 186.92
∆E kJ mol�1 6.01 37.61 48.97
∆V L mol�1 –1.621 30.10 –

Energy change of phase transition: ∆H, enthalpy; ∆S, entropy; ∆E, inter-
nal energy. ∆V: volume change of phase transition.

TABLE 12.4
Properties of Ice at 273.15 K

Heat of formation ∆Hf 292.72 kJ mol�1

Density 0.9168 g cm�3

Heat capacity 2.06 J g�1 K�1

∆Hfusion 6.01 kJ mol�1

Dielectric constant at 3 kHz 79
Thermal expansion coefficient

Volumetric 120 � 10�6 cm3 g�1 K�1

Linear 52.7 � 10�6 cm g�1 K�1

H2O

FIGURE 12.7 Ordered crystal structure of ice, bond distance: O–H, 100 pm; H- - -O, 175 pm; and O–H- - -O, 275 pm.



hydrogen bond in ice lengthens the O–H bond distance,
100 pm compared to 96 pm in a single water molecule. The
diagram illustrates a crystal structure that is completely
hydrogen bonded, except for the molecules at the surface.

Each O atom of hexagonal ice Ih is surrounded by four
almost linear O–H - - O hydrogen bonds of length 275
pm, in a tetrahedral fashion. Each C atom of cubic dia-
mond is also surrounded by four C–C covalent bonds of
length 154 pm. Thus, the tetrahedral coordination can
either be cubic or hexagonal, from a geometrical view-
point. Indeed, the uncommon cubic ice and hexagonal
diamond have been observed, giving a close relationship
in terms of spatial arrangement of atoms between ice and
diamond (26). Strong hydrogen bonds make ice hard, but
brittle. The structure is related to its physical properties,
which vary with temperature.

The pressure of H2O vapor in equilibrium with ice is
called the vapor pressure of ice, which decreases as the
temperature decreases. At the triple point or 0°C, the pres-
sure is 611.15 Pa. When ice is slightly overheated to 0.01°C,
the pressure increases to 611.657 Pa. However, at this tem-
perature, the vapor pressure of liquid water is lower. The
vapor pressures of ice between 0°C and – 40°C are listed in
Table 12.5 at 1°C interval. Various models can be used to
estimate the vapor pressure at other temperatures. One
method uses the Clausius-Clapeyron differential equation

�

where p is the pressure, T is the temperature (K), H is the
latent heat or enthalpy of phase transition, and ∆V is the
difference in volume of the phases. The enthalpy of subli-
mation for ice depends on the temperature. At the freezing
point, the enthalpy of sublimation for ice is 51 (51.06 in
Table 12.3) kJ mol�1, estimated from the vapor pressure at
0 and –1°C. The enthalpy of sublimation is required to

overcome hydrogen bonding, dipole, and intermolecular
attractions. The energy required in freeze-drying processes
varies, depending on temperature and other conditions.
Water in solutions and in food freezes below 0°C. 

The number of hydrogen bonds is twice the number of
water molecules, when surface water molecules are ignored.
The energy required to separate water molecules from the
solid is the enthalpy of sublimation (55.71 J mol�1). Half of
this value, 26 kJ mol�1, is the energy to separate the H- -O
linkages, and it translates into 0.26 eV, per H- -O bond.
These values are close to those obtained by other means (25,
26, 28–30). Several factors contribute to this linkage, and the
hydrogen-bond energy is less than 0.26 eV.

B. PROPERTIES OF LIQUID WATER

The macroscopic physical properties of this common but
eccentric fluid at 298 K (25°C) are given in Table 12.6.
Water has unusually high melting and boiling points for a
substance of molar mass of only 18 daltons. Strong hydro-
gen bonds and high polarity account for this.

The heat of formation is the energy released when a
mole of hydrogen and half a mole of oxygen at 298 K and
1.00 atm react to give one mole of water at 298 K. This
value differs from that for ice in Table 12.4 due to both
temperature and phase differences. As temperature
increases, the average kinetic energy of molecules
increases, and this affects water’s physical properties. For
example, surface tension of water decreases, whereas the
thermal conductance increases as the temperature
increases. Heat capacity at constant pressure (Cp), vapor
pressure, viscosity, thermal conductance, dielectric con-
stant, and surface tension in the temperature range
273–373 K (0–100°C) are given in Table 12.7.

Liquid water has the largest heat capacity per unit
mass of all substances. Large quantities of energy are
absorbed or released when its temperature changes. The
large heat capacity makes water an excellent reservoir and
transporter of energy. A large body of water moderates cli-
mate. The heat capacity Cp of water varies between 4.1 to

H
�
T ∆V

dp
�
dT
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TABLE 12.5
Aqueous Vapor Pressure (Pa) in Equilibrium with Ice
between 0 and – 40°C (at 0.01°C, p is 611.657 Pa)

t (°C) – 0 �� – 1 �� –2 �� –3 �� – 4 ��

– �� 0 611.15 259.90 103.26 38.01 12.84
– �� 1 562.67 237.74 93.77 34.24
– �� 2 517.72 217.32 85.10 30.82
– �� 3 476.06 198.52 77.16 27.71
– �� 4 437.47 181.22 69.91 24.90
– �� 5 401.76 165.30 63.29 22.35 7.20
– �� 6 368.73 150.68 57.25 20.04
– �� 7 338.19 137.25 51.74 17.96
– �� 8 309.98 124.92 46.73 16.07
– �� 9 283.94 113.62 42.16 14.37

Missing digits of t, �, in the row are found in the column, and vice versa.
These values are taken from the CRC Handbook of Chemistry and
Physics (1).

TABLE 12.6
Properties of Liquid Water at 298 K

Heat of formation ∆Hf 285.89 kJ mol�1

Density at 3.98°C 1.000 g cm�3

Density at 25°C 0.9970480 g cm�3

Heat capacity 4.17856 Jg�1 K�1

∆Hvaporization 55.71 kJ mol�1

Dielectric constant 80
Dipole moment 6.24 � 10�30 C m
Viscosity 0.8949 mP? s�1

Velocity of sound 1496.3 m s�1

Volumetric thermal 
expansion coefficient 0.0035 cm3 g�1 K�1



4.2 J g�1 K�1 (74 to 76 J mol�1 K�1) even at temperature
above 100°C and high pressure. The enthalpy of vaporiza-
tion for water is also very large (55.71 kJ mol�1 at 298 K).
Thus, energy consumption is high for food processing
when water is involved.

Water and aqueous solutions containing only low
molar-mass solutes are typical Newtonian fluids for
which the shear stress is proportional to shear strain
rate. Viscosity is the ratio of shear stress to shear strain
rate. On the other hand, viscosity of solutions containing
high molar-mass substances depends on shear strain rate.
For pure water, the viscosity decreases from 1.793 to
0.282 mPa s (millipascal seconds; identical to centipoise
(cp)) as temperature increases from 0 to 100°C. Thus, the
flow rate through pipes increases as water or solution
temperature increases.

The dielectric constant of water is very large, and this
enables water to separate ions of electrolytes, because it
reduces the electrostatic attraction between positive and
negative ions. Many salts dissolve in water. When an elec-
tric field is applied to water, its dipole molecules orient
themselves to decrease the field strength. Thus, its dielec-
tric constant is very large. The dielectric constant decreases
as temperature increases, because the percentage of mole-
cules involved in hydrogen bonding and the degree of order
decrease (28, 29). The measured dielectric constant also
depends on the frequency of the applied electric field used
in the measurement, but the variation is small when the fre-
quency of the electric field is less than 100 MHz. The
dielectric behavior of water allows water vapor pressure to
be sensed by capacitance changes when moisture is
absorbed by a substance that lies between the plates of a
capacitor. These sensors have been developed for water
activity measurement (31).

The light absorption coefficients are high in the
infrared and ultraviolet regions, but very low in the visible
region. Thus, water is transparent to human vision.

The variation of vapor pressure as a function of tem-
perature is the bases for defining water activities of food.
Liquid water exists between the triple-point and the criti-
cal-point temperatures (0–373.98°C) at pressures above
the vapor pressures in this range. 

As with ice, the vapor pressure of liquid water increases
as the temperature increases. Vapor pressures of water (in
kPa instead of Pa for ice in Table 12.5) between the triple
and critical points, at 10°C interval, are given in Table 12.8.
When the vapor pressure is 1.00 atm (101.32 kPa) the tem-
perature is the boiling point (100°C). At slightly below
221°C, the vapor pressure is 2.00 atm. The critical pressure
at the critical temperature, 373.98°C, is 217.67 atm (22,055
kPa). Above this temperature, water cannot be liquefied, and
the phase is called supercritical water.

The partial pressure of H2O in the air at any tempera-
ture is the absolute humidity. When the air is saturated
with water vapor, the relative humidity is 100%. The
unsaturated vapor pressure divided by the vapor pressure
of water as given in Table 12.8 at the temperature of the air
is the relative humidity. The temperature at which the
vapor pressure in the air becomes saturated is the dew
point, at which dew begins to form. However, when the
dew point is below 273 K or 0°C, ice crystals (frost) begin
to form. Thus, the relative humidity can be measured by
finding the dew point. Dividing the vapor pressure at the
dew point by the vapor pressure of water at the tempera-
ture of the air gives the relative humidity. The transforma-
tions between solid, liquid, and gaseous water play
important roles in hydrology and in the transformation of
the environment on Earth. Phase transitions of water com-
bined with the energy from the sun make the weather. 
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TABLE 12.7
Properties of Liquid Water in the Range 273–373 K
(0–100°C)

Heat Thermal Surface
Temp.t Capacity Cp Viscosity Conductance Dielectric Tension
(°C) (J g–1 K–1) (mPa s) (W K–1 m–1 ) Constant (mN m–1)

0 4.2176 1.793 561.0 87.90 75.64
10 4.1921 1.307 580.0 83.96 74.23
20 4.1818 1.002 598.4 80.20 72.75
30 4.1784 0.797 615.4 76.60 71.20
40 4.1785 0.653 630.5 73.17 69.60
50 4.1806 0.547 643.5 69.88 67.94
60 4.1843 0.466 654.3 66.73 66.24
70 4.1895 0.404 663.1 63.73 64.47
80 4.1963 0.354 670.0 60.86 62.67
90 4.2050 0.315 675.3 58.12 60.82
100 4.2159 0.282 679.1 55.51 58.91

More detailed data can be found in the CRC Handbook of Chemistry and
Physics (1).

TABLE 12.8
Vapor Pressure (kPa) of Liquid H2O between Triple
and Critical Points at Every 10°C

t°C 0��  �� 1��  �� 2��  �� 3��  ��

��  00 0.6113 101.32 1553.6 8583.8
��  10 1.2281 143.24 1906.2 9860.5
��  20 2.3388 198.48 2317.8 11279
��  30 4.2455 270.02 2795.1 12852
��  40 7.3814 361.19 3344.7 14594
��  50 12.344 475.72 3973.6 16521
��  60 19.932 617.66 4689.4 18665
��  70 31.176 791.47 5499.9 21030
��  80 47.375 1001.9 6413.2 22055*
��  90 70.117 1254.2 7438.0

* Critical pressure at 373.98°C.

Missing digits of t, �, in the row are found in the column, and vice versa.
Values from the CRC Handbook of Physics and Chemistry (2003) (1),
which lists vapor pressure at 1° interval.



Density is a collective property, and it varies with tem-
perature, isotopic composition, purity, etc. The International
Union of Pure and Applied Chemistry (IUPAC) has adopted
the density of pure water from the ocean as the density stan-
dard. The isotopic composition of ordinary water is con-
stant, and the density of pure water between 0 and 39°C
extracted from (32) is given in Table 12.9. 

The density of cage-like ice Ih, due to 100% of its mol-
ecules involved in hydrogen-bonded is only 9% lower than
that of water. This indicates that water has a high percent-
age of molecules involved in the transient and dynamic
hydrogen bonding. The percentage of hydrogen-bonded
water molecules in water decreases as temperature
increases, causing water density to increase. As tempera-
ture increases, the thermal expansion causes its density to
decreases. The two effects cause water density to increase
from 0 to 3.98°C, reaching its maximum of 1.0000 g mL�1

and then decrease as temperature increases. 
Incidentally, at 8°C, the density of water is about the

same as that at 0°C. At 25°C, the density decreases 0.3%
with respect to its maximum density, whereas at 100°C, it
decreases by 4%. Dense water sinks, and convection takes
place when temperature fluctuates at the surface of lakes
and ponds, bringing dissolved air and nutrients to various
depths of waters for the organism living in them. On the
other hand, the pattern of density dependence on tempera-
ture of water makes temperatures at the bottoms of lakes
and oceans vary little if the water is undisturbed. When
water freezes, ice begins to form at the surface, leaving the
water at some depth undisturbed. Water at the bottom
remains at 4°C, preserving various creatures living in water.

When hydrogen bonded to tissues and cells or in
food, water has a unique order and structure, and the
vapor pressure and density differ from those of pure
water. Yet, the collective behavior of water molecules
sheds some light regarding their properties in food, cells,
tissues, and solutions.

V. CHEMICAL PROPERTIES OF WATER

Water is a chemical as is any substance, despite the con-
fusion and distrust of the public regarding the term
“chemical.” Thus, water has lots of interesting chemical
properties. It interacts intimately with components of food
particularly as a solvent, due to its dipole moment and its
tendency to form a hydrogen bond. These interactions
affect the chemical properties of nutrients, including their
tendency to undergo oxidation or reduction, to act as acids
or bases, and to ionize. 

A. WATER AS A UNIVERSAL SOLVENT

Water is dubbed a universal solvent because it dissolves
many substances due to strong interactions between
water molecules and those of other substances. Entropy
is another driving force for a liquid to dissolve or mix
with other substances. Mixing increases disorder or
entropy. 

1. Hydrophobic Effect and Hydrophilic Effect

Because of its large dielectric constant, high dipole
moment and ability to donate and accept protons for
hydrogen bonding, water is an excellent solvent for polar
substances and electrolytes, which consist of ions.
Molecules strongly interact with water-loving molecules
are hydrophilic, due to hydrogen bonding, polar-ionic
or polar-polar attractions. Nonpolar molecules that do
not mix with water are hydrophobic or lipophilic,
because they tend to dissolve in oil. Large molecules
such as proteins and fatty acids that have hydrophilic and
hydrophobic portions are amphipathic or amphiphilic.
Water molecules strongly intermingle with hydrophilic
portions by means of dipole-dipole interaction or hydro-
gen bonding. 

The lack of strong interactions between water mole-
cules and lipophilic molecules or the nonpolar portions of
amphipathic molecules is called the hydrophobic effect,
a term coined by Charles Tanford (33). Instead of a direct
interaction with such solutes, water molecules tend to
form hydrogen-bonded cages around small nonpolar mol-
ecules when the latter are dispersed into water. Hydrogen-
bonded water molecules form cages, called hydrates or
clathrates. For example, the clathrate of methane forms
stable crystals at low temperatures (34).

Nonpolar chains in proteins prefer to stay together as
they avoid contact with water molecules. Hydrophilic and
hydrophobic effects play important roles in the stability
and state of large molecules such as enzymes, proteins,
and lipids. Hydrophobic portions of these molecules stay
together, forming pockets in globular proteins.
Hydrophilic and hydrophobic effects cause nonpolar por-
tions of phospholipids, proteins, and cholesterol to assem-
ble into bilayers or biological membranes (34).
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TABLE 12.9
The Density of Water (g/mL) as a Function of
Temperature between 0 and 39°C (31)

t°C 0 �� 1 �� 2 �� 3 ��

�� 0 0.9998426 0.9997021 0.9982063 0.9956511
�� 1 0.9999015 0.9996074 0.9979948 0.9953450
�� 2 0.9999429 0.9994996 0.9977730 0.9950302
�� 3 0.9999627 0.9993792 0.9975412 0.9947971
�� 4 0.9999750* 0.9992464 0.9972994 0.9943756
�� 5 0.9999668 0.9991016 0.9970480 0.9940359
�� 6 0.9999430 0.9989450 0.9967870 0.9936883
�� 7 0.9999043 0.9987769 0.9975166 0.9933328
�� 8 0.9998509 0.9985976 0.9962370 0.9929695
�� 9 0.9997834 0.9984073 0.9956511 0.9925987

Missing digits of t, �, in the row are found in the column, and vice
versa.



2. Hydration of Ions

Due to its high dielectric constant, water reduces the
attractions among positive and negative ions of elec-
trolytes and dissolves them. The polar water molecules
coordinate around ions forming hydrated ions such as
Na(H2O)6

�, Ca(H2O)8
2�, Al(H2O)6

3�, etc. Six to eight
water molecules form the first sphere of hydration around
these ions. Figure 12.8 is a sketch of the interactions of
water molecules with ions. The water molecules point the
negative ends of their dipoles towards positive ions, and
their positive ends towards negative ions. Molecules in the
hydration sphere constantly and dynamically exchange
with those around them. The number of hydrated-water
molecules and their lifetimes have been studied by various
methods. These studies reveal that the hydration sphere is
one-layer deep, and the lifetimes of these hydrated-water
molecules are in the order of picoseconds (10�12 s). The
larger negative ions also interact with the polar water mol-
ecules, not as strong as those of cations. The presence of
ions in the solution changes the ordering of molecules
even if they are not in the first hydration sphere (9).

The hydration of ions releases energy, but breaking up
ions from a solid requires energy. The amount of energy
depends on the substance, and for this reason, some are
more soluble than others. Natural waters in the ocean,
streams, rivers and lakes are in contact with minerals and
salts. The concentrations of various ions depend on the
solubility of salts (35) and the contact time. 

Drinking water includes all waters used in growth,
processing, and manufacturing of food. J. De Zuane
divides ions in natural water into four types in The
Handbook on Drinking Water Quality (5). 

Type A includes arsenic, barium, cadmium, chromium,
copper, fluoride, mercury, nitrate, nitrite, and selenium ions.
They are highly toxic, yet abundant. 

Type B includes aluminum, nickel, sodium, cyanide,
silver, zinc, molybdenum, and sulfate ions. Their concen-
trations are also high, but they are not very toxic.

Type C consists of calcium, carbonate, chloride, iron,
lithium, magnesium, manganese, oxygen, phosphate, potas-
sium, silica, bromine, chlorine, iodine, and ozone. They are
usually present at reasonable levels. 

Type D ions are present usually at low levels: antimony,
beryllium, cobalt, tin, thorium, vanadium, and thallium. 

Most metals are usually present in water as cations,
with a few as anions. However, some chemical analyses
may not distinguish their state in water. The most com-
mon anions are chloride, sulfate, carbonate, bicarbonate,
phosphate, bromide, iodide, etc. Toxicity is a concern for
ions in water, but some of these ions are essential for
humans.

Pure water has a very low electric conductivity, but
ions in solutions move in an electric field making elec-
trolyte solutions highly conductive. The conductivity is
related to total dissolved solids (TDS), salts of carbonate,
bicarbonate, chloride, sulfate, and nitrate. Sodium, potas-
sium, calcium, and magnesium ions are often present in
natural waters because their soluble salts are common
minerals in the environment. The solubilities of clay (alu-
mina), silicates, and most common minerals in the Earth’s
crust, are low.

3. Hard Waters and Their Treatments

Waters containing plenty of dissolved CO2 (H2CO3) are
acidic and they dissolve CaCO3 and MgCO3. Waters with
dissolved Ca2�, Mg2�, HCO3

�, and CO3
2� are called

temporary hard waters as the hardness can be removed
by boiling, which reduces the solubility of CO2. When
CO2 is driven off, the solution becomes less acidic due to 
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FIGURE 12.8 The first hydration sphere of most cations M(H2O)6
�, and anions X(H2O)6

�1. Small water molecules are below the
plane containing the ions, and large water molecules are above the plane.



the following equilibria (the double arrows, �, indicate
reversible reactions):

H� (aq) � HCO3
� (aq) � H2CO3 (aq) � H2O � CO2 (g)

HCO3
� (aq) � H� (aq) � CO3

2� (aq)

Reducing the acidity increases the concentration of CO3
2�

and solids CaCO3 and MgCO3 precipitate:

Ca2� (aq) � CO3
2� (aq) � CaCO3 (s)

Mg2� (aq) � CO3
2� (aq) � MgCO3 (s)

Water containing less than 50 mg L�1 of these substances is
considered soft; 50–150 mg L�1 moderately hard; 150–300
mg L�1 hard; and more than 300 mg L�1 very hard. 

For the lime treatment, we determine the amount of
dissolved Ca2� and Mg2� first and then add an equal num-
ber of moles of lime, Ca(OH)2, to remove them by these
reactions:

Mg2� � Ca(OH)2(s) → Mg(OH)2(s) � Ca2�

Ca2� � 2 HCO3
� � Ca(OH)2(s) → 2 CaCO3(s) � 2 H2O

Permanent hard waters contain sulfate (SO4
2�) ions

with Ca2� and Mg2�. Calcium ions, Ca2�, of the sulfate
solution can be removed by adding sodium carbonate:

Ca2� � Na2CO3 → CaCO3 (s) � 2 Na�

Hard waters cause scales or deposits to build up in boilers
and pipes, and they are usually softened by ion exchange
with resins or zeolites. In these processes, the calcium and
magnesium ions are taken up by the zeolite or resin that
releases sodium or hydrogen ions into the water. Reverse
osmosis has also been used to soften hard water.

However, water softening replaces desirable calcium
and other ions by sodium ions. Thus, soft waters are not
suitable drinking waters. Incidentally, bakers use hard
water because the calcium ions strengthen the gluten pro-
teins in dough mixing. Some calcium salts are added to
dough to enhance bread quality.

4. Properties of Aqueous Solutions

Waters containing dissolved substances are aqueous solu-
tions; their physical properties differ from those of pure
water. For example, at the same temperature, the H2O
vapor pressures of solutions are lower than those of pure
water, resulting in boiling point elevation (higher), freez-
ing point depression (lower), and osmotic pressure.

Concentrations can be expressed in several ways: part
per million (ppm), percent, moles per liter, mole fraction,
etc. The mole fraction of water is the fraction of water 

molecules among all molecules and ions in the system.
The vapor pressure of an ideal solution, Psolution, is the
vapor pressure of water (at a given temperature), P° water,
modified by the mole fraction Xwater.

Psolution � Xwater P° water (X water � 1)

If the solute has a significant vapor pressure, P solute is also
modified by its mole fraction,

Psolute � Xsolute P° solute

For non-ideal solutions, in which water and solute strongly
interact, the formulas require modifications. A practical
method is to use an effective mole fraction X defined by:

Psolution / P° water � X

In any case, the vapor pressures of solutions containing
nonvolatile electrolytes are lower than those of pure water
at their corresponding temperature. 

Phase transitions take place when the vapor pressures
of the two phases are the same. Because vapor pressures
of solutions are lower, their melting points are lower but
their boiling points are higher. The difference in tempera-
ture, ∆T, is proportional to the concentrations of all
solutes, mall-solute (molality),

∆T � K mall-solute

where K is either the molar boiling point elevation con-
stant, Kb, or the molar freezing point depression constant
Kf. For water, Kf � 1.86 K L kg�1, and Kb � 0.52 K L
kg�1. Due to ionization of electrolytes, positive and nega-
tive ions should be treated as separate species and all
species should be included in mall-solute.

The tendency of water molecules from a dilute solu-
tion to diffuse into a more concentrated solution, through
semipermeable membranes, has a measurable quantity
called osmotic pressure, π, which is proportional to the
concentration (mol per kg of water) of all dissolved
species, mall-solute in mol kg�1 and temperature T in K,

π �� m all-solute R T

where R is the gas constant 8.3145 J mol�1 K�1. Water
molecules diffuse from pure water (π � 0) into the solu-
tion, and the osmotic pressure is therefore given as a neg-
ative value here. Theoretically, a solution with mall-solute �
1.0 mol kg�1 of water, π �� 2477 J kg or �2.477 kJ kg
at 298 K. Note mall-solute � �mi (mi being the concentra-
tion of ion or molecule i) in the van’t Hoff equation,
which is often used in other literature.

Solutions having the identical osmotic pressure are
isotonic. Applying more pressure to a solution to com-
pensate for the osmotic pressure causes water molecules
to diffuse through membranes, generating pure or fresh
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waters. This process is called reverse osmosis, and it has
been used to soften water or desalinate seawater, convert-
ing it to fresh water.

The lowering of vapor pressure and the osmotic pres-
sure of solutions play important roles in hydration and
dehydration of food and in living cells. Solutions contain-
ing proper concentrations of nutrients and electrolyte have
been used to medically treat dehydrated patients. J.R.
Cade and his coworkers applied these principles to for-
mulate drinks for athletes; he and his coworkers were
credited as the inventors of the sports drink Gaterade (36).
The concept of a balanced solution for hydration became
a great business decade  after its invention.

B. ACIDITY AND ALKALINITY OF WATER

Acidity and alkalinity are also important characteristics of
water due to its dynamic self-ionization equilibrium

H2O (l) � H� � OH�,

Kw � [H�][OH�] � 1 � 10�14 at 298 K and 1 atm

where [H�] and [OH�] represent the molar concentrations
of H� (or H3O

�) and OH� ions, respectively, and Kw is
called the ion product of water (see tables in Refs. 1 and
36). Values of Kw under various conditions have been evalu-
ated theoretically (37, 38). Solutions in which [H�] �
[OH�] are said to be neutral. At 298 K, for a neutral solution,

pH � – log [H�] � pOH �– log [OH�] � 7 (at 298 K)

The H� ions or protons dynamically exchange with pro-
tons in other water molecules. The self-ionization and
equilibrium are present in all aqueous solutions, including
acid and base solutions, as well as in pure water. Water is
both an acid and a base.

Strong acids such as HClO4, HClO3, HCl, HNO3, and
H2SO4 ionize completely in their solutions to give H�

(H3O
�) ions and anions: ClO4

�, ClO3
�, Cl�, NO3

�, and
HSO4

�, respectively. Strong bases such as NaOH, KOH,
and Ca(OH)2 also ionize completely giving OH� ions and
Na�, K�, and Ca2� ions, respectively. In an acidic solu-
tion, [H�] is greater than [OH�]. In a 1.0 mol L�1 HCl
solution, [H�] � 1.0 mol L�1, pH � 0.

Weak acids such as formic acid HCOOH, acetic acid
(CH3COOH), ascorbic acid (C6H8O6), oxalic acid (H2C2O4),
carbonic acid (H2CO3), benzoic acid (C6H5-COOH), malic
acid (C4H6O5), lactic acid H3CCH-(OH)COOH, and phos-
phoric acid (H3PO4) also ionize in their aqueous solutions,
but not completely. The ionization of acetic acid is repre-
sented by the equilibrium 

CH3COOH (aq) � H� (aq) � CH3COO� (aq),

Ka � 1.75 � 10�5 at 298 K

where Ka is the acid dissociation constant.

The solubility of CO2 in water increases with its (CO2

partial) pressure, according to Henry’s law, and the chem-
ical equilibria for the dissolution are

H2O � CO2 (g) � H2CO3 (aq)

Of course, H2CO3 dynamically exchanges H� and H2O
with other water molecules, and this weak diprotic acid
ionizes in two stages with their acid constants, Ka1 and Ka2.

H2O � CO2 (aq) � H� (aq) � HCO3
� (aq),

Ka1 � 4.30 � 10�7 (at 298 K)

HCO3
� (aq) � H� (aq) � CO3

2� (aq),

Ka2 � 5.61 � 10�11

Constants Ka1 and Ka2 increase with temperature. At 298
K, the pH of a solution containing 0.1 mol L�1 H2CO3 is
3.7. Acidophilic organisms may grow, but most patho-
genic organisms are neutrophiles and they cease growing.
Soft drinks contain other acids – citric, malic, phosphoric,
ascorbic acids, etc. – which lower the pH further.

Ammonia and many nitrogen-containing compounds
are weak bases. The ionization equilibrium of NH3 in
water and the base dissociation constant Kb are  

NH3 � H2O � NH4
� (aq) � OH�

Kb � 1.70 x 10�5 at 298 K.

Other weak bases react with H2O similarly.
The ionization or dissociation constants of inorganic

and organic acids and bases are extensive, and they have
been tabulated in various books (39–41).

Amino acids and proteins contain acidic and basic
groups. At some specific pH called the isoelectric point,
they carry no charge, but exist as zwitterions. For exam-
ple, the isoelectric point for glycine is pH � 6.00 and it
exists as the zwitterion H2C(NH3

�)COO�.

C. OXIDATION-REDUCTION REACTIONS IN WATER

Oxidation of hydrogen by oxygen not only produces
water, but also releases energy. At the standard conditions,
the electrochemical half reaction equations are:

H2 � 2 H� � 2 e� E° � 0.000 V (defined)

O2 � 4 H� � 4 e� � 2 H2O E° � 1.229 V

The cell reaction and the cell potential at the standard con-
dition for it are:

2 H2 � O2 � 2 H2O ∆E° � 1.229 V
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Proper setups for harvesting this energy are the goals of
hydrogen-fuel-cell technology. The cell potential ∆E for
non-standard conditions depends on pH and temperature. Its
value is related to the energy released in the reaction. A plot
of ∆E versus pH yields a Pourbaix diagram, which is useful
to evaluate the stability of various species in water. Water
can be a reducing or oxidizing reagent, because it offers pro-
tons or electrons. Applying a voltage to pass electrons
through a chemical cell decomposes water by electrolysis. 

Waters containing dissolved oxygen cause additional
reactions, for example:

2 H2O � 2 e� � H2 � 2 OH� E° �� 0.828 V

O2 � 2 H� � 2 e� � H2O2 E° � 0.682 V

O2 � H2O � 2 e� � HO2
� � OH� E° � 0.076 V

O2 � 2 H2O � 2 e� � 4 OH� E° � 0.401 V

At the proper conditions, a suitable chemical reaction
driven by the potential takes place.

Oxidation-reduction reactions involving water usually
are due to proton or electron transfer. These oxidation-
reduction reactions occur for the growth, production,
manufacture, digestion, and metabolism of food. 

Water participates in oxidation-reduction reactions in
many steps of photosynthesis, resulting in the fixation of
CO2 into biomolecules, releasing oxygen atoms of water
as O2. Engineering a new generation of plants with greater
photosynthetic capacity facing lack of waters challenges
geneticists (42) and botanists. We now understand photo-
synthesis in great detail from the studies by many scien-
tists. Photosynthetic reactions are related to food
production, but they are so complex that we can only men-
tion them here (43). 

The oxidation-reduction reactions of water cause cor-
rosion on metal surfaces. Not only is deterioration of
facilities very costly for the food industry, corrosion of
pipes results in having toxic metal ions Cu2� and Pb2� in
drinking water. The concern about lead ions in drinking
water led the Environmental Protection Agency to ban the
use of high-lead solders for water pipes. These reactions
are electrochemical processes. Galvanic effects, high
acidity, high flow rate, high water temperature, and the
presence of suspended solids accelerate corrosion, as do
lack of Ca2� and Mg2� ions in purified waters. The for-
mation of scales protects the metal surface. However, bal-
ancing the clogging against surface protection of pipes is
a complicated problem, requiring scientific testing and
engineering techniques for a satisfactory solution.

D. THE HYDROGEN BOND AND

CHEMICAL REACTIONS

Enzymes are mostly large protein molecules, and they are
selective and specific catalysts responsible for most

reactions in biological bodies. Folding of the long protein
provides specific 3-dimensional selective pockets for their
substrates. The pockets not only fix the substrates in posi-
tion, they also weaken certain bonds to facilitate specific
reactions. This is the mechanism by which enzymes select
their substrates and facilitate their specific reactions. 

Hydrogen bond strength is stronger in nonaqueous
media than in aqueous solutions as the charge densities on
the donor and acceptor atoms increase (44). Hydrogen
bonds between the enzyme and its substrate can be
stronger than those in an aqueous environment, thus
speeding up the reaction rate even further. 

The hydrolysis of peptide linkage is the reaction of a
protein with water:

R-C(�O)-NH-R	 � H2O → R-C(�O)OH � H2N-R	

This type of reaction can be catalyzed by acids, bases, and
enzymes. 

VI. WATER ACTIVITY

Water is a nutrient and a component in food groups:
grains, meat, dairy, fruits and vegetables. Furthermore,
major nutrients such as carbohydrates, proteins, water-
soluble vitamins, and minerals are hydrophilic. Even parts
of fat or lipid molecules are hydrophilic, but the alkyl
chains of fats and proteins experience the hydrophobic
effect in an aqueous environment (45).

Foodstuffs interact with water by means of polar,
hydrogen-bonding, and hydrophobic interactions. The
results of these interactions change the chemical potential
(properties) of water. Foodstuffs dissolve in or absorb water.
Thus, water within food may be divided into bound water,
affected water, and free water in the order of their interac-
tion strength. The bound water molecules are similar to
those in the first hydration sphere of ions, and those close to
the first sphere are affected water molecules. Further away
from the interface are free water molecules. The structure
and properties of the first two types change. Interaction of
water with dietary fiber is an example (46). Thus, properties
of water in food are different from those of pure water.

Water molecules in both liquid and vapor phases can
participate in hydration reactions. At equilibrium in a sys-
tem with two or more phases, their vapor pressure or
chemical potential, µ, must be equal. The chemical poten-
tial, µ, of a solution or water-containing foodstuff must be
equal at a given temperature T, and 

µ � µw � R T ln (p/pw),

where R is the gas constant (8.3145 J mol�1 K�1), p is the
vapor pressure of the solution or of water in foodstuff, and
pw is the vapor pressure of pure water at the same 
temperature. The ratio p/pw is called the water activity
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aw (� p/pw), which is related to the water chemical potential
of water in solutions or in the foodstuff. For ideal solutions
and for most moist foods, aw is less than unity, aw � 1.0 (31). 

Both water activity and relative humidity are fractions
of the vapor pressure of pure water. Methods for their
measurements are the same. We have mentioned the meas-
urement by changes in capacitance earlier. Water contents
have a sigmoidal relationship with water activities,
aw � 1.0 for infinitely dilute solutions, aw � 0.7 for dilute
solutions and moist foods, and aw � 0.6 for dry foods. Of
course, the precise relationship depends on the material in
question. In general, if the water vapor of the atmosphere
surrounding the food is greater than the activity of the
food, water is absorbed. Otherwise, dehydration takes
place. The water activity reflects the combined effects of
water-solute, water-surface, capillary, hydrophilic, and
hydrophobic interactions. The water activity of a foodstuff
is a vital parameter, because it affects its texture, taste,
safety, shelf life, and appearance. 

Furthermore, controlling water activity rather than
water content is important. When aw � 0.9, most molds
are inhibited. Growth of yeasts and bacteria also depends
on aw. Microorganisms cease growing if aw � 0.6.

VII. WATER POTENTIAL

Similar to water activity in food, water potential is a term
used in plant, soil, and crop sciences. Water potential, rep-
resented by Ψ (psi) or Ψw, is a measure of the free energy
of water in a system: soil, material, seeds, plants, roots,
leaves, or an organism. Water potential is the difference
between the chemical potential of pure water and water in
the system at the same temperature. Pure water has the
highest free energy: Ψ � 0 for pure water by convention,
and Ψ � 0 for solutions. Water diffuses from high poten-
tial to low potential. Physiological processes decrease as
the water potential decreases.

In general, water potential, Ψw, is a combined effect
of osmotic (Ψs), matrix (interface and water binding Ψm),
turgor (Ψt) pressures, and gravity (Ψg).

Ψw � Ψs � Ψm � Ψt � Ψg

Osmotic pressure, Ψs, is always present due to solutes in
the fluids. The metric pressure, Ψm, is related to bound-,
affected-, and free-waters in the system. The outwardly
directed pressure extended by the swelling protoplast
against the wall is called turgor pressure, Ψt. Usually, this
term is insignificant until the cell is full, and at such point,
Ψt increases rapidly and stops when Ψw � Ψt. Otherwise,
the cell ruptures. The mechanical rigidity of succulent plant
parts, the opening of stomata and the blossom are usually
the results of turgor pressure. In systems such as tall plants
and soil science, pressure due to the gravitational pull of
water, Ψg, is also included in the water potential. 

For example, the water potential of potato tissues can be
measured by incubating them in a series of solutions of
known osmotic pressures. The potato will neither lose nor
gain water if the osmotic pressure of the solution equals the
water potential of potato tissues. The osmotic pressure
(π ��m R T) may be evaluated from a known concentration
m, using the equation given earlier. Instead of energy units,
water potential is often expressed in units of pressure (mega-
pascal, MPa), which is derived by dividing the energy by the
molar volume (0.018 L mol�1 for H2O) of water (47). 

There are many other methods for water potential meas-
urements depending on the system: soil, leaf, stem, organ-
ism, etc. The soil water potential is related to the water
available for the plants growing on the soil. Water potential
of a plant or leaf indicates its health or state with respect to
water. Thus, water potential is a better indicator for plant,
agriculture, irrigation, and environmental management than
water content. Water moves through plants because

Ψwater � 0 � Ψsoil � Ψroot � Ψstem � Ψleaf

Thus, the concept of water potential and water activity are
very useful in growth, manufacture, handling, storage, and
management of food.

VIII. LIVING ORGANISMS IN WATER

The closer we look, the more we see. Living organisms on
Earth are so complicated that their classification and phy-
logeny are still being studied and revised. New relation-
ships are proposed to modify the five kingdoms proposed
by Robert Whittaker in 1969. Nevertheless, most of the
earliest unicellular living organisms in the Monera and
Protista kingdoms are still living in water. Both the num-
bers of species and individuals are staggering. For exam-
ple, photosynthesis by algae in oceans consumes more
CO2 than that by all plants on land. Algae were probably
present on Earth before other organisms. Many phyla
(divisions) of fungi, plantae, and animalia kingdoms also
make water their home. Both numbers and species of
organisms living in water are probably more than those on
land. The subject of living organisms in water is fascinat-
ing, but we can only mention some fundamentals about
their relationships to water here. Certainly, every aspect of
living organisms in water is related to food, because Homo
sapiens is part of the food chain, if not at the top of it. 

All life requires energy or food. Some living organ-
isms receive their energy from the sun whereas others get
their energy from chemical reactions in the aquatic media.
Chemical reactions are vital during their lives. For exam-
ple, some bacteria derive energy by catalyzing the oxida-
tion of iron sulfide, FeS2, to produce iron ions Fe(H2O)6

2�

and elemental sulfur. Water is the oxidant, which in turn
reduces oxygen (48). Chemical reactions provide energy
for bacteria to sustain their lives and to reproduce. Factors
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affecting life in water are minerals, solubility of the
mineral, electrochemical potentials of the material, acid-
ity (pH), sunlight, dissolved oxygen level, presence of
ions, chemical equilibria, etc. Properties of water influ-
ence life in general, and in the aquatic system in particu-
lar. As the population grows, aquaculture probably will be
seen as a more efficient way of supplying protein for the
ever-increasing population. 

Regarding drinking water, we are concerned with
aquatic organisms invisible to the naked eye. Pathogenic
organisms present in drinking water cause intestinal infec-
tions, dysentery, hepatitis, typhoid fever, cholera, and other
illnesses. Pathogens are usually present in waters contami-
nated with human and animal wastes that enter the water
system via discharge, run offs, flood, and accidents at
sewage treatment facilities. Insects, rodents, and animals
can also bring bacteria to the water system (49, 50). Testing
for all pathogenic organisms is impossible, but some
organisms share common living conditions with some
pathogenic bacteria. Thus, water testing can use these
harmless bacteria as indicators for drinking water safety.

IX. WATER RESOURCE, SUPPLY,
TREATMENT, AND USAGE

About 70% of the Earth’s surface is covered with water,
but only about 2% is covered by fresh water. Ocean waters
are salty; only a small percentage is fresh water resources
(lakes, rivers, and underground). Fresh water is needed for
drinking, food, farming, washing, and manufacturing. 

When salty water freezes, the ice so formed contains
very little salt, if any. Thus, nearly all ice, including the
massive ice at the polar cap, is fresh water. In fact, the ice
cap in the Antarctic contains a lot of fresh water ice, but
that cannot be considered a water resource.

Hydrologists, environmentalists, and scientists, engi-
neers, sociologists, economists, and politicians are all
concerned with problems associated with water resources.
Solutions to these problems require experts and social
consensus. 

X. SUBCRITICAL AND SUPERCRITICAL
WATERS

Waters at temperatures between the normal boiling and
critical points (0 to 373.98°C) are called subcritical
waters, whereas the phase above the critical point is
supercritical water. In the 17th century, Denis Papin (a
physicist) generated high-pressure steam using a closed
boiler, and thereafter pressure canners were used to
preserve food. Pressure cookers were popular during the
20th century. Analytical chemists have used subcritical
waters to extract chemicals from solids for analysis since
1994 (51). 

Water vapor pressures up to its critical point are given
in Table 12.8, but data on polarity, dielectric constant, sur-
face tension, density, and viscosity above 100°C are
scarce. In general, these properties decrease as the tem-
perature increases. In fact, some drop dramatically for
supercritical water. On the other hand, some of them
increase with pressure. Thus, properties of sub- and super-
critical waters can be manipulated by adjusting tempera-
ture and pressure to attain desirable properties. 

As the polarity and dielectric constant decrease, water
becomes an excellent solvent for non-polar substances
such as those for flavor and fragrance. However, food-
stuffs may degrade at high temperatures. Applications of
sub- and super-critical water are relatively recent events,
but applications of supercritical CO2 (critical temperature
32°C) for chemical analyses started in the 1980s, and
investigations of supercritical water followed. However,
research and development have been intensified in recent
years (52). Scientists and engineers explore the usage of
supercritical water for waste treatment, polymer degrada-
tion, pharmaceutical manufacturing, chromatographic
analysis, nuclear reactor cooling, etc. Significant
advances have also been made in material processing,
ranging from fine particle manufacture to the creation of
porous materials.

Water has been called a green solvent compared to the
polluting organic solvents. Sub- and super-critical waters
have been explored replacements of organic solvents in
many applications including the food industry (53).
However, supercritical water is very reactive, and it is cor-
rosive for stainless steels that are inert to ordinary water.
Nevertheless the application of sub- and super-critical
waters remains a wide-open field.

XI. POSTSCRIPT

Water, ice, and vapor are collections of H2O molecules,
whose characteristics determine the properties of all
phases of water. Together and in concert, water molecules
shape the landscape, nurture lives, fascinate poets, and
captivate scientists. Human efforts to understand water
have accumulated a wealth of science applicable in almost
all disciplines, while some people take it for granted. 

Water molecules are everywhere, including outer
space. They not only intertwine with our history and lives,
they are parts of us. How blessed we are to be able to asso-
ciate and correlate the phenomena we see or experience to
the science of water. 

An article has a beginning and an end, but in the sci-
ence of water, no one has the last word, as research and
exploration on water continue, including its presence in
outer space (54). Writing this chapter provoked my fasci-
nation on this subject, and for this reason, I am grateful to
Professors Wai-kit Nip, Lewis Brubacher, and Peter
F. Bernath for their helpful discussions and encouragement. 
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I. DEFINITION, CLASSIFICATION, AND
PHYSICO-CHEMICAL CHARACTERISTICS

It has long been known that certain amines fulfill a num-
ber of important metabolic and physiologic functions in
living organisms. They are formed during normal meta-
bolic processes and are, therefore, present in foods.

Bioactive or biologically active amines (Figure 13.1)
are aliphatic, cyclic, and heterocyclic organic bases of low
molecular weight (74, 102, 165). They are derivatives of
ammonia in which the hydrogen atoms are replaced by
one, two, or three alkyl moieties to give, respectively, pri-
mary, secondary, or tertiary amines. Many different struc-
tures of varying complexity are found (166).

Most of the amines have been named after their pre-
cursor amino acids, e.g., histamine originates from histi-
dine, tyramine from tyrosine, tryptamine from tryptophan,
and so on. However, the names cadaverine and putrescine
are associated with decomposition and putrefaction, and
spermine and spermidine with seminal fluids where they
were found for the first time (59, 102).

Bioactive amines can be classified on the basis of 
the number of amine groups, chemical structure, biosyn-
thesis, or physiological functions (9, 160, 165). According
to the number of amine groups, they can be monoamines

(tyramine, phenylethylamine), diamines (histamine, sero-
tonin, tryptamine, putrescine, cadaverine), or polyamines
(spermine, spermidine, agmatine). Based on the chemical
structure, amines can be aliphatic (putrescine, cadaverine,
spermine, spermidine, agmatine), aromatic (tyramine,
phenylethylamine), or heterocyclic (histamine, tryptamine,
serotonin). They can also be classified as indolamines
(serotonin) and imidazolamines (histamine). According to
the biosynthetic pathway, amines can be natural or bio-
genic. Natural amines – spermine, spermidine, putrescine
and histamine – are formed during de novo biosynthesis,
e.g., in situ as required from their precursors (9, 74).
Biogenic amines are formed by bacterial decarboxylation
of free amino acids. Histamine can be either natural (stored
in mast cells or basophils) or biogenic. Based on the phys-
iological functions, amines are classified as polyamines
and biogenic amines. Polyamines play an important role in
growth while biogenic amines are neuro- or vasoactive (9).
This is the most widely used classification and will be the
one considered throughout this chapter.

The common and chemical names, the molecular for-
mulas and weights, and the physico-chemical characteristics
of some bioactive amines are summarized in Table 13.1. The
molecular weights are usually low, varying from 88.15
(putrescine) to 202.34 (spermine). The amines behave as



cations, being protonated at physiological pH values (123).
The pKa for amines lies between 6 and 11 (41, 101, 166). 

At room temperature, the free amines are either liquid,
syrupy liquid, crystal, or needle. The boiling points vary
from 128 to 210 °C, and the melting points from 9 to
231 °C. The solubility varies widely depending on the
amine and on its form – salt or free base (101, 213). At
high pH values, dissociation of amine salts into free
amines may occur. The refractive index has been reported
by Lide (101) for putrescine (1.4969), cadaverine (1.463),
and phenylethylamine (1.5290). Density of cadaverine is
0.873 g/mL. Maximum UV absorptions for tryptamine are
222, 282, and 290 nm in ethanol; 224 and 278 nm in ace-
tonitrile:water, 20:80; and 225 and 278 nm in methanol:
water, 15:85. Maximum UV absorptions for tyramine and
histamine are, respectively, 226 and 275 nm and 225 nm in

acetonitrile:water, 20:80; and 228 and 275 nm and 228 nm
in methanol:water, 15:85 (34). For synephrine and
octopamine, maximum UV absorption values are 231 and
272 nm, and for tyramine 231 and 275 in acetate buffer
(pH 4,9):acetonitrile, 9:91 (200, 213). The stability varies
with the amines. Some amines can absorb CO2.
Synephrine is stable to light and air. Serotonin hydrochlo-
ride is sensitive to light and aqueous solutions are stable at
pH 2.0 to 6.4. Decomposition of octopamine hydrochlo-
ride can occur at 170 °C (213).

Few sensory data on amines are available. This repre-
sents an area that deserves further attention. However, a
few amine-based compounds can be used by the flavor
compounder. For example, phenylethylamine, is recog-
nized by the Flavor Extract Manufacturers’Association as
FEMA # 3220, and has a fishy odor (108).
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FIGURE 13.1 Classification and chemical structures of some bioactive amines.
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Wang et al. (206) investigated the odor threshold of
polyamines. They reported that free polyamines have an
unpleasant, almost putrid, ammoniacal odor. In food,
because of their basic groups, polyamines normally bind
with the acidic groups of other food components, notably
those in nucleic acids or lipids. However, at high pH, free
polyamines could result. The determination of odor thresh-
olds for putrescine, spermidine, and spermine by an infor-
mal panel of nine people provided odor descriptions which
varied widely from sodium hypochlorite bleach, dusty, and
musty, to putrid, amine, and ammoniacal. Using a formal
panel of 15 members, the odor threshold of the polyamines,
e.g., polyamine concentration at which 50% of the panelists
gave a positive response, was determined. Spermine and
putrescine had odor thresholds in water of the same magni-
tude (2.4 and 2.2 mg/100 g, respectively), while those of
cadaverine (19.0 mg/100 g) and spermidine (12.9 mg/100 g)
were approximately six to nine times higher. However,
when 2% soybean flour was added, odor thresholds
increased significantly, from five to ten times greater than
those in water, reaching values of 10.9 g for putrescine and
102.5 mg/100 g for spermidine.

II. PHYSIOLOGICAL IMPORTANCE

Bioactive amines participate in important metabolic and
physiological functions in living organisms. Biogenic
amines are generally either psychoactive, neuroactive, or
vasoactive. Psychoactive amines, such as histamine and
serotonin, affect the nervous system by acting on neural
transmitters in the central nervous system. Vasoactive
amines act directly or indirectly on the vascular system.
Pressor amines – tyramine, tryptamine, and phenylethy-
lamine – cause a rise in blood pressure by constricting the
vascular system and increasing the heart rate and force of
contraction of the heart. However, tyramine does it indi-
rectly by causing the release of noradrenaline from the
sympathetic nervous system (158, 165). Serotonin and
histamine are also strongly vasoactive (139).

Histamine is a powerful biologically active chemical
that can exert many responses within the body. Although
mast cells and blood basophiles contain large amounts of
histamine stored in special granules, the effect of histamine
does not appear unless special reactions (i.e., an allergic
reaction) release it into the bloodstream. Histamine exerts
its effects by binding to receptors on cellular membranes
which are found in the cardiovascular system and in various
secretory glands (87). Histamine is a strong capillary dila-
tor and can produce hypotensive effects. It can directly
stimulate the heart, cause contraction or relaxation of
extravascular smooth muscle (excite the smooth muscle of
the uterus, intestine and respiratory tract), stimulate both
sensory and motor neurons, and control gastric acid secre-
tion. It also mediates primary and immediate symptoms in
allergic responses (139, 158, 165, 173, 177).

Serotonin is a vaso- and bronco-constrictor, reduces the
volume and acidity of the gastric juice, has anti-diuretic
effect, stimulates smooth muscle, and affects carbohydrate
metabolism (63). When introduced into the afferent circu-
lation, serotonin causes a release of prostaglandin and other
vasoactive substances. Serotonin is a neurotransmitter, par-
ticularly in the central nervous system. It is involved in the
regulation of a number of important functions, including
sleep, thirst, hunger, mood, and sexual activity (42).

Tyramine is taken up into adrenergic nerves and
causes a massive release of noradrenaline. It has a marked
effect on the release of the putative neurotransmitter
amines dopamine, noradrenaline, and serotonin from
nerve terminals (42).

Phenylethylamine and tryptamine are endogenous con-
stituents of many tissues, including brain. Both can cross
the blood-brain barrier with ease. It is conceivable that large
amounts of phenylethylamine and tryptamine from food-
stuffs may enter the central nervous system and lead to
side-effects of psychiatric nature. It has been reported that
phenylethylamine and tryptamine can inhibit uptake and
stimulate release of catecholamines and serotonin from a
variety of preparations of brain and heart tissues. It has also
been demonstrated that phenylethylamine can affect bind-
ing of serotonin to its receptor sites in the human and rat
brain. Introduction of tryptamine into the afferent circula-
tion can cause a release of prostaglandin and other vasoac-
tive substances into the systemic circulation (42).

There is evidence, particularly with respect to the
invertebrate nervous system, suggesting that octopamine
may be a neurotransmitter. Less is known about syneph-
rine, although it has been shown to be a constituent of var-
ious tissues and body fluids. Synephrine is used
pharmacologically as a stimulant, decongestant, and in the
treatment of hypotension in oral form (42, 165).

Polyamines are indispensable components of all liv-
ing cells, where they play essential roles in cell metabo-
lism, growth, and differentiation (11). During normal and
adaptive growth, polyamines are involved in a variety of
growth-related processes which reflect their multifunc-
tional character. Polyamines have various electrostatic
interactions with macromolecules especially DNA, RNA,
and protein and are involved in the regulation and stimu-
lation of their synthesis (104).

Diverse effects of the polyamines on cell replication
have been identified, such as the control and initiation of
translation and regulation of its fidelity, stimulation of ribo-
some subunit association, enhancement of RNA and DNA
synthesis, and reduction in the rate of RNA degradation.
Polyamines stabilize the structure of tRNA and help con-
dense DNA and covalently modify proteins (9, 10).
Polyamines stimulate the rate of transcription, the amino
acid activation, and the rate of translation during the course
of protein synthesis (148). Polyamines also stimulate cell
differentiation and interact and module various intracellular

13-4 Handbook of Food Science, Technology, and Engineering, Volume 1



messenger systems (104). The most important function of
polyamines, one in which they cannot be replaced by any
other positively charged molecule, is to act as second mes-
sengers, thereby mediating the action of all known hor-
mones and growth factors (9).

Polyamines interact with different components of the
cell membrane thus modulating its functions. They are,
therefore, important in the permeability and stability of
cellular membranes (9, 48, 104, 160). During the period
that follows birth, antigenic macromolecules can pene-
trate the small intestinal mucosal membranes in quantities
that may be of immunologic importance. Polyamines
reduce mucosal permeability to macromolecules and pre-
vent food allergies by decreasing mucosal permeability to
allergenic proteins (27, 147).

According to Drolet et al. (48) and to Bardocz (9), sper-
mine and spermidine, as well as the diamines putrescine
and cadaverine, are efficient free radical scavengers in a
number of chemical and in vitro enzyme systems. They
could inhibit lipid peroxidation and prevent senescence.
Levels of superoxide radical formed either enzymatically
with xanthine oxidase or chemically from riboflavin or
pyrogallol were significantly inhibited. The more reactive
hydroxyl radical generated by the Fenton reaction was also
effectively scavenged by spermine and spermidine. The
efficacy of polyamine scavenging appears to be correlated
with the number of amino groups (48, 168).

Polyamines are essential for the maintenance of the
high metabolic activity of the normally functioning and
healthy gut. They are involved in the repair of gut damage
caused by the deleterious components of the food and/or
bacteria (11, 104). The development of gastrointestinal
tract in ruminants and non-ruminants is dependent upon
the increases in ornithine decarboxylase (ODC) activity
and in polyamines content in the mucosa (123). Studies
performed with rats indicated that during the third postna-
tal week, rapid intestinal maturation occurs and this period
is characterized by an increase in epithelial cell prolifera-
tion and differentiation, resulting in histological and enzy-
matic maturation of the small bowel epithelium, marked
increase in mucosal thickness, and increase in mature
mucosal enzyme activities. Prior to this process of epithe-
lial maturation, a ten- to twenty-fold increase in mucosal
ODC activity and a concomitant increase in 
S-adenosyl-L-methionine decarboxylase (SAMDC) activ-
ity as well as putrescine, spermidine, and spermine content
were found (104, 123). Simultaneous administration of 
α-difluoromethyl ornithine (DFMO), a potent irreversible
ODC inhibitor, to the nursing mother or directly to the
newborn rat pups, resulted in a marked attenuation of the
increase in mucosal ODC and polyamine content which
was followed by a significant delay in biochemical and
histological maturation of the intestinal epithelium (123).

According to Löser (104), polyamines in milk exert
various direct and indirect throphic effects on the immature

intestine and play an important role as luminal growth fac-
tors for intestinal maturation and growth. The protective
effect of milk against a newborn’s allergies could be
explained by its high levels of polyamines. They bring
about a decrease in protein permeability, diminishing the
amount of allergens reaching the intestinal submucosa,
and thus allow a better maturation of the immune system
in susceptible newborn (106, 147).

Because of the diversity of the roles of polyamines in
cellular metabolism and growth, they are important in
health and disease. The requirement for polyamines is
particularly high in rapidly growing tissues, e.g., in the
young during periods of intense growth and in the mucosa
of the gastrointestinal tract. Similarly, during periods of
wound healing, post-surgery recovery, liver regeneration,
and compensatory growth of the lung, requirements are
also high. In healthy adults, however, requirements should
not be as high because polyamines are only needed to
replace cells and mediate the action of hormones and
growth factors (9, 123). Studies are needed to determine
the daily requirements.

Three sources of polyamines have been identified:
biosynthesis in situ from amino acids, direct ingestion
from the diet and synthesis, and release by the bacterial
flora resident in the gastrointestinal tract of the individual.
It is now clear that the diet is an important source of
polyamines and it is likely to supply at least a part of the
polyamines required to sustain normal metabolism (9).

III. SYNTHESIS

The synthesis of the biogenic amines histamine, tyramine,
tryptamine, phenylethylamine, and cadaverine occur
through decarboxylation of the precursor amino acids his-
tidine, tyrosine, tryptophan, phenylalanine, and lysine,
respectively. In the synthesis of serotonin, tryptophan is
transformed by tryptophan hydrolase in 5-hydroxitrypto-
phan, which is decarboxylated by aromatic amino acid
decarboxylase in 5-hydroxytryptamine or serotonin.
Tyrosine is the precursor of the phenolic amines
octopamine and synephrine in citrus (165).

The generalized reaction for amino acid decarboxyla-
tion is indicated in Figure 13.2. Aldehyde amination can
be another route of synthesis, carried out by aldehyde
transaminases (166).

Prerequisites for the formation of amines in foods are
the availability of free amino acids, high processing tem-
peratures, or the presence of decarboxylase-positive
microorganisms and favorable conditions for microbial
growth and decarboxylase activity. Free amino acids occur
as such in foods, but may also be released from proteins as
a result of proteolytic activity or thermal degradation. The
formation of amines by high processing temperatures has
been demonstrated by Cirilo et al. (38) during coffee roast-
ing. Longer roasting time (12 compared to 6 minutes) at
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300 °C in a Probat roaster caused significant increase in
spermidine and serotonin levels and formation of agma-
tine. Decarboxylase-positive microorganisms may consti-
tute part of the associated population of the food or may
be introduced by contamination before, during, and after
processing (74, 108).

Two mechanisms of action for amino acid decar-
boxylation have been identified: a pyridoxal phosphate
dependent and a non-pyridoxal phosphate dependent
reaction. Pyridoxal phosphate joined in a Schiff base
linkage to the amino group of a lysil residue forms the
active site of the enzymes. The carbonyl group of pyri-
doxal phosphate reacts readily with the amino acid to
form Schiff base intermediates, which are then decar-
boxylated with the elimination of water to yield the cor-
responding amines and the original pyridoxal phosphate
moiety. Non-pyridoxal phosphate-catalyzed decarboxy-
lation involves a pyruvoyl residue instead. The pyruvoyl
group is covalently bound to the amino group of a pheny-
lalanine residue of the enzyme and is derived from a ser-
ine residue. The pyruvoyl residue acts in a manner
similar to pyridoxal phosphate in the decarboxylation
reaction (158)

Regarding the formation of amines by microorganism
decarboxylase activity, several studies have been per-
formed to investigate the production of amines by species
isolated from fish, cheese, meat products, vegetables, and
alcoholic beverages. These studies indicated that many
species of Escherichia, Enterobacter, Salmonella,
Shigella, and Proteus are active biogenic amines formers.
Certain species of Achromobacter, Lactobacillus,
Leuconostoc, Pseudomonas, Pediococcus, Streptococcus,
Micrococcus, and Propionibacterium are also capable of
amine production (16, 23, 51, 82, 149, 195).

In fermented foods, the applied starter cultures may also
affect amine production. Straub et al. (174) investigated the
production of putrescine, cadaverine, histamine, tyramine,
and phenylethylamine by 523 strains of 35 species of food
fermentation microorganisms. These authors observed that
some strains of carnobacteria, Lactobacillus buchneri,
L. curvatus, L. reuteri, and Staphylococcus carnosus were
proficuous amine producers. However, some strains of 
L. alimentarius, L. brevis, L. bavaricus, L. delbrueckii ssp.
Lactis and Micrococcus spp. were capable of producing
amines at smaller quantities. The importance of selecting

starter cultures based on their potential for amine production
is emphasized.

The amino acid decarboxylating activity of some food
microorganisms is indicated in Table 13.2. The production
of amines by bacteria is affected by pH, temperature, oxy-
gen tension, presence of vitamins and cofactors, and avail-
ability of free amino acids and of fermentable sugars. In pH
values of 2.5 to 6.5, the production of amines by the bacte-
ria is stimulated as a protection against the acidic environ-
ment (201). The activity of decarboxylases is dependent on
the microorganism’s growth phase, being higher at the sta-
tionary phase. With regard to the temperature, decarboxy-
lases are more active at temperatures lower than 30 °C and
without action at temperatures above 40 °C. However, at
temperatures between 0 and 10 °C, the activity will depend
on the microorganisms present (7, 74).

Polyamine synthesis is a more complex process,
although the first few steps also include decarboxylation
reactions. There are several proven biosynthetic pathways
responsible for polyamine production (Figure 13.3).
Putrescine is an obligate intermediate in polyamine syn-
thesis. In animals the first step is decarboxylation of
ornithine by ODC (EC 4.1.1.17). In plants and some
microorganisms, an alternative pathway exists to produce
putrescine from arginine via agmatine by arginine decar-
boxylase (ADC; EC 4.1.1.19). An additional path for the
formation of putrescine is via citrulline (9, 59, 168, 202).

Both ODC and ADC are dependent on pyridoxal
phosphate. Agmatinase is the enzyme that converts agma-
tine to putrescine. Agmatine is metabolized to putrescine
in a two-step conversion. Agmatine iminohydrolase (AIH)
catalyzes the formation of N-carbamoylputrescine, which
is converted to putrescine by N-carbamoylputrescine
amido hydrolase (NCPAH). N-carbamoylputrescine can
also be formed from citrulline by citrulline decarboxylase
(CDC). The arginine pool can be increased through pro-
tein degradation. Ornithine and urea formation from argi-
nine allows recovery of nitrogen and carbon (59).

Spermidine and spermine are formed by the subsequent
addition of an aminopropyl moiety to putrescine and sper-
midine, respectively. These reactions are catalyzed by the
aminopropyltransferase enzymes spermidine synthase
(SpdS, EC 2.5.1.16) and spermine synthase (SpmS, EC
2.5.1.22). The aminopropyl group is derived from methion-
ine via S-adenosyl-L-methionine (SAM) in a reation
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FIGURE 13.2 Formation of amines by amino acid decarboxylation (1) and by aldehyde amination (2).
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TABLE 13.2
Amino Acid Decarboxylating Activity of Food Microorganisms

Amine Microorganism Ref.

HISTAMINE Achromobacter histaminum 7
(Histidine decarboxylase) Acinetobacter calcoaceticusvar, A. lwofii, A. nitratum 33

Aeromonas spp. A. hydrophila 36
Alteromonas putrefaciens 49
Betabacterium spp. 51
Citrobacter diversus, C. freundii 72
Clostridium perfringens, C. bifermentans, C. fallax, C. novyi 117
Edwardsiella spp. 122
Enterobacter aerogenes, E. agglomerans, E. cloacae, E. intermedium 139
Escherichia coli, E. freundii 140
Hafnia alvei 142
Klebsiella oxytoca, K. pneumoniae 144
Lactobacillus 30a; L. acidophilus, L. alimentarius, L. arabinose, L. bavaricus, L. buchneri, L. bulgaricus, 145

L. casei, L. delbrueckii, L. fermentum, L. helveticus, L. plantarum, L. reuteri, L. sanfrancisco
Morganella morganii (Proteus morganii) 146
Oenococcus oeni (Leuconostoc oenos) 159
Pediococcus cereviseae 160
Photobacterium histaminum, P. phosphoreum 173
Proteus mirabilis, P. reptilivora, P. rettgeri, P. stuartii, P. vulgaris 174
Providencia alcalifaciens, P. stuartii 178
Pseudomonas aeruginosa, P. fluorescens, P. putida, P. putrefaciens, P. reptilvora 182
Ristella spp.
Salmonella enteriditis, S. paratyphi, S. schottmuelleri, S. typhi
Serratia liquefaciens, S. odorifera
Shigella spp.
Staphylococcus xylosus
Streptococcus faecalis, S. faecium, S. lactis, S. mitis
Vibrio alginolyticus

TYRAMINE Betabacterium spp. 33
(Tyrosine decarboxylase) Carnobacterium divergens, C. Galinarum, C. maltaromicus, C. piscicola 51

Clostridium aerofoetidum, C. sporogenes 53
Enterococcus faecalis, E. faecium 58
Escherichia coli 71
Lactobacillus brevis, L. buchneri, L. bulgaricus, L. curvatus, L. delbrueckii ssp. lactis, L. hilgardii, 114

L. paracasei, L. pentoaceticus Rudensis, L. pentosus, L. plantarum, L. rhamnosus
Lactococcus lactis 121
Leuconostoc mesenteroids, L. paramesenteroids 122
Micrococcus varians 132
Oenococcus oeni (Leuconostoc oenos) 139
Proteus mirabilis 140
Pseudomonas fluorescens, P. reptilivora 159
Serratia liquefaciens 160
Staphylococcus carnosus, S. piscifermentans, S. saprophyticus 173
Streptococcus faecalis, S. faecium, S. durans (group D) 174

CADAVERINE Edwardsiella cloacae, E. hoshinae, E. ictaluri, E. tarda 72
(Lysine decarboxylase) Enterobacter aerogenes, E. gergoviae 112

Escherichia coli, E. blattae 142
Fusobacterium varium 145
Hafnia alvei 159
Klebsiella planticola, K. pneumoniae, K. oxytoca, K. terrigena 174
Kluyvera ascorbata 183
Lactobacillus acidophilus, L. bavaricus, L. brevis, L. casei, L. curvatus, L. hilgardii

Micrococcus spp.

(continued)



catalyzed by the enzyme SAMDC (AdoMetDC; EC
4.1.1.50). The 5�-methyltioadenosine, resulting from the
liberation of the aminopropyl group by SAM is converted in
methyltioribose and in methionine, recycling the –SCH3

group which warrants the synthesis of polyamines (59,
168, 202).

The rate-limiting enzymes for polyamines synthesis
are ODC and SAMDC. DFMO is an irreversible inhibitor
of ODC (26). A similar difluoromethyl analog of arginine
(DFMA) can also inhibit putrescine formation from argi-
nine. Both inhibitors are highly specific and in most cases
DFMA can also be partially metabolized to urea and
DFMO, thereby indirectly inhibiting ODC.
Methylglyoxal bis-guanylhydrazone (MGBG) is the most
common inhibitor of SAMDC, which catalyzes the step
committing SAM to the synthesis of polyamines (59).

The regulation of polyamine biosynthesis is complex
and precise control prevents overproduction and defi-
ciency of polyamines in animals (130). Several regulatory
mechanisms contribute to the regulation of intracellular
polyamine homeostasis. Intracellular polyamine concen-
trations are primarily regulated by intracellular polyamine
de novo synthesis, conversion and degradation as well as
uptake of extracellular polyamines. Preliminary regula-
tory mechanisms are intracellular de novo synthesis via
ODC, reconversion of polyamines via interconversion
pathway (spermine/spermidine N-1-acetyltransferase and
polyamine oxidase) and oxidative degradation of
polyamines (46, 104).

Uptake of extracellular polyamines from the gut lumen
was found to be a further important regulatory mechanism
of polyamine metabolism. It is well established that the
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TABLE 13.2 (Continued)
Amine Microorganism Ref.

Obesumbacterium aeruginosa, O. proteus
Pseudomona aeruginosa, P. fluorescens
Salmonella choleraesuis, S. gallinarum, S. pullorum, S. typhi
Serratia fonticola, S. liquefaciens, S. marcescens, S. odorifera
Staphylococcus carnosus
Vibrio alginolyticus, V. campbelli, V. cholerae, V. harveyi, V. parahaemolyticus, V. vulniticus
Yersinia ruckeri

PUTRESCINE Cedecea davisae 6
(Ornithine decarboxylase) Citrobacter amalonaticus, C. diversus, C. freundii, 50

Edwardsiella hoshinae, E. tarda 72
Enterobacter cloacae, E. aerogenes, E. gergoviae, E. intermedium, E. sakazakii 112
Escherichia coli, E. blattae 142
Hafnia alvei 159
Klebsiella pneumoniae 174
Kluyvera ascorbata, K. cryocrescens 183
Lactobacillus bavaricus, L. brevis, L. buchneri, L. casei, L. curvatus, L. plantarum, L. hilgardii
Micrococcus kristinae, M. varians
Morganella morganii
Obesumbacterium proteus
Proteus mirabilis
Pseudomonas aeruginosa, P. aureofaciens, P. fluorescens, P. putida
Salmonella choleraesuis, S. paratyphi, S. pullorum
Serratia fonticola, S. liquefaciens, S. marcescens
Shigella sonnei
Staphylococcus carnosus, S. epidermidis
Vibrio alginolyticus, V. cholerae, V. harveyi, V. parahaemolyticus, V. vulnificus
Yersinia enterocolitica , Y. frederiksenii, Y. intermedia, Y. kristensenii, Y. ruckeri

PHENYLETHYLAMINE Enterococcus spp. 71
(Phenylalanine Lactobacillus curvatus, L. delbrueckii ssp. lactis, L. farciminis, L. hilgardii, L. brevis 121
decarboxylase)

Leuconostoc mesenteroids, L. paramesenteroids 122
Micrococcus spp. 174
Staphylococcus carnosus, S. epidermidis, S. piscifermentans

AGMATINE Lactobacillus hilgardii 6
(Arginine decarboxylase)

TRYPTAMINE Lactobacillus bulgaricus 33
(Tryptophane decarboxylase)



alimentary tract is an important source of polyamines and
that dietary as well as to some extent gut bacterial-derived
polyamines significantly contribute to the total polyamine
body pool. These findings stress the importance of a rapid
uptake of dietary, luminal (brush-border membrane)
polyamines by the intestinal mucosa upon demand with a
consecutive passage through the blood stream (basolateral
membrane) to the body (104).

IV. CATABOLISM OF BIOACTIVE AMINES

Healthy individuals can metabolize amines present in
foods by acetylation and oxidation (9, 165). Biogenic
amines are oxidized by monoaminoxidases (MAO; EC
1.4.3.4) and diaminoxidases (DAO; EC 1.4.3.6).
Polyamines are usually acetylated first, then oxidized by
polyaminoxidases (PAO; EC 1.5.3.11).

The general equation for the oxidation of amines by
amine oxidases (166) is shown in Figure 13.4 and results

in aldehydes, ammonia, and hydrogen peroxide (H2O2).
According to Marley and Blackwell (113), it is the ionized
form of the amine, i.e., the form that is not readily
absorbed from the gut, that reacts with the enzyme.
Amines that are not ionized to any extent are not oxidized.
The overall reaction in the presence of catalase is also
shown in Figure 13.4. The aldehyde formed may be oxi-
dized further to the corresponding carboxylic acid.

Amine oxidases belong to a large class of deaminating
oxidases (amine:oxygen oxidoreductases) widely distrib-
uted among all living organisms. This class of enzymes is
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FIGURE 13.4 Equations for the oxidation of amines by amine
oxidases in the (1) absence and (2) presence of catalase.



divided into two subclasses: copper- and FAD-containing
amino oxidases. The copper containing are active on pri-
mary amino groups and the FAD-dependent cleave sec-
ondary amino groups (134). The amine oxidases contain
copper and are sensitive to carbonyl groups. Enzyme activ-
ity is usually inhibited by carbonyl reagents and metal
chelators (166). Many aliphatic amines of the series
CH3(CH2)nNH2 are substrates for the enzyme. The rate of
oxidation and affinity vary with the number of carbon
atoms in the carbon chain. With increasing length of chain,
the rate of oxidation increases, a maximum being reached
with 5 or 6 carbon atoms (113). Any substrate of amine
oxidase, because it has affinity for the enzyme, may inter-
fere with the oxidation of another substrate.

Tyramine may undergo one of several different cata-
bolic reactions (Figure 13.5). According to Bieck & Karl-
Heinz (17), tyramine is extensively metabolized in the
gastrointestinal mucosa and liver. The major route is the
oxidative deamination to p-hydroxyphenylacetic acid. It is
catalyzed by MAO. Other pathways are oxidation to
octopamine by dopamine-β-hydroxylase and methylation
to N-methyltyramine by N-methyltransferase. Conjugation
with either sulphate or acetate groups is also possible.
Sulfate conjugation to the ο-sulfate accounts for 10–15%
of the total dose in urine after oral tyramine administration
(17, 60, 87, 115, 139). 

Serotonin is oxidized by MAO in man to 5-hydrox-
yindolacetic acid (5-HIAA). Deamination of tryptamine

by monoamine oxidase has also been demonstrated.
These amines compete with tyramine as substrate for the
enzyme. Such substrate competition could be relevant
with a food that contains a number of amines deaminated
by amine oxidase (113).

Histamine can also be catabolized by several different
catabolic reactions (Figure 13.6). The two main routes are
oxidation to imidazole-acetaldehyde and methylation to
1,4-methylhistamine. Indeed, in mammals, 60 to 80% of
the metabolites of histamine are derived from oxidative
deamination. Amine oxidases are involved in both routes.
They convert 1,4-methylhistamine to the corresponding
aldehyde and play a minor role in the conversion of hista-
mine to imidazole-acetaldehyde. Inhibitors of monoamine
oxidase could therefore interfere with either of these stages,
although the metabolism of 1,4-methylhistamine is the one
most likely to be affected since diamine oxidase is prima-
rily involved in the conversion of histamine to imidazole-
acetaldehyde (113). Percentage recovery of histamine and
its metabolites in the urine 12 hours after intradermal 
14C-histamine administration in human males indicated that
the majority of the radioactivity was recovered as 
N-methylimidazole acetic acid (42–47%), followed by imi-
dazole acetic acid conjugated with ribose (16–23%), as imi-
dazole acetic acid (9–11%), as N-methylhistamine (4–8%),
and as histamine (2–3%) (211).

DAO is a non-selective enzyme and also oxidizes
putrescine and cadaverine. In fact, histamine is not the
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favored substrate of DAO, being deaminated at about 
one-third the rate of putrescine and cadaverine. Histamine 
N-methyl transferase (HMT) is very selective for hista-
mine and requires S-adenosylmethionine as a methyl
donor (183).

Several studies were undertaken to assess the potential
inhibitory effect of various chemicals on histamine metab-
olizing enzymes. Taylor and Lieber (181) investigated 37
chemicals and observed that seven strongly inhibited rat
jejunal mucosa HMT, while eight inhibited DAO. The most
potent inhibitors of HMT activity were tyramine (99%),
phenylethylamine (99%), tryptamine (98%), octopamine
(94%), agmatine (87%), aminoguanidine (81%), and nico-
tine (78%), whereas cadaverine, indole, tartrazine, theo-
phylline, thiamin, and trimethylamine gave intermediate
levels of inhibition. The most potent inhibitors of DAO
activity were aminoguanidine (100%), anserine (100%),
carnosine (100%), histamine (99%), agmatine (97%), thi-
amin (92%), cadaverine (87%), and tyramine (77%).
Caffeine, hypoxanthin, indole, 1-methylhistidine,
phenylethylamine, piperazine, spermidine, spermine,

synephrine, theobromine, theophylline, tryptamine, and
xanthine gave intermediate levels of DAO inhibition.

Acidic but not basic drugs are rapidly absorbed from
the stomach. This is because the gastric mucosa is selec-
tively permeable to undissociated forms of drugs.
Consequently, basic substances such as histamine, sero-
tonin, or tyramine present in foods would be ionized at the
acid pH of the stomach and therefore not absorbed
whereas in the duodenum and distal gut the alkaline pH
would convert them to the un-ionized form which is lipid
soluble and more easily absorbed. Once the amines have
crossed the intestinal wall, they are carried in the portal
blood to the liver and then to the lungs before having
access to the systemic circuit (113).

Putrescine and cadaverine are oxidatively deaminated
by the reaction of DAO (EC 1.4.3.6). DAO converts
putrescine yielding 4-aminobutyraldehyde after cycliza-
tion to form ∆1-pyrroline, with the release of ammonia and
hydrogen peroxide (Figure 13.7). Cadaverine is converted
via oxidation and cyclization to the 6-membered piperi-
dine ring of anabasine and other alkaloids (62).
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The polyamine oxidases (PAO) are specific for
polyamines, and they have FAD as a cofactor (59).
Polyamine oxidases degrade spermidine and spermine via
the oxidative cleavage at the secondary amino group (153).
Degradation of spermidine by PAO yields  ∆1-pyrroline,
1,3-diaminopropane, and hydrogen peroxide, while sper-
mine oxidation yields 1,3-aminopropylpyrroline along with
diaminopropane and hydrogen peroxide. Diaminopropane
can originate β-alanine (62, 168, 202).

The 4-aminobutyraldehyde formed by the oxidation
of putrescine and spermidine can be further oxidized to 
4-aminobutyric acid (GABA) by a NAD-dependent pyrro-
line dehydrogenase (4-aminobutyraldehyde dehydroge-
nase, 4ABD). This enzyme has been found where DAO or
PAO activity is present. The product of this reaction,
GABA, can be transaminated and the resulting succinic
acid incorporated into the Krebs cycle (Figure 13.7). This
metabolic sequence can account for the complete recy-
cling of the carbon and nitrogen from di/polyamines. It
may also explain the fact that, in at least some cases, di-
and polyamines can be used as organic nitrogen sources
by some cells (59, 202).

It has been demonstrated that there is a conversion of
spermine and spermidine back into putrescine. The enzy-
matic reaction of such a reversal pathway has been 

established; it involves two enzymes acting sequentially,
spermidine/spermine N-1-acetyltransferase (SAT; EC
2.3.1.57) and polyamine oxidase (PAO, EC 1.5.3.11) (57).

The amounts of polyamines reaching the body are dif-
ferent for individual polyamines. One hour after rats were
intubated with 14C-labeled putrescine, only 29–39% of the
label was found as polyamines, with 11–15% remaining
as putrescine. Spermidine and spermine were better con-
served: 79% of spermidine and 72–74% of spermine were
recovered in the original form. If conversion to the other
two natural polyamines is also taken into account,
87–96% of the radioactive spermidine and 79–82% of
spermine was conserved in polyamine form (10). Since
spermidine and spermine are better preserved for further
utilization in the body, they are considered the right
polyamines to be absorbed from foods.

Catabolism of histamine or tyramine can also be
achieved by bacteria. Tyramine oxidase from Sarcina lutea
was observed to oxidatively deaminate tyramine in the
presence of oxygen and to form p-hydroxyphenyl-
acetaldehyde, ammonia, and hydrogen peroxide.
Aspergillus niger and Trichosporon sp. possess amine oxi-
dases that oxidize a wide range of primary amines.
Numerous bacteria possess diamine oxidase and are able
to degrade histamine, including Pseudomonas aeruginosa,
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E. coli, Proteus vulgaris, Serratia flava, and Clostridium
feseri. In the intestine of man, E. coli and E. aerogenes are
capable of acetylating histamine (124, 139).

V. TOXICOLOGICAL ASPECTS

Amines in foods do not usually represent any health haz-
ard to individuals unless excessive amounts are ingested
or the natural mechanism for their catabolism is geneti-
cally deficient or impaired by diseases or pharmacological
agents (45, 139). Individuals with respiratory and coro-
nary problems, hypertension, or vitamin B12 deficiency
are at risk because they are sensitive to lower amounts of
amines. Men with gastrointestinal problems (gastritis, irri-
table bowel syndrome, Crohn’s disease, stomach, and
colonic ulcers) are also at risk since the activity of oxi-
dases in their intestines is usually lower than that in
healthy individuals. Patients taking medication that are
inhibitors of MAO, DAO, and PAO activity can also be
affected, as such drugs prevent amine catabolism. These
MAO and DAO inhibitors are used for the treatment of
stress, depression, Alzheimer’s and Parkinson’s diseases,
pulmonary tuberculosis, malaria, panic syndrome, and
social phobia (60, 61).

Bioactive amines have been implicated as the
causative agents in a number of food poisoning episodes
(Table 13.3), particularly histamine and tyramine toxicity
(158, 177). Tryptamine and phenylethylamine are associ-
ated with migraine (87). Furthermore, the importance of
polyamines in tumor growth is widely recognized (9, 137).

The most frequent food-borne intoxication caused by
amines involves histamine. Histamine intoxication is also
referred to as “scombroid poisoning” due to its association
with the consumption of scombroid fish; however, non-
scombroid fish, cheese, and other foods have also been
implicated in some cases (173). The disease manifests sev-
eral minutes to a few hours after ingestion of the histamine
containing food (79). At first, a flushing of the face and
neck is usually observed, accompanied by a feeling of heat
and general discomfort. Often it is followed by an intense
throbbing headache. Other symptoms may be cardiac pal-
pitations, dizziness, faintness, thirst, swelling of the lips,
urticaria, rapid and weak pulse, and gastrointestinal com-
plaints (abdominal cramps, nausea, diarrhea). However,
the most common symptoms are rash, diarrhea, sweating,
and headache. In severe cases, bronchospasms, suffocation
and severe respiratory distress are reported. Recovery is
usually complete within 8 h (12, 139, 158, 165).

Bioactive Amines 13-13

TABLE 13.3
Toxic Effects of Bioactive Amines

Toxic Effects Amines Involved Food Associated Symptoms

Histamine Histamine Scombroid fish: tuna, bonito, Gastrointestinal: nausea, vomiting, diarrhea,
intoxication (toxic effect is potentiated by mackerel, skipjack, abdominal cramps
or putrescine, cadaverine, spermine, herring Neurological: throbbing headache, palpitation,
scombroid tryptamine, tyramine, Other fish: sardines, flushing, burning throat, itching, rapid 
poisoning phenylethylamine, ethanol) anchovy, mahi-mahi and weak pulse, dizziness, faintness, tingling

Cheese: Swiss, Gouda, Hemodynamic: hypotension, capillary dillatation
Cheddar, Gruyere, Cheshire; Cutaneous: rash, urticaria, edema, localized 

Sauerkraut; sausage; wine inflamation
Severe cases: bronchospasms, suffocation,

severe respiratory distress
Tyramine Tyramine Cheese Headache, fever, increased blood pressure,

intoxication Beer vomiting, perspiration, pupils and palpebral 
Wine tissue dilatation, salivation, lacrimation,

increased respiration, palpitation, dyspnea
Cheese reaction1 Tyramine Cheese: Gouda, Swiss, Hypertensive crisis, severe headache, cerebral 

or 2-phenylethylamine Gruyere, Cheddar hemorrhage, neuronal sequel, cardiac failure,
hypertensive crisis Beer, wine, yeast extract, pulmonary edema, visual alterations,
(associated with Chocolate, pickled herring, palpitation, nausea, sweat, vomit, muscle 
patients under Dry sausage, broad beans contractions, excitation, mental confusion,
MAOI drugs) high blood pressure, fever, perspiration

Migraine Tyramine Cheese Throbbing headache, migraine attack
2-phenylethylamine Chocolate
tryptamine Beer
serotonin Wine

Increased growth Spermine Meat Increased growth of tumors
hyperplasia spermidine

1 MAOI-monoaminoxidase inhibitors.

Source: Refs. 9, 139, and 177.



Cases of histamine intoxication have been reported in
the United States, Japan and United Kingdom. A few inci-
dents have also been reported in several other countries as
indicated in Table 13.4. However, outbreaks and cases of
histamine poisoning are often not reported since it is rela-
tively mild, has short duration and many patients do not
seek medical attention. Furthermore, many physicians
remain unaware of histamine poisoning and do not con-
sider it as a possible diagnosis. Even when medical atten-
tion is sought and a correct diagnosis is made, only a few
countries keep official records of incidents (177).
Therefore, it would be safe to assume that the true inci-
dence of histamine poisoning is unknown.

Fish incriminated in outbreaks of histamine poison-
ing included scombroid (tuna, bonito, mackerel, skipjack,
albacore, bluefin tuna, herring and saury) and non-scom-
broid fish (mahi-mahi, sardines, pilchards, herring, blue-
fish, jack mackerel, anchovies, kahawai, black and
striped marlin), which contained high histamine levels
(12, 139). Misidentification of the fish involved in out-
breaks may occur on occasion due to different common

names used in different places. The type of fish con-
sumed, the method of harvesting, and the consumption
patterns are important factors in determining the likeli-
hood of histamine poisoning (177).

Cases of cheese-related histamine poisoning were
also reported. The first case was reported in the
Netherlands in 1967 and was associated with Gouda
cheese. Since then, several cases have been reported after
consumption of Gouda, Swiss, Gruyere, Cheddar, and
Cheshire cheeses (158, 173, 177, 180). Other foods have
also been implicated in incidents of histamine poisoning,
among them chicken, sauerkraut, and ham. Fermented
foods and proteinaceous foods subject to spoilage are par-
ticularly likely to contain large amounts of histamine.
Sauerkraut, yeast extract, wine, and fermented, dry
sausages can, on occasion, have sufficient histamine lev-
els to cause a toxic response if enough quantities are con-
sumed (66, 139, 177).

Outbreaks of histamine poisoning have also been
observed in patients on antituberculosis therapy. Such out-
breaks were associated with interaction of fish or cheese
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TABLE 13.4
Histamine Poisoning Episodes in Different Countries

Country Years No. of Outbreaks No. of Cases* Implicated Foods*

Canada 1975–1981 6 Fish (tuna, mahi-mahi, mackerel)
Cheese (cheddar)

Denmark 1976–1982 33 – Tuna, mackerel
1993–1998 13 – –

Finland 1993–1998 9 � 772 –
France 1980–1983 10 � 500 Fish (albacore, tuna, sardines, herring)

Cheese (Gruyere)
Meat (ham)

1993–1997 38 – –
Germany 1971–1982 Fish (mackerel, sardine, tuna)

Sauerkraut
Japan 1950–1954 14 1215 Dried saury, canned mackerel, Iwashi

sakuraboshi, frigate tuna
1970–1980 42 4122 Fish (tuna, mackerel, sardine, dorado,

marlin, kamaboko, anchovy)
Chicken

The Netherlands 1967 Gouda cheese
New Zealand 1973–1975 Skipjack tuna, mackerel, kahawai, kingfish, trumpeter fish
Sweden 1993–1998 4 12 –
United 1976–1982 136 439 Mackerel, bonito, sprats, pilchard, sardine, tuna,

Kingdom anchovy, kipper, gefilte fish
1987–1996 105 405 Tuna, mackerel, salmon

United States 1968–1981 110 888 Fish (tuna, mahi-mahi, mackerel, bonito, albacore, jack,
of America blue fish, snapper, kumu, skipjack, yellow tail, anchovy)

Cheese (Swiss)
1973–1987 202 1216 Finfish
1988–1998 5 31 Tuna, mahi-mahi, yellow fin tuna, yellow tail

* Information not available.

Source: Refs. 15, 31, 152, 177, and 212.



containing high histamine levels with isoniazid and other
nicotinamide derivatives (154, 179).

Marley and Blackwell (113) reported that following
intravenous injection of 0.1 mg of histamine phosphate,
facial flushing, pulse quickening, fall in the blood pres-
sure and rise in cerebrospinal fluid pressure occurs within
20 seconds and the onset of histamine headache occurs 
1 min after injection. They also reported that less than 
225 mg of histamine taken orally usually does not pro-
duce symptoms, although susceptible subjects (allergy,
asthma, or peptic ulcers) might be adversely affected by
smaller quantities. According to Taylor (177), some mild
effects of histamine poisoning were observed in humans
by orally administrating 100 to 180 mg of histamine in
combination with good quality tuna. The paradox
between the lack of toxicity of pure histamine and the
apparent toxicity of smaller doses in fish or cheese could
explain the existence of potentiators of histamine toxicity.
These compounds would act to decrease the threshold
dose of histamine needed to provoke an adverse reaction.
They would enable absorption of amounts of histamine
larger than could be achieved in their absence.

Two hypotheses have been used to justify the effect of
potentiators on histamine poisoning: barrier disruption
and inhibition of histamine metabolizing enzymes (179).
In the first hypothesis, potentiators would interfere with
the protective actions of intestinal mucin, which binds to
histamine and prevents its passage across the intestinal
wall. According to Chu and Bjeldanes (37) and Shalaby
(158), such compounds are spermine, spermidine, cadav-
erine, and putrescine.

In the case of inhibition of histamine metabolizing
enzymes, potentiators would inhibit DAO or HMT. DAO
is not selective towards histamine but also oxidizes other
diamines. Inhibitors of DAO include agmatine, cadaver-
ine, tyramine, putrescine, phenylethylamine, anserine,
carnosine, thiamin, semicarbazide, carbonyl reagents,
imidazole derivatives, and the pharmacological agents:
aminoguanidine and isoniazid (79, 139, 154, 183). Many
antihistaminic drugs are DAO inhibitors. Some inhibitors
of MAO are also somewhat effective as DAO inhibitors
(177). The inhibitors of HMT include agmatine, tyramine,
cadaverine, putrescine, tryptamine, and phenylethylamine
(183). This enzyme is also inhibited by antimalarial drugs,
among them, quinacrine, chloroquin, and amodiaquin (79,
173, 177). According to Hui and Taylor (79), amines were
less potent inhibitors of DAO and HMT, compared to
pharmacological compounds.

The toxic effect of histamine can also be potentiated
by the presence of ethanol, which potentiates the effect of
amines by directly or indirectly inhibiting amine oxidase
(69, 138).

The threshold toxic dose for histamine in foods is not
precisely known since the existence of potentiators could
dramatically influence it. Based on experience acquired in

the investigation of hundreds of histamine poisoning inci-
dents, the U.S. Food and Drug Administration established
10 mg/100 g as the hazard action level for histamine in
tuna (56).

Tyramine is the second type of amine involved in intox-
ication. When foods containing high tyramine levels are
ingested, large amounts of non-metabolized tyramine can
reach the blood stream. This causes release of noradrena-
line from the sympathetic nervous system, leading to a
variety of physiological reactions (Table 13.3). There is an
increase in blood pressure by peripheral vasoconstriction
and by increasing the cardiac output (87, 158). Tyramine
can also dilate the pupils and the palpebral tissue, cause
lacrimation, salivation, fever, vomit, and headache, and
increase respiration and blood sugar (51, 60, 87, 113, 115).
When consuming foods rich in tyramine, about 30% of
individuals with classical migraine can have headaches.
These tyramine-sensitive patients appear to suffer from a
deficiency of the enzyme responsible for the formation of
the sulfate conjugate of tyramine (42).

Ingestion of foods rich in tyramine by individuals
under MAOI treatment results in a dangerous illness
known as “cheese reaction.” Such a name was given since
most of the cases involved cheese. However, it is not the
only type of food incriminated, since cases have also been
reported with yeast extracts (marmite), pickled herring,
dry sausage, alcoholic beverages, broad beans, chicken
liver, beer, among others (60, 68, 87, 113). Cheese reac-
tion consists in a hypertensive crisis, usually accompanied
by severe headache. The attacks last from 10 minutes to 6
hours, during which hypertension and headache fluctuate.
There can be visual alterations, nausea, vomit, muscle
contraction, mental confusion, or excitation. Neck stiff-
ness and photophobia can occur. Chest pain simulating
angina pectoria, acute heart failure, pulmonary edema,
neuronal sequel, and cerebral hemorrhage have also been
described. Fatal incidents have been reported in the liter-
ature (60, 61, 87, 113, 158).

MAOI drugs have been widely used due to their effi-
cacy in the treatment of malaria, tuberculosis, depression,
atypical depression, social phobia, panic and anxiety syn-
dromes, bulimia, Parkinson’s and Alzheimer’s (60, 94,
139). They include antidepressants, antihypertensive,
antimicrobial, and antineoplastic drugs, among them isoni-
azid, tranylcypromine, isocarboxazid, pargyline,
phenelzine, procarbazine, furazolidone, moclobemide, and
ipronazide (87, 113, 115, 165). In order to prevent hyper-
tensive attacks when prescribing these drugs, it is necessary
to warn patients to avoid foods containing tyramine (42, 60,
139, 165). Foods that require absolute restriction on an
MAOI regimen include aged cheese, smoked or pickled
fish, cured or spoiled meat, yeast extract, marmite, sauer-
kraut, and broad beans. Foods that should be avoided unless
tyramine contents are known are red wine, meat extracts,
soy sauce, dry sausage, and draft beer (60, 64, 115).
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In man, 20–80 mg of tyramine injected intravenously
or subcutaneously causes a marked elevation of blood
pressure. In individuals on MAOI, as little as 6 mg taken
orally within a 4 h period can be deleterious (139, 176).

Tryptamine has pharmacological action similar to tyra-
mine. High levels of tryptamine can exert direct effect on
smooth muscles, cause headache, and increase blood pres-
sure by constriction of the vascular system (87, 139, 165).

Phenylethylamine, like tyramine, causes an increase in
blood pressure by liberating noradrenaline from tissue
stores. Phenylethylamine may be the precipitant of migraine
headache (87, 139, 165). Levels of 3 mg of phenylethy-
lamine cause migraine headaches in susceptible individuals.
Migraine has been observed about 12 h after ingestion of
chocolate which contained phenylethylamine. Chocolate
has also been implicated in a well-documented hypertensive
attack in a patient taking the MAOI pargyline (139).

Even though putrescine and cadaverine have less
pharmacological activity than the aromatic amines, after
ingestion of very large amounts of these compounds, toxic
effects can be observed. Intoxication symptoms reported
are hypotension, bradycardia, dyspnea, lockjaw, and pare-
sis of the extremities. However, the most important con-
sequence of these compounds in food is probably the
potentiation effect of the toxicity of other amines (66, 87).

Serotonin has been widely discussed as a possible
cause of migraine headache, but the evidence is not clear.
High levels in foods have been responsible for intestinal
discomfort and fibrosis of the myocardium. Serotonin is a
powerful vasoconstrictor and vasopressor when 1 mg is
injected, but an oral dose of 20 mg has no effect. Although
there are no definite reports of intoxication due to sero-
tonin, elevated levels of its metabolites are biochemical
signals of pheochromocytoma and malignant carcinoid.
Therefore, plant products rich in serotonin like banana,
pineapple, fig, walnut, and tomato should be excluded
from the diet before attempting to diagnose carcinoid
tumor (139, 165).

High spermine levels can cause kidney toxicity, and
can affect blood coagulation and pressure, heart beat, and
respiration (108).

Due to the diversity of the roles of polyamines in cellu-
lar metabolism and growth, rapidly growing tissues require
very large amounts of polyamines. Accordingly, the impor-
tance of putrescine, spermine, and spermidine in tumor
growth is widely recognized, and the inhibition of
polyamine biosynthesis in tumor-bearing individuals is a
major target of cancer therapy research (9, 11, 137). The
capacity of tumor cells to synthesize polyamines by the
decarboxylation of ornithine is higher than that of non-
transformed tissues (10). Polyamines also have an effect on
the non-specific immune system specialized in tumor
killing, on the plasma concentration of interleukin-1 and 
-6, and on the tumor necrosis factor concentration (54).
Polyamines absorbed from exogenous sources, mainly

food, and the gastrointestinal tract, also play an important
role in tumor growth (10).

In order to stop the formation of polyamines, the
enzyme ODC can be inhibited. Although DFMO is an
efficient and irreversible blocker of ODC, it does not com-
pletely stop growth as polyamines are also formed by
alternative routes. A polyamine deprivation regimen in
combination with polyamine oxidase and antibiotics suit-
able for the partial decontamination of the gastrointestinal
tract, have been shown to reduce growth of tumor and to
enhance the efficacy of chemotherapy (10, 54, 137).

Some amines can be nitrosated, or act as precursors for
compounds capable of forming nitrosamines, some of which
are carcinogenic to several species of animals. Putrescine and
cadaverine, upon heating, can be converted to pyrrolidine
and piperidine, respectively, from which N-nitrosopyrroli-
dine and N-nitrosopiperidine are formed upon heating and
reaction with nitrite or nitric oxide (158). Spermidine, sper-
mine, and agmatine can also react with nitrite to form
nitrosamines in foods or in vivo in the gastrointestinal tract
over a wide range of biological and environmental conditions
(68, 74). A reaction product of tyramine and nitrite, 3-diazo-
tyramine, induced oral cavity cancer in rats (47).

The determination of the exact toxicity threshold of
amines is extremely difficult. The toxic dose is dependent
on the efficiency of the detoxification mechanism of dif-
ferent individuals. Upper limits of 10 mg of histamine, 10
mg of tyramine, and 3 mg of 2-phenylethylamine in 100 g
of foods have been suggested (74). In the case of alcoholic
beverages the proposed limits are 2 to 8 mg of histamine
and 8 mg tyramine per liter. However, ingestion of foods
containing 6 mg of tyramine can cause migraine and 10 to
25 mg can cause hypertensive crisis in individuals taking
MAOI drugs (35, 60).

Til et al. (186) investigated the acute and subacute
toxicity of five amines in Wistar rats. The approximate
LD50 values observed were as follows. Tyramine and
cadaverine showed the lowest acute toxicity of more than
2000 mg/kg body weight. The approximate LD50 of
putrescine was 2000 mg/kg, while spermidine and sper-
mine showed the highest acute toxicity, namely 600
mg/kg body weight. The no-observed-adverse-effect level
(NOAEL) was 2000 ppm (180 mg/kg body weight/day)
for tyramine, cadaverine, and putrescine, 1000 ppm 
(83 mg/kg body weight/day) for spermidine, and 200 ppm
(19 mg/kg body weight/day) for spermine.

VI. OCCURRENCE OF AMINES IN FOODS

Bioactive amines are inherent to living organisms and,
therefore, are present in plants, meat, and dairy products.
The amount and type of amines in foods depend on the
nature and origin of the commodity. However, they can
change during production, processing, fermentation, and
storage. It can also be affected by hygienic conditions.
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Amines are resistant to heat treatment employed in food
processing. Based on these findings, amines have been
considered good indicators of the freshness, spoilage, and
of the degree of quality of fresh and processed food prod-
ucts, reflecting the quality of the raw material used and of
hygienic conditions prevalent during processing.

It is evident that all types of food, whether originated
from plants or animals, contain putrescine, spermine, and
spermidine. In addition to these most common com-
pounds, other amines may also occur naturally. During
fermentation or spoilage, spermine content can decrease,
because it can be used as a nitrogen source by some
microorganisms. There is also formation and accumula-
tion of different types of biogenic amines.

Much still remains unknown about the concentration
of amines in food products. Most data available relate to
specific amines, mainly histamine and tyramine in fish,
cheese, meat, and alcoholic beverages. Comprehensive
studies on the levels of all amines are useful from the tox-
icological, sensorial, and technological points of view.
Recent work has focused on the role of polyamines in
plant physiology and also on animal health and growth.
However, bioactive amines is obviously an area deserving
further detailed investigation.

A. FRUITS AND VEGETABLES

The polyamines spermidine and spermine occur ubiqui-
tously in the plant kingdom, together with their diamine
precursor putrescine. Polyamines are required for normal
development and can be used as organic nitrogen sources.
Work on higher plants suggests that polyamines play a crit-
ical role in several processes, among them, root growth,
somatic embryogenesis, control of intracellular pH, flower
and fruit development, and response to abiotic stress, such
as potassium deficiency, osmotic shock, drought, and
pathogen infection. They are also important in the synthe-
sis of secondary metabolites of biological interest, for
example, nicotine and alkaloids (59, 129, 168, 202).

A relation has been found between the synthesis of
polyamines and the inhibition of ethylene biosynthesis.
This has been interpreted as a result of metabolic compe-
tition by the same precursor, i.e., S-adenosylmethionine.
Furthermore, polyamines can scavenge free radicals
involved in the conversion of 1-aminocyclopropane-1-car-
boxylic acid to ethylene. Therefore, exogenous applica-
tion of polyamines to delay fruit ripening has been
proposed and used with promising results (55, 95).

Polyamines are associated with cell walls and cell
membranes. They modulate pectinesterase and bind to
pectin, delaying fruit softening and senescence (93, 99).
The firming effect of the polyamines is similar to that of
calcium chloride, and may be due to its ability to bind to
cell walls and membranes, stabilizing them, or by making
cell walls less accessible to wall-softening enzymes 

(93, 135). Another hypothesis is that polyamines inhibit
the action of enzymes involved in softening or wall degra-
dation. For instance, Kramer et al. (93) found polyamines
to have inhibitory effect on polygalacturonase extracted
from apples that had been inoculated with fungus.
Exogenous application of polyamines to microsomal
membranes resulted in a reduction in fluidity at the mem-
brane surface through association of the polyamines with
membrane lipid. Polyamines can also delay membrane
deterioration by interaction with anionic components of
the membrane and stabilizing the bilayer surface. The rad-
ical scavenging properties of polyamines have also been
suggested to be involved in protecting membranes from
lipid peroxidation and other oxidative stresses (70).

In higher plants, polyamines occur in the free form,
electrostatically bound to negatively charged molecules or
conjugated to small molecules, such as cinnamic acids, e.g.,
p-coumaric, ferulic, and caffeic acids, resulting in hydrox-
ycinnamic acid amides (HACCs). These compounds have
been implicated in a variety of plant growth and develop-
mental processes. More recently, HACCs have begun to
attract renewed attention with several studies suggesting an
important role in plant responses to pathogens (202).

Besides the polyamines spermidine, spermine, and
putrescine, other amines are also naturally present in fruits
and vegetables, among them phenylethylamine, serotonin,
tryptamine, histamine, cadaverine, agmatine, adrenaline,
noradrenaline, octopamine, synephrine, agmatine, and
aliphatic amines. Some amines may have a protective role
in deterring predators. Serotonin is one of the active prin-
ciples that occurs in the stinging hairs of Mucuna pruriens,
Girardinia heterophylla, and Urtica spp. (167). Histamine
occurs in stings of Jatropha urens and Urtica dioica (166).
Some amine conjugates are important as antifungal and
antiviral agents. Some aliphatic amines simulate the smell
of rotting meat, thereby attracting pollinating insects (165,
167). Some amines are quite important as precursors of
compounds of biological significance. For instance, the
plant hormones indol-3-yl-acetic acid (IAA) and pheny-
lacetic acid are derived from tryptamine and phenylethy-
lamine, respectively. The tryptamines are also precursors
of the tricyclic beta-carboline alkaloids formed by conden-
sation with one or two carbon moiety (42, 167).

Aliphatic volatile amines are widespread in food
plants. In the late 1960s and early 1970s several studies
were conducted to identify these compounds. Dimethy-
lamine, ethylamine, propylamine, isopropylamine, and
butylamine were found in most of the products analyzed,
among them apple, banana, potato, cocoa, coffee, oat,
soybean, and tea. Other amines detected included hexy-
lamine in apple, isoamylamine in banana and cocoa, eth-
ylmethylamine in coffee, trimethylamine in cocoa and tea,
and triethylamine in cocoa (108, 165).

The occurrence of bioactive amines in different fruits
and vegetables is indicated in Table 13.5. Tyramine has been
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TABLE 13.5
Occurrence of Amines in Fruits and Vegetables

Common Name Amine Present Reference

Almond PHM 165
Apple DM, E, P, B, HX, IP, PUT, SPD 11, 165
Apricot SRT 42
Avocado TYM, DOP, SRT 40, 139, 165, 188
Banana DM, E, IB, IA, PR, TYM, DOP, NADR, SRT, OCT, TRM, HIM, PHM, SRT, PUT, SPD 2, 40, 42, 159, 165, 188, 210
Barley DM, E, IB, IA, TYM, HOR, TRM, SRT, GRA 165, 167
Bean (sprout) SPD, SPN, PUT, CAD, HIM 172
Bean (red, kidney) PUT, SPD, SPN 11
Beet (leaf) DOP, HIM, PHM 125, 165
Bell pepper OCT 210
Broccoli SPD, SPN, AGM, PUT 172
Cabbage PHM, PUT, SPD, SPN 11, 125
Cabbage, Chinese SPD, SPN, PUT, HIM, TYM 163
Cabbage, red PHM 125
Calamondin SYN 165
Capers SPD, AGM, PUT 172
Carrots PHM, PUT, SPD, SPN 11, 125
Cassava SPD, PUT 172
Cauliflower SPD, SPN, AGM, PUT, PHM 11, 125, 172
Cherry SRT 42
Citrange TYM, SYN 165
Cocoa DM, TM, E, TE, B, IB, IA, TYM, TRM, SRT, PHM 42, 86, 165
Coffee DM, EM, E, P, IB, SRT 38, 165
Collard greens SPD, SPN, AGM, PUT 199
Cucumber PUT, SPD, SPN 11
Date SRT 165
Eggplant TYM, TRM, SRT, SPD, SPN, PUT, HIM 42, 141, 159, 188
Elderberry TYM 210
Endive SPD, SPN, PUT, TYM 163
Fig SRT 165
Grapefruit PUT 11
Green beans PUT, SPD, SPN 11
Green gram (seed) TYM 165
Green onion SPD, SPN, AGM, PUT, TYM 172
Hearts of palm SPD, SPN, PUT 172
Hop HIM, GRA, HOR 165
“Jilo” SPD, SPN, AGM, PUT, HIM, TYM 172
Kale PHM 125
Lemon TYM, SYN, OCT 42, 165
Lettuce PUT, SPD 11
Lettuce, American SPD, PUT, AGM 39
Lettuce, iceberg SPD, SPN, PUT, TYM 163
Maize TYM, HIM, PHM 165
Mandarin OCT, SYN 42
Millet (seed) TYM, HOR 165
Oat DM, E, P, IP, B, IB, A 165
Onion PUT, SPD, SPN 11
Orange TYM, OCT, SYN, NADR, TRM, OCT, PUT, SPD 11, 40, 42
Parsley SPD, SPN, PUT, TYM 172
Passion fruit SRT 165
Papaya SRT 165
Peach SRT 42
Pears PUT, SPD, SPN 11
Peas PUT, SPD, SPN 11
Pineapple TYM, SRT 42, 165

(continued)



detected in cabbage, lettuce, chicory, radish, tomato, potato,
green onion, spinach, eggplant, elderberry, avocado, banana,
plum, grapes, raspberry, pineapple, orange, lemon, and tan-
gerine (40, 115, 188). Other phenolic amines such as
octopamine and synephrine occur in citrus. Octopamine was
also found in banana (165). Histamine has been found in
cabbage, eggplant, tomato, beet, and spinach. Tryptamine
was reported in tomato, eggplant, barley, orange, plum, and
watermelon (59, 164, 188). Cadaverine is naturally found
only in plants of the Leguminosae family (168, 172).
Phenylethylamine was detected in beet, cabbage, cauli-
flower, rhubarb, carrots, radish, maize, and banana (165).
Serotonin has been most frequently reported in banana,
plantain, pineapple, plum, peach, avocado, tomato, apricot,
eggplant, coffee, and walnut (40, 59, 188, 197). Due to the
specific occurrence of bioactive amines in the plant king-
dom, they have been used as a tool for taxonomic studies.
However, some of them can also be formed by decarboxy-
lases from contaminant microorganisms (59, 168, 172).

Most of the studies on polyamines in fruits and veg-
etables were performed recently, in the last decade. It is
well known that spermidine is the prevalent amine fol-
lowed by putrescine. Most fruits and vegetables contain
only small amounts of polyamines; however soybean and
chicory were found to contain the largest amounts (130).

As indicated in Table 13.6, very few studies investi-
gated several amines simultaneously in fruits and vegeta-
bles. Therefore, information is still lacking on the levels
of amines and on the influence of many factors including

plant species and variety, type of tissue, conditions of
growth, stage of development, degree of ripening, pro-
cessing, and storage conditions (164, 188).

The tyramine content of fruits is generally low.
Raspberries contain the highest reported levels, averaging
4.8 mg/100 g. Similar levels have been found in ripe
banana pulp. Red plum, orange, and avocado contain
between 0.6 and 2.3 mg/100 g, but most fruits contain 
0.1 mg/100 g or less (42). With a few exceptions, fruits and
vegetables contain very low levels of histamine. Histamine
concentration in fresh tomatoes and maize is less than 
0.4 mg/100 g, while levels in spinach and eggplant vary
from 3 to 6 mg/100 g. Baking reduced histamine content
in spinach and eggplant. Fresh fruits and vegetables gener-
ally contain less than 1 mg of phenylethylamine per 100 g.
The highest level (4 mg/100 g) was found in swede. It was
also reported in grapes (42, 125). The tryptamine content
of plants has been reported to be less than 0.5 mg/100 g in
several fruits and vegetables (42). Synephrine is most
prevalent in citrus fruits. The juices of tangerines and
Cleopatra mandarins contain 13 and 28 mg/100 mL,
respectively, while orange and lemon juice contain 1.9
mg/100 g (42, 210). Generally, low quantities of
octopamine have been detected in orange, lemon, tanger-
ine (0.1 mg/100 g), mandarin (0.2 mg/100 g), and banana,
with similar levels reported in their juices. Octopamine has
been reported in bell pepper at levels of 23.4 mg/100 g
(210). Serotonin has been detected in some fruits at levels
of 0.1 to 0.2 mg/100 g in papaya, 0.1 to 0.4 mg/100 g in
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TABLE 13.5 (Continued)

Common Name Amine Present Reference

Potato TYM, TRM, DOP, NADR, DE, P, IB, PUT, SPD, SPN 11, 42, 165, 188
Plantain SRT 113
Plum TYM, NADR, TRM, SRT 40, 42, 165, 188
Purslane DOP, NADR 165
Radicchio SPD, SPN, PUT, TYM 163
Radish PHM, PUT, SPD, SPN 11, 125
Raspberry TYM 40, 165
Rhubarb PHM 125
Rice PUT, SPD, SPN 10
Soybean DM, EM, E, P, IB, PUT, SPD, SPN 11, 165
Spinach SPD, PHM, AGM, PUT, HIM, TYM, DOP 125, 159, 165, 172, 188
Swede PHM 125
Tangerine TYM, HOR, OCT, SYN 42, 165, 210
Taro TYM 165
Tea PHM, DM, TM, E, P, IB, IA 165
Temple TYM, OCT, SYN 165
Tomato TYM, TRM, SRT, HIM, SPD, PUT, HIM 11, 42, 159, 165, 167, 172, 188
Walnut SRT, TYM 165, 210
Watermelon TRM 165

A=amylamine, ADR=adrenaline, AGM=agmatine, B=butylamine, CAD=cadaverine, DE=diethylamine, DM=dimethylamine, DOP=dopamine, E=eth-
ylamine, EM=ethylmethylamine, GRA=gramine, HIM=histamine, HOR=hordenine, HX=hexilamine, IA=isoamylamine, IB=isobutylamine, IP=iso-
propylamine, NADR=noradrenaline, OCT=octopamine, P=propylamine, PHM=phenylethylamine, PR=propanolamine, PUT=putrescine,
SPD=spermidine, SPN=spermine, SRT=serotonin, SYN=synephrine, TE=triethylamine, TM=trimethylamine, TRM=triptamine, TYM=tyramine.
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passion fruit, 1.0–1.2 mg/100 g in avocado and fig, 1.2 to
7.8 mg/100 g in pineapple and banana. The serotonin con-
tent in plantain is substantially higher. Banana peel con-
tains higher serotonin levels than the pulp (3, 165, 188).
Serotonin has also been detected in green and roasted cof-
fee. Green beans of Coffea arabica L. cv red catuaí con-
tained 0.94 mg/100 g of serotonin, while American 
(300 °C/6 min) and French (300 °C/12 min) roasted beans
contained 0.16 and 0.29 mg/100 g, respectively (38).

Spermidine levels are high in tissues undergoing
growth and in seeds, which are responsible for the preser-
vation of the specie (59, 168, 172). Studies by Starling
(172) corroborated this distribution pattern of spermidine in
vegetables of the Solanaceae family. Moreover, this inves-
tigator detected higher histamine levels in the peel of these
vegetables, which reinforces their role as plants protectors.

Studies on the influence of polyamines during devel-
opment of fruits such as avocado, mandarin, apple,
tomato, pear, pepper, litchi, and olive, revealed peak lev-
els of putrescine and spermidine and rapid cell prolifera-
tion during early stages of growth and, then, decreasing
values as the fruits grow and become ripe (129, 141, 155,
187). However, different results were observed during
eggplant development and ripening (141). The serotonin
content in bananas is affected by the degree of ripening.
As the fruit ripens, serotonin in the peel increases steadily
while in the pulp it increases and then decreases (188,
197). However, the levels of serotonin and putrescine
decreased as the fruit changed from ripe to over-ripe (3).

Changes in bioactive amine levels and profiles at pre-
harvest stage have been reported in response to various
kinds of stress, including those from water (39, 204), min-
eral deficiency (13, 168), acid, herbicide, ozone-caused
damages (41), osmotic shock, temperature or altitude varia-
tion (165), and chilling injury (129, 203). These reports have
demonstrated that most of the stress conditions resulted in
an increase of polyamine levels, particularly putrescine.

In a variety of fruits and vegetables, chilling injury is
manifested by significant increases in polyamine levels.
Putrescine accumulated in different products exposed to
chilling temperature, among them lemon (116, 190), broc-
coli (129), grapefruit, pepper (116), and zucchini squash
(92, 156, 203). Chilling injury caused a decrease of sper-
midine and spermine levels in zucchini squash (92, 156),
but an increase of spermidine in peaches (191).
Pretreatment of zucchini squash with CO2 alleviated chill-
ing injury and caused a smaller increase in putrescine
(156). Infiltration of zucchini squash with spermidine
prior to storage at 2.5 °C was efficient in reducing chilling
injury (92). Acording to Serrano et al. (156) polyamines
can prevent chilling injury by protecting membrane lipids
from peroxidation.

Many researchers studied the relationship between
food freshness and amine levels. In this respect, bioactive
amines may be indicators of the freshness and quality of

fruits and vegetables. During storage at 5 °C for 6 days,
total amine content increased in Chinese cabbage from 2.0
to 3.4 mg/100 g, in chicory from 1.5 to 2.1 mg/100 g, in ice-
berg lettuce from 1.4 to 2.4 mg/100 g, and in radishes from
1.9 to 2.6 mg/100 g fresh weight. Among the amines
detected, only putrescine concentration markedly and con-
tinuously increased during storage. Putrescine levels
increased 3- to 8-fold depending on the type of vegetable.
Spermidine and tyramine contents varied randomly and
probably resulted from endogenous plant cell metabolism.
The total bacterial numbers reached a maximum of 4 � 107

CFU/g at the end of storage, with Enterobacteriaceae rep-
resenting ca 90 to 99% of the total microbial population. A
relationship was established between Enterobacteriaceae
population and putrescine concentration (164). Storage
temperature affected markedly putrescine and spermidine
contents of broccoli buds packed in polyethylene pouches.
Spermidine levels decreased with storage time; however, at
2 °C the rate was slower compared to 23 °C. At 2 °C there
was a significant increase in putrescine levels, whereas at
23 °C the levels decreased (129).

There is evidence that direct application of
polyamines can have beneficial effects on the shelf life of
fruits. During controlled atmosphere storage of apples,
reduced rates of softening correlated with increased levels
of endogenous polyamines (93). Pressure infiltration of
polyamines caused an immediate increase in apple firm-
ness and a decrease in softening rate at 0 °C. In addition,
vacuum infiltration of polyamines in tomatoes resulted in
firmer fruits than water-infiltrated ones (135).

The exogenous application of putrescine was shown to
increase fruit firmness and to retard softening during stor-
age (135, 205). However, vacuum-infiltrated spermine and
spermidine (10 mM or 100 mM) significantly increased
firmness of strawberry slices, whereas putrescine was not
as effective. The greater ability of spermidine and spermine
to bind isolated polysaccharides may explain why
putrescine was less effective at increasing firmness of
strawberry slices than spermidine and spermine at the same
concentrations (93, 135).

Processed vegetables usually contain higher biogenic
amine levels compared to the fresh product (90). During
processing, the incorporation of ingredients can alter amine
profile and levels. Furthermore, microorganisms with
amino acid decarboxylase activity can be introduced either
by addition of starter cultures or by contamination (74).
Cocoa beans contain relatively low quantities of
phenylethylamine and tyramine. During fermentation there
was an increase in the levels of these amines, while roast-
ing increased phenylethylamine levels substantially (42,
86). During coffee roasting there was a significant change
in amine profile with total loss of putrescine and spermine,
and decrease of spermidine and serotonin levels (38).

During germination of legume grains, protein is syn-
thesized rapidly and increased levels of polyamines are
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expected. Furthermore, there is development of biogenic
amines due to physiological changes in the tissues during
sprouting and/or the activity of bacterial decarboxylase
enzymes. The warm and moist environment is conducive to
the rapid proliferation of microorganisms including
Enterobacteriaceae and Pseudomonas spp., known to pro-
duce amino acid decarboxylases. During germination of
Phaseolus mungo, putrescine content sharply increased,
spermine levels decreased, and spermidine fluctuated,
resulting in an overall increase in polyamines. The increase
of putrescine levels was also observed in the germination of
pea and maize, in bean and soybean seedlings, and in lentil
sprouts (157, 162).

B. FERMENTED BEVERAGES

Bioactive amines are among the major factors determining
the quality of fermented beverages such as wine and beer
(151). High amine levels can make the product unfit for
consumption due to toxicological aspects. Furthermore,
amines can also be significant in terms of aroma and flavor.
In general, a weakening of the flavor impression is attrib-
uted to amines, whereby an unpleasant, bitter aftertaste has
been noted and described as off-taste in wine and mousy in
beer (45). Although tyramine and histamine are the major
amines investigated in fermented products, several different
amines have been detected. The types and concentrations of
amines in fermented beverages vary widely (Table 13.7).

The origin of bioactive amines in wines is still a matter
of controversy. Some amines are normal constituents of
grapes with amounts varying with variety, soil type and
composition, fertilization and climatic conditions during
growth, and degree of maturation. Putrescine and spermi-
dine are usually abundant in grapes, whereas agmatine,
cadaverine, spermine, histamine, tyramine, and phenylethy-
lamine have been found in small amounts (69, 73, 131, 151,
198). Lower amine levels in grapes were observed to be
formed in cooler and rainier seasons (151). The degree of
maturity of grapes is important since nitrogen content in the
pulp is two to five times higher in ripened grapes (216).

Several amines can be formed and accumulate during
wine making, among them putrescine, tyramine, histamine,
and phenylethylamine, while spermidine levels decrease
(73, 151). Reports are contradictory on the origin of bio-
genic amine during wine making. According to Vidal-
Carou et al. (198), there was a slight formation of tyramine
and no histamine formation during alcoholic fermentation
of Spanish wines. On the contrary, Buteau et al. (25) found
histamine production during alcoholic fermentation.
However, in these studies there was no control of the micro-
bial population present in the must; therefore, the formation
of amines could not be attributed solely to the yeast.

Most researchers attribute the formation of biogenic
amines, especially tyramine and histamine, to the action of
bacteria involved in malolactic fermentation (25, 170, 198).

The rates of formation and the levels of amines accumu-
lated vary widely according to the type of microorganisms
and vinification practices. One evidence of amine forma-
tion during malolactic fermentation was reported by
Soufleros et al. (170). During malolactic fermentation car-
ried out by indigenous lactic acid bacteria, amino acid con-
centrations decreased significantly while biogenic amines
increased. Another evidence was the negative correlation
with malic and citric acids content (146). Delfini (44) com-
pared the ability of several strains of Leuconostoc spp.,
Lactobacillus spp., and Pediococcus spp. to produce hista-
mine, and observed that Pediococcus damnosus (P. cere-
visiae) could produce significant amounts of histamine
while Leuconostoc oenos (O. oeni) strains were poor pro-
ducers of biogenic amines. Lafon-Lafoucade (96) sug-
gested that histamine build-up occurred mainly as a result
of bacteria growth in poor media. Lonvaud-Funel & Joyeux
(105) showed that histamine production by O. oeni was
stimulated in media without glucose or malic acid and
depended particularly on the histidine concentration. Under
those conditions, histidine decarboxylation contributed an
additional energy source for the bacteria as already demon-
strated for other microorganisms (120). Moreno-Arribas 
et al. (122) isolated Lactobacillus brevis and L. hilgardii
capable of tyramine and phenylethylamine formation from
wines containing high amine levels. They observed that the
factors affecting tyramine formation were tyrosine levels in
the must and also the presence of sugars, mainly glucose.
However, malolatic fermentation does not necessarily
result in the formation of biogenic amines (198).

Biogenic amines can also be formed in wine by the
action of contaminant microorganisms, e.g., enteric bacte-
ria. In this case, formation of amines has been related to
the lack of hygiene during wine making. Based on this
assumption, histamine alone or together with other
amines can be an indicator of the quality of raw materials
employed or unsanitary conditions prevailing during wine
production (25, 170, 198).

Other factors during the vinification process can
affect amine formation, among them must treatment,
length of fermentation in the presence of pulp and skin,
alcohol content, sulfur dioxide concentration, added nutri-
ents, pH, temperature, use of proteolytic enzymes, length
of maturation or aging step, and quantity and type of fin-
ings and clarification agents (6, 25, 69, 73, 98, 102, 151,
169, 171, 194, 198, 216).

According to Battaglia and Frolich (14), concentra-
tions of 5 mg/L of histamine may provoke headache after
the consumption of 0.5 L of wine. Therefore, the content
of bioactive amines in wines may be regulated in the future
following the implemented regulations by FDA for fish
(56). Moreover, some countries have established limits for
histamine in wines. Switzerland recommends 10 mg/L as
maximum level, Germany 2 mg/L, Belgium 5 mg/L, and
France 8 mg/L (97).
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The types and levels of amines detected in beers are
indicated in Table 13.7. Agmatine and putrescine were
often detected in beer, being the prevalent amines.
Spermidine, spermine, cadaverine, histamine, tryptamine,
and phenylethylamine occurred sporadically (68, 83).
Kriek and spontaneous fermentation beers showed the
highest histamine and tyramine levels (83). Amine levels
in beers varied widely, being affected mainly by raw
materials, brewing techniques, and microbial contamina-
tion during brewing (45, 85, 215).

Some amines at low levels are normal constituents of
the raw materials for beer production, such as putrescine,
agmatine, and spermidine. Malt can contribute significantly
to amine contents in wort and beer. High levels of
putrescine, agmatine, spermine, and spermidine and low
levels of histamine, phenylethylamine, tryptamine, and
cadaverine are usually found in malt. Tyramine, putrescine,
spermine, spermidine, and agmatine have been detected in
barley. Relatively high levels of tyramine, phenylethy-
lamine, putrescine, spermine, spermidine, and agmatine
have been detected in hops; however, its contribution to
amine levels in the beer is not significant since the amount
used is very small. The use of judicious choice of adjuncts
(corn syrup, corn, wheat, barley, or rice) could result in
lower amine levels. Rice was observed to be useful in

reducing biogenic amines levels in worts and beers 
(68, 84, 89, 166, 215).

During beer production and storage several amines can
be formed and accumulate. The formation of amines during
brewing occurs principally during main fermentation (89).
High amine production has also been observed during malt-
ing (84). During mashing and wort boiling, some amines
such as tyramine and agmatine can accumulate. Their for-
mation is attributed to thermal amino acid decarboxylation
and possibly to enzymatic activity in the malt (45, 84).
Acidified compared to original wort showed increased
amine levels (45). During fermentation, Saccharomyces
uvarum, a top or ale yeast, and Saccharomyces cereviase
var. uvarum, a bottom or lager yeast, did not produce hista-
mine or tyramine (85, 215). Saccharomyces cereviase var.
uvarum recycling with phosphoric acid treatment did not
influence biogenic amine formation (82).

During fermentation, wort contamination by amino
acid decarboxylase bacteria such as lactic acid bacteria,
might occur, leading to the formation of biogenic amines,
mainly histamine, tyramine, tryptamine, phenylethy-
lamine, and cadaverine (45, 83, 215). Therefore, biogenic
amines could be associated with hygienic conditions dur-
ing brewing (32, 45, 68, 82, 215). Lactobacillus brevis was
responsible for tyramine and putrescine production in wort
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TABLE 13.7
Types and Levels of Bioactive Amine in Wines and Beers

Range of Amine Levels (mg/L)1

(number of samples) SPD SPN AGM PUT CAD HIM TYM TRM PHM

WINE
Pinot noir (36) nd–2.35 nd–2.38 nd–8.37 2.43–203 nd–2.07 nd–23.98 nd–8.31 nd–5.51 nd–0.89
Cabernet

Sauvignon (53) nd–4.03 nd–1.17 nd–1.61 3.15–23.6 nd–1.51 nd–10.10 nd–7.53 nd nd–1.37
Cabernet Franc (30) 0.07–0.30 nd nd 0.77–1.43 nd nd–1.37 0.30–0.83 nd 0.17–0.50
Merlot (30) 0.03–0.23 nd nd 0.97–1.10 nd 0.07–1.67 0.33–0.50 nd 0.20–1.13
Bordeaux (25) — — — 4.03 0.88 4.91 7.31 — —
Canadian

Red wines (26) — — — 2.19 0.32 3.66 4.27 — —
White wines (12) — — — 1.25 nd 1.86 nd — —
Porto wines (17) — — — 3.33 0.23 3.48 2.17 — —

BEER
Lager (46) nd–6.00 nd–1.41 2.10–46.8 0.85–9.80 0.15–2.60 nd–0.90 0.30–3.10 nd–0.80 nd–0.70
Ale (18) — — 1.10–15.7 2.60–9.70 nd–4.20 0.50–2.00 1.90–17.4 — —
Stout (10) 0.31–1.38 nd–2.05 2.80–16.8 1.99–5.84 0.30–1.37 nd–0.85 0.48–36.8 nd–10.1 nd–0.69
Ice (5) 0.60–0.80 nd–0.30 3.20–4.00 3.90–4.50 0.10–0.20 nd 0.70–1.40 nd nd
Bock (23) 0.25–2.10 nd–1.73 4.80–35.1 1.55–6.30 0.15–1.72 nd–1.46 0.81–5.05 nd–3.50 nd–1.72
Non-alcoholic (7) 1.35–2.30 nd–1.20 6.35–8.59 2.30–4.95 nd–0.50 nd–0.62 0.60–3.30 nd–1.41 nd–0.32
Kriek (9) — — 1.10–3.40 3.50–5.10 1.90–15.2 1.60–14.0 6.70–36.4 — —
Spontaneous

fermentation (12) — — 1.00–18.8 2.80–15.2 0.40–39.9 nd–21.6 0.8–67.6 — —

1 nd=not detected; —=not determined. SPD=spermidine, SPN=spermine, AGM=agmatine, PUT=putrescine, CAD=cadaverine, HIM=histamine,
TYM=tyramine, TRM=tryptamine, PHM=phenylethylamine.

Source: Refs. 68, 69, 83, 171, and 216.
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fermented with a top-fermenting yeast (215). Pediococcus
spp. produced tyramine during beer fermentation and the
amount produced depended on the contaminants counts
(84). Experiments with beer spoilage microorganisms
showed that Lactobacillus frigidus, L. brevissimilis, L. bre-
vis, and L. casei produced higher amine levels compared to
L. plantarum, L. lindneri, and Pediococcus damnosus.
Moreover, commercial samples with lactobacillus contam-
ination, had higher levels and different amine profiles (45).
Wort contamination with Enterobacter agglomerans,
E. cloacae, E. intermedium, and Serratia marcescens pro-
duced increased levels of putrescine and cadaverine. Wort
contaminated with Serratia marcescens incubated at 27 °C
produced higher amine levels compared to 6 °C (65).
Therefore, biogenic amines could be used as indicators of
microbial contamination.

C. MILK AND DAIRY PRODUCTS

The types and levels of bioactive amines found in milk
and dairy products are indicated in Table 13.8. In general,
amine content in milk and dairy products is quite low,

except for cheeses which can contain very high levels.
Polyamines are naturally present in cow’s milk. Spermine
is the prevalent amine (34%), followed by putrescine
(17%), spermidine (15%), and agmatine (3%) (11, 150).
Serotonin and phenylethylamine were also detected in
fresh milk corresponding to 16 and 15% of total amine
levels, respectively (150). In reconstituted powdered milk
(149), UHT milk (4), and yogurt (128) the amine profile
changed, keeping similar total levels. There was loss of
spermine and putrescine. Cadaverine, which is not inher-
ent to milk, was also detected. Its presence could be cor-
related with Enterobacteriaceae counts, suggesting
contamination of the product during processing (112).

A variety of amines has been found in different types
of cheese (Table 13.8). In general, spermine and spermi-
dine are present at low levels. The levels of other types of
amines vary widely, depending on the cheese, ripening
time or aging, and type of microorganisms present.
However, high histamine and tyramine levels have been
reported in several types of cheese (81, 173, 189).

Cheeses represent an ideal environment for biogenic
amine production. Whether or not amines accumulate and
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TABLE 13.8
Types and Levels of Bioactive Amines in Milk and Dairy Products

Range of Amine Levels (mg/100 g)1

Product SPD SPN AGM PUT CAD HIM TYM TRM PHM SRT

MILK2

Fresh 0.01–0.16 0.13–0.26 nd–0.03 nd–0.21 nd nd nd nd 0.04–0.17 nd–0.28
Powdered 0.21–0.29 0.07–0.10 0.59–0.64 nd 0.03–0.04 nd nd nd nd nd
UHT 0.05–0.13 0.07–0.15 nd 0.04–0.08 0.02–0.08 nd nd nd nd nd–0.39

YOGURT2 nd–0.04 nd–0.02 nd–0.04 nd nd–0.03 nd nd nd nd —

CHEESE
Blue cheese — — — 9.6–23.7 42.3–227 nd–409 2.2–166 nd–110 — —
Camembert — — — nd–60.5 nd–118 nd–48.0 2.30–200 nd–6.00 nd —
Cheddar — — — nd–99.6 nd–40.8 nd–154 nd–153 nd–30 — —
Feta — — — 0.16–19.3 0.03–8.28 nd–8.46 nd–24.6 0.22–0.57 0.08–0.70 —
Gorgonzola 0.13–3.23 0.07–0.55 nd–1.79 1.2–124 5.8–428 1 .7–191 8.9–255 2.4–43 0.07–1.03 nd–1.81
Gouda nd–1.35 nd–1.13 nd–1.34 nd–107 nd–99.5 nd–30.5 nd–67 nd–88 nd–1.92 nd–3.04
Grated nd–1.23 0.07–0.80 nd–1.41 nd–6.30 0.07–13.4 nd–8.80 nd–21.3 nd–0.34 nd–1.98 nd–1.27
Minas nd–2.10 0.07–2.58 nd–0.04 nd–2.64 nd–0.30 nd–2.50 nd nd–0.72 nd–0.64 nd–0.31
Mozzarella nd–1.06 nd–1.31 nd–0.13 nd–1.37 nd–2.34 nd–11.3 nd–1.56 nd–0.35 nd–0.26 nd–0.47
Parmesan nd–0.15 0.07–0.09 nd nd–1.36 nd–0.25 nd–27.2 nd–29 nd–1.70 nd–0.04 nd–0.23
Processed nd nd–10.0 — nd–6.00 nd–12.0 nd nd–16.0 nd nd–40.0 —
Provolone nd–2.38 0.07–0.97 nd–0.18 nd–8.17 nd–111 nd–6.04 nd–0.44 nd–1.08 nd–1.40 nd–1.40
Swiss — — — — — nd–250 nd–180 nd–1.60 — —
Montasio

60 days — — — 0.06–1.01 0.02–0.40 0.55–1.82 0.21–3.51 0.01–0.36 0.07–0.44 —
90 days — — — 0.06–3.84 0.07–1.00 1.63–6.43 1.32–8.63 0.02–0.23 0.04–1.97 —
150 days — — — 12.9–110 0.50–3.02 10.1–37.8 12.8–37.4 0.18–0.81 0.77–2.00 —

1 nd=not detectable; ––=not determined. SPD=spermidine, SPN=spermine, AGM=agmatine, PUT=putrescine, CAD=cadaverine, HIM=histamine,
TYM=tyramine, TRM=tryptamine, PHM=phenylethylamine, SRT=serotonin.
2 Unit=mg/L.

Source: Refs. 4, 11, 81, 128, 149, 150, 173, 189, and 192.



persist in cheese depends on a number of factors.
Biogenic amine formation can be affected by the avail-
ability of free amino acids and the presence of microor-
ganisms, both added or contaminant, capable of amino
acids decarboxylation. Conditions favorable for microbial
growth and decarboxylase activity are also important, e.g.,
pH, salt concentration, temperature, water activity, ripen-
ing temperature and time, storage temperature, presence
of suitable cofactors, and amine catabolism by means of
mono- and diaminoxidase (51, 58, 72, 143, 173, 189).

Cheese is a protein-rich food, and amino acid is
mainly brought about by the action of proteolytic
enzymes from the starter and the rennet which contribute
to the breakdown of casein (87). Amino acid decarboxy-
lating enzymes show optimum activity at acid pH as a
mechanism of environment neutralization against an
excessive pH decrease which is incompatible with the
bacteria’s growth. The pH of cheese, 5.0–6.5, is the opti-
mum range for most decarboxylase activity (5, 51, 143).
The production of histamine and other biogenic amines is
accelerated by high temperatures during production and
manufacture of cheese (51, 87, 173). The increase in the
concentration of salt can decrease amine formation, but
salt-tolerant, amine-producing bacteria need to be con-
trolled (51, 87, 143, 173, 175). The cofactor piridoxal
phosphate, necessary for decarboxylase activity mainly
over tyrosine, lysine, and ornithine, is present in milk and
cheese at levels of 42 to 215 µg/100 g, which is sufficient
to saturate the decarboxylases required for amine produc-
tion (51, 143). However, there can be a decrease in bio-
genic amine levels due to catabolic activity of some
microorganisms. Bacteria capable of metabolizing hista-
mine (Pseudomonas aeruginosa, Escherichia coli,
Proteus vulgaris, Serratia flava, Clostridium feseri) and
tyramine (Sarcina lutea, Aspergillus niger, Trichosporum
spp.) have been reported in the literature (139, 143). 

Numerous bacteria, both intentional (starter cultures)
and adventitious, have been reported as being capable of
amine production at levels depending on bacterial densi-
ties and synergistic effects between microorganisms (81).
The decarboxylase-positive microorganisms can be part
of the natural population of the milk, or can be introduced
as starter culture or by contamination, before and during
cheese making and after processing. According to Joosten
and Northold (88), it is necessary to have densities of 107

to 109 CFU/g in order to produce high concentrations of
amines.

The hygienic quality of milk is very important in the
formation of biogenic amines in cheese (143, 173). Cheese
made with milk of poor microbial quality contains higher
amine levels than cheese made with high quality milk 
(5, 87, 133). Among contaminating microorganisms,
Enterococcus ssp. are notorious tyramine formers.
Enterococcus faecalis was associated with considerable
production of biogenic amines including phenylethylamine

(126). Enterobacteriaceae species, even at low densities,
have been observed to produce and accumulate histamine,
tyramine, putrescine, cadaverine, and phenylethylamine
(51, 88, 112, 126, 173). Clostridium can produce histamine,
tryptamine, and tyramine (51). Gram-negative microorgan-
isms can increase the concentrations of putrescine and
cadaverine in cheese (87, 112, 133).

According to Fernández-García et al. (58) and Greif 
et al. (72), lactic starter cultures used in the production of
cheese can be an important critical point in the production
of biogenic amines. The production of acid is the first
manifestation of their growth. A second major change is
the alteration of proteins. Starter cultures hydrolyze pro-
teins and increase free amino acids levels which can be
used for their growth (143). Several starter cultures have
been observed to possess amino acid decarboxylase activ-
ity (87, 173). According to Straub et al. (174), several fer-
mentation organisms failed to produce amines in
phosphate buffer. However, in milk, Lactobacillus ssp.
play a major role in histamine, tyramine, and putrescine
accumulation. Various species of Lactobacillus produce
histamine, e.g., L. bulgaricus, L. casei, L. acidophilus (51,
133, 173). Lactococcus lactis was observed to produce
histamine, tyramine, and tryptamine (33). Wild lactococ-
cal and leuconostoc strains were capable of tyramine for-
mation (71). According to González de Llano et al. (71),
Halász et al. (74), and Straub et al. (174), the amine form-
ing ability should be taken into account when selecting
starter cultures.

The influence of temperature, rennet, and NaCl on
bioactive amines formation in milk by a commercial
starter culture containing Lactococcus lactis ssp. cremoris
and L. lactis ssp. lactis was investigated by Santos et al.
(149). Sterilized reconstituted dry milk was inoculated
with 1% culture in the presence or not of rennet and NaCl
and incubated at 20 and 32 °C/24 h. There was a change
in the levels of amines natural to milk. Histamine, sero-
tonin, phenylethylamine, and tryptamine were also
formed. Tyramine was only formed at 32 °C. Addition of
rennet favored the formation of putrescine, tyramine, and
tryptamine. Incorporation of NaCl in the milk for cheese
manufacture decreased agmatine, spermidine, putrescine,
histamine, and tyramine levels. By decreasing incubation
temperature and adding NaCl, it was possible to minimize
bioactive amine formation.

Pasteurization of milk can affect amine formation in
cheese. In cheeses made from pasteurized milk, decar-
boxylase-positive bacteria usually remain at low levels,
with reduced risk of biogenic amine formation even if the
substrate is enriched in free amino acids by proteolytic
enzymes. However, in cheeses made from raw milk,
where a considerable population of decarboxylase-posi-
tive lactic acid bacteria is more likely to occur, formation
of biogenic amines was enhanced by the higher levels of 
free amino acids (58). Pasteurization can be alternatively
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achieved by high pressure treatment of milk. Besides
destroying pathogenic flora of milk, cheese made with
high-pressure-treated milk ripens faster as it promotes
higher proteolysis, without increasing levels of biogenic
amines (128).

Another factor that may affect amine formation during
cheese manufacture is the aging process. Tyramine concen-
tration increased in Gouda cheese from milk with added
tyrosine or with proteolysis faster than normal (87). Indeed,
incorporation of proteinases to accelerate the ripening
process of raw milk Hispanico cheese resulted in higher
tyramine concentration, which increased with cheese age.
However, it did not affect histamine formation (58). The
longer the aging process, the higher the content of some bio-
genic amines as indicated for Montasio cheese (Table 13.8).

Although it is very difficult to elaborate cheese free of
biogenic amines, efforts should be made to elucidate
amine formation in cheese in order to optimize technology
and secure low amine levels, mainly of the most dangerous
ones (143). Use of raw material of good hygienic quality,
pasteurization of cheese milk, use of hygienic practices
during manufacture, prevention of temperature abuse
throughout production, and selection of starters with low
decarboxylase activity are measures to avoid the accumu-
lation of these undesirable compounds (126, 127, 189).

D. FISH

Small amounts of bioactive amines occur naturally in fish
(Table 13.9). Under normal physiological conditions, fish
muscle contains high levels of spermine and spermidine
and low levels of histamine and putrescine (9, 68, 118).

Several factors have been observed to affect amine lev-
els in fish. Fish-to-fish and seasonal variations are observed
due to genetics, environment, sex, physiological stage, and
tissue sampled (1, 43, 53, 117, 195). Scombroid fish, such
as tuna, bonito, mackerel, yellowfin, and bluefin, are par-
ticularly susceptible to histamine formation as they contain
large amounts of free histidine (7, 31, 177). However, fish
from other families (Scomberesocidae, Pomatomidae,
Coryhaenidae, Carangidae, Clupeidae, and Engraulidae)
are also susceptible. Data are contradictory with respect to
both histidine and histamine levels in light and dark mus-
cles (7, 68, 208). However, no significant difference in bio-
genic amines levels was found between samples from
different parts along the light muscle of Thunnus thynnus
and upper and lower loin light muscles of T. alalunga,
respectively (68, 195).

The microbial flora of the fish also plays an important
role in the formation of amines. However, it may be tran-
sient, varying with the environment, diet and hygienic
conditions during capture, handling, processing, and stor-
age (29). Several species, either natural or contaminant,
are capable of producing histamine, such as Morganella
morganii, Klebsiella pneumonia, K. oxytoca, Hafnia

alvei, Clostridium perfringens, Lactobacillus delbrueckii,
Escherichia coli, Citrobacter freundii, Enterobacter cloa-
cae, E. aerogenes, E. agglomerans, Proteus mirabilis, P.
vulgaris, Serratia liquefaciens, Acinetobacter lwoffi,
Pseudomonas putrefaciens, P. putida, P. fluorescens,
Vibrio alginolyticus, and Aeromonas hydrophyla (1, 7, 23,
103, 117, 142, 195, 214). However, Morganella morganii,
Hafnia alvei, and Klebsiella pneumoniae are the main his-
tamine-producing bacteria which have been isolated from
fish implicated in histamine poisoning outbreaks (177).

Other factors that influence the levels of amines in fish
include place of capture, air, water and fish temperature,
post-capture handling practices, chilling and freezing sys-
tems and rates, and storage conditions (7, 56, 68, 136).
Several handling techniques have been used in commercial
fishery. According to Dawood et al. (43) and Hardy and
Smith (75), eviscerated fish contained lower concentrations
of amines than whole samples. However, Price et al. (136)
did not find significant differences in the quality and hista-
mine levels of round, bled, or dressed albacore. Several
investigations have demonstrated that storage temperature
is a critical factor influencing histamine and other amine
formation in fish muscle (49, 67, 182, 195). According to
Ababouch et al. (1), freshly caught sardines contained high
levels of bacteria located on the skin and the gills. These
bacteria invaded and grew rapidly in sardine muscle, reach-
ing 5 � 108 and 6 � 108 cfu/g, respectively, after 24 h at
room temperature and 8 days in ice. Histamine, cadaverine,
and putrescine accumulated to levels of 235, 105, and 
30 mg/100 g, respectively, after 24 h storage at room tem-
perature and after 8 days storage in ice. The requirement for
rapid and uninterrupted refrigeration after catch can never
be over-emphasized. The United States Food and Drug
Administration (FDA) established a guidance level for his-
tamine in fish at the dock or before processing of 
5 mg/100g. The FDA also states that rapid chilling of fish
immediately after catch is the most important strategy to
limit histamine formation. The internal temperature of the
fish should be brought to 10 °C or below within 6 hours of
death. Chilling from 10 to 4.4 °C or less should not take
longer than 18 hours. Any time above 4 °C significantly
reduces the expected safe shelf life (56).

Studies have indicated that the levels of spermine and
spermidine decrease and those of putrescine and hista-
mine increase during storage and deterioration of fish
such as tuna, rainbow trout, salmon, sardine and some
fresh water fish, e.g., snapper, carp, catfish, “tambaqui,”
“lambari,” and “tilápia” (23, 43, 67, 118). There is also
formation and accumulation of cadaverine, tyramine,
tryptamine, and phenylethylamine. The rates of change,
however, are affected by storage temperature, pH, oxygen,
nutrients presents, incorporation of additives, and packag-
ing system (1, 23, 117, 118, 142, 195, 207). Studies on the
influence of temperature on histamine formation by
Morganella morganii and Hafnia alvei, prolific histamine

Bioactive Amines 13-27



formers, indicated that at 1 °C, no histamine was formed,
whereas at 19 and 30 °C, the highest levels were found
(7). Veciana-Nogués et al. (195) investigated the influence
of temperature on bioactive amine formation in tuna and
observed similar evolution profile at the three tempera-
tures, although the highest amounts were achieved in sam-
ples stored at the higher temperature. There was a great
increase in histamine followed by cadaverine. Formation
of histamine, tyramine, and cadaverine were related to
mesophilic microorganisms, Enterobacteriaceae, and col-
iforms. According to Du et al. (49), as histamine levels
exceeded 5 mg/100 g in tuna fillets stored at 4, 10, and 
22 °C, the total bacterial counts reached 107 cfu/g and the
histamine producers reached 102 to 103 cfu/g. Histamine
production by Klebsiella pneumonia was reduced as the
concentration of NaCl increased, with marked inhibition
occurring at 5.5% NaCl (184). Use of antimicrobial
agents may provide an additional impediment to bacterial
histamine production. Potassium sorbate at a concentra-
tion of 0.5% inhibited growth and histamine production
by selected strains of Morganella morganii and K. pneu-
monia (182). Sodium chloride at 1% stimulated amine
formation; however, levels above 3% or 2% combined
with 0.5% clove completely inhibited growth and amine

production by Enterobacter aerogenes in mackerel broth
(209). Vacuum packaging did not show any beneficial
effect in controlling bacterial growth and histamine pro-
duction on tuna samples (207). Canning of fish does not
affect significantly histamine levels. However, significant
losses are observed for spermine, putrescine, and tyra-
mine and accumulation for phenylethylamine (68, 80).

Based on the changes observed in bioactive amines,
Mietz and Karmas (118) proposed a chemical index to eval-
uate the quality of tuna. It is calculated by the sum of the lev-
els of putrescine, histamine, and cadaverine divided by the
sum of spermine and spermidine added by 1. Nominal cut-
off values were 0 to 1 for good quality, 1 to 10 for border-
line, and higher than 10 for decomposed tuna fish. This
index compared favorably to sensory and authentic pack
value scores. It was considered adequate to evaluate the qual-
ity or freshness of tuna and other types of fish and seafood,
among them salmon, rockfish, snapper, lobster, and shrimp
(119). In some species of fish, the presence of tyramine can
also be detected during storage and deterioration. Based on
these findings, Veciana-Nogués et al. (195) proposed for the
quality assessment of tuna the use of an index calculated
from the sum of the contents of histamine, tyramine, cadav-
erine, and putrescine. According to these authors, it showed
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TABLE 13.9
Mean Levels of Bioactive Amines in Different Tissues of Tuna, in Tuna of Different Quality
and in Tuna Affected by Storage Temperature and Canning

Mean Amine Level (mg/100 g)1

Fish SPD SPN PUT CAD HIM TYM PHM

ALBACORE TUNA
light muscle

upper loin 0.26b 0.68 0.22 0.13 nd nd nd
lower loin 0.25b 1.21 0.14 0.11 nd nd nd

dark muscle 0.79a 2.5 0.06 0.07 nd nd nd

TUNA FISH
good 0.44 0.95 0.12 0.15 0.38 — —
borderline 0.36 0.67 0.23 1.03 2.36 — —
decomposed 0.07 0.12 0.25 1.93 25.3 — —

TUNA
fresh — — 0.04 0.02 nd nd nd
0 °C/21 days — — 0.52 2.44 10.8 1.38 nd
8 °C/9 days — — 1.11 5.62 368 3.25 0.69
20 °C/3 days — — 0.45 10.84 687 1.71 0.81

ALBACORE TUNA
before canning 0.43 0.73a 0.20a 0.06 0.07b 0.04a 0.01b
after caning 0.49 0.35b 0.09b 0.04 0.11a 0.00b 0.24a

1 nd–not detectable, —=not determined. Mean values with different letter in the same group differ statistically (p < 0.05,
Tukey test). SPD=spermidine, SPN=spermine, PUT=putrescine, CAD=cadaverine, HIM=histamine, TYM=tyramine,
PHM=phenylethylamine.

Source: Refs. 68, 118, and 195.



good correlation with both storage time and organoleptic
assessment and the level of 5 mg/100 g could be a guiding
limit value for tuna and anchovy acceptance.

A maximum average histamine content of 10 mg/100 g
has been established by several countries and communities
(European Community and Mercosur) for acceptance of
canned tuna and other fish belonging to the Scombridae and
Scomberesocidae families (56). Because of the potentiating
effect of other amines on the toxic effect of histamine,
European regulation recommends the use of HPLC tech-
nique for the determination of the amines (107).

E. MEAT AND MEAT PRODUCTS

Spermine, spermidine, and putrescine occur naturally in
meat. Meat is very susceptible to chemical and physical
changes during storage of fresh meat or during processing
of meat products. It is also susceptible to proteolysis by
microorganisms and endogenous or microbial enzymes,
which can liberate amino acids. The biogenic amines his-
tamine, putrescine, tyramine, tryptamine, 2-phenylethy-
lamine, and cadaverine can, then, be formed (76, 102,
196). Since biogenic amines are metabolites of microbial
activity and are resistant to heat treatment (67, 102), they
have been considered to be a useful index of quality of
fresh and processed meat, reflecting the quality of the raw
material used and the hygienic conditions prevalent dur-
ing its processing. Amine levels in different types of fresh
and stored meat are indicated in Table 13.10. 

Immediately after slaughter, high levels of spermine
and spermidine and traces of putrescine and cadaverine
have been detected in red and white chicken meat.
Spermine is the prevalent amine contributing with 70% of
total amine levels. Low levels of histamine are also
detected in thighs. During storage at 4 � 1 °C, there was
a decrease in spermine, spermidine levels remained con-
stant, and putrescine, cadaverine, histamine, and tyramine
were formed. At 15 days, higher levels of amines were
found in breast compared to thigh. An index based on the
ratio of the polyamines spermidine/spermine levels was
considered appropriate for the evaluation of chicken meat
quality (161).

Amine types and levels detected in chicken-based
products, mortadella, frankfurters, sausage, meatballs,
hamburger, and nuggets varied widely, indicating that
ingredients added and processing affected amine profiles.
Nuggets were the only products with an amine profile sim-
ilar to that of fresh chicken meat. There was prevalence of
spermidine over spermine for most of the products, sug-
gesting the incorporation of significant amounts of veg-
etable protein in the formulations. Significantly higher
biogenic amine levels were observed in sausages, which
could indicate the use of low quality raw material or of
contamination during processing and storage (161).

In fresh pork meat, spermine was the prevalent amine
followed by low levels of spermidine and agmatine. No sig-
nificant difference was observed between loin and leg tis-
sues. During storage of pork loin at 5 � 1 °C, mean
spermine and spermidine levels remained constant, and
putrescine, cadaverine, and histamine were formed.
Cadaverine was detected on the 4th day of storage when
mesophilic and psychrotrophic counts reached 4.9 � 105

and 7.9 � 105 cfu/g, respectively. Putrescine and histamine
were detected only on the 12th day, with counts of 1.3 � 106

and 1.9 � 108 cfu/g for mesophilic and psychrotrophic
microorganisms, respectively (193). Small changes in sper-
mine and spermidine levels and formation and accumulation
of putrescine, cadaverine, histamine, and tyramine were also
observed by Hernández-Jover et al. (78). They suggested
that the sum of these four biogenic amines could be a useful
index to evaluate meat freshness, with values below 5 mg/kg
indicating high hygienic quality meat.

Spermine was also the prevalent amine in fresh beef,
followed by spermidine. Low levels of histamine were
also detected in some samples (30, 76). At 4 °C, vacuum-
packed beef had three times the shelf life of the unpacked
product and lower levels of histamine, putrescine, and
cadaverine (91).

Cooked meat products such as ham and mortadella
showed prevalence of spermine over spermidine as
observed for fresh meat; however, levels were lower com-
pared to fresh products due to dilution of meat with fat
and other ingredients used in the manufacturing process.
The levels of biogenic amines varied widely (76, 78).

Much higher amounts of biogenic amines have been
reported in dry fermented sausages. Tyramine was the
prevalent amine, followed by putrescine, but their con-
tents fluctuated widely. The presence of tryptamine and
phenylethylamine was found to be common in the major-
ity of the ripened products, although at low levels (28, 52,
76). Although the contents reported for certain amines are
occasionally higher than those reported for fish products,
there is still a lack of information on the incidence of his-
tamine and tyramine intoxication with these products.
However, sausages have been incriminated in migraine
headaches and in hypertensive crisis episodes (60, 76).

Production of dry sausages offers favorable conditions
for the formation of biogenic amines. There is growth of
microorganisms for several days, and a certain degree of
proteolysis takes place giving rise to the presence of free
amino acids, which favors amino acid decarboxylase activ-
ity. Furthermore, raw material quality, thawing conditions,
ripening temperature, and addition of a properly selected
starter culture can affect formation and accumulation of
biogenic amines. Therefore, these are important critical
control points in amine formation (18, 111).

Good quality raw material only contributes with 
spermine and spermidine to the sausage. However, high
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amounts of biogenic amines in sausages can be related to
the use of low hygienic quality meat (76, 77, 132). The
choice of good quality raw materials helps minimize the
number of amine-producing bacteria. Furthermore, bio-
genic amine formation may be affected by the thawing
time and storage temperature of raw material (110). Fresh
lean meat stored for 5 days at �20 °C maintained hygienic
quality and low tyramine, cadaverine, and putrescine con-
tent. However, when stored for 5 days at 4 °C, sausages
formed amines earlier and accumulated up to 50-fold
higher amounts. Storage temperatures of 15 °C, compared
to 4 °C, favored proteolytic and decarboxylase reactions,
resulting in increased amine concentration (20). Isolates
obtained from raw sausages showed histamine-forming
activity, most of them belonging to the Enterobacteriaceae
family, Klebsiella oxytoca, Enterobacter aerogenes, and 
E. cloacae (144).

Intense proteolysis takes place during the dry curing
process, mainly due to muscle proteinases (76).
Proteolysis during fermentation is favored by the denatu-
ration of proteins as a consequence of acidity, dehydra-
tion, and action of sodium chloride. The activity of
endogenous but also microbial proteases modifies the
composition of the non-protein nitrogen fraction, includ-
ing the production of free amino acids (18).

Dry sausages can be spontaneously fermented by wild
microbial flora. However, tyramine and putrescine are
usually produced and accumulated. The use and selection
of starter cultures can reduce the production of these and
other amines (77, 110). Starter culture shortens the fer-
mentation process and also reduces the growth of delete-
rious microorganisms (76). They usually consist of one or
several strains of lactic acid bacteria and the group of
catalase-positive cocci, including micrococci and staphy-
lococci, or a combination of both (18). Lactic acid pro-
duction by lactic acid bacteria has a preservative effect,
and facilitates the drying process, the development of the
typical curing color, and the cohesion of the sausages.
However, the production of biogenic amines in meat and
meat products has often been related to lactic acid bacte-
ria, Enterobacteriaceae and Pseudomonas. Micrococci
and staphylococci also contribute to sausage ripening by
enhancing the development of the characteristic flavor
and color. Catalase production protects against color
changes and rancidity, while nitrate and nitrite reductase
aid reddening and reduce residual nitrite content (21).

Several reports on the effect of different combinations
of starter cultures on biogenic amines formation and accu-
mulation in vitro and in sausage are available.
Staphylococcus carnosus and S. xylosus were considered
safe starter cultures according to their tyramine produc-
tion in vitro (114). However, S. carnosus was observed to
have a remarkable potential to form biogenic amines, but
not S. xylosus (174). Indeed, S. carnosus did not prevent

the formation of tyramine and phenylethylamine by con-
taminant lactic acid bacteria during sausage ripening
(110). Sausages made with S. carnosus and S. xylosus
showed strong proteolysis but had lower amounts of tyra-
mine compared to naturally fermented sausages (18).

The use of Lactobacillus sake, Pediococcus pen-
tosaceus, Staphylococcus carnosus, and S. xylosus inhib-
ited formation of putrescine but not tyramine during
ripening of Turkish “soudjoucks” (8). L. sakei and
Staphylococcus spp. drastically reduced tyramine, cadav-
erine, and putrescine accumulation (21, 22). L. curvatus
only attenuated tyramine content compared to L. sakei;
however, both were able to limit production of putrescine
and cadaverine and to prevent tryptamine and phenylethy-
lamine formation by the wild flora (22). Mixtures of
Pediococcus cereviseae and L. plantarum were unable to
produce significant levels of histamine and tyramine
(140). Histamine production was lower in sausage fer-
mented by mixed starter cultures of Lactobacillus plan-
tarum, Pediococcus acidolactici, and Micrococcus roseus
compared to those fermented by natural microflora (16).
Some strains of Enterococcus, L. curvatus, or S. carnosus
produced tyramine and phenylethylamine (121).

The technological conditions used to produce
sausages can also affect amine formation since they affect
the growth and activity of the microorganisms present.
The largest diameter contained higher amines levels than
thinner sausages. Histamine levels in “sobrasada” and
tyramine, histamine, putrescine, and cadaverine levels in
sausages were higher in the central part compared to the
edges (19, 196). The choice of optimal processing tem-
perature for the amine-negative starter culture is an impor-
tant critical control point in the formation and levels of
biogenic amines (111). Addition of glucono-delta-lactone
(GLD) to sausage causes a faster decrease in pH, stabi-
lizes the color, simplifies production, and suppresses
microorganisms which cause spoilage (streptococci, col-
iforms, and total plate counts), thereby decreasing signif-
icantly the levels of histamine and putrescine (109).
However, sausages produced with 0.3% GLD contained
higher histamine and tyramine levels and less acceptable
organoleptic evaluation (24). Moreover, tyramine degra-
dation by microorganisms with tyramine oxidase activity,
such as Micrococci during ripening, can be used (100).

A recommended upper limit of 10 to 20 mg/100 g for
histamine in meat products has been proposed by the
Netherlands Institute of Dairy Research and by the Czech
Republic (121, 185). A recommendation should be
extended for tyramine in meat products. Furthermore, the
addition of selected starter culture, the use of proper tech-
nological conditions favoring starter development, and the
utilization of raw materials with good hygienic quality
make it possible to produce fermented sausages nearly
free of biogenic amines (21).

Bioactive Amines 13-31
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I. INTRODUCTION

The appearance of foods, especially color, is one of the
major contributors to consumers’ food choices. Color level
also influences the sweetness and flavor of foods (1–3).
Pigments in plants are responsible for the coloration of
fruits and vegetables. Naturally occurring pigments from

plants are generally considered safe due to their presence
in edible plant materials and are exempt from the 
toxicological testing that synthetic dyes must undergo.
Consumers’ preferences are shifting from synthetic food
dyes to natural food colorants due to a perceived health
concern and potential health benefit of some pigments:
β-carotene is a nutrient precursor of vitamin A, chlorophyll



derivatives are potential chemo preventatives, lycopene is
associated with decreasing the risk of several types of can-
cer, and phenolic anthocyanins in wines have been impli-
cated in reducing heart disease (4, 5). 

Color perception of food is the result of the pigments’
ability to reflect or emit the electromagnetic spectrum of
light energy and stimulate the retina in eye. The majority
four pigments from plant foods can be classified into four
groups depending on their structures: chlorophylls
(tetrapyrroles), carotenoids (tetraterpenoids), anthocyanins
(O-heterocyclic), and betalains (N-heterocyclic) (4, 6).
Generally, chlorophylls and carotenoids are lipid-soluble
pigments and flavonoids and betalains are water-soluble
pigments (2). Chlorophylls are green pigments ubiqui-
tously found in photosynthetic tissues of higher plants.
Carotenoids are a large group of compounds that provide
yellow to red coloration in plants. Flavonoids, especially
anthocyanins, provide red, blue, and violet colors of many
fruits and vegetables. Betalains are responsible for the red
and yellow colors in beef root and amaranth (4, 7).

II. CHLOROPHYLL

Chlorophylls are present in green plants capable of photo-
synthesis. Chlorophylls are the most abundant pigments
among biologically produced pigments (8, 9). In foods,
chlorophylls are widely distributed in green leafy edible
plants and vegetables.

A. STRUCTURES OF PIGMENT AND ITS DERIVATIVES

Chlorophylls are derived from porphyrin complexed with
magnesium. The porphyrin ring is a fully unsaturated and
conjugated macrocyclic structure with tetrapyrrole units
in which the pyrrole rings are joined by methylene
bridges. Several chlorophylls are found in plants.
Chlorophyll a (blue-green) and b (yellow-green) are pres-
ent in green plants in the ratio of 3:1 (Figure 14.1). The
magnesium in chlorophylls can be removed easily by
acids and chlorophyll a and b form pheophytins a and b
(olive-brown color), respectively. Hydrolysis of the phytol
side chain forms the water-soluble chlorophyllide deriva-
tive. Both the removal of phytol group and magnesium
can generate pheophorbide, which is also water soluble
(Figure 14.2) (4, 7, 10). The C10 carbomethoxy groups
(CO2CH3) of pheophytins and pheophorbide can be
removed by thermal processing and pyropheophytin and
pyropheophorbide are formed, respectively (Figure 14.2). 

B. CHEMICAL PROPERTIES

1. Thermal Processing

Thermal processing can isomerize the C10 carbomethoxy
groups (CO2CH3) of chlorophyll a and b, and produce
chlorophyll a� and b�, respectively (11). The colors of
epimers are the same as that of parent chlorophylls due to
their identical spectral properties. Thermal processing
enhances removal of Mg in the tetrapyrrole center in
weakly acidic conditions forming the olive-brown colored
pheophytins. Chlorophyll b is more stable to thermal pro-
cessing than chlorophyll a due to the electron withdraw-
ing effects of its C3 formyl group. Thermal degradation of
chlorophylls in vegetable tissue is affected by pH.
In alkaline condition (pH 9.0), chlorophyll is stable to
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heat treatment while it is unstable in acidic condition
(pH 3.0). Thermal processing for chlorophylls is
sequential: Chlorophyll changes to pheophytin by first
removing Mg and finally to pyropheophytin by loss of the
C10 carbomethoxy groups (12). Canned products of veg-
etables contain mainly pheophytin and pyropheophytin,
which are responsible for the olive-brown color in many
canned vegetables (11, 12).

2. Allomerization 

Chlorophylls in alcohol or other solvents exposed to oxy-
gen can be oxidized and produce blue-green color com-
pounds, which is called allomerization. The major
allomerization products are 10-hydroxychlorophyll and
10-methoxylactones. The main allomerization product of
chlorophyll b is 10-methoxylactones (8, 13).

3. Photodegradation

Chlorophylls in plant tissue are protected from degradation
during photosynthesis when located within the plant matrix.
However, when exposed to light chlorophylls in solution are
light sensitive and degrade into colorless chlorophyll deriv-
atives. It is believed that photodegradation of chlorophylls is
due to the opening of tetrapyrrole rings and fragmentations
of chlorophylls into small molecules (14). Chlorophylls are
well-known photosensitizers, which can be excited by light
absorption and generate many reactive oxygen species,
including hydroxyl radicals and singlet oxygen. Singlet oxy-
gen and hydroxyl radicals can react with the tetrapyrrole
ring of chlorophylls and produce peroxides and more free
radicals, which eventually degrade chlorophylls into color-
less photodegradation products (7, 15).

4. Enzymatic Decomposition

Chlorophyllase is an esterase and can catalyze the
removal of the phytol group from chlorophylls and pheo-
phytins to form chlorophyllides and pheophorbies,
respectively (Figure 14.2). Chlorophyllase can be active
only on porphyrins with a C10 carbomethoxy group
(CO2CH3) and hydrogens at the C7 and C8 positions (16).
The activity of chlorophyllase is optimum at the tempera-
ture between 40°C and 82°C (7, 17) and some mild heat
treatment can activate the chlorophyllase enzyme (18).
Chlorophyllase in vegetable tissue loses its activity when
vegetables are heated over 100°C.

C. PHYSICAL PROPERTIES

Chlorophyll is located in chloroplasts of green plants.
Approximate chlorophyll contents of selected green veg-
etables are shown in Table 14.1. Due to the biological
variability and differences among varieties, chlorophyll
content in Table 14.1 should be used as a general guide
(18). Chlorophylls can absorb visible light between 600
and 700 nm (red region) and between 400 and 500 nm
(blue region). Depending on the presence of the metal
atom in the tetrapyrrole center, the color of chlorophylls
can change. Replacement of magnesium with Sn2� and
Fe3� give a grayish-brown color while copper and zinc
ions retain a green color (10). The stability of chlorophylls
can be increased by substituting magnesium with copper.
Copper chlorophyll complexes have better stability to
oxygen, light, and alkaline conditions. Chlorophylls in
leaves are broken down during senescence. Chlorophylls
in fruits are often present in an unripe state such as in
tomatoes and gradually disappear during ripening (19). In
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TABLE 14.1
Approximate Chlorophyll Content in Selected Vegetables 

Chlorophyll Content (µµg/g plant tissue)

Vegetables a b Total

Spinach Fresh tissue 1380 440 1576
Dry tissue 6980 2490
Canned-dry tissue 830 (Phe a) 4000 (Pyro a)

Peas Fresh tissue 106 12
Dry tissue 34 (Phe a) 33 (Pyro a) 13 (Phe b) 12 (Pyro b)

Lettuce Fresh tissue 334 62
Kale Fresh tissue 1370 464 1870
Celery Leaves-fresh tissue 1143 225

Stalk—fresh tissue 29 7
Asparagus Fresh tissue 139 74 180–300

Dry tissue 180 (Phe a) 110 (Pyro a) 51 (Phe b) 30 (Pyro b)
Beans Fresh tissue 54 17

Dry tissue 230–870
Canned-Dry tissue 340 (Phe a) 260 (Pyro a) 180 (Phe b) 95 (Pyro b)

Chl � Chlorophyll, Phe � Pheophytin, Pyro � Pyropheophytin.
Adapted from Ferruzzi and Schwartz (18).



Europe, copper chlorophyll derivatives have been used as
colorants in sugar confectionary, ice cream, dessert mixes,
and cheeses with a combination of other colorants while
in the U.S. the use of the derivatives is limited toothpaste
and tooth powder (9).

III. CAROTENOIDS

Carotenoids are the most widely distributed pigments in
nature with over 700 carotenoids identified. Carotenoids
are located in the chloroplasts of plants and often masked
by more dominant chlorophyll pigments. In humans,
some carotenoids can act as precursors of vitamin A and
have been associated with biological activities to inhibit
specific chronic diseases (7, 20).

A. STRUCTURES OF PIGMENT AND

ITS DERIVATIVES

Carotenoids are a group of tetraterpenoids. The basic
carotenoid structural backbone consists of isoprenoid
units formed either by head-to-tail or by tail-to-tail
biosynthesis. There are primarily two classes of
carotenoids: carotenes and xanthophylls. Carotenes are
hydrocarbon carotenoids and xanthophylls contain oxy-
gen in the form of hydroxyl, methoxyl, carboxyl, keto, or
epoxy groups. Lutein in green leaves and zeaxanthin in
corn are typical xanthophylls. The structures of
carotenoids are acyclic, monocyclic, or bicyclic. For
example, lycopene is acyclic, γ-carotene is monocyclic,
and α- and β-carotenes are bicyclic carotenoids (4).
Double bonds in carotenoids are conjugated forms and
usually the all trans forms of carotenoids are found in
plant tissues (Figure 14.3).

Carotenoids are distributed in a wide range of fruits
and vegetables containing chlorophyll pigments. The
most common carotenoid in plant tissue is β-carotene,
which exhibits a yellow color. Tomatoes (lycopene), car-
rots (α- and β-carotenes), pumpkin (β-carotenes), corn
(lutein and zeaxanthin), and sweet potatoes (β-carotenes)
are other typical examples. Annatto, which is the seed of
the tropical bush Bixa orellana, is in the class of
carotenoids and has a yellow to orange color. The major
coloring annatto pigment is cis-bixin used in dairy prod-
ucts such as cheese (7) (Figure 14.3). 

B. CHEMICAL PROPERTIES

1. Thermal Processing

Carotenoids are relatively stable during typical thermal
processing. However, severe heat treatment can induce
isomerization of carotenoids and even fragmentation of
carotenoids into volatile compounds. Isomerization of
carotenoids can be induced by heat, acid, or light. 

2. Oxidation

Carotenoids are easily oxidized due to the presence of
conjugated double bonds in molecules. In the case of 
β-carotene, epoxides and carbonyl compounds are first
formed. Further oxidation results in the formation of
short-chain mono- and deoxygenated compounds includ-
ing epoxy-β-ionone. Extensive oxidation causes the loss
of color in carotenoids (4, 7).

3. Enzyme Effects

Lipoxygenase indirectly accelerates the oxidation of
carotenoids and loss of pigments. Lipoxygenase first cat-
alyzes the formation of peroxides of unsaturated double
bonds in fatty acids and the generated peroxides of fatty
acids react with carotenoids. The coupled reactions are
efficient enough to be used for measuring the activity of
lipoxygenase in plant tissue (21).

C. PHYSICAL PROPERTIES

Red, yellow, and orange fruits, root crops, and vegetables
are rich in carotenoids. The color of carotenoids ranges from
yellow to red depending on the number of conjugated dou-
ble bonds. Carotenoids show three distinct maxima in the
visible spectrum (Table 14.2) (10). The absorption of light
of carotenoids is between 430 and 480 nm. A minimum of
7 conjugated double bonds is needed to produce the charac-
teristic yellow color. Currently β-carotene, β-apo-8�-carote-
nal, and canthaxanthin have been synthesized and used in
food industry. Carotenoids from plant extracts and/or indi-
vidual compounds have been used to impart a color to foods
products, including margarine, ice cream, cheese products,
beverages, and bakery products (22).

D. NUTRITIONAL AND FUNCTIONAL PROPERTIES

1. Nutritional Effects

Carotenoids can serve as precursors of provitamin A.
Provitamin A activity requires that the carotenoids possess a
retinoid structure (β-ionone ring). β-Carotene possesses the
highest provitamin A activity due to the two β-ionone rings
in the structures (Figure 14.4). Cis forms of carotenoids
have been reported to decrease provitamin A activity (23).

2. Antioxidant Effects

Carotenoids are known to serve as efficient singlet oxygen
quenchers and free radical scavengers due to the many
double bonds in the molecule. As the number of double
bonds increases in carotenoids, the singlet oxygen
quenching ability increases (20, 24). However, some
carotenoids, such as β-carotene, may act as either an
antioxidant or prooxidant depending on the conditions,
especially oxygen concentration (20).
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IV. FLAVONOIDS
The red and blue colors in flowers and fruits are due to the
presence of flavonoid pigments especially anthocyanins.
Other groups of flavonoids are responsible for the yellow
or white color of flowers. Some brown or black colors in
nature arise from either oxidation of flavonoids or chela-
tion with metals (25). Flavonoids are polyphenolic com-
pounds.  Approximately 5,000 flavonoid compounds are
reported in the literature (26).

A. ANTHOCYANINS

Anthocyanins are generally located in petal epidermal
cells in the plant vacuoles (27). Anthocyanins give a wide
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TABLE 14.2

Absorption Wavelength Maxima for some Carotenoids

Conjugated Wavelength, nm
Compounds Double Bonds (in petroleum ether)

A. Effects of the number of conjugated double bonds
Phytoene 3 275 285 296
Phytofluence 5 331 348 367
ξ-Carotene 7 378 400 425
Neurosporene 9 416 440 470
Lycopene 11 446 472 505

B. Effects of the ring structure
γ-Carotene 11 431 462 495
β-Carotene 11 425 451 483



range of colors with red, blue, purple, violet, magenta, and
orange in many fruits and vegetables. The word antho-
cyanin comes from two Greek words: anthos, flower, and
kyanos, blue. More than 300 anthocyanin pigments have
been identified in nature (7, 26, 28).

1. Structures of Pigment and Its Derivatives

The chemical structures of anthocyanins and flavonoids are
O-heterocyclic compounds (Figure 14.5). The basic carbon
skeleton structure of anthocyanins is C6C3C6. Anthocyanins
are present in polyhydroxy and/or polymethoxy derivatives
of salts. The types of anthocyanins differ depending on the
number of hydroxy or methoxy groups, the type, number,
and sites of bound glycosidic sugars, and the type and num-
ber of aliphatic or aromatic acids attached to the sugars
(Figure 14.6). Some anthocyanins exist complexed with
metals, such as Fe, Al, and Mg (28, 29).

Anthocyanins always exist as glycosides in nature.
The aglycone of anthocyanin, a sugar free form, is known
as anthocyanidins. Anthocyanidins are very unstable. Gly-
cosidic substitution of anthocyanins increases the stability
and water solubility of these pigments. Common glyco-
sidic sugars in anthocyanins are one or two molecules of

glucose, galactose, arabinose, xylose, and rhamnose. The
sugar moiety is usually attached to the C3-position of the
hydroxyl group. Increasing the number of sugar residues
within the anthocyanin molecule tends to increase the sta-
bility. Acylation of the sugar residues in anthocyanins can
also increase the stability of these pigments (26, 30).
Acylated anthocyanins are highly colored above pH 4.0,
while conventional anthocyanins are colorless above pH
4.0 (26). Acids found in acylated anthocyanins are cin-
namic (p-coumaric, caffeic, ferulic) and aliphatic (malic,
succinic, and acetic) acids. Only 6 anthocyanins are com-
monly found in foods out of known 22 aglycones, includ-
ing pelargonidin, cyanidin, delphinidin, peonidin,
petunidin, and malvidin (Figure 14.6) (26). As the number
of hydroxyl groups of anthocyanins increases, the blue
color of anthocyanins increases (pelargonidin → cyanidin
→ delphinidin). As the number of methoxyl group or gly-
coside linkages within anthocyanins increases, the red
color of anthocyanins increases (cyaniding → peonidin;
pelargonidin → pelargonidin-3-glucoside) (10). 

2. Chemical Properties

Anthocyanin pigments are relatively unstable and influ-
enced mainly by pH and temperature. Other factors
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influencing the stability of anthocyanin pigments are
enzymes, oxygen concentration, ascorbic acid, sulfur diox-
ide, metal ions, and sugars.

The color stability of anthocyanins also depends on
the substituents. Increased hydroxylation decreases stabil-
ity, while methylation tends to increase pigment stability,
which is due to the blocking of reactive hydroxyl groups.

a. pH effects
Color and structures of anthocyanin pigments in an aque-
ous medium changes depending on pH: the blue
quinonoidal base, the red flavylium cation (R�), the color-
less carbinol base, and the colorless chalcone (Figure
14.7). Two compounds, red flavylium cation and colorless
carbinol base, are important during pH changes from 1 to
6. At low pH, red flavylium cation dominates while at pH
4–6, the colorless carbinol base prevails. As the pH
increases, the carbinol base increases and the color
becomes weaker. The loss of color is due to a pH-depend-
ent hydration at the C2 position of red flavylium cation.

R� � H2O � ROH � H�

In alkali solutions (pH 8–10), highly colored ionized anhy-
dro bases are formed. At pH 12, the fully ionized chalcones
are the predominant pigments of anthocyanins. The major
limitation of anthocyanin pigments as food colorants is the

reduction of color intensity, changes in hue, and instability
at upper pH (31, 32). However, anthocyanins in plants have
vivid color and are quite stable within the plant matrix. The
color of anthocyanins in plants may be stabilized through
the self association of cationic forms, copigmentation with
other flavonoids, formation of metal complexes with Fe, Al
or Mg, and/or intramolecular interactions between acyl
groups and phenolic groups (31).

b. Thermal processing
Thermal processing may easily degrade anthocyanin pig-
ments. Thermal processing can change the equilibrium of
the four types of anthocyanins toward a colorless chal-
cone derivative because all the reactions are heat 
sensitive (31).

Quinonoid � Flavylium � Carbinol base � Chalcone

c. Enzyme effects
Glycosidases and polyphenol oxidases can cause the loss
of color from anthocyanin pigments. Glycosidases
hydrolyze glycosidic linkages and produce sugars and
aglycone. Anthocyanidins are less water soluble than their
corresponding anthocyanins and can transform to color-
less products. Polyphenol oxidase oxidizes anthocyanins
in the presence of oxygen and o-diphenols. The enzyme
first oxidizes o-diphenols into o-benzoquinone, which
reacts with anthocyanins to form oxidized anthocyanins
and degradation products (7, 29).

d. Other factors affecting stability of anthocyanin
Oxygen can react with double bonds of anthocyanin pig-
ments resulting in loss of color. The color stability of
anthocyanins in many fruit products, such as grape and
cranberry juices, can be increased by removing oxygen
using vacuum processing or adding nitrogen headspace
(7, 32). It has been known that ascorbic acid and antho-
cyanin pigments disappear simultaneously in fruit juice.
Oxidation of ascorbic acid produces hydrogen peroxide,
which cleaves the pyrylium ring and produces colorless
esters and coumarin derivatives (29). 

Generally, light accelerates the decomposition of
anthocyanin pigments especially in fruit juices and red
wines. Anthocyanins with C5 hydroxyl groups are more
susceptible to photodegradation than without C5 hydroxyl
groups. In red wine, acylated and methylted diglycosides
are more stable than nonacylated diglycosides, which are
more stable than monoglycosides (26, 33, 34). 

High concentrations of sugar can stabilize the antho-
cyanin pigments, which may be due to the lowering of water
activity in the system. Water can react with flavylium cation
at the C2 position and form colorless carbinol base. At low
concentration of sugars, not only water but sugar itself can
accelerate the degradation of anthocyanins. Brown pigments
in fruit juices can be formed from anthocyanins and furfural
or hydroxylmethylfurfural, which are Maillard browning
reaction products (29). 
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Metal complexes of anthocyanins are common and sta-
bilize the color of anthocyanin-containing foods. Metals,
including Ca, Fe, Al, and Sn, have protective effects on the
anthocyanin stability in cranberry juices (29). However, a
fruit discoloration, or “pinking” in pears and peaches, is
believed to come from a metal anthocyanin complex.

Sulfur dioxide (SO2), an antimicrobial agent in some
fruit products, can react with anthocyanins at the C4 posi-
tion and produce colorless pigments. This bleaching
process can be reversible by desulfuring using thorough
washing procedures before further processing. 

The more concentrated anthocyanins show higher sta-
bility than less concentrated pigments (26). Copigmenta-
tion of anthocyanins with other polyphenolic compounds
and metal ions can improve the stability and intensity of
the color (29, 35).

3. Physical Properties

The color of anthocyanins and anthocyanidins arises from
the excitation of many double bonds through absorbing

light energy. Anthocyanidins have two absorption max-
ima: one in the visible light spectrum at 500–550 nm and
a second in the ultraviolet spectrum at 280 nm.
Anthocyanins in selected fruits, vegetables, and food
products are shown in Table 14.3.

Currently, grapes and red cabbage are commercially
available major anthocyanin sources (26). Fruit juices,
vegetable juices, jellies, jams, ice cream, yogurts, canned
candies, and bakery fillings are the main food products
where anthocyanin pigments are applied. Europe, Asia,
and South America use anthocyanin pigments to a less
limited extent compared to the U.S. (28). 

B. OTHER FLAVONOIDS

Flavonoids include flavones, flavonols, flavanones,
flavanonols, and anthocyanins, which are all based on a
common structure (Figure 14.5). The flavones have a 
double bond between C2–C3, while flavanones are 
saturated at C2–C3. Flavonols possess an additional
hydroxyl group at the C3 position and flavanonols are 
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saturated between C2 and C3 with hydroxyl group at the C3
position. Each flavonoid group is different depending on the
number of hydroxyl, methoxyl, and other substituents on the
two benzene rings. The most ubiquitous flavonoid is
quercetin, 3, 5, 7, 3�, 4�-pentahydroxy flavone (4).

The spectral absorption of flavonoids occurs between
280 and 390 nm depending on the substituents and chelation

with metals. Metals such as iron and aluminum increase the
yellow color of flavonoids. Flavonoids play important roles
in the formation of color in processed foods through metal
chelation and copigmentation with other pigments (35).

Tannins are water-soluble polyphenolic compounds 
that can react with protein and other polymers such 
as polysaccharides. The color of tannins ranges from 
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yellowish-white to light brown, and tannin contributes to the
astringency in foods. Proanthocyanidins, condensed tannins,
are colorless compounds and can convert to colored com-
pounds during food processing. Proanthocyanidins are pres-
ent in cocoa beans, apples, pears, and other fruits (36).

V. BETALAINS

Betalains are found in beetroot and amaranth, and provide
red and yellow colors to these plants. The red betalains are
known as betacyanins and the yellow betalains are betax-
anthins. Betalains are water-soluble and located in the
vacuoles of plant cells (37, 38).

A. STRUCTURES OF PIGMENT AND ITS DERIVATIVES

General structures of betalains, N-heterocyclic compounds,
are the condensation of a primary or secondary amine with
betalamic acid (Figure 14.8). Betacyanin pigments contain
1, 2, 4, 7, 7 pentasubstituted 1, 7-diazaheptamethin system
and exhibit a light absorption maximum at 540 nm.
Betaxanthins do not have 1, 2, 4, 7, 7 pentasubstituted 1,
7-diazaheptamethin system and the light absorption maxi-
mum is approximately 480 nm. Depending on the sub-
stituents, various betacyanins can be present such as
betanidin, betanin, amaranthin, isobetanidin, isobetanin, and
isoamaranthin. Isobetanidin, isobetanin, and isoamaranthin
are the epimers of betanidin, betanin, amaranthin, respec-
tively, at C15 positions (Figure 14.8). Betanin from red beet
and amaranthin from amaranth are major sources of betalain
pigments. Betaxanthins possess an amino acid substituents
rather than the indole nucleus found in betacyanins (Figure
14.8). Indicaxanthin, vulgaxanthin-I, and vulgaxanthin-II

are betaxanthins with proline, glutamine, and glutamic acid,
respectively, as the amino acid substituent. Betacyanins can
be converted into betaxanthins in the presence of excessive
amino acids, which indicates that betacyanins and betaxan-
thins are structurally related.

B. CHEMICAL PROPERTIES

1. Thermal Processing

Betanin, the major pigment found in beetroot, degrades to
betalamic acid and cyclopa-5-O-glucoside either under mild
alkaline condition, heating of alkaline solutions, or during
thermal processing (Figure 14.9). This reaction requires
water, indicating that water activity affects the stability of
betanin in food products. Low water activity helps to retain
their pigments. This reaction is reversible during thermal
processing and betanin can be regenerated through Schiff-
base condensation between the aldehyde group of betalamic
acid and amine of cyclopa-5-O-glucoside. Heat treatment
increases the isomerization of betanin into isobetanin (38).

2. Other Factors Affecting Betalain Stability

Betalain can be oxidized in the presence of oxygen and
degrades the color of its pigments. Light exposure also
accelerates the oxidation of betalain. The presence of
antioxidants, such as ascorbic acid and isoascorbic acid,
can improve stability (38). 

C. PHYSICAL PROPERTIES

Betalain solutions show a maximum light absorbance at
537–538 nm between pH 3.5 and 7.0. Below pH 3.5,
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TABLE 14.3
Anthocyanins in Selected Fruits, Vegetables, and Food Products

Fruit or Vegetable Anthocyanins

Apple Cy-3-gal, Cy-3-ara, Cy-7-ara
Pear Cy-3-gal
Peach Cy-3-glc
Plum/prune Cy-3-gal, Cy-3-rut, Peo-3-glu, Peo-3-rut
Cherry Cy-3-sop, Cy-3-gal, Cy-3-rut, Cy-3-glc, Cy-3-glc-rut
Raspberry Cy-3-glc, Cy-3-glc-rut, Cy-3-rut, Cy-3-sop, Cy-3-glc-sop
Strawberry Pg-3-glc, Pg-3-gal, Cy-3-glc
Grapes Cy-3-glc, Del-3-glc, Peo-3-glc, Pet-3-glc, Mv-3-glc, Mv-3,5-diglc
Orange Cy-3-glc, Del-3-glc
Cabbage(red) Cy-3-glc
Banana Pet-3-gly
Fig Cy-3-gly
Wines Cy-, Del-, Peo-, Pet-, and Mv-3-glc, and 3,5-diglc

Cy-, Del-, Peo-, and Mv acyl derivatives
Potato Pg-, Peo-, Pet-, and MV-3-rut-5-glc-coumaric esters and Pg, Cy-, Del- and Pet-3-rut

Cy�Cyanidin, Del�Delphinidin, Mv�Malvidin, Peo�Peonidin, Pet�Petunidin, Pg�Pelargonidin, ara�arabi-
noside, gal�galactoside, glc�glucoside, gly�glycoside, rut�rutinoside, sop�sophoroside.
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maximum absorption of betalain shifts towards shorter
wavelengths (535 nm at pH 2.0), while above 7.0, the
maximum absorption shifts to longer wavelengths (544
nm at pH 9.0). The antioxidant effects of betalain on lipid
peroxidation have been reported (39). Extracts of beetroot
containing these pigments are used in foods, particularly
confectionary products (29, 38).
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I. BACKGROUND INFORMATION

A. HISTORY OF SOFT DRINKS

The first carbonated beverage, of sorts, was provided by
nature, and dates back to antiquity, when the first carbon-
ated natural mineral waters were discovered—although
they weren’t usually used for drinking. Instead, they were
used for bathing by the ancient Greeks and Romans,
owing to their purported therapeutic properties. It wasn’t
until thousands of years later, in 1767, that the British
chemist, Joseph Priestley, was credited with noticing that
the carbon dioxide he introduced into water gave a “pleas-
ant and acidulated taste to the water in which it was dis-
solved” (1). The history of carbonated soft drinks (CSDs)
is somewhat sparse during its early evolution, but most
agree that development of CSDs is due, in large part, to
pharmacists.

Today, carbonated beverages are primarily recognized
for their refreshing and thirst-quenching properties. In the
early to middle 1800s, however, it was these pharmacists
who experimented with adding “gas carbonium,” or car-
bon dioxide, to water, and supplementing its palatability
with everything from birch bark to dandelions in the
hopes of enhancing the curative properties of these 

carbonated beverages (2). “Soft drinks,” a more colloquial
yet very common name for carbonated beverages, distin-
guish themselves from “hard drinks,” since they do not
contain alcohol in their ingredient listing (3). This is in
clear contrast to other beverages, such as distilled spirits,
beer, or wine. These non-alcoholic, carbonated beverages
are also called “pop” in some areas of the world, due to
the characteristic noise made when the gaseous pressure
within the bottle is released upon opening of the package
(4). Figure 15.1 provides a brief illustration of the major
milestones in the history of American soft drinks.

CSDs, “pop,” soda—whatever the moniker given to
these beverages, one thing is clear: they have been an
important part of our popular culture for decades, and will
continue to be for many years to come.

B. SOFT DRINK FACTS AND FIGURES

Few people consciously consider how something as osten-
sibly simple as “soda pop” can markedly affect the econ-
omy on several fronts. The National Soft Drink Association
(NSDA), founded in 1919 as the American Bottlers 
of Carbonated Beverages (ABCB), today represents hun-
dreds of beverage manufacturers, distributors, franchise



companies and support industries in the United States.
According to the NSDA, Americans consumed nearly
53 gallons of carbonated soft drinks per person in 2002, and
this translated into retail sales in excess of $61 billion.
Nearly 500 bottlers operate across the United States, and
provide more than 450 different soft drink varieties, at a
production speed of up to 2,000 cans per minute on each
operating line! Figure 15.2 summarizes the apportionment
of total soft drink production in the year 2000.

Finally, as an industry, soft drink companies employ
more than 183,000 people nationwide, pay more than
$18 billion in state and local taxes annually, and contribute
more than $230 million to charities each year. Few could
argue that the soft drink industry has earned its place in the
history of the American (and global) economy!

C. CARBONATION SCIENCE

Before discussing the process of manufacturing carbon-
ated soft drinks, it is important to establish some funda-
mental chemical/physical concepts with regard to the
carbonation process itself. Simply put, in the beverage
industry, “carbonation” is the introduction of carbon diox-
ide gas into water, as depicted in Figure 15.3.

The favorable results of this simple combination are
many: (1) the carbonation provides the characteristic
“refreshing” quality for which carbonated beverages are
most popular; (2) the dissolved carbon dioxide acts as
both a bacteristat and a bactericide; and (3) the carbon
dioxide dissociates in aqueous medium to form carbonic
acid, which depresses the pH of the solution, thereby
making the product even more protected from microbial

harm (5). All in all, from a microbiologic perspective, car-
bonated soft drinks are innately very safe beverages.

Once the carbon dioxide is introduced into the water,
which will ultimately join with flavors and sweeteners to
form the complete beverage, the beverage technologist must
understand how to measure and express the level of carbon-
ation. The accepted convention in the beverage industry is
not to measure carbon dioxide as a true concentration,
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expressed in parts per million, or milligrams per liter.
Instead, carbonation is expressed in units called “volumes.”
The concept is ultimately based on the physical gas laws of
Henry, Boyle, and Charles, wherein pressure, temperature,
and volume are closely interdependent. The colder the liq-
uid, the more gas can be dissolved within it. Even within the
industry, however, there is some confusion over what 
the exact definition of a “volume” is (6), usually arising
from the temperature included in the definition. For our pur-
poses, we will define one “volume” based on the Bunsen
coefficient, described by Loomis as, “The volume of gas
(reduced to 0°C and 760 mm) which, at the temperature of
the experiment, is dissolved in one volume of the solvent
when the partial pressure of the gas is 760 mm” (7). More
informally, and to put this concept in perspective, consider a
10-ounce bottle of carbonated beverage, representing
roughly 300 ml of liquid. If this carbonated beverage is pre-
pared at one “gas volume,” the package would contain
approximately 300 cc of carbon dioxide. We would consider
this very low carbonation from a sensory perspective, and
would have a barely noticeable “fizz” upon removal of the
closure. Imagine, however, for the same 300 ml of liquid, we
carbonate to four gas volumes (a level typical of many prod-
ucts on the market today). This means that roughly 1200 cc
of carbon dioxide has been introduced into the same 300 ml
volume of liquid. More gas, into the same amount of liquid,
and the same vessel size—imagine the increase in pressure
contained within the bottle. This example explains why the
characteristic “pop” of soda pop is heard when a bottle is
uncapped, or a can is opened!

For the purposes of this text, the discussion of car-
bonation has been somewhat oversimplified, in order to

make the concept more easily understood. As with any
industry, the more one investigates any given topic, the
more complicated and scientifically intense the subject
usually becomes. Carbonation, for example, can be
affected by a variety of factors, including other solids
present in the liquid being carbonated, temperatures of the
gas and the liquid, atmospheric pressure/altitude, and how
far carbon dioxide varies from ideal gas behavior (8).
These are cited merely for consideration, but are outside
the scope of this chapter.

D. PROCESS OVERVIEW

The process of manufacturing carbonated beverages has
remained fundamentally the same for the last several
decades. Certainly, new equipment has allowed faster fill-
ing speeds, more accurate and consistent fill heights, more
efficient gas transfer during carbonation, and other
improvements, but the process remains one of cooling
water, carbonating it, adding flavor and sweeteners, and
packaging it in a sealed container. Figure 15.4 illustrates
the overall process in somewhat more detail, as we con-
tinue to build upon the basic foundation we will be dis-
cussing throughout this chapter. As we proceed, the figures
depicted will become more complete, as each critical
process to carbonated beverage manufacture is explained.

Carbonated beverage production begins with careful
measurement of the formula quantities of each component
into the syrup blending tank. Critical components include
the concentrate, which contains the bulk of the flavor sys-
tem; the sweetener, which typically includes the nutritive
sweeteners high-fructose syrup or sucrose (in the case of
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diet beverages, these are replaced with one of the high-
potency sweeteners available); and water, which generally
begins as municipal drinking water, and is further purified
within the beverage plant. These are then blended to
ensure homogeneity of the batch according to carefully
prescribed standard operating procedures.

Once blending in the syrup tank is complete, the “fin-
ished syrup” is tested for correct assembly, then pumped
to the mix processor, where the syrup is diluted to finished
beverage level with chilled, carbonated, treated water
(often a 1:6 dilution of syrup:treated water, although this
varies by product). After this, the now carbonated bever-
age-level solution proceeds to the filler, where it is fed
(usually volumetrically, by gravity) into bottles or cans,
then sealed (capped in the case of bottles, seamed in the
case of cans). Then, the finished product is either passed
through a warmer, in order to avoid excessive condensa-
tion from forming (depending on the type of secondary
packaging used), or sent directly to secondary packaging.
This can include plastic or cardboard cases, shrink wrap,
stretch wrap, or even more innovative devices. After pack-
aging, the product is palletized, and stored in the ware-
house until it is ready for distribution.

II. RAW MATERIALS PREPARATION

A. CONCENTRATE

In the carbonated soft drink industry, “concentrate” is the
name given to a mixture of many different categories of
ingredients, illustrated in Figure 15.5.

The most notable of these, and, indeed, the topic of
many urban legends surrounding its utter secrecy, is the
flavor component. This is where the proprietary formula-
tions of essential oils are found, which combine to form
the characteristic flavor of the trademark beverage. Flavor
components can include a single, “primary” component,
or be distributed in various ways among multiple compo-
nents—for example, a high-potency sweetener supplied as
a dry salt as part of a secondary flavor component. In gen-
eral, the majority of flavor systems include primary flavor

components, and these fall into three broad categories: (1)
simple mixtures, (2) extracts, or (3) emulsions.

Simple mixtures. These are perhaps the simplest of the
flavor categories to understand, but they also represent the
minority of those in existence. Here, a combination of
miscible liquids, or easily soluble solids, are blended
together to form a homogenous aqueous mixture. Because
so many essential flavor oils are not readily water soluble,
the beverage technologist must abandon the idea of the
simple mixture for one of the other, more flexible cate-
gories of flavors.

Extracts. As the name implies, this category of flavors
involves extracting the desired flavor constituents from
essential oils. Simply put, the extraction solvent—usually
ethanol (although sometimes propylene glycol is used)—
is used to partition those flavor constituents which are sol-
uble in the solvent, but not freely soluble in the water
directly. In this way, these flavor compounds become fully
dissolved in the ethanol first. Then, this ethanolic
“extract” (which is, in effect, an ethanolic solution of the
flavor compounds) is added to water. Since ethanol is
freely miscible with water, it acts as a carrier vehicle to
help dissolve or disperse the otherwise water-insoluble
flavor constituents (9). Today, equipment for both batch
and continuous liquid extraction of flavor oils is available,
and more novel approaches have also been developed (for
example, gas extraction, super-critical fluid extraction,
and other patented processes).

Emulsions. This third category is likely the largest,
encompassing the bulk of the flavor systems available
today. In the carbonated beverage industry, oil-in-water
(or o/w) emulsions are the standard. This model involves
an oil (lipophilic) internal phase, and an aqueous
(hydrophilic) external phase, being made “compatible” by
the use of a surfactant, or emulsifier. Surfactants are com-
pounds that are amphiphilic; that is, there are both
hydrophilic and lipophilic portions of the same molecule!
This facilitates a decrease in the surface tension when oil
and water are mixed together, and also allows the
lipophilic portion to align with the oil, and the hydrophilic
portion to align with the water (10). In so doing, the emul-
sifier forms a bridge, of sorts, between the two phases,
and allows them to be dispersed, without gross separation,
for the desired length of time (generally at least as long as
the technical shelf life of the beverage).

Since carbonated beverages are of low pH, owing in
part to the carbonic acid from the dissolved carbon dioxide,
but also from the acid components of the formulae, acid
hydrolysis is one of the major concerns to the beverage fla-
vor developer. By positioning itself between the oil and
water phases, the emulsifier protects the sensitive flavor oils
from chemical degradation in this acidic environment. In
addition, the emulsifier protects the flavors oils from oxi-
dation from the naturally dissolved oxygen in the water
which constitutes the aqueous phase. So, a well-designed
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and prepared emulsion can dramatically extend the sensory
shelf-life of the flavor system, and the overall physical sta-
bility of the beverage.

In addition to the flavors, Figure 15.5 also depicts a
variety of other components which may be part of the con-
centrate. These include juices, which must be handled and
stored carefully in order to preserve their quality, acidu-
lants (both liquid and dry), and a host of other additives,
depending on their desired function (for example,
antifoam, preservative, nutrients, etc.).

B. WATER

Water is the major component in carbonated beverages,
and represents anywhere from 85 to near 100% of the fin-
ished product. Interestingly, it is unlike any other ingredi-
ent, since we rarely have the number of options for water
supply that we have with other raw materials! Obviously,
then, particular diligence must be employed when select-
ing a water supply. Beverage plants use water from
ground supplies, surface supplies, or both. Ground sup-
plies include springs, deep and shallow wells, and artesian
aquifers. Surface supplies include rivers, lakes, streams,
and reservoirs. Within these sources, there is wide varia-
tion in type and content of inorganic (for example, metals,
minerals, sulfate, chloride, nitrate), organic (for example,
volatile organics, natural organic matter), microbiologic
(bacteria, viruses, protozoa), and radiologics (radionu-
clides, alpha- and beta-activity). Table 15.1 provides a rel-
ative comparison of some characteristics of ground and
surface supplies (11).

One critical point of which to be aware is that munici-
pal treatment plants should not normally be depended
upon to consistently supply water suitable for the needs of
most carbonated beverage manufacturers. While the
municipality treats the water so that it is safe to drink, and
aesthetically pleasing to the consumer (potable and palat-
able), they cannot afford to consider the needs of all indus-
trial end users, so they may not consistently supply a water
of the high quality needed for producing our finished prod-
uct and ensuring the beverage a long shelf life. There is
also the possibility of contamination of the city water as it
passes through the distribution system from the municipal
treating plant to the beverage plant. This is particularly true
with respect to organic matter and metal content, such as
iron. The quality of the water used for carbonated soft
drinks must be considered from several perspectives:

(1) Regulatory Compliance: The water used must
be in compliance with all presiding local and
national laws and guidelines. This jurisdiction is
generally clear in the United States, between the
Environmental Protection Agency and the Food
and Drug Administration. However, as you con-
sider the international beverage locations, the
regulatory picture sometimes becomes more
cloudy.

(2) Beverage Stability: Intuitively, as the major
ingredient in carbonated soft drinks, the con-
stituents in water can have a profound impact
on the overall quality and shelf life of our bev-
erage products. For example, if alkalinity is not
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TABLE 15.1
Comparison of Ground and Surface Water Supplies

Parameter Ground Water Surface Water

Total dissolved solids Higher Lower
Suspended solids Lower Higher
Turbidity and color Lower Higher
Alkalinity Higher Lower
Total organic carbon Lower Higher
Microbiology

Protection from bacteria and viruses Highly protected Highly susceptible
Protection from protozoa Almost completely protected Highly susceptible
Presence of iron and/or manganese bacteria Common Rare

Hydrogen sulfide gas Common Uncommon
Aeration/dissolved oxygen Lower Higher
Temperature More consistent More variable
Flow rate Very slow (1 m/day) Very fast (1 m/sec)
Flow pattern Laminar Turbulent
Susceptibility to pollution 

through surface run-off Low High
Time for a contaminant Very long—often decades, Usually short—days/months; 

plume to resolve potentially centuries sometimes years

Source: Bena, D. 2003. Water Use in the Beverage Industry, in Food Plant Sanitation (YH Hui, ed.). Marcel Dekker,
New York.



controlled, the acidic profile of the beverage
formulae will be compromised, making the
beverage more susceptible to microbial growth
and spoilage.

(3) Sensory: Many contaminants, even at levels
within drinking water standards, may adversely
affect the finished beverage. For example, some
algae produce compounds (geosmin and
methyl isoborneol) which are sensory active at
levels as low as nanograms per liter (12). These
can result in “dirty, musty” flavor and aroma in
finished products.

(4) Plant Operations: Water for non-product (auxil-
iary) uses must also meet the performance stan-
dards of the carbonated soft drink producer.
These standards and guidelines are usually
enacted to prevent corrosion (for example, from
high chloride content in heat exchangers) and
scaling (for example, from hardness salts in boil-
ers), which may result in premature equipment
failure and/or loss of operational efficiency.

Whether the beverage plant has its own well, or the
water supply comes from a modern municipal treatment
plant, each individual water supply presents its own par-
ticular problems. In most, if not all cases, the incoming
raw water which supplies a beverage plant already meets
the applicable standards for potability of drinking water.
The beverage producer then further purifies the water 
to meet the quality necessary for its products. This
treatment can take many forms, but the three largest

categories of in-plant beverage water treatment are (1)
conventional lime treatment systems (CLTS), (2) mem-
brane systems (including reverse osmosis, nanofiltration,
and ultrafiltration), and (3) ion-exchange. Volumes have
been written about each treatment modality, and a
detailed discussion is beyond the focus of this chapter.
However, a brief summary of each treatment category is
provided below (13).

(1) Conventional lime treatment systems (CLTS).
This treatment chain represents the majority of
most beverage treatment armadas worldwide,
although the balance is quickly shifting in favor
of membrane technologies. CLTS involves the
addition of a coagulant (as an iron or aluminum
salt), hydrated lime (for pH control), and chlorine
(for oxidation and disinfection) to a reaction
tank. The agitation is gently controlled over the
course of a two-hour retention time, during
which a floc begins to form, grow, and settle,
bringing contaminants with it to the bottom of
the tank, where they await discharge. Figure 15.6
illustrates what happens in this reaction vessel.

Historically, and as little as twenty-five years ago,
conventional lime treatment was regarded as the “ideal”
treatment for raw water of virtually any quality. Indeed,
this system, coupled with the required support technol-
ogy—fine sand filtration, granular activated carbon, pol-
ishing filtration, and ultraviolet irradiation—does address
a broad range of water contaminants. The advantages and
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disadvantages of conventional lime treatment are summa-
rized in Table 15.2.

(2) Membrane technology. Clearly, this has seen
the most growth in recent years with the advent
of more resistant membrane materials of con-
struction and more flexible rejection character-
istics. Included in this category is the prototype
of the cross-flow, polymeric membrane filtra-
tion systems—reverse osmosis, along with
nanofiltration and ultrafiltration (both poly-
meric and ceramic). By carefully controlling the
membrane pore size during manufacture, and
the applied pressure during operation, reverse
osmosis membranes can effectively remove in
excess of 99% of many dissolved species—
down to the ionic level (for example, dissolved
calcium or sulfate). Table 15.3 illustrates the
relative capabilities of the three major mem-
brane processes with regard to a variety of con-
stituents possible in the incoming water (14).

Since reverse osmosis is often the cited “membrane
standard” against which the performance of others are
judged, the advantages and disadvantages of reverse
osmosis are listed in Table 15.4.

Also worth mentioning, though not discussed, among
this group are the “hybrid” technologies, which include
novel membrane and ion-exchange utilization. Examples
are electrodialysis technology for removal of ionic species
in water, and continuous electrodeionization.

(3) Ion-exchange. This technology is routinely uti-
lized for partial or complete demineralization of
the water supply, softening, or dealkalization, or
it can be customized for selective removal of a
specific contaminant (for example, denitratiza-
tion). In simplest terms, ion-exchange involves
using a selective resin to exchange a less 
desirable ion with a more desirable ion. Of
course, a great deal of chemical research goes
into the development of these selective resin
materials, but the functional outcome remains
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TABLE 15.2
Advantages and Disadvantages of CLTS

Advantages Disadvantages

Removes alkalinity and hardness Does not effectively reduce nitrate, sulfate, or chloride concentration
Removes organic debris, particulates, and natural organic matter (NOM) Sludge formation and disposal requirements
Reduces metal concentrations (iron, manganese, arsenic, others) May promote the formation of disinfection by-products (trihalomethanes) 

and some radionuclides under certain conditions
Reduces some color compounds (tannins), off-tastes, and off-odors Often difficult to operate consistently in waters with very low 

dissolved solids
Reduces bacteria, virus, and protozoan populations Relatively large space requirements on plant floor (“footprint”)

Source: Bena, D. 2003. Water Use in the Beverage Industry, in Food Plant Sanitation (YH Hui, ed.). Marcel Dekker, New York.

TABLE 15.3
Relative Comparison of Reverse Osmosis, Nanofiltration, and Ultrafiltration

Component Reverse Osmosis Nano-Filtration Ultrafiltration

Alkalinity 95 to 98% 50 to 70% None
TDS 95 to 98% 50 to 70% None
Particulates Nearly 100% Nearly 100% Nearly 100%
Organic matter Most � 100 MW Most � 200 MW Some � 2000 MW
THM precursors 90 � % 90 � % 30 to 60%
Sodium 90 to 99% 35 to 75% None
Chloride 90 to 99% 35 to 60% None
Hardness 90 to 99% 50 to 95 � % None
Sulfate 90 to 99% 70 to 95 � % None
Nitrate 90 to 95% 20 to 35% None
Protozoa Near 100% Near 100% Near 100%
Bacteria Near 100% Near 100% Near 100%
Viruses Near 100% Near 100% Near 100%
Operating pressure 200 to 450 psi 100 to 200 psi 80 to 150 psi

Approximate removal percentages. Actual performance is system-specific.
Source: Adapted from Brittan, PJ. Integrating Conventional and Membrane Water Treating Systems. International Society of Beverage Technologists
Short Course for Beverage Production, Florida, 1997.



straightforward. For example, softening resins
are often employed to remove hardness (calcium
and magnesium) from the water entering boilers
and heat exchangers. In this application, the hard-
ness ions are not wanted. The softening resin (for
example, a sodium zeolite clay) is charged with
active and replaceable sodium ions. When the
“hard” water passes across the softening bed, the
resin has a selectivity for calcium and magne-
sium, so it replaces them for sodium. The result
is that the water exiting the softener is virtually
free of calcium and magnesium (since they were
replaced by sodium), and is safe to use in boilers
and other equipment, since it will no longer have
the tendency to form scale.

To supplement the major treatment systems men-
tioned above, the carbonated beverage producer often uti-
lizes a host of other “support technologies,” including
activated carbon filtration (to remove organic contami-
nants and chlorine), sand filtration (to remove particu-
lates), and primary and secondary disinfection (using
chlorine, ozone, ultraviolet, heat, or a combination). By
the time the treated water is finished, it is microbially and
chemically safe, clear, colorless, and ready to be used for
syrup and beverage production.

C. SWEETENERS

The two major categories of sweetener types are nutritive
(that is, they provide some caloric value) and “high
potency” (that is, the type used in diet beverages, since
they are many times sweeter than sucrose, and generally
non-caloric). There are several high potency sweeteners
available to the worldwide beverage developer (aspar-
tame, acesulfame potassium, and others), and they are
almost exclusively, if not always, included as part of the
“concentrate” flavor system as a dry substance package.
As such, their quality can be more easily controlled by the
vendor, as with any of the other concentrate ingredients,
and minimal intervention is needed at the carbonated soft

drink manufacturing facility. These high potency sweet-
eners, therefore, will not be addressed in this chapter. A
concise treatise on the topic, however, is provided by the
International Society of Beverage Technologists (15).

Next to water, however, the nutritive sweeteners repre-
sent the second most prevalent ingredient in the finished
beverage. The most common nutritive sweeteners used in
the carbonated soft drink industry are sucrose and high
fructose syrups, with sucrose (from cane or beet) being the
most common internationally. Within the United States,
nearly all of the nutritive sweetener used in carbonated
beverages is high fructose corn syrup (HFCS, either 42 or
55%). In 1996, the U.S. corn refining industry produced
over 21 billion pounds of high fructose corn syrups, repre-
senting only about 12% of the total corn crop (16).

Although high fructose syrups may be obtained from
other starting materials, like wheat or tapioca starch, corn
remains the most prevalent starting material. A starch slurry
is first digested by the addition of alpha-amylase enzyme,
which results in gelatinization and ultimate dextrinization
of the starting starch. Then, glucoamylase enzyme is added
to result in an enriched glucose syrup (95% glucose). After
this the glucose syrup is purified via particle filtration, acti-
vated carbon adsorption, and both cation and anion
exchange. Then, evaporation brings the solids content
within range for effective passage through the isomeriza-
tion column containing the glucose isomerase enzyme. This
enzyme converts much of the 95% glucose syrup to fruc-
tose, which is again purified as before and evaporated. The
result is HFCS-55 of high quality. In some formulae and/or
markets, HFCS-42 is used, which is simply a blend of the
HFCS-55 with the 95% glucose stream to result in a prod-
uct which is 42% fructose. The generic process by which
corn starch is transformed to high fructose corn syrup is
illustrated in Figure 15.7 (17).

In general, HFCS-55 (55% fructose) is a highly pure
ingredient, due, in large part, to the activated carbon,
cation, and anion exchange steps required of the process.
However, the most recent research highlights the occur-
rence of potent sensory-active compounds which could
form via chemical or microbial pathways in HFCS,
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TABLE 15.4
Advantages and Disadvantages of Reverse Osmosis

Advantages Disadvantages

Removes nearly all suspended material, and greater than 99% Pretreatment must be carefully considered, and typically involves 
of dissolved salts in full-flow operation operating costs for chemicals (acid, antiscalant, chlorine removal)

Significantly reduces microbial load (viruses, bacteria, and protozoans) Does not produce a commercially sterile water
Removes nearly all natural organic matter (NOM) Membranes still represent a substantial portion of the capital cost,

and may typically last 3–5 years
May be designed as a fully automated system with little maintenance Low solids water may be aggressive toward piping and equipment,

so this must be considered for downstream operations
Relatively small space requirements on the plant floor (“footprint”) High pressure inlet pump is required

Source: Bena, D. 2003. Water Use in the Beverage Industry, in Food Plant Sanitation (YH Hui, ed.). Marcel Dekker, New York.



including isovaleraldehyde, 2-amino acetophenone, and
maltol (18). When properly produced and stored, no addi-
tional treatment is necessary at the beverage plant.

Sucrose, though the clear exception in the North
American beverage industry, continues to be the mainstay
for international beverage markets. It may be obtained from
sugar cane or sugar beet, following two distinct separation
and purification schemes, as depicted in Figure 15.8 (19).

The three indicators of sucrose quality generally rec-
ognized by the sugar industry are color, ash, and turbidity.
Internationally, depending on the quality of the available

sucrose, it is not uncommon to subject the incoming gran-
ular or liquid sucrose to additional treatment at the bever-
age plant. Ash, or residual inorganic minerals, remains
difficult to adequately treat at the carbonated soft drink
plant, so great effort is made to source sucrose with an
acceptable ash content (as defined by the individual com-
pany specifications). Turbidity is easily remedied at the
beverage plant via an in-line filtration step, often incorpo-
rating diatomaceous earth as a filter aid. Color, considered
by some as the primary indicator of sucrose quality, is also
able to be treated at the beverage plant, but typically
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requires hot treatment through activated carbon. This
removes color and many sensory-active compounds, and
also serves to render the sucrose free of most viable
microorganisms. Figure 15.9 (19) briefly summarizes the
handling and treatment of sucrose at the carbonated soft
drink facility.

Liquid sucrose, usually commercially available at 67
Brix concentration (67 Brix is equivalent to 67% sucrose,
by weight), is sometimes used for the production of car-
bonated soft drinks. Two distinct disadvantages of using
liquid sucrose instead of granulated sucrose include the
following: (1) the end user ultimately pays for shipping
33% water, since the ingredient is only 67% sucrose
solids, as compared to granulated sucrose, which is 100%
sucrose solids, and (2) this water also means that the liq-
uid has a higher water activity than granulated sucrose,
making it much more susceptible to microbial spoilage.
With liquid sucrose operations, absolutely diligent trans-
port and handling procedures are imperative.

The last, less common type of nutritive sweetener used
in this industry is medium invert sugar. Chemically, this
product has similarities to both sucrose and high fructose
corn syrup. With medium invert sugar, or MIS, the starting
material is liquid sucrose, which is then treated with one of
three processes: (1) heat and acid, (2) ion-exchange, or (3)
invertase enzyme. The end result of any of these processes
is that roughly 50% of the starting sucrose is transformed
into “invert sugar,” an equimolar mixture of glucose and
fructose. At this point, the inversion process is stopped,

and the final commercial product contains 50% sucrose,
25% glucose, and 25% fructose. This gained favor over
liquid sucrose in the beverage industry for two main rea-
sons: (1) the finished material is 76 Brix, vs. 67 Brix for
liquid sucrose, so less water is shipped, and (2) MIS has a
much lower water activity, and is, therefore, much more
microbiologically stable.

In summary, the producers of carbonated soft drinks
have several options at their disposal for providing the
sweetness to the consumer, which is so characteristic of
these products. Internationally, sucrose is the major
sweetener used, while in the United States, high fructose
corn syrup is preferred. Irrespective of the type of sweet-
ener, the beverage industry has treatment methods at its
disposal to ensure that this ingredient consistently meets
the high standards of chemical and microbial quality nec-
essary to be used in the production of syrup and beverage.

D. CARBON DIOXIDE

At normal temperatures and pressures, carbon dioxide is a
colorless gas, with a slightly pungent odor at high con-
centrations. When compressed and cooled to the proper
temperature, the gas turns into a liquid. The liquid in turn
can be converted into solid dry ice. The dry ice, on absorb-
ing heat, returns to its natural gaseous state.

We learned a little of the history of carbonation earlier
in this chapter, since the concept is so critical to the pro-
duction of carbonated soft drinks. Just as critical is the
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quality of the carbon dioxide used in this application. For
many years, the quality of carbon dioxide was minimized,
largely because there were no uniformly available methods
with which to test the gas, as an ingredient. Those proce-
dures that were available required special expertise to prop-
erly sample and handle this cryogenic gas. The standards of
quality of the carbon dioxide used in beverages were tradi-
tionally relegated to the U.S. Compressed Gas Association
(CGA), whose “quality verification levels” were incorpo-
rated into the beverage company’s specification system.
Then, in 1999, the International Society of Beverage
Technologists (ISBT) developed the Quality Guidelines
and Analytical Procedure Bibliography for Bottlers’
Carbon Dioxide (20). This was a cross-corporate effort by
carbon dioxide suppliers, end-users, testing labs, and allied
businesses to completely update the obsolescent guidelines
which had been recognized for decades. The guidelines are
only available for purchase through ISBT (www.bevtech.
org); they include parameters related to health/safety, sen-
sory, and good manufacturing practices at the supplier.

Carbon dioxide may be obtained and purified from a
number of different “feed gas” sources, the majority of
which are listed in Table 15.5.

There are other more “exotic” sources which are often
the result of carbon dioxide being generated as a by-
product during an organic chemical synthesis. In addition
to commercial supplies, some carbonated beverage plants
produce and purify their own carbon dioxide. The most
common feed gas sources for these applications are com-
bustion (where the flue gas is recovered, concentrated,
then purified) and breweries (where the CO2 generated
from microbial metabolism is recovered and purified).
Whether supplied commercially or in-house, the carbon
dioxide used in carbonated soft drinks is of high quality
(greater than 99.9% CO2); in most cases, it even exceeds
that of medical grade gas.

The liquid carbon dioxide which is delivered to bever-
age plants is generally stored in large “bulk receivers,”
which are vertically or horizontally oriented steel tanks
with urethane foam or vacuum insulation. In the most
common arrangement, carbon dioxide is withdrawn from

the liquid phase at the bottom of the tank, and vaporized by
one of several methods. Due to this withdrawal, the equi-
librium between vapor and liquid in the tank remains
dynamic. The air gases (oxygen, nitrogen) partition into
the vapor phase of the vessel, and are routinely purged to
maintain the purity of the carbon dioxide within the bulk
receiver. Similarly, some components preferentially parti-
tion, in trace amounts, into the liquid phase of the carbon
dioxide (liquid CO2 is an excellent solvent). Many bever-
age plants choose to subject the freshly vaporized carbon
dioxide to one final step of purification just prior to the
point of use. This is usually a simple filtration through acti-
vated carbon alone, or through a mixed adsorbent bed of
carbon (to remove organic contaminants); a silica-based
desiccant (to remove moisture); and a molecular sieve (to
remove sulfur compounds and some oxygenates).

In addition to the quality considerations already dis-
cussed, carbon dioxide safety is a key consideration for
beverage industry technologists. Carbon dioxide is not usu-
ally considered to be a toxic gas in the generally accepted
sense of the term (that is, poisonous) and is normally pres-
ent in the atmosphere at a concentration of approximately
0.03% (300 ppm). Under normal circumstances, carbon
dioxide acts upon vital functions in a number of ways,
including respiratory stimulation, regulation of blood circu-
lation, and acidity of body fluids. The concentration of car-
bon dioxide in the air affects all of these. High
concentrations are dangerous upon extended exposure, due
to increased breathing and heart rates and a change in the
body acidity. OSHA (Occupational Safety and Health
Administration) establishes regulations governing the max-
imum concentration of CO2 and the time-weighted average
for exposure to CO2. These regulations should be reviewed
before installation of any CO2 equipment, and the require-
ments fully met during operation and maintenance.

Since carbon dioxide is heavier than air, it may accu-
mulate in low or confined areas. Adequate ventilation
must be provided when carbon dioxide is discharged into
the air. At lower levels where carbon dioxide may be con-
centrated, self-contained breathing apparatus or supplied-
air respirators must be used. Filter type masks should not
be used. Appropriate warning signs should be affixed out-
side those areas where high concentrations of carbon
dioxide gas may accumulate, and lock-out/tag-out proce-
dures should be followed, as appropriate (21).

III. SYRUP PREPARATION

Most carbonated beverage formulae begin with a “simple
syrup,” which is usually a simple combination of the
nutritive sweetener (sucrose, HFCS, MIS) and treated
water. In some cases, it may also contain some of the salts
outlined in the specific beverage document, depending on
the order of addition which is required. Once the sweet-
ener is completely dissolved, and the simple syrup is a

Carbonated Beverages 15-11

TABLE 15.5
Feed Gas Sources for Carbon Dioxide

✓ Combustion
✓ Wells/Geothermal (Natural CO2 Wells)
✓ Fermentation (Breweries, ethanol plants, etc.)
✓ Hydrogen or Ammonia Plants
✓ Phosphate Rock
✓ Coal Gasification
✓ Ethylene Oxide Production
✓ Acid Neutralization

Adapted from CGA-6.2. 2000. Commodity Specification for Carbon
Dioxide. U.S. Compressed Gas Association, Table 3, Page 5.



homogenous batch, then the flavor and remaining compo-
nents are added to form the “finished syrup.” All simple
syrup should be filtered before being pumped to the fin-
ished syrup blending/storage tanks.

Using Granulated Sucrose. Accurate weighing of
granulated sugar is important. Granulated sugar is normally
received in bulk form or in bags. Internationally, receipt in
50- or 100-pound jute or paper bags is not uncommon. It is
extremely important that the sugar received by either means
should be dry and free of lumps. Moist sugar creates two
immediate and serious problems: (1) moist sugar can have
high microbial counts, much of which will be yeast. Yeast is
a serious problem for carbonated beverages, since it can
lead to fermentation and eventual spoilage of the finished
product. (2) Moist sugar makes accurate measuring diffi-
cult, since the moisture content is being weighed, in addi-
tion to the sucrose solids. This makes final control of the
batch difficult and inconsistent.

Sugar in lumps will create difficulties in making sim-
ple syrup and will take longer to dissolve. Lump sugar is
usually an indication that the sugar was not fully dried
during refinery production or was stored improperly (22).
Never use bulk sugar systems when faced with wet or
even slightly moist sugar. It will cause “bridging” (flow
restriction) in silo storage and make effective handling
impossible. It is critical that any bulk sugar supply is con-
sistently dry and that the storage environment can be con-
trolled to ensure constant low humidity. Even the most
modern silo can “bridge” when faced with a moisture
problem.

Granulated sugar should always be added slowly into
the treated water already measured into the tank. While
sugar is being added, the tank agitator should be in con-
stant operation. The agitation should continue until the
sugar is completely dissolved. After the sugar has been
completely dissolved, and the simple syrup has been fil-
tered into the blending/storage tank, the syrup is checked
for sugar content (Brix). Table 15.6 outlines intuitive, but
useful, reasons for off-target Brix readings.

Using Liquid Sugars. There are three main types of
liquid sugars that are used for syrup production, as dis-

cussed earlier: liquid sucrose, medium invert sugar, and
high fructose syrups. Making simple syrup from liquid
sucrose is similar to the procedure employed when using
granulated sugar. The first step is to check the Brix of the
liquid sucrose to find out how much water must be added
to the batch to bring the Brix of the simple syrup to the
level required by the formula. Most companies beverage
documents include a table that specifies how much of the
liquid sucrose and additional treated water should be
added to the batch based on Brix. When liquid sucrose
supplies are received at the plant, they should be accom-
panied by an analysis sheet comparing the tank load
against the company standards.

Medium Invert Sugar is resistant to microbial
spoilage when being transported from supplier to plant,
and while in storage. However, good sanitation procedures
are still required, as well as special precautions to prohibit
secondary infection. When liquid invert shipments are
received at the plant, they should be accompanied by an
analysis sheet comparing the tank load against standards.
The formula document should include a table that specifies
how much of the sweetener and additional treated water
should be added to the batch based on Brix and the percent
inversion. When testing for Brix in MIS samples, a correc-
tion factor must be used on refractometer readings to com-
pensate for the non-sucrose solids as a result of inversion.

Using High Fructose Syrups. For liquid sugars, in
general, a sample should be taken before the sugar is
accepted, and the analysis should confirm that the material
is within standards. The installation, including receiving
station, pumps, air blower/ultraviolet lamp, tanks and pip-
ing/fittings, should be of approved materials (stainless
steel) and in accordance with the individual beverage com-
pany’s design guidelines. High fructose syrup is subject to
crystallization, so storage temperatures should be con-
trolled (generally maintained between 75°F/24°C and
85°F/29°C), by the use of indirect heating. The receiving
station is a critical point and should be fully cleaned and
hot sanitized before every delivery. As with MIS, when
testing for Brix in HFS samples, a correction factor must
be used on refractometer readings to correct to true Brix
and compensate for the non-sucrose solids.

No matter what type of nutritive sweetener is used,
once the simple syrup has been correctly prepared in the
mixing tank, it should be pumped through the syrup filter
into the storage tank so that the other concentrate compo-
nents may be added. Most simple syrups will be in Brix
range between 60–65, which makes them extremely sus-
ceptible to microbial spoilage, again, with yeast the most
likely culprit. Be sure to recognize and respect any time
constraints included in the syrup preparation instructions.
For example, a general “rule of thumb” is that simple
syrup should not be kept longer than four hours before
converting it to finished syrup. If hot sugar processing
is used, remember to atemperate the simple syrup to
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TABLE 15.6
Possible Brix Errors during Simple Syrup Production

High Brix Low Brix

Weighing error - excess sugar Weighing error - short sugar
Faulty scale Faulty scale
Instrument error Not weighing sugar bags
Too little water Too much water

Instrument error
Moist sugar

Source: Delonge, H. 1994. Pepsi-Cola Production Manual, Volume 2,
Sugar and Sugar Handling.



ambient temperature prior to the addition of concentrate.
This will help minimize thermal degradation of the flavor
oils. Also, it is very important to add the individual com-
ponents in the specific order detailed in the syrup prepa-
ration instructions. Incorrect order of addition can lead to
a variety of problems, including changes in viscosity, fla-
vor degradation, nutrient breakdown, and precipitation of
insoluble materials in the syrup tank.

IV. CARBONATION

Earlier in this chapter, we discussed the history, theory, and
principle of introducing carbon dioxide gas into water to
produce a carbonated beverage. We also addressed the
importance of the quality of this carbon dioxide, as well as
of the treated water used to dissolve it. In this section, we
will discuss the practical aspects of carbonation control.

“Mix processing” refers to the process of combining
the finished syrup, treated water, and carbon dioxide in
the correct proportions to meet beverage specifications. In
addition to the proportioning function, mix processing
will usually incorporate deaeration, mixing, carbonating,
and cooling, depending on the manufacturer’s design and
the type of products being handled. The design of mix
processing systems will vary from one manufacturer to
another, incorporating the features that the manufacturer
feels are advantageous to controlling production.

The primary function of the carbonating unit or the
carbonator is to add carbon dioxide to the product. It must
be carbonated to the level that, after filling and closing,
results in a product within the standards for beverage car-
bonation. Some carbonating units incorporate cooling in
the same tank or unit. The product can be slightly pre-car-
bonated with CO2 injection and then exposed to a CO2

atmosphere directly where cooling is in progress. Other
systems separate the carbonating and cooling steps. The
three most common forms of carbonating technology
incorporate one or a combination of the following: (1)
conventional (atmospheric exposure) introduction, (2)
CO2 injection, or (3) CO2 eduction.

The ability of water, or beverage, to absorb carbon
dioxide gas, is largely dependent on the efficiency of the
carbonating unit (23). Other factors that influence CO2

absorption include (1) product type, (2) product tempera-
ture, (3) CO2 pressure, (4) time and contact surface area,
and (5) air content. If the water temperature rises, the gas
pressure must be increased if the same absorption of CO2

is to be maintained. Conversely, if the temperature of the
water or beverage entering the carbonating unit drops, the
CO2 becomes more soluble, and the pressure must be
decreased to keep the volumes of carbonation within stan-
dards. Automatic CO2 controls compensate for fluctua-
tions in temperature, pressure, and flow. This allows the
carbonating unit to produce a constant CO2 gas absorp-
tion. Such controls are standard in modern processing

units, which are available as basic units, or with computer
interfaces to track the variation in product temperature,
pressure, flow, and final CO2 gas volumes absorbed dur-
ing operating hours.

In many ways, this is a gross oversimplification of a
process which, to this day, sometimes eludes strict con-
trol. Certainly, equipment has dramatically improved over
the years, but loss of carbon dioxide remains a significant
issue in terms of overall plant productivity. New mem-
brane carbonation systems hold great promise for contin-
uing this evolution, by helping to carbonate, at least in
theory, more precisely and accurately than ever before. It
is yet to be seen if these systems will endure the economic
challenges, industry acceptance, and rigors of time.

V. FILLING, SEALING, AND PACKING

In the most fundamental terms, this section will address
the introduction of the now freshly prepared and carbon-
ated finished beverage into the package, and sealing it in
a manner so as to preserve its integrity: simple in theory,
sometimes challenging in application. The bottle filling
unit includes bottle handling/transfer components, a fill-
ing machine, and a capper/crowner.

The purpose of the filler is to fill returnable and non-
returnable bottles to a predetermined level. It should do this
efficiently while minimizing foaming and deliver the bottle
to a crowner or closure machine to be sealed, or, in the case
of cans, to the lid seamer. A discussion of the design and
engineering of filling machines is beyond the scope of this
chapter, and is normally relegated to the specific operating
manuals supplied by the respective equipment vendor.

Carbonated beverage fillers, to prevent the loss of car-
bon dioxide from the freshly carbonated beverage, must
be counter-pressured. The advantage in using CO2 gas for
counterpressure purposes at the filler bowl is to reduce
product air content. With can fillers, this is possible
because the counterpressure gas is normally purged from
the can to the atmosphere as part of the filling process.
Most bottle fillers presently in use vacate the counterpres-
sure gas back into the filler bowl as the bottle is being
filled. The empty bottle moving into the sealing position
(at the filling valve) already contains air. Even if the coun-
terpressure gas is CO2, vacating this mixture (air and CO2)
back into the filler bowl assures that the bowl will contain
(predominantly) air. This can negate the advantage of CO2

as a counterpressure gas, and actually be wasting CO2 to
the point of an economic disadvantage. In place of carbon
dioxide, air or nitrogen is sometimes used as the counter-
pressure gases.

Imagine what happens when a carbonated beverage is
agitated, and then quickly uncapped. Sometimes, this
same type of foaming that results can occur during filling.
Foaming at the filler, even in small amounts, can cause a
number of problems. Some of these deal with product
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quality, others with economics or plant operation, and are
summarized in Table 15.7 (24).

The cause(s) of foaming in a filling operation can range
from a simple problem, that can be corrected quickly, to
one requiring extensive trial and error testing. Many times,
the troubleshooting exercise requires a combination of
technical skill, creativity, and experience. Some causes of
foaming at the filler are summarized in Figure 15.10.

When the problem is a single valve, or occurs for a
short period of time, it is usually easy to troubleshoot and
correct. On-going foaming problems can be extremely
difficult to correct. Manuals supplied by the manufacturer

of the filler/mix processor usually address troubleshooting
foaming problems in detail, and should be consulted. If
the problem persists, contact the filler manufacturer.

One of the problems which can result from excessive
foaming at the filler, aside from the poor aesthetics of
“sticky” packages, is the formation of mold colonies on
the external walls of the package. This might also be evi-
dent in the thread areas of bottles when the cap is
removed. Proper sealing of the newly filled package is a
critical step in the processing of carbonated soft drinks.
The closure can be a variety of different types, including
crimp-on metal crowns on glass bottles, screw-on metal or
plastic caps on plastic bottles, or a seamed lid onto a can
body. Each of these applications requires different equip-
ment, but the over-riding objectives are the same: (1)
withstand the pressure from the carbon dioxide in this
closed system, (2) provide the consumer with a safely
sealed product, and one with tamper evidence, (3) prevent
leakage of product out of the package, and (4) help con-
tribute to the visual appeal of the overall package.

After proper application of the closure or lid, some
beverage manufacturing plants pass the bottles and cans
through a warmer, which is a tunnel of water sprays of
carefully controlled temperature. The purpose is to bring
the temperature of the filled packages (still cold from the
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Syrup over-agitation

Dirty bottles

Dirty filler bowl

Excessively carbonated product

Line leaks (air introduction)

Valve failure

Vent tube scored, missing, loose, incorrect size

Inadequate drainage after washing or rinsing

Particulates in water

Improper carbo-cooler operation

Incorrect centering cup insert

Incorrect setting of valve operating/snift cams

Bent valve operating levers

Product characteristics (more common in diets)

Inadequate carbo-cooler capacity, or operating
beyond capacity

Vent tube spreading rubber wrong position or
missing

Warm product (inadequate refrigeration)

Glass quality and configuration

Excess air or dissolved oxygen in water

High syrup temperatures; warm bottles

Too high a liquid level in bowl

Frequent start/stop operation of filler (over-
agitation of product)

Carbo-cooler outlet valve not opening fully

Incorrect bowl pressure setting

Hot or contaminated CO2

Damaged snift ferrule

Rough transfer on A-frame

Silicate or carbonate scale/deposits from water 

Worn valve liquid seal (skirt)

Dirty valve screens

Poor/leaking counterpressure seal

Worn pump seals on water, syrup, or beverage
transfer pumps (air eduction)

Some causes of foaming at the filler

FIGURE 15.10 Some causes of foaming at the filler. Source: Bena (25).

TABLE 15.7
Problems Resulting from Foaming at the Filler

Quality Economics/Operations

✓ Underfilled package ✓ Impact on filling speed
✓ Product residue on bottle ✓ Loss of CO2 and product
✓ Incorrect CO2 level ✓ Increased BOD (biochemical

oxygen demand) to the drain
(sewer surcharge)

✓ Increased cost of clean-up

Source: Delonge, H. 1994. Pepsi-Cola Production Manual, Volume 2.
Carbonation.



chilled carbonated water introduced at the mix processor)
up to close to ambient. The main reason for this is to pre-
vent excessive condensation, which can lead to problems,
depending on the secondary and tertiary packaging that
are used.

For example, in the U.S. and in many countries inter-
nationally, it is common to place bottles of carbonated bev-
erage into rigid plastic crates for transport to a retail outlet.
In these instances, warming is not usually needed, since
the plastic crates are essentially inert, and allow for ade-
quate air flow and ventilation of the product. Some prod-
ucts, however, perhaps because of a particular marketing
promotion, will shrink wrap multiple bottles together, then
place them in a cardboard case box, and then stack them on
a pallet which is stretch-wrapped for structural stacking
integrity. In the second example, if the bottles were not
warmed after filling, there is a high probability that the
excess condensation would be trapped (by the shrink
wrap), absorbed by the cardboard (presenting a mold risk),
and then subjected to a “green house effect” from the poor
ventilation of the stretch wrap. It becomes quickly evident
that a beverage producer’s job is not complete simply
because the product makes it safely to a sealed container!

VI. QUALITY CONTROL AND ASSURANCE

In this section, we will distinguish quality “control” from
quality “assurance” by having control refer to testing typ-
ically performed by the beverage plant, either immedi-
ately on-site or at a local contract lab. “Assurance” will
refer to the subject of a broader, usually centrally man-
aged program (for example, frequent testing of the prod-
uct from the trade by a central corporate laboratory).
Typically, the bulk of testing performed in a carbonated
beverage facility falls under the category of quality con-
trol. Each company prescribes its own specific testing
protocol, including the parameters to test, analytic test
methods to apply, and frequency. In addition, a rigorous
quality program would clearly outline the actions to be
taken (and by whom) in the event that this testing demon-
strates an out-of-specification situation.

Since there is no single protocol for all plants to fol-
low, Figure 15.11 summarizes the major categories of
testing to consider when evaluating a beverage plant’s
quality monitoring scheme. This list is by no means
exhaustive, but it does provide an idea of how rigorous the
monitoring and control in a beverage plant should be.
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Water−raw, treated

Carbon dioxide

Packaging

Physical factors/inorganics
Metals, alkalinity, chlorine

Volatile organics
Radiologics

Regulatory compliance testing
Treatment operation tests

Target contaminants

Physical factors

Physical factors
Color, ash, turbidity

Decolorizing ability

In-plant treatment efficacy

Simple syrup testing
Syrup

Production

Finished syrup testing
Brix, acidity

Dimensions, weight
Enamel rating (cans)

Visual inspection
Microbiology
Removal torque

Sensory

Sensory

Sensory

Sensory (control drink)

Sensory

Purity

Microbiology

Microbiology

Microbiology

Sweetener

Acidity
Brix

Rinse water microbiology
Bottle washer efficacy
Net contents/fill height
Gas volumes
Date coding
Sanitizer concentration

Transfer tank testing
Environmental testing
Finished product

Multiple test
parameters

Internal testing

External testing

Regulatory testing

Operational testing

Troubleshooting

Multiple test
frequencies

These categories
involve:

Example of testing categories in a beverage plant quality scheme

FIGURE 15.11 Example of testing categories in a beverage plant quality scheme.



In addition to this quality control scheme, most larger
beverage companies have developed formalized quality
assurance schemes, which are usually under a centralized
corporate management. The programs generally include
some auditing function to visit the production plants for
compliance to standards and guidelines, and sampling of
finished products from the trade. These programs vary in
terms of their focus and rigor, but trade sampling provides
perhaps the best representation of what the consumers in a
particular market are receiving. From this perspective, the
data obtained are of extreme value, and must be reviewed
in concert with in-plant and external data, in order to pro-
vide the best overall picture of quality performance.

VII. FINISHED PRODUCT

Low pH, high acidity, carbonation, and often ingredients
that provide some natural antimicrobial activity (for exam-
ple, d-limonene in citrus oils) all combine to make carbon-
ated soft drinks a robust category of beverages. Of course,
“robust” is a relative term, so as not to imply that carbon-
ated beverages are completely immune to problems in fin-
ished product. The formulae, however, go a long way in
providing a margin of “designed” product safety.

In fact, for non-fruit-juice-containing carbonated
beverages, the types of problems which are typically
encountered in the trade are relatively few, and rarely, if
ever, present a health or safety threat to the consumer.
Microbiologically, we have already mentioned the possi-
bility of having mold form where the overall moisture in
the environment is not controlled. For example, remem-
ber the scenario of freshly filled bottles, moist with con-
densation, then shrink wrapped, palletized, and stretch
wrapped. The resulting “green house” effect could easily
provide the necessary conditions in which mold could
grow. In finished product, however, these beverages
might contain a variety of organisms, but they will not
remain viable under the conditions of the beverage. Only
aciduric organisms can multiply, and these include some
molds, yeasts, lactic acid bacteria, and acetic acid bacte-
ria (26). Of these, the clear majority of microbial prob-
lems are caused by spoilage yeast. This “spoilage”
normally refers to any condition which affects the design
appearance, flavor, or aroma of the product, and is usu-
ally a problem of aesthetics where carbonated soft drinks
are concerned.

In addition, as with any packaged products, the pack-
aging materials can be the source of finished product
problems. For example, misapplication of closures may
occur, where removal torque is so high that consumers
have difficulty opening the bottles. In areas of the world
where returnable bottles are used, depending on their han-
dling, they can become badly scuffed, presenting an unap-
pealing look to the consumer.

Many problems with finished product can be—and
are—averted before the product ever leaves the beverage
facility. This is due, in large part, to the diligent monitoring
of the soft drink manufacturing process from beginning to
end. We have already learned that the raw materials are held
to high standards of quality upon receipt, and some—like
water, sucrose, and carbon dioxide—are often further puri-
fied within the beverage plant itself. Then, these raw mate-
rials are combined into a finished syrup, and it is checked
against standards of assembly and quality. This finished
syrup is then diluted and carbonated, filled, then sealed to
form the final beverage. The final product is tested chemi-
cally, microbially, and sensorially, to ensure that it meets
the highest standards of its trademarked brand.

This said, the summary above represents only a small
portion of the quality systems that overarch most finished
products, and which are clearly beyond the scope of this
chapter. Suffice to say that many beverage companies
begin to control quality as far back in the supply chain as
possible, so far, that some companies own their own citrus
groves in order to strictly control the quality of the orange
juice used in their orange-juice containing carbonated bev-
erages! In addition, as the principles of HACCP (Hazard
Analysis and Critical Control Points) become more com-
monplace in the beverage industry, many bottlers and can-
ners are voluntarily formulating their own HACCP plans
to formalize the monitoring and control of their processes.
All of this is done with a single, predominant end-goal in
mind, to provide the consumer with consistently high-
quality, great tasting, refreshing beverages.
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I. BACKGROUND INFORMATION

A. HISTORY OF MUFFINS

English muffins originating in London were made from
yeast dough in contrast to quick-bread muffins served in
early America. Muffins are described as a quick bread
since “quick-acting” chemical leavening agents are used
instead of yeast, a “longer-acting” biological leavening
agent. Muffins have become increasingly popular as a hot
bread served with meals or eaten as a snack. Freshly
baked muffins are served in restaurants and bakeries and
consumers can buy packaged ready-to-eat muffins from
grocery stores and vending machines. It is possible for
restaurants and small bakeries to serve a muffin of a con-
sistent high quality with the availability of dry mixes,
frozen muffin batter, and pre-deposited frozen muffins
available on the wholesale market. 

B. HEALTH CONCERNS

The economic burden of chronic disease is a worldwide
problem. Chronic diseases contributed to 60% of the
deaths worldwide in 2001 (55). The increasing rate of
obesity and the ageing of the population are expected to
impact the burden of chronic disease. Those with obesity
are at greater risk and have an earlier onset of the chronic
diseases of diabetes, cardiovascular diseases, cancer, and
stroke. Ageing increases the risk for all chronic diseases.
Nearly one-quarter of the population in developed coun-
tries is made up of those above 60 years of age, with
expectations for the numbers to increase to one-third of
the population by 2025 (55). 

The problems of overweight and obesity are growing
rapidly around the world and co-exist with malnutrition in
developing countries (55). Surveys of U.S. adults done in
1999–2000 showed that 64% of adults were overweight
and 30% were obese (21). The percentage of children and
adolescents in the U.S. who are overweight has tripled in
the past 30 years with 15% of 6–19 year olds being over-
weight in 1999–2000 (41). 

Obesity rates have increased threefold or more in
some parts of North America, Eastern Europe, the
Middle East, the Pacific Islands, Australasia, and
China since 1980 (54). The prevalence rates of overweight
and obesity are growing rapidly in children and adults in
such countries as Brazil and Mexico where malnutrition
and obesity co-exist in the same household (9). Countries
with the highest percentage (5% to 10%) of overweight
preschool children are from the Middle East (Qatar),
North Africa (Algeria, Eqypt, and Morocco), and Latin
America, and the Caribbean (Argentina, Chile, Bolivia,
Peru, Uruguay, Costa Rica, and Jamaica) (10). 

Globalization of food and the availability of energy-
dense snack and “fast foods” have had a significant
impact on dietary patterns and the incidence of chronic

disease in both developing and developed countries (27).
For example, Coca-cola and Pepsi soft drinks and
McDonald’s, Pizza Hut, and Kentucky Fried Chicken fast
foods are now available worldwide (27). Changes in
dietary patterns combined with a sedentary lifestyle have
increased the rates of obesity and chronic disease. Dietary
factors related to chronic disease are excessive intakes of
calories, fat—especially saturated fat—and sodium, and
low intakes of fruits and vegetables and whole-grain
breads and cereals (52).

National dietary guidelines recommend limiting
intakes of total fat, saturated fat, trans fat, cholesterol, free
sugars, and sodium, and promote dietary fiber from whole
grain breads and cereals and fruits and vegetables (56). In
2002, consumers in the U.S. reported making food choices
in an effort to avoid fat, sugar, calories, and sodium, and to
increase fiber intake (39). Consumers chose fat free foods
or foods low in fat 74% to 80% of the time and selected
low calorie foods and low sodium foods 76% and 67% of
the time, respectively. High fiber foods were chosen 75%
of the time and 40% reported using organic foods (39).

The food industry has responded to concerns of con-
sumers and public health officials by developing “healthy”
food products, lower in saturated fat, trans fat, cholesterol,
sodium, sugar, and calories. New ingredients have been
developed by food scientists in government and industry to
use as fat replacers and sugar replacers to use in preparing
baked products that are lower in calories and saturated and
trans fat (Table 16.1, Table 16.2). The newest category of
ingredients is concentrated bioactive compounds with spe-
cific health benefits (Table 16.3) (43). These ingredients
are added to formulations during food processing to
enhance the health benefits of specific food products or to
develop “functional foods.” Individual foods, such as
apples, blueberries, oats, tomatoes, and soybeans, are
being marketed as functional foods because of the health
benefits of components of these foods. For example, diets
that include oat fiber and soy protein lower serum choles-
terol, and lycopene in tomatoes reduces the risk of pros-
trate cancer. Apples and blueberries contain unique
antioxidants shown to reduce the risk for cancer (42).
Examples of bioactive ingredients available to the baking
industry are OatVantage (Nature Inc., Devon, PA) a con-
centrated source of soluble fiber, and FenuPure
(Schouter USA, Minneapolis, MN), a concentrated source
of antioxidants from fruits and vegetables. 

C. FOOD LABELING AND HEALTH CLAIMS

The Nutrition Labeling and Education Act (NLEA) issued
by the Food and Drug Administration (FDA) in the U.S.
in 1990 required food labels to include nutrition content
on all packaged foods to be effective in 1994 (11).
Information required on the Nutrition Facts portion of the
food label are the serving size and the amount per serving
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of calories, protein, fat, saturated fat, cholesterol, carbo-
hydrates, fiber, sodium, calcium, vitamins A and C, and
iron. A 1993 amendment to the NLEA authorized food
manufacturers to add health claims related to specific
food components (11) (Table 16.4). However, many
“functional foods” lack the scientific evidence to meet
FDA criteria to make health claims (50). A 2003 

amendment to NLEA requires that trans fatty acids be
listed under saturated fat on the Food Facts label by
January 1, 2006 (11).

The Codex Alimentarius Commission of the Food and
Agriculture Organization of the United Nations World
Health Organization (FAO/WHO) Codex Guidelines on
Nutrition Labeling adopted in 1985 are similar to the
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TABLE 16.1
Ingredients Used as Fat Replacers in Baked Products

Brand Name Composition Supplier

Carbohydrate Based
Beta-Trim Beta-glucan and oat amylodextrin Rhodia USA, Cranbury, NJ
Fruitrim Dried plum and apple puree Advanced Ingredients Capitola, CA
Just Like Shorten Prune and apple puree PlumLife division of TreeTop, Selah, WA
Lighter Bake Fruit juice, dextrins Sunsweet, Yuma City, CA
Oatrim Oat maltodextrin Quaker Oats, Chicago, IL
Paselli FP Potato maltodextrin AVEBE America, Inc., Princeton, NJ
Z-Trim Multiple grain fibers U.S. Department of Agriculture
Low and Noncaloric Lipid Based
Enova Diglycerides Archer Daniels Midland/Kao LLC,

Decatur, IL
Benefat Triglycerides modified by substituting Danisco Culter, New Century, KS
Salatrim/Caprenin short or medium chain fatty acids Proctor & Gamble, Cincinnati, OH
Olestra/Olean Sucrose polyester Proctor & Gamble, Cincinnati, OH

TABLE 16.2
Ingredients Used as Sugar Replacements in Baked Products

Sweetness 
Sweetener Brand Name Compared to Sucrose Supplier

Acesulfame-K Sunett 200% sweeter Nutrnova, Somerset, NJ
Sucralose Splenda 600% sweeter Splenda, Inc., Fort. Washington, PA

TABLE 16.3
Ingredients Marketed for Specific Health Benefits

Brand Name Composition Health Benefit Supplier

Caromax Carob fruit fiber; soluble fiber, Lower serum cholesterol National Starch & Chemical, Bridgewater, NJ
Carob Fiber tannins, polyphenols, lignan
FenuPure Fenugreek seed concentrate; Regulate blood glucose; Schouten USA, Inc., Minneapolis, MN

galactomannan lower serum cholesterol
Fibrex Sugar beet fiber; soluble fiber, Lower serum cholesterol; Danisco Sugar Malmo, Sweden

lignan regulate blood glucose
MultOil Diglycerides + phytosterols Lower serum cholesterol Enzymotec Migdal HaEmeq, Israel
Nextra Decholesterolized tallow and Reduce the risk for Source Food Technology, Durham, NC

corn oil; free of trans fat coronary heart disease
Novelose 240 Corn fiber; high amylose, Reduce risk for colon National Starch & Chemical, Bridgewater, NJ

resistant fiber cancer
Nutrifood Fruit and vegetable liquid Reduce risk for chronic GNT USA, Inc., Tarrytown; NYGNT 

concentrates; source of diseases–cancer, diabetes, Germany, Aachen, Germany
antioxidants–carotenoids, and cardiovascular disease
anthocyanins, polyphenols

OatVantage Beta-glucans, a soluble fiber Lower serum cholesterol Nurture, Inc., Devon, PA



NLEA implemented by the FDA in 1994 (13). The Codex
Alimentarius Commission adopted the Codex Guidelines
for the use of Nutrition Claims on food labels in 1997
(14). Codex standards are voluntary and each country
within the United Nations is free to adopt food-labeling
standards. The European Union that includes 15 member
states in Europe also sets guidelines for nutrition labeling
and nutrition claims, subject to requirements of individual
member states. 

The Food Standards Agency of the United Kingdom
(U.K.) was established in 2000 as the regulatory agency to
set policy for food labeling in Great Britain and Northern
Ireland (23). The Food Standards Australia New Zealand
(22) specifies the requirements for food labeling in these
countries (22). Health Canada published new food label-
ing regulations January 1, 2003, making nutrition labeling
mandatory for most foods and allowing diet-related health
claims on food labels for the first time (26). 

D. FOOD LABELING STANDARDS FOR

ORGANICALLY GROWN FOODS

The Organic Foods Production Act of 1990 passed by the
U.S. Congress required the U.S. Department of Agricul-
ture to develop certification standards for organically pro-
duced agricultural products (2). Producers who meet the
standards may specify the percentage of the product that
is organic on the food label if 70% or more of the ingre-
dients in the product are organically grown (2). The

Codex Alimentarius Commission has also published stan-
dards for labeling organically grown foods (15). Organic
fruits and vegetables are produced without using conven-
tional pesticides, petroleum-based fertilizers, or sewage
sludge-based fertilizers. Animal products identified as
organic come from animals given organic feed without
antibiotics or growth hormones. Food products that have
been developed through genetic modification cannot be
labeled as organically grown foods (2,15).

E. INGREDIENT LABELING FOR POSSIBLE ALLERGENS

The Codex Alimentarius Commission of FAO/WHO and
FDA/CFSAN require that food labels list all ingredients
known to cause adverse responses in those with food
allergies or sensitivities (11,20). The FDA requires listing
ingredients from eight foods that account for ~90% of all
food allergies. These foods are peanuts, soybeans, milk,
eggs, fish, shellfish, tree nuts, and wheat (20). Codex
standards require listing ingredients from these same eight
foods plus all cereals that contain gluten—rye, barley,
oats, and spelt—lactose, and sulphite in concentrations of
10 mg/kg or more (11). Gluten, lactose, and sulphite are
listed on food labels because these substances cause dis-
tress for some, even though these substances are not con-
sidered allergens. Individuals with celiac disease or gluten
intolerance eliminate all sources of gluten from the diet. A
small percentage of individuals lack lactase, the enzyme
needed to digest lactose, and avoid dairy products and all
other foods with lactose additives. 

Food processing plants are required to follow Good
Manufacturing Practices (GMP) to avoid possible cross-
contamination with trace amounts of allergens during
processing. An example of possible cross-contamination
is using the same plant equipment to prepare “nut free”
muffins after the equipment was used to prepare muffins
with nuts (49). An example of GMP is dedicating food-
processing plants to the production of allergenic free
foods (49). 

Small bakeries, defined by the number of employees
or annual gross sales, and restaurants are exempt from the
FDA food labeling requirements. Food labeling to iden-
tify foods that have been genetically modified through
bioengineering (GM) is voluntary (16). However, because
of consumer concerns about GM foods, managers of bak-
eries may choose to include a statement on the ingredient
label such as “we do not use ingredients produced by
biotechnology” (16,17). Consumers with food allergies
have learned to read the list of ingredients on the food
label to identify any possible sources of allergens.
Managers of small bakeries that use nuts or soy flour in
their operation, but unable to follow GMP because of the
added cost, may choose to alert consumers with a state-
ment on the ingredient label, such as “this product was
made on equipment that also makes products containing
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TABLE 16.4
Health Claims Approved for Food Labeling in the 
U.S.1

Food Component Health Claim 

Calcium Osteoporosis
Dietary fat Cancer
Dietary saturated fat and Coronary heart disease

cholesterol
Fiber-containing grain products, Cancer

fruits and vegetables
Sodium Hypertension
Folate Neural tube defects
Dietary sugar alcohol Dental caries
Fruits, vegetables and  Coronary heart disease

grain products that contain fiber,
particularly soluble fiber

Soy protein Coronary heart disease
Whole-grain foods Heart disease and certain 

cancers
Plant sterols/stanol esters Coronary heart disease
Potassium High blood pressure and 

stroke

1 FDA/CFSAN. 2002b. Food labeling and nutrition. Information for
industry. A food labeling guide. Appendix C. Health claims.
http://www.cfsan.fda.gov/~dma/flg-6C.html. Accessed on July 3, 2003.



tree nuts.” Making a decision to sell bakery products made
with organic ingredients requires assessing the market for
these products, the availability of organic ingredients, and
the expected income from the operation.

II. RAW MATERIALS PREPARATION

A. SELECTION AND SCALING OF INGREDIENTS

Muffins made by large commercial bakeries are cake type
muffins while those made in the home or small institutions
are bread muffins. The differences between cake and bread
muffins are that cake muffins are higher in fat and sugar
and use soft wheat flours. A common problem encountered
in bread type muffins is tunnel formation resulting from
overdevelopment of gluten. However, this problem is
avoided in cake muffins since sugar, fat, and soft wheat
flours interfere with gluten development and prevent tun-
nel formation. Bread muffins contain 12% of both fat and
sugar compared to 18% to 40% fat and 50% to 70% sugar
in cake muffins (5).

Formulas for a standard cake muffin and bran muffin
are shown in Table 16.5. Ingredient formulas used by
commercial bakeries are based on the weight of flour at
100% (25). The amounts of other ingredients are a per-
centage of flour weight (Baker’s percent). For example,

total weight of muffin ingredient
� 100% �

total weight of flour
% of the ingredient 

If the weight of another ingredient is the same weight as
flour, the percent for that ingredient is also 100%. The
advantage of using Baker’s percent is that batch sizes can
be easily increased or decreased by multiplying the per-
cent for each ingredient by the same factor. Weighing all
ingredients, including liquids, is faster and more accurate
than using measurements, especially in large commercial
bakeries.

1. Flour

Flour is the primary ingredient in baked products. Flour
represents 30% to 40% of the total batter weight in most
cake muffins (5). Most muffin formulas contain a blend of
cake or pastry flour and a high protein flour such as bread
flour, or all bread flour (51). The protein in flour is needed
to provide structure in quick breads made with limited
amounts of sugar. Flour contains starch and the proteins,
glutenin, and gliadin, which hold other ingredients together
to provide structure to the final baked product. Hydration
and heat promote gelatinization of starch, a process that
breaks hydrogen bonds, resulting in swelling of the starch
granule, which gives the batter a more rigid structure (27).

Substituting whole-wheat flour, wheat germ, rolled
oats, or bran for part of the flour is an excellent way to
increase fiber. Other flours used in muffins include corn-
meal, soy, oat, potato, and peanut. An acceptable product
is possible when cowpea or peanut flours are substituted
for 25% or when whole-wheat flour or corn meal is sub-
stituted for 50% of all-purpose flour (29). Acceptable
muffins have been prepared when soy protein flour was
substituted for 10% to 20% (47) or 100% of all-purpose
flour (6). None of these flours contains glutenin or gliadin
except whole wheat, and large pieces of bran in whole-
wheat flour cut and weaken gluten strands. Thus, there is
minimal gluten development when these flours are used;
however, the muffins tend to be crumbly and compact
unless other modifications are made in the formula.

2. Sugar

Amounts of sugar in muffins range from 50% to 70% based
on flour at 100% (5). Sugar contributes tenderness, crust
color, and moisture retention in addition to a sweet taste.
Sucrose promotes tenderness by inhibiting hydration of
flour proteins and starch gelatinization. Sugar is hygro-
scopic (attracts water) and maintains freshness. Corn syrup,
molasses, maple sugar, fruit juice concentrates, and honey
are used as sweeteners for flavor variety. Honey or
molasses is often used as a sweetener in whole wheat or
bran muffins to cover the bitter flavor of the bran (51). The
quantity of liquid will need to be decreased if these sweet-
eners are used instead of sucrose because of the high water
content in these syrups.

Chemical changes in sugars during baking contribute
characteristic flavors and browning. Carmelization of
sugar is responsible for the brown crust of muffins.
Carmelization involves dehydration and polymerization
(condensation) of sucrose (35). Reducing sugars such as
dextrose, corn syrup, or high fructose corn syrup are often
added to muffins at levels of 1% to 3% to increase crust
color (51). Reducing sugars react with amino acids in
flour, milk, and eggs to form a complex responsible for
the flavor and brown crust of muffins. 

The reaction between the aldehyde or ketone group in
reducing sugars and the amino acids in protein is described
as the Maillard reaction (37). This Maillard reaction
together with carmelization contributes to the characteristic
flavor and color of the crust of a baked muffin. Crust tem-
peratures reach 100°C and above, which lower water activ-
ity. Both the high temperature and low water activity are
necessary for the Maillard reaction to occur (38).

Sugar replacers such as acesulfame-K and sucralose
(Table 16.2) can be substituted for all or part of the sugar.
Sugar replacers, however, do not contribute to tenderness,
browning, or moisture retention, thus other formula mod-
ifications are necessary for an acceptable product. For
example, adding a small amount of molasses or cocoa for
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color to substitute for color from carmelization of sucrose.
The shelf life of muffins prepared without sugar would be
very limited.

3. Fat

Muffins contain 18% to 40% fat based on flour at 100% (5).
Fat contributes to the eating qualities of tenderness, flavor,
texture, and a characteristic mouthfeel. Fat keeps the crumb
and crust soft and helps retain moisture, and thus contributes
to keeping qualities or shelf life (36). Fat enhances the fla-
vor of baked products since flavor components dissolve in
fat. Both shortening and vegetable oils are used in muffins.

To meet the demands of the consumer, muffin formu-
las are being modified to reduce total, saturated fat, trans

fat, and calories, and to increase the amount of monoun-
saturated and polyunsaturated fat. Canola oil and flaxseed
meal are being added to muffins to increase the proportion
of monounsaturated fat. Muffins made with reduced fat
and polyunsaturated fatty acids (13% safflower oil) were
comparable in sensory and physical characteristics to the
standard muffin made with shortening at 20% (8). Low fat
and fat free muffins are available ready to eat and as
frozen batters or dry mixes for bakeoff.

Various fat replacers have been classified by their
macronutrient base (Table 16.1). Carbohydrate- and lipid-
based fat replacers can be used to prepare muffins accept-
able to the consumer. Lipid-based fat replacers that have
the same chemical and physical characteristics of triglyc-
erides are described as fat substitutes (1). These products
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TABLE 16.5
Muffin Formulas Listed by Baker’s Percent and Weight1,2

Basic Cake Muffin Bran Muffin  
Ingredient Baker’s % Weight gm Baker’s % Weight gm

Flour 100.00 990 – –
Bread flour – – 50.0 4545
Cake flour – – 18.75 1704
Bran – – 31.25 2842
Sugar 60.00 5455 31.25 2842
Baking powder 5.00 455 1.50 136
Baking soda – – 2.20 220
Salt 1.25 114 1.50 136
Milk powder 7.50 682 12.50 1136
Molasses – – 37.50 3409
Shortening 40.00 3636 18.75 1704
Whole eggs (liquid) 30.00 2727 12.50 1136
Honey – – 19.00 1727
Water 60.00 5455 100.00 990
Raisins – – 25.00 2273
Total 303.75 27616 316.70 32790

Mixer: Hobart N-50 with 5 quart bowl and paddle agitator.
Directions for basic cake muffin formula:
Blend dry ingredients together by mixing for 1 minute at low speed.

Add shortening and eggs and mix for 1 minute at low speed.
Add water and mix for 1 minute at low speed.

Scaling Weight: 2.5 ounces batter. 
Yield: 2–1/2 dozen muffins.
Bake: at 205°C for 19–21 minutes in a gas-fired reel oven.
Directions for bran muffin formula:

Blend dry ingredients and mix for 1 minute at low speed.
Add shortening, eggs, honey, molasses, and 50% (4.5 kg) of the water and mix for 1 minute at medium low speed.
Add the remaining water and mix for 1 minute at low speed.
Add raisins and mix at low speed for 3 minutes or until raisins are dispersed.

Scaling Weight: 3 ounces batter.
Yield: 3 dozen muffins.
Bake: at 193°C for 20–25 minutes in a gas-fired reel oven.

1 Benson RC. 1988. Technical Bulletin. Muffins. Manhattan, KS: American Institute of Baking 19(6):1–4.
2 Doerry W. 1995. Chapter six: Cake muffins. In: Breadmaking. Vol 2: Controlled Baking. Manhattan, KS: The American
Institute of Baking. pp. 208–213.



provide the same characteristics as fat but with fewer
calories. Monoglycerides, diglycerides, and modified
triglycerides are examples of fat substitutes that replicate
the mouthfeel and sensory qualities of baked products
made with shortening. 

Enova (Archer Daniels Midland KAO LLC,
Decatur, IL) is an example of a diglyceride that is lower in
calories than other oils and being marketed as beneficial in
weight management (45). Benefat® (Danisco Culter, New
Century, KS) and Caprenin (Proctor & Gamble,
Cincinnati, OH) are examples of triglycerides modified by
substituting shorter chain fatty acids (1). Sucrose poly-
esters of six to eight fatty acids are marketed as Olean®

(Procter & Gamble, Cincinnati, OH), a fat substitute with
the same physical qualities as shortening without the calo-
ries since sucrose polyesters are not digested or absorbed
in the human intestinal tract. 

A commercial shortening product (Nextra) (Source
Food Technology, Durham, NC) made from decholes-
terolized tallow and corn oil is being marketed to the bak-
ing industry as a trans-free fat to replace shortening (44).
Other methods used by the food industry to decrease the
amount of trans fat are 1) blending hydrogenated fat high
in stearic acid with unhydrogenated oils, and 2) inter-
esterifying (rearranging) unhydrogenated oils with satu-
rated-fat-based oils (30). 

Carbohydrate-based fat replacers are described as fat
mimetics. These include cellulose, corn syrup, dextrins,
fiber, gum, maltodextrins, polydextrose, starches, and fruit
based purees. Z-trim, developed by a U.S. Department of
Agriculture scientist, is a mixture of plant fibers (31). Fat
mimetics replicate the mouthfeel and texture of fat in
baked products and extend the shelf life by binding water
and trapping air (3). Acceptable low fat cake muffins (5%
fat) used 2% pregelatinized dull waxy starch and corn
syrup (3.6%) to replace fat (28).

Fruit purees or pastes of one or more fruits—apples,
dates, figs, grapes, plums, prunes, and raisins—are being
promoted as fat replacers. Just Like ShortenTM is a mix-
ture of dried prunes and apples. The fruit purees have
humectant properties, promote tenderness and moistness,
increase shelf life, and can replace some of the sugar
and/or fat in muffins and cakes. 

Formulas will need to be developed based on adjust-
ments in ingredients when fat replacers are substituted for
all or part of the fat in the formula. New formulas need to
be prepared and the muffins evaluated using the muffin
scorecard (Table 16.6) as well as evaluating the shelf life.
Several formula adjustments may be necessary before an
acceptable muffin is developed. 

4. Leavening Agents

The amount of baking powder used in muffins varies
between 2% and 6% based on flour at 100% with lower

amounts in muffins with ingredients that increase acid (5).
Gases released by a leavening agent influence volume and
cell structure. During baking, heat increases gas volume
and pressure to expand cell size until proteins are coagu-
lated (35). Stretching of the cell walls during baking
improves texture and promotes tenderness (35).

The quantity of leavening used in a baked product
depends on the choice of leavening agent as well as other
ingredients. Formulation of baking powders considers the
amount of leavening acids needed to neutralize baking
soda or sodium bicarbonate, an alkaline salt. Double-
acting baking powder (most commonly used in muffins)
contains both slow- and fast-acting acids (37). Fast-acting
acids are readily soluble at room temperature while slow-
acting acids are less soluble and require heat over extended
time to release carbon dioxide. Formulations of slow- and
fast-acting acid leavening agents control the reaction time
and optimize volume (7). An example of a formulation to
neutralize sodium bicarbonate is a mixture of slow- and
fast-acting acids—monocalcium phosphate monohydrate
(a fast-acting acid) combined with sodium aluminum sul-
fate (a slow-acting acid). Development of baking powder
requires consideration of the unique neutralizing value
(NV) and the rate of reaction (ROR) or the percent of car-
bon dioxide released during the reaction of sodium bicar-
bonate with a leavening acid during the first eight minutes
of baking (4,7). 

Baking soda is used in addition to double-acting bak-
ing powder when muffins contain acidic ingredients such
as sour cream, yogurt, buttermilk, light sour cream,
molasses, and some fruits and fruit juices (37). Baking
soda in the amount of 2% to 3% in addition to baking
powder is added to acidic batters (5).

Sodium carbonate is a product of an incomplete reac-
tion in formulas with excess sodium bicarbonate. Excess
sodium carbonate results in a muffin with a soapy, bitter
flavor, and a yellow color because of the effect of an alka-
line medium on the anthoxanthin pigments of flour (38).
Also, formulas with too much baking powder or soda
results in a muffin with a coarse texture and low volume
because of an overexpansion of gas, which causes the cell
structure to weaken and collapse during baking.
Inadequate amounts of baking powder will result in a
compact muffin with low volume. Figures 16.1 and 16.2
show different chemical reactions for fast-acting and
slow-acting baking powders (37). 

5. Whole Eggs

Liquid eggs contribute 10% to 30% of muffin batter based
on flour at 100% and dried eggs contribute 5% to 10% (5).
Eggs provide flavor, color, and a source of liquid. Upon
baking, the protein in egg white coagulates to provide
structure. Adding egg whites to muffin batter provides
structure to the finished product and a muffin that is 
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easily broken without excessive crumbling (48).
Substituting egg whites for whole eggs, however, will
result in a dry, tough muffin unless the formula is adjusted
to increase the amount of fat (48). Fat in the yolk acts as
an emulsifier and contributes to mouthfeel and keeping
qualities. 

6. Nonfat Dry Milk Powder

Milk powder represents 5% to 12% of the muffin batter
based on flour at 100% (5). Milk powder is added to dry
ingredients and water or fruit juice is used for liquid in
muffin formulas. Milk powder binds flour protein to pro-
vide strength, body, and resilience—qualities helpful in

reducing damage during packing and shipping (51). In
addition, milk powder adds flavor and retains moisture.
The aldehyde group from lactose in milk combines with
the amino group from protein upon heating, contributing
to Maillard browning.

7. Sodium Chloride

The amount of salt in muffins is 1.5% to 2% based on
flour at 100% (5). The function of sodium chloride is to
enhance the flavor of other ingredients. Sodium chloride
may be omitted from the formula without compromising
flavor, if other ingredients such as dried fruit or spices are
added for flavor.
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TABLE 16.6
Scorecard for Muffins1

Evaluator Product Date

External Qualities
1a. Volume Score
Specific Volume: πr2 � height � weight in grams (cm) 1�low volume, compact cells;

5�light with moderate cells; 7�large volume, large cells and/or tunnels
1b. Contour of the surface
1�absolutely flat; 3�somewhat rounded; 5�pleasingly rounded;

7�somewhat pointed; 9�very pointed
1c. Crust color
1�much too pale; 3�somewhat pale; 5�pleasingly golden brown;

7�somewhat too brown; 9�much too brown
Internal Qualities
1d. Interior color
1�much too white; 3�somewhat white; 5�pleasingly creamy;

7�somewhat too yellow; 9�much too yellow
1e. Cell uniformity and size
1�much too small; 3�somewhat thick; 5�moderate;

7�somewhat too large; 9�numerous large tunnels
1f. Thickness of cell walls
1�extremely thick; 3�somewhat thick; 5�normal thickness;

7�somewhat too thin; 9�much too thin
1g. Texture
1�extremely crumbly; 3�somewhat crumbly; 5�easily broken,

7�slightly crumbly; 9�tough, little tendency to crumble
1h. Flavor
1�absolutely not sweet enough; 3�not nearly sweet enough;

5�pleasingly sweet; 7�somewhat too sweet; 9�much too sweet
1i. Aftertaste
1�extremely distinct; 3�somewhat distinct; 5�none
1j. Aroma
1�lack of aroma; 5�sweet and fresh aroma; 9�sharp,

bitter, or foreign aroma
1k. Mouthfeel
1�gummy, cohesive; 3�somewhat gummy; 5�tender,

light and moist; 7�somewhat dry and tough; 9�tough and hard to chew
Overall Acceptability
1�very unacceptable; 3�somewhat acceptable; 

5�very acceptable

1 Modified from McWilliams M. 2001. Chapter 3: Sensory evaluation. In: Foods: Experimental Perspectives. 4th ed. Upper Saddle River, NJ: Prentice
Hall. pp. 33–57.



8. Liquids

Liquids perform several functions in baked products (5).
These include dissolving dry ingredients and gelatiniza-
tion of starch and providing moistness in the final baked
product. Insufficient liquid results in incomplete gela-
tinization of the starch and a muffin with insufficient
structure to support expansion of air volume. The muffins
will have non-uniform cell structure, overly crumbly tex-
ture, low volume, and a dip in the top.

9. Additional Ingredients

Other ingredients are often added to muffins for variety in
flavor, texture, and color, and to increase the specific nutri-
ents or health components such as fiber, vitamins and min-
erals, or antioxidants from fruit and vegetable extracts.
Part of the flour may be replaced with cornmeal, bran,
whole-wheat, oat, or other flours to increase the fiber con-
tent. Adjustments in the amount of water in the formula are
necessary when whole-wheat flour, bran, or other concen-
trated sources of fiber are added because fiber absorbs a
great deal of water (51). An example of a concentrated
source of fiber is Caromax (National Starch &
Chemical, Bridgewater, NJ)(42). Nutrifood® (GNT USA,

Tarrytown, NY), a liquid concentrate marketed as a blend
of the antioxidants carotenoids, anthocyanins, and
polyphenols is an example of a bioactive ingredient (43). 

Other ingredients can be substituted for part of the liq-
uid. For example, applesauce, bananas, shredded carrots,
or zucchini. Variations in texture are achieved by adding
fresh fruit such as apples or blueberries or dried fruit such
as dates, raisins, or apricots. Nuts and poppy seeds com-
plement the flavor of sweet muffins while grated cheese,
whole-kernel corn, green peppers, chopped ham, and
bacon add interest to corn muffins. Added flavorings
include cinnamon, nutmeg, allspice, cloves, and orange or
lemon zest. Topping mixtures such as chopped nuts, cin-
namon, and sugar are added to the batter after depositing.

III. PROCESSING STAGE 1

A. MIXING

There are two primary methods for mixing muffins—the
cake method and the muffin method. The cake method
involves creaming sugar and shortening together, followed
by adding liquid ingredients with the final addition of dry
ingredients. The muffin method of mixing involves two to
three steps. First, dry ingredients are mixed together; sec-
ond, shortening or oil and other liquids are mixed together;
and third, the liquids are added to the dry ingredients and
mixed until the dry ingredients are moistened. Additional
ingredients are added at the end of the mixing cycle or
after depositing the muffin batter. Institutional or commer-
cial bakeries use a mixer on slow speed for three to five
minutes. Inadequate mixing results in a muffin with a low
volume, since some of the baking powder will be too dry
to react completely.

IV. PROCESSING STAGE 2

A. DEPOSITING

The traditional size of muffins is two ounces although
today muffins are marketed in a wide range of sizes from
one-half ounce mini-muffins to muffins five ounces or
larger in size (51). For institutions or bakeries, small bat-
ter depositors are available that will deposit four muffins
at a time. Also available are large piston type depositors
that maintain accurate flow of the batter (5).

V. PROCESSING STAGE 3

A. BAKING

Many physical and chemical changes occur in the pres-
ence of heat to transform a liquid batter into a final baked
muffin. Solubilization and activation of the leavening
agent generates carbon dioxide that expands to increase
the volume of the muffin. Gelatinization of starch and
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3CaH4(PO4)2 � 8NaHCO3 → Ca3(PO4)2
Monocalcium Sodium Tricalcium

Phosphate Bicarbonate Phosphate

� 4Na2HPO4 � 8CO2 � 8H2O
Disodium Carbon Water
Phosphate Dioxide

FIGURE 16.1 Formation of bicarbonate of soda from a fast-
acting acid salt.

Step 1.

Na2(A1)2(S04)4 � 6H2O → 2Al(OH)3 �Na2SO4 �3H2SO4
Sodium Water Aluminum Sodium Sulfuric

Aluminum Hydroxide Sulfate Acid
Sulfate

Step 2.

3H2SO4 � 6NaHCO3 → 3Na2SO4 � 6H2CO3 →
Sulfuric Sodium Sodium Carbonic

Acid Bicarbonate Sulfate Acid

6CO2 � 6H2O
Carbon Water
Dioxide

FIGURE 16.2 Formation of bicarbonate of soda and carbon
dioxide from from a slow-acting acid salt.



coagulation of proteins provide permanent cell structure
and crumb development. Carmelization of sugars and
Maillard Browning of proteins and reducing sugars pro-
mote browning of the crust. Reduced water activity facil-
itates Maillard Browning as well as crust hardening (38).

The choice of oven, baking pans, and baking tempera-
ture influence the final baked product (5). A good flow of
heat onto the bottom of the pan is necessary to produce a
good product. Muffin tins are usually placed directly on
the shelf or baking surface. The appropriate oven tempera-
ture is related to scaling and the type of oven. Standard
two-ounce muffins are baked at 204°C or slightly higher in
a deck oven. Deck ovens may be stacked and are often
used in small retail bakeries since these are less expensive
and easier to maintain than reel or rotary ovens. Reel ovens
consist of an insulated cubic compartment six or seven feet
high. A Ferris wheel type mechanism inside the chamber
moves four to eight shelves in a circle, allowing each shelf
to be brought to the door for adding or removing muffin
tins from the shelves (32). Retail bakers often prefer the
reel oven since several hundred to several thousand pounds
of batter can be baked each day. Rack ovens may be sta-
tionary or the racks may be rotated during baking.

VI. PROCESSING STAGE 4

A. COOLING

Products should be cooled prior to wrapping. This allows
the structure to “set” and reduces the formation of mois-
ture condensation within the package. Condensed mois-
ture creates an undesirable medium that promotes yeast,
mold, bacterial growth, and spoilage.

VII. PROCESSING STAGE 5

A. PACKAGING

Muffins may be wrapped individually, in the tray in which
they are baked, or transferred into plastic form trays for
merchandizing (5). The shelf life of muffins is three to five
days for wrapped muffins, and four to seven days for those
packaged wrapped in foil or plastic wrap. The storage life
of muffins is significantly influenced by exposure to oxy-
gen and moisture (46). Cake muffins have a longer shelf
life than bread muffins because of the high sugar content
and lower water activity (51). Added ingredients such as
cheese, ham, and dried fruits, high in sodium or sugar con-
tent, reduce water activity and increase the shelf life.

VIII. FINISHED PRODUCT

A muffin fresh out of the oven will vary in appearance
based on the formula, whether the formula is for a cake or
bread muffin; the size of the muffin, mini-muffin or

mega-muffin; and the desired shape from flat or mushroom
shaped tops to the traditional bell-shaped muffin (51). In
general, a desirable muffin product has a symmetrical
shape, a rounded top golden brown in color, cells that are
uniform and moderate in size, a sweet flavor and pleasant
aroma, is tender and moist, is easily broken apart, and is
easy to chew with a pleasant aftertaste. 

A. MUFFIN EVALUATION

Bakers can use the Table 16.6 Scorecard for Muffins to
evaluate muffins in the process of developing or modifying
muffin formulas. Large commercial bakeries may use more
sophisticated methods to evaluate bakery products, such as
gas chromatography to evaluate flavor components.

1. Volume

Compact muffins with small cells or large muffins with
peaked tops and tunnels are undesirable in all types of
muffins. Diameter is a more important criterion than vol-
ume for evaluating mushroom and flat topped muffins.
For bell shaped muffins, volume can be evaluated objec-
tively by measuring the height and width of the muffin
(πr2 � height). The volume can be determined indirectly
by measuring the circumference of a cross section of the
muffin in cubic centimeters and dividing by the weight in
grams. This can be done by measuring the height of the
muffin at the highest point, then slicing off the top of the
muffin and measuring the diameter of the muffin. 

2. Contour of the Surface

The muffin should be rounded with a pebbled surface. 

3. Color of Crust

Crust color should be a pleasing golden brown, not pale or
burnt.

4. Interior Color

Crumb color should be a pleasant creamy color, not white
and not too yellow. Crumb color will be darker with
whole grain flour or added ingredients such as nuts or
dried fruits, or spices.

5. Cell Uniformity and Size

Cell structure can be evaluated by making a vertical cut in
the muffin to form two equal halves and then making an
ink print or photocopy (34). A desirable muffin should
have a uniform cell structure without tunnels.

6. Thickness of Cell Walls 

Uniform thick-walled cells are desirable. Coarseness, thin-
cell walls, uneven cell size, and tunnels indicate poor grain.
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7. Texture

Texture depends on the physical condition of the crumb
and is influenced by the grain. A desirable muffin should
be easily broken, and slightly crumbly. Extreme crum-
bling, or toughness with lack of crumbling, are undesir-
able characteristics.

8. Flavor

An acceptable muffin should have a pleasingly sweet fla-
vor. Flat, foreign, salty, soda, sour, or bitter tastes are
undesirable. 

9. Aftertaste

An acceptable muffin should have a pleasant, sweet after-
taste, not bitter or foreign. 

10. Aroma

Aroma is recognized by the sense of smell. The aroma
may be sweet, rich, musty, or flat. The ideal aroma should
be pleasant, fresh, sweet, and natural. Sharp, bitter, or for-
eign aromas are undesirable.

11. Mouthfeel

Mouthfeel refers to the textural qualities perceived in the
mouth. Characteristics can be described as gritty, hard,
tough, tender, light, and moist. A desirable muffin is ten-
der, light, and moist, and requires minimal chewing.
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I. INTRODUCTION

Cereals are the most important crops in the world. They
dominate world agricultural production since they directly
or indirectly provide a large proportion of the human sus-
tenance. About half of the plowed land in the world is
used for growing the principal cereals. Cereal grains com-
monly contain 60–70% starch and 7–14% protein. They
are the most important source of carbohydrates for
humans and domestic animals, and also provide a sub-
stantial proportion of protein. Cereals are the staple foods
for many people everywhere on the globe, particularly in
the developing countries, because they are a relatively
cheap source of calories and protein compared to meat. 

Grain is a collective term applied to cereals. The main
cereal grains include wheat, rice, maize, barley, sorghum,
rye, oats, and millets. The majority of the world popula-
tion subsists mostly on wheat, rice, and maize. These
three cereals account for more than 80% of total cereal
grain yield in the world. Other cereals belong to minor
cereal crops called coarse grains. Most cereals can be used
as staple grains for humans, but maize, barley, oats, and
grain sorghum can also be used as feed grains for live-
stock, particularly in developed countries.

Cereals are members of the grass family Gramineae,
being monocotyledonous angiosperms. They show great
genetic diversity and are ubiquitous, ranging in adaptation
from the semi-arid and humid tropics to both wet and dry
temperate zones, and even to very cold climates (e.g., rye
and oats). Typical characteristics include fibrous root sys-
tems, an upright stalk with nodes and internodal spacing
and a pithy stalk, and narrow long blade leaves with par-
allel veins. Cereal grains are single-seed fruits called
caryopses. The seed consists of seed coat, embryo (germ)
and endosperm. Cereal grains contain starch, protein,
lipid, fiber, vitamins, and minerals. 

Cereals are comparatively easy to grow and harvest,
to store, and to process into versatile and popular foods.
The chemical, physical, and biological properties of
cereal grains determine their suitability for a specific mar-
ket. Grain yield and quality are genetically controlled and
climatically influenced, and also are dependent on field,
pre- and post-harvest management during the growing,
harvesting, drying and storage periods. Cereal grain losses
occur throughout production, harvesting, threshing, dry-
ing, storage, marketing, and distribution. These losses are
estimated to be nearly 20–30% of grain yield. Therefore,
it is important for proper field, pre- and post-harvest man-
agements to reduce or eliminate losses of cereal grains
and provide high quality product to market.

II. BIOLOGICAL CHARACTERISTICS

Cereals are usually referred to their common names, such
as durum wheat and common wheat. In botanical classifi-
cation, cereals are monocotyledonous plants belonging to

the Gramineae family. Each cereal has a genus, and the
genus contains more than one species or subspecies. Each
species of cereals has different varieties. Table 17.1 shows
the genus, species, and common names of major cereal
crops. Figure 17.1 shows the morphology of major cereal
plants (1). General biological traits of different parts in
cereal plants are described in the following sections.

A. ROOTS

Cereal plants have seminal or primary roots and coronal
roots. Seminal roots produce when the seed germinates.
Wheat, barley, rye, and maize commonly develop 3, 5, or
7 seminal roots, whereas rice and sorghum produce only a
single branched seminal root. Seminal roots may function
until the plant matures. After the young cereal plant
unfolds a few leaves, coronal roots arise from stem nodes
underground and develop into an elaborate root system.
Coronal roots normally grow below soil surface, but
sometimes arise from the nodes above soil surface as aer-
ial roots (e.g., maize and sorghum). The root systems are
responsible for absorption of water, fertilizers and mineral
nutrients, and also for anchor and support of the plants.

B. STEMS

Stems of cereals are divided into nodes and internodes,
being cylindrical, or nearly so. The length of internodes
varies with position and by species. The basal internodes
generally remain short. In addition to main stem, branches
called tillers may grow from subterranean nodes in most
cereals. A number of tillers can be produced from the pri-
mary stem, and they in turn develop others. The number
of tillers varies significantly among different species and
varieties of cereals. Generally 5–40 tillers may arise from
a single seed under favorable planting conditions. Most
cereals (e.g., wheat, rice, barley, oats, rye, and finger mil-
let) are thin-stemmed grassy plants, but maize, sorghum,
and pearl millet have thick stems more similar to sugar
cane than grass.
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TABLE 17.1
Scientific and Common Names of Major Cereals in
the Grass Family (Gramineae)

Scientific Name 
Common Name (genus and species name)

Common wheat Triticum aestivum
Durum wheat Triticum durum
Rice Oryza sativa
Maize (corn) Zea mays
Barley Hordeum vulgare
Grain sorghum Sorghum vulgare
Common oats Avena sativa
Rye Secale cereale
Foxtail millet Setaria italica
Pearl millet Pennisetum glaucum



The functions of stems are to support the plants and be
responsible for transportation of water, fertilizers, and min-
eral nutrients. Resistance to lodging, the capacity of stems to
withstand the adverse effects of rain, wind, and even diseases
and pests, is an important characteristic of cereals because
plant lodging usually results in serious loss of yield. Short,
thick, heavy stems with thick walls are considered to be the
best insurance against lodging. Excessive soil nitrogen may
accelerate plant growth, which easily leads to increased
lodging. A suitable balance of nitrogen, phosphorus, and
potassium in the soil reduces lodging to a minimum (2).

C. LEAVES

Leaves of cereals consist of sheath and blade (lamina),
arising from buds that are lateral appendages of the stems.
Cereal leaves are characterized by long, narrow, flat
blades that taper to a point. The leaves of maize, sorghum,
and pearl millet are broader and larger than those of other
cereals. The leaf veins usually run parallel. At the junction

of the sheath and blade is a thin membranous outgrowth
called ligule that often is of taxonomic value. Lateral out-
growths called auricles occur above the ligule. Rice and
barley have long clasping smooth auricles, while wheat
has shorter hairy auricles, and rye has very short auricles.
Oat sheath has no auricles. The sheaths of rye and oats
and the leaf margins of oats have hairs (2). Furthermore,
the shapes of the shieldlike ligule at the base of each leaf
blade are also different. These leaf traits are very helpful
to distinguish between cereal plants at the earlier develop-
mental stages.

Leaves are mainly responsible for photosynthesis and
transpiration. In photosynthesis, carbon dioxide and water
react in the presence of light and chlorophyll in leaves and
produce food and oxygen. In order for photosynthesis to
take place, the stomata must be open, exposing the meso-
phyll tissues to carbon dioxide in the air. With the stomata
open, the tissues are also exposed to the drying influence
of air, resulting in evaporation. Evaporation of water
through open stomata of leaves is called transpiration. 
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FIGURE 17.1 Morphology of major cereal plants. (Adapted from Ref. 1.)



D. INFLORESCENCES

Flowers of cereals are grouped on an axis of the inflores-
cence. The inflorescence of wheat, barley, and rye is a spike
in which the sessile spikelets are attached along a rachis.
Inflorescence of rice, oats, sorghum, and most of the millets
is a branched panicle bearing spikelets on pedicels. A
spikelet contains one or more florets subtended or enclosed
by two bracts (lemma and palea) known as glumes. In the
floret are the stamens, pistil, and lodicules. There are three
stamens in each floret, except for rice which has six. Most
cereals have perfect or bisexual flowers which contain both
stamens and pistils. Maize and wild rice have separate sta-
minate and pistillate flowers borne on the same plant. The
staminate and pistillate flowers of maize are borne in sepa-
rate inflorescences on the same plant. The staminate flow-
ers are borne in the tassel at the top of the stalk, while the
pistillate flowers are located in spikes which terminate lat-
eral branches arising in the axils of lower leaves. 

Cereals may be naturally self-pollinated (wheat, rice,
barley, and oats), cross-pollinated (sorghum and proso
millets), or naturally cross-pollinated (maize, rye, and
pearl millet) (2, 3). Reproduction of cereal crops is by
means of inflorescences which develop grains or seeds
through pollination and fertilization.

E. GRAINS

The structure, chemical composition, and physical prop-
erties of cereal grains determine their suitability for a spe-
cific market. Knowledge of grain structure, composition,
and physical properties is essential to drying, storage,
milling, and even food processing of cereal grains.

1. Grain Structure

Cereal crops, like other members of the grass family, pro-
duce one-seeded fruit which is a caryopsis, but generally
called a grain or kernel. Botanically, caryopsis contains a
seed and a fruit coat (pericarp) which surrounds the seed and
adheres tightly to a seed coat. The seed consists of a seed
coat, an embryo (germ), and an endosperm. All cereal grains
have these parts in approximately the same relationship to

each other. The caryopsis of all cereals develops within flo-
ral envelopes which are actually modified leaves. These are
called chaffy parts (glumes), and constitute the hulls or
husks of cereal grains. In the threshing process, hulls are
separated from the naked caryopsis, such as wheat, maize,
sorghum, millets, rye, and naked barley, but not from rice,
oats, and most cultivars of barley because their floral
envelopes cover the caryopsis so closely and completely that
they remain attached to the caryopsis after threshing. In
addition, the kernels of wheat, rye, barley, and oats usually
have a longitudinal crease (ventral furrow).

Cereal grains include pericarp, seed coat, endosperm,
and embryo. The pericarp is composed of several layers
and surrounds the entire seed. The starch-rich endosperm
contains simple or compound starch granules, and it is the
principal portion of the grains serving as food reserve for
the embryo. The outermost layer of endosperm is called
the aleurone layer, consisting of a single layer or more
layers. Peripheral to the aleurone is a series of highly
compressed remnant cell layers comprising the nucellus,
seed coat, and pericarp. These, in combination with the
aleurone layer, are usually referred to as the bran.

Grain size and proportions of the major parts of mature
kernels from eight cereals are shown in Table 17.2 (4–6).
Table 17.3 compares the major structural characteristics of
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TABLE 17.2
Grain Size and Proportions of the Major Parts of
Mature Cereal Kernels 

Germ Pericarp Aleurone Endosperm 
Cereal (%) (%) (%) (%)

Wheat 2–3 12–15 ––81–86––
Rice 3.5 1.5 4–6 89–92
Maize 8.4–10 5.5–8 82–84
Barley 3.4 18.3 —79—
Sorghum 7.8–12.1 —7.3–9.3— 80–85
Oats 3.7 —28.7–41.4— 54.9–67.6
Rye 3.5 12 —85—
Pearl millet 17.4 —7.5— 75

Source: Adapted from Refs. 4–6.

TABLE 17.3
Structural Characteristics of Cereal Grains from Commerce

Cereals Caryopsis Type Ventral Furrow Aleurone Thickness Starch Granules

Wheat Naked Prominent Single cell Simple
Rice Covered Absent Multiple Compound
Maize Naked Absent Single Simple
Barley Covered Present, not prominent Multiple Simple
Sorghum Naked Absent Single Simple
Oats Covered Present, not prominent Multiple Compound
Rye Naked Prominent Single cell Simple
Pearl millet Naked Absent Single Simple

Source: Adapted from Refs. 4 and 7.



the cereal grains of commerce (4, 7). Longitudinal cross 
sections of the kernels from the three major cereals (wheat,
rice, and maize) are shown in Figures 17.2, 17.3, and 17.4 
(4, 5, 8, 9).

a. Wheat
Wheat kernels are 5–8 mm in length, 2.5–4.5 mm in
width, and 30–45 mg in weight. The kernel size and shape
of the wheat vary significantly depending on cultivars and
kernel position in the spike. Also, there is wide variation
in endosperm texture (hardness) and color of the wheat
kernels. Wheat pericarp comprises about 12–15% of the
kernel weight, removed in the milling process along with
the aleurone layer of endosperm. Wheat endosperm con-
stitutes 81–86% of the kernel weight, being the major end

product of a wheat flour mill, whereas germ accounts for
only about 2–3%.

Wheat pericarp surrounds the whole seed and includes
outer and inner layers. The seed coat has three layers, a thick
outer cuticle, a thin inner cuticle, and a pigment layer (only
for colored wheat). The aleurone layer is the outermost layer
of endosperm, containing thick-walled cells. Wheat germ is
composed of two major parts, embryonic axis (rudimentary
root and shoot) and scutellum (cotyledon). The starchy
endosperm of wheat contains starch granules embedded in
or surrounded by an amorphous protein matrix. Three types
of cells (peripheral, prismatic, and central) make up most of
the wheat endosperm. Wheat endosperm usually varies in
hardness (texture) and appearance (vitreousness) among dif-
ferent cultivars. Generally, high-protein hard wheat varieties
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FIGURE 17.2 Diagram of a wheat kernel in (A) cross and (B) longitudinal sections. (From the Wheat Flour Institute, Washington, D.C.)



tend to be vitreous, whereas low-protein soft wheat varieties
tend to be opaque.

b. Rice
Rice grains are also called paddy or rough rice because of
attached husks. Based on the length-to-width ratio, rice
grains are divided into three grain types, long-grain,
medium-grain, and short-grain. The grain is about 5–10 mm
in length, 1.5–5.0 mm in width, and 20–35 mg in weight. A
paddy rice grain consists of the husk (lemma and palea)
(~20% in weight) and the brown rice kernel. Brown rice
(rice after removing husk) contains pericarp (about 2%),
seed coat and aleurone layer (about 5%), germ (3–4%), and
endosperm (89–92%). After removing the pericarp during
milling, brown rice produces white rice (milled rice). Rice
endosperm is both hard and vitreous. Some rice cultivars
have opaque areas called white belly, resulting from 
air spaces in the endosperm. The thin-walled endosperm
cells are tightly packed, with polygonal compound starch

granules and protein bodies. Protein bodies are more numer-
ous in the cells just inside the aleurone layer than in cells
near the center of endosperm. In addition to oats, rice is the
only cereal with compound starch granules.

c. Maize
Compared to other cereal grains, maize has a unique shape
and low specific gravity. Maize kernels are the largest cereal
grains, weighing 250–300 mg each (wider variation 150–600
mg), 8–17 mm in length, and 5–15 mm in width. They are
flat because of pressure during growth from adjacent kernels
on the cob, have a blunt crown and a pointed conical tip cap.
Maize kernel is composed of four parts, tip cap, pericarp,
germ, and endosperm. The tip cap is often separated from the
kernels along with the shelling process. Pericarp makes up
about 5–7% of the kernel weight and germ constitutes about
8–11%. The endosperm comprises 82–84% of the kernel
weight, being the major end product of maize flour mill.

There are seven major types of maize kernels, includ-
ing dent, flint, flour, sweet, pop, waxy, and pod maizes (10).
Their major differences are based on quality, quantity, and
pattern of endosperm composition. Dent maize is charac-
terized by the presence of corneous, horny endosperm at
the sides and back of the kernels, whereas the central core
is soft and floury. The indented crown is peculiar to dent
types and is the basis for the term “dent corn.” Flint maize
has a thick, hard, vitreous endosperm layer surrounding a
small, soft, granular center. The kernels are smooth and
rounded. Popcorn is the most primitive race of maize, char-
acterized by a very hard, corneous endosperm, essentially a
small-kernelled flint. Flour corn is one of the oldest maizes,
characterized by soft endosperm throughout the kernel. The
endosperm of flour corn is almost floury, with little or no
corneous endosperm. Sweet corn is believed to have origi-
nated from a mutation of a Peruvian race. The sugary gene
of sweet corn retards normal conversion of sugar to starch,
and the kernel accumulates a water-soluble polysaccharide,
making up about 12% of the dry weight of sweet corn (but
only 2–3% in other types). The kernel starch of waxy maize
is almost amylopectin, a branched-chain α-D glucose poly-
mer. Waxy maize is used to manufacture starch. Pod corn is
an ornamental type with long glumes enclosing each kernel
except husks covering the ear, but not grown commercially.

2. Grain Composition

High level of starch (starchy seeds) is the most important
characteristic of all cereal grains. The starch contents of
cereals usually account for 55~75% of total grain weight.
Protein is another important component in cereal grains,
consisting of 6~14%. Most cereal grains contain a low level
of lipids, normally below 2–3%. Of all cereal grains, maize
contains the highest level of oils; oil content of some vari-
eties reaches about 6%. Additionally, moisture contents of
cereal grains commonly range from 12 to 15%. Cereal fiber
is an important source of human dietary fiber. Typical 
composition of three major cereals (wheat, rice, and maize)
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is shown in Table 17.4 (5, 11). Other nutritional con-
stituents of cereals have also been extensively investigated,
including minerals and vitamins (10, 12, 13).

The chemical composition of the different parts in
cereal grains varies widely, depending on position within
the grain and also between grains of different species and
varieties. Table 17.5 shows the composition distribution of
endosperm, germ, and bran in wheat grain (14). Starch is
mostly distributed in the endosperm. Protein and lipids
normally occur in germ. Bran and germ contain more pen-
tosans (cellulose) and minerals (14). 

3. Physical Properties of Grains

Physical properties of cereal grains commonly include 1000-
kernel weight, bulk density or test weight, repose angle,

Cereals–Biology, Pre- and Post-Harvest Management 17-7

Epidermis
Mesocarp
Cross cells

Tube cells
Seed coat
(testa)
Aleurone layer
(part of
endosperm
but separated
with bran)
Horny
endosperm
Floury
endosperm
Cells filled with
starch granules
in protein matrix

Walls of cells

Scutellum
Plumule or
rudimentary
shoot and leaves
Radicle or
primary root

Hull

Scutellum Embryonic axis

Tip cap(B)

Pericarp

Horny
endosperm(A)

Floury
endosperm

FIGURE 17.4 Diagram of a corn kernel in (A) cross and (B) longitudinal sections. (From the Corn Refiners Association.)

TABLE 17.4
Typical Composition of Three Major Cereal Grainsa

Cereals Starch (%) Protein (%) Fat (%) Fiber (%)

Wheat 69.7 10.6 1.9 1.0
Rice (brown) 64.3 7.3 2.2 0.8
Maize 63.6 9.8 2.0 4.9

Source: Data from Refs. 5 and 11.
a At 14% moisture content.



porosity, thermal conductivity, grain hardness, etc. (4, 5).
These properties are important in the design of handling
equipment, drying and storage facilities, and influence dry-
ing and storage of cereal grains. Principal physical properties
of the three major cereals are shown in Table 17.6 (5, 15). 

The weight of grain is ordinarily given as the 1000-ker-
nel weight. The 1000-kernel weight of maize is significantly
higher than that of wheat and rice, which can translate to a
lower drying rate for maize kernels. The weight of a given
volume of grain including the voids is the bulk density, a
widely used property which usually determines the bin vol-
ume required to store a certain mass of grain, and also
affects the grain velocity in a continuous-flow grain dryer at
a certain capacity. Wheat has the highest bulk density, while
rice has the lowest. The void space in a mass of grain is
expressed as a percentage of the total volume of the grain,
and is called the porosity. The porosity of the three grains
varies between 40% and 48%, typical of cereal grains.
Resistance of bulk grain to airflow is, in part, a function of
the porosity and the grain size. 

When poured on a level surface, grain forms a pile
whose outer edge makes an angle to that surface. The value
of the angle is specific to the grain and is called the angle
of repose which determines the maximum angle of a pile of
the grain with the horizontal plane. It is important in the fill-
ing of a flat storage facility when grain is not piled at a uni-
form bed depth but rather is peaked. The slope of a pile of
grain may be less than the angle of repose but not greater.

The specific heat expresses the energy required by a
unit mass of grain to increase in temperature by 1°C. Of the
three cereal grains, maize requires the most energy to reach

the desired temperature at which the optimal evaporation
rate of water occurs. Thermal conductivity is a determina-
tion of the resistance to the conduction of thermal energy
within individual cereal grains. In grain with high con-
ductivity, the thermal gradients in the kernels disappear
faster during drying than in equal sized kernels of another
grain with lower conductivity. The specific surface area
refers to the kernel area per unit volume of cereals which
exchanges energy and moisture with air during the drying
process. For same volumes, there is more heat and mass
transfer area for wheat and rice than for maize.

III. GROWTH PROCESSES AND
PRODUCTION

A. GROWTH CYCLES AND HABITS

In general terms, the completed life cycle of plants refers
to the stages that occur from the time a seed is planted
until a new seed is produced, including seed sowing, ger-
mination, vegetative growth, reproductive growth, pro-
duction of seeds, and death. Cereal plants pass through a
typical vegetative growth and reproductive growth cycle
(16). They grow primarily in a vegetative stage and then
go into a reproductive stage. Stalks and leaves grow first
and then start flowering and producing grains. Vegetative
growth still continues during the reproductive stage, but at
a much slower rate than prior to the start of reproduction. 

Higher plants can be classified as annuals, winter
annuals, biennials, or perennials (3). All cereals are nor-
mally annuals; that is, they complete the life cycle in one
season. However, certain rice and sorghum species (e.g.,
wild rice) are able to live as perennials for several years in
mild climates. Except in very cold climates, some cereals
behave as winter annuals; that is, they live through the
winter as small plants in the vegetative stage, and send up
stalks and flower in the spring. There are spring and win-
ter types of wheat, barley, oats, and rye. Winter varieties
are planted in the fall, vernalized (require freezing tem-
perature) during the fall and winter, and produce seeds
and are harvested in the next summer. Spring varieties
usually live in cold on mild climates, and are sown in the
spring and harvested in the late summer and fall.

The length of the vegetative and reproductive period
of any cereals or cereal varieties is greatly determined 
by temperature, photoperiod, plant nutrition, and growth
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TABLE 17.5
Composition Distribution of Endosperm, Germ, and Bran in Wheat Grain (%, dw)

Grain Parts Total Weight (%) Starch (%) Protein (%) Fat (%) Pentosans (%) Mineral (%)

Endosperm 82–85 70–85 8–13 1–1.6 0.5–3.0 0.3–0.8
Bran 15 0 7–8 1–5 30–40 3–10
Germ 3 20 35–40 15 20 5–6
Total Grain 100 60–70 10–14 1.5–2.5 5–8 1.6–2.0

Source: Adapted from Ref. 14.

TABLE 17.6
Major Physical Properties of Wheat, Rice, and Maize
(Typical Grains) at 12–16% Moisture Content (wb)

Physical Properties Wheat Rice Corn

1000-kernel weight (g) 32 27 325
Bulk density (kg/m3) 805 590 745
Test weight (kg/L) 77 58 72
Porosity (%) 41 48 40
Repose angle (°) 31 36 35
Specific heat (J/kg ⋅ °C) 1.67 1.51 2.01
Conductivity (W/m ⋅ °C) 0.137 0.106 0.159
Specific surface area (m2/m3) 1181 1132 784

Source: Adapted from Refs. 5 and 15.



hormones, and also by genetic factors that affect reactions
to these conditions. Each cereal species has an approxi-
mate minimum, optimum, and maximum temperature at
which growth occurs, although varieties of a species may
differ somewhat in their temperature reaction. When the
mean temperature is 10°C below the optimum, the time
required to grow a crop to maturity is about doubled. All
cereal varieties with a winter growth habit, as well as
some spring small-grain varieties, require cold for initia-
tion of the flower primordia. Warmer temperatures favor
rapid growth and flowering after the initial floral structure
is formed.

Photoperiod is also an important factor affecting
growth habits. When nights (daily dark periods) are short
and days (photoperiods) are long, long-day cereals (wheat,
barley, oats, and rye) can flower normally, otherwise their
growth period will delay. Some can flower even under con-
tinuous light. However, when nights are long and days are
short, short-day cereals (rice, maize, sorghum, oats, and
millets) can flower normally, otherwise their growth period
will postpone. They need a daily dark period for 3–5 weeks
to initiate flowering. Additionally, soil rich in nitrogen will
keep down the carbon-nitrogen ratio and delay flowering in
wheat, barley, oats, and rye, known as nitronegative cereals,
but favor early flowering in maize, sorghum, rice, and mil-
lets, called nitropositive cereals, unless the nitrogen supply
is excessive. Therefore, wheat, barley, oats, and rye are
cool-season, long-day, nitronegative, winter or spring habit
plants, whereas rice, maize, sorghum, and millets are
warm-season, short-day, nitropositive, spring habit plants.

B. DISTRIBUTION AND PRODUCTION

Cereals grown in temperate climates are wheat, maize, bar-
ley, rye, grain sorghum, oats, and some millets. Important
cereals grown in hot climates are rice, sorghum, pearl mil-
let, and finger millet. Winter rye, wheat, barley, and oats
can be suitable for cold climates. The world production of
major cereals is shown in Table 17.7 (1). Wheat, rice, and
maize are the three most important cereal crops, account-
ing for 70–80% of total area and total yield in the world.
Major cereals are grown and distributed in about 170 coun-
tries and regions. The principal areas of cereal production
are located in North America, China, Europe, India,
Argentina, Australia, and Northern Africa (2, 17). 

Wheat, the most important cereal crop in the world, is
grown widely in the northern hemisphere in Europe and
North America, but large quantities are also planted in
China (the largest production of any country), Australia,
India, Russia, and South America (Table 17.8) (14). About
95% of rice in the world is produced in Monsoon Asia, an
area that extends across the southeastern part of Asia from
India to Japan and includes most of the adjacent tropical
and subtropical island countries. Maize is the highest
yield cereal crop, distributing mainly in the United States,
Canada, China, Brazil, Europe, and Africa.

C. FACTORS AFFECTING GRAIN PRODUCTION AND

QUALITY BEFORE HARVEST

In addition to climate (days of sunshine, temperature, and
precipitation), many other factors influence grain produc-
tion and quality of cereal crops, including varieties, crop-
ping systems (e.g., rotation), soils, fertilizers, water,
weeds, diseases, insect pests, and so on. Grain yield and
quality are formed and determined during the growing
season. Thus, varietal selection, suitable rotation arrange-
ment, and favorable field management are essential to
cereal production. 

The great contribution of good varieties to profitabil-
ity of cereal production and quality is well recognized.
Good varietal selection and utilization is the most impor-
tant strategy to increase yield and improve quality.
Numerous breeders and farmers are devoting to the breed-
ing and improvement of new cereal varieties. Many excel-
lent varieties with high yield, good quality, and resistance
to diseases and pests, have been selected and bred for
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TABLE 17.7
World Production of Major Cereals (1996)a

Area Yield Countries

Cereals M Ha % M T % T/Ha Number %

Wheat 230 32.3 584 28.5 2.54 120 71
Rice 151 21.3 562 27.4 3.73 112 66
Maize 140 19.7 577 28.1 4.12 149 88
Barley 67 9.4 155 7.6 2.33 98 58
Sorghum 47 6.6 69 3.4 1.46 93 55
Oats 17 2.4 31 1.5 1.79 71 42
Rye 11 1.5 23 1.1 2.05 52 31
Millets 37 5.2 30 1.5 0.81 68 40
Total 710 100 2050 100 2.89 170 100

Source: Data from Ref. 1.
aM Ha, million hectare; M T, million tonnes; T/Ha, tonnes per hectare.

TABLE 17.8
Major Wheat-Producing Countries and Regions of the
World (1997–1998)

Yield Percentage 
Country/Regions (million tonnes) (% total)

China 121.0 20.1
EU 95.8 15.9
USA 68.6 11.4
India 68.7 11.4
Russia 44.0 7.3
Europe 34.6 5.7
Canada 23.5 3.9
Australia 17.5 2.9
Pakistan 17.0 2.8
Turkey 16.0 2.6
Argentina 12.7 2.1

Source: Data from Ref. 14.



extensive production in many countries including some
developing countries. Modern biotechnology will play a
more important role in these aspects.

Principal field managements include seed sowing,
cultivation, fertilizers and water management, weed con-
trol, and disease and insect control. In addition to vari-
eties, the yield and quality of all cereal crops are strongly
dependent on the availability of an adequate supply of soil
mineral nutrients and water throughout the growing sea-
son. The higher the yield potential, the higher the nutrient
demand is. Nitrogen (N), phosphorus (P), and potassium
(K) are three major nutritional elements required by cereal
crop growth, largely affecting both grain yield and qual-
ity. Crop nutrition demand is normally met through the
application of inorganic fertilizers (N, P, and K), although
in organic cereal systems additional nutrients can only be
supplied from manures and other organic sources. During
major fertilizer application, an adequate ratio of N, P, and
K should be controlled, normally around 3:1:1 (various
ratio for different crop species/varieties); otherwise it will
cause abnormal growth and affect grain quality. Other
essential trace elements include sulfur, calcium, magne-
sium, iron, zinc, boron, and so on, normally being sup-
plied by the fertile soil (17).

Water is also essential to the life processes of cereal
plants. Water shortage occurs at the vegetative growth
stages, which frequently makes shorter plants and earlier
maturity. Water shortage at flowering and maturity peri-
ods usually causes serious decrease of grain yield and pro-
duces many bad grains. For different cereals, irrigation
and drainage in the field should be conducted at the ade-
quate growth stages. For instance, rice needs more water
during tillering stage and flowering period, and irrigation
should be done. At late tillering stage it is required to
drain water for controlling tillers, and at late maturity
drainage should be done again for full maturity and dry-
ing field for harvest.

Additionally, the presence of weeds, diseases, and
insect pests during growth obviously reduces cereal grain
yield, and influences grain quality. Control of weeds, dis-
eases, and pests is also an important field management
measure to maintain and protect grain quantity and qual-
ity during the growing season. In addition to using vari-
eties with strong resistance to diseases and pests,
pesticides/fungicides and bio-insecticides are usually
used. Herbicides are widely applied to kill or control
weeds in the field. Appropriate cultivations and rotations
not only reduce the loss and damage from diseases and
pests, but also control weed growth and decrease weed
competition on cereals. 

IV. HARVESTING AND THRESHING

Harvesting, threshing, drying, and storage are the impor-
tant steps of pre- and post-harvest management between

producing cereal grains and becoming various cereal food
products. Successful, suitable, and efficient harvesting
and threshing of cereal crops is one of the key steps to
keep grain quality and quantity. It is desirable to know
when to harvest, to understand harvesting and threshing
machines and their operation, and to minimize losses dur-
ing harvesting and threshing. 

A. HARVESTING TIME

Cereal grains normally stop growing and gaining in dry
weight when they approximately reach the hard-dough
stage, or when the moisture content drops below 20~40%.
Further ripening is only a desiccated process of the ker-
nels, not accompanied by transport of nutrients into the
grains. Ripening is not entirely uniform among different
heads or different grains within a head. Most cereals at the
hard-dough stage have a moisture content of 25~35%, the
heads are usually light yellow, and the kernels are too firm
to be cut easily with the thumbnail. Grain quality normally
starts to deteriorate in the field prior to harvest. Rainfall
prior to and during the harvest period may induce ear dis-
eases and premature sprouting, and high grain moisture
contents may necessitate increased drying costs. Cereal
grains should be harvested as near maturity as possible to
avoid losses of prematurity and overmaturity (3, 18).

Premature harvest reduces yield and quality of cereal
grains. Underdeveloped grains are low in test weight,
starch content, and market value. Cereal crops are usually
harvested 7 days or more before they are ripe and allowed
to dry under cool humid conditions, or 3 to 4 days early
under warm dry conditions, without appreciable loss in
yield and quality (3). Wheat grain sometimes draws mate-
rial from the straw after it is cut when nearly ripe.
Considerably more growth has occurred when immature
barley grains were left to dry in the head than when they
were threshed immediately. 

Delayed harvest also influences grain yield and quality.
Losses from the delayed harvest are caused by shattering,
crinkling, lodging, and leaching. For instance, delay in rice
harvesting leads to lower yield because of lodging and shat-
tering, and overmaturity may induce the formation of lon-
gitudinal and multiple transverse cracks in rice grains.
Formation of such cracks leads to milling losses. Delaying
wheat harvest may result in grains with high α-amylase
content, lower specific weight and protein content, which
seriously reduce grain quality for breadmaking. Cereal
stems may crinkle down or break over soon after maturity,
especially in damp weather. Oats are more susceptible than
barley to crinkling, while barley is more susceptible than
wheat or rye. Most tall-stalked grain sorghum varieties go
down soon after maturity or after a frost. Weathered or sun-
bleached grains are unattractive and often bring a lower
grade and price on the market. Overmature grains exposed
to wet and dry weathering for long periods in the field are
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lowered in test weight because the grains swell when damp
and do not shrink to their original volume after drying (3). 

Moisture contents of wheat, rice and maize at harvest
are shown in Table 17.9 (5). Grain moisture content at har-
vest is an important consideration, and usually varies with
seasons and geographic regions. In wheat, grain moisture
at harvest should be about 10~20%. Rice is harvested at a
moisture content of 20~30%. Maize is harvested at con-
siderably higher moisture levels than wheat, especially at
higher latitudes. Maize is often harvested at 30~35% mois-
ture in the northern Corn Belt of the United States, and at
35~45% in Eastern Europe (5). In Britain, cereal grain is
often harvested at moisture contents of about 16~20%,
whilst in exceptionally late seasons in northern regions
grain may be harvested at around 25% (18). 

Barley is commonly harvested at about 15% moisture,
but sometimes producers started harvesting at 30~40%
moisture, resulting in a higher yield because of reduced
losses at harvest. The fresh barley grain is either artificially
dried for food use or stored in silage-type bins for livestock
feed. Oats should be at around 13~14% moisture for har-
vest; however, since oats shatter easily, it is common prac-
tice to cut and windrow them when the grain contains
about 20% moisture. When it dries to a moisture content of
13~14%, the grain is combined. Sorghum should be har-
vested at 18~20% moisture if it is to be dried, but at around
13% moisture if it is to go directly to storage (19). 

B. METHODS AND MACHINES OF HARVESTING

AND THRESHING

Nowadays, all cereal crops can be harvested by modern
machines that replace traditional harvesting tools, such as
hand sickle, scythe, and cradle. Because of high working
efficiency, machine harvesting and threshing saves time
and labor, reduces cost, and is extensively used in devel-
oped countries (17). However, manual harvesting and
threshing is still widely used in most developing countries.
For example, rice harvesting is mostly done manually in
Asia and Africa. The rice plants are cut near the ground
with a sickle, allowed to dry in the field, collected,
stacked, and threshed. In Asia and Africa, paddy rice is tra-
ditionally threshed by manually beating the straws against

a slat or stone, or by trampling under feet of animals, bul-
lock draw carts, tractor wheels, or tractor-drawn roller.
However, the drum thresher is also widely used nowadays
for rice threshing in Japan, China, India, and others.

There are many types of machines for crop harvesting
and threshing, such as harvester-threshers, mowers,
windrowers, strippers, pickers, choppers, balers, rakes,
cubers, stackers, and conditioners (3, 17). The word com-
bine is used to describe machines that combine several
harvesting and threshing operations into one. Grain com-
bine is usually adapted to each cereal crop by making
small changes in the cutter bar, the reel, or the thresher
(cylinder or similar mechanism). For example, for maize,
the cutter bar-reel combination used for wheat is replaced
by a header which strips the ear of maize off the stalk.

The most common combine is the harvester-thresher
combination used to harvest most cereal crops. Bishop 
et al. (19) summarized the basic operation of the combine,
including the following procedures: 1) the grain is cut and
conveyed to a thresher; 2) the thresher removes the grain
from the head, or stalk, or cob; 3) the grain is separated
from the hulls, straw, cob, pods, leaves, or similar plant
materials; 4) the grain is cleaned by removing the rest of
the chaff, dirt, and remaining trash; and 5) the grain is
transferred to a bin. Additionally, in operating a combine,
the various parts must be properly adjusted. The reel and
cutter bar should be adjusted to the correct height, and the
correct cylinder speed in the thresher should be employed
for different grains. 

The harvest-thresher or combine is most extensively
and the earliest used to harvest wheat and barley. Maize is
commonly harvested with a combination picker-sheller or
a combine with a special header. These two machines can
remove ears of maize from the stalk. The ears are then
shelled by the machine, the grain is sent to the bin, and the
rest of the plant material is discarded back onto the field.
Combine harvesters are also used for rice harvesting in
some developed countries. Sorghum may be harvested
with a simple combine. Sorghum grain is relatively soft,
and speed of the cylinder that threshes the grain has to be
reduced to prevent grain damage.

Conditions of cereal crops at harvest have a signifi-
cant influence on combine performance, e.g., severely
lodged cereals not only produce inferior quality grains,
but also reduce combine speed and efficiency. The pres-
ence of weeds also interferes with harvesting and often
leads to higher grain moisture contents and contamination
with weed seeds which increase cleaning costs.

C. HARVESTING AND THRESHING LOSSES

Losses in yield can be due to improper harvesting tech-
niques or harvesting too early or too late. If harvest begins
too early, plants have not reached full maturity, causing
shrinkage of the grain. If harvested too late, plants can
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TABLE 17.9
Moisture Contents for Wheat, Rice, and Maize at
Harvest and for Safe Storage (%, wb) 

Maximum Optimum
Moisture for 

Harvest Harvest Safe Storage

Cereals Moisture Moisture 6–12 months Over 1 year

Wheat 20 18 14 13
Rice (paddy) 38 22 14 13
Corn 25 23 14.5 13

Source: Data from Ref. 5. 



lodge or stalks can break, grain can shatter or ears can
drop, and quality will deteriorate.

Factors affecting harvester efficiency and yield losses
include combine adjustments, field speed, kernel moisture
levels, and lodging. Suitable adjustment and operation of
harvest equipment helps minimize harvest losses, and
losses should not exceed 3% from a properly adjusted and
operated combine.

Threshing losses are caused by incomplete threshing,
physical damage by beaters in the machine, or even by
hand spillage and cleaning losses in the winnowing and
screening processes, which immediately follow threshing.
Incomplete stripping is common in areas of high labor
cost, causing paddy losses up to 12%. When harvesting
takes place in the rainy season, the paddy is wet and can
easily choke cleaners on mechanical threshers and cause
losses. Maize shelling losses are also caused by incom-
plete stripping of grain from cob, kernel breakage in the
machine, and kernel scratching. Small-toothed shellers
give low damage with 3% loss, and threshing machines
and combine harvesters can give more than 5% broken
grains (20).

V. DRYING AND STORAGE

Drying and storage are important post-harvest manage-
ments for achieving high quality grain to meet market
requirements. After harvesting, it is necessary to clean,
dry, and store cereal grains and protect their quality and
quantity properly until cereals are processed into food
products. To protect cereal grains appropriately after har-
vesting, producers need to know how to clean, dry, and
store grains, to regulate storage conditions (temperature
and moisture), and to control insects, microorganisms,
and rodents.

A. GRAIN CLEANING

For drying and good storage, chaff, dust, straw particles
and broken grains should be removed from harvested
grains. Weeds and other impurities (e.g., mud, stone, and
sand) must be also separated from grains. For good qual-
ity to market, the grain must be as near 100% as possible
of one variety free from broken, discolored grains and
shriveled, undersized grains of the same variety. A typical
grain cleaner often consists of two parts, a shaking screen
and a fan driven from the same motor. Straw and other
large objects are removed by screening, and dust and
other lightweight materials are blown out by aspiration.
Machines used to remove unwanted grains include three
types: slotted cylindrical grader, indented cylinder, and
optical sorter (20). Bailey (21) also introduced grain
cleaning methods and equipment. Three common clean-
ing and separating methods are used in elevators, those
using air streams, perforated screens, and indents.

B. PRINCIPLES OF DRYING AND STORAGE

Moisture is one of the major factors contributing to the dete-
rioration of cereal grain quality during storage. Moisture
content of grains is defined as the amount of water that can
be removed without alterations in chemical structure, which
varies depending on the types of grains (e.g., covered husk,
naked, or pearled kernels), moisture at harvest, harvesting
method, chemical composition, relative humidity of atmos-
phere, and seasonal fluctuations. Safe storage moisture con-
tent of grains is commonly defined as the amount of water
at which the rate of respiration is low enough to prevent
generation of heat and consequent deterioration (22, 23).
For safe storage, wheat, rice, and maize grains have to be
dried to 14% moisture or lower (Table 17.9) (5). For long-
term storage (over 1 year), lower moisture contents are rec-
ommended to prevent microbial growth and insect
reproduction. For short-term storage (1–3 months), moisture
can be slightly higher (above 15%).

Equilibrium moisture content (EMC) is also important
to grain drying and storage. EMC is defined as the mois-
ture content of material after exposed to a particular envi-
ronment for an infinite period of time, usually depending
on humidity and temperature of the environment (5).
Moisture content of cereal grains tends to equilibrate with
the moisture of surrounding air. Wet grains lose moisture
to dry air, and dry grains absorb moisture from wet air.
Also, the amount of water held by a volume of air depends
on temperature. When drying with air of a specified tem-
perature and humidity, grain can dry to no lower than the
EMC. Once the grain has reached the EMC, no further
moisture transfer will occur. Dry grain will absorb mois-
ture when exposed to air leading to an EMC higher than
current moisture content of the grain (23). As shown in
Table 17.10, EMC values increase with increase of relative
humidity and decrease slightly with increase of storage
temperature (5, 23). Furthermore, EMC values usually
vary with differences in grain structures and maturity of
various cereal grain species/varieties.

Infestation of insects and microorganisms is affected
by interaction of grain moisture, relative humidity, and
storage temperature (21, 22). Insects attack grains at
moisture content above 8% at all ranges of relative humid-
ity, if the storage temperature is above 19°C. Molds harm
grains at above 60~65% relative humidity and above 12%
moisture, irrespective of temperature at 20–40°C. To con-
trol both insects and molds, grains should be stored at or
below 19°C and 60~65% relative humidity. This basically
coincides with 12~14% EMC in the grains. However, it
may not be economically feasible to maintain storage
temperature at or below 19°C. Thus, safe storage moisture
of grains is usually based on EMC at 27°C and 70% rela-
tive humidity, particularly in developing countries (Table
17.11) (22–24). Drying cereal grains to safe moisture lev-
els and storing in moisture-proof structures sufficiently
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resistant to insects, molds, and rodents would greatly
reduce storage losses.

C. DRYING METHODS AND FACILITIES

1. Sun Drying or Natural Air Drying

In ancient times, harvested grains were usually sun-dried
or air-dried. This traditional drying method is still widely
used by farmers in developing countries and some devel-
oped countries. The bulk of the grain is still dried by
spreading the wet grain in thin layer on the ground in open

air to be dried by the sun. Sun drying is a very simple and
cheap method of drying cereal grains harvested in the
warm part of the year, but is not suitable for large quanti-
ties of grains, and not under wet weather conditions. 

2. Mechanical Drying

Since industrialized times, mechanical drying has gradu-
ally replaced traditional drying methods. Mechanical dry-
ing essentially involves forcing or sucking ambient or
heated air through the mass of grains. The major features
of mechanical drying methods are: 1) drying rate can be
controlled by regulating air temperature ventilating
through the grains; 2) grains can be dried irrespective of
weather, and does not depend on natural resources like
solar energy; 3) losses due to insects, birds, rodents, or
rains are eliminated; 4) it requires little space for drying;
5) turnover is high; and 6) drying cost is much higher than
sun drying (22).

a. Drying systems
Mechanical drying systems can be divided into on-farm
drying and off-farm drying (5). On-farm driers have three
categories: bin, non-bin, and combination driers. Bin driers
are normally low-capacity and low-temperature systems,
able to produce excellent quality grain. Non-bin driers, the
most popular drier type in the United States, are high-
capacity and high-temperature systems that frequently
overheat and overdry the grain, thus easily causing grain
quality deterioration. Combination drying uses the non-bin
high-temperature drier to dry the grain from harvest mois-
ture content to 16–20% and completes the drying process
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TABLE 17.10
Equilibrium Moisture Contents (EMC) of Cereal Grains (%, db) 

Relative Humidity (%)

Cereals Temp (°C) 10 20 30 40 50 60 70 80 90 100

Barley 10 4.7 6.8 8.6 10 12 13 15 18 21 30.6
20 4.6 6.6 8.4 10 11 13 15 17 21 29.9

Maize (yellow) 10 5.0 7.5 9.7 11 13 16 18 21 26 38.3
20 4.6 6.9 8.9 10 12 14 17 20 24 35.2
27a 4.2 6.4 7.9 9.2 10.3 11.5 12.9 14.8 17.5 –
50a 3.6 5.7 7.0 8.1 9.3 10.5 11.9 13.8 16.3 –

Rice (rough) 10 6.3 8.6 10.4 12 13 15 17 19 22 29.5
20 5.9 8.0 9.7 11 12 14 16 18 20 27.7

Sorghum 10 6.4 8.7 10.5 12 13 15 17 19 22 29.5
20 6.2 8.4 10.2 11 13 14 16 18 21 28.6

Wheat (durum) 10 5.9 8.3 10.3 12 13 15 17 20 23 32.7
20 5.6 7.9 9.7 11 13 14 16 19 22 31.0

Wheat (soft) 10 6.4 8.6 10.3 11 13 14 16 18 21 28.1
20 6.1 8.2 9.8 11 12 14 15 17 20 26.7

Oatsa 25 4.5 6.6 8.2 9.4 10.3 11.4 12.8 15.0 18.2 23.9
Ryea 25 5.3 7.4 8.8 9.8 10.8 12.2 13.9 16.3 19.6 25.7

Source: Adapted from Refs. 5 and 23.
a EMC (%, wb).

TABLE 17.11
Recommended Storage Moisture Content of Cereals
Grains (%, wb)

Duration of Storage Storage at 
in Midwest United States 27°C and

Through Through More Than 70% Relative 
Cereals Winter Summer 1 Year Humiditya

Barley 14 13 13
Maize 15 14 13 13.0
Oats 14 13 13
Rye 14 13 13
Sorghum 15 14 13 13.5
Wheat 14 13 13 13.5
Wheat flour 12.0
Paddy rice 14.0
Milled rice 12.0
Millets 15.0

Source: Adapted from Refs. 22–24.
aThis storage condition is particularly suitable for the developing countries.



with in-bin drying. Combination drying has the advantages
of both systems (i.e., high capacity and good quality), but
requires additional investment and is more complicated. 

Off-farm or elevator grain driers also have three cate-
gories: crossflow, concurrent flow, and mixed flow, which
are high-capacity and high-temperature units. Crossflow
models dry grain nonuniformly, causing considerable
stress cracking of the kernels. Mixed-flow driers dry the
grain more uniformly; the dried grain is normally of
higher quality than that dried in crossflow models.
Concurrent-flow driers have counterflow coolers and pro-
duce the highest quality grain; their disadvantages are rel-
atively high capital cost and complexity of the technology.
A significant improvement in grain quality can be
obtained with off-farm driers by optimizing the operating
parameters and by installing automatic drier controllers.

Salunkhe et al. (22) summarized the two major types
of mechanical drying systems advocated for either batch or
bulk drying process in developing countries, i.e., low-tem-
perature drying and medium-temperature drying systems.
In low-temperature drying, there is an increase in airflow
through the grains by means of a fan. The grains gradually
reach a moisture level in equilibrium with the relative
humidity of ambient air which must be below 70% for
such drying. Various drying-cum-storage structures
employed for such process are on-the-floor drying, in-bin
drying, or tunnel drying. Medium-temperature drying is
needed when air humidity is above 70%, initial grain mois-
ture is too high, or ambient temperature is too low to effect
drying before deterioration begins. Warm air is blown
through a bed of grain of controlled depths, and the drying
process ceases before EMC is reached. This can be applied
for both batch and bulk drying. Medium-temperature dri-
ers have several types, such as tray drier, radial-flow drier,
sack drier, and multi-duct ventilated flow drier.

Brook (23) comprehensively described the mechanical
grain drying systems commonly used in the United States,
including 1) Fans: two typical fans, axial-flow fan and cen-
trifugal-flow fan, are used for forcing drying air through a
mass of grain. 2) Low-temperature bin driers: drying with
natural air or air with temperature increased by up to 5°C.
Drying and storage occur in the same bin, called an in-bin
drier which consists of high-capacity fans, grain unloading
equipment, perforated drying floor, heater, spreader, and
grain stirrer (Figure 17.5) (23). These are low initial invest-
ment and low-drying-capacity systems best for grains with
low moisture levels at harvest and for drier geographical
areas with low humidity. 3) High-temperature bin-batch
driers: can dry batches of grains with heated air and remove
moisture in a shorter time, with drying temperatures of
35–60°C. In these systems, drying and storage occur in sep-
arate bins. They require moderate initial investment and
medium energy use, and often cost less per unit drying
capacity but require more labor because of transfer of each
batch to storage. Two typical high-temperature bin-batch

driers include on-floor bin-batch driers and roof bin-batch
driers. 4) High-temperature column driers: characterized by
multiple vertical columns that hold grains while the air is
forced horizontally through grains, with airflows of 80–100
m3/min·t and with drying temperatures up to 100°C. These
are advanced driers which require moderate to high initial
investment and high energy use. Three common types of
high-temperature column driers are manual batch column
driers, automatic batch driers, and continuous-crossflow
column driers. 5) Continuous-flow bin driers: have a bin
with a perforated drying floor, fan, heater, grain spreader,
grain-unloading equipment, and an auger to transfer grain
to storage. They unload hot and dried grains semicontinu-
ously from the bottom of the drying bin to storage bins for
cooling. Grain flow is automatically controlled to limit
overdrying, with typical airflows of 10–25 m3/min·t and
with drying temperatures of less than 80°C. 6) Others: con-
current-flow driers, fluidized-bed driers, spouted bed dri-
ers, rotary drum driers, and so on. These belong to
high-investment and high-drying-capacity drying systems.
New drying technologies, such as differential grain-speed
crossflow drying, multistage concurrent-flow drying, mul-
tistage mixed-flow drying, and cascading-rotary drying,
have the potential to decrease energy consumption and
grain deterioration by about 50%. 

b. Cooling equipment
Cooling equipment is one part of the drying systems.
Grains dried through any heated air driers should be
cooled in time, otherwise causing quality deterioration.
Delayed-cooling methods are usually used to decrease
energy consumption during high-temperature drying,
increase drier throughput, and reduce stress cracks and
breakage susceptibility. 

The three most commonly used delayed-cooling meth-
ods are in-bin cooling, dryeration, and combination high-
and low-temperature drying (23). The in-bin/in-storage
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cooling is the simplest delayed-cooling method suitable
for any type of high-temperature driers. Dryeration is an
energy-efficient method of delayed-cooling and drying
completion, and can cut 15–30% off energy consumption
of high-temperature drying while increasing drying capac-
ity, although dryeration requires more management. With
dryeration, hot grains are transferred to the cooling bin
immediately after drying. Cooling is delayed at least 4
hours for steeping or tempering. After grains are cooled in
the dryeration bin, they should be moved to storage.
Combination high- and low-temperature drying is most
suitable for crops harvested too wet for safe low-tempera-
ture bin drying, particularly wet maize (�22% moisture
content). A combination system normally costs more than
a single drying method, but can give high drying capacity,
flexibility of high-temperature drying, and energy savings
and superior grain quality of low-temperature drying.

3. Drying Losses

Drying losses are caused by underdrying or overdrying,
from pre-harvest to post-storage. Two kinds of losses often
occur. The first is actual removal of moisture from the
grain system, and the second is damage to the grain during
drying, leading to subsequent loss during milling (15). 

Modern drying systems normally cause lower losses to
most cereal grains. However, drying of rice or maize by
mechanical driers requires more care to avoid losses in pro-
cessing properties. In developing countries, threshed grains
or harvested ears are usually spread on a hard surface in the
farmyards for sun drying, which easily causes higher grain
losses. Part of the grains may be eaten by birds and other
animals, or may be blown away. If grains are rewetted in the
drying yard by a sudden storm, they will be damaged. 

D. STORAGE METHODS AND FACILITIES

Since ancient times, peasants have used traditional meth-
ods and containers to store cereal grains, such as small
buildings, earthenware pots, small wooden containers,
underground pits, outdoor piles, woven bags and baskets.
Most traditional methods and containers are still employed
in many developing countries. In recent centuries,
advanced storage technologies and facilities have been
developed to provide safe storage environments of grains
and to maintain grain quality and quantity more efficiently. 

Various types of storage facilities have been introduced
(15, 21, 22), including piles of unprotected grain on the
ground, underground pits or containers, piles of bagged
grain, storage bins of many sizes, shapes, and types of con-
struction. Major classifications are farm storage, bin sites,
country elevators, and terminal elevators. Storage structures
and facilities should meet the following major requirements:
1) provide maximum protection from moisture, insects,
molds, and rodents; 2) have aeration design for regulation of

storage temperature and relative humidity; 3) allow smooth
in-and-out movement of grains; 4) be sufficiently airtight for
fumigation; and 5) have capacity to protect grains from fire.

1. Farm Storage Facilities

Harvested cereal grains are often or temporarily stored at
the farm in developing countries. Farm storage structures
are constructed from locally available materials which are
simple and cheap, and are based on the principle of her-
metic storage with aeration facilities. Major structure types
of farm storage in India include circular steel bin, plastic
bin, pre-fabricated steel bin with hopper bottom, aluminum
bin, reinforced cement concrete bin, cement masonry bin,
welded wire-mesh bin, ferro-cement bin, and so on (22). In
China, simple storage structures are built with local cheap
materials, e.g., sticks, mud, stalk or straw, timber.

Modern farm silo is basically a large cylinder of corru-
gated galvanized steel, with means of access for cleaning,
input, and extraction of grain and, sometimes, a built-in
drier consisting of a fan with air heater and a means of dis-
tributing the warm air through the grain so that moisture
can be removed (15). Since modern silo is with good stor-
age conditions, and is durable and secure from attack by
predators and even thieves, it has replaced other storage
facilities for farm storage in developed countries.

2. Commercial Storage Facilities

Commercial storage systems involve storage of large
quantities of cereal grains, with better storage structures
and functions. In China, storage facilities of town-level
and county-level, normally constructed of concrete, are
the important commercial storage systems, with moisture-
and rodent-proof structures, and with an arrangement for
controlled aeration as well as fumigation. 

Elevators are the most common, advanced commer-
cial storage facilities in developed countries. In addition
to storage, elevators have other functions such as sorting,
cleaning, sizing, drying, and fumigation. They serve the
marketing system by equating supply with demand, by
providing convenient means for transferring title by
endorsement of warehouse receipts, and by transferring
grain from one transportation facility to another such as
trucks to cars, cars to barges, and barges to ocean vessels.

Country elevators receive grains directly from pro-
ducers. These storage facilities are usually constructed of
wood, concrete, or steel. Their main function is to accu-
mulate grains from nearby farms, to reload them into
transportation facilities such as trucks, railroad cars, or
barges, and to send them to market. Country elevators
were originally intended to serve an area limited by horse
and wagon delivery, and their storage capacity was very
small. Truck transport from farms has broadened access
areas, and elevator sizes have increased accordingly. The
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largest elevators approach the size of terminal elevators
and are often referred to as subterminals.

Terminal elevators are ordinarily constructed in trans-
portation terminals and larger markets. Their storage
capacity is very large, normally ranging in total storage
space from 5,000 to 500,000 tons or more (200,000 to 
20 million bushels). They receive grains from country ele-
vators by truck or railroad and transfer them to storage or
into other transportation equipment such as barges or other
vessels. Terminal elevators also equip with high-capacity
facilities for cleaning, drying, and conditioning of grains.

Flat bins are auxiliary bins of large capacity in con-
nection with terminal elevators. The pressure of grain sur-
pluses requiring safe storage for long periods leads to the
construction of flat bins. These bins are built wider and
lower than common silo storage bins to reduce costs and
side-pressures, thus can provide ample storage space at
the lowest possible cost. Floors are directly on the ground,
handling equipment is kept at a minimum, and the roof
tends to follow the slope of the pile of grains. Large bins
may be directly attached to the elevator or may be built
adjacent to it. 

Additionally, the slip-form storage bins (silo-type
bins) for construction of round concrete bins were devel-
oped in about 1900 and are still in commercial use. The
slip-form consists of a concentric, double-ring form into
which concrete is poured. Often two or more rows of
round bins are built side by side to form a block of bins.
The areas between the circles also become bins, and are
called interstitial or star bins. Concrete silos may be as
high as 40 m. Although other shapes such as oval or
hexagonal have been tried with concrete, the round form
gives the greatest strength with the least material.

In developed countries, grain is almost completely
handled and stored in bulk, but in developing countries
bag storage is still practical and common, since farms are
often scattered and labor for filling and loading bags costs
is low. Bag is made of plant fiber or woven polymer
threads. Air can pass through this barrier, and moisture
can migrate from or into the grain, but grain in bags can
normally be accepted for storage at 1–2% higher moisture
content than for bulk storage. Bags with grains are usually
stored in a well-sealed and secure warehouse with regu-
lating openings for controlled ventilation and complete
building fumigation. Openings can be used for both natu-
ral air and fan-controlled aeration. Bags should be care-
fully stacked so that alternate layers are placed that can be
covered with a tarpaulin for fumigation. A one-meter cor-
ridor is left between stacks for the operatives to pass when
examining the storage state.

E. AERATION AND STORED GRAIN MANAGEMENT

Dried grains should be aerated as soon as possible after
they are put into storage. Frequent aeration during storage

is necessary to control grain temperature, to avoid forma-
tion of hot spots due to insect and mold activity, to reduce
the risk of grain damage or spoilage, and to maintain grain
quality (22, 25). 

1. Effects of Aeration

Aeration is the process of moving air at ambient tempera-
ture through stored grains in order to decrease or increase
grain temperature to desired level (5). The major effect of
aeration is to control and maintain a uniform temperature
in stored grains and to keep that temperature as low as is
practical. Also, aeration can equalize grain moisture and
remove odors from stored grains. Use of fumigants with
aeration systems can permit their distribution through the
grain in deep bins and silos.

2. Aeration Systems

An aeration system mainly consists of fan and duct sys-
tems. The major considerations in the design of aeration
systems are airflow rate, fan selection, and air distribution
(25). The airflow rate recommended depends on purpose
of aeration, type of stored grains, storage structures, and
climate conditions. Fan selection is based on airflow rate
and type and depth of stored grains. There are two com-
mon kinds of fans used for aeration, axial-flow fans which
are suitable for horizontal storage structures, and centrifu-
gal fans suitable for vertical storage structures. Other fans,
such as radial-bladed fans, are suitable for vertical low-
capacity bins. Occasionally, aeration fans are mounted on
top of storage bins or silos. Some aeration systems are
equipped with two fans, a pressure fan on the bottom and
a suction fan on top. Airflow is usually downward in a
suction system and upward in a pressure aeration system.

Duct systems are used for air distribution. Most aera-
tion systems use perforated ducts to distribute the air and
provide for air movement whether out of the duct into the
grain in a pressure aeration system or into the duct from
the grain in a suction system. Many farm bins are
equipped with full-perforated false floors or partial perfo-
rated floors. In flat storages, large bins, and tanks, more
than one ventilating duct is required, and the layout of the
duct system is also important.

3. Operation and Management of Aeration
Systems for Stored Grains

Foster and Tuite (25) described how to operate aeration
systems, including seasonal aeration operating sched-
ules, daily fan operation, and airflow direction regula-
tion. Aeration practices depend on local climate, e.g., the
mean temperature difference between the warmest
month and coldest month is 28°C in the Corn Belt of the
United States. The mean daily humidity of the air is usu-
ally below that in equilibrium with grain at safe storage
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moisture content, except in winter. Under mean climatic
conditions, grain can be aerated continuously without
undesirable moisture increase.

Once grains are put into storage, they should be aer-
ated immediately to remove harvest or dryer heat. The
temperature should be uniformly reduced to 15–20°C for
summer-harvested grains and to 10–15°C for fall-har-
vested grains. Grains are aerated in late fall and winter to
cool them to below 5°C. Weather in late November and
early December is usually suitable for cooling grains to
near mean winter temperatures. Once this is completed,
no further aeration is recommended until spring. In
March or April, grains may be aerated to warm them to
above 10°C. After spring aeration is started, it should
continue until grains are uniformly warmed to near mean
outdoor temperature. As the warming front moves
through, moisture condenses on the cold grains, provid-
ing ideal conditions for rapid mold growth. Continued
aeration keeps the condensation area moving and helps
avoid serious spoilage.

Most seasonal aeration schedules described above are
based on daily 24-hour fan operation. In much of the
United States, mean humidity in the fall cooling and
spring warming periods permits continuous fan operation
without increasing moisture of cereal grains above the
safe level (13–15%). However, in rainy seasons or regions
with higher humidity, fan operation should be limited or
even prohibited in high-humidity weather. For instance, in
Central, Eastern, and Southern China, aeration is limited
or prohibited in rainy weather of late spring and summer.

4. Losses during Storage

Insects, microorganisms, and rodents or birds cause major
losses and deterioration of cereal grains during storage,
especially in developing countries. Losses during storage
may increase if condition of the received grains is unsatis-
factory, if the storage sites and facilities are unsuitable for
safe storage, or if there is poor management during storage
or deterioration in storage environment. Transportation is
temporary storage and may also cause losses under unsuit-
able environments, such as dirty and already infested rail-
car, or improper supervision (20).

Deterioration caused by insects, microorganisms, and
rodents during storage is usually affected by the storage
structures and environments. Higher storage temperature
and grain moisture content may lead to multiplication and
growth of insects and microorganisms. Poor storage man-
agement and unsuitable storage structures easily cause
serious damage from rodents and birds. Additionally,
cracked, broken, damp, and dirty grains with foreign
materials (e.g., straw and trash) are more easily infested
by insects and molds. Drying and cleaning of cereal grains
before storage and appropriate storage management are
important for reducing storage losses.

F. CONTROL OF INSECTS, MICROORGANISMS, AND

RODENTS DURING STORAGE

Principal measures for decreasing storage losses are to
prevent and control insects, microorganisms, and rodents.
When grain storage starts, destruction from insects,
microorganisms, and rodents may begin, with the rate of
grain losses depending on storage conditions. The growth
rate of microorganisms usually depends on grain moisture
content and storage temperature, and that of insects
mainly on storage temperature. 

1. Insects

Insects are the major cause of losses of stored grains.
Beetles, moths, and certain mites are serious pests of
stored grains. Table 17.12 lists the major insects of stored
cereal grains and their optimum growth temperatures (15,
22, 26). There are two major groups of storage insect,
external and internal infesters. Almost all are either bee-
tles (Coleoptera) or moths (Lepidoptera) (15). The nature
of insect damage is classified into three types: 1) grains
are bored inside, leaving the outer coat practically intact;
2) only the germ of grains is damaged; 3) a part of the
grains, including the outer coat, is eaten (22). Rice weevil,
maize weevil, granary weevil, lesser grain borer, and
Angoumois grain moth develop and feed inside kernels.
Infestation remains hidden until the adults emerge from
the kernels. Other beetles feed primarily on broken and
whole kernels. Grain-infesting insects are very sensitive
to temperature, but insensitive to moisture. Generally,
they grow slowly or not at all below 16°C, and cannot sur-
vive in temperatures of 42°C or above, and appear to
thrive best at about 29°C. Storage pests are well adapted
to live in a very dry environment.

Insects not only consume large quantities of grains but
also decrease the quality by the presence of insect frag-
ments, feces, and unnatural odors. Insects consume nutri-
tious components, encourage moisture uptake by the
infested grains, and promote growth of microorganisms.
When insect population reaches a certain level, tempera-
ture of stored grains will increase rapidly. If insects are at
over-growth, temperature may increase up to 45°C. When
microorganisms are associated, temperature may rise even
up to 75°C, causing massive spoilage of grains. Thus over-
growth of insects usually results in serious losses of grain
quality and quantity.

2. Microorganisms

Molds are also important damaging agents of stored grains.
Under favorable moisture, temperature, and relative humid-
ity, many molds can grow on grain surface. Common molds
founds in grains belong to the genera Aspergillus,
Fusarium, Penicillium, Alternaria, Cladosporium, and
Helminthosporium (22).
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The most dangerous and important fungi are from
three genera: Aspergillus, Fusarium, and Penicillium (15).
Most storage fungi cannot survive at grain moisture con-
tent below 17%. They can survive at 50°C and above 65%
relative humidity, but are most destructive below 25°C
and above 80–85% humidity. Fungal damage to stored
grains includes losses of seed viability, nutritional and
apparent quality, processing properties, and production of
mycotoxins (e.g., aflatoxins and ochratoxin), heating,
mustiness, and decay. Aspergillus flavus, Furarium
graminearum, and Penicillium verrucosum produce alfla-
toxins, zearalenones, and citrinin/ochratoxins, respec-
tively. These toxins are important from the point of health
hazards. Aflatoxins are carcinogenic agents and ochra-
toxin can cause liver and kidney damage. Although myco-
toxins-induced diseases are rare in developed countries,
they commonly occur among rural populations in devel-
oping countries.

Bacteria are also found in stored grains, mainly
belonging to the families Bacillaceae, Pseudomona-
daceae, and Micrococcaceae. Activities of bacteria are
normally affected by temperature and moisture content of
the grains during storage. Bacteria require higher mois-
ture content (�20%) and higher humidity (�90–95%) for
their growth than fungi. Thermophilic bacteria can prolif-
erate at 55°C and raise the temperature of infected grains
to as high as 70–75°C. Bacterial damage to stored grains
is similar to that of fungi, but occurs more rarely.

3. Rodents

Vertebrates (rodents and birds) cause extensive damage to
grain in both field and store. Damage from rodents is a
serious problem at farmer’s and trader’s level. Commensal
rats and mice are the most destructive vertebrates on
Earth. There are 21 common species of rodents that attack
stored grains in different sites throughout the world (22).
In addition to house mice, Norwegian rats and mice are
conventional rodents. 

Not only do rodents eat large quantities of grains, they
also contaminate grains with urine, hairs, and excreta.
Rodents are energetic creatures and eat about 10% of their
body weight of food per diem. One rat will consume
around 10 kg of grain each year and excrete 2–5 kg of
droppings (15). Apart from consuming and contaminating
grains, certain rodents can damage containers (e.g., bags
and wooden, bamboo or mud bins, and make burrows in
walls, warehouse floor, and cables) and spread diseases.

4. Control Methods and Measures

a. Control of storage temperature and moisture 
An important measure of controlling insects and microor-
ganisms is to keep a safe storage environment with cool
temperature and low moisture. The recommended safe
storage moisture contents of most cereal grains range
from 13 to 15% (Table 17.11) (22–24). Lower tempera-
tures increase shelf life of grains by decreasing respiratory
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TABLE 17.12
Insects of Stored Cereal Grains and Their Optimum Growth Temperature

Common Name Scientific Name Optimum Temp. (°C) Minimum Temp. (°C)

Rice weevil Sitophilus oryzae L. 27–31 17
Maize weevil Sitophilus zeamais Motsch. 28 17
Grain weevil Sitophilus granaries L. 26–30 15
Angoumois grain moth Sitotroga cerealella Ol. 26–30 16
India meal moth Plodia interpunctella Hub. 28–30 –
Almond moth Ephestia cautella Walk 25 10
Rice moth Corcyra cephalonica Staint 28–30 10
Lesser grain borer Rhizopertha dominica F. 32–35 23
Larger grain borer Prostephanus truncatus – –
Rust red grain beetle Tribolium castaneum Herbst 32–35 22
Confused flour beetle Tribolium confusum J. du Val. 30–33 21
Drug store beetle Stegobium paniceum L. – –
Saw-toothed grain beetle Oryzaephilus surinamensis L. 31–34 21
Khapra beetle Trogoderma granarium Everts 33–37 24
Flat grain beetle Laemophiloeus pusillus Schonherr. – –
Long headed flour beetle Latheticus oryzae 35 –
Australia spider beetle Ptinus tectus 25–35 10
Cadelle beetle Tenebroides mauritanicus L. – –
Cigarette beetle Lasioderma serricorne F. – –
Flour or grain mite Acarus siro L. 21–27 7
Warehouse moths Ephestia spp. – –

Source: Adapted from Refs. 15, 22, and 26.



rate and inhibiting activities of insects and microorgan-
isms. When grains are cooled below 15°C, most insects
and fungi cannot grow. In developing countries, control of
such low temperature will greatly increase storage costs.
Generally, maintenance of temperature at about 27°C and
relative humidity below 70% during storage are impor-
tant. Frequent aeration during storage is necessary to
avoid formation of hot spots due to activities of insects
and microorganisms and to control uniform temperature
throughout storage environments.

b. Cleanliness 
Cleanliness is considered the most common means of
reducing or eliminating pest infestation. It is important to
thoroughly clean storage facilities before new grains are
stored. Old infested grains, empty bags or sacks, chaff,
webs, and other junk that may harbor insects must be
cleaned out. The floor, walls, and roof structure should be
brushed and sprayed with insecticide before storage.
Cleaning of harvesting equipment and transportation tools
is also required. Also, clean conditions around storage
area and facilities can help keep rodent numbers down. 

c. Use of fumigants and insecticides
Fumigants are quick-acting respiratory poisons which can
be applied to static grains. Commonly used fumigants are
methyl bromide, carbon disulfide, carbon tetrachloride,
ethylene dichloride, ethylene dibromide, chloropicrin,
hydrogen cyanide, and phosphine (3, 15). The effective-
ness of each fumigant is dependent on species of insects,
stage of development, temperature, humidity, application
method, fumigant concentration, storage facilities, etc.
Some recommendations for fumigation of stored grains
are shown in Table 17.13 (15). Because chemical fumi-
gants are also highly poisonous to man, precautions given
on the labels of the chemical containers must be strictly
followed. Great care is required in their application, and
staff must be trained well. Gas masks should be worn dur-
ing the use of fumigants. Storage bins and buildings that
have been fumigated must be opened for ventilation for
several hours or days before people can enter.

Insecticides that kill insects of stored grains belong to
the contact type which can penetrate the insect cuticle and

enter body tissue. Common contact insecticides include
pyrethrum (pyrethrins), chlorinated hydrocarbon insecti-
cides, organophosphorus insecticides, etc. (22). For exam-
ple, pyrethrins can be used to kill insects on walls and
floor of storage bins during cleaning, and can also be used
as protecting agent by spraying on the grains.

d. Control measures of rodents 
Rodents cause serious storage losses of cereal grains, par-
ticularly in developing countries. Relevant control meas-
ures include sanitation, removal of foods easily accessible
to rodents, proofing, trapping, use of ultrasonic devices,
biological control, single- or multi-dose poisons, tracking
poisons, fumigations, and the use of chemosterilants,
attractants, and repellants (22). The most common control
measures are sanitation, use of anticoagulants, and fumi-
gation of live burrows. Fumigation of live burrows with
aluminum phosphide is a cheap and effective method with
usually 100% killing after second fumigation.
Anticoagulants were tested and also found to be effective
in controlling rats.

e. Other control methods 
Other promising control methods have been investigated,
including modified atmosphere, irradiation, use of insect
sex attractants, insect growth regulators, insect
pathogens, parasites and predators, etc. (15, 22). As an
alternative to fumigation, grain storage atmosphere can
be made lethal or inhibitory to insects and microorgan-
isms by reducing oxygen concentration, increasing car-
bon dioxide or nitrogen concentrations, or creating a
partial vacuum (tight-air packaging). Radiation treat-
ments usually cause mutation, sterilization, or death of
insects and microorganisms, and are considered a control
method for stored grains. The use of sex attractants pro-
duced by insects has been investigated to control stored-
grain insects. Insect growth regulators can interfere with
either morphogenesis or molting of insects. These com-
pounds have intense biological activity, specificity, and
little or no vertebrate toxicity. Because of economic fac-
tors or chemical toxicity, these promising control meth-
ods have, however, not yet been commonly used for
stored grains.
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TABLE 17.13
Some Recommended Fumigants and Used Dosages of Stored Cereal Grainsa

Storage Structure or Situation Application Fumigants Dosage (g/tonne) Treatment Time (days)

Silos, deep bins Admixture during filling Phosphine 3–4 5
Flat bulk storage Admixture by probe Phosphine 3–4 5
Flat bulk storage Surface application Methyl bromide 34 1
Rail cars in transit Gas jets at top of stack Methyl bromide 58 1
Stacks under tarpaulinsb Gas jets at top of stack Methyl bromide 28–54 1

Source: Adapted from Ref. 15.
a Fumigating is conducted at 20–25°C.
b Different cereals require various dosage: wheat, 34 g/tonne; rice, 28 g/tonne; maize, 36 g/tonne; and sorghum and millets, 54 g/tonne.



REFERENCES

1. DAV Dendy, BE Brockway. Introduction to cereals. In:
DAV Dendy, BJ Dobraszczyk. eds. Cereals and Cereal
Products: Chemistry and Technology. Gaithersburg,
MD: Aspen Publishers, 2001, pp 1–22.

2. WH Leonard, JH Martin. Cereal Crops. New York:
Macmillan Publishing Co., 1970.

3. JH Martin, WH Leonard, DL Stamp. Principles of Field
Crop Production. New York: Macmillan Publishing Co.,
1976, pp 3–322.

4. RC Hoseney, JM Faubion. Physical properties of cereal
grains. In: DB Sauer. ed. Storage of Cereal Grains and
Their Products, 4th ed. St. Paul, MN: Am Assoc Cereal
Chem, 1992, pp 1–38.

5. DB Brooker, Bakker-Arkema, CW Hall. Drying and
Storage of Grains and Oilseeds. New York: AVI (Van
Norstrand Reinhold), 1992.

6. DH Simmonds. Structure, composition and biochem-
istry of cereal grains. In: Y Pomeranz. ed. Cereals ’78:
Better Nutrition for the World’s Millions. St. Paul, MN:
Am Assoc Cereal Chem, 1978, pp 105–137.

7. LW Rooney, JM Faubion, CE Earp. Scanning electron
microscopy of cereal grains. In: DB Bechtel. ed. New
Frontiers in Food Microstructure. St. Paul, MN: Am
Assoc Cereal Chem, 1983, pp 201–239.

8. RC Hoseney. Structure of cereals. In: RC Hoseney, ed.
Principles of Cereal Science and Technology, 2nd ed.
St. Paul, MN: Am Assoc Cereal Chem, 1994, pp 1–28.

9. AB Blakeney. Rice. In: RJ Henry, PS Kettlewell, eds.
Cereal Grain Quality, London: Chapman & Hall, 1996,
pp 55–76.

10. LA Johnson. Corn: the major cereal of the Americas. In:
K Kulp, JG Ponte, Jr. eds. Handbook of Cereal Science
and Technology, 2nd ed. New York: Marcel Dekker,
2000, pp 31–80.

11. BO Juliano. Rice: Chemistry and Technology. St. Paul,
MN: Am Assoc Cereal Chem, 1985.

12. NS Hettiarachchy, ZY Ju, T Siebenmorgen, RN Sharp.
Rice: production, processing, and utilization. In: K
Kulp, JG Ponte, Jr. eds. Handbook of Cereal Science
and Technology, 2nd ed. New York: Marcel Dekker,
2000, pp 203–222.

13. ES Posner. Wheat. In: K Kulp, JG Ponte, Jr. eds.
Handbook of Cereal Science and Technology, 2nd ed.
New York: Marcel Dekker, 2000, pp 1–30.

14. BJ Dobraszczyk. Wheat and flour. In: DAV Dendy, BJ
Dobraszczyk. eds. Cereals and Cereal Products:
Chemistry and Technology. Gaithersburg, MD: Aspen
Publishers, 2001, pp 100–139.

15. DAV Dendy. The storage and transportation of grains and
their products. In: DAV Dendy, BJ Dobraszczyk. eds.
Cereals and Cereal Products: Chemistry and Technology.
Gaithersburg, MD: Aspen Publishers, 2001, pp 
23–56.

16. HD Hughes, DS Metcalfe. Crop Production, 3rd ed.
New York: Macmillan Publishing Co., 1972.

17. LC Pearson. Principles of Agronomy. New York:
Reinhold Publishing Corp., 1967.

18. EJ Evans. Cereal production methods. In: G Owens. ed.
Cereal Processing Technology. Cambridge, England:
Woodhead Publishing Ltd, 2001, pp 7–26.

19. DD Bishop, LP Carter, SR Chapman, WF Bennett. Crop
Science and Food Production. New York: McGraw Hill,
Inc., 1983.

20. DAV Dendy. Postharvest losses. In: DAV Dendy, BJ
Dobraszczyk. eds. Cereals and Cereal Products:
Chemistry and Technology. Gaithersburg, MD: Aspen
Publishers, 2001, pp 57–67.

21. JE Bailey. Whole grain storage. In: DB Sauer. ed.
Storage of Cereal Grains and Their Products, 4th ed. 
St. Paul, MN: Am Assoc Cereal Chem, 1992, pp 
157–182.

22. DK Salunkhe, JK Chavan, SS Kadam. Postharvest
Biotechnology of Cereals. Boca Raton, FL: CRC Press,
Inc., 1985.

23. RC Brook. Drying cereal grains. In: DB Sauer. ed.
Storage of Cereal Grains and Their Products, 4th ed. St.
Paul, MN: Am Assoc Cereal Chem, 1992, pp 
183–218. 

24. MWPS. Grain Drying, Handling and Storage Handbook,
MWPS-13. Ames, IA: Iowa State University,
1988.

25. GH Foster, J Tuite. Aeration and stored grain manage-
ment. In: DB Sauer. ed. Storage of Cereal Grains and
Their Products, 4th ed. St. Paul, MN: Am Assoc Cereal
Chem, 1992, pp 21–248.

26. LA Bulla, KJ Kramer, RD Speirs. Insects and microor-
ganisms in stored grain and their control. In: Y
Pomeronz. ed. Advances in Cereal Science and
Technology, Vol. II. St. Paul, MN: Am Assoc Cereal
Chem, 1978, pp 91–101.

17-20 Handbook of Food Science, Technology, and Engineering, Volume 1



18-1

18 Legumes: Horticulture, Properties,
and Processing

Frank W. Sosulski and Krystyna Sosulski
GrainTech Consulting Inc.

CONTENTS

I. Introduction............................................................................................................................................................18-1
II. Morphology and Microstructures of Seeds ..........................................................................................................18-2
III. The Hard-to-Cook Problem ..................................................................................................................................18-3
IV. Chemical and Nutritional Composition ................................................................................................................18-4

A. Energy ............................................................................................................................................................18-4
B. Lipids ..............................................................................................................................................................18-4
C. Starch ..............................................................................................................................................................18-4
D. Proteins ..........................................................................................................................................................18-5
E. Toxins and Antinutritive Factors ....................................................................................................................18-5
F. Dietary Fiber ..................................................................................................................................................18-5
G. Sugars..............................................................................................................................................................18-6
H. Ash and Minerals ............................................................................................................................................18-6
I. Vitamins ..........................................................................................................................................................18-6
J. Tannins and Polyphenols ................................................................................................................................18-6

V. Pulse Processing and Utilization ..........................................................................................................................18-6
A. Harvest and Storage ........................................................................................................................................18-6
B. Traditional Processing ....................................................................................................................................18-7
C. Recent Advances in Starch Functionality ......................................................................................................18-7
D. Recent Advances in Protein Functionality......................................................................................................18-9
E. Potential for Air Classification ....................................................................................................................18-12
F. Applications for Air-Classified Fractions ....................................................................................................18-13

References ....................................................................................................................................................................18-14

I. INTRODUCTION

In terms of agricultural production, cereals are the most
important source of human food and animal feeds but the
legume family, Leguminosae, encompasses an extremely
diverse group of herbs, vines, shrubs and trees (1). The
subfamily Papilionoideae has 600 genera and 13,000
species of plants which have fruits enclosed in a specific
pattern in elongated pods and whose roots form symbiotic
relationships with nitrogen-fixing bacteria in nodules.
Over 80 legume species are consumed world-wide and
represent the second most important food source. About
20 legume species are cultivated on an appreciable
hectareage. These legume crops are primarily herbaceous
annuals that can be consumed directly as mature dry
seeds, as immature green seeds, or as whole green pods. 

The most important food legumes are listed in Table
18.1 with their botanical names, global distribution, and
approximate annual production. Soybean and peanut are
grown widely for extraction of refined vegetable oils and
high protein meals, but also have important whole seed
uses. About one-half of the world production of peanut is
crushed for production of edible oil and meal for animal
feeds; much of the large U.S. crop is processed into
peanut butter or roasted for direct consumption. On the
other hand, over 80% of the world soybean production is
pressed for the edible oil and valuable soybean meal, and
only about 15% is processed directly into food products.

The low alkaloid sweet lupin (L.angustifolius) is a
protein supplement in ruminant feeds and, after removal
of 25% hull, in pig and poultry rations in Australia (Table
18.1). Lupinus albus, with 12% lipid, is grown in other



parts of the world. In efforts to breed an oilseed crop, lines
with 16% oil have been reported. 

Pulses have limited industrial applications and are
mainly consumed directly as whole or dehulled split seeds.
Common beans and dry peas constitute about one-half of
global pulse production of about 58 mt, and production is
widely distributed among countries in the Americas, Indian
sub-continent, Asia, and Europe (Table 18.1). However,
about 90% of global pulse utilization is concentrated in
developing countries. In these low-income food-deficit
areas, pulses contribute about 10% of the daily protein and
5% of the energy intake of human diets. 

Driven by increasing demand from West Asia, North
Africa, Central and South America, and India, production
and export of the principal pulses has expanded in North
America, Australia, China, Turkey, and Argentina. With
respect to world trade, common beans and dry peas are the
major imported pulses while lentils, chickpeas, and broad
beans are also purchased by low-income countries. 

II. MORPHOLOGY AND
MICROSTRUCTURES OF SEEDS

Compared to cereal grains, legume seeds are medium to
large in size (0.3–2.5 cm diameter), rounded in shape, with
relatively hard texture. Seeds vary from white to colored or
mottled in appearance and surfaces can be smooth, tex-
tured, or wrinkled (1). The proportions of the three major
seed components are 8–18% seedcoat, 80–90% cotyledons
(Figure 18.1), and 1–2% embryonic axis (not shown) (2).
The seedcoat or testa protects the embryonic structures
from water absorption, microbial and insect invasion. In
lentils, the seedcoat exhibits a pattern of conical papillae

on the surface, about 3 µm at the base (Figure 18.2C). The
outermost layer of the seedcoat is a thin waxy cuticle that
serves as a hydrophobic barrier (Figures 18.1 and 18.2C).
The major structure of the seedcoat is a single layer of ver-
tical, elongated palisade cells. The thick walls of the pal-
isade cells provide strength and rigidity to the seedcoat; the
wall thickness and depth determine the proportions of
‘hull’ that is characteristic of each species. The thin layer
of hourglass cells (5–6 µm thick) occurs, with intercon-
necting air spaces, below the palisade layer.

Between the hourglass cells and the cotyledon is a sep-
arate layer of flattened parenchyma cells (Figure 18.2C)
that constitute the residue of the once prominent
endosperm in the fertilized ovule (See Section IV.F,
Dietary Fibre). When seeds are decorticated during pro-
cessing, the endosperm layer separates with the seedcoat.
The seed embryo consists of the embryonic axis and two
cotyledons or seed leaves. The embryonic axis has a small
plumule (foliage leaves) with shoot-tip, an embryonic stem
(hypocotyl), and a radicle or root that are attached to, and
enclosed by, the cotyledons.

There are two openings in the legume seedcoat (2).
The small micropyle is the site where the pollen tube
entered the valve, and is closed in some species. The large
oval hilum is the scar where the seed was attached to the
pod and is large enough to be a major factor in regulation
of seed drying or rehydration (Figure 18.2A, B). Along
the hilum length, but behind the opening, is the tracheid
bar with numerous ducts that interconnect the pod and
seed vascular systems. Although not an opening, there is
a linear ridge on one end of the hilum, called the raphe,
that arose from the fusion of the pod to the seedcoat dur-
ing seed development (Figure 18.2A).
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TABLE 18.1
Scientific and Common Names and Annual Production of Important Food Legumes

Name Scientific Name Common Names Distribution Production (mt)

Proteinaceous Oilseeds
Peanut Arachis hypogaea L. Groundnut, goober India, China, USA 23
Soybean Glycine max (L) Merr. Soyabean, Japan pea USA, Brazil, China 175
Lupin Lupinus albus, luteus and Sweet lupin, tarwi Australia, Russia, Mediterranean 1

angustifolius L.

Starchy Pulses
Common bean Phaseolus vulgaris L. Haricot, dry bean Brazil, India, China 20
Dry pea Pisum sativum L. Field pea, garden pea Russia, China, France 10
Chickpea Cicer arietinum L. Bengal gram, chana India, Turkey, Pakistan 8.5
Fababean Vicia faba L. Broad bean, horse bean China, Ethiopia, Egypt 3.5
Lentil Lens culinaris Medik. Masur, red dhal India, Turkey, North America 3
Pigeon pea Cajanus cajan (L) Millsp. Red gram, Congo pea Asia, Africa, South America 3
Cowpea Vigna unguiculata (L) Walp. Black-eyed pea, kaffir bean Africa, Asia, Nigeria 1
Mung bean Vigna aureus, mungo, and Green, black, and golden gram India, China, Thailand 1

radiata (L.) Wilczek
Lima bean Phaseolus lunatus L. Butter bean, sieva bean USA, Central and South America �1



The two large cotyledons contain nutrient reserves to
support early shoot and root growth during germination
(Figure 18.1) (2). Their large parenchyma cells (100–
130 µm diameter) have thin tough cell walls (1–2 µm
thick) that are cemented together by a layer of pectic sub-
stances called the middle lamella (Figure 18.2D). There
are intercellular spaces between the cells, primarily at the
junctures of three or more adjacent cells that facilitate
water uptake and hydration. Each cotyledonary cell is
packed with round or oval starch granules (10–30 µm dia)
that have smooth surfaces, unlike the tightly packed angu-
lar granules in cereal endosperms. The legume starch
granules are embedded in a thick protein matrix which
also contains small protein granules.

III. THE HARD-TO-COOK PROBLEM

Most pulses are consumed directly as cooked whole or split
(dehulled) seeds, and long cooking times are characteristi-
cally required to achieve the desired degree of softness,
digestibility, and inactivation of heat-labile antinutrients.
Slow water uptake by seeds has been associated with long
cooking times, but dehulling and presoaking of seeds
overnight can reduce cooking time, often by as much as
75%. Soybean and dry pea have only 5–8% hulls that are
easily removed; other pulses contain 10–18% hulls that are
removed by abrasive dehullers, or after soaking or boiling.

Tang et al. (3) found that the initial moisture contents of
lentils markedly affected the route of moisture migration,
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FIGURE 18.1 Schematic diagram of the structure of a cross section through a lentil seed. (From Ref. 2.)

FIGURE 18.2 SEM micrographs of: (A) a gold-coated lentil seed illustrating the micropyle (mi), hilum (hil), and raphe (rap); (B)
the hilum opening exposing the tracheid bar; (C) the lentil seedcoat showing the cuticle (cut) layer on the surface of the palisade (pal)
cells, traces of hourglass (hg) cells in open spaces, parenchyma (par) layer, and the cotyledon surface (cot sur); (D) an exposed por-
tion of the cotyledon with the storage cell wall (sw) enclosing several starch (s) granules in the protein matrix (p), and the intercellu-
lar spaces (ic). (From Ref. 2.)



rate of water absorption, imbibition time, and proportion
of hardshell lentils. At moisture contents of 16–24%, mois-
ture diffused mainly through the large surface of the seed-
coat. The permeability of lentil seedcoats decreased with
decreasing moisture content because of reduced pore and
fissure sizes in the cuticle and palisade layers. When lentil
moisture content was at 12%, the hilum opening became
the dominant route for moisture to enter the seed. The
width of lentil hilum openings also decreased with mois-
ture content, and some hila were closed at 12% moisture
content. Impermeable seedcoat and concurrent closing of
the hilum opening resulted in hardshell lentils. The com-
plexity of the hardshell and hard-to-cook phenomena in
other legumes has been reviewed by Swanson et al. (4) and
Stanley (5). 

IV. CHEMICAL AND NUTRITIONAL
COMPOSITION

A. ENERGY

The metabolizable energy contents of legume oilseeds
are proportional to their oil or lipid contents (Table 18.2).
With over 50% lipid, peanuts average 2255 kJ/100 g
while soybean, lupin, and chickpea have 1695, 1565, and
1530 kJ/100 g, respectively. The starchy pulses contain
about 1440 kJ/100 g of metabolizable energy which is
similar to those of whole grain cereals but 5–7% less than
in milled cereal flours. The metabolizable energy in
pulses arises from their high compositions of starch and
protein, but is subject to the slow rates of digestion
described below.

B. LIPIDS

Most pulses are low in lipid, only 1–2% (Table 18.2), of
which one half are neutral lipids (mono-, di-, and triacyl-
glycerides) and the remainder are metabolic polar lipids
(phospholipids, glycolipids, sterols, sterol esters, and
lipoproteins) (6). On the other hand, the proteinaceous
oilseeds like peanut and soybean are rich in neutral lipids
and are commercial sources of edible oils. These neutral
lipids are stored in the cotyledons as oil bodies or sphero-
somes and contain primarily unsaturated and polyunsatu-
rated fatty acids in the triacylglycerols which have
important functional and nutritional attributes. Many
legumes contain linolenic acid as a component in the
lipids, as well as the bound enzyme lipoxygenase, so that
oxidative rancidity and off-flavor development are a prob-
lem once seed contents are mixed by grinding.

C. STARCH

While the oilseeds are nearly devoid of starch, it is the
main component in pulses (Table 18.2). The large starch
granules in the cotyledon cells are composed of a combi-
nation of two glucose polymers (7). Inside cell organelles
these polymers are synthesized into interwoven strands to
form the semicrystalline granules. Amylopectin, the larger
polymer, is an α-1,4-linked glucose chain with α-1,6
branches, with molecular weights in the millions.
Amylose is a smaller linear polymer composed of α-1,4-
linked glucose units, and few branches. The number of
glucose units in the amylose chain range from 1300 to
1900 among pulse species and the average molecular
weight is 177,000. In pulses, the proportion of amylose to
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TABLE 18.2
Energy and Chemical Constituents in Food Legumes

Energy Protein* Lipid Starch Sugars Ash Total Dietary Fiber

Common Name kJ/100 g % Dry Weight Basis

Proteinaceous Oilseeds
Peanut 2255 28 53 1 5 2 8
Soybean 1695 39 20 2 8 5 22
Lupin 1565 38 10 2 10 4 33

Starchy Pulses
Common bean 1468 24 2 42 5 4 21
Dry pea 1418 20 1 52 5 3 17
Chickpea 1520 19 6 50 7 3 18
Fababean 1430 28 2 45 4 3 17
Lentil 1442 24 1 52 6 2 13
Pigeon pea 1443 21 2 46 6 4 19
Cowpea 1442 24 1 47 7 4 15
Mung bean 1445 25 1 47 4 4 23
Lima bean 1420 21 1 43 5 5 23

* N � 5.7.



amylopectin by weight is about 33:67, but amylose con-
tents can vary from 20–65%. Tuber starches contain up to
20% amylose. Genotypes of the major cereals vary from
0–85% amylose, but 25% is normal for corn and wheat
starch. As a class, pulse starches are considered to be high
in amylose content.

The shape and size of starch granules are also charac-
teristic of the plant source, those of legumes being oval,
round, spherical, or kidney shaped with smooth surfaces
and no apparent fissures (7). The starch granules in pulses
vary widely in width (10–55 µm) and length (8–70 µm).
Most of the pulse starches are simple granules, the excep-
tion being wrinkled pea starch, which appears to be a mix-
ture of simple and compound granules, the latter being
composed of 3–10 subunits joined together. 

D. PROTEINS

The proteinaceous oilseeds are rich sources of protein,
and the defatted meals are major protein supplements for
cereal-based animal feeds (Table 18.2). Similarly, the
pulses at 18–30% protein are major sources of protein for
human nutrition in low-income countries.

There are enzymatic, structural, and globular storage
proteins in pulses. Storage proteins account for 70–80% of
seed nitrogen and occur within the cell as matrix or discrete
protein bodies (1). The major storage proteins are classified
as either legumin or vicilin, their subunit compositions and
molecular weights being characteristic of the species.
These are reported elsewhere under the appropriate section,
for the legume species. (see Chapters 5–7, 19.)

While pulses are considered to be good sources of
protein for human nutrition, their utilization may be quite
inefficient. The digestibilities of pulse proteins can vary
between 65 and 88%, depending on the structure and
composition of storage proteins (8). Most pulse proteins
are rich in essential amino acids, especially lysine and
threonine. However, they are deficient in sulphur-contain-
ing amino acids, methionine, and cystine. The biological
value of legume proteins, as measured by protein effi-
ciency ratio (PER), may vary from 0.2 to 2.0 where a bal-
anced protein like casein has a PER � 2.5. By blending a
low PER pulse with a source of cereal protein rich in sul-
phur amino acids, PER values in the range of 1.8–2.0 can
be obtained. 

The Kjeldahl method for determination of total
organic nitrogen (N) is a widely accepted procedure.
However, the selection of the appropriate nitrogen-to-pro-
tein conversion factor (N:P factor) for calculating total
protein content has been a point of controversy, and prac-
tices are not consistent among laboratories. Based on
amino acid composition, the true N:P factors for common
bean and dry pea were found to be 5.4, and the mean N:P
factor for 23 diverse food products was 5.7 � 0.3 (9). The
latter factor was recommended for all mixed or blended

food diets instead of the common factor of 6.25 which
exaggerates the true protein content.

E. TOXINS AND ANTINUTRITIVE FACTORS

Food legume seeds may contain a wide range of con-
stituents which have adverse effects on digestive enzyme
activity, digestibility, nutrition, and health (10). Most
commercial cultivars have been selected for reduced lev-
els of these factors and heat processing inactivates the
proteinaceous factors. Protease inhibitors in soybean, lima
bean, common bean, and chickpea retard proteolytic
enzyme activity (11). Lectins are polymeric proteins in
soybean and common bean that bind to monosaccharides
in glycoproteins of the cell membranes, causing lesions in
the intestinal mucosa and reduced nutrient absorption.
The presence of saponins in some cultivars of common
bean and cowpea can reduce feed intake and cause growth
depression, but the concentrations are usually too low for
significant effects. Goitrogenic substances in soybean and
peanut cause enlargement of the thyroid gland, an effect
that is counteracted by administrating iodine. Certain cul-
tivars of lima bean grown in some tropical countries con-
tain a cyanogenic glycoside that is enzyme-hydrolyzed to
release hydrogen cyanide during processing, causing out-
breaks of cyanide poisoning. Lupin cultivars have been
bred to eliminate alkaloids which are particularly poison-
ous but can be detected by their bitter taste. Vicine and
convicine in fababean can cause a haemolytic anemia
called favism in genetically susceptible individuals.
Fortunately, the broad bean/fababean cultivars are con-
sumed primarily as whole seeds and so can be readily
avoided if one is susceptible.

F. DIETARY FIBER

Recent definitions of dietary fiber include all components
of plant material that are resistant to the digestive secre-
tions of the human upper gastrointestinal tract. These
components are predominantly non-starch polysaccha-
rides and lignin associated with the structure of cell walls.
In legumes the main dietary fiber constituents are cellu-
lose, xyloglucans, galactomannans, pectic polyuronides,
and glycoproteins. While peanut is relatively low in total
dietary fiber, other legumes contain 13–23% (Table 18.2),
and are viewed favorably in control of many diseases
associated with Western diets.

The cell walls in legume cotyledons are relatively
thick (2) and resist physical disruption during processing
and cooking, and subsequently during their passage
through the alimentary tract (12). The cell walls constitute
a barrier to digestive enzymes and delay the rate of starch
and protein digestion. Thus legumes are an important
component of low calorie diets. A slow rate of glucose
absorption has been recorded for beans and other pulses,
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a favorable result for diabetics where high blood sugar
levels are a problem. Beans and lentils in Western diets
give relatively flat postprandial blood-glucose curves,
often expressed numerically as the “glycaemic index.”
The slow digestion of legume starch has been attributed to
the survival of intact cell walls after cooking, but evidence
is presented in a later section on slow digestibility of
starch granules as well (Section V.C).

Cell wall polysaccharides are also implicated in bind-
ing of essential minerals such as iron, zinc, and calcium
when diets contain a high proportion of legumes (12). This
adverse effect on mineral absorption in humans is exacer-
bated by the mineral binding effects of phytate (myo-inos-
itol hexaphosphate) that is associated with legume cell
walls. Mineral bioavailabilty can be greatly improved by
commercial dephytinization procedures in the preparation
of special dietary foods that are rich in fiber.

Most pulses are not rich sources of soluble fiber such
as gums, pectins, and β-glucans which have an important
role in controlling gastrointestinal and metabolic diseases.
Legumes with fully developed endosperms as the storage
organ, and reduced cotyledons in the seeds, have galac-
tomannans as the reserve carbohydrates. Guar and locust
bean contain water soluble gums with unique thickening
properties that have many uses in ice cream, cheese,
sauces, salad dressings and, industrially, in paper making,
drilling muds, etc. 

G. SUGARS

Food legumes in general contain significant concentra-
tions of free sugars (4–12%) (Table 18.2), which are com-
posed of about 40% disaccharides (sucrose mainly) and
60% α-galactosides (raffinose, stachyose, and verbas-
cose) (13). The latter group represents a problem for con-
sumers since the human digestive system lacks the
enzyme α-galactosidase. Thus this raffinose family of
oligosaccharides passes into the large intestine where sug-
ars are fermented anaerobically to produce gas.

H. ASH AND MINERALS

The ash content of pulses varies from 2–5% (Table 18.2).
Quantitatively, pulses contain significant amounts of
potassium, phosphorus, magnesium, and calcium (10).
The high potassium-low sodium ratios of pulses are
desired for people with hypertension. Pulses could be
good dietary sources of calcium and phosphorus but the
ratio is 1:2 while the desired balance is 2:1. Also, a high
proportion of phosphorus in pulses is present in phytic
acid bodies in the cotyledons which, during digestion,
bind calcium as an insoluble salt that is not absorbed in
the digestive tract (12). Pulses can provide a high propor-
tion of daily requirements of iron, magnesium, man-
ganese, and copper, but soluble minerals can leach into
the cooking water and be lost during drainage.

I. VITAMINS

Pulses are excellent sources of the water-soluble B vita-
mins, particularly thiamin, folic acid, and pantothenic
acid, and contain significant quantities of nicotinic acid,
riboflavin, and vitamin B6 (1,10). Differences between
pulse species and environmental effects are large, and
losses during domestic and commercial processing are
significant. Pulse seeds are low in vitamin C and fat-solu-
ble vitamins, although green seeds and pods can be good
sources of carotenes, vitamin C and E.

J. TANNINS AND POLYPHENOLS

The hulls of pulses contain about 50% cellulose, 20% hemi-
cellulose, 20% pectin-like and water-soluble carbohydrates,
and 2–12% lignin, condensed tannins, and procyanidin. The
hydroxyl groups of the latter compounds form cross-links
with proteins to cause seed hardening during storage and
decreased protein digestibility during cooking (5).

The combination of slow or incomplete cooking,
digestive enzyme inhibitors, low protein digestibility, and
oligosaccharides are limiting factors in pulse utilization
and contribute to the flatulence problem. Techniques for
reducing the content of flatulence-producing constituents
include breeding of low-oligosaccharides cultivars, ger-
mination before cooking, and use of hydrolytic enzymes. 

V. PULSE PROCESSING AND
UTILIZATION

A. HARVEST AND STORAGE

Some pulse species have an indeterminate growth habit;
new flowers and pods are produced continuously until
plant growth ceases due to heat, drought, or nutrient stress
(14). Early harvested seeds at high moisture content are
difficult to thresh, while low-moisture seeds from delayed
harvest are susceptible to shattering and mechanical
breakage. The optimum moisture content for threshing
pulses is between 14% and 19%, wet basis. Variable
topography in a field can result in seed moisture contents
ranging from 18–55% (15). For some pulses, it is a gen-
eral practice to swathe or chemically dessicate the crop so
that seeds are dried uniformly in the field prior to thresh-
ing. Dessication results in more rapid seed drying, but
longer cooking times have been reported. 

Moisture content of seed has a marked influence on
the storage stability of pulses. Thus, it is desirable to
adjust the freshly harvested seeds from 19–20% to �14%
moisture (14, 15). Artificial drying at maximum tempera-
tures of �50°C will minimize seed breakage during sub-
sequent handling, while heat treatments above 75°C will
decrease seed germination. 

Moisture content of the seeds continues to be an
important factor influencing the quality of pulses during
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storage. Aeration of seeds during storage will reduce heat
pockets and mold development. In tropical countries
where seeds are stored at high temperature (� 30°C) and
relative humidity (� 80%), pulses develop a hard-to-cook
(HTC) condition where seeds imbibe water slowly and fail
to soften upon cooking. Investigators now distinguish
between “hardshell” seeds that fail to absorb water and
soften during soaking and those which take up water
readily but fail to soften during cooking (HTC). Seedcoat
and hilum characteristics determine the development of the
hardshell condition while the properties of the cotyledon
cell walls affect cooking properties. Postharvest losses due
to pests, molds, cooking quality, and nutrition are substan-
tial in tropical countries, often up to 50% of the stored
pulse crop. 

B. TRADITIONAL PROCESSING

Pulses have the advantage over many crops in their sim-
plicity of preparation and in the variety of edible forms 
(1, 10). In many low-income countries, most pulses are
consumed in the home by soaking the dry seeds and cook-
ing in boiling water until soft. The cooking time should be
sufficient to gelatinize the starch granules in the cotyledons,
denature the proteins, and inactivate antinutritional factors.

Traditionally, pulses are soaked in cold water
overnight (8–24 h) (10). Hydration can be enhanced by
heating but microbial growth is also favored at elevated
temperatures. As well, leaching or diffusion of low-
molecular-weight constituents from the seed is acceler-
ated by heat. Pulses with thick, tough seedcoats are
abraded and cracked mechanically before soaking to pro-
mote moisture uptake. If seedcoats are unpalatable or con-
tain undesirable constituents like tannins, the soaked
seeds are hand-rubbed to remove the seedcoat and provide
faster cooking and more digestible cotyledons.

In many African and Asian countries, pulses are com-
monly dehulled (dehusked) by cracking or milling the
seeds, splitting the cotyledons, and even polishing the
abraded surfaces (10). Both dry and wet decortication
methods are practiced to produce dhal. Unfortunately, the
yields of split dhal at the rural level may be as low as 65%.
Industrial dehulling equipment to produce split peas,
pigeon peas, lentils and chickpeas is available commer-
cially. These units are generally expensive because the
technical requirements include high yield of splits with
minimal abrasion on the cotyledon surfaces. Polishing
with organic solutions is necessary for commercial trade.

Dhals have a short cooking time and so are suitable
for cooking with vegetables, condiments, and spices (10).
Commonly, the dhals are cooked to a soft texture, mashed,
and then boiled again with added water and other ingredi-
ents. Other home and industrial processing methods
involve roasting, puffing, or parching the pulse seeds or
dhal by applying dry heat at temperatures of 100–200°C

for 1–5 min. There are efficient roasters designed to apply
direct heat with hot sand or ceramic beads. Roasted whole
seeds or dhal have an appealing nutty flavor along with
improved protein quality.

In Asian countries, food legumes are soaked and held at
ambient temperatures for several days to facilitate germina-
tion (10). Enzymes activated during germination partially
hydrolyze (digest) proteins, starch, and oligosaccharides,
inactivate antinutrients, release minerals, and synthesize
many vitamins. The sprouted grains may be consumed
directly, or dehulled, roasted, and ground for use in blends
with other foods. 

The Japanese make extensive use of fermented soy-
bean and soy flours for preparing a variety of nutritious
food products. There is a similar range of Indonesian and
Indian dishes prepared from germinated or fermented soy-
bean, peanut, mung bean, and chickpea.

Canning greatly increases the convenience of using
pulses in urban areas but the cost of industrial processing
may be too high for low-income consumers. The dry peas,
beans, lentils, chickpeas, and cowpeas may be soaked in
brine or hot-water hydrated to inactivate enzymes, par-
tially cooked, blended with sauce combinations, canned,
sealed, and autoclaved, depending on the final product
(10). Pork and beans are popular in North America while
refried beans are a staple in Mexico.

C. RECENT ADVANCES IN STARCH FUNCTIONALITY

Pulses are occasionally ground into a flour for use in
soups, gruels, infant foods, porridges, and blended food
products. Unfortunately, the pulse flours hydrate poorly
and form viscous, lumpy slurries that do not cook uni-
formly. For this reason, pulses are frequently cooked as
whole seed or dhal before grinding to a paste and consum-
ing after further steaming, frying, deep-fat frying, or boil-
ing to give a product of uniform consistency. Also, when
raw pulses are ground into flour and stored, they soon
develop undesirable beany odors and flavors. Grinding
releases lipoxygenases that catalyze the formation of per-
oxides from unsaturated fatty acids, especially linolenic
acid, that degrade the fatty acid to low-molecular-weight
reactive and volatile compounds. Applying dry heat to
seeds for 6–8 min at 105°C will inactivate this enzyme,
obviating the need for blanching or steaming that require
immediate drying to control microbial contamination.

Refined pulse starches have few industrial or food
applications, such as in mung bean noodles or in carbon-
less paper, because the large granules, often 20–40 µm in
length, have a highly ordered crystalline structure with
amylose molecules being uniformly distributed through-
out the granule (16). In cereals and tubers, amylose occurs
in micelles that permit entry of water into the central cav-
ity of the granule and rapid water uptake, granule
swelling, and elution of starch molecules. But the pulse
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starches exhibit restricted swelling power and solubility
and are resistant to α-amylase attack. The high stability of
pulse starches to thermal processing results in long cook-
ing times for pulse flours as well as refined starches. 

Cooking properties of starches can be evaluated
experimentally in a recording viscoamylograph. Dilute
slurries of refined native starch granules (6–12%) are
stirred and heated at 1.5°C/min from 20–95°C and held at
95°C for 30 min before cooling. Cereal and root starches
take up water rapidly, swell to high slurry viscosities, but
the open granule structure progressively releases the amy-
lose and amylopectin molecules into solution. Then vis-
cosities drop rapidly as a free molecular slurry of starch is
formed. The exposed hydroxy groups on the starch mole-
cules are then free to interact and bond in various food and
industrial applications.

The typical lack of strong functional properties in
pulse starch products is illustrated in Figure 18.3 (17). The
scanning electron micrographs of samples taken from the
amylograph slurry of dry pea starch show slow granule

swelling and water uptake during heating from 30–95°C.
Only at near boiling are the granules expanded enough for
amylose molecules to diffuse out. After 30 min at 95°C the
slurry is still a mixture of partially disintegrated granules
and free molecular starch. On cooling, this mixture forms
a firm gel due to intermolecular bonding, but water is not
held firmly and syneresis occurs during storage or in food
preparations. Therefore, flours or refined starches from
corn, waxy corn, wheat, and potato are preferred over
legume starches for most food and industrial applications. 

Considerable variability in amylograph viscosity
curves among pulses has been noted by several investiga-
tors. For example, comparisons of the pasting viscosities
for navy, northern, kidney, pinto, and black bean
(Phaseolus vulgaris) identified black bean starch as being
similar to cereal starches (16). The somewhat smaller
granules of black bean exhibited a substantial increase in
granule size and viscosity in the initial sampling at 30°C
(Figure 18.4). Between 60°C and 75°C, the elution of
molecules, and granule degradation, was substantial. At

18-8 Handbook of Food Science, Technology, and Engineering, Volume 1

FIGURE 18.3 SEM-micrographs for an 8% slurry of native pea starch sampled during recording of the amylograph at 30°C, 45°C,
60°C, 75°C, 95°C, and after 30 min at 95°C. (From Ref. 17.)



95°C, there were only remnants of granules remaining,
and after 30 min at 95°C, a slurry of free amylose and
amylopectin was achieved. Further evaluations of pulse
biotypes and cultivars are needed to find genotypes that
exhibit better cooking properties in order to open the
potential for starch extraction and utilization.

To expand the range in functional properties available
for modern food and industrial applications, cereal and
tuber starches are modified chemically by substituting
low concentrations of reactive groups onto starch chains
within the intact starch granule. Among the potential sub-
stitution groups used to modify corn starch (Figure 18.5),
acetylation and hydroxypropylation improved the cooking
properties of pulse starches but cross-linking with phos-
phorus oxychloride decreased water uptake and granule
dissociation (7). The most effective agent for improving
the cooking properties of native pulse starches is 3-chloro-
2-hydroxypropyltrimethylammonium chloride (17). The
formation of the cationic starch ether in a pulse starch
results in rapid granule dispersion at near 50°C, yielding

a complete molecular dispersion on heating to 95°C
(Figure 18.6). On cooling, the gel structure was firm and
syneresis was eliminated after storage of the gels at 4°C
and �15°C. Cationic starches are widely used as wet-end
additives in paper making to improve sheet strength, give
better retention of fines and as fillers. Cationization opens
the way for pulse starches to compete functionally with
modified corn, waxy corn, wheat and potato starches in a
variety of industrial applications. However, the markets
for these expensive modified starches are limited and
highly competitive.

D. RECENT ADVANCES IN PROTEIN FUNCTIONALITY

Characteristically, legume seeds are rich in protein and
contain intermediate to high levels of lysine and threonine
which are important in balancing deficiencies of these
essential amino acids in cereal diets (Table 18.3) (18).
Certain legume proteins, such as soybean, also exhibit
strong functional properties, especially water solubility,
water and fat binding, and emulsification. Thus soybean
flours, protein concentrates, and isolates have been used
widely as nutritional supplements and functional ingredi-
ents in processed and blended foods.

Due to the structural features of the cell walls and
starch granules, starchy legume flours have weaker func-
tional properties than defatted soybean or peanut flours.
To overcome the adverse effects of the starch component,
wet and dry milling processes have been developed to
separate the protein and starch fractions in pulses to bet-
ter assess the properties and potential uses of the protein.

The impact milling and air classification system (19)
is a dry method involving mechanical dehulling on a
resinoid disc, abrasive dehuller, followed by fine grinding
on an impact mill that reduces the particle size to less than
325 mesh (Figure 18.7). Then the impact-milled flour is
fractionated into light (protein) and dense (starch) parti-
cles by a single pass through an air classifier at a cut point
of 15 micron (800 mesh) diameter between the two frac-
tions. Usually the separated starch granules have consid-
erable protein matrix adhering to their surfaces, in which
case the starch fraction can be remilled and classified. The
two protein fractions differ in composition, but are usually
combined. The second milling will increase starch dam-
age and may not be advisable in certain applications for
this major component.

The wet milling process for pulses is adapted
from corn and soybean technology (Figure 18.8). The
coarsely ground flour is dispersed in dilute alkali,
hydrated, screened to remove fiber, and then passed
through a wet mill (20). Centrifugation of the slurry sep-
arates the starch granules, and the solubilized protein can
be precipitated at its isoelectric pH to yield a protein curd.
Washing the starch and protein isolates adds to the whey
and wash losses. 
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FIGURE 18.4 SEM-micrograph for a 9.5% (w/v) slurry of
native black bean starch taken from the amylograph at 30°C, 45°C,
60°C, 75°C, 95°C, and after 30 min at 95°C. (From Ref. 16.)
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In a comparative study of dry and wet milling (20), pea
flour containing 22% protein and 55% starch yielded an air-
classified fine fraction containing 53% protein and a coarse
fraction with 83% starch, dry basis (Figure 18.9). The fines
also contained some broken starch granules plus most of the
lipid, ash, sugars, flavour and colour compounds in the flour.
The recovery of starch in the coarse fraction was very high
(93%) but the starch content of 83% was not comparable to
commercial corn starch at 95–99%. 

The protein isolate from wet milling contained 88%
protein, like soy protein isolate, and a refined starch con-
taining �1.0% protein, as in corn starch (Figure 18.9).
The refined fiber was light colored and relatively free of
other constituents. The principal drawback of the wet
milling system was the substantial losses of protein and
starch in the whey and washes, and expensive effluent
recovery procedures would need to be implemented.

Direct comparisons of functionality in dry pea and soy-
bean proteins have been made (18, 20). The protein fraction
from air classification of pea flour was similar in protein
content to soybean flour and was very similar to soybean in
all functional properties (Table 18.3). The soybean isolate
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TABLE 18.3
Functional Properties of Flours, Protein Fractions, and Protein Isolates from Soybean and Dry Peas, Dry Basis

Nitrogen Water Oil Oil Foam Dry
Solubility Holding Absorption Emulsification Volume Product

Legume and Proteina Lysine Methionine Threonine Index Capacity Capacity Capacity at 60 min Colorb

Product % g amino acid/100 g protein % g/g sample g/g sample ml/g sample ml Units

Soybean
Flour 48 6.8 1.6 4.3 21 1.8 0.6 372 280 86
Isolate 82 6.3 1.5 4.1 31 3.2 1.1 451 95 85

Dry Pea
Flour 25 7.7 1.3 3.8 80 0.9 0.4 346 180 91
Protein fraction 47 7.5 1.2 3.7 65 1.4 0.7 372 280 88
Isolate 80 7.2 0.9 3.3 38 2.7 1.0 366 210 80

a N � 5.7.
b 100 � white, 0 � black.
Source: Ref. 18.
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was superior to pea isolate in oil emulsification but inferior
in foaming properties. The dominant color in all legume
products was creamy-yellow and only the pea isolate was
slightly darker than the other products.

Natural pea flour exhibited an exceptionally high nitro-
gen solubility (NSI) at the pH 6.6 used in this test while that
of defatted soybean flour was particularly low (Table 18.3).
Also the protein isolation procedure decreased the solubil-
ity of pea protein quite severely. To assess the effect of
impact milling and the alkaline extraction/isoelectric pre-
cipitation treatments on nitrogen solubilities of these
legumes, the pH dispersibility curves were determined
from pH 2–11 (Figure 18.10). The soybean flour and iso-
late gave almost complete recovery of the product nitrogen
as insoluble curd at pH 4–5, indicating the near absence of
nonprotein nitrogen material. In dry pea flour and protein
(concentrate) fraction, 10–15% of the total nitrogen was
soluble protein and nonprotein compounds. During protein
isolation, this soluble nitrogen appeared in the whey
(Figure 18.9). 

At pH levels above and below the isoelectric range, the
soybean proteins in both flour and isolate showed only
gradual increases in solubility (Figure 18.10). However, the
native proteins in pea flour and protein fraction gave high
nitrogen solubility values on both sides of the isoelectric

pH 4–5. The restricted protein solubility of both isolates
between pH 6–9 might be due to the alkaline extraction
treatment, acid denaturation, binding with phytin and, in
the case of soybean, solvent extraction and desolventizing.
For the pea, the alkaline and acid denaturation effect could
be minimized by extracting protein at pH 7–8, an advantage
over soybean.

In conclusion, the starch in pea flour had an adverse
effect on functionality. By removing the starch compo-
nent, the protein fraction exhibited comparable or supe-
rior functional properties to those of soybean flour, and
should have potential applications in meat emulsions,
bakery and beverage products. Pea protein isolate would
also compete favorably with soybean isolate if pea starch
has high value uses.

E. POTENTIAL FOR AIR CLASSIFICATION

Air classification offers several advantages over wet
milling. Only hulls, protein, and starch fractions are man-
ufactured. No water or chemicals are added, so there is no
effluent for disposal and microbial problems would be
minimal. Electricity is the only essential utility for the two
pieces of equipment, and the requirement for engineering
skills among operators would be minimal. A seed cleaner
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and grain dryer would be useful optional equipment as
well as baggers and loaders.

Since most of the pulses are grown and utilized in
low-income tropical and semi-tropical countries, the air
classification of pulses should be particularly applicable
in these areas. There is great market potential for the high
lysine protein fraction in formulated nutritional foods,
especially for infants. Also the wet milling of corn into
refined corn starch is not done commonly in tropical

countries. Therefore a legume starch fraction, manufac-
tured locally, should find markets where a 95% pure
starch at �1.0% protein is not essential.

Numerous studies have shown that nearly all pulses
which contain starch can be air classified into fine and
coarse fractions. Soybean and lupine yield no coarse frac-
tion (21). Also, the lipids in chickpea interfered with frac-
tionation efficiency and cause plugging of ducts during
product transfer. Common bean is the main legume grown
in low-income regions and has been evaluated extensively
by air classification. As shown in Table 18.4, the interme-
diate protein level in beans still gives a high yield of fines
(40%) with intermediate protein content (53%). The low
starch content of the bean results in a low yield of starch
fraction, which may be desirable if markets are limited.
The starch granules in dry peas and lentils separate fully
into high yields of starch fraction with high starch con-
tents and less protein contamination. The dry pea and
lentil fines are high in protein content although the yields
are low. Fababean is a high protein pulse that gives con-
sistently superior results in protein content of fines.
Unfortunately, the vicine and convicine in the flour (about
0.7%) separated into 1.4% in the fines and 0.3% in the
coarse fraction. When utilized as a supplement and func-
tional ingredient in foods, susceptible individuals would
not easily avoid the bean. 

Among more tropical pulses, mung bean gave high
yields and composition of protein and starch fraction
while cowpea and lima bean were intermediate to the
other legumes in air classification efficiency.

F. APPLICATIONS FOR AIR-CLASSIFIED FRACTIONS

Characteristically pulses have beany, bitter flavors which
are usually removed effectively by aqueous extraction
during soaking and cooking or wet milling. Unfortunately,
the adverse flavors are concentrated into the protein frac-
tions during air classification. Therefore, any potential
applications would need to include appropriate wet heat
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FIGURE 18.10 Nitrogen solubility curves for flours, air clas-
sified protein fraction and isolates of a) soybean and b) field pea.
(From Ref. 18.)

TABLE 18.4
Yield and Chemical Composition of Fine and Coarse Fractions from Air Classification of Impact-Milled Pulse
Flours, % Dry Basis

Flour Fine Protein Fraction Coarse Starch Fraction

Legume Proteina % Starch % Yield % Protein % Starch % Yield % Protein % Starch %

Common bean 25 46 40 53 1 60 7 76
Dry pea 22 55 34 55 3 66 6 84
Fababean 31 52 37 70 2 63 8 81
Lentil 23 55 37 53 5 63 5 85
Cowpea 25 48 39 49 3 61 9 77
Mung bean 27 53 40 60 5 60 5 84
Lima bean 23 50 39 48 1 61 8 80

a N � 5.7.
Source: Ref. 21.



treatments to remove steam-volatile constituents. For
example, blends of pea and fababean protein fractions
with wheat flour at the 15% substitution level were mixed
into dough, proofed, and baked by normal bread-making
procedures (22). Despite the high levels of dilution with
wheat flour, beany and grassy flavors did develop during
dough fermentation, but these were driven off during bak-
ing. Loaf volumes and crumb textures were adversely
affected by the supplements, but the addition of 2% vital
gluten and 1% of dough conditioner per 100 g flour gave
satisfactory bread volume and structure. Glycolipids like
sucrose monolaurate and polyoxyethylene-8-stearate
were the most effective conditioners.

Numerous attempts to prepare high-protein snack
foods and breakfast cereals by extrusion cooking have not
had commercial success. The protein fractions gave lim-
ited expansion, and the heat treatments in the barrel failed
to fully debitter the product. With a lower flavor profile,
extrusion of the starch fraction appeared feasible.
Recently, Wang et al. (23) used a twin-screw co-rotating
extruder to develop a pasta-like product from the pea
starch fraction. Screw configurations were designed to
gelatinize the starch, denature residual proteins, vent off
adverse flavors, and texturize the extrudate. The product
exhibited superior integrity, flavor, and texture after cook-
ing than wheat semolina pasta, although cooking losses
were higher. This product made entirely from the pea
starch fraction by twin-screw extrusion would be a nutri-
tional and functional alternative to wheat-based products
for consumers who cannot tolerate wheat gluten.
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I. INTRODUCTION

It is well known that soybean is originated in China, and
has been cultivated there for over 5,000 years. Soybean is
considered one of the five basic grains, along with rice,
wheat, barley, and millet, which are essential to the
Chinese diet and civilization. During the Qin Dynasty
(about 200 A.D.), soybean was introduced to Korea from
Northern China, and then to Japan and Southeast Asia.
Soybean did not appear in Europe and North America
until the 18th and 19th centuries, respectively. It is now
cultivated all over the world (1).

Fermented soybean foods use either whole soybeans
or soybean products as substrates, sometimes along with
other cereals. Fermented soyfoods are produced by spe-
cific microorganisms or by several microorganisms acting
in a sequential manner. The ultimate aim of fermentation
is to develop food products having certain desirable char-
acteristics such as flavor, aroma, texture, and keeping
quality. During fermentation, protein and carbohydrate
fractions are hydrolyzed into smaller constituents, which
increase digestibility. Vitamins are also accumulated in
the fermented products (2).

Despite the widespread cultivation of soybean, tradi-
tional fermented foods based on soybean are limited to the
Orient. Most traditional soyfoods are known to have orig-
inated in China, and were then introduced to other Asian
countries. After centuries of preparation, considerable
modification and adaptation in processes had been made
to suit specific environmental conditions and cultural
practices. These traditional foods are increasingly popular
in many Asian countries, and have been extensively devel-
oped and consumed in China, Korea, and Japan, and to a
lesser extent in Indonesia, India, Malaysia, and Thailand.
Table 19.1 lists some common indigenous fermented soy-
food products consumed in various parts of Asia (2, 3).

Since fermented soyfoods are nutritious and highly
digestible, they have played an important nutritional role
in the Oriental population in the past, and will continue
to do so in the future. Today, the preparation of many tra-
ditional fermented soybean products remains a household
art, and only a few (such as soy sauce and natto) have
evolved with modern biotechnological development and

are manufactured on a large scale. In this chapter, various
fermented soybean products are discussed with respect to
their preparation methods and utilization. Only products
that have an important influence and are produced in
large quantities are described.

II. SOY SAUCE (JIANGYOU)

Soy sauce is a dark brown liquid extracted from a fer-
mented mixture of soybean and wheat or soybean only,
with aroma and flavor similar to that of miso. First pro-
duced in the Zhou Dynasty (684–705 A.D.) in China, soy
sauce is now widely consumed in China, Japan, Korea,
and other Oriental countries, and is also used in North
America and Europe as a condiment and coloring agent
(4). Soy sauce is known as jiangyou (Mandarin) or chi-
angyu (Cantonese) in China, shoyu in Japan, kanjang in
Korea, Tao-yu or kecap in Indonesia, and tayo in the
Philippines (5).

A. QU (KOJI), KOJI STARTER, AND INOCULUM

Before describing the methods of preparing soy sauce, it
is necessary to introduce some terms commonly used in
fermented soybean products.

1. Qu (Koji)

Qu is the Chinese word for koji, and is an intermediate
product for making soy sauce, soy paste, douchi (soy
nuggets), kecap, and other similar products. Qu, which
contains a large variety of enzymes, is made by growing
molds on rice, barley, wheat, soybean, or a combination.

2. Koji Starter

Koji starter, also known as seed koji, koji seeds, or tane-
koji, provides spores of microorganisms to make koji.
Traditionally, wild spores of different molds were used as
the starter for soy sauce, soy paste, and soy nuggets.
However, in modern manufacturing, the making of koji
starter begins with the growth of a selected mold strain,
such as Asperigillus oryzae or A. sojae, in pure culture.
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Different raw materials are used and sterile conditions are
needed to avoid contamination.

3. Inoculum

Traditionally, in the making of soy sauce, soy paste, and
soy nuggets, fermenting product from a previous batch
was used as an inoculum to be mixed with salted koji and
cooked soybeans. In recent years, pure cultures of
Zygosaccharomyces rouxii, Torulopsis sp., and certain
lactic acid bacteria such as Pediococcus halophilus and
Streptococcus faecalis were used as inoculum, which
speeds up fermentation and reduces contamination by
weed yeasts and bacteria.

B. CLASSIFICATION OF SOY SAUCE

Differences among soy sauce samples are due to many
factors, such as raw ingredients, microorganisms used in
fermentation, processing conditions, and additives such as
sweeteners and preservatives (6). According to the prepa-
ration principles, soy sauce can be divided into three
groups: fermented soy sauce, chemical soy sauce, and
semi-chemical soy sauce. It can be further divided based
on differences in raw ingredients, methods of preparation,
or duration of aging. There are two major kinds of fer-
mented soy sauce in China according to fermentation pro-
cedures: 1) high-salt-high-water fermentated soy sauce, in
which soybeans or defatted soybean flakes and wheat
flour are used as raw materials; and 2) low-salt-semidried-
state fermentated soy sauce, in which defatted soybean
flakes and wheat bran are used as fermentation substrates.
Chemical soy sauce is made by acid hydrolysis and will
not be described in this chapter. To improve quality,
chemical soy sauce is often blended with fermented soy
sauce to semi-chemical products before being sold. 

Five types of shoyu are available in Japan: koikuchi,
usukuchi, tamari, shiro, and saishikomi. Of all the shoyu
consumed in Japan, 85% is of the koikuchi type (7).
Koikuchi is made from a mixture of soybean and wheat
kernels in almost equal amount and is characterized by a

deep reddish brown color and a strong, pleasant aroma
(7). Usukuchi, the second most popular type of shoyu, is
commonly used to preserve the original flavor and color
of foods. The remaining three types of shoyu are produced
and consumed only in isolated localities for special uses.
Tamari shoyu is similar to traditional Chinese soy sauce,
with a soybean:wheat ratio of about 9:1 to 8:2. In contrast,
shiro shoyu is made with a soybean:wheat ratio of 1:9 to
2:8, and fermentation is controlled to prevent color devel-
opment. Saishikomi shoyu is produced similar to koikuchi,
but the koji is mixed with raw soy sauce instead of a brine
solution.

Traditional Indonesian kecap is a Chinese style soy
sauce. However, industrial Indonesian kecap is a
Japanese-type product (8). 

C. PREPARATION OF SOY SAUCE

1. Chinese Jiangyou

Traditionally, Chinese soy sauce is produced from soy-
bean only, but for industrial preparation, wheat flour or
bran is added.

a. Traditional household method
The following is a typical method used in Northern China.
The raw materials for jiangyou making are soybean, salt,
and water. Soybean is selected and washed, and then
boiled until the beans are soft enough to mash. The
mashed soy mud is shaped into bean loaves of about 1–4
kg. The loaves are often made around the Chinese Spring
Festival, acting as qu. They are placed in a warm room for
spontaneous fermentation until the beginning of summer.
The fermented loaves are crushed into lumps and mixed
with water and salt in earthen vats. The vats are placed
outdoors and exposed to sunlight to increase the tempera-
ture. The later stage fermentation lasts for at least 30 days,
and the mixture is stirred thoroughly daily. The moromi
becomes thick and dark after fermentation, and has a
pleasant fermentative aroma and taste. The liquid is sepa-
rated and transferred to another jar, and exposed to sun-
light for several weeks. A premium grade soy sauce can
then be made. Fresh brine can be added to the mash two
or more times to extract the second and third grades soy
sauce. This is also followed by several weeks of exposure
to the sun.

b. Modern methods
Defatted soy meal and wheat bran are mixed at a ratio of
8:2 to 6:4, and the mixture is soaked in water and steamed.
After cooling, the mixture is inoculated with a small
amount of seed spores of Aspergillus sojae and/or
A. oryzae to make qu in about 22–30 hours at 35°C.

For low-salt-semidried-state fermented soy sauce, the
koji is mixed with 12–13°C Bé brine to make a moromi,
with a water content of about 50% and a salt content lower
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TABLE 19.2
Sugar Contents in Soy Sauce

Sugar Content (% w/w)

Glucose 2.05
Galactose 0.17
Mannose 0.06
Xylose 0.06
Arabinose 0.08
Unidentified sugars 0.23
Disaccharides 0.65
Polysaccharides 1.15
Total 4.45

Source: Adapted from Ref. 28.



than 10%. The moromi is fermented at a higher temperature
(40–45°C) for half a month, and mixed with additional brine
solution to increase the salt content to at least 15%. The
moromi is in a semi-liquid state. Lactic acid bacteria and
yeasts are added to the brine solution, and fermentation is
allowed to continue for half a month or longer at 30–35°C. 

For high-salt-high-water fermented soy sauce, the koji
is mixed with 18°C Bé brine, and fermentation is carried
out at 30°C or at room temperature for 3–6 months. This
method is adopted by most manufacturers. 

A combination of the above two methods has also been
used. The low-salt-semidried-state moromi is first fermented
at 40–42°C for 2 weeks, and then mixed with brine to form
a high-salt-high-water moromi, fermented at 35–37°C for
15–20 days, followed by fermentation at 28–30°C for
30–100 days. In order to save rice and wheat grains, liquid
hydrolysates of broken rice or wheat flour, produced by
�-amylase and �-amylase from wheat bran, are used by
some producers. The fermented mash is heated to more than
80°C and the liquid product is separated by gravity. The soy
sauce may be pasteurized or mixed with benzoic acid before
being clarified, bottled, and shipped to the market.

2. Japanese Shoyu

Although there are some variations in making different
types of Japanese soy sauce, the basic steps are the same,
including the treatment of raw materials, koji making,
brine fermentation, pressing, and refining (Figure 19.1). 

a. Treatment of raw materials
Soybeans or defatted soybean flakes are soaked in water to
increase the moisture content to about 60% and then
cooked with steam at 0.8–1.0 kg/cm2 gauge pressure for
40–45 minutes, or by a high temperature short time (HTST)
process (6–7 kg/cm2, 20–30 seconds). The wheat kernels
are heated with hot air at 150°C for 30–45 seconds at
atmospheric pressure, and the roasted kernels are cracked
into 4 to 5 pieces. When wheat flour and wheat bran are
used, they are steamed after being moisturized (5), then the
cooked soybeans are mixed with the roasted wheat (9). 

b. Preparation of koji
The treated raw materials are inoculated with 0.1–0.2%
seed spores of Aspergillus sojae and/or A. oryzae. After 2
to 3 days of solid culture at 25–28°C, the mixture
becomes a greenish yellow mass as a result of mold
growth and sporulation, and is called koji. 

c. Brine fermentation
Matured koji is mixed with an equal amount of brine to
make moromi. In general, the salt content is kept at
around 17% (10). At the initial stage, Penicillum
halophilus is added to the mash to produce lactic acid
which lowers the pH, and to prepare the appropriate con-
ditions for yeast fermentation to produce ethanol. The

microorganism also plays an important role in the quality
control of the mash, and has an influence on shoyu flavor
and taste. To control growth rate, it is necessary to keep
the fermenting mixture at 15°C in the first month, allow-
ing the pH of the mash to decrease slowly from 6.5 to 5.0.
Then Zygosacchararomyces rouxii and Candida species
are added as starters. The temperature of the moromi is
allowed to rise slowly from 15°C to nearly 28°C for vig-
orous alcoholic fermentation, and this temperature is kept
for 4 months. After the completion of alcoholic fermenta-
tion, the temperature is kept at 15°C for 1 month (9, 10).

Lactic acid bacteria and yeast cells interact in a mash,
and this affects the production of both lactic acid and
ethanol (11). Immobilization of lactic acid bacteria and
yeast cells in separate fermentors has been found to be
effective for speeding up the production of shuyo (12, 13). 

d. Pressing and refining 
The next step in shoyu processing is pressing and refining,
involving filtration, pasteurization, and packaging. The
aged moromi is pressed to separate the soy sauce from the
residue. The residue can be extracted with additional 20%
brine to increase the yield. After pressing, the filtered raw
soy sauce is pasteurized at 70–80°C for a few minutes to
inactivate residual enzymes and undesirable microorgan-
isms. It may be necessary to clarify the soy sauce further
by centrifugation or sedimentation. The product is treated
with caramel as a coloring agent and then packaged (9).
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3. Indonesian Kecap

Kecap is a liquid seasoning widely used in Malaysia and
Indonesia. In Indonesia, kecap is usually made by small-
scale producers in a traditional manner. Black soybeans
are used as the raw material (14). Commercial soy sauce
factories have been established in Indonesia, and they
apply modern Japanese technology for kecap production.
Defatted soybean flakes and wheat are used instead of
black soybeans (15).

In kecap processing, the cooked soybeans are made
into koji by mixing with mold inoculum consisting of vari-
ous species of Aspergillus. The koji is incubated for 48
hours in a room with controlled temperature and relative
humidity. At the end of the solid-state fermentation, the koji
is transfered to a fermentation tank containing brine at a
concentration of 20–25%. This process, moromi fermenta-
tion, lasts at least 2 months, and the pleasant aroma of
kecap is formed. Pediococcus halophilus is the dominant
microorganism during the brining stage in kecap fermenta-
tion (16). Kecap liquid is withdrawn at the end of moromi
fermentation and transferred to a sedimentation tank to pre-
cipitate the dispersed particles of raw kecap. Based on the
formulation, liquid kecap can be blended with other ingre-
dients to produce condensed kecap. The product is pasteur-
ized for 15 minutes to destroy spoilage microbes. Finally,
bottling and labeling of the end product are carried out. 

D. CHEMICAL AND BIOCHEMICAL CHANGES

DURING SOY SAUCE PROCESSING

Soy sauce is made by a two-step fermentation process with
a mixture of molds, yeasts, and bacteria using soybean and
wheat flour as raw materials. The first step involves fer-
mentation with Aspergillus sojae and/or A. oryzae to make
koji (9). During this period, enzymes from koji, such as
proteinases, peptidases, and amylases, hydrolyze most of
the proteins to peptides and amino acids, and almost all of
the starches to simple sugars. These become the nutrients
for the yeasts and lactic acid bacteria in the subsequent
step of brine fermentation. 

The second stage of fermentation involves Pediococcus
halophilus, Zygosaccharomyces rouxii, Candida versatilis,
and Candida ethellsii. All the microorganisms can tolerate
a salt concentration of 18–20%. However, the brine effec-
tively prevents the growth of undesirable microorganisms.
Sugars are fermented by the salt-tolerant microorganisms
into lactic acid, ethanol, and various aroma components
(10). Z. rouxii produces ethanol and 4-hydroxy-2 (or 5)-
ethyl-5 (or 2)-methyl-3 (2H)-furanone (HEMF). The latter
is considered one of the important compounds for soy
sauce flavor (12), reaching a maximum concentration at
16% NaCl when fermented by shoyu yeasts (13). Ethanol
(2–3%) and many aromatic components are produced by
Z. rouxii. The Candida yeasts produce phenolic compounds

such as 4-ethylguaiacol and 4-ethylphenol, which add char-
acteristic aroma to soy sauce (10).

The yeasts and koji culture have strong esterase activ-
ities which could be responsible for the decomposition of
the flavor esters during soy sauce brewing, lowering ester
flavor in the product. Glutamic acid and aspartic acid are
the major amino acids present in soy sauce, and the levels
of arginine, tryptophan, and cystine are decreased during
fermentation. The total acid content in soy sauce is about
0.95%, dominanted by lactic and acetic acids (9). The glu-
cose content in Japanese soy sauce is about 2.05%, differ-
ent from the Chinese traditional soy sauce which has little
fermentable sugars left for yeast growth after the growth
of Tetragenococcus halophilia cells (18). 

III. FERMENTED SOYBEAN PASTE
(DOUJIANG AND MISO)

Fermented soybean paste is a popular traditional season-
ing in Asia, especially in East Asia. It is commonly known
as jiang or doujiang in China, miso or misho in Japan,
jang in Korea, tacho in Indonesia, and taosi in the
Philippines. Chinese jiang is believed to be the oldest
form of fermented soy paste. According to the ancient
Chinese book, Analects of Confucius, it has a history of
more than 3,000 years (19). Miso and jang are considered
to be derived from doujiang. 

Fermented soybean paste is a light yellow to dark
brown thick paste. It has a very salty taste due to high salt
content (normally 12–15%, and ranges from 5% to 20%),
and has a special flavor of fermented soybean. It is usually
served with other foods as a seasoning or used as a condi-
ment in food preparation.

The process of doujiang making is very similar to that
of soy sauce preparation. The main steps include the
preparation of starter, qu or koji, mixing the starter with
salt and water, and fermentation. Figure 19.3 shows the
flow chart of doujiang making using pure culture starter.

A. PREPARATION OF DOUJIANG

1. Traditional Household Method

The traditional method of making doujiang is almost the
same as making jiangyou, but the liquid is not separated
from the paste. Another household method of doujiang
making differs from the former one mainly in the prepara-
tion of qu. Boiled soybean is mixed with a small amount
of wheat flour. The mixture is then spread onto a bamboo
tray and kept in an incubation room for a week to make qu.

2. Pure Culture Method

a. Preparation of starter
A mixture of soybean and wheat flour (in 2:3 to 3:2 ratios)
is used for making qu. The wheat flour is usually cooked
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by baking or steaming, which is labor and energy inten-
sive. Many producers therefore use raw flour directly. The
washed, soaked, steam-cooked, and cooled soybean is
mixed with the flour, and inoculated with 0.15–0.3% seed
spores. The process of qu making is the same as that in
soy sauce processing (Figure 19.2).

b. Fermentation
Figure 19.3 shows the fermentation steps involved in dou-
jiang making. Matured qu is poured onto a fermentation
container and pressed slightly. The temperature will soon
increase spontaneously to 40°C, and brine (14.5°C Bé) at
60–65°C is added. After the brine penetrates evenly into the
qu, small amount of fine salt is dusted on the surface. The 
temperature of the qu will reach 45°C, and fermentation is
carried out at this temperature for 10 days. Brine (24.0°C
Bé) and fine salt are added, and the mixture is thoroughly
stirred with a mechanical mixer or by compressed air. After
fermentation for another 4–5 days, the doujiang can be bot-
tled and marketed. 

B. PREPARATION OF MISO

The basic steps of miso manufacturing are similar to those
of doujiang making, including treatment of raw materials,
preparation of koji, mixing of ingredients, and fermentation.
However, miso is quite different from doujiang in terms of
raw materials, sensory characteristics, and usage (20). The
raw materials for miso making can be soybean alone or soy-
bean with rice or barley. The taste of miso is sweeter than
doujiang. Miso is often used to prepare various types of
soup, whereas doujiang is usually used as a seasoning. 

There are three kinds of miso, based on the use of raw
materials: soybean miso, rice miso, and barley miso. Rice

miso is used to illustrate the processing steps involved in
miso making (Figure 19.4). Unlike Chinese qu, rice is
used as the raw material for koji making. The washed and
soaked rice is steam-cooked and cooled. The cooked rice
is inoculated with tane-koji (Aspergillus oryzae). The soy-
beans are washed, soaked, steam-cooked (or boiled),
mashed, and cooled. The matured rice koji is mixed with
the cooked soybean paste, together with salt and other
species of microorganisms in the fermentation containers.
The mixture is fermented for more than 6 months, and the
rice miso is ready to be packed.

Since excessive salt intake is regarded as one of the
causes of hypertension, there has been increasing interest
in developing low-salt fermentated soy pastes. A salt-free
miso can be prepared by supplementing the koji with
ethanol (21), or ethanol with sugars and polyols (22).
Supplementation of ethanol in miso not only enables low-
salt fermentation but also enhances flavor formation (23).

C. CHEMICAL AND BIOCHEMICAL CHANGES

DURING MISO PROCESSING

Due to enzymatic hydrolysis of macromolecules such as
polysaccharides and proteins, fermented soy paste con-
tains digestible, small-molecular-weight components.
Unpasteurized miso has been found to have a vitamin B12

content ranging from 0.15–0.25 µg/100 g (24). During
fermentation, complex metabolites are formed and con-
tribute to the aroma and taste of the product. One of these
metabolites is HEMF, formed by Zygosaccharomyces
rouxii, with a strong cake-like aroma and a threshold
value of less than 0.04 ppb, and is regarded as the most
effective component in enhancing the aroma of miso (25).
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Free amino acids are also very important components
contributing to the taste of fermented soy paste.

IV. SUFU (DOUFURU)

Sufu is a soft cheese type product made from soymilk curd
(tofu) by the action of microorganisms (26). It has a long
history and written records date back to the Wei Dynasty
(220–265 A.D.) in China (27). Sufu has been widely con-
sumed by Chinese in a way similar to cheese by
Westerners, mainly as an appetizer or a side dish, e.g.,
with breakfast rice or steamed bread (26).

Because of the numerous dialects in China and diffi-
culties of phonetic translation from Chinese to English,
sufu has appeared in the literature under many different
names, such as tosufu, fu-su, fu-ru, toe-fu-ru, tou-fu-ru,
dou-fu-ru, teou-fu-ru, fu-ju, fu-yu, jiang-dou-fu, and foo-
yue (27). Officially, sufu should be named doufuru or furu
in Chinese.

There are many types of sufu prepared by various
processes in different parts of China. Three main types of
sufu can be identified according to processing methods
and fermentation microorganisms: mold-fermented sufu,
bacteria-fermented sufu, and enzymatically ripened sufu.
Sufu can also be classified based on color and flavor, due
to different dressing mixtures used in the ripening stage.
According to the color and flavor of the products, sufu can
be classified as red sufu, white sufu, grey sufu, sauce sufu,
and colored sufu (28). Figure 19.5 shows the different
types of commercial sufu products.

A. MANUFACTURING PROCESSS OF SUFU

1. Mold-Type Sufu

Four steps are involved in the manufacturing of mold-type
sufu: preparation of soybean curd (tofu), preparation of

pehtze with a pure mold culture (fermentation), salting,
and ripening. Figure 19.6 shows the flow chart of sufu
manufacturing. 

a. Preparation of tofu
Soybeans are washed, soaked in water overnight or at
25°C for 5–6 hours, and ground. After removing the
residue by filtering, soybmilk is collected. In order to
inactivate the growth inhibitors and to remove some of the
beany flavor, the soymilk is heated to a boil. The curdling
process is initiated by the addition of salts, such as cal-
cium sulfate and magnesium chloride when the milk has
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been cooled to about 82°C. Generally, 20% more
coagulant is used to produce tofu for sufu than for regular
tofu production. Coagulant is added at a concentration of
2.5–3.5% (coagulant/dry soybean, w/w). The mixture is
agitated vigorously to obtain a homogenous coagulum,
and then set aside for 15 minutes to complete the coagu-
lation. The coagulum is pressed to remove excess whey,
and the resulting tofu is cut into cubes of desired sizes. 

b. Preparation of pehtze (pizi)
The tofu cubes (2.5 � 3 � 3 cm) are placed in a tray with
pinholes at the top and bottom to aid air circulation. They
should be separated from one another since the mold
mycelia must develop on all sides of the cubes. When the
cubes are cooled to 35–40°C, they are inoculated by
spraying on their surfaces with a pure culture of an appro-
priate fungus. The inoculated cubes, pehtze (or pizi) are
usually incubated at 20–24°C for 3 to 7 days, with tem-
perature and time dependent on the fungal starin used. For
Actinomucor taiwanensis and some Mucor strains, the
best fermentation temperature is above 30°C (29, 30).
During incubation, the pehtze cubes are covered with
white mycelia (Figure 19.7).

c. Salting
After the pehtze cubes are separated from each other and
the mycelia on the surface are rubbed down, they are piled
up in a jar with salt spread between layers. During the

salting period, the pehtze absorbs salt (not over 15%) and
loses water, resulting in shrinkage and increase in hardness.
Normally, the salting period lasts for 7–12 days, and the
salted pehtze is washed with salty water. After being air-
dried, it is transferred to another jar for further processing.
The added salt not only retards mold growth, but most
importantly, the salt solution releases mycelia-bound pro-
teases which are not extracellular and can be easily eluted
by salt or other ionic solutions, but not by water (31).

d. Ripening
Ripening involves a series of biochemical reactions cat-
alyzed by microbial enzymes. The differences among var-
ious types of sufu are mainly due to the use of different
dressing mixtures during ripening. The basic and most
common brine contains 12% NaCl and rice wine with
about 10% ethyl alcohol. Other ingredients include yellow
wine, red kojic rice, soy mash, pimiento, fennel, garlic,
shallot, ginger, etc. The ripening time varies for different
sufu types with different dressing mixtures. Normally it is
allowed to age for 2 to 6 months. The product is then bot-
tled with brine and marketed.

2. Bacterial-Type Sufu

The preparation of tofu is the same as in the mold-type
sufu. The tofu cubes are steamed at 1 kg/cm2 for 20 min-
utes. After cooling to 20–30°C, the cubes are salted for 24
hours and washed with water, put into fermented trays,
and incubated at 28–30°C for 5 to 6 days after inocula-
tion. When the pehtze is covered with bacteria and
secretes a yellow liquid, it is dried at 50–60°C for 8 to 10
hours. The dried pehtze is placed into jars with a dressing
mixture of salt, red kojic rice, rice wine containing 50%
ethyl alcohol and other seasonings. The jars are sealed and
incubated at 35°C for 20 days. More dressing mixture is
then added and a further 50 days of fermentation is carried
out, resulting in the production of a red sufu (32). 
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B. MICROORGANISMS FOR FERMENTATION

Usually, the microorganisms for mold-type sufu are
Mucor spp. (33), and for bacteria-type sufu Bacillus spp.
or Micrococcus spp. (34). The organisms must develop
enzyme systems having high proteolytic and lipolytic
activities, and also have white or light yellowish
mycelium to ensure that the final product has an attractive
appearance. The texture of the mycelial mat should also
be dense and thick to prevent any distortion in the shape
of the fermented cubes. Of course, the mold growth
should not develop any disagreeable odors, astringent
tastes, or mycotoxin. Actinomucor elegans (35), Mucor
hiemalis, M. silvaticus, M. prainii (36), M. sufu (35), and
M. subtilisimus all possess these characteristics. Among
them, Actinomucor elegans and A. taiwanensis seems to
be the best organisms and are used commercially in
Beijing and Taiwan, respectively.

In addition to Mucor spp., Rhizophus spp.,
Aspergillus oryzae and Monascus spp. which are found in
red sufu, many other species of microorganisms have been
isolated, such as Penicilium, Cladosporium, Alternaria,
Bacillus, Staphylococcus, Micrococcus, and Corynebac-
terium. Some researchers suggested that yeasts and bacte-
ria play a role in the flavor and texture of sufu, and the
predominant halophile is identified as Tetragenococcus
halophila. Microorganisms isolated from sufu made in
different regions of China are listed in Table 19.3.

Han found that Bacillus cereus in a few sufu
samples was over 105 CFU/g, and Staphylococcus aureus
enterotoxin A was detected in some of the white and grey
sufu samples, indicating a potential hazard to consumers
(37). 

C. CHEMICAL AND BIOCHEMICAL CHANGES

DURING SUFU PROCESSING

During sufu manufacturing, glycerol esters are hydrolyzed
to fatty acids and glycerol, and glycerol is transformed into
organic acids by bacteria. Glutamic acid and leucine are
notably present in the water-soluble fraction. Alcohol is
produced during the brining and ripening process, and
esters are then chemically or enzymatically synthesized
from alcohol and fatty acids. Nucleic acids, such as guani-
dine nucleotide, are the degradation products after the
thalli have autolyzed, providing the delicious taste and
aroma of sufu along with the free fatty acids, organic acids,
esters, and seasonings in the dressing mixture such as
pimiento, pepper, curry, and sesame oil. The complex fla-
vor has been reported to contain 22 esters, 18 alcohols, 7
ketones, 3 aldehydes, 2 pyrazines, 2 phenols, and other
volatile compounds (38). The sugar content of ripen sufu is
about 5%, so it has a somewhat sweet taste. The added salt
imparts a salty taste to the products.

In spite of the differences in color and flavor, most types
of sufu have a similar proximate composition. As shown in
Table 19.4, sufu is a nutritious food. The vitamin B2 content
in red sufu is 0.42–0.78 mg/100 g, and in grey sufu, it is up
to 9.8–18.8 mg/100 g, lower only than that in animal livers.
Moreover, sufu contains vitamin B1 at 0.04–0.09 mg/100 g
and nicotinic acid at 0.5–1.10 mg/100 g. Minerals are abun-
dant in sufu, especially calcium, iron, and zinc (39). 

V. SOY NUGGETS (DOUCHI)

Soy nuggets (douchi in Chinese) are made by fermenting
soaked and boiled whole yellow soybeans or black 
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TABLE 19.3
Major Microorganisms Isolated from Sufu Made in
Different Regions of China

Microorganism Regions Where Sufu is Made

Mucor sufu Shaoxing, Suzhou, Zhengjiang
Mucor rouvanus Jiangsu
Mucor Wutongqiao Wutongqiao in Sichuan
Mucor feavus Wutongqiao in Sichuan
Mucor racemosus Taiwan, Niuhuasi in Sichuan
Mucor hiemalis Taipei
Mucor spp. Taiwan, Guangdong, Guilin, Hangzhou
Avtinomucor elegans Beijing, Taipei, HongKong
Rhizopus liquefiems Jiangsu
Aspergillus oryzae Jiangsu, Wutongqiao in Sichuan
Penicillium spp. Jiangsu
Alternaria spp. Jiangsu
Cladosporium spp. Jiangsu
Bacillus spp. Wuhan
Micrococcus luteus Kedong in Helongjiang
Saccharomyces Jiangsu, Wutongqiao in Sichuan

Source: Adapted from Ref. 33.

TABLE 19.4
Nutrient Composition of Sufu

Component Content (per 100 g)

Water 56.3 g
Protein 15.6 g
Fat 10.1 g
Carbohydrate 7.1 g
Crude fiber 0.1 g
Ash 1.12 g
Cholesterol Not detected
Caloric 703.4 KJ
Calcium 231.6 mg
Phosphorus 301.0 mg
Iron 7.5 mg
Zinc 6.89 mg
Vitamin B1 0.04 mg
Vitamin B2 0.13 mg
Nicotinic acid 0.5 mg
Vitamin B12 1.77 mg

Source: Adapted from Ref. 43.



soybeans with microorganisms, and are consumed as sea-
sonings (40). Douchi production involves two distinct
steps of fermentation. The first, which occurs during koji
making, is by fungi or bacteria (similar to natto making),
leading to enzyme production. The second is by yeast and
lactic acid bacteria, with added salt and seasonings such
as shallot, ginger, or garlic, and results in the production
of a delicious flavor. 

Douchi is the first traditional fermented soyfood to be
described in written records. It originated in China before
the Han Dynasty (206 B.C.). The first record of douchi was
in Si Ji, which was written by Si Maqian (about 104 B.C.).
In Ben Cao Gang Mu (Chinese Materia Medica), written
by Li Shizhen in the Ming Dynasty (1368–1644 A.D.),
some health-enhancing functions of douchi were
recorded, such as the enhancement of appetite, promotion
of digestion, inducement of sweat and recovery from
fatigue, soothing of the mood, and prevention of asthma,
etc. Products similar to douchi are also produced in other
Asian countries, for example, hamanatto in Japan, tao-si
in the Philippines, and tao-tjo in Eastern India (5).

A. DOUCHI VARIETIES

There are various types of douchi produced in China (see
Figures 19.8 and 19.9). According to the water content,
douchi can be classified into dry douchi and water douchi.
Dry douchi is fermented loose whole soybeans, produced
mainly in Southern China. Water douchi is fermented soy-
beans with additional water, and the final products are
sticky, somewhat like natto. It is made in Northern China
and the family-made products (Figure 19.9) belong to this
type (40). According to the selection of fermentation
microorganisms, douchi can be classified into three vari-
eties: Aspergillus-type, Mucor-type, and bacteria-type.
Among them, the Aspergillus-type is the earliest and most
common type.

B. PREPARATION OF DOUCHI

Douchi has been produced in China for a long time.
Because of the diversity of climate, some famous brands
are produced in various regions of China using different
processing methods. Figure 19.10 shows the flow chart
for the preparation of Aspergillus-type douchi.

1. Pre treatment of Raw Materials

Soybeans are cleaned to remove foreign matter and dam-
aged or decomposed beans. They are soaked in water for
2–7 hours at a temperature below 40°C, until the water
content reaches 45% (41). Boiling of soybeans is neces-
sary to destroy contaminating bacteria that could interfere
with fermentation, and to release nutrients required for
mold growth. Traditionally, soybeans are boiled at 100°
for 5 hours. For industrial preparation, soybeans are
steamed at 0.1 MPa for 45 minutes to 1 hour. For bacter-
ial-type douchi, soybeans are boiled at 100°C for 30–40
minutes.

The water content of soybeans should be controlled
after boiling, so that the microorganisms can multiply and
the beans remain intact. The best water content differs for
different douchi varieties, about 50% for Aspergillus-type
douchi and 45% for Mucor-type douchi (41). 

2. Making of Qu

a. Aspergillus qu
Boiled soybeans are cooled to 35°C and inoculated with
0.3% Aspergillus oryzae or other Aspergillus spores, then
incubated at about 25°C. If the temperature of soybeans is
increased to 35°C, they should be cooled down by turning
them over. When the soybeans are covered with yellow-
greenish mycelium, usually the fermentation time is about
72 hours, and the qu is matured.
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b. Mucor qu
Boiled soybeans are cooled to 30°C and inoculated with
0.5% Mucor strain spores, then incubated at 2–7°C, keep-
ing the internal temperature of the beans below 18°C by
ventilation. After 10–12 days, when the mycelium color
changes to grey with a few black spores, the product is
ready for harvest (41). 

c. Bacteria qu
After boiling and draining, the soybeans are sealed and
incubated at a high temperature (over 25°C) for 3–4 days.
When the soybeans are covered with mucilage with a spe-
cial flavor, the qu is matured.

3. Fermentation

Washing with water is a special processing step for the
preparation of Aspergillus-type douchi. The koji is washed
with water to remove the spores, mycelia, and part of the
enzymes. Spores will impart a bitter and astringent flavor to
the final product. Too much enzymes on the surface tend to
hydrolyze the macromolecules excessively, causing soluble
materials to increase, and the surface texture becomes
coarse. Ordinarily, the washing time is about 10 minutes
and the water content of the washed beans is 33–35%. After
washing, the soybeans are stacked in containers without
cover, and water is sprinkled occasionally to adjust the
water content to about 50%. 

Salt (18% w/w, soybean weight basis), a small
amount of sugar, and a selected flavoring such as cap-
sicum paste are mixed with the koji in order to obtain the
desirable flavor (42). The mixture is put into jars, and one
layer of soybean is loaded on top of another up to about
80% by volume. The jars are then sealed with plastic film. 

The Aspergillus-type douchi is fermented in the jars at
30–35°C for 4–6 months, traditionally under sunlight.
After fermentation, douchi are dried to 30% water content. 

For Mucor-type douchi, the soybeans are not washed
with water, but mixed with salt and flavoring directly.
Fermentation is carried out at about 20°C for 10–12 months. 

Salt is added to the soybeans to prevent metamor-
phose and to improve flavor, but the enzyme activities are
inhibited, with an increase in fermentation time. Non-salt
fermentation, carried out at a higher temperature
(55–60°C), can shorten the fermentation time to 3–4 days. 

C. CHEMICAL AND BIOCHEMICAL CHANGES

DURING DOUCHI PROCESSING

The protein, fat, carbohydrate, and vitamin contents in
douchi (Table 19.5) indicate that it is a nutritive food (43).
During fermentation, the levels of free amino acids
increase gradually (43). Glutamic acid is the predominant
amino acid, contributing to the delicious flavor of douchi.
Other types of flavor components are organic acids. In
douchi, lactic acid content is high, followed by acetic and
L-pyroglutamic acids (Table 19.5) (43).

VI. NATTO AND KINEMA

Natto is a whole or fractional, slimy, fermented soybean
product (Figure 19.11) which has a characteristic aroma.
It is made with soaked and steamed soybeans fermented
by Bacillus species. Natto was originated from China in
the Tang Dynasty, and was introduced to Japan along with
Buddhism (44). In Northeastern Japan, it has been pro-
duced for about 1000 years. It is now widespread in Japan,
and is also prepared in Korea, Thailand (thua-nao), and
India (kinema) (45). Natto is served for breakfast and din-
ner along with rice, and is sometimes consumed with
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FIGURE 19.9 Homemade douchi.
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FIGURE 19.10 Flow chart of Aspergillus-type douchi manu-
facturing.



shoyu and mustard. It can also be used as an ingredient for
sauce production or as a flavoring agent. 

A. PREPARATION OF NATTO

Natto preparation is relatively simple when compared to
other fermented soybean products which employ a series
of microorganisms, such as sufu and soy sauce. Only one
organism, Bacilli subtilis, an aerobic Gram-positive rod
bacterium, is involved in the fermentation of natto.
Bacillus natto, classified as a related strain of B. subtilis,
is the most commonly used strain. Many new strains have
been bred and are used to make natto, such as strains with
high �-glutamyltranspeptidase (GTP) activity (46), high
thrombolytic activity (47), and high elastase activity (48),
or strains that produce highly viscous products. 

The traditional and industrial manufacturing processes
for natto are shown in Figure 19.12. Round and small

soybeans with high content of soluble sugars are the ideal
raw materials to produce natto. Since these soybeans have a
small diameter, the steaming time can be shortened.
Meanwhile, soluble sugars provide a carbon source for
microbial growth, as well as a sweet taste to the final prod-
uct. Soybeans are cleaned and soaked overnight in water,
then cooked at 1.5 kg/cm2 pressure for 30–40 minutes.
Traditionally, the cooked soybeans are wrapped with rice
straw, and kept in a warm place for 1–2 days. The rice straw
provides B. subtilis and absorbs the unpleasant ammonia
odor. In the industrial process, soybeans are inoculated with
1–3% pure culture suspension of B. natto and then packed
in trays. After fermentation at 40°C for 18–24 hours, the
beans are covered with a white sticky coating, and the prod-
ucts are ready for harvesting. In addition to refrigeration,
drying at a low temperature is another effective method for
prolonging the shelf life of natto.

B. CHEMICAL AND BIOCHEMICAL CHANGES

DURING NATTO PROCESSING

One characteristics of B. subtilis is that it can secrete
many extracellular enzymes such as proteases, amylases,
GTP (49), levansucrase, and phytase (50). During fer-
mentation, the quantity of soluble and dialyzable matters
increases from 22% and 6% to 65% and 40%, respectively
(51). Some chemical reactions are catalyzed by these
enzymes, with the formation of flavors and sticky materi-
als, including 2, 3-butanediol, acetic acid, propionic acid,
iso-butyric acid, and �-polyglutamic acid (52). A 60-fold
increase in free amino acids was observed during fermen-
tation, which accounted for about 26% of the total amino
acid content (53). Since there is no lipase, the fat and fiber
content of soybeans are kept almost constant (54). The
content of soluble sugars, the carbohydrate source for
B. natto, is very low. The levels of oligosaccharides such
as sucrose, raffinose, and stachyose decreased during
soaking, boiling, and fermentation (55).

C. KINEMA

Kinema is an indispensable dietary component in Nepal
and the hilly regions of the Eastern states of the Indian
subcontinent, where it has long been used as a meat sub-
stitute. Kinema is fried in oil, then cooked in water with
vegetables and spices to prepare a thick curry, and eaten
as a side dish with rice (56).

1. Preparation 

To make traditional kinema, soybeans are washed, soaked
overnight in water until soft and crushed lightly to dehull,
boiled for about 90 minutes, crushed to grits, wrapped in
fern leaves and sackcloth, and left to ferment for 1–3 days in
a warm place (25–30°C) until the beans have a typical alka-
line, kinema flavor and a desirable sticky consistency (57). 
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TABLE 19.5
Nutrient Composition of Douchi

Components Content (per 100 g)

Water 35–50 g
Protein 20 g
Fat 7.1 g
Carbohydrate 21.4 g
Total acid 1.5 g
Formal nitrogen 0.7–1.0 g
Calcium 184 mg
Phosphorus 198 mg
Iron 5.5 mg
Vitamin B1 0.13 mg
Vitamin B2 0.23 mg
Nicotinic acid 3.2 mg

Source: Adapted from Ref. 43.

FIGURE 19.11 Natto.



2. Microorganisms

Bacillus subtilis is the dominant microorganism and the
sole fermentation organism found in kinema. Enterococcus
faecium, Candida parapsilosis, and Geotrichum cadidum
are the accompanying flora in kinema samples (58, 59).
Among all starter cultures isolated from kinema, Bacillus
subtilis KK2:B10 and GK-2:B10 are the best strains for
improved kinema production (60). Organoleptically, the
monoculture fermentation of soybean by B. subtilis pro-
duced the best quality kinema (61). 

3. Microbiological Safety

Although Staphylococcus aureus has not been detected
in any of the tested kinema samples, Bacillus cereus
and Escherichia coli were present in several market sam-
ples, and some of them have the ability to produce diar-
rhoeal enterotoxin. Enterobacteriaceae and Coliform
bacteria exceeded 105 CFU/g in most samples. It has
been concluded that the traditional way of making
kinema and its culinary use in curries is safe. However,
for novel applications of kinema, safety precautions are
advisable (58).

VII. TEMPEH

Tempeh is a fermented soyfood consisting of dehulled and
tender-cooked soybeans bound together by a dense cot-
tony mycelium of fragrant white Rhizopus mold into com-
pact cakes or patties (62). It is a popular traditional
Indonesian food produced by solid state fermentation
(SSF). The technology was introduced by immigrants
from Southeast China, and the product is similar to the
Chinese douchi. Tempeh was then introduced to Malaysia,
the Netherlands, and North America by Indonesian immi-
grants. It has now become quite popular in the United
States and attracts attention in Japan and many European
countries, particularly in the vegetarian market as a sub-
stitute for meat (63).

A. TYPES OF TEMPEH

Depending on the raw materials, several types of tempeh
are produced in Indonesia, including the soybean tempeh,
okara tempeh, velvet tempeh, and coconut or peanut
presscake tempeh, or mixtures of these. In other countries,
tempeh is made with other raw materials, such as common
bean, lupin, horsebean, chickpea, and wheat.

Sold fresh, refrigerated, or frozen, tempeh is usually
sliced and fried until its surface is crisp and golden brown,
and it has a nice flavor and texture, which can be
compared to those of fried chicken or fish sticks. Hence,
tempeh is often consumed as a main dish or as a meat
substitute, and has become a key source of protein in
vegetarian diets. Most of all, the high vitamin B12 content
led to its popularity among vegetarians in the Western
world since plants do not contain this type of vitamin
(64). 

Tempeh can be served with grains and eggs for break-
fast, or after frying, in salads, sandwiches, burgers, sauces,
and soups for lunch or dinner. 

B. MANUFACTURING PROCESS OF TEMPEH

Tempeh can be homemade or produced in factories. There
are two dehulling methods, namely wet dehulling and dry
dehulling. Figure 19.13 shows the flow chart of tempeh
production in temperate climate regions (62).
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TABLE 19.6
Organic Acid Content in Different Douchi Products

Douchi Type Product Acetic Acid L-Pyroglutamic Acid Lactic Acid

Aspergillus type Tianmashan koji 8.70 3.61 9.41
Tianmashan douchi 38.94 7.98 88.89
Yipinxing koji 5.87 1.10 2.94
Yipinxing douchi 19.24 5.10 80.82

Mucor type Yongchuan 3.40 5.10 12.89
Black soybean 1.51 4.22 1.80

Whole soybean
↓

Cleaned
↓

Soaked overnight
↓

Steamed
↓

↓
↓↓

Strained and cooled

Inoculated Packed with straw
↓ ↓

Packed Fermented
↓ ↓

Incubated Fresh natto
↓

Matured
↓

Fresh natto

FIGURE 19.12 Traditional and industrial processes of natto
making.



1. Pretreatment of Raw Materials

Soybeans are cleaned and dehulled. Cleaning will remove
damaged beans and foreign matter. Since the fermentating
microorganism Rhizopus oligosporus cannot grow on
whole soybeans, dehulling is essential. Wet dehulling is
performed by hands or foots after precooking and the
hulls are separated by skimming (65). Dry dehulling is
performed by cracking the seeds with a stone or burr mill,
followed by separation of the hulls with an air stream or
by gravity separation (66).

2. Acidification and Cooking

Acidification lowers the pH, normally to 4.8–5.0, favoring
mold growth and restricting the growth of potential
spoilage bacteria (67, 68). Traditionally, soybeans are
soaked in hot (initially at 100°C) or room temperature
water for 8–22 hours, and bacterial fermentation results in
acidification. Nowadays, acidification of soybeans is done
by the addition of an acidulant such as vinegar, lactic acid,
or acetic acid to the cooking water (66). 

A basic boiling period, typically 40–60 minutes, is
required to soften the beans and to kill spoilage bacteria
and their spores. The cooked soybeans are drained, cooled
to about 38°C, and dried till the moisture content reaches
45–55% (66, 69). 

3. Inoculation and Incubation

After cooling, the cooked soybeans are inoculated.
Usually 106 viable spores of Rhizopus oligosporus per
100 g of cooked soybeans gave optimal mold growth (70).
Then the soybeans are packed and placed in a warm place

for fermentation. Traditionally, banana leaves or other
large leaves are used as tempeh containers. Nowadays,
perforated polyethylene bags, tofu tubs, aluminum trays,
or slatted wooden trays covered with perforated polyeth-
ylene sheets are used (71).

Temperature, time, and relative humidity are the three
crucial factors in temeph fermentation. The best relative
humidity is between 70 and 85%. Fermentation can be car-
ried out at a temperature ranging from 25 to 37°C. The stan-
dard procedure in Indonesia is fermentation at 25°C for
44–52 hours, but moderate temperature fermentation (31°C)
and high temperature fermentation (37°C) are recom-
mended as well (69, 71). High temperature fermentation
favors growth of R. oligosporus and Klebsiella pneumoniae,
and the products contain more vitamin B12 than those with
moderate temperature fermentation, but the shelf life is
shortened and temperature control is more difficult (62).

4. Harvesting, Storage, and Preservation

When soybeans are covered with and bound together by
white mycelia, fermentation is completed. Fresh tempeh
can last for several days at room temperature without
obvious changes, and its shelf life can be prolonged by
freezing, drying, frying, dehydration, canning, or other
preservation methods. In addition, blanching or steaming
is also an effective means to extend shelf life. 

C. MICROORGANISMS FOR TEMPEH MAKING

Wet dehulling tempeh production involves two distinct
stages of fermentation. The first stage, which occurs dur-
ing soaking, is bacterial, resulting in acidification and the
growth of Bacillus cereus is prevented. The second stage
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FIGURE 19.13 Wet and dry dehulling methods of tempeh making in temperate climate regions



is fungal, resulting in the growth of white mycelium on
the bean cotyledons (68).

1. Microorganisms for Acidification 

Lactic casei, Enterococcus faecium, Streptococcus dys-
galactiae, and Staphylococcus epidermidis are the pre-
dominant species responsible for acidification (72), and
Citrobacter diversus, Enterobacter agglomerans, E. cloa-
cae, Klebsiella pneumoniae, and K. oacenae are present
during soaking (73). Lactic and Streptococci spp. domi-
nate the flora in both the unacidified and the acidified
soaking water, while yeasts and coliforms are found only
in unacidified water (74).

2. Microorganisms for Solid State Fermentation

There are three basic types of starters for tempeh fermenta-
tion: 1) pure culture mold starters typically containing only
Rhizopus oligosporus spores, 2) mixed pure culture starters
such as R. oligosporus and Klebsiella pneumoniae, and 3)
mixed culture starters for traditional tempeh, containing a
mixture of molds, bacteria, and/or yeasts. Because of its
strong protease and lipase activity, R. oligosporus is the
principal mold species used to make tempeh, and R.
oligosporus NRRL 2710 is the recommended commercial
strain (72). Other Rhizopus species such as R. oryzae, R.
chinensis, R. arrhizus, and R. stolonifer are also considered
suitable for tempeh making (75, 76).

The Rhizopus strains form riboflavin, nicotinic acid,
nicotinamide, ergosterol, and vitamin B6, but do not pro-
duce physiologically active vitamin B12 (75, 76). Vitamin
B12 is synthesized by bacterial strains of Propionibac-
terium, Pseudomonas, Clostridium, and Streptomyces
(77), and include Klebsiella pneumoniae, K. terigena, K.
planticola, and Enterobacter cloacae (72). K. pneumoniae
and Citrobacter freundii show the best vitamin B12 forma-
tion capability. In order to increase vitamin B12 content,
the mold and bacterium mixed pure culture starters have
been used (69).

3. Microbiological Safety

Rhizopus oligosporus inhibited the growth, sporulation,
and aflatoxin production of Asperigullius flavus, and no

botulinal toxins were produced during the normal fermen-
tation time of 24 hours or less (67). In early commercial
tempeh production, Enterobacteriaceae and lactic acid
bacteria were found in a majority of the samples, and
Staphylococcus aureus, Bacillus cereus, and Escherichia
coli were found in some samples at a level of 105 CFU/g.
Yersinia enterocolitica was found in several samples,
whereas Salmonella was not observed (63). Regardless,
traditional tempeh is regarded as a safe food (69). 

D. CHEMICAL AND BIOCHEMICAL CHANGES

DURING TEMPEH PROCESSING

The composition of soybean is significantly altered by the
physical and chemical treatments and the action of
enzymes during fermentation in the making of tempeh
(Table 19.7). Rhizopus spp. produces a variety of
enzymes, including carbohydrases, lipases, proteases,
endocellulase, xylanase, arabinase, α-D-galactosidases,
etc. (72). Solid and nitrogen losses occur mainly during
dehulling, soaking, and cooking, with little loss during
fermentation. The initial pH increases to a high level after
fermentation, hence biological acidification does not
resulted in a sour tasting product (68). Tempeh is a nutri-
tive food, as shown by its nutrient composition (Table
19.7). There is no marked difference in protein content
between tempeh and unfermented soybeans, but an
increase in free amino acid content can be observed dur-
ing fermentation. 

Tempeh is virtually non-flatulent since raffinose,
stachyose, and other flatulence-causing carbohydrates
found in soybeans are reduced. Tempeh is easily digested
and can be tolerated by patients suffering from dysentery
and nutritional edema (78).

R. oligosporus and R. oryzae have strong lipase activ-
ities and can break down soybean lipids into stearic, oleic,
linolenic, linoleic, and palmitic acids, with linoleic acid
predominating (79). The concentrations of calcium, phos-
phorus, iron, copper, zinc, magnesium, and manganese
tend to be increased during fermentation, but potassium
concentration decreases to a large extent (80). The
bioavailability of zinc, calcium, iron, and magnesium
increases due to their strong chelating properties, leading
to a decrease in phytic acid content.
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TABLE 19.7
Chemical Compositions of Tempeh Products

Tempeh Moisture (%) Protein (%) Fat (%) Carbohydrate (%) Fiber (%) Ash (%)

Fresh 60.4 19.5 7.5 9.9 1.4 1.3
Deep-fried 50.0 23.0 18.0 8.0 2.0 1.0
Freeze-dried 1.9 46.2 23.4 25.8 2.7 2.7
Fermented with Rhizopus sp. T-3 8.3 40.8 19.7 19.4 5.4 6.4
Cooked soybean 63.5 16.0 9.0 7.6 2.1 1.8

Source: Adapted from Refs. 2 and 73.



Riboflavin, pyridoxine, and nicotinic acid concentra-
tions increase significantly over the 72-hour fermentation
period as a result of their synthesis by different strains of
Rhizopus, but the thiamine concentration decreases
slightly (81). The highest reported value of vitamin B12

content in tempeh was 6.2 µg/1370 g. During fermentation,
the total amount of vitamin E remains constant but the con-
tent of free tocopherols decreases (81). 

VIII. HEALTH BENEFITS OF FERMENTED
SOYBEAN PRODUCTS 

Fermented soyfoods have some beneficial effects on
human health, arising mainly from certain metabolically
transformed components. Some examples of the health
benefits of fermented soyfoods are illustrated below.

Angiotension inhibitory enzyme (ACE) activity has
been detected in soy sauce, leading to reduced blood pres-
sure in hypertensive rats after oral administration (82).
Peptides with ACE activities were also found in water sol-
uble fractions of sufu (83), water extracts of douchi (43),
and natto extracts (84).

Isoflavones exist as aglycon in fermented soybean
products. Isoflavones, genistein in particular, inhibit the
activity of protein tyrosine kinases, thus reducing the risk of
cancer (85). 8-Hydroxydaidzein, 8-hydroxygenistein, and
syringic acid isolated from miso had high DPPH (1,
1-diphenyl-2-picrylhydrazyl) radical-scavenging activities
(86). 6, 7, 4�-Trihydroxyisoflavone, and glycitein (87), 6, 7,
4�-trihydroxyisoflavone, daidzein, and genistein may be
responsible for the antioxidant activity of tempeh (88).
Natto also has antioxidation activity on unsaturated fatty
acids, and shows protective effects on the free radical-medi-
ated cellular damage induced by cumene hydroperoxide
(89). Certain components such as saturated hydrocarbons
(C30–C32, especially hentriacontane) are present in natto
and they have possible antitumor-promoting activity (90).
Lactic bacteria from miso could bind hereroccyclic amines,
which are mutagenic and exist in cooked foods, especially
fried and toasted foods rich in protein (91).

The insoluble peptides in sufu can lower cholesterol
level in blood serum (85). Moreover, peptides with the
capacity of binding cholic acid were found in water-insol-
uble fractions of sufu. A water-solube extract of douchi
was found to exert a strong inhibitory activity against rat
intestinal α-glucosidase (92). It was found that douchi has
an anti-hyperglycemic effect and may have potential uses
in the management of type-2 diabetic patients (93).

A strong fibrinolytic enzyme, nattokinase, and at least
three pro-urokinase activators (PUA) which are different
from nattokinase, have been purified from natto (94, 95).
An enzyme with a strong fibrinolytic activity was purified
from douchi (96). Natto is the only food known that natu-
rally contains vitamin K2 (97), which may contribute to
the relatively lower fracture risk in Japanese women (98).

Bacillus natto is effective in restraining the growth of
Salmonella spp., Escherichia coli O157:H7, and microor-
ganisms that can induce typhoid fever and diarrhea.
Staphylococcal enterotoxin A (SEA) was fragmented into
small peptides by subtilisin, an extracellular proteinase
produced by Bacillus natto (99). 
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I. DEFINITION OF VEGETABLES

A vegetable is defined as “an edible, usually succulent
plant or a portion of it eaten with staples as main course
or as supplementary food in cooked or raw form” (1).

II. IMPORTANCE OF VEGETABLES

More than 10,000 plant species are eaten as vegetables
worldwide. Among these species, only 50 or so are com-
mercially important (2). Vegetables contribute to humans
essential minerals, vitamins, dietary fibers, proteins, fats,
starches, and energy. Vegetables are a major source of vita-
min C. The amounts of carotenes in pumpkins, capsicum
peppers, and tomato are useful to mankind. Dietary fibers
in vegetables include cellulose, hemicellulose, pectic sub-
stances, and lignin that are important in preventing several
human diseases. Vegetables also neutralize the acid sub-
stances produced by other high-energy food (3). While
organic acids and volatile compounds are responsible for
flavor and aroma, chlorophyll, carotene, and anthocyanin
make up the colors. Vegetables not only form an essential
part of a well-balanced diet, but the flavor, aroma, and color
also make them important in human diet and appetite (4).

III. DOMESTICATION OF VEGETABLES

All modern crops had their earliest beginnings as wild
plants. These wild plants with specific characteristics
attracted humans to harvest them for medicinal (5), herbal,
or food purposes. Then the seeds and other plant parts were
dispersed. It was the beginning step during plant domestica-
tion. Vegetables were brought into cultivation 10,000 years
ago, so humans produced sufficient vegetables of their own.
The following artificial selection creates gene recombina-
tion of higher yield and better quality (6). Evolution of con-
sumption, production techniques, socio-economic interest,
general political climate, production policy, international
competition, and trade agreements made the structure of
today’s vegetable exploitation heterogeneous (7).

IV. CLASSIFICATION OF VEGETABLES

Vegetables are commonly grouped according to botany,
edible parts, life cycle, sensitivity to temperature, family
grouping, or accepted use (2). Other classification schemes
include sensitivity to soil pH and chilling damage, tolerance
to nutrient levels and salt, and depth of rooting (2–4, 8–10).

A. BOTANICAL CLASSIFICATION

Botanical classification is based on morphology, anatomy,
embryology, physiology, biochemistry, etc. The succes-
sive groupings of plants are kingdom, division, subdivi-
sion, phylum, subphylum, class, subclass, order, family,
genus, and species (2, 8), Predominant vegetables belong
to the class Angiospermae that is grouped into subclasses
Monocotyledoneae and Dicotyledoneae. Most vegetables
belong to the Dicotyledoneae. There are fewer monocot
vegetables, i.e., sweet corn, asparagus, yam, onion, etc.
The genus and species make up the scientific name that is
accepted worldwide. The climate requirements, the use
for economic purposes, the disease and insect controls of
a particular family or genus are often similar. Well-known
families of vegetables are Solanaceae, Brassicaceae,
Fabaceae, Alliaceae, and Apiaceae (10).

B. CLASSIFICATION BASED ON EDIBLE PART

Classification of vegetables by edible part informs a grower
or handler about specific cultural or handling techniques.
Common groupings includes root, stem, leaf, immature
flower bud, fruit, and sprout. Root crops include carrot,
radish, beet, turnip, and sweet potato. Stem vegetables are
asparagus and potato. The yield and quality of root and stem
vegetables are affected by soil texture, fertility, and irriga-
tion. Leafy crops include lettuce, cabbage, celery, spinach,
kale, and mustard that are very perishable. Edible parts of
cauliflower, broccoli, and artichoke are immature flower
buds. Immature fruits are harvested from pea, snap bean,
lima bean, summer squash, cucumber, okra, sweet corn, and
eggplant, but actually we eat the immature seeds of lima
bean and sweet corn. Edible parts of cucurbits (pumpkin,
white gourd, squash, muskmelon, and watermelon), tomato,
and pepper are mature fruits (1–3, 8–10).

C. CLASSIFICATION BASED ON TEMPERATURE

Vegetables are separated into warm-season and cool-sea-
son vegetables based on temperature requirements for
optimum growth and development. Warm-season crops are
adapted to 18~29°C, intolerant to frost and mostly grown
for edible fruits. Exceptions are sweet potato for storage
root and New Zealand spinach for leaves. Cool-season
vegetables have optimum growth at cooler temperature
and are shallower rooted and smaller sized. Cool-season
crops are grown for edible stems, leaves, roots, and imma-
ture flower parts. Asparagus, Brussel sprouts, broccoli,
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cabbage, celery, garlic, onion, pea, radish, artichoke, and
spinach are cool-season vegetables. Harvested parts are
usually stored near 0°C except potato (2, 8–10).

The sub-groupings of cool-season crops into hardy
and half-hardy vegetables, and warm-season crops into
tender and very tender vegetables, are based on the ability
of young plants to withstand frost, and the ability of seeds
to germinate at low temperatures. Hardy vegetables gen-
erally tolerate moderate frost without injury. Tender veg-
etables are susceptible to damage during cold weather.
The very tender vegetables are easily damaged by light
frost (10).

D. CLASSIFICATION BASED ON LIFE CYCLE

Vegetables are also classified based on their life span.
Most vegetables are annuals that complete life cycles
within one growing season. Biennial vegetables require
two seasons for completing their life cycle. Many cole
crops such as broccoli, cauliflower, cabbage, and root
crops such as carrot are biennials but grown as annuals.
Perennial vegetables complete their life cycle in more
than two years. Rhubarb, globe artichoke, and asparagus
are grown commercially as true perennials. Tomato, pep-
per, eggplant, potato, and sweet potato are perennials in
their native environments but are grown as annuals for
production in temperate regions (2, 3, 8–10).

V. TYPES OF VEGETABLE GROWING

There are several types of vegetable growing such as home
gardening, commercial production, and processing pro-
duction. Commercial vegetable production, includes at
least three categories: fresh market, processing, and con-
trolled environment production (5, 11).

A. HOME GARDENING

People grow vegetables in their own gardens to save
money, for outdoor leisure, for fresher tasting and better
quality vegetables, and for better nutrition and improved
health (2).

B. COMMERCIAL PRODUCTION

The goal of commercial production of vegetables, either
for fresh use or processing is only for economic profit.

Fresh Market. The harvested vegetables are sold for
fresh use (2, 5, 11).

a. Market Garden. Market gardens are located
near but on the outskirts of population centers.
A wide variety but small scales of high-profit
crops are grown intensively and year-round.
The harvested vegetables are for local con-
sumption (2, 5, 11).

b. Truck Farm. Truck farms are often located in
inexpensive rural areas and near transportation
systems. One or two crops are grown on a large
acreage for distant markets. Transport over
large distances permits specialization and the
de-localization of production (2, 11).

c. Controlled Environment Production. Vege-
tables are grown in the modified environment
for optimal plant growth. Light, temperature,
humidity, nutrients, and even composition of
atmosphere may be controlled. Investment and
production costs including heating and cooling
are expensive (5).

C. PROCESSING PRODUCTION

Vegetables are highly perishable. Post-harvest decay is esti-
mated to be more than 20~50% in the tropics and subtrop-
ics. Processing is one of the various feasible technological
measures to reduce high post-harvest losses of vegetables
(3). Now in processing production, vegetables are grown in
the field as raw materials for processing, usually on large
acreage, harvested by machines and through contracts. The
contract specifies some production techniques, price at a
given quality, and standards for acceptance of harvest.
Growers usually have a low margin of profit (11).

VI. CONSUMPTION OF VEGETABLES

The per capita consumption of vegetables varies among
countries and regions, according to people’s eating habits
and the supply. The average world consumption of veg-
etables is around 85 kg per person per year, with around
120 kg per capita in industrialized countries (12), and
around 30 kg per capita in developing countries such as in
sub-Saharan Africa and 150 per capita in China (7).

VII. COMMERCIALLY IMPORTANT
VEGETABLE CROPS

A. ROOT CROPS

Several root crops are grown especially for their edible
storage roots. They belong to different botanical families.
Only one enlarged (fleshy) underground root is produced
per plant for carrot (Apiaceae), table beet (Chenopodiac-
eae), radish, turnip, and rutabaga (Brassicaceae). Several
fleshy roots are produced from one plant for sweet potato
(Convolvulaceae). They are consumed either fresh or in
processed forms. Most root crops have long storage life
and extend the market supply over a long period. There
are other minor root crops produced more on a regional
basis, such as salsify (Tragopogon porrifolius) and black
salsify (Scorzonera hispanica) of Compositae, parsnip
(Pastinaca sativa) and celeriac (A. graveolens var.
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rapaceurm) of Apiaceae, yam bean (Pachyrrhizus erosus)
of Fabaceae, and horseradish (Armoracia rusticana) of
Brassicaceae (13, 14).

The carrots, table beet, radish, turnip, and rutabaga
are all direct-seeded to well-prepared seedbeds. After
emergence, plants are thinned to desired population den-
sity. The crops are established more easily under cool-
moist conditions (14).

1. Carrots [Daucus carota L. ssp. sativus
(Htoffm.) Arcang]

Cultivated carrots, originating in Afghanistan and central
Asia, became popular in Europe around the 13th century.
European settlers brought carrots to the U.S. in the 17th
century (15, 16). Carrots are now mainly grown in Asia
and Europe. The Eastern/Asiatic carrots have reddish pur-
ple (anthocyanin-containing) or yellow roots, pubescent
leaves, and a tendency for early flowering. Western carrots
have orange, yellow, red, or white roots, less pubescent
leaves and also a tendency to bolt. The western orange type
developed as selections from yellow carrots for high
carotenoid content were developed into modern cultivars.
In the U.S. carrots are mainly grown for the fresh market
with California being the leading state of acreage. For pro-
cessing, Washington State leads the production (14). 

Carrot is a cool-season crop with optimal mean grow-
ing temperatures ranging between 16 and 21°C. At these
temperatures, root color and shape are also optimized. At
a mean temperature of 12~13°C, roots tend to grow rela-
tively long and slender, whereas at a constant 24°C, roots
are shorter and thicker. Alternating low night and moder-
ate day temperature also tends to produce long and slen-
der roots. Temperature greater than 30°C, particularly in
later stages of development, induces undesirable strong
flavor and coarseness in the roots (16). 

Carrot cultivars are classified by root shape and date
of maturity (14):

a. Danvers: roots medium to long with broad
shoulders, tapering toward the tip (tapered tips).

b. Imperator: roots slender, slightly longer and
smoothly tapered, late maturing, good for stor-
ing, grown for winter market consumption. 

c. Nantes: roots nearly cylindrical shaped, medium
to long, early maturing, eaten fresh in summer. 

d. Chatenay: medium to short and tapered with
blunt end, maturing by mid-summer.

Carrots are usually mechanically harvested in 90~120
days of planting. Large-scale carrots are eaten raw,
cooked, or processed into juice. The harvest stage is
judged by suitability, before carrots achieve their full
potential size or weight. Fresh carrots are marketed either
topped or bunched with attached tops. Fresh cut-and-peel

baby carrots are also available; they may also be cut into
short pieces from mature carrots. Carrots are a good plant
source of provitamin A, containing about 5~8 mg/100 g of
β-carotene (14).

2. Radish (Raphanus sativus L.)

Radish is unknown in the wild state. Its origin may be in
the eastern Mediterranean or in China, with a long history
of cultivation. Now radishes are grown worldwide but
consumed in great quantities by the Chinese, Korean and
Japanese. Large variations exist in the shape, size, and
color of the roots. Radishes were among the first
European crops introduced into America by the Spaniards
and grown by the early colonists (14, 16).

Radish is a cool-season vegetable crop with optimum
growing temperature ranging between 15 and 20°C. At
higher temperature, the enlargement of roots is retarded
and results in coarseness and pungency (14).

Radishes are commonly grouped into four types (16):

a. Western or small radishes, usually consumed
raw as relishes.

b. Oriental radishes, with mild-flavored large
roots, usually cooked or pickled in the East.

c. Leaf radishes, consumed as greens by the
Chinese, also cultivated for fodder.

d. Rat-tailed radishes, cultivated in Asia with
young pods consumed raw, cooked, or pickled. 

In the U.S. garden radishes are very popular in home
gardens because of short growth cycle and easiness to
grow. The white, long-rooted types are also popular in
many regions.

3. Table Beets (Beta vulgaris L. Crassa Group)

Originating in Europe and Western Asia, the garden beet
or table beet is one of the various forms of Beta vulgaris
of the Chenopodiaceae family (17). It is closely related to
Swiss chard, sugar beet, and fodder beet. The leaf beets
were developed before the root beets, but the red root
beets were cultivated by the Romans. The root beet is
grown throughout Europe and America. The red pigment,
betanin (a nitrogen-containing anthocyanin), can be used
for food coloring. The table beet, introduced in 1800, is
one of the most popular home garden crops in the U.S. 

Table beets prefer a cool climate with sunny days.
Temperatures for optimum growth range between 16 and
19°C. During hot weather, the roots may become tough.
Beets are very sensitive to soil acidity, and require a pH of
6.2 to 6.8 (17).

Beet roots may vary in color and shape. The oblate to
globe-shaped, red-rooted types are most popular. Most of
the commercial production is for processing (14).
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4. Turnip [Brassica rapa L. var. rapa (DC.)
Metzz.] and Rutabaga [B. napus L. var. 
napobrassica (L.) Reichb.]

Both turnip and rutabaga are members of the Brassicaceae
family. They are similar in plant size and general charac-
teristics. Turnip is an ancient crop with its exact origin
unknown while rutabaga is a crop of European origin
known as Swede in Europe (13, 14). The turnip roots have
little or no neck and a distinct taproot, while rutabagas
have a thick neck bearing a number of leaf-base scars, and
roots containing the taproot and those originating from the
underside of the edible root.

Turnips and rutabagas are both cool-season crops,
requiring 15~18°C for best root growth. Turnips are easy
to grow and require a 2-month growth period. Rutabagas
grow less rapidly and require an additional 4 weeks of
growth.

Both turnip and rutabaga have swollen roots of differ-
ent colors or shapes. However, most turnip cultivars are
round and white-fleshed, and rutabaga cultivars are globe-
shaped with yellow flesh. There are also turnip cultivars
grown for green foliage (14).

5. Sweet Potato [Ipomoea batatas (L.) Lam]

Sweet potato, a member of the Convolvulaceae family,
was originated from tropical America. It was grown for
its storage roots in the New World long before Columbus
arrived. Storage root of sweet potato is a major carbohy-
drate source in developing nations. It contains about
27% carbohydrate, provitamin A, vitamin C, calcium,
and iron. Tender leaves and shoot tips are also used as
vegetables in Southeast Asia. Other than food, sweet
potato has industrial applications: as a source of starch,
glucose, syrup, and alcohol. It is also used as livestock
feed. Older vines are fodder for cattle, swine, and fish.
Some vining cultivars can be used as ground cover or for
ornamental purposes (18).

Sweet potato is a tender, warm-season crop. The best
growing temperatures are 29°C days and 21°C nights,
with an optimum mean of 24°C (14, 18). It is a perennial
but commonly grown as an annual. Adventitious buds
arise from fleshy storage roots, and develop into branch-
ing vines quickly covering the ground (18).

Sweet potato is vegetatively propagated by slips or
vine cuttings. Thin skin of storage roots is easily broken.
Four to seven days of 26.6~29.4°C and 85~90% RH cur-
ing promotes the formation of cork layers on wounded
surfaces that prevent decay (18).

Storage roots of sweet potato as food have two types:
soft-fleshed and firm-fleshed (18):

a. Soft-fleshed (wet): sweeter, softer, medium to
deep orange flesh, commonly used for baking.

b. Firm-fleshed (dry): yellow skin with white, yel-
low, or light orange flesh, mostly used for boil-
ing and frying.

B. STEM AND TUBER CROPS

Stem vegetables are those grown for their succulent ten-
der shoots (asparagus, bamboo shoots), fleshy stems
(kohlrabi, celtuce, strumous mustard), starchy under-
ground tubers (potato), corms (taro), and succulent rhi-
zomes (ginger). Among them, kohlrabi, celtuce, strumous
mustard, and asparagus are seed propagated, and others
are asexually propagated. The latter have low multiplica-
tion rate and need reliable sources for healthy growing
materials. In the United States, asparagus and potatoes are
of more commercial importance.

1. Potato (Solanum tuberosum L.)

The potato, native to the Andean regions of Peru and
Bolivia, has been cultivated since early civilization (19). It
is one of the most important food crops in the world. The
Spaniards introduced it to Europe and Irish immigrants
brought potatoes to New England in 1718. The potato is
referred to as the “Irish potato” because of its association
with the potato famine in Ireland in 1845–1846. Idaho and
Washington State are the largest producers of potatoes in
the United States (20).

Potatoes are grown for their tubers, the enlarged
underground storage stems. In addition to their starch
content, the tubers serve as a good source of vitamin C.
The potato is also a source of moderate levels of protein
and minerals. The protein of potato is richer in lysine
than that of cereal, and its biological value is high.
Potatoes can be cooked in a great variety of ways. They
can also be processed into chips, French fries, flakes,
and dehydrated products. French fries and potato chips
are popular food items worldwide (19).

Potatoes are asexually propagated by healthy tubers,
which are obtained from certified disease-free stocks
grown in favorable cool areas. The young shoots develop
from the buds or “eyes” of the seed tubers. It is a cool-sea-
son crop. The interaction of photoperiod and temperature
are the most important factors affecting plant and tuber
development. Long days delay the start of tuberization,
and temperatures above 30°C prevent tuber initiation.
Tubers are usually initiated about 45 days after planting.
Following tuberization, tuber enlargement is ideal at mean
temperatures of 17°C (19).

Based on skin color and texture, potato cultivars are
classified as white, red, or russet. Russet tubers tend to be
oblong and relatively dark colored and thick skinned at
maturity. There are early, midseason, and late cultivars
according to maturity time. Based on starch content or
specific gravity, potatoes are grouped into baking, boiling,
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and processing types. Russet Burbank, the leading cultivar
grown in the U.S., is excellent for frying and baking.
Kennebec is an excellent all-purpose potato (20).

2. Asparagus (Asparagus officinalis L.)

Asparagus, a dioecious perennial monocot, is a member
of the Liliaceae family (21). The region between the east-
ern Mediterranean and eastward to the Caucasus
Mountains is the center of origin of asparagus (22). It has
been cultivated for medicinal and food use for more than
2,000 years. In the 1600s it was introduced to America.
Commercial production is centered in California,
Washington State, and Michigan (23).

Priced as a gourmet item, asparagus produces 
tender spears, unexpanded shoots each year.
Nutritionally, asparagus is a source of vitamins A and C
(22). The plant is composed of ferns, a crown, and a root
system. The fern is a photosynthetically active modified
stem called a cladophyll. The crown is a series of rhi-
zomes (underground root-like stems) attached to the
plant base. Upper portions of the horizontal rhizome con-
tain the buds from which spears arise. Fleshy and fibrous
roots develop from the lower portion of the rhizome. The
fleshy roots act as storage organs. The carbohydrates
stored in crown and roots support spear growth in the
spring.

Asparagus grows best under conditions of high light
intensity, warm days, cool nights, low relative humidity,
and adequate soil moisture. Optimum productivity occurs
at 25~29°C during the day and 13~19°C at night (22).

Female plants generally produce larger spears than
males, but the males produce more smaller-diameter
spears. All male lines are developed for superior produc-
tivity with reduced seed production (23).

C. BULB CROPS

Bulb crops are all herbaceous monocot species of Allium
and are members of Alliaceae family. The genus Allium
contains about 500 species, mostly wild. The few species
cultivated as vegetables are grown for their fleshy leaf
bases and/or tender leaves. Only onions and garlic have
prominent bulbs; all others have “pseudostems.” All bulb
crops contain the thio-allyl compound alliin which breaks
down to give a number of volatile sulfur-containing com-
pounds and give the characteristic odor and pungency of
the crop. The chemical substances in onion and garlic
especially are believed to be associated with reduced
risks of cardiovascular diseases and certain cancers 
(21, 24).

The bulb crops are propagated by seeds (onion, Welsh
onion, and Chinese chives), cloves (garlic), or division
(Welsh onion and Chinese chive).

1. Onion (Allium cepa L. Cepa Group)

Originating in Central Asia, the common onion has been
cultivated for more than 4,000 years (24, 25). As an
important flavoring, onion is a very popular crop world-
wide. Asia is the largest producer, with Japan and China
taking a share of 27%. Columbus introduced the onion to
America and it soon spread to all parts of the Americas.
Onions have many culinary uses. They can also be
processed into dry products such as rings, flakes, and pow-
der for the food processing industry. Quercetin, a flavonoid
in onions, provides the protective effect against cancer.
Onions can be planted using sets (small bulbs produced in
previous season), transplants, and seeds.

Onions are cool-season crops with optimum growth
temperature ranging between 13 and 24°C. Onion bulbing
is usually favored by long days. However, the length of day
required for specific cultivars is different. Under favorable
day length, temperatures of 21~27°C are favorable for bulb
development. Low relative humidity extending into the
harvest and curing periods are desirable (24, 25).

Onions are usually grouped by their day length
requirement for bulbing. Within the group, there are early
and late maturing cultivars. Onions can also be grouped
into mild or pungent (26):

a. Short-day type (European onion): bulbing in
response to 10~11 h of day length, mild, soft-
fleshed bulbs for fresh use.

b. Intermediate-day type: bulbing in response to
12~13 h of day length, pungent, soft-fleshed
for fresh use.

c. Long-day type (Spanish onion): bulbing in
response to 14 or more hours of day length,
pungent, hard, good for storage.

Bulbs vary in skin color, shape, and size. There are more
yellow or brown onion cultivars than red or white cultivars.

2. Garlic (Allium sativum L.)

Originating in Central Asia, garlic has been cultivated from
at least 2000 B.C. Widely grown in Asia, garlic is eaten not
only for the bulbs, but also for its foliage and flower stalks.
Each plant develops the bulb underground, and 8~20
cloves together form a cluster covered by white or purplish
papery sheath. Garlic has long been believed to have med-
ical advantages in addition to its flavoring use. It is dehy-
drated to produce garlic powder and garlic oil capsules
made of garlic extracts as a diet supplement. In the U.S.
most garlic is produced in California for the bulbs. The
planting is carried out in late summer and fall from clean
and healthy cloves. The plants overwinter in the field and
resume rapid top growth after spring. Large cloves produce
greater yields than small cloves.

20-6 Handbook of Food Science, Technology, and Engineering, Volume 1



Garlic is a cool-season crop with cloves germinating
best in temperatures of 20~25°C. The optimum tempera-
tures for plant growth and bulb development are 18~20°C
and 20~25°C, respectively. Bulbing is initiated as temper-
atures and day length increase (24, 25).

Garlic cultivars can be grouped by their day length
requirement for bulbing (26). Into “Late” and “Early”
types. They can also be grouped into hardneck and soft-
neck types. In the Orient, the softneck type is preferred for
foliage production (27).

D. COLE AND RELATED CROPS

Cole crops originated along the East Mediterranean and
Asia Minor. They are all members of the species Brassica
oleracea of the family Brassicaceae. During domestica-
tion, many cultivated types with distinct edible parts have
formed, including cabbage and Brussel sprouts (head),
kohlrabi (thickened stem), cauliflower and broccoli (inflo-
rescence), and kale and Chinese kale (foliage) (28–31). 

1. Cabbage (Brassica oleracea L. Capitata Group)

Cabbage has been used as food for more than 3,000 years.
The ancient Greeks held cabbage in high esteem. Cabbage
was probably introduced by the Romans or Celts from the
coastal regions of the Mediterranean Sea to the chalky
coasts of England and northwestern France. Present-day
cultivars most likely originated from wild non-heading
types. Now cabbage is very popular worldwide and is
grown extensively in Eastern Europe and the Far East (30).

Cabbage is a herbaceous biennial but grown as an
annual. During vegetative development, the plant produces
a succession of out-spreading leaves on a stem with very
short internodes. About 20 new leaves incurve, overlap,
and form a compact head. Leaves are broad, thick, fleshy,
heavily veined, and covered with wax. Cabbage is durable
for storing and shipping. It ranks higher than tomato but
lower than spinach in mineral content (30).

Cabbages are grown for three types of markets: fresh
market, late or stored market, and the sauerkraut market.
There are several types of cabbage head (31):

a. Wakefield: pointed, small, pointed head, early
maturing.

b. Copenhagen market: round, medium-large
head, early maturing. 

c. Flat Dutch: large, flat, very solid head.
d. Danish Ballhead: round-oval, medium-sized

head, relatively late maturing, storable. 
e. Savoy: medium-large, flat-globe-shaped head,

crinkly leaves, good quality for fresh market. 
f. Red: round, medium-sized heads, reddish-purple

leaf.

2. Cauliflower (Brassica oleracea L. var. botrytis L.)

Both cauliflower and broccoli are of the cabbage family
with cauliflower being more exact in environment and
cultural requirement. Cauliflower is grown for the curd
(head), which is the shortened shoot with bracts and
undifferentiated flower parts at the terminal end of the
plant axis. The curd may be white, creamy, yellowish
green, purple or orange. However, pure white curds are
preferred. Cauliflower was first mentioned in the U.S. in
1806. California leads in commercial production (30).

Optimum temperatures for growth are 15~20°C with
an average maximum of 25°C and minimum of 8°C.
Many tropical cultivars are early matured and require
higher temperature and long days for good vegetative
growth before forming curd. After the white head has
developed to 5~7.5 cm, it is protected from sunburn and
turning green by tying the outer leaves together over the
head center or just bending a few outer leaves to cover. In
Asia, blanching is achieved by covering the developing
head with a piece of spun-bonded material which can be
reused (28, 29).

Cauliflowers are generally grouped into three major
types by maturity (30):

a. Super Snowball (early): dwarf with medium
sized leaves and somewhat flattened, and
maturing in 50~55 days after transplanting.

b. Snowball (mid-season): larger and later, large
rounded and very dense curd, maturing 70~80
days after transplanting.

c. Winter (later): grown where winters are mild,
maturing 150 or more days after transplanting.

The later the maturity is, the larger the curd. In
California cauliflowers may also be grouped by curd size
and density.

3. Broccoli (Brassica oleracea L. var. italica Plenck)

Broccoli evolved from wild cabbage earlier than cauli-
flower and was cultivated by the ancient Romans (28).
However, it was relatively unknown in England until the
18th century. It was grown in the U.S. in the early 1800s
(28–30), but its popularity came much later.

Broccoli is similar to cauliflower in the structure of its
flower head. Unlike cauliflower, the edible plant portion is
the inflorescence consisting of fully differentiated imma-
ture flower buds and the tender portion of the upper stem.
These flower buds form a compact head. If the terminal
inflorescence is removed, secondary inflorescences may
develop in the axils of lower leaves.

Broccoli is the most nutritious of the cole crops in vita-
min content, calcium, and iron. Its anticancer properties
have been often reported. Per capita consumption 
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continues to increase. California is the largest producer in
the U.S. (30).

Broccoli is adapted to a range of soil types and can
tolerate heat to a greater degree than cauliflower. The opti-
mum temperatures for plant growth are 20~22°C and
18°C for head development. It is sensitive to boron defi-
ciency (28, 29).

There is no major subgroup for broccoli. Cultivars of
Calabrease, Green Comet, Green Duke, and Premium
Crop are popular (30).

E. OTHER LEAFY VEGETABLES

Greens are grown for leafy portions both for cooking and
salads. They are high in mineral and vitamin contents. All
greens are more of specialty crops except spinach, which
is produced on a large commercial scale. All greens in
North America are cool-season crops except New Zealand
spinach which is a warm-season crop (32).

Lettuce, endive-escarole, and chicory are leafy salad
vegetables. Their tender leaf blades with a little petiole
and stem are used fresh or raw in salads. They are excel-
lent dietary sources of bulk and fiber. Only lettuce is
grown on a large scale (34).

1. Chinese Cabbage, Pe-tsai (Brassica rapa L.
Pekinensis Group)

Chinese cabbage is native to China and eastern Asia (32).
Its recent popularity has resulted in a considerable increase
in production in Europe and the U.S. It produces an elon-
gated head. Moderate day and cool night temperatures are
essential for productivity and quality. Temperatures rang-
ing between 13~21°C are suitable for its growth (28).

High temperature during head formation causes a
loose head and increased incidence of tipburn. There are
several types of head: elongated, shorter, tall, and short
and compact (28, 32).

2. Spinach (Spinacia oleracea L.)

Spinach is thought to be native to Central Asia. It ranks
second only to broccoli in total nutrient concentration.
Spinach is used fresh and for canning, freezing, and
pureed baby food. Due to a short growth period of 30~50
days, annual spinach is cultivated between planting of
other vegetable crops (33). 

Spinach is usually dioecious, rarely monoecious.
Dioecious types produce extreme male and vegetative male.
The extreme male plant is small. While vegetative male and
female plants produce more foliage and flower later, they
are the preferred types for commercial production (33).

Spinach is a hardy, cool-season vegetable. It prefers
15~20°C for growth, 15°C for seed germination. Spinach
is direct-seeded. Sized seed and specialized belt seeders
are used to reduce seeding rate (33).

Cultivars of spinach are classified into three types (33):

a. Savoy type: large, fresh market use, suitable for
long distance shipment for less anaerobic respi-
ration.

b. Smooth-leaved: mostly for processing, preferred
for easy washing of leaves.

c. Semi-savoyed type: for both fresh market and
processing into frozen packs. 

3. Lettuce (Lactuca sativa L. var. capitata)

Lettuce is native to the Mediterranean and inner Asia
Minor. Until the 18th century, lettuce was widely used in
the Americas. Now the U.S. leads in the production and
consumption of lettuce in the world. Lettuce cannot be
processed. It is a leafy salad vegetable (34).

Lettuce prefers 24°C for seed germination, and
18~23/7~11°C of day/night temperatures for growth.
Lettuce is direct-seeded or transplanted. Coated or pel-
leted seeds are direct-seeded by seeders. Osmo-condition-
ing of seeds and fluid drilling are also used (34).

There are four distinct types of lettuce (34):

a. Crisphead type (Iceberg): large and solid head,
usually over 0.9 kg and 15.2 cm in diameter,
brittle and crisp leaves with prominent veins and
midribs, very large outer leaves in medium to
dark green, inner leaves tightly folded in light
color, most durable for shipping and handling.

b. Butter-head type (Boston, Bibb, or semi-head-
ing): smooth, soft, pliable leaves forming a
loose head, better table quality and more deli-
cate flavor than crisp-head type, leaves easily
torn and bruised, mainly for local markets,
often for greenhouse production.

c. Cos type (Romaine): long and narrow leaves,
upright plant, long and somewhat loose heads,
more tolerant to stress, best for local markets.

d. Loose-leaf type (bunching): not heading, early,
easy to grow, popular in home garden, not suit-
able for long distance shipment because of its
short market life, produced primarily in green-
houses in winter.

Stem lettuce or celtuce (L. sativa var. asparagina
Bailey) is grown for its thick, succulent stem. It is usually
cooked in stews and other dishes, or pickled. Stem lettuce
is popular in the Far East, but not widely grown in the U.S.

4. Celery (Apium graveolens L. var. dulce)

Celery originated in Sweden. It was initially used for
medicinal purposes. Now the long, fleshy, but low nutritive
content petiole is harvested for its flavor and texture,
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mostly for the fresh market. It is used mainly as a salad
crop, in soups, and a small portion is dehydrated. The
seeds are also used as a condiment for flavor (35).

Celery is a biennial but grown as an annual. Outer ribs
along the petiole’s abaxial length are composed mainly of
thick-walled collenchyma cells responsible for mechanical
strength and stringiness. Celery demands a particular cli-
mate. It prefers 15.6~18°C for growth. The production costs
per acre are the highest among all vegetable crops (35).

Celery cultivars are classified into two types (2).

a. Golden (yellow or self-blanching) type: golden
foliages, earlier, less vigorous, thinner petioles,
more sharply ribbed, stringy, more inferior in
eating and keeping quality, primarily for spe-
cialty markets.

b. Green type: green foliages.
(i) Utah type: predominate, many attractive

and well-overlapped petioles, a well-
developed heart.

(ii) Summer Pascal type: excellent eating
quality, generally lacking compactness,
few petioles, poor heart development,
less affected by cold, less likely to bolt in
early planting.

(iii) Slow Bolting type: less affected by cold,
less likely to bolt in early planting. 

Celeriac or knob root celery (Apium graveolens var.
rapaceum) is grown for its enlarged roots. Smallage 
(A. graveolens var. secalinum), grown long before celery,
is most popular in Asian and Mediterranean regions. It
produces rosettes of long, thin petioled leaves (16, 36).

F. FRUIT VEGETABLES

Fruit vegetables are grown for their fruits for consump-
tion. They are mainly grouped into cucurbits, legumes,
and Solanum fruits. Within the same botanical family, dif-
ferent crop species have similar cultural requirements and
pest problems. Other fruit vegetables include okra and
sweet corn.

1. Cucurbitaceae

The Cucurbitaceae, a very important food crop family, has
been consumed and utilized by human beings for more
than 10,000 years. The gourd family consists of 118 gen-
era, only 9 of which are used as vegetables. Among them,
three genera, i.e., Cucumis, Citrullus, and Cucurbita, are
of more commercial importance in the world; however, the
others are of greater importance in Asia or other regions.
These include the genera Benincasa, Lagenaria, Luffa,
Momordica, Sechium, and Trichosanthes. The genera
Cucurbita (pumpkin and squash) and Sechium (chayote)
were domesticated in the Americas while the others were

of old World origin (originating in Asia and Africa). All are
warm season crops and very susceptible to cold injury.
However, some types adapt to cool and dry climates. They
are herbaceous annuals except chayote which can be
grown as perennial. These cultivated species of the
Cucurbitaceae family have similar plant habits and cultural
methods. They are also known as cucurbits or vine crops.
The plant is either a climbing or trailing vine or a bush
type. The bush type is of determinate growth and usually
bears earlier than vine type. The root system consists of a
deep taproot and highly branched short laterals with hori-
zontal distribution similar to the range of plant canopy.
They are grown mainly for their fruits. Other parts of the
plant may also be consumed for food such as the seeds of
watermelon and squash, the flowers of squash and luffa,
and the shoots of chayote. Indeterminate vines continue to
grow until the plant dies. Side shoots emerge from the leaf
axils. Large leaves are borne singly and alternate (38–41).

Most cucurbits are monoecious, producing female and
male flowers at separate nodes in the same plant. Usually
female flowers are borne singly and male flowers either
singly or in cluster in the leaf axils. Melons have andromo-
noecious type, producing perfect flowers and male flowers
in the same plant. The gynoecious types, producing only
female flowers, are also available in cucumber. The sex
expression, a genetic trait, can be modified by environ-
mental factors and growth regulators. High temperature
and long days favor male blooms, while low temperature
and short days favor female flowers. The use of ethephon
induces female flowering while gibberellic acid and silver
nitrate promote male flowers. The plants can be manipu-
lated for the purpose of seed production (38–41).

Most cucurbits can be grown from direct seeding or
by transplanting; however, special care is required for the
latter practice (43). The seedlings are grown in individual
containers to 3~4 true leaf stage to be transplanted. Most
crops are direct-seeded in the field in the U.S. The plant
spacing varies according to the plant types, with closer in-
row spacing for small vined and bush types than for large
vined ones. The plastic mulch can be used in the field to
raise the temperature for early plantings. A critical period
for water occurs during blooming and early fruit set. For
sufficient pollination of the plants, the beehives may be
brought into the field after female flowers bloom.
Cultivation, weed control, irrigation, and pest control are
managed similarly to all vine crops (39, 42).

a. Bitter melon (Momordica charantica L.)
Bitter melon, indeginous to the tropics of India or
Southeast Asia, is very popular in tropical areas. It is dis-
tinct from other vegetable cucurbits by its delicate
foliage, slender stems, and simple tendrils. The fruit sur-
face is studded with protuberance. The bitterness of the
fruit is due to momordicosides, glycosides of tetracyclic
triterpenoids. Immature fruits are less bitter and can be
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eaten raw or cooked. They may also be picked or dried
for later use. At maturity the fruits turn orange and split
open at the blossom end, to expose the bright red fleshy
arils surrounding the seeds. The sweet arils can be eaten.
Young shoots, leaves, and flowers are eaten as potherbs
in India and southeast Asia. All parts of the whole plant
are employed as folk medicine. The fruit of bitter melon
is a good source of vitamin C, and has been also investi-
gated as an agent inhibiting growth of the HIV virus. 

Bitter melon requires warm, sunny areas with fertile,
high water-retaining soils of pH 5.5~6.5. The optimum
temperatures for seed germination are 30~35°C, for vine
growth and fruiting, 25°C. Commercial crops are pro-
duced either on ground or on support in arch shape or in
triangle shape. The fruits are usually protected from light
and fruit flies with paper bags or crude fibers (42, 44).

The cultivated forms of bitter melon are grouped by
fruit color into white, light green, and green; by fruit
shape into spindle, pear-shaped, or elongated; by fruit size
shape into regular (up to 30 cm long and 10 cm in diame-
ter) and wild (up to 8 cm long and 4 cm in diameter); and
by the shape of protuberence.

b. Pumpkins and squashes (Cucurbita spp.)
Pumpkins and squashes consist of four of the five culti-
vated species of the genus Cucurbita. They originated in
tropical and subtropical America and have been culti-
vated for thousands of years. However, different types of
pumpkins and squashes are not easily distinguished by
botanical names or by morphological characteristics.
The inter-crossability among different types and among
species makes clear classification difficult. The classifi-
cation is largely based on culinary use and stage of
maturity. C. moschata is believed to have originated in
Central America or northern South America, C. maxima
in the Andes Mountains of South America, and both C.
pepo and C. argyrosperma in northern Mexico and the
southwestern U.S. After pumpkins were introduced to
China and Japan, they became important vegetable crops
there and many Oriental types were derived. This gives
much diversity in fruit shape color and size to the crop
(42, 44).

The crop requires a warm season with temperatures
between 18 to 30°C for optimum growth. Optimum tem-
peratures for seed germination are 25~30°C, and for fruit
development, 25~27°C. Growth period from planting to
harvest ranges from 40~60 days for summer squash to
80~140 days for pumpkins and winter squash. For early
production, a light loamy soil is desired. Sunny, dry
weather is important for successful pollination by honey-
bees and good fruit development (39, 42, 43).

C. maxima, in general, has better fruit quality in
flavor and texture than C. moschata. But C. moschata has
disease resistance and with stands high temperature bet-
ter than C. maxima. 

In the U.S. Cucurbita species with round and orange
fruits are called pumpkins, while those that have fruits of
other colors and shapes are called squashes (39, 43):

(i) Summer squash: Commonly C. pepo, grown
for their immature fruits with soft skin, includ-
ing yellow crook neck and straight neck, scal-
lop squash, cocozelle, and zucchini.

(ii) Winter squash: including all four Cucurbita
species, grown for mature fruits usually with
hard rind, such as acorn, hubbard, butternut,
banana, and orange marrow. 

(iii) Pumpkins: mostly C. pepo and C. moschata,
grown for their ripe fruits used as an ingredient
in pies. 

The naked-seeded pumpkins are grown for their seeds
to be roasted for snacks. C. maxima can grow to jumbo
size (22~45 kg) for exhibition purposes.

c. Cucumber (Cucumis sativa L.)
Both cucumber and melon are members of genus Cucumis;
each belongs to a different subgenus. Cucumber is indige-
nous to India and has been cultivated for more than 3,000
years. It also has a long history in China where it is con-
sidered a secondary center of genetic diversification. Early
travelers brought cucumber to Mediterranean countries
(42). In the early 14th century, cucumber was cultivated in
the U.K. It was introduced to the U.S. by 1539. Now
cucumber is widely used as fresh and processed products.
The leading U.S. States for fresh market cucumbers are
Georgia and Florida, while Michigan, North Carolina, and
Texas lead in processing type production (43).

Cucumber requires temperature of 30°C during the
day, 20°C at night for optimum plant growth. The seeds
germinate best in 25~30°C, and in this range, fruits
develop rapidly. The crop growth rate increases steadily as
the temperature increases to 32°C (42, 43). Glasshouse
cultivation is also common for the cucumber in Northern
Europe, Asia, and the Middle East.

Cucumbers are divided by use into slicing type and
pickling type, by culture into outdoor type and green-
house type (39, 43):

(i) Pickling cucumber: fruits cylindrical in shape
with blocky ends and a medium green color.

(ii) Slicing cucumber: smooth, symmetrical, and
white-spine fruits longer than pickling type,
with glossy, dark-green skin.

(iii) Greenhouse cucumber: mostly parthenocarpic
(set fruit without pollination).

d. Wax gourd (Benincasa hispida (Thunb.) Cogn)
Wax gourd is the only species of the genus Benincasa,
which is named for Italian botanist Count Benincasa. The
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species name refers to the pubescence on the foliage and
immature fruit. Of Indo-Malayan origin, wax gourd is an
important vegetable in India, China, the Philippines, and
elsewhere in Asia. Both mature and immature fruits are
consumed, either cooked or picked. The mature fruits har-
vested in summer can be stored at 13~15°C and 70~75%
RH for over 6 months. The name winter melon refers to
its long storage life. The fruits are especially valued for
their high water content, bland taste, and cooling proper-
ties. The sliced pulp is dried for later use, and sometimes
candied in sugar syrup. The candied fruits are boiled to
make the popular summer drink, wax gourd tea, served as
a seasonal and festival specialty. The Chinese steam the
entire mature fruit as a soup tureen with various stuffed
ingredients. In addition to the food value, wax gourd is
also important in traditional medical practices. The rinds
and seeds are part of various medications throughout
Southern Asia. The fruit wax is sometimes collected to
make candles. Mo-kwa (B. hispida var. Chieh-qua How.),
a botanical form of wax gourd, is usually grown for its
immature fruit which is about 0.4~0.7 kg and 18~25 cm
long. It is high yielding and more heat tolerant.

Wax gourd grows best in sunny, moderately dry areas.
It requires fertile, well-drained soils of pH 5.5~6.4. The
optimum temperatures for seed germination are 30~32°C
and for plant growth and fruiting 24~27°C (42, 44). The
cultivated forms of wax gourd can be divided by fruit
shape into long cyclindrical and short cylindrical; by fruit
size into small (1.5~5 kg) and large (7~20 kg); and by skin
color and the presence of waxy white bloom on fruits into
dark green, light green, and waxy. 

e. Other Cucurbits
As many Asian immigrants moved to the U.S. other cucur-
bits of Asian or African origin become common in areas
with large Oriental populations. These crops include
immature fruits of smooth luffah (Luffa aegyptaca Miller),
angled loofah [L. acutangula (L.) Roxb.], bitter melon
(Momordica charantia L.), bottle gourd [Lagenaria sicer-
aria (Mol.) Standl.], wax gourd or Mo-kwa, the immature
fruits of Benincasa hispida. Among these, bitter melon
also has medical use (42, 44).

2. Legumes

Vegetable legumes, all dicotyledonous annuals, are mem-
bers of the Leguminosae (Fabaceae) family. The immature
fruits are important vegetables and the dry seeds are an
important staple food. In some, the leaves, tender shoots, or
the roots are harvested and used as vegetables (47).
Legumes may be classified according to the position of the
cotyledons in the germinated seedlings. Epigeal is the type
where cotyledons are above the ground; hypogeal is the
type where cotyledons remain underground. Many legumes
can assimilate their own source of nitrogen as a result of a
symbiotic relationship with bacteria of Rhizobium in their

root nodules. However, before successful symbiotic rela-
tionship is established, the crop still needs adequate supply
of nitrogen in the soil for growth (46, 47).

Peas and broad beans are cool season crops while
beans are warm season crops, intolerant of frost. Each
legume species has strains or varieties adapted to a partic-
ular range of conditions. All vegetable legumes are direct-
seeded to the field. The pole type or the tall cultivars are
usually supported or trained to poles. Generally bush types
require less time for flowering than the pole cultivars (48).

a. Common bean, Snap bean (Phaseolus vulgaris L.)
Common bean is the most widely cultivated bean in the
genus Phaseolus. Over 7,000 years ago, on common bean
originated in Central and South America. It was intro-
duced to Europe in the 16th century and soon spread to
other parts of the Old World (47). Beans are marketed
fresh, canned, or frozen. Wisconsin is the largest bean-
producing state for processing and Florida leads in fresh
market production (48, 49).

The optimum soil temperature range for germination
is 25~30°C. The optimum temperature range for growth is
16~30°C. Temperature above 30°C at flowering can cause
flowers to abort. Vine types are adapted to cooler temper-
atures than bush types. The desirable maturity character-
istics are undersized seed development and low sidewall
fibers (47–49).

Common beans are divided into bush and vining types
according to growth habits, and fresh market and process-
ing cultivars according to uses. Based on pod color, com-
mon beans are either green-podded or yellow-podded,
sometimes even purple-podded. Beans may also be classi-
fied by shape of the pod or color of the seeds (48).

b. Lima bean (Phaseolus lunatus L.)
There are two types of lima beans, the large-seeded and
small-seeded types. They originated in both Central and
South America before 5000 B.C. (47). The Native Americans
spread the crop and it became an important vegetable crop
in the U.S. It can be consumed fresh, frozen, or canned. The
lima bean growth habit is similar to the common bean.
California is the only state to harvest dry lima beans, both
baby lima beans and large-seeded ones (48, 49).

Lima beans require a slightly warmer climate than
common beans (47). They germinate at 15~30°C with an
optimum soil temperature of 25°C. Mean monthly temper-
atures of 15~24°C are necessary to grow the crop. The
small seeded type, being less restrictive, can tolerate hotter
and drier conditions than the large-seeded one (47).

The U.S. cultivars have seed coats of white, creamy,
buff, or light green. The large-seeded type is narrowly
adapted, but is of better quality. The small-seeded type is
grown widely (48):

(i) Bush type: productive with small seeds, ex.
Henderson, Early Thorogreen.
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(ii) Pole type: largely for home gardens (Pierce),
producing small seeds.

c. Peas (Pisum sativum L. ssp. sativum)
As one of the most ancient crops, peas originated in the
eastern Mediterranean region and Near East. Peas can be
dated to 7,000~9,000 years ago (47, 48). Dry peas were
utilized as food in Europe from very early days and green
peas were not used until the 16th century (46). The edi-
ble podded types evolved in more recent times. In the
Orient, the tender shoots of peas are used as greens (50).
The term English pea reflects many cultivars of peas
developed and grown in England. Columbus brought the
pea to North America where it quickly spread to all parts.
Commercial production in the U.S. is primarily for pro-
cessing, including canning and freezing. Seeds are either
smooth or wrinkled; the former is starchy and the latter is
sweeter (48, 49).

Peas thrive in cool and moist weather. The crops grow
best at mean temperatures of 13~18°C. Long days and cool
temperature accelerate flowering. The smooth-seed types
are more adapted to cool weather conditions than the 
wrinkle-seeded types. The edible podded types are more
adapted to warm conditions than the green pea types. Heat
units are commonly used to predict harvest dates for the
processing industry (47).

There are several types of peas, including shelled
peas, edible podded peas, and dry peas. Pea cultivars are
classified by seed color, growth habit, seed quality, and
pod appearance (48, 49):

(i) Dry peas: light green seed color, starchy.
(ii) Canning peas: most determinate, light green

and sugary seeds.
(iii) Freeze peas: most determinate, dark green and

sugary seeds.
(iv) Edible podded peas: pods lacking the stiff,

papery inner parchment, the whole pods con-
sumed.
(a) Snow peas: sugary seeds slightly enlarged.
(b) Snap peas: sugary seeds more developed

and pod wall thickened.

d. Southern pea [Vigna unguiculata (L.) Walp.
ssp. unguiculata (L.) Walp.]

The origin of Southern pea is rather obscure. It is possibly
of tropical African origin (47) or from India (47, 48). There
are three distinct cultivar groups in Vigna unguiculata, char-
acterized by growth habit and pod character (48). The
immature pods of all three are used as vegetables. The yard-
long bean is more popular to the Southeast Asians with pods
ranging from 30 to 75 cm in length. Catjang cowpea has
erect small pods 7~12 cm long with small and cylindrical
seeds. It is more common in India. Southern peas, also

known as black-eye peas, are mostly confined to the south-
ern U.S. They are grown primarily for the green shelled
seeds, a large amount of which are processed and canned or
frozen (48).

Southern pea grows best in hot, dry climates.
Optimum temperatures for growth are 27~30°C during
the day and 17~22°C at night. It tolerates heat better than
common beans or lima beans. Fresh market peas may be
harvested 16~17 days after bloom (47).

Cultivars of southern pea differ in maturity, in pod
color, crowding of seeds in the pods. Black-eye peas refer
to those having a dark outline or eye around the hilum.
Other major types include purple hulled and creamy yel-
low. The large cultivars are well suited for pick-your-own
and local sale (49).

3. Solanum Fruits

Solanum fruit crops, all of tropical origin, are members of
the  Solanaceae family. They include tomato, peppers (both
bell pepper and chili), and eggplant, all grown as annuals
for commercial production. Tremendous phenotype varia-
tions are available in fruit shape, size, and color. They are
warm season crops with eggplant being more heat tolerant
than pepper and tomato. Chili pepper can grow in higher
temperature than bell pepper. The potato, in the same genus
as the eggplant, is discussed under stem and tuber crops
(20, 52).

These crops share similar disease problems. In some
countries, grafting culture of tomato and eggplant on
resistant stocks is used to combat soil-borne diseases.
Early production can be forced by planting transplants to
fields mulched by plastics. Direct seeding can be success-
fully used for later, especially processing, production.
Transplants are usually greenhouse grown in plugs.
Tomato and bell pepper are grown in glasshouses or other
protective structures in some regions where climate limits
field production (20).

a. Tomato [Lycopersicon esculentum (L.) Mill]
The tomato originated in the Andes of South America and
evolved from the cherry tomato (L. esculentum var.
cerasiforme). However it was introduced from Mexico to
Europe early in the 16th century (37, 52). Early use of
tomato was hampered by the belief that it was poisonous,
because many of the Solanum species contain alkaloids.
The tomato was introduced to the U.S. in 1710, and was
produced in New Orleans in 1779 (51, 52).

On a worldwide basis, tomato is one of the most impor-
tant vegetables or salad plants (37). The acid sweet taste and
unique flavor account for its popularity and diverse usage.
Although not among the most valuable crops in nutrient
contents, tomato is an important source of vitamins A and C
because of the substantial per capita consumption. The U.S.
leads in total tomato production and processing. California
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and Florida lead the nation in fresh market and processing
tomato, respectively (20).

Tomato requires temperatures of 25~30°C for opti-
mum germination. Day temperatures of 25~30°C with
night temperatures of 16~20°C are optimal for growth and
flowering (20, 51, 52). Fruit set is best between 18~24°C
with night temperatures more critical than day tempera-
tures. Cultural practices of pruning, staking, and caging
are used to increase light interception and aeration for
production enhancement.

Tomatoes are classified as determinate and indetermi-
nate in growth. Higher planting densities are given to the
former type to compensate for their lower yield potential.
Tomatoes are grouped into fresh market, processing, and
home garden types according to use. Processing cultivars
are usually determinate and ready for harvest in 75 days
after field setting. The greenhouse tomatoes are indeter-
minate and the home garden types may be either determi-
nate or indeterminate. Variation in shapes (globe to pear),
fruit color (yellow, pink, and red), and size (cherry, beef)
exist in different cultivars (20). 

b. Pepper (Capsicum annuum L.)
With a long history of cultivation of more than 7,000 years,
peppers are native to tropical and subtropical America (52).
Among the five domesticated species in the genus
Capsicum, C. annuum is the most widely cultivated and
economically important species and includes both bell pep-
per and chili pepper. C. frutescens has small fruits. Tabasco
is the best known cultivar and is grown commercially for
making Tabasco sauce (20, 54).

Columbus introduced peppers to Europe, and subse-
quently to Africa and to Asia. Peppers were soon inte-
grated into people’s cuisine due to the characteristic flavor
and pungency. In addition to use as food or spices, pep-
pers are also used in pharmaceutical products such as pep-
per plaster. The pepper is an indispensable food in many
countries. Asia is the largest producer with China leading
in world production (53). In the U.S. New Mexico leads
in chili pepper production while California leads in bell
pepper production (55). Peppers are good sources of vita-
mins C and A.

The pepper is a warm-season crop. The optimum tem-
perature for pepper growth and development is higher
than that for tomato. The seeds germinate rapidly in
25~30°C. The base growing-degree-days temperature is
18°C. The average temperature for optimum growth is
21~30°C, for fruit set 20~25°C, and for color develop-
ment 18~24°C. The plants are not photoperiod sensitive
for flowering. The small fruit cultivars are more tolerant
to high temperature extremes (51–53).

Peppers are classified into two main types, the sweet-
fleshed fruit and the pungent fleshed fruit. They can also
be grouped by fruit appearance and use. Classified by pod

type, there are bell, pimiento, cheese, ancho, cayenne,
Cuban, jalapeno, serrano, wax, and cherry, among others.
Important commercial types are listed as follows (20, 54):

(i) Bell type: large blocky fruit with three to 
four lobes and thick flesh, mature green fruits
harvested for fresh market, mature colored
fruits in red, orange, or gold also in commer-
cial markets.

(ii) Cherry peppers: round or slightly flattened
fruits, orange to deep red when harvested,
sweet or hot, small or large.

(iii) Chili type: pungent and thin flesh fruit, from
cherry size to slender fruit up to 20 cm long.

(iv) Pimento peppers: fruit sweet with thick wall,
conical or heart-shaped, turning red at maturity.

(v) Tabasco peppers: fruits 2.5~7.5 cm long, slim,
tapered, and highly pungent.

Peppers can be fresh, canned, brined/pickled, frozen,
fermented, dehydrated, and extracted for oleoresin (53).

c. Eggplant (Solanum melongena L.)
Native to India, eggplant is not as popular as tomato or
pepper as a vegetable. However, it is widely used in
China, India, Japan, and many Mediterranean countries.
The name eggplant is believed to reflect the early forms
with small, white fruits resembling eggs. There are in gen-
eral three forms of eggplants: round egg-shape fruits, long
slender fruits, and dwarf plant form (20, 51, 52). Fruit tis-
sues contain high levels of phenolics; upon cutting they
are quickly oxidized by enzymes, resulting a brown dis-
coloration of the flesh (51).

Introduced to American gardens in 1806, the eggplant
was primarily an ornamental curiosity until the 20th cen-
tury. Commercial eggplant acreage is primarily located in
Florida and New Jersey (20).

Eggplant is very sensitive to low temperatures and it
requires a relatively long, warm growing season.
Optimum temperatures for seed germination are
24~32°C, for growth and development, day temperatures
of 22~30°C and night temperatures of 18~24°C. The
elongated fruit type tends to be more resistant to high tem-
perature than the round fruit type. To have high yield,
plants require high light intensity (51, 52).

There are two basic types of eggplants based on fruit
shape (52):

(i) Standard oval shaped type: large, smooth,
glossy purplish-black fruit.

(ii) Oriental type: long slender purple-black fruit.

There are also types with white, yellow, or apple-
green-colored fruits.
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4. Sweet Corn (Zea mays L.)

Sweet corn is a monocot of the Poaceae (Gramineae) fam-
ily. An ancient crop dating from about 5,000 B.C., corn
originated in the highlands of central and southern
America. Sweet corn originated from a mutation of grain
corn (56). Corn was not popular initially because it was
difficult to store. Commercial sweet corn production began
about 200 years ago in the U.S. The U.S. leads the world
in sweet corn production. In addition to fresh use, a con-
siderable volume is processed by canning and freezing of
kernels after removal from the cob (57).

Corn plants are monoecious with male flowers borne
as the terminal inflorescence on the main stem and female
flowers borne as lateral ear shoots. The basal nodes of an
ear shoot are concentrated with little internode space. They
form a tight husk around the developing ear. Each individ-
ual kernel is a single-seeded fruit composed of a small
embryo and a large endosperm. Sweet corn kernels contain
less starch, and more sugar and water-soluble polysaccha-
rides which are responsible for the creamy texture (56).

The optimum temperature range for corn growth is
24~30°C. In general, the warmer the air temperatures, the
faster the corn will grow to maturity (57). However, moder-
ate temperatures are optimum for carbohydrate accumula-
tion. Cool nights are particularly important at harvest time.
Plants flower sooner when days are short. The crop is sensi-
tive to soil acidity, requiring a soil pH of 6.0~6.8. It requires
high water, but not waterlogging and high fertilization.

Sweet corn cultivars are classified by kernel color (yel-
low, white, and bicolor), maturity date (early and late), and
use (market, freezing, canning, or shipping) Classified by
kernel sweetness, there are the following (57):

(a) Standard sweet corn: containing the recessive
su 1, traditional sweet corn flavor and texture.

(b) Modified sugary sweet corn: containing the sug-
ary enhancer gene se, high sugar, thin pericarp.

(c) Supersweet corn: containing recessive sh 2 gene,
higher in sugar, lower in starch, tougher skinned.

G. BEAN SPROUTS

Bean sprouts are produced mostly from germinated seeds
of mungbean [Vigna radiata (L.) Wilcz] and soybean
[Glycine max (L.) Merr]. The use of bean sprouts has long
history in China. The seeds are soaked for 24 h, sprouted,
and allowed to grow in the dark for several days before
harvest for consumption. The etiolated hypocotyls and
young cotyledonary leaves are eaten with other vegetable
dishes (58). The sprouts are a good source of vitamins B1

and B2 and dietary fiber. More than 20 kinds of sprouts
have been developed. Among them, pea sprouts and alfalfa
sprouts are popular vegetable sprouts grown from legume
seeds. Light exposure a few days before harvest produces
pea sprouts green in color. Sprouts are grown under light

to harvest green sprouts. Daily watering is necessary. The
growth of sprouts does not require supplemental nutrients
but depends on the storage reserve of the seeds. Given
optimum temperature for seed germination, water for
sprouts to grow, and proper aeration, bean sprouts can be
produced year round in controlled environments (58).
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I. INTRODUCTION

Vegetables are considered a significant part of all major
dietary guidance systems. Their many chemical elements
and compounds are known to affect thousands of physio-
logical functions and to promote health (1). This chapter
provides an overview of nutrients and non-nutrient phyto-
chemicals commonly found in vegetables, along with a
description of the basic nutrient profile for vegetables in
general. Factors affecting nutrient variations, both natu-
rally occurring and due to processing, are summarized.
Lastly, this chapter reviews many of the purported health
benefits derived from various vegetable phytochemicals.

II. NUTRIENTS

A. NUTRIENTS

About a century ago, researchers observed that growth
and survival of animals was directly affected by various
individual components in foods. These components were
termed nutrients and were to be considered required for
normal growth and health. In the early 1900s, researchers
began to focus on the disease-preventing properties of

vegetables. McCollum and colleagues realized that the
addition of vegetables to a seed diet was necessary to pre-
vent deficiency conditions in omnivore species (2).
Researchers then realized that a diet deficient in even a
single essential nutrient (required from food), could result
in a dietary deficiency disease or even death (3).

Strictly speaking, nutrients are compounds that
cannot be synthesized by the human body from other
chemicals or cannot be synthesized rapidly enough to
meet the needs of the body. Thus, by the classical defini-
tion of nutrient, the term “essential nutrient” is redundant.
However, the terms “non-essential nutrient” or “dispensa-
ble nutrient” are sometimes used to describe chemical
compounds that are contained in foods and have a func-
tion in the body, but are typically synthesized by the body
in adequate amounts.

As nutrition science evolved, a third category of nutri-
ents has been identified as “conditionally essential.” This
terminology is used to describe substances that may
become essential under specific conditions that reduce the
body’s capability to synthesize adequate amounts of the
compound. This may be caused by changes in physiolog-
ical demands due to a genetic defect, a disease condition,
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the stress of surgery, or the use of certain drugs such as
statins and Co-enzyme Q10 (4,5).

Presently, there are approximately 50 individual food
elements and chemical compounds identified as essential
nutrients. These nutrients are classified into six broad
chemical categories based on chemical structure and func-
tions including water, proteins, fats, carbohydrates, vita-
mins, and minerals. Table 21.1 lists nutrients by
essentiality category and the basic physiological functions
of providing energy, structure, or regulation of the body’s
thousands of chemical reactions.

Nutrients frequently act in concert to regulate specific
physiological functions. For example, calcium, magne-
sium, and potassium regulate muscle contraction and
relaxation (7,8). Vitamins B-6, B-12, and folate function
in concert to prevent the excessive accumulation of homo-
cysteine, which in turn reduces the risk of coronary artery
disease (9).

The proper proportion of specific nutrients is also
important in maintaining health. For example, the ratio of
omega-3 fatty acids (primarily from fish oils and some
vegetable oils) to omega-6 fatty acids (primarily derived
from many vegetable oils) is an example of the essential-
ity of correct nutrient proportions. Both types of fatty acid
are essential for regulating eicosanoid synthesis which in
turn affects physiological functions such as blood pres-
sure, inflammation, and blood clotting. The appropriate
proportion of omega-3 to omega-6 fatty acids is 1 to 4 up
to 1 to 10. An imbalance of these fatty acids appears to be
related to various chronic health problems (10).

Nutrients, even essential nutrients, are known to be
harmful in excessive amounts. The Institute of Medicine
has published both the recommended levels of intake and
the tolerable upper intake levels for many nutrients. These
recommendations provide guidelines on what constitutes
generally safe ranges of intake and what levels of a nutri-
ent may be excessive and even harmful to humans
(11–14).

The use of certain drugs may require nutrient intake to
be maintained within a more narrow range. For example,
excess vitamin K intake, even from naturally occurring
plant sources, can interfere with the function of common
blood anticoagulant drugs (15).

B. NUTRIENT PROFILES

Foods from various common food groups (meat and poul-
try, milk products, fruits, vegetables, grains, and beans)
have classic nutrient profiles or distinctive nutrient finger-
prints. Typically, these nutrient profiles are expressed as
the amount of various key nutrients typically contained in
100 grams of edible portion.

Compared to other food group nutrient profiles, veg-
etables provide the nutrient characteristics that most con-
sumers perceive as health promoting (Table 21.2).

Vegetables contain no cholesterol, very little fat, sugar,
and sodium, yet provide concentrated sources of many
vitamins and minerals. There are literally hundreds of
vegetables, with the majority of these cultivated in Asia
(17). Table 21.3 presents representative nutrient ranges
and means for 38 of the more commonly consumed veg-
etables in America (18).

C. FACTORS AFFECTING NUTRIENT COMPOSITION

OF VEGETABLES

Biological, chemical, and physical factors all affect the
nutrient composition of vegetables. For these reasons,
nutrient values for any particular vegetable may differ
significantly from published values commonly used in
databases. Table 21.4 presents a partial list of factors that
can significantly affect variability of nutrient content in
foods. Comprehensive texts and research papers (as well
as references cited within) are referenced in this table for
those interested in a deeper understanding of any single
production factor.

Because of the virtually endless possibilities of factor
combinations, there is no definite set of rules dictating
how the exact nutrient composition of any single plant
may vary from the usual. Vitamins and minerals, rather
than protein, fat, and carbohydrates, are the nutrients
likely to have the greatest variation even within a single
plant species.

Vitamins, functioning as cell regulating cofactors,
will continue to be utilized by the plant even after being
harvested (24). Other factors such as heating, acid, or
alkaline exposure, and processing techniques that cause
oxidation can decrease the vitamin concentration to a
fraction of the initial value (25).

The content of some minerals in plants is dependent
upon the amount of a particular element available in the
soil for the growing plant. For example, depending upon
the selenium content in the soil, plants may have very low
levels of selenium or contain toxic amounts.(26).

D. BIOAVAILABILITY

Even though vegetables may contain ample quantities of
nutrients and phytochemicals, some vegetables also con-
tain chemicals that bind with nutrients and phytochemi-
cals making the beneficial compounds unavailable for
absorption. An understanding of these bioavailability con-
siderations is essential to avoid using nutrient data of veg-
etables in a misleading way (27,28).

Nutrient antagonists can significantly decrease the
bioavailability of nutrients from foods. High levels of one
mineral may competitively reduce the absorption of another
mineral element. For example, magnesium interferes with
calcium absorption (29). Zinc also is known to interfere
with magnesium absorption (30). Phytochemicals, like
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dietary fiber and phytic acid, can reduce the bioavailability
of minerals such as iron or calcium.

Minerals are the nutrient class most commonly
affected by decreased bioavailability. Most commonly, the
low availability of the mineral to the body is due to 
the mineral’s chemical form or to other components in 
the diet. Bioavailability for each mineral can vary exten-
sively. For example, on the average, a human absorbs
from the diet about 1 to 10% of the iron and manganese,
1 to 20% of the zinc, and 15 to 40% of the magnesium and
calcium. These percentages will vary based on the quan-
tity of food components such as dietary fiber and oxalic
acid which bind with minerals making them unavailable

for absorption. Spinach is a good example of a vegetable
with relatively high levels of calcium that are virtually
unavailable to the body due to the high oxalate concentra-
tion in the spinach. Consequently, listing spinach as a
food that is high in calcium is technically correct, how-
ever, it is deceiving because it is not a good source of cal-
cium for humans (31).

Another factor that can affect the bioavailability of
minerals is the physiological status of a person. For some
minerals, the efficiency of absorption is increased (within
certain limits) during times of dietary deficiency and the
absorption efficiency is decreased during times of high
intake (32).
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TABLE 21.3
Vegetable Composition Based on 100 g Edible Portion as Raw or Minimally Prepared for Consumption.
Range Information Based on Various Sources Including USDA Nutrient Database Series 14 and Others

Vegetable Water (g) kilocalories Fat (g) Protein (g) Total Carbohydrates* (g) Sugar (g) Fiber (g)

Artichoke (globe) 80–86 17–70 0.3–0.4 0.5–4.5 13 2 0.8–5.4
Asparagus 92–93 9–27 0.2 2.2–3.9 4.6 1.3–2.3 0.0.7–2.1
Beet root 83–89 44–58 Tr - 0.7 1.3–1.8 10 6–7.3 0.6–3.1
Broccoli 89–91 28 Tr - 0.3 3.1–4.0 5.3 0.4–2 1.3–3
Brussels sprouts 84–89 16–58 Tr - 0.5 2.4–4.4 8.7 3.6–4 1.3–4.6
Cabbage 86–93 8–36 Tr - 0.7 1.4–3.3 5.4 2.7–3.8 0.6–3.4
Carrot 84–95 19–47 Tr - 0.7 0.6–2.0 10.1 5.4–7.5 0.6–2.9
Cassava 50–74 120–153 Tr - 0.7 0.7 27 1.2 0.6–1.7
Cauliflower 84–92 11–34 Tr - 0.3 1.8–3.4 5.2 2.4–2.6 0.8–2.4
Celery 89–96 5–22 Tr - 0.5 0.7–2.0 3.7 1–1.2 0.7–2.7
Chard 91–94 16–19 0.2–0.4 1.5–2.6 3.8 0.8–1.1 0.6–1.6
Chayote 74–95 24–29 0.1 0.8 5.1 – 0.4–0.6
Cucumber 91–97 9–16 Tr - 0.2 0.6–1.4 2.8 1.8–2.6 0.3–0.7
Eggplant 89–94 15–38 Tr - 0.7 0.7–2.4 6.7 2.1–4.2 0.9–2.5
Endive 93–94 11–24 Tr - 0.2 1.6–1.8 3.4 0.3–1.0 0.8–2.2
Leek 71–92 25–52 Tr - 0.4 1.3–2.5 7.6 1–4 1.0–3.3
Lettuce 92–97 11–27 Tr - 0.5 0.8–1.6 2.2 1.1–2.2 0.3–1.4
Mustard 68–89 10–28 Tr - 0.3 1.6–2.4 2.1 0.4–0.9 1.8–3.7
Onion 81–93 13–49 Tr - 0.35 0.9–2.2 8.6 5.2–6.7 0.5–1.7
Parsley 68–89 21–60 Tr - 1.0 3.7–5.2 6.9 Tr 0.9–9.1
Parsnip 79–83 56–83 Tr - 0.5 1.5–1.7 19.5 5.5–9.5 2.2–4.4
Pea 65–81 49–138 Tr - 0.8 4.6–8.2 15.6 2.3–7.4 1.8–5.5
Peppers 70–93 27–37 0.1–0.7 1.2–2.0 6.4 1.7–13.9 0.5–2.7
Plantain 58–74 116–128 0.05–0.8 1 31.2 5.6 0.3–2.3
Pumpkin 80–96 15–36 Tr - 0.2 0.6–1.8 4.9 2.5–3.2 0.5–1.3
Potato 71–85 75–109 Tr - 0.1 1.6–2.3 25.2 0.3–1.6 0.3–2.4
Radish 92–95 15–22 Tr - 1.1 0.7–1.2 3.6 2.0–3.4 0.5–1.0
Spinach 91–93 16–35 0.3 2.3–5.1 3.5 0.3–0.4 0.6–2.7
Summer squash 86–95 19–44 0.03–0.3 0.6–1.5 4.4 1.0–3.9 0.3–1.9
Sweet corn 57–80 86–142 0.8–2.1 2.9–4.5 19 3.2–5.2 0.6–3.2
Sweet potato 60–80 98–125 0.04–0.7 1.4–2.8 24.3 5.4–11.6 0.5–2.3
Taro 54–83 111–142 0.1–0.5 0.5–2.9 34.6 1 0.4–5.1
Tomato 90–96 14–23 Tr - 1.26 0.7–1.2 4.7 1.2–3.4 0.4–1.8
Turnip 87–93 11–35 Tr - 0.2 0.6–1.1 6.5 3.8–4.6 0.7–2.8
Watercress 90–94 11–29 Tr - 0.6 1.7–3.1 1.3 0.2–0.6 0.5–3.3
Yam 54–84 104–116 0.03 - 4 1.5–2.4 27.6 0.5 0.4–3.9
Zucchini 95–98 7–16 Tr 0.4 4 1.3–2.2 0.6–1.4

(Continued)



III. NON-NUTRITIVE PHYTOCHEMICALS

A. PHYTOCHEMICALS

Many components of foods are not strictly required by
the body for growth and daily maintenance, yet some
of these components may promote health and help
prevent disease. It has become common to call these
compounds by the general term phytochemicals when
present in plant foods or zoochemicals when present in
animal foods. Some phytochemicals are conspicuous by
their colors (carotenoids) or flavors (tannins); however,
the presence of many other phytochemicals is not as
evident.

In 1919, E.V. McCollum wrote in his book The Newer
Knowledge of Nutrition, “A plant structure, or an animal
body is an exceedingly complex mixture of chemical sub-
stances many of which are themselves individually as
complicated in their structure as the most complex
machine. The first step in the direction of reaching an
understanding of the chemistry in the living mass, must
involve the separation and the study of the structural units
of which the tissues are composed” (2, p. 2).

Although McCollum was likely writing this about
nutrients, his statement is as true today as nearly a century
ago. Presently the field of nutrition is identifying and
quantifying thousands of non-nutritive phytochemicals.
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TABLE 21.3
(Continued )

Ascorbic acid Vitamin A Thiamine Riboflavin Niacin Folic Acid Calcium Iron 
Vegetable (mg) (IU) (mg) (mg) (mg) (µµg) (mg) (mg)

Artichoke (globe) 5–33 16 0.07–0.2 0.01–0.17 0.1–1.3 66 19–74 0.02–1.0
Asparagus 11–41 100–550 0.1–0.23 0.08–0.3 0.8–1.1 25–156 13–28 0.5–2.0
Beet root Tr - 6 Tr - 35 0.01–0.03 0.01–0.06 0.06–0.4 20–80 15 32 0.4–2.8
Broccoli 40–93 700–1550 0.06–0.07 0.12–0.2 0.6 50–71 48–160 0.9–1.5
Brussels sprouts 35–128 50–720 0.06–0.13 0.08–0.19 0.4–1.04 14–86 10–53 0.1–2.5
Cabbage 20–220 Tr - 1330 0.03–0.17 0.03–0.21 0.15–1.55 20–37 30–204 0.5–1.9
Carrot 4–58 1660–28130 0.04–0.1 0.03–0.06 0.2–1.16 10–14 27–57 0.2–1.2
Cassava 9–48 10–240 0.04–0.23 0.02–0.1 0.25–1.4 22 23–91 0.6–3.6
Cauliflower 8–114 Tr - 20 0.04–0.13 0.04–0.06 0.25–0.89 30–48 13–43 0.2–1.9
Celery 5–15 Tr - 220 0.02–0.5 0.02–0.5 0.2–0.4 7–28 31–53 0.4–9.9
Chard 30–72 390–3300 0.04–0.07 0.06–0.14 0.61–1.14 14 51–176 1.4–4.0
Chayote 8–20 Tr - 50 0.01–0.03 0.02–0.04 0.4–0.45 18 12–13 0.3–0.4
Cucumber 5–19 Tr - 215 0.02–0.1 0.02–0.11 0.1–0.6 6–13 14–23 0.3–0.8
Eggplant 1–5 Tr - 65 0.05–0.08 0.02–0.04 0.5–0.8 14 6–36 0.4–1.0
Endive 7–12 560–2050 0.06–0.08 0.1–0.8 0.4 142 44–52 0.8–2.8
Leek 4–32 10–405 0.03–0.8 0.02–0.1 0.2–0.5 24 30–85 1–2
Lettuce 3–33 40–2200 0.04–0.14 0.03–0.1 0.2–0.5 20–73 17–107 0.05–4.0
Mustard 25–102 970–3030 0.04–0.09 0.06–0.2 0.36–0.8 29–73 65–220 0.7–4.5
Onion 6–10 Tr - 170 0.02–0.03 0.02–0.04 0.1–0.2 19 20–52 0.2–0.5
Parsley 90–200 1220–5200 0.08–0.2 0.11–0.6 0.53–1.8 40–183 130–325 2.3–19.2
Parsnip 10–18 Tr 0.07–0.11 0.05–0.09 0.2–0.7 20–58 36–57 0.6–1.5
Pea 12–35 50–600 0.25–0.52 0.06–0.15 1.3–3.3 8–63 13–52 1.2–3.6
Peppers 73–342 40–750 0.03–0.1 0.02–0.18 0.3–2.17 22 9–29 0.5–1.5
Plantain 6–54 15–910 0.02–0.1 0.01–0.1 0.16–1.4 26 2–23 0.1–2.1
Pumpkin 4–20 50–10820 0.03–0.05 0.03–0.08 0.4–0.9 9 15–66 0.3–0.8
Potato 8–64 Tr - 10 0.04–0.16 0.02–0.04 0.8–5.1 6–11 4–13 0.5–1.4
Radish 6–43 Tr - 10 Tr - 0.04 0.01–0.05 0.2–0.65 10–27 21–52 0.3–1.9
Spinach 1–59 800–6720 0.05–0.15 0.08–0.24 0.35–0.75 53–194 60–595 0.8–4.5
Summer squash 3–46 Tr - 1200 0.02–0.1 0.01–0.4 0.2–1.4 8–26 9–40 0.2–2.4
Sweet corn 7–10 Tr - 170 0.15–0.2 0.06–0.1 1.7 46 2–9 0.5–0.7
Sweet potato 7–68 3340–17050 0.1–0.15 0.03–0.14 0.41–1.56 10–11 14–45 0.6–1.3
Taro 3–8 Tr - 5 0.03–0.27 0.03–0.1 0.06–1.16 19 18–150 0.7–2
Tomato 19–48 50–625 0.04–0.11 0.02–0.12 0.45–0.91 5–15 5–14 0.4–1.2
Turnip 17–37 Tr - 5 0.03–0.07 0.03–0.06 0.4–0.94 4–15 30–65 0.01–0.5
Watercress 37–153 450–4700 0.05–0.2 0.09–0.3 0.2–1.38 9–50 63–222 1.3–5.1
Yam Tr - 13 Tr - 200 0.05–0.15 0.01–0.03 0.1–0.55 16 8–37 0.5–1.2
Zucchini 2–5 240 Tr - 0.04 0.04 0.2–0.4 17 13–14 0.2–0.4

* USDA database values only — expressed as total carbohydrate by difference; includes sugar, starch, and dietary fiber. Tr � trace amount.
Source: Refs. 16, 18.
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Many of these plant chemicals have been identified as
having health-promoting qualities. A partial list of veg-
etable phytochemicals linked to beneficial biological
activities is presented in Table 21.5. Other phytochemicals
have negative effects upon health either by inhibiting spe-
cific nutrient utilization or by being toxic (57).

B. PHYTOCHEMICAL PROFILES

The development of chemical profiles for vegetable phy-
tochemicals is in its infancy. Due to the enormity of the
task, it will likely be decades before good phytochemical
profiles exist.

C. FACTORS AFFECTING PHYTOCHEMICAL

COMPOSITION OF VEGETABLES

Many of the factors that affect nutrient composition (i.e.,
genetics, environmental factors, and processing) likely
also affect the phytochemical composition of vegetables.
This is especially true for the phytochemicals functioning
as antioxidants. However, information on this topic is
extremely limited.

IV. HEALTH BENEFITS DERIVED FROM
VEGETABLES

Modern society has dramatically affected how we eat.
Since the introduction of T.V. dinners, it appears that con-
venience greatly influences people’s food choices.
Researchers have found that monkeys or apes foraging in
the wild appear to get far higher levels of many essential

nutrients and beneficial phytochemicals relative to their
body weight than the average American (58).

Without a doubt, vegetables can be considered more
nutrient dense (nutrient content per kilocalorie of food)
than foods from other food groups. However, the phyto-
chemicals in vegetables may provide equally important
benefits for the prevention of chronic diseases like cancer
and heart disease (59).

Research on the purported health benefits of vegeta-
bles focuses on two main areas of study:

1) Maintenance of gastrointestinal tract health and
2) Reduction of chronic disease risk

A. GASTROINTESTINAL TRACT HEALTH

The gastrointestinal tract (GI-tract) is the gateway through
which the body transports nutrients and phytochemicals
into the circulation for delivery to body cells. A complex
network of internal organs and tissues is responsible for
the digestion or breakdown of food components into com-
pounds and elements that can be absorbed into the body.
In addition, the GI-tract serves as a protective barrier to
prevent some substances from entering the body (60).

Due to the extremely active and chemically hostile
internal environment necessary to accomplish the diges-
tive process within the GI-tract, cells along the 25–30 feet
of intestine are exposed to a great deal of chemical and
physical damage. Consequently, many of these cells have
only a three- to five-day life span. This constant turnover
of GI-tract cells results in continuous cellular replacement
and repair of damage.

TABLE 21.4
Factors That Can Affect Nutrient Content of Foods or Reported Nutrient Values

General References Relating to Multiple Factors (19–22)

Agriculture Production Environmental
Genetics: species and plant variety Geography, Altitude, Climate, Pest control, Season,

Sunlight, Soil composition/fertilization, Water

Harvesting, Shipping, and Storage
Plant maturity, harvesting time and method; Added Food Ingredients and/or Supplemented
Ripeness of plant, Harvesting time and temperature, with Nutrients
Time before, during, and after processing

Level and Type of Processing Preparation Methods
Fresh, Canned, Frozen, Concentrated, Dehydrated, Whole or cut, Cut/grind size,
Dried, Fermented, Salted, Smoked, With/without Mixed/whipped/blended, hot/cold preparation, Dry
sweeteners, salt, fat, added liquid or moist heat frying, Cooled/frozen

Heat Processing Laboratory Analysis (23)
Pasteurization, Irradiation, Ultra-high Sampling scheme, Chemical analysis methods,
temperature, High-temperature short Laboratory procedures, Use of calibration
term, Microwave, Pressure standards, Intra-laboratory variation,

Inter-laboratory variation, Data transcription

Source: Refs. 18–23.
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There is a significant amount of nutrient recycling
from injured GI-tract cells which allows many nutrients to
be digested and absorbed along with new food compo-
nents. This combination of recycled and dietary nutrients
is utilized to support adequate replacement of the cell lin-
ing of the GI-tract.

Over the last decade there has been an increase in the
number of reported cases of various gastrointestinal dis-
eases. Two of the most common GI-tract diseases are
diverticulitis (inflammation of small pouches formed
along the gastrointestinal tract) and gastro-esophageal
reflux disease (GERD), the common cause of indigestion
which causes the pain popularly called “heartburn” (61).
In fact, GERD is so common and chronic in the United
States that Prilosec® was one of the world’s top-selling
drugs in the year 2000.

Diverticulitis and GERD have one significant dietary
factor in common. Both of these conditions appear to be
related to years of inadequate dietary fiber intake (61,62).
Ironically, fiber is the most abundant phytochemical in
vegetables.

Vegetables contain both soluble and insoluble forms
of dietary fiber. The physiological effects of these two
dietary fiber types have both similarities and some signif-
icant differences.

Both soluble and insoluble fiber types hold water and
create bulk inside the GI-tract. Soluble fibers slow the rate
of stomach emptying into the small intestine. It is thought
that the stomach distension caused by fiber bulk and the
slower stomach emptying produces an extended feeling of
satiety after a meal (63,64). Intake of high soluble fiber
also tends to decrease the overall nutrient absorption rate
and may also reduce the amount of nutrients and phyto-
chemicals absorbed. This can benefit those with problems
in the management of blood glucose and may reduce the
absorption of cholesterol (65). Excessively high intake of
dietary fiber can interfere with the absorption of minerals.

B. IMMUNE SYSTEM HEALTH

The immune system is part of the body’s natural defense
system against disease and disease-producing conditions.
Approximately 80 percent of the immune system is
located directly adjacent to the GI-tract. Ordinarily, undi-
gested food molecules, microorganisms, and many toxins
cannot readily cross through the intestinal lining and do
not enter the circulatory system. However, disruptions to
the integrity of the GI-tract can challenge the immune sys-
tem beyond its capacity to maintain health (60).

C. CHRONIC DISEASE

Many phytochemicals have been associated with preventing
or decreasing the incidence of disease. Disease conditions
and related mechanisms that are purported to be affected by
various phytochemicals are summarized in Table 21.5.

No doubt there are numerous triggers in the initiation
of cancer and heart disease. And although there may be
many varied mechanisms of phytochemicals with anti-
cancer and heart promoting properties, one mechanism
may be related to the antioxidant property shared by many
of these compounds. The process of normal cellular
metabolism produces chemicals that are reactive oxygen
species like hydrogen peroxide and the superoxide anion
free radical. It is thought that free radical production
causes a secondary oxidative stress whenever there is an
imbalance of antioxidants to oxidants. This can occur with
an excess of oxidation stress or an inadequate amount of
antioxidants in the diet.

Research has shown that antioxidants are involved in
delaying many diseases and conditions that are associated
with aging such as cancer, heart disease, decreased
immune functioning, and visual and cognitive impairment
(66). A number of vitamins, minerals, and phytochemicals
provide antioxidant protection in the body. Based on a per
gram or per kilocalorie basis, vegetables contain signifi-
cant amounts of antioxidants.

Dietary phytoestrogens may help reduce the risk of
developing certain hormone-stimulated cancers such as
breast and prostate cancers. However, much more
research on this relationship is needed since some studies
indicate that phytoestrogen compounds may stimulate
progression of some types of cancer (67).

Flavonoids such as those found in onions, tea, and red
wine also are under study for potential cancer prevention.
The possible mechanisms of action may vary from one
flavonoid to another. They may prevent cancer cell prolif-
eration through specific enzyme inhibition (68).

V. SUMMARY

As a major category of foods, vegetables have a variety of
qualities and characteristics that supports common recom-
mendations to include them as a significant part of a bal-
anced and varied diet. They serve as important sources of
a wide variety of vitamins and minerals essential for nor-
mal human nutrition.

Vegetables supply these nutrients in forms that are
generally low in energy and fat, making them more “nutri-
ent dense” than most other food sources. The nutrient con-
tent of a particular vegetable can vary, with the extent
dependent on the nutrient, and a variety of factors includ-
ing plant genetics, agricultural factors, storage and han-
dling, processing, packaging, and preparation. Nutrient
content values in databases generally reflect averages.

The extent to which a vegetable food is a good source
of a nutrient also depends on type of processing and the
bioavailability of the nutrient. In some cases, a vegetable
can contain high levels of a mineral such as calcium or
iron, but the form of the mineral or interfering compounds
in the vegetable allow very little of the mineral to be
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absorbed into the body. Some nutrients are not found in
vegetables, including vitamins D and B-12 and the long
chain omega-3 fatty acids commonly found in fish oils
and some species of algae.

In addition to nutrients, vegetables provide a great
variety of non-nutrient chemical compounds commonly
called phytochemicals. The potential benefits and risks of
various phytochemicals found in vegetables represent an
increasingly active area of nutrition research. The body of
scientific research to date supports the inclusion of a wide
variety of vegetables in the human diet for reducing the
risk of developing a number of disease conditions that
tend to develop with age. Additional research is needed to
clarify more specific risks and benefits of various types of
chemical compounds found in vegetables.
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I. INTRODUCTION

This book is not the proper forum to present the manufac-
turing process for all categories of canned vegetables
being marketed in the United States. This chapter pro-
vides a short description of requirements for the major
commercial canned vegetables.

In the United States, two federal agencies have the
responsibility to make sure that the canned vegetables in
the market are safe and do not pose any economic fraud.
The U.S. Food and Drug Administration issues regula-
tions to achieve both goals. The U.S. Department of

Agriculture issues voluntary guides to achieve the same
goals. The information in this chapter has been modified
from such regulations and guidelines.

II. CANNED CORN

Canned sweet corn is the product prepared from clean,
sound kernels of sweet corn packed with a suitable liquid
packing medium which may include water and the creamy
component from corn kernels. The tip caps are removed.
The product is of the optional styles.
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III. CANNED GREEN BEANS AND
CANNED WAX BEANS

A. GENERAL DESCRIPTION

Canned green beans and canned wax beans are the foods
prepared from succulent pods of fresh green bean or wax
bean plants conforming to the characteristics of
Phaseolus vulgaris L. and Phaseolus coccineus L. Such
food is so processed by heat, in an appropriate manner
before or after being sealed in a container as to prevent
spoilage.

Requirements are provided for optional color and
varietal types; styles of pack; ingredients; and labeling.

Optional color types are Green or Wax. Optional vari-
etal types include:

1. Round. Beans having a width not greater than
1-1/2 times the thickness of the bean; or

2. Flat. Beans having a width greater than 1-1/2
times the thickness of the bean.

Optional styles of pack:

1. Whole. Whole pods of any length.
2. Shoestring or sliced lengthwise or French style.

Pods sliced lengthwise.
3. Cuts. Transversely cut pods not less than 

19 mm (0.75 in) long as measured along the
longitudinal axis, which may contain the shorter
end pieces that result from cutting such pods.

4. Short cuts. Pieces of pods cut transversely of
which 75 percent, by count, or more are less
than 19 mm (0.75 in.) in length and not more
than 1 percent by count are more than 32 mm
(1-1/4 in) in length.

5. Diagonal cuts. Pods cut in lengths as specified,
except the pods are cut at an angle approxi-
mately 45 deg. to the longitudinal axis.

6. Diagonal short cuts. Pods cut in lengths as
specified, except the pods are cut at an angle
approximately 45 deg. to the longitudinal
axis.

7. Mixture. Any mixture of two or more of the
styles specified.

Optional ingredients are:

1. Salt.
2. Monosodium glutamate.
3. Disodium inosinate.
4. Disodium guanylate.
5. Hydrolyzed vegetable protein.
6. Autolyzed yeast extract.
7. Nutritive carbohydrate sweeteners.

8. Spice.
9. Flavoring (except artificial).

10. Pieces of green or red peppers or mixtures of
both, either of which may be dried, or other
vegetables not exceeding in total 15 percent by
weight of the finished product.

11. Vinegar.
12. Lemon juice or concentrated lemon juice.
13. Glucono delta-lactone.
14. Mint leaves.
15. Butter or margarine in a quantity of not less than

3 percent by weight of the finished product.
16. When butter or margarine is added, emulsifiers

or stabilizers, or both, may be added.
17. No spice or flavoring simulating the color or

flavor imparted by butter or margarine is used.

B. LABELING

The name of the food is “green beans’’ or “wax beans’’ as
appropriate. Wax beans may be additionally designated
“golden’’ or “yellow.’’

A declaration of any flavoring that characterizes the
product:

1. A declaration of any spice, seasoning, or gar-
nishing that characterizes the product, e.g.,
“with added spice,’’ or, in lieu of the word
“spice,’’ the common name of the spice, e.g.,
“seasoned with green peppers.’’

2. The words “vacuum pack’’ or “vacuum
packed’’ when the weight of the liquid in the
container is not more than 25 percent of the net
weight, and the container is closed under 
conditions creating a high vacuum in the 
container.

3. The name of the optional style of bean ingredi-
ent, if a product consists of a mixture of such
styles, the words “mixture of’’ the blank to be
filled in with the names of the styles present,
arranged in the order of decreasing predomi-
nance, if any, by weight of such ingredients.

4. If the product consists of whole beans and the
pods are packed parallel to the sides of the con-
tainer, the word “whole’’ may be preceded or
followed by the words “vertical pack,’’ or if the
pods are cut at both ends and are of substan-
tially equal lengths, the words “asparagus
style’’ may be used in lieu of the words “verti-
cal pack.’’

5. If the product consists of short cuts or diagonal
short cuts, a numerical expression indicating
the predominate length of cut in the finished
food may be used in lieu of the word “short,’’
e.g., “1/2 inch cut.’’
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The following may be included in the name of the food:

1. The word “stringless’’ where the beans are in
fact stringless.

2. The name of the optional varietal type, or the
specific varietal name, e.g., “Blue Lake Green
Beans,’’ or both.

3. If a term designating diameter is used, it should
be supported by an exact graphic representation
of the cross section of the bean pod or by a state-
ment of the maximum diameter in common or
decimal fractions of an inch and, optionally, by
the millimeter equivalent stated parenthetically.
The diameter of a whole, cut, diagonal cut, or
short cut is determined by measuring the thick-
est portion of the pod at the shorter diameter of
the bean perpendicular to the longitudinal axis.

IV. CANNED MUSHROOMS

A. LEGAL REQUIREMENT

The FDA has established a standard of identity for canned
mushrooms. Some aspects are presented below.

1. Definition

Canned mushrooms is the food properly prepared from
the caps and stems of succulent mushrooms conforming
to the characteristics of the species Agaricus (Psalliota)
bisporus or A. bitorquis, in one of the optional styles,
packed with a suitable liquid medium which may include
water; and may contain one or more safe and suitable
optional ingredients. The food is sealed in a container and,
before or after sealing, is so processed by heat as to pre-
vent spoilage.

2. Styles

The optional styles of the mushroom ingredient are:

1. Buttons—consisting of whole mushrooms with
attached stems not exceeding 5 millimeters (0.2
inch) in length, measured from the bottom of
the veil.

2. Whole—consisting of whole mushrooms with
attached stems cut to a length not exceeding the
diameter of the cap, measured from the bottom
of the veil.

3. Quarters—consisting of buttons or whole style
cut into four approximately equal parts.

4. Slices or sliced—consisting of buttons or
whole style of which not less than 50 percent
are cut parallel to the longitudinal axis of the
stem and 2 millimeters to 8 millimeters (0.08
inch to 0.32 inch) in thickness.

5. Random sliced—consisting of buttons or whole
style sliced in a random manner.

6. Pieces and stems—consisting of pieces of caps
and stems of irregular shapes and sizes.

3. Optional Ingredients

Optional ingredients are:

1. Salt.
2. Monosodium glutamate.
3. Disodium inosinate.
4. Disodium guanylate.
5. Hydrolyzed vegetable protein.
6. Autolyzed yeast extract.
7. Ascorbic acid (vitamin C) in a quantity not to

exceed 132 milligrams for each 100 grams
(37.5 milligrams for each ounce) of drained
weight of mushrooms.

8. Organic acids (except no vinegar is permitted),
only where the inside metal of the container is
fully enamel-lined and in glass containers with
fully enamel-lined caps. Ascorbic acid is an
example.

9. Calcium disodium ethylenediaminetetraacetate
(CaNa2 EDTA) in a quantity not to exceed
200 parts per million for use to promote color
retention.

4. Fill of Container

1. The fill of the mushroom ingredient and pack-
ing medium container is not less than 90 per-
cent of the total capacity of the container.

2. The drained weight of the mushroom ingredi-
ent is not less than 56 percent of the water
capacity of the container.

B. GENERAL PROCESSING

Canned mushroom is considered a low acid canned food
and there are stringent regulations govering its manufac-
ture. This section provides some background information.
A commercial processor must comply with basic federal
requirements.

1. Types and Varieties

All cultivated mushrooms belong to the species Agaricus
campestris. Various bracket fungi, puffballs, and other
fungi have been used as food, but none has been grown
commercially in this country. Mushrooms are classified as
white, cream, or brown, depending on the color of the cap.
Those grown for canning are almost exclusively of the
white variety. In the East and Midwest the white variety
is also the principal kind grown for fresh mushroom 
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consumption, while in the West and in Canada a fair quan-
tity of the cream variety is used. Of course, in the last two
decades or so, many varieties of mushrooms are available
from imports, e.g., countries in the Pacific Rim.

2. Growing Requirements

Since mushrooms, like all fungi, do not possess chloro-
phyll with which to manufacture carbohydrates from CO2

absorbed from the air, they must obtain carbohydrates and
other nutrients by growing on organic material containing
these ingredients. Compost is the favorite growing
medium in commercial mushroom houses.

Unlike plants possessing chlorophyll, mushrooms can
grow in tare in darkness. A cool, moist atmosphere is most
favorable for their development. Caves and abandoned
mines have been used extensively for the growing of
mushrooms.

Most mushrooms are grown in houses constructed
especially for the purpose. Cinder blocks are a favorite con-
struction material. The houses should be well insulated
against cold in winter and heat in summer, and should have
heating facilities for use in winter and means for keeping
the air moist when the outside humidity becomes low.

Most houses produce two distinct crops a year. Each
crop consists of several “breaks.” After the mushrooms are
harvested the north beds are covered with a new layer of
“casing” soil and watered down for the next growth of mush-
rooms. After several such “breaks,” the beds are cleaned out
and filled with fresh compost. The entire cycle area may be
completed in as little as three months or even less, up to as
long as seven months, depending largely on temperature.

Higher temperatures usually mean a greater propor-
tion of small land mushrooms.

Artificial air conditioning enables some growers to
obtain three crops a year.

The months of October to May, inclusive, are the
months of heaviest production. Harvesting is light during
the warm weather months. A few growers maintain pro-
duction during the summer by means of artificial air con-
ditioning.

3. Harvesting and Delivery

Most canners grow the greater part of the mushrooms they
use, purchasing the remainder of their requirements from
other growers. Some canners grow for canning exclusively;
others grow both for the fresh market and for processing.

Mushrooms are pulled from the beds with roots
attached before the “veil” or membrane breaks open and
exposes the “gills.” Depending upon the contract between
the packer and grower, the mushrooms may be delivered to
the plant either with or without roots attached. In the latter
case, the roots are cut from the mushrooms in the growing
houses by the harvesters. In either case they are placed in
baskets holding from three to as much as ten pounds for

delivery to the plant. Obviously, unlike small growers,
large corporations use a more advanced system to handle
this harvesting and delivery. 

Freshly harvested mushrooms with the root portion
attached will remain fresh longer than if the root portion
has been removed. Mushrooms frequently grow in clus-
ters, which may contain from three to five or more units.
The units may vary in size from tiny to large in the same
cluster that developed from one root.

Mushrooms deteriorate rapidly after picking, becom-
ing discolored and wilted. They should be delivered to the
cannery or processor promptly after picking. When mush-
rooms cannot be processed promptly after delivery to the
cannery, they should be placed in a refrigerated room at a
temperature of 36° to 37°F until needed. Refrigeration
permits the supplies to be carried overnight to begin can-
ning operations the following morning, or late weekend
deliveries may be carried over to Monday morning.

Mushrooms must be handled carefully at all times to
avoid bruising, which results in dark discolored areas.

C. PREPARATION AND CANNING

The following description of a canned mushroom opera-
tion is reasonably typical. The order, methods, and equip-
ment may vary from plant to plant, especially a small
versus a big one.

After delivery to the plant, mushrooms which cannot
be processed immediately are placed in refrigerated stor-
age until they can be processed.

The baskets of mushrooms are taken to the cutting
line for removal of root stubs and stems. In most plants the
cutting operation is performed mechanically, although
some plants may still be cutting by hand. The stem may
undergo one or two cuttings, depending on the style of
mushrooms desired, whether whole or button.

In the case of whole mushrooms, only the root portion
of the stem is removed by the mechanical cutter. If the
style of buttons is desired, the cutters first remove the root
portion of the stem which is carried away for waste. The
rest of the stem is then removed by cutting immediately
below the veil. This portion of the stem is used in the style
of stems and pieces.

1. Washing, Trimming, and Sorting

After cutting, both the caps and stems are conveyed to a
spray washer which removes the clinging bits of casing
soil or other dirt. The mushrooms then pass over an inspec-
tion belt where seriously blemished mushrooms may be
trimmed or sorted out. Misshapen, blemished, trimmed,
and broken mushrooms are sorted out and placed with
other mushroom material for the stems and pieces style.

Mushrooms with partially open veils may be placed
with the pieces delivery material, or be added to the buttons
or whole mushrooms intended for one of the sliced styles.
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2. Sizing

Mushrooms intended for whole mushrooms or buttons are
conveyed by means of water flume or other techniques to
the sizers.

The mushrooms may be sized in a revolving drum
sizer submerged in water. Rotary size graders which are
not immersed in water may also be used. A submerged
sizer minimizes bruising and gives the mushrooms
an additional washing. The caps float upward from the
sizer and each size is floated off into a separate holding
tank.

The buttons may be separated into six different sizes.
The larger sizes are generally sliced and the smaller sizes
packed as buttons. Price lists of packers may quote sizes
in terms of number of buttons per 8-ounce can as 20/40,
40/60, 60/80, or l00/120. The same size designations
apply when the mushrooms are packed in smaller sized
cans. For example, the 40/60 size would pack between 20
to 30 buttons in a 4-ounce can.

3. Slicing

Mushrooms intended for slicing are generally sliced prior
to blanching; however, slicing may be performed after
blanching. The mushrooms are passed through a mechan-
ical slicer with circular knives which cut them into slices
of predetermined thickness. A shaker screen removes the
small pieces after slicing.

Three styles of sliced mushrooms are produced:
1) Sliced Whole; 2) Sliced Buttons; and 3) Random Sliced
Whole.

“Sliced Whole” style is prepared by aligning the
mushrooms prior to slicing so that the mushroom is sliced
lengthwise from stem to apex.

“Sliced Buttons” style is prepared by positioning the
mushrooms prior to slicing so that the mushroom is sliced
parallel to the longitudinal axis.

“Random Sliced Whole” style is prepared by slicing
the mushroom in any direction.

4. Blanching

The mushrooms are flumed from the holding tanks or
slicer to the blancher. The purpose of blanching is to
shrink the mushrooms in order to obtain the proper fill.
Shrinkage is due to loss of mushroom juice. Mushrooms
may shrink as much as 30 to 40 percent in size in
blanching

Mushrooms may be blanched by immersing in water
at a temperature of 200°F or more. The usual method,
however, is to pass the mushrooms through a continuous
steam blancher where they are exposed to live steam for
a period of 5 to 8 minutes. In some cases the mushrooms
may be filled into the cans and then blanched in the cans.
Since iron tends to discolor mushrooms, the blancher

should be made of stainless steel or other non-corrosive
metal. During blanching, the color of some white vari-
eties may change from near-white to a light tan or buff
color.

5. Filling and Weighing

Whole or Button styles are generally filled into the can
by hand while a semi-automatic filler is usually used for
slices and piece pack. After filling, the cans are moved by
belt conveyor in front of the weighers, who weigh
the individual cans and adjust the fill so that the
finished product will meet the required minimum drained
weight.

As a safety factor, weighers generally overfill the cans,
usually in accordance with a schedule of overfill weights
which vary according to can size and style of pack.

Cans may vary considerably in weight, particularly in
the smaller sizes. Deficient drained weights have been
found to be due in some cases to the use of an unusually
light can as tare by the weigher. The weigher should
choose a tare can of average weight.

6. Brining and Cooking

After weighing, a salt tablet which may also contain
ascorbic acid is added and cans are moved under taps of
hot water, the temperature of which may range from 190°
to 200°F. The taps are adjusted to fill cans to overflow-
ing. A hot brine solution is sometimes used instead of the
water and salt tablet. It is generally unnecessary to use an
exhaust on the filled cans since a sufficiently high vac-
uum is obtained for most purposes by the addition of hot
water.

After closing, the cans are processed in retorts under
steam pressure. After processing, the cans may be cooled
by water in the retort or a cooling tank. The cans should
be cooled to 90° to l00°F, in order to check the cook but
leave cans warm enough to dry off readily and prevent
rusting.

7. Modern Technology and FDA Regulations

The information in this section on mushrooms must be
interpreted in terms of the following premises:

1. Depending on the size and operation of a proces-
sor, the use of new equipment and machinery
has eliminated a lot of problems that used to
accompany the processing of mushrooms.

2. If used properly, food additives can contribute
to the proper processing of mushrooms.

3. Always be concerned that mushrooms in a con-
tainer are subject to the important regulations
promulgated by the FDA for low acid canned
and acidified foods.
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V. CANNED ONIONS

A. PRODUCTION

1. Varieties

Yellow globe onions, a commercial term applied to sev-
eral different varieties and strains of onions, are preferred
by processors of onions. The more acceptable varieties are
the Southport yellow globe and the yellow globe Danver.
Western processors for the most part use only the yellow
globe Danver.

2. Harvesting

The customary period at which to harvest onions for can-
ning is in the fall when the tops of the onions have begun
to turn greenish yellow. Usually the crop is dug by a hoe
or an implement which turns the ground exposing the
onions to the surface. After the onions are taken from the
ground they are thrown in windrows or piles in the field,
where they remain until the tops are completely dry. After
curing sufficiently, the tops are cut or pulled off close to
the bulbs. The onions are then placed in sacks or crates
and are placed in storage or shipped.

B. PREPARATION AND CANNING

1. Receiving

Onions are usually delivered to the cannery in sacks or
crates, and are placed in storage until used. Well-cured
onions will keep for several months if stored in a well-ven-
tilated place. In some areas it may be necessary to store
them in an enclosed shed for protection against freezing.
Onions will sprout within a few months if stored in a warm
place. Badly spoiled onions become soft. The fresh fruit and
vegetable inspection service inspects a large volume of
onions for shippers and buyers at time of shipment or in
receiving markets. Onions delivered to canners may or may
not have been officially inspected.

Generally the onions are emptied from sacks onto a belt
conveyor, carrying them to a sizer which eliminates over-
and under-sized onions. From the sizer the onions are placed
in buckets or pans on a “merry-go-round” sorting table
where ends of the onions are trimmed and onions possess-
ing rot, decay, or other serious defects are discarded.

2. Peeling

From the “merry-go-round” sorting table, the onions are
conveyed to a carborundum peeler which tends to loosen
the outer skin of the onion bulb. As the onions leave the
carborundum peeler they pass through a continuous lye
peeler containing a three to ten percent lye solution,
depending upon the variety and character of the onions,
which further loosens the outer scales of the onion bulb.

3. Washing

Following the peeling process, the onions pass through a
rotary screen washer where adhering portions of the outer
loosened scales are washed off under a strong spray of
water. A closely controlled check is necessary to assure
complete removal of the lye solution from the onion bulbs.

4. Pre-Removing of Blemishes and Defects

After washing, the onions are moved by conveyer belt to
an inspection table where onions containing blemishes are
removed.

5. Sizing

Normally onions are separated into three size classifica-
tions: tiny, small, and medium. Each processor has devel-
oped his own particular sizing operation. However, for the
most part onions exceeding an inch and one-half in diam-
eter and those with a diameter of less than 5/8 of an inch
are not used for canning.

6. Final Removing of Blemishes and Defects

As the onions come from the sizer, they are conveyed onto
a final inspection table where loosened scales, loose cen-
ters, onions possessing blemishes, or excessive discolored
onions are removed.

7. Filling

The onions are then filled into cans or glass jars and a suf-
ficient amount of hot brine is added for proper fill. After
the cans or glass jars are filled they are quickly closed. In
packing onions, the product is acidified to assure sterili-
zation and to prevent spoilage. A pH of 4.5 is most desir-
able. The acid solution may be used as a dip, or may be
added direct to the containers in the filling operations.

8. Defects

a. General
Immediately after ascertaining the uniformity of size and
shape, segregate any defects in the following groups in
accordance with the definitions outlined by the USDA.

b. Extraneous vegetable material
Remove from each container the pieces present and
arrange all the extraneous material such as loose skins and
dried onion tops. Extraneous vegetable material refers to
harmless vegetable material and the material falling into
this category is evaluated with respect to its effect on the
overall requirements for the grade classification. No toler-
ance is provided for extraneous vegetable material of a
different origin than the onion plants such as weeds and
weed seeds. When such extraneous material is found the
supervisor should be contacted.
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c. Blemished onions
A blemished onion is one that is affected by surface or
internal discoloration to such an extent that the appear-
ance or eating quality is materially affected. The follow-
ing are examples of onions scoreable as being blemished:

1. Staining. Onions that show brown or streaked
discoloration from lying on the ground.

2. Seed Stems. Onions often throw up stalks on
which to bear seeds during the later part of their
growth. When harvested the seed stems are cut
or broken off leaving thick tough stems extend-
ing through the centers of the onions. Onions
possessing tough or woody seed stems should
be considered blemished onions.

3. Sunburn. Sunburn is a green discoloration
caused byexposure of the bulb to the sun and is
normally present only on the outer scale of the
onion bulb. This condition should not be con-
fused with the natural greening of certain vari-
eties of onions wherein the green color may be
present in the outer scales of the onion bulbs.

4. Sunscald. This injury takes place at harvest
time when the bulbs are exposed to heat and
bright sunlight. The tissue of the exposed area
of the bulb will scald and become soft and slip-
pery. When temperatures are reduced and the
onions are exposed to the air, the scalded tissue
loses moisture by evaporation and leather-like
areas are produced which may be bleached
almost white.

5. Freezing injury. This injury is recognized by
the watersoaked appearance, soft feel, and dis-
coloration appearing in a portion of the scales
or scales. The affected area normally has a
translucent or paper-like appearance.

6. Smudge. Smudge is characterized by black
blotches or aggregations of minute black or dark-
green dots on the outer scales. These dots are
often arranged in concentric rings. Generally the
lesions are on the outer scales but they may be
found on inner scales. On the fleshy scale of the
bulb the fungus produces sunken yellowish spots.

7. Surface Molds. Surface molds may be black,
blue, or gray in color and may be found grow-
ing either on the outer scales or frequently
between the outer scales of the bulb.

8. Rot. Several types of rot may be present in
onions, some of which are bacterial soft rot,
blue mold rot, fusarium rot, and green mold rot.
Normally onion bulbs affected by rot have a
water-soaked appearance with various discol-
orations of outer or inner scales. Canned onions
should not contain any units showing rot other
than an accidental unit.

d. Seriously blemished onion
A seriously blemished onion is an onion that is affected by
surface or internal discoloration to such an extent that the
appearance or eating quality is seriously affected. Insect
injury, wherever the insect bite extends through the scale
of an onion bulb, is very noticeable and should be consid-
ered seriously blemished. Dark pathological areas which
are unsightly are considered seriously blemished.

9. Mechanical Damage

Onion bulbs mechanically damaged by crushing, gouging,
or trimming should be classified as damaged only when
the condition materially affects the eating appearance or
quality of the bulb.

10. Loose Scales or Pieces of Scales

Loose scales or pieces of scales are those not attached to
an onion bulb. Do not aggregate pieces of scales to give
the equivalent of one loose scale.

11. Detached Center

Detached center is when the center portion of the onion
bulb has become detached. The onion bulb thus damaged
is scored as a defect and the loose centers which have
become detached are disregarded.

12. Well Trimmed

Determining whether onions are well trimmed is judged
entirely on an appearance basis. In meeting the require-
ment for well trimmed the top and root of the onion
should be neatly removed. Onion bulbs with off-slant cuts
that materially affect the appearance of the unit are not
considered well trimmed.

VI. CANNED PEAS AND DRY PEAS

Canned peas is the food prepared from fresh or frozen
succulent seeds of the pea plant of the species Pisum
sativum L. but excluding the subspecies macrocarpum.
Only sweet wrinkled varieties, smooth-skin varieties, or
hybrids thereof may be used. The product is packed with
water or other suitable aqueous liquid medium to which
may be added one or more of the other optional ingredi-
ents. Such food is sealed in a container and, before or
after sealing, is so processed by heat as to prevent
spoilage.

In addition to the optional packing media, the follow-
ing safe and suitable optional ingredients may be used:

1. Salt.
2. Monosodium glutamate.
3. Disodium inosinate.
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4. Disodium guanylate.
5. Hydrolyzed vegetable protein.
6. Autolyzed yeast extract.
7. One or any combination of two or more of the

dry or liquid forms of sugar, invert sugar syrup,
dextrose, glucose syrup, and fructose.

8. Spice.
9. Flavoring (except artificial).

10. Color additives.
11. Calcium salts, the total amount of which added

to firm the peas should not result in more than
350 milligrams/kilogram (0.01 ounce/2.2
pounds) of calcium in the finished food.

12. Magnesium hydroxide, magnesium oxide,
magnesium carbonate, or any mixture or com-
bination of these in such quantity that the pH of
the finished canned peas is not more than 8, as
determined by the glass electrode method for
the hydrogen ion concentration.

13. Seasonings and garnishes.
14. Pieces of green or red peppers or mixtures of

both, either of which may be dried, or other
vegetables not exceeding in total 15 percent of
the drained weight of the finished food.

15. Lemon juice or concentrated lemon juice.
16. Mint leaves.
17. Butter or margarine in a quantity not less than

3 percent by weight of the finished food, or
other vegetable or animal fats or oils in a quan-
tity not less than 2.4 percent by weight of the
finished foods.

18. When butter, margarine, or other vegetable or
animal fats or oils are added, emulsifiers or sta-
bilizers or both may be added, but no color,
spice, or flavoring simulating the color or fla-
vor imparted by butter or margarine may be
used.

A. LABELING

The name of the food is “peas’’ and may include the
designation “green.’’ The term “early,’’ “June,’’ or “early
June’’ should precede or follow the name in the case of
smooth-skin peas or substantially smooth-skin peas, such
as Alaska-type peas or hybrids having similar characteris-
tics. Where the peas are of sweet green wrinkled varieties
or hybrids having similar characteristics, the name may
include the designation “sweet,’’ “wrinkled,’’ or any com-
bination thereof. The term “petit pois’’ may be used in
conjunction with the name of the food when an average of
80 percent or more of the peas will pass through a circu-
lar opening of a diameter of 7.1 millimeters (0.28 inch). If
any color additive has been added, the name of the food
should include the term “artificially colored.’’

The following should be included as part of the name
or in close proximity to the name of the food:

1. A declaration of any flavoring that character-
izes the food.

2. A declaration of any spice, seasoning, or garnish-
ing that characterizes the product, e.g., “seasoned
with green peppers,’’ “seasoned with butter,’’
“seasoned with ______ oil,’’ the blank to be filled
in with the common or usual name of the oil,
“with added spice,’’ or, in lieu of the word spice,
the common or usual name of the spice.

3. The words “vacuum pack’’ or “vacuum
packed’’ when the weight of the liquid in the
container is not more than 20 percent of the net
weight, and the container is closed under con-
ditions creating a high vacuum in the container.

VII. CANNED PUMPKIN AND CANNED
SQUASH

A. PRODUCTION

1. Varieties

The names pumpkin and squash are popularly applied to the
fruits of the species of the genus Cucurbita, namely 
C. pepo, C. maxima, and C. moschata. In general, the term
pumpkin is applied to the late maturing or fall varieties of 
C. pepo and C. maxima. The principal varieties of C. pepo
and C. maxima used for canning are the Connecticut field
pumpkin, Dickinson pumpkin, Kentucky field pumpkin, the
Boston marrow squash, and the Golden Delicious squash.

2. Harvesting

Pumpkin and squash should not be harvested for canning
until fully matured. Harvesting is usually done after the
leaves begin to turn yellow. Mature pumpkin or squash
have a hard rind which can be dented only with difficulty
with the thumbnail. If picked too green the under portions
of the pumpkin will have a greenish color and this may be
carried over into the finished product. Pumpkin and
squash are usually harvested starting approximately
September 15 in the Midwest and Northeast States, and
October 1 in the Pacific Northwest.

B. PREPARATION AND CANNING

1. Receiving

Pumpkin and squash are usually delivered as harvested and
stored at the cannery until used. Well-matured pumpkin or
squash will keep for several weeks if stored in a well-ven-
tilated place. In some areas it may be necessary to store
them in an enclosed shed for protection against freezing.
Normally no inspection is made of pumpkin or squash
received by the plants.
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2. Washing

Whole pumpkins or squashes are fed by hand or conveyed
into a combined tank and spray washer, consisting of a
rotary drum partially submerged in a tank of water. The
combined soaking and rotary motion loosens adhering dirt
which is removed by strong sprays of water. Grit some-
times becomes embedded in the rind, necessitating thor-
ough washing.

3. Trimming

From the washer the pumpkins or squash pass to the
inspection belt where stems are knocked off by hand and
blossom ends, scar tissue rot, and other blemishes are
trimmed out.

4. Cutting

In some canneries the trimmers also cut the pumpkin or
squash into halves or quarters with long knives and scrape
out the seeds and stringy pulp by hand. In many plants
mechanical cutters are used into which the whole units (or
halves) are fed by a conveyor cutting the units in pieces.
Strong sprays of water help knock out most of the seeds,
which drop from the cutter through small perforations.

Where the units are cut and the seeds and pulp
removed in separate operations, the cut pieces pass to a
revolving drum where they are tumbled under strong
sprays of water which remove most of the seeds and pulp.

Where seeds are to be saved for planting, they may
undergo further washing to separate them from the pulp.

Cut pieces are in some cases passed over an inspec-
tion belt where imperfect pieces and internal rot, not visi-
ble from the outside, may be picked out by hand.

5. Wilting (Steaming)

The cut pieces are cooked in live steam until they are ten-
der all the way through. The length of time necessary
depends upon the size of the pieces and the nature of the
equipment in which the steaming is done. The following
are examples in which the wilting or steaming may be
accomplished:

1. In metal baskets in retorts, either under pres-
sure or at atmospheric pressure.

2. In continuous metal box wilters. The pieces are
carried through on a continuous belt and are
subjected to live steam.

3. In wilting towers. These are tall cylindrical silo-
like structures into which the cut pieces are fed
continuously at the top by conveyor and
removed at the bottom by a screw conveyor. The
pumpkin or squash is continuously treated with
live steam as it passes through the wilting tower.

6. Pressing

The wilted pumpkin or squash is soggy with liquid which
is a mixture of condensed steam and pumpkin or squash
juice. The product is treated to remove excess liquid in
order to attain the desired consistency in the canned prod-
uct. This is done by putting the wilted pumpkin or squash
through an adjustable press. In certain plants the pressing
and wilting are done simultaneously by the use of augers
inside of cone-shaped perforated screens.

7. Pulping

The pressed pumpkin or squash goes to the pulper or
cyclone to remove hard particles, pieces of stems, seeds,
fiber, and other extraneous material. In some cases the prod-
uct is first put through a coarse, heavy cyclone to remove the
bulk of extraneous material and an ordinary cyclone to
reduce the size of the particles. For the latter a screen with
perforations 1/8 inch in diameter is commonly used.

Some processors use what is commercially known as
a Fitz mill. This machine, constructed with hammer and
knife edges on opposite sides, reduces or pulps pumpkin
by a combined impact mashing action.

8. Finishing

From the pulper the product goes to the finisher which
removes the finer bits of seeds or other material and gives
the final product the desired physical character. There is a
difference of opinion among canners as to the most desir-
able size of the particles of pumpkin in the finished prod-
uct. Some prefer a very smooth product which can be
obtained by using a very fine finisher; others feel that the
canned pumpkin or squash should have a noticeable
amount of grainy structure and, therefore, use a finisher
that is relatively coarse.

9. Preheating

The filling temperature of the prepared pumpkin or squash
is an important part of processing. Heat penetration of the
product is very slow because of its physical character, and
the temperature at the beginning of the process is corre-
spondingly important. By use of the preheater, it is possible
to fill all of the cans at a uniform high temperature.

The preheater is usually a straight piece of pipe sur-
rounded by a larger pipe. The product is pumped through
the smaller internal pipe and the space between the two
pipes is filled with steam, the temperature of which can be
controlled. The rate of flow of the product through the
pipe and the temperature of the steam determines the tem-
perature at which it goes to the filler. The preheater nor-
mally raises the temperature of the product to 190–200°F.
To prevent scorching the preheater is usually constructed
so that it will shut off automatically if, for any reason, the
flow through the inside pipe is stopped.

22-10 Handbook of Food Science, Technology, and Engineering, Volume 1



10. Filling

The hot pumpkin or squash goes directly to the filler and
into cans. If the thickness of the product at this point is too
great, the product may not be handled properly by the
filler. If, for any reason, the filler or closing machine is
forced to stop for any length of time all of the pumpkin
material should be put back with the material going
through the preheater. Pumpkin or squash has a corrosive
action on tin-plate and should be packed in enamel-lined
cans. It is important to fill the cans completely so that the
product is in contact with the entire inner surface of the
cover when the can is sealed. Even a small headspace may
result in some discoloration after processing.

11. Processing

The filled cans should be processed promptly. High clos-
ing temperature may be offset by undue delay between
closing and starting of the process time. A partially filled
crate of cans should be sent at once to the retort rather
than waiting any length of time for additional cans.

12. Cooling

Prompt and adequate cooling is especially important since
canned pumpkin has a slow heating and cooling rate.
Failure to cool the product promptly may result in 
overcooking and loss of color and may be directly respon-
sible for spoilage by thermophilic bacteria. Cooling is usu-
ally accomplished by moving the metal retort baskets
through a long tank of water by means of an overhead end-
less chain. The speed of the chain is regulated according to
the degree of cooling desired. Cold water is kept continu-
ously flowing into the tank to hold down the temperature.
Immediately after cooking, while the cans are distended by
heat and internal pressure, minute openings in the double
seams may be present. Cooling water contaminated with
bacteria may be drawn through seam openings as pressure
in the cans is replaced by vacuum; therefore, water in the
cooling tank should be kept clean. Some canners cool by
means of a water spray in order to reduce the contamina-
tion hazard.

VIII. CANNED VEGETABLES

Additional production descriptions are provided for the
following vegetables: artichokes, asparagus, bean sprouts,
shelled beans, lima or butter beans, beets, beet greens,
broccoli, Brussels sprouts, cabbage, carrots, cauliflower,
celery, collards, dandelion greens, kale, mustard greens,
leaves of the mustard plant, okra, onions, parsnips, peas,
black-eye or black-eyed peas, field peas, green sweet pep-
pers, red sweet peppers, pimientos (pimentos), potatoes,
rutabagas, salsify, spinach, potatoes, sweet, Swiss chard,
truffles, turnip greens, turnips. 

Table 22.1 provides a basic description of each canned
vegetable. Column I describes the canned vegetable. The
vegetable ingredient in each such canned vegetable is
obtained by proper preparation from the succulent veg-
etable described in column II of the table. If two or more
forms of such ingredient are designated in column III of
the table, the vegetable in each the form is an optional
ingredient. To the vegetable additional ingredients
(required or permitted) are added, and the food is sealed in
a container and so processed by heat as to prevent spoilage.

Water is added to the vegetable ingredient may be
added except that pimientos may be canned with or without
added water, and sweet potatoes in mashed form are canned
without added water. Asparagus may be canned with added
water, asparagus juice, or a mixture of both. Asparagus
juice is the clear, unfermented liquid expressed from the
washed and heated sprouts or parts of sprouts of the aspara-
gus plant, and mixtures of asparagus juice and water are
considered to be water when such mixtures are used as a
packing medium for canned asparagus. In the case of arti-
chokes, a vinegar or any safe and suitable organic acid,
which either is not a food additive as defined or if it is a
food additive as so defined, is used in conformity with reg-
ulations established, is added in such quantity as to reduce
the pH of the finished canned vegetable to 4.5 or below.

The following optional ingredients may be added in
the case of the vegetables in Table 22.1.

An edible vegetable oil, in the case of artichokes and
pimientos, and snaps, in the case of shelled beans, black-
eyed peas, and field peas.

In the case of all vegetables (except canned mashed
sweet potatoes), one or more of the following optional
seasoning ingredients may be added in a quantity suffi-
cient to season the food.

1. Refined sugar (sucrose).
2. Refined corn sugar (dextrose).
3. Corn syrup, glucose syrup.
4. Dried corn syrup, dried glucose syrup.
5. Spice.
6. A vinegar.
7. Green peppers or red peppers, which may be

dried.
8. Mint leaves.
9. Onions, which may be dried.

10. Garlic, which may be dried.
11. Horseradish.
12. Lemon juice or concentrated lemon juice.
13. Butter or margarine in a quantity not less than

3 percent by weight of the finished food. When
butter or margarine is added, safe and suitable
emulsifiers or stabilizers, or both, may be
added. When butter or margarine is added, no
spice or flavoring simulating the color or flavor
imparted by butter or margarine is used.
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TABLE 22.1
Canned Vegetables, Source, and Optional Forms of Vegetable Ingredients

I—Name or Synonym of III—Optional Forms of 
Canned Vegetable II—Source Vegetable Ingredient

Artichokes Flower buds of the artichoke plant Whole; half or halves or halved; whole
hearts; halved hearts; quartered hearts

Asparagus Edible portions of sprouts of the
asparagus plant, as follows:
3 and 3/4 in. or more of upper end; Stalks or spears
3 and 3/4 in. or more of peeled upper end Peeled stalks or peeled spears

Not less than 2 and 3/4 in. but less than Tips
3 and 3/4 in. of upper end

Less than 2 and 3/4 in. of upper end Points
Sprouts cut in pieces Cut stalks or cut spears
Sprouts from which the tip ha been Bottom cuts or cuts—tips removed

removed, cut in pieces
Bean sprouts Sprouts of the Mung bean
Shelled beans Seed shelled from green or wax

bean pods, with or without snaps (pieces
of immature unshelled pods)

Lima beans or butter beans Seed shelled from the pods of the lima
bean plant

Beets Root of the beet plant Whole; slices or sliced; quarters or
quartered; dice or diced; cut; 
shoestring or French style or julienne

Beet greens Leaves, or leaves and immature root, of
the beet plant

Broccoli Heads of the broccoli plant
Brussels sprouts Sprouts of the Brussels sprouts plant
Cabbage Cut pieces of the heads of the cabbage plant
Carrots Root of the carrot plant Do
Cauliflower Cut pieces of the head of the cauliflower plant
Celery Stalks of the celery plant Cut; hearts
Collards Leaves of the collard plant
Dandelion greens Leaves of the dandelion plant 
Kale Leaves of the kale plant
Mustard greens Leave of the mustard plant
Okra Pods of the okra plant Whole; cut
Onions Bulb of the onion plant Do
Parsnips Root of the parsnip plant Whole; quarters or quartered; slices 

or sliced; cut; shoestring or French
style or julienne

Black-eye peas or Seed shelled from pods of the black-eye
black-eyed peas pea plant, with or without snaps (pieces

of immature unshelled pods)
Field peas Seed shelled from pods of the field pea

plant (other than the black-eye pea
plant), with or without snaps (pieces of
immature unshelled pods)

Green sweet peppers Green pods of the sweet pepper plant Whole; halves or halved; pieces; dice
or diced; strips; chopped

Red sweet peppers Red-ripe pods of the sweet pepper plant Do
Pimientos or pimentos Red-ripe pods of the pimiento, pimento, Whole; halves or halved; pieces; dice or

pepper plant diced; slices or sliced; chopped
Potatoes Tuber of the potato plant Whole; slices or sliced; dice or diced;

pieces; shoestring or French style or
julienne; French fry cut
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In the case of all vegetables, the following optional
ingredients may be added:

1. Salt.
2. Monosodium glutamate.
3. Disodium inosinate.
4. Disodium guanylate.
5. Hydrolyzed vegetable protein.
6. Autolyzed yeast extract.

In the case of all vegetables flavoring (except artifi-
cial) may be added.

In the case of bean sprouts, lima beans, carrots, green
sweet peppers, red sweet peppers, and potatoes, any safe
and suitable calcium salts may be added as a firming
agent.

In the case of canned artichokes packed in glass con-
tainers, ascorbic acid may be added in a quantity not 
to exceed 32 milligrams per 100 grams of the fin-
ished food.

In the case of canned asparagus, ascorbic acid, ery-
thorbic acid, or the sodium salts of ascorbic acid or ery-
thorbic acid may be added in an amount necessary to
preserve color in the “white’’ and “green-tipped and
white’’ color types.

In the case of canned asparagus packed in glass con-
tainers, stannous chloride may be added in a quantity not
to exceed 15 parts per million calculated as tin (Sn),
except that in the case of asparagus packed in glass con-
tainers with lids lined with an inert material, the quantity
of stannous chloride added may exceed 15 parts per mil-
lion but not 20 parts per million calculated as tin (Sn).

In the case of canned black-eyed peas, disodium
EDTA may be added in a quantity not to exceed 145 parts
per million.

In the case of potatoes, calcium disodium EDTA may
be added in a quantity not to exceed 110 parts per million.

A vinegar or any safe and suitable organic acid for all
vegetables (except artichokes, in which the quantity of such
optional ingredient is prescribed by the introductory text) in
a quantity which, together with the amount of any lemon
juice or concentrated lemon juice that may be added, is not
more than sufficient to permit effective processing by heat
without discoloration or other impairment of the article.

The name of each canned vegetable is designated in
column I of the table.

When two or more forms of the vegetable are speci-
fied in column III of the table, the label should bear the
specified word or words, showing the form of the veg-
etable ingredient present, except that in the case of canned
spinach, if the whole leaf is the optional form used, the
word “spinach’’ unmodified may be used in lieu of the
words “whole leaf spinach.’’

If the optional ingredient specified is present, the label
should bear the statement “______ oil added’’ or “With
added ______ oil,’’ the blank being filled in with the com-
mon or usual name of the oil.

If asparagus juice is used as a packing medium in
canned asparagus, the label should bear the statement
“Packed in asparagus juice.’’

If the optional ingredient specified is present, the label
should bear the statement “With snaps.’’

The name of the food should include a declaration of
any flavoring that characterizes the product as specified,
and a declaration of any spice or seasoning that character-
izes the product; for example, “with added spice,’’ “sea-
soned with red peppers,’’ “seasoned with butter.’’

Wherever the name of the vegetable appears on the
label so conspicuously as to be easily seen under custom-
ary conditions of purchase, the words and statements spec-
ified should immediately and conspicuously precede or
follow such name, without intervening written, printed, or
graphic matter, except that the varietal name of the veg-
etable may so intervene.
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TABLE 22.1
(Continued )

I—Name or synonym of III—Optional Forms of 
Canned Vegetable II—Source Vegetable Ingredient

Rutabagas Root of the rutabaga plant Whole; quarters or quartered; slices or 
sliced; dice or diced; cut

Salsify Root of the salsify plant
Spinach Leaves of the spinach plant Whole leaf; cut leaf or sliced; chopped
Sweet potatoes Tuber of the sweet potato plant Whole; mashed; pieces or cuts or cut

(longitudinally cut halves may be 
named on labels as halves or halved in 
lieu of pieces or cuts or cut)

Swiss chard Leaves of the Swiss chard plant
Truffles Fruit of the truffle
Turnip greens Leaves of the turnip plant
Turnips Root of the turnip plant Whole; quarters or quartered; slices or

sliced; dice or diced; cut



IX. CANNED CHILI SAUCE

Chili sauce is the product prepared from mature, clean,
sound, tomatoes of the red or reddish varieties which are
peeled and chopped or crushed, or all (or a portion) of the
tomatoes may be chopped, crushed, or macerated and the
peelings screened out in a manner so that at least a sub-
stantial portion of the seed remains in the product, to
which is added salt, spices, vinegar, nutritive sweetening
ingredients, and to which may be added vegetable flavor-
ing ingredients such as chopped onion, chopped green or
red pepper, chopped green tomatoes, chopped celery, and
sweet pickle relish in such quantities as will not materially
alter the appearance of the product with respect to the pre-
dominance of the tomato ingredient, and any other ingre-
dients permissible under FDA regulations and standards.
The chili sauce is processed in accordance with good
commercial practice; is packed in hermetically sealed
containers; and is sufficiently processed by heat, before or
after sealing, to assure preservation of the product. The
refractive index of the filtrate of the chili sauce at 20°C is
not less than 1.3784.

A. INGREDIENTS

1. Tomato Pulp

The primary ingredient in chili sauce is red tomatoes. The
tomatoes may be hand peeled and broken up by stirring or
the tomatoes may be prepared by any one of a number of
machines especially designed for the purpose, or there
may be a combination of whole peeled tomatoes and more
or less macerated tomatoes from which the peelings have
been removed by screening. These machines are usually
similar to the tomato pulper or finisher, except that the
holes through which the tomato material is forced are usu-
ally quite large. They are not nearly as efficient as the
usual finishing machine at removing the peeling and
defects from the tomatoes. For economic reasons some
manufacturers have resorted to using a large amount of
cyclone pulp and a small amount of hand-peeled or
mechanically peeled tomatoes or tomatoes which have
been forced through small openings. In general the more
of the larger pieces of tomato material present, the better
the pulp is for chili sauce.

2. Sugar

The use of any of the nutritive sweetening ingredients is
permitted in this product. The usual sweetener is sugar
(sucrose). The solids of chili sauce are usually brought up
higher by the use of sugar and lowered by concentrating
the tomatoes than is usual with catsup. Some manufactur-
ers use as much as 1/2 more sugar than they do with cat-
sup yet finish at about the same point with respect to
soluble solids.

3. Spices, Salt, and Acids

Most of the same spices are used in chili sauce as in the
manufacture of catsup, except that garlic is seldom used in
chili sauce. The proportions of the various spice ingredients
are not standardized between manufacturers. Salt and vine-
gar are used in about the same proportions as with catsup.

4. Other Ingredients

The other ingredients, such as onion, bell peppers, celery,
and sweet pickle relish, contribute to the flavor of the
product and also provide body to the finished product; that
is, they provide part of the consistency and most of the
chewiness of the finished chili sauce. The ingredients
used and the proportions of the ingredients used vary
widely from packer to packer; therefore, quite a variety of
flavors can be expected in chili sauces. The onion ingre-
dient is often dehydrated onion flakes. Red or green diced
dehydrated peppers are often used.

5. Manufacture

Most important in the manufacture of chili sauce is the
preparation of the tomato pulp.

6. Tomato Pulp

Where peeled tomatoes are used for a part or all of the
tomato pulp they are usually taken from the regular canning
lines after at least a partial preparation by mechanical or
hand peeling, trimming, and coring. There is usually some
selection of the raw tomatoes that are to be run through chili
sauce preparation machines. Some packers divert very ripe
tomatoes that need no trimming to the chili sauce lines
while others box-sort or load-sort the tomatoes and trim
them on the conveyer belts. This trimming removes defec-
tive parts and stems that would become defects in the sauce.
The trimmers may or may not remove most of the green
portions of the tomatoes depending on the machinery used
and the manufacturer’s desires with respect to the appear-
ance of chili sauce. If green pepper, pickle relish, or green
tomatoes are added green shouldered tomatoes are not usu-
ally trimmed. Manufacture consists of combining the ingre-
dients in a manner so that the finished chili sauce will have
the desired qualities of color, consistency, finish, absence of
defects, and flavor. The tomato pulp, whether from broken
peeled tomatoes or from special chili sauce machines, or
cyclone juice to which some tomato material containing
tomato seed is added, is run to kettles, usually steam jack-
eted, and reduced by boiling to about one-half the original
volume. Concentration in vacuum pans is particularly satis-
factory for this operation.

7. Adding Other Ingredients

Onion is often added at the beginning of the boil. The
other ingredients may be added at any time but the
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sugar is usually added late to prevent caramelization.
Spices, if in the form of oils or cream of spice, are
usually added late to prevent evaporation of the flavor
ingredients.

8. The Finishing Point

Because of the nature of the ingredients there is no accu-
rate means of determining a correct finishing point which
will apply to all formulae. The first batches when starting,
or after any major change in formula, are dropped when
they appear to be about correct. As with tomato catsup the
consistency of the hot sauce may be measured by any suit-
able device and the refractive index may be taken.
Succeeding batches can then be adjusted by these instru-
ments by increasing or decreasing the boiling or by adjust-
ing the amounts of pulp and sugar to the desired result.

9. Processing

Chili sauce is usually closed at about 180°, at which tem-
perature further processing is usually not necessary.
Foaming may occur at higher temperatures and an addi-
tional process is usually given if the sauce is closed at
lower temperatures.

X. CANNED TOMATOES

Canned tomatoes is the food prepared from mature toma-
toes conforming to the characteristics of the fruit
Lycopersicum esculentum P. Mill, of red or reddish vari-
eties. The tomatoes may or may not be peeled, but should
have had the stems and calicies removed and should have
been cored, except where the internal core is insignificant
to texture and appearance.

Canned tomatoes may contain one or more of the safe
and suitable optional ingredients, be packed without any
added liquid or in one of the optional packing media, and
be prepared in one of the styles. Such food is sealed in a
container and before or after sealing is so processed by
heat as to prevent spoilage.

One or more of the following safe and suitable ingre-
dients may be used:

1. Calcium salts in a quantity reasonably necessary
to firm the tomatoes, but the amount of calcium
in the finished canned tomatoes is not more than
0.045 percent of the weight, except that when
the tomatoes are prepared in one of the styles
specified the amount of calcium is not more than
0.08 percent of the weight of the food.

2. Organic acids for the purpose of acidification.
3. Dry nutritive carbohydrate sweeteners when-

ever any organic acid is used, in a quantity rea-
sonably necessary to compensate for the
tartness resulting from such added acid.

4. Salt.
5. Spices, spice oils.
6. Flavoring and seasoning.
7. Vegetable ingredients such as onion, peppers,

and celery, that may be fresh or preserved by
physical means, in a quantity not more than 
10 percent by weight of the finished food.

A. PACKING MEDIA

Packing media includes:

1. The liquid draining from the tomatoes during
or after peeling or coring.

2. The liquid strained from the residue from
preparing tomatoes for canning consisting of
peels and cores with or without tomatoes or
pieces thereof.

3. The liquid strained from mature tomatoes
(tomato juice).

4. Tomato paste, or tomato puree, or tomato pulp
complying with the compositional require-
ments.

1. Styles

Styles may be:

(a) Whole.
(b) Diced.
(c) Sliced.
(d) Wedges.

2. Name of the Food

The name of the food is “tomatoes,’’ except that when
the tomatoes are not peeled the name is “unpeeled toma-
toes.’’

The following should be included as part of the name
or in close proximity to the name of the food.

(a) A declaration of any flavoring that character-
izes the product as specified.

(b) A declaration of any added spice, seasoning, or
vegetable ingredient that characterizes the
product, (e.g., “with added ______’’ or, “with
______’’ the blank to be filled in with the
word(s) “spice(s),’’ “seasoning(s),’’ or the
name(s) of the vegetable(s) used or in lieu of
the word(s) “spice(s)’’ or “seasoning (s)’’ the
common or usual name(s) of the spice(s) or
seasoning(s) used) except that no declaration of
the presence of onion, peppers, and celery is
required for stewed tomatoes.

(c) The word “stewed’’ if the tomatoes contain
characterizing amounts of at least the three
optional vegetables listed.
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(d) The styles: “Diced,’’ “sliced,’’ or “wedges’’ as 
appropriate.

(e) The name of the packing medium: “tomato
paste,’’ “tomato puree,’’ or “tomato pulp’’ or
“strained residual tomato material from prepara-
tion for canning.’’ The name of the packing
medium should be preceded by the word “with.’’

(f) The following may be included as part of the
name or in close proximity to the name:

The word “whole’’ if the tomato ingredient is whole or
almost whole, and the weight of such ingredient is not less
than 80 percent of the drained weight of the finished food
as determined in accordance with the method prescribed.

The words “solid pack’’ when none of the optional
packing media are used.

The words “in tomato juice’’ if the packing medium 
is used.

The name of each ingredient used should be declared
on the label as required.

The standard of quality for canned tomatoes is as 
follows:

The drained weight is not less than 50 percent of the
weight of water required to fill the container

The strength and redness of color is not less than that
of the blended color of any combination of the color discs.

Blemishes per kilogram (2.2 pounds) of the finished
food cover an area of not more than 3.5 cm (0.54 square
inch) which is equivalent to 1.6 cm (0.25 square inch) per
pound based on an average of all containers examined.

If the quality of canned tomatoes falls below standard
with respect to only one of the factors of quality specified,
there may be substituted for the second line of such gen-
eral statement of substandard quality (“Good Food—Not
High Grade’’) a new line to read as follows:

“Poor color’’ or
“Excessive peel’’ or
“Excessive blemishes.’’

3. Fill of Container

The standard of fill of container for canned tomatoes is a
fill of not less than 90 percent of the total capacity of the
container.

If canned tomatoes fall below the standard of fill of
container, the label should bear the general statement of
substandard fill

XI. CANNED TOMATO JUICE

Tomato juice is the food intended for direct consumption,
obtained from the unfermented liquid extracted from
mature tomatoes of the red or reddish varieties of
Lycopersicum esculentum P. Mill, with or without scalding
followed by draining. In the extraction of such liquid, heat
may be applied by any method that does not add water
thereto.

Such juice is strained free from peel, seeds, and other
coarse or hard substances, but contains finely divided
insoluble solids from the flesh of the tomato in accordance
with current good manufacturing practice. Such juice may
be homogenized, may be seasoned with salt, and may be
acidified with any safe and suitable organic acid. The juice
may have been concentrated and later reconstituted with
water and/or tomato juice to a tomato soluble solids con-
tent of not less than 5.0 percent by weight.

The food is preserved by heat sterilization (canning),
refrigeration, or freezing. When sealed in a container to be
held at ambient temperatures, it is so processed by heat,
before or after sealing, as to prevent spoilage.
The name of the food is:

1. “Tomato juice’’ if it is prepared from uncon-
centrated undiluted liquid extracted from
mature tomatoes of reddish varieties.

2. “Tomato juice from concentrate’’ if the finished
juice has been prepared from concentrated
tomato juice as specified or if the finished juice
is a mixture of tomato juice and tomato juice
from concentrate.

Each of the ingredients used in the food should be
declared on the label as required.

The standard of quality for tomato juice is as follows:
The strength and redness of color complies with spe-

cific requirement.
Not more than two defects for peel and blemishes,

either singly or in combination, in addition to three
defects for seeds or pieces of seeds, defined as follows,
per 500 milliliters (16.9 fluid ounces):

(a) Pieces of peel 3.2 millimeters (0.125 inch) or
greater in length.

(b) Blemishes such as dark brown or black parti-
cles (specks) greater than 1.6 millimeters
(0.0625 inch) in length.

(c) Seeds or pieces of seeds 3.2 millimeters (0.125
inch) or greater in length.

If the quality of the tomato juice falls below the stan-
dard, the label should bear the general statement of sub-
standard quality.

In lieu of such general statement of substandard qual-
ity when the quality of the tomato juice falls below the
standard in one or more respects, the label may bear the
alternative statement, “Below Standard in Quality
______,’’ the blank to be filled in with the words:

(i) “Poor color’’
(ii) “Excessive pieces of peel’’

(iii) “Excessive blemishes.’’
(iv) “Excessive seeds’’ or “excessive pieces of seed.’’

The standard of fill of container for tomato juice is not
less than 90 percent of the total capacity, except when the
food is frozen.
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If the tomato juice falls below the standard of fill, the
label should bear the general statement of substandard fill.

XII. CANNED TOMATO CONCENTRATES,
“TOMATO PUREE,” “TOMATO PULP,”
OR “TOMATO PASTE”

Tomato concentrates are the class of foods each of which
is prepared by concentrating one or any combination of
two or more of the following optional tomato ingredients:

1. The liquid obtained from mature tomatoes of
the red or reddish varieties (Lycopersicum
esculentum P. Mill).

2. The liquid obtained from the residue from
preparing such tomatoes for canning, consist-
ing of peelings and cores with or without such
tomatoes or pieces thereof.

3. The liquid obtained from the residue from par-
tial extraction of juice from such tomatoes.

Such liquid is obtained by so straining the tomatoes,
with or without heating, as to exclude skins (peel), seeds,
and other coarse or hard substances in accordance with
good manufacturing practice. Prior to straining, food-
grade hydrochloric acid may be added to the tomato mate-
rial in an amount to obtain a pH no lower than 2.0. Such
acid is then neutralized with food-grade sodium hydrox-
ide so that the treated tomato material is restored to a pH
of 4.2 + 0.2. Water may be added to adjust the final com-
position. The food contains not less than 8.0 percent
tomato soluble solids as specified.

The food is preserved by heat sterilization (canning),
refrigeration, or freezing. When sealed in a container to be
held at ambient temperatures, it is so processed by heat,
before or after sealing, as to prevent spoilage.

One or any combination of two or more of the follow-
ing safe and suitable ingredients may be used in the foods:

1. Salt (sodium chloride formed during acid neu-
tralization should be considered added salt).

2. Lemon juice, concentrated lemon juice, or
organic acids.

3. Sodium bicarbonate.
4. Water.
5. Spices.
6. Flavoring.

The name of the food is:

1. “Tomato puree’’ or “tomato pulp’’ if the food
contains not less than 8.0 percent but less than
24.0 percent tomato soluble solids.

2. “Tomato paste’’ if the food contains not less
than 24.0 percent tomato soluble solids.

3. The name “tomato concentrate’’ may be used in
lieu of the name “tomato puree,’’ “tomato

pulp,’’ or “tomato paste’’ whenever the concen-
trate complies with the requirements of such
foods, except that the label should bear the
statement “for re-manufacturing purposes
only’’ when the concentrate is packaged in No.
10 containers (3.1 kilograms or 109 avoirdu-
pois ounces total water capacity) or containers
that are smaller in size.

4. “Concentrated tomato juice’’ if the food is pre-
pared from the optional tomato ingredient
described and is of such concentration that upon
diluting the food according to label directions as
required, the diluted article will contain not less
than 5.0 percent by weight tomato soluble solids.

The following should be included as part of the name
or in close proximity to the name of the food:

1. The statement “Made from’’ or “Made in part
from,’’ as the case may be, “residual tomato
material from canning’’ if the optional tomato
ingredient is present.

2. The statement “Made from’’ or “Made in part
from,’’ as the case may be, “residual tomato
material from partial extraction of juice’’ if the
optional tomato ingredient present.

3. A declaration of any flavoring that character-
izes the product and a declaration of any spice
that characterizes the product, e.g., “Seasoned
with ______,’’ the blank to be filled in with the
words “added spice’’ or, in lieu of the word
“spice,’’ the common name of the spice.

The label of concentrated tomato juice should bear
adequate directions for dilution to result in a diluted arti-
cle containing not less than 5.0 percent by weight tomato
soluble solids, except that alternative methods may be
used to convey adequate dilution directions for containers
that are larger than No. 10 containers (3.1 kilograms or
109 avoirdupois ounces total water capacity).

A. FILL OF CONTAINER

The standard of fill of container for tomato concentrate, as
determined by the general method for fill of container, is
not less than 90 percent of the total capacity, except when
the food is frozen.

XIII. TOMATO CATSUP

Catsup, ketchup, or catchup is the food prepared from one
or any combination of two or more of the following
optional tomato ingredients:

1. Tomato concentrate as described.
2. Lemon juice, concentrated lemon juice, or safe

and suitable organic acids may be used in quan-
tities no greater than necessary to adjust the pH.
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3. The liquid derived from mature tomatoes of the
red or reddish varieties Lycopersicum esculen-
tum P. Mill.

4. The liquid obtained from the residue from
preparing such tomatoes for canning, consist-
ing of peelings and cores with or without such
tomatoes or pieces thereof.

5. The liquid obtained from the residue from par-
tial extraction of juice from such tomatoes.
Such liquid is strained so as to exclude skins,
seeds, and other coarse or hard substances in
accordance with current good manufacturing
practice. Prior to straining, food-grade
hydrochloric acid may be added to the tomato
material in an amount to obtain a pH no lower
than 2.0. Such acid is then neutralized with
food-grade sodium hydroxide so that the treated
tomato material is restored to a pH of 4.2 ± 0.2.

The final composition of the food may be adjusted by
concentration and/or by the addition of water. The food
may contain salt (sodium chloride formed during acid
neutralization should be considered added salt) and is sea-
soned with optional ingredients (see above).

The food is preserved by heat sterilization (canning),
refrigeration, or freezing. When sealed in a container to be
held at ambient temperatures, it is so processed by heat,
before or after sealing, as to prevent spoilage.

One or any combination of two or more of the fol-
lowing ingredients in each category is added to the tomato
ingredients:

1. Vinegars.
2. Nutritive carbohydrate sweeteners.
3. Spices, flavoring, onions, or garlic.

4. Labeling.
5. The name of the food is “Catsup,’’ “Ketchup,’’

or “Catchup.’’

The following should be included as part of the name
or in close proximity to the name of the food:

1. The statement “Made from’’ or “Made in part
from,’’ as the case may be, “residual tomato
material from canning’’ if the optional tomato
ingredient or tomato concentrate containing the
ingredient is present.

2. The statement “Made from’’ or “Made in 
part from,’’ as the case may be, “residual tomato
material from partial extraction of juice’’ if the
optional tomato ingredient or tomato concen-
trate containing the ingredient is present.

The name “tomato concentrate’’ may be used in lieu
of the names “tomato puree,’’ “tomato pulp,’’ or “tomato
paste’’ and when tomato concentrates are used.

A. FILL OF CONTAINER

The standard of fill of container for catsup is not less than
90 percent of the total capacity except when the food is
frozen, or when the food is packaged in individual serving-
size packages containing 56.7 grams (2 ounces) or less.
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I. INTRODUCTION

This book is not the proper forum to discuss the manufac-
ture of every processed vegetable available in the market.
However, regulatory agencies such the Department of
Agriculture (USDA) and the Food and Drug
Administration (FDA) have issued some minimal criteria
for each processed vegetable such as what they are, what
types and styles are available and so on. The information
in this chapter describes each available frozen vegetable
product and has been modified from the product grades
(USDA) and product standards (FDA). Product standards
and product grades are established to achieve two objec-
tives: assure product safety and minimize economic fraud.

The information provided here has one major objec-
tive: to remind a commercial processor what each frozen
vegetable is and the applicable criteria for particular
products.

II. FROZEN ASPARAGUS

Frozen asparagus consists of sound and succulent fresh
shoots of the asparagus plant (Asparagus officianalis).
The product is prepared by sorting, trimming, washing,
and blanching as necessary to assure a clean and whole-
some product. It is then frozen and stored at temperatures
necessary for preservation.

1. TYPES

1. Green or all-green consists of units of frozen
asparagus which are typically green, light-
green, or purplish-green in color.

2. Green-white consists of frozen asparagus spears
and tips which have typical green, light-green,
or purplish-green color to some extent but
which are white in the lower portions of stalk.

2. STYLES

Spears or stalks style consists of units composed of the
head and adjoining portion of the shoot that are 3 inches
or more in length. Tips style consists of units composed of
the head and adjoining portion of the shoot that are less
than 3 inches in length. Center cuts or cuts style consists
of portions of shoots (with or without head material) that
are cut transversely into units not less than one-half inch
in length and that fail to meet the definition for cut spears
or cuts and tips style.

Cut spears or cuts and tips style consists of the head
and portions of the shoot cut transversely into units 2
inches or less but not less than one-half inch in length. To
be considered this style head material should be present in
these amounts for the respective lengths of cuts:

1. 1-1/4 inches or less. Not less than 18 percent
(average), by count, of all cuts are head material.

2. Longer than 1-1/4 inches. Not less than 25 per-
cent (average), by count, of all cuts are head
material.

III. FROZEN LIMA BEANS

Frozen lima beans are the frozen product prepared from
the clean, sound, succulent seed of the lima bean plant
without soaking, by shelling, washing, blanching, and
properly draining. They are then frozen in accordance
with good commercial practice and maintained at temper-
atures necessary for the preservation of the product.

1. TYPES

1. Thin-seeded such as Henderson, Bush, and
Thorogreen varieties.

2. Thick-seeded Baby Potato such as Baby
Potato, Baby Fordhook, and Evergreen. Thick-
seeded, such as Fordhook variety.

IV. FROZEN BEANS, SPECKLED BUTTER
(LIMA)

Frozen speckled butter (lima) beans are the frozen prod-
uct prepared from the clean, sound, freshly-vined (but not
seed-dry) seed of the speckled butter (lima) bean plant
(Phaseolus limensis). The skins of the seed are pigmented
and the external colors range from variegated speckling of
green, pink, red, and/or lavender to purple. The product is
prepared by shelling the pods; by washing, blanching, and
properly draining the seeds that have been sorted and
blended or otherwise prepared in accordance with good
commercial practice. They are frozen in accordance with
good commercial practice and maintained at temperatures
necessary for the preservation of the product.

V. FROZEN BROCCOLI

Frozen broccoli is the product prepared from the fresh,
clean, sound stalks or shoots of the broccoli plant
[Brassica oleracea (Italica group)] by trimming, washing,
blanching, sorting, and properly draining. The product is
frozen in accordance with good commercial practice and
maintained at temperatures necessary for its preservation.

1. STYLES

1. Spears or stalks are the head and adjoining por-
tions of the stem, with or without attached
leaves, which may range in length from 9 cm
(3.5 in.) to 15 cm (5.9 in.). The spears or stalks
may be cut longitudinally.

2. Short spears or florets are the head and adjoin-
ing portions of the stem, with or without
attached leaves, which may range in length
from 2.5 cm (1 in.) to 9 cm (3.5 in.). Each short



spear or floret must weigh more than 6 g
(0.2 oz). The short spears or florets may be cut
longitudinally.

3. Cut spears or short spears are cut into portions
which may range in length from 2 cm (0.8 in.)
to 5 cm (2 in.). Head material should be at least
62.5 g (2.2 oz) per 250 g (8.8 oz) and leaf mate-
rial should not be more than 62.5 g (2.2 oz) per
250 g (8.8 oz).

4. Chopped spears or short spears are cut into por-
tions which are less than 2 cm (0.8 in.) in length.
Head material should be at least 12.5 g (0.4 oz)
per 50 g (1.8 oz) and leaf material should not be
more than 12.5 g (0.4 oz) per 50 g (1.8 oz).

5. Pieces or random cut pieces are cut or chopped
portions of spears or short spears or other units
which do not meet the requirements for cut or
chopped styles.

VI. FROZEN BRUSSELS SPROUTS

Frozen Brussels sprouts are the frozen product prepared
from the clean, sound succulent heads of the Brussels
sprouts plant (Brassica oleracea L. var. gemmifera) by
trimming, washing, blanching, and properly draining. The
product is frozen in accordance with good commercial
practice and maintained at temperatures necessary for its
preservation.

VII. FROZEN CARROTS

Frozen carrots are the clean and sound product prepared
from the fresh root of the carrot plant (Daucus carota) by
washing, sorting, peeling, trimming, and blanching, and
are frozen in accordance with good commercial practice
and maintained at temperatures necessary for the preser-
vation of the product.

1. STYLES

Wholes (or whole carrots) retain the approximate
confirmation of a whole carrot.

Halves or halved carrots are cut longitudinally into
two units.

Quarters or quartered carrots are cut longitudinally
into four approximately equal units. Carrots cut
longitudinally or cut longitudinally and cross-
wise into six or eight units approximating the
size and appearance of quartered carrots are also
permitted in this style.

Slices or sliced carrots are sliced transversely to the
longitudinal axis.

Diced carrots consist of approximate cube-shaped
units.

Double-diced carrots consist of approximate rectan-
gular shapes that resemble the equivalent of two
cube-shaped units.

Strips are carrots that consists of approximate
French-cut shapes, with flat-parallel or corru-
gated-parallel surfaces, one-half inch or more in
length.

Chips are carrots that consist of predominately
small-sized units (such as less than one-half
cube) and variously shaped pieces or slivers in
which the longest-edge dimension approximates
not more than one-half inch.

Cut carrots consist of cut units that do not conform to
any of the forgoing styles.

VIII. FROZEN CAULIFLOWER

Frozen cauliflower is prepared from fresh flower heads of
the cauliflower plant (Brassica oleracea botrytis) by trim-
ming, washing, and blanching, and is frozen and maintained
at temperatures necessary for preservation of the product.

1. STYLES AND REQUIREMENTS

1. Clusters are individual segments of trimmed
and cored cauliflower heads, which measure
not less than 20 mm (0.75 in.) in the greatest
dimension across the top of the unit. A maxi-
mum of 10%, by weight, of clusters less than
20 mm (0.75 in.) in the greatest dimension
across the top of the unit are allowed.

2. Nuggets or small clusters are individual seg-
ments of trimmed and cored cauliflower heads,
which measure from 6 mm (0.25 in.) to less
than 20 mm (0.75 in.) in the greatest dimension
across the top of the unit. A maximum of 20%,
by weight, of clusters, 20 mm (0.75 in.) or
greater, and a maximum of 10%, by weight, of
clusters less than 6 mm in the greatest dimen-
sion across the top of the unit are allowed.

IX. FROZEN CORN ON THE COB

Frozen corn on the cob is the product prepared from
sound, properly matured, fresh, sweet corn ears by remov-
ing husk and silk, by sorting, trimming, and washing to
assure a clean and wholesome product. The ears are
blanched, then frozen and stored at temperatures neces-
sary for the preservation of the product.

1. STYLES

1. Trimmed. Ears trimmed at both ends to remove
tip and stalk ends and or/cut to specific lengths.
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2. Natural. Ears trimmed at the stalk end only to
remove all or most of the stalk.

2. LENGTHS

1. Regular. Ears which are predominantly over
3-1/2 inches in length.

2. Ears which are predominantly 3-1/2 inches or
less in length.

Colors of frozen corn on the cob: Golden (or yellow);
white.

X. FROZEN LEAFY GREENS

Frozen leafy greens are the frozen product prepared from
the clean, sound, succulent leaves and stems of any one of
the plants listed below by sorting, trimming, washing,
blanching, and properly draining. The product is
processed by freezing and maintained at temperatures
necessary for its preservation. Any functional, optional
ingredient(s) permissible under the law may be used to
acidify and/or season the product.

1. TYPES

Beet greens.
Collards.
Dandelion greens.
Endive.
Kale.
Mustard greens.
Spinach.
Swiss chard.
Turnip greens.
Any other “market accepted” leafy green.

2. STYLES

1. Leaf consists substantially of the leaf, cut or
uncut, with or without adjoining portion of the
stem.

2. Chopped consists of the leaf with or without
adjoining portion of the stem that has been cut
into small pieces less than approximately
20 mm (0.78 in.) in the longest dimension but
not comminuted to a pulp or a puree.

3. Pureed consists of the leaf with or without
adjoining portion of the stem that has been
comminuted to a pulp or a puree.

XI. FROZEN OKRA

Frozen okra is the product prepared from the clean, sound,
succulent, and edible fresh pods of the okra plant

(Hibiscus esculentus) of the green variety. The product
may or may not be trimmed, is properly prepared and
properly processed, and is then frozen and stored at tem-
peratures necessary for preservation.

1. STYLES

1. Whole okra consists of trimmed or untrimmed
whole pods of any length that may possess an
edible portion of the cap. The length of a whole
pod is determined by measuring from the outer-
most point of the tip end of the pod to the outer-
most point of the stem end of the pod, exclusive
of any inedible stem portion that may be present.

2. Cut okra is trimmed or untrimmed whole pods,
which may possess an edible portion of cap,
and which have been cut transversely into
pieces of approximate uniform length. The
length of a unit of cut okra is determined by
measuring the longitudinal axis of the unit.

XII. FROZEN ONION RINGS, BREADED,
RAW OR COOKED

Frozen breaded onion rings, hereinafter referred to as
frozen onion rings, is the product prepared from clean and
sound, fresh onion bulbs (Allium cepa) from which the
root bases, tops, and outer skin have been removed. The
onion bulbs are sliced and separated into rings, coated
with batter (or breaded), and may or may not be deep fried
in a suitable fat or oil bath. The product is prepared and
frozen in accordance with good commercial practice and
maintained at temperatures necessary for the proper
preservation of the product.

1. TYPES

The type of frozen onion rings applies to the method
of preparation of the product, and includes:

1. French fried onion rings that have been deep
fried in a suitable fat or oil bath prior to freez-
ing.

2. Raw breaded onion rings that have not been oil
blanched or cooked prior to freezing.

XIII. FROZEN PEAS

Frozen peas is the food in “package’’ form, prepared from
the succulent seed of the pea plant of the species Pisum
sativum L. Any suitable variety of pea may be used. It is
blanched, drained, and preserved by freezing in such a
way that the range of temperature of maximum crystal-
lization is passed quickly. The freezing process should not
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be regarded as complete until the product temperature has
reached �18°C (0°F) or lower at the thermal center, after
thermal stabilization. Such food may contain one, or any
combination of two or more, of the following safe and
suitable optional ingredients:

XIV. PEAS, FIELD AND BLACK-EYE

Frozen field peas and frozen black-eye peas, hereafter
referred to as frozen peas, are the frozen product prepared
from clean, sound, fresh, seed of proper maturity of the
field pea plant (Vigna sinensis), by shelling, sorting, wash-
ing, blanching, and properly draining. The product is frozen
and maintained at temperatures necessary for preservation.
Frozen peas may contain succulent, unshelled pods (snaps)
of the field pea plant or small sieve round type succulent
pods of the green bean plant as an optional ingredient used
as a garnish.

XV. FROZEN PEPPERS, SWEET

Frozen sweet peppers are the frozen product prepared
from fresh, clean, sound, firm pods of the common com-
mercial varieties of sweet peppers, which have been prop-
erly prepared, may or may not be blanched, and are then
frozen in accordance with good commercial practice and
maintained at temperatures necessary for the preservation
of the product.

1. TYPES

Type I, green.
Type II, red.
Type III, mixed (green and red).

2. STYLES

1. Whole stemmed: whole unpeeled pepper pods
with stem and core removed.

2. Whole unstemmed: whole unpeeled pepper
pods with stems trimmed to not more than 1/2
inch length.

3. Halved: whole stemmed, unpeeled pepper pods
which have been cut approximately in half
from stem to blossom end.

4. Sliced: whole stemmed, unpeeled pepper pods
or pieces of pepper pods which have been cut
into strips.

5. Diced: whole stemmed, unpeeled pepper pods
or pieces of pepper pods which have been cut
into approximate square pieces measuring 1/2
inch or less.

6. Unit: a whole unpeeled pepper pod or portion
of a pepper pod in frozen sweet peppers.

XVI. FROZEN POTATOES, FRENCH FRIED

Frozen French fried potatoes are prepared from mature,
sound, white or Irish potatoes (Solanum tuberosum). The
potatoes are washed, sorted, and trimmed as necessary to
assure a clean and wholesome product. The potatoes may
or may not be cut into pieces. The potatoes are processed
in accordance with good commercial practice which
includes deep frying or blanching in a suitable fat or oil
and which may include the addition of any ingredient
permissible under the law. The prepared product is frozen
and is stored at temperatures necessary for its preser-
vation.

1. TYPES

Frozen French fried potatoes are of two types, based prin-
cipally on intended use, as follows:

1. Retail type. This type is intended for household
consumption. It is normally packed in small
packages that are labeled or marked for retail
sales. It may be otherwise designated for such
use.

2. Institutional type. This type is intended for the
hotel, restaurant, or other large feeding estab-
lishment trade. Primary containers, usually 5
pounds or more, are often not as completely
labeled as for retail sales.

2. STYLES

Styles of potatoes are grouped into general, strips, slices,
dices, and Rissolé.

The style of frozen French fried potatoes is identified
by the general size, shape, or other physical characteris-
tics of the potato units. Styles with cut units may be fur-
ther identified by substyles as follows:

1. Straight cut refers to smooth cut surfaces and
2. Crinkle cut refers to corrugated cut surfaces.

The strips style consists of elongated pieces of
potato with practically parallel sides and of any cross-
sectional shape. This style may be further identified by
the approximate dimensions of the cross-section, for
example:

1/4 � 1/4 inch
3/8 � 3/8 inch
1/2 � 1/4 inch, or
3/8 � 3/8 inch 

Shoestring refers to strip, either straight cut or crinkle
cut, with a cross section predominantly less than that of a
square measuring 3/8 � 3/8 inch.
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Slices is a style that consists of pieces of potato with
two practically parallel sides, and which otherwise con-
form generally to the shape of the potato. This style may
also contain a normal amount of outside slices.

Dices consists of pieces of potato cut into approxi-
mate cubes.

Rissolé is a style that consists of whole or nearly
whole potatoes.

Any other individually frozen French fried potato
product may be designated as to style by description of
the size, shape, or other characteristic that differentiates it
from the other styles.

3. LENGTH DESIGNATIONS

The length designations described in this section apply to
strip styles only.

Frozen French fried potato strips are designated as to
length in accordance with the following criteria. Percent,
as used in this section, means the percent, by count, of all
strips of potato that are 1/2-inch in length, or longer.

1. Extra long. Eighty (80) percent or more are 
2 inches in length or longer; and 30 percent or
more are 3 inches in length or longer.

2. Long. Seventy (70) percent or more are 
2 inches in length, or longer; and 15 percent or
more are 3 inches in length or longer. 

3. Medium. Fifty (50) percent or more are 
2 inches in length or longer.

4. Short. Less than 50 percent are 2 inches in
length or longer.

XVII. FROZEN POTATO, HASH BROWN

Frozen hash brown potatoes are prepared from mature,
sound, white or Irish potatoes (Solanum tuberosum) that
are washed, peeled, sorted, and trimmed to assure a clean
and wholesome product. The potatoes so prepared are
blanched, may or may not be fried, and are shredded or
diced or chopped and frozen and stored at temperatures
necessary for their preservation.

1. STYLES

1. Shredded. Shredded potatoes are cut into thin
strips with cross-sectional dimensions from
1 mm by 2 mm to 4 mm by 6 mm and formed
into a solid mass before freezing.

2. Diced. Diced potatoes are cut into approximate
cube shape units from 6 mm to 15 mm on an
edge and loose frozen. They contain not more
than 90 grams, per sample unit, of units smaller
than one-half the volume of the predominant
size unit.

3. Chopped. Chopped potatoes are random cut
pieces predominantly less than 32 mm in their
greatest dimension and loose frozen.

XVIII. FROZEN VEGETABLES, MIXED

Frozen mixed vegetables consist of three or more succu-
lent vegetables, properly prepared and properly blanched;
may contain vegetables (such as small pieces of sweet red
peppers or sweet green peppers) added as garnish; and are
frozen and maintained at temperatures necessary for the
preservation of the product.

1. KINDS AND STYLES OF BASIC VEGETABLES

It is recommended that frozen mixed vegetables, other than
small pieces of vegetables added as garnish, consist of the
following kinds and styles of vegetables as basic vegetables:

1. Beans, green or wax: Cut styles, predominantly
of 1/2 inch to 1-1/2 inch cuts.

2. Beans, lima: Any single varietal type.
3. Carrots: Diced style, predominantly of 3/8 inch

to 1/2 inch cubes.
4. Corn sweet: Golden (or Yellow) in whole ker-

nel style.
5. Peas: Early type or sweet type.

2. RECOMMENDED PROPORTIONS OF

INGREDIENTS

It is recommended that frozen mixed vegetables consist of
three, four, or five basic vegetables in the following pro-
portions:

1. Three vegetables. A mixture of three basic veg-
etables in which any one vegetable is not more
than 40 percent by weight of all the frozen
mixed vegetables.

2. Four vegetables. A mixture of four basic veg-
etables in which none of the vegetables is less
than 8 percent by weight or more than 35
percent by weight of all the frozen mixed veg-
etables.

3. Five vegetables. A mixture of five basic vegeta-
bles in which none of the vegetables is less than
8 percent by weight or more than 30 percent by
weight of all the frozen mixed vegetables.
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I. INTRODUCTION

Fruits, either fresh or processed, form an important part of
our daily diet, and demand is increasing in all affluent
countries of the world. This has become possible because
of the availability of the improved quality and extended
variety of fruits throughout the year. Recent advances in
agricultural technology have contributed significantly to
the improved production of fruits throughout the world. In
addition, the critical advances in fruit processing technolo-
gies, refrigeration, transportation, storage and distribution
have made it possible for consumers to enjoy these prod-
ucts year-round. The emphasis in fruit processing is shift-
ing now from traditional methods like canning, freezing
and dehydration to “fresh cut” or “minimal processing.”
Because present-day consumers prefer food products that
contain fruit, food processors are using more fruits as
value-added ingredients (fruit concentrates, pulps, candied
pieces, etc.) in their formulations, like snacks, baby foods,
baked goods and many other processed foods. At the same
time, the variety of fruits available for extended periods
throughout the year in developed countries has increased.
Many tropical fruits that were earlier considered exotic and
expensive are now being commonly consumed as fresh
produce.

Fruit consumption has witnessed unprecedented
growth during the past few decades. Current nutrition
studies are making consumers more informed about the
health benefits of various fruit constituents. The impor-
tance of vitamins, minerals, antioxidants, dietary fiber and
a long list of phytochemicals present in fruits are being
discussed daily in the print and television media. Now, the
idea of nutrient clusters also supports the need for a varied
healthy diet that contains recommended servings of fruits
and vegetables (1). A diet that lacks fruits and vegetables
rarely supplies the levels of nutrients needed for optimal
health. The world population is also ageing and life
expectancy is increasing with every passing decade. This
prompts us to understand the relationship of nutrition to
ageing and to study the effect of dietary requirements on
an aged population. The role of phytochemicals present in
fruits and vegetables in promoting health and reducing the
risk of various chronic diseases among the older adults is
now attracting the attention of health professionals (2).

II. BIOLOGY OF FRUITS

Fruit, in strict botanical terms, is the fleshy or dry ripened
ovary of a plant, which encloses the seed or seeds.
Therefore, mangoes, apricots, bananas, grapes, bean pods,
almonds, tomatoes and cucumbers are all technically
fruits. However, the term fruit is restricted to the ripened
ovaries that are sweet and either succulent or pulpy. A
fruit, when developed from only the carpellary structures,
is called a true fruit or, if it is developed from a superior

ovary, a superior fruit. Fruits with accessory parts are
called accessory fruits (grapes, dates and plums), or
because of their frequent development from inferior
ovaries, are called inferior fruits (bananas, pears and wal-
nuts). Invariably, the true fruits develop from the superior
ovaries of hypogynous or perigynous flowers, but the
accessory fruits usually develop from the inferior or part-
inferior ovaries of epigynous or semiepigynous flowers.
The number of ovaries and flowers that constitute the
fruits also characterizes fruits. A simple fruit is derived
from one ovary (e.g., apples), whereas an aggregate fruit is
developed from several ovaries of one flower (e.g., straw-
berries). A multiple or collective fruit is developed from
the structures of ovaries and accessories of several flowers
consolidated into a mass (e.g., figs and pineapples).
Simple fruits are either true or accessory fruits, but the
aggregate and multiple fruits are always accessory fruits.

The classification of fruits is based on numerous cri-
teria, e.g., dehiscence versus indehiscence, dry versus
fleshy, textural quality, morphology, development, rela-
tionship of ovary to other reproductive parts of the plant
and number of carpels and seeds present therein. Fleshy
fruits are generally indehiscent, but with a few exceptions.
The major types of simple fleshy fruits include a pome
with a thin inner part (endocarp) and fleshy outer part
(e.g., pear and pomegranate); the latter is a leathery pome.
The drupe (stone fruit, e.g., cherry, peach, plum) has an
outer exocarp (skin) in the fruit wall, a central fleshy
mesocarp (flesh) and an inner stony endocarp or stone.
The berry has the entire center of fruit as fleshy (e.g.,
grapes, bananas, kiwi), whereas hesperidium, a modified
berry, has a thick, leathery separate outer rind (e.g., citrus
fruits).

Fruits are very perishable in nature because these are
living and respiring tissues. Based on the post-harvest pat-
terns of respiration, fruits are classified as climacteric and
nonclimacteric (3). Climacteric fruits, such as mango,
banana, pear, apricot, guava, kiwi, papaya, peach, fig,
plum and apple, produce large amounts of carbon dioxide
and ethylene; the production rates of these gases coincide
with ripening. These fruits can be harvested at an early
mature stage and ripened artificially with ethylene gas (4).
The nonclimacteric fruits, such as the orange, strawberry,
grape, lime, lemon, pineapple, grapefruit and cherry, show
no change in their low production rates of these two gases
during ripening and post-harvest storage. Nonclimacteric
fruits, if picked too early, are generally sour and of poor
quality because they ripen gradually over a long period of
time. Environmental factors, like temperature, relative
humidity and atmospheric gaseous composition, greatly
influence the respiration rate and shelf life of fruits during
post-harvest storage. Handling methods should be chosen
carefully so that they maintain fruit quality and chemical
composition. The delay between harvesting, cooling, pro-
cessing and consumption may lead to direct losses in
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quality (water loss and decay) and indirect losses in flavor
and nutritional quality. The harvesting at an appropriate
stage of maturity is, therefore, important for better post-
harvest shelf life and final fruit quality (5). 

III. EDIBLE FRUITS OF THE WORLD

Fruits are grown in temperate, subtropical and tropical cli-
mates of the world. Among the fruits grown in temperate
and subtropical regions, oranges are the leading groups of
fruit in terms of production, which are mainly processed
into juice (Table 24.1). Bananas are the second leading
fruits and are consumed mainly in fresh form. The major
portion of grapes the third leading fruits, goes into juice,
wine production and dried fruits, i.e., raisins (6). The major
grape-growing countries of the world are Italy, France, the
United States, Spain and Russia. The fourth leading group,
apples, are mostly eaten as fresh, but reasonable quantities
are also processed into juice, dried or canned. Kiwi is
another fruit that has become increasingly popular in the
international market. The production of fruits is increasing
rapidly throughout the world and fruits are becoming great
foreign exchange earners for the developing countries.

Banana, mango, papaya and pineapple are the important
tropical fruits that have gained commercial importance in
international trade (7). Mangoes and lychees are becoming
immensely popular fruits among the Asian population all
over the world. The United States is the leading producer
of fruits in the world, is followed by Brazil, Italy, India,
France, Russia and China (6, 8). A few of the important
examples of fruits grown in each of the climatic regions of
the world (9) are presented in Table 24.2.

IV. COMPOSITION OF FRUITS

Fruits and their processed products are not only colorful,
flavorful and appealing to the eye, but are also vital sources
of essential vitamins, minerals, dietary fiber and a host of
important health-promoting phytochemicals (10). In addi-
tion to these nutrients, they also contain complex carbohy-
drates and proteins (Tables 24.3–24.5). Fruits are good
sources of calcium, phosphorus, iron and magnesium.
They also supply a major portion of vitamin C in our diets.
Green-, yellow- and orange-colored fruits are rich sources
of β-carotene (a provitamin A). A substantial portion of the
complex carbohydrates in fruits is present as cellulose,
hemicellulose, pectic substances and lignins, which serve
as dietary fiber in our diets. Dietary fiber content and com-
position of some of the important fruits, determined by the
Association of Official Analytical Chemists (AOAC)
method (11) as well as the Uppsala method (12), are pre-
sented in Table 24.6. The dietary fiber constituents neu-
tralize the acid produced by meats, milk products and other
high protein foods in our diets. The presence of polyphe-
nols, anthocyanins and phytochemical constituents is now
being examined for their protective role against cardiovas-
cular diseases and certain types of cancer (13). 

Water is the most abundant constituent of most fresh
fruits, at usually around 80%, but some fruits, like apples
and oranges, may contain more than 90% water (15). Some
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TABLE 24.1
World Production of Major Fruits (1000 MT)

Fruit Production Fruit Production

Oranges 63,838 Plums 7,836
Bananas 58,975 Peaches 10,923
Grapes 58,466 Papayas 5,024
Apples 56,087 Strawberries 2,682
Mangoes 23,428 Apricots 2,295
Pineapples 12,794 Avocadoss 2,342
Pears 13,318 Grapefruits & Pomelos 5,038
Plantains 29,501 Raspberries 306

Source: Ref. 6.

TABLE 24.2
Classification of Fruits Based on Climatic Region

Temperate Region Subtropical Region Tropical Region

Pome fruits: Apple, Asian pear (Nashpati), Citrus fruits: Orange, grapefruit, tangerine, Major tropical fruits: Banana,
European pear, quince mandarin, lemon, lime, pomelo mango, papaya, pineapple

Stone fruits: Peach, plum, nectarine, Non-citrus fruits: Kiwifruit, figs, olive, Minor tropical fruits: Cashew apple,
apricot, cherry, almond, chestnut, pomegranate, cherimoya, ber (Zizyphus), guava, carambola, durian, longan,
lychee, walnut, pecan bael (Aegle marmelos), date fruit (Phoenix passion fruit, mangosteen, rambutan,

dactylifera L.), loquat (Eribotrya japonica tamarind, sapota, coconut, amla 
Lindl.), persimmon (Diospyros), phalsa (Phyllanthus emlica L.), jackfruit 
(Grewia subinaegualis L.), jamun (Syzygium (Artocarpus heterophyllus) 
cuminii Skeels)

Small fruits and berries: Grape, strawberry,
raspberry, cranberry, blueberry, blackberry,
currant, gooseberry

Source: Ref. 9.



fruits, like bananas, jackfruit, dates and grapes, are rich in
carbohydrates (mainly sugars), whereas others, like nuts,
dried apricots and figs, are good sources of proteins and
amino acids. A few fruits, like avocados, olives and nuts,
are exceptionally rich in oils and fats. In general, most fruits
typically contain between 10 to 25% carbohydrates, less
than 1% proteins and very small amounts (less than 0.5%)
of fat. Some exceptions like dates have about 77.97 to
79.39% total sugars at the kimri stage of maturity (16), avo-
cados have a fat content ranging from 15.5 to 23.4% (17)
and olives have a fat content ranging from 15 to 30% (18).

Sucrose, glucose and fructose are the main sugars
found in most fruits, although sorbitol is present in rea-
sonable amounts in some fruits (cherry, plum and pear).
The total sugars are present mainly in the cytoplasm, and
range from 0.9% in limes to 16% in fresh figs. Sucrose

content could be in traces in cherries to more than 8% in
ripe bananas and pineapples. Fructose, being sweeter than
sucrose and glucose, has a desirable influence on the taste
of fruits. Starch is present as small granules within the
cells of immature fruits, which is converted to sugars as
the fruit matures and ripens. Cellulose, hemicellulose,
pectic substances and lignins are the other polysaccha-
rides, which are the major constituents of cell walls. These
compounds are broken down into simpler and more solu-
ble components during fruit ripening (19).

Fruits contain less than 1% proteins, except in fruit
nuts, such as almonds, pistachios and walnuts (~20% pro-
tein). It is mainly the enzymes that constitute this 1% pro-
tein, and these enzymes are responsible for catalyzing
various metabolic processes involved in fruit ripening and
senescence viz. polygalacturonase hydrolyzes pectic sub-
stances, resulting in fruit softening, and polyphenoloxidase
catalyzes oxidation of phenolics, leading to browning of cut
apples. Ascorbic acid oxidase catalyzes oxidation of ascor-
bic acid, and thus lowers the nutritional quality of fruits.
Chlorophyllase removes the phytol ring from chlorophyll,
which leads to loss of green color during ripening of fruits. 

Most fresh fruits are low in lipids (0.1 to 0.2%),
except avocados, nuts and olives. Lipids are present in the
cell membranes, as a part of surface wax and cuticle. The
surface wax contributes to fruit appearance, and the cuti-
cle protects against water loss and pathogens. The type of
fatty acids present determines the flexibility of cell mem-
branes, with higher saturation resulting in rigid cells. 

Organic acids are major intermediary products of
metabolism and are further oxidized through the Krebs
cycle to provide energy for the maintenance of cell
integrity. The acidity of most fresh fruits is due to these
organic acids. Certain fruits, like lemons, may contain as
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TABLE 24.3
Proximate Composition (%) of Major Fruits Grown in
the World (Based on Total Edible Parts)

Fruit Water Energy Protein Fat Carbohydrate Minerals

Grapes 81.6 67 1.3 1.0 15.7 0.4
Oranges 86.0 49 1.0 0.2 12.2 0.6
Bananas 75.7 85 1.1 0.2 12.6 0.6
Apples 84.4 58 0.2 0.6 14.5 0.3
Mangoes 83.4 59 0.5 0.2 15.4 0.4
Pineapples 85.4 52 0.4 0.2 13.7 0.3
Pears 83.2 61 0.7 0.4 15.3 0.4
Plums 81.1 66 0.5 0.2 17.8 0.4
Peaches 89.1 38 0.6 0.1 9.7 0.5
Papayas 90.7 32 0.5 0.1 8.3 0.4
Apricots 85.3 51 1.0 0.2 12.8 0.7
Avocados 74.4 80.5 1.8 20.6 – 1.2
Strawberries 89.9 37 0.7 0.5 8.4 0.5

Source: Refs. 7, 8 and 10.

TABLE 24.4
Mineral Contents (mg/100 g of Total Edible Parts) of
Major Fruits Grown in the World

Fruit Calcium Phosphorus Iron Magnesium

Grapes 16 12 0.4 13
Oranges 41 20 0.4 11
Bananas 8 26 0.7 33
Apples 7 10 0.3 8
Mangoes 12 12 0.8 –
Pineapples 18 8 0.5 –
Pears 8 11 0.3 7
Plums 18 17 0.5 9
Peaches 9 19 0.5 10
Papayas 20 13 0.4 –
Apricots 17 23 0.5 12
Avocados 14 27 0.7 23
Strawberries 21 21 1.0 12

Source: Refs. 7, 8 and 10.

Table 24.5
Vitamin Content (Per 100 g of Total Edible Parts) of
Major Fruits Grown in the World

Fruit Vitamin A Thiamine Riboflavin Nicotinic Ascorbic
(IU) (mg) (mg) acid (mg) acid (mg)

Grapes 100 0.05 0.03 0.3 4
Oranges 200 0.10 0.04 0.4 50
Bananas 190 0.05 0.06 0.7 10
Apples 90 0.03 0.02 0.1 4
Mangoes 630 0.05 0.06 0.4 53
Pineapples 15 0.08 0.04 0.2 61
Pears 20 0.02 0.04 0.1 4
Plums 300 0.08 0.03 0.5 5
Peaches 1330 0.02 0.05 1.0 7
Papayas 110 0.03 0.04 0.3 46
Apricots 2700 0.03 0.04 0.6 10
Avocados – 0.07 0.12 1.9 11
Strawberries 60 0.03 0.07 0.6 59

Source: Refs. 7, 8 and 10.



much as 4.17 to 4.64% acidity, citric acid being the pre-
dominant one (20). Malic and citric acids are the most
abundant in most fruits, except the tartaric acid in grapes
and the quinic acid in kiwi fruits. The titratable acidity of
fruits plays an important role in determining the maturity
of most of these fruits. Acid content of fruits usually
decreases during the ripening process as these are used in
respiration or converted to sugars (21). 

Pigments are the chemicals responsible for the charac-
teristic color of skin and the flesh of fruits. In general, peel
tissues of white and yellow flesh nectarines and peaches,
and yellow and red plums, contain higher levels of phe-
nols; anthocyanins and flavonols are almost exclusively
located in this tissue (22). Many changes occur in these
pigments during maturation and ripening of fruits. Fruit
color is, therefore, used as an index of maturity and stage
of ripeness in many fruits. The color of fruits also changes

during the period of post-harvest in cold storage. Changes
in the color and anthocyanin content have been investi-
gated during the development and ripening of strawberries
and pomegranates (23, 24). An increase in phenylalanine
ammonia lyase (PAL) activity correlates with anthocyanin
production in strawberries. The anthocyanins increase in
pomegranate and low bush blueberry fruits during cold
storage (24, 25). PAL activity and anthocyanin concentra-
tion in the skin of harvested apples increases after irradia-
tion with UV and white light (26). The anthocyanin
content in apples is adversely affected by higher carbon
dioxide levels (73%) during cold storage (27), but a mod-
erate carbon dioxide atmosphere (10 kPa) prolongs the
storage life and maintains the quality of pomegranate,
including adequate red color intensity of the arils (28).

β-Carotene is a precursor of vitamin A, and not only
imparts color to fruits, but is also important in terms of
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TABLE 24.6
Dietary Fiber Content and Composition of Fruits (g/100 g of Total Edible Parts)

Uppsala Methodb

Soluble Fiber Insoluble Fiber
Dry AOACa Total Neutral Uronic Neutral Uronic Klason
wt., Total Fiber, Sugars, Acids, Total, Sugars, Acids, Lignin, Total,

Sample FW fiber, FW FW DW DW DW DW DW DW DW

Apples
Applesauce, canned 11.5 1.4 1.2 1.0 1.5 2.5 6.5 1.3 0.4 8.2
Macintosh, unpeeled 15.3 2.3 1.8 0.4 1.7 2.1 7.0 1.7 1.3 10.0
Apricots
Dried 69.4 7.7 7.1 0.9 2.1 3.0 5.3 1.3 0.7 7.3
Fresh, unpeeled 11.3 1.6 1.5 0.7 3.5 4.2 6.4 1.3 1.0 8.7
Berries
Blackberry, frozen 17.9 7.0 6.5 0.9 1.9 2.8 13.5 3.3 16.5 33.4
Cranberry sauce, 39.4 1.4 1.1 0.2 0.5 0.7 1.2 0.1 0.7 2.0

frozen
Raspberry, red, fresh 12.3 4.4 4.1 1.1 2.4 3.5 9.9 1.7 18.7 30.3
Strawberry, frozen 10.7 1.9 1.7 1.2 2.6 3.8 5.7 1.4 5.1 12.2
Grapes
Black, seeded 21.5 1.0 0.9 0.2 0.1 0.3 1.3 0.9 1.5 3.7
Red, seedless 21.3 1.3 1.0 0.1 0.2 0.3 1.5 0.8 2.1 4.4
Oranges
Mandarin, canned 16.1 0.3 0.2 0.2 0.1 0.3 0.6 0.4 0.2 1.2
Temple, fresh 14.7 1.7 1.5 0.7 1.5 2.2 4.8 2.8 0.5 8.1
Valencia, fresh 13.1 1.6 1.5 0.9 1.1 2.0 4.5 3.7 0.8 9.0
Peaches
Canned in fruit juice 15.8 1.5 1.4 1.1 2.0 3.1 3.9 1.1 0.9 5.9
Fresh, unpeeled 13.3 1.9 1.7 1.5 3.0 4.5 6.5 1.0 1.1 8.6
Fresh, peeled 12.4 1.6 1.3 1.1 2.7 3.8 4.5 0.9 1.0 6.4
Plums
Canned in heavy 27.0 2.1 1.8 1.0 1.5 2.5 2.9 0.5 0.8 4.2
Syrup
Prunes 65.8 8.0 7.3 1.3 2.6 3.9 4.3 1.0 1.8 7.1
Prunes, fresh 16.6 2.2 1.9 0.7 2.1 2.8 4.3 1.4 2.6 8.3

aMean of four measurements, bMean of two measurements, FW = Fresh weight, DW = Dry weight.

Source: Ref. 14.



nutritional quality. Most of the carotenoid pigments are
quite stable and remain intact in fruit tissues, even after
senescence, processing and storage. The elucidation of
biosynthesis pathway in plants has opened up new possi-
bilities to manipulate/engineer fruit cultivars rich in provi-
tamin A carotenoids (29). A combination of biochemical
and genetic approaches has led to the isolation of a key
gene, lycopene-epsilon-cyclase, responsible for the rela-
tive proportions of β-carotene and lycopene in tomato
fruits (30). Among the phenolics, anthocyanins occur 
as glycosides and are water soluble, unstable during pro-
cessing as well as to changes in pH. These glycosides are
readily hydrolyzed by enzymes to free anthocyanins,
which may be further oxidized by phenoloxidases to yield
brown-colored oxidation products. The green color
imparted to fruits by chlorophyll is influenced by pH
changes, oxidation and the action of the enzyme chloro-
phyllase. 

The plant polyphenols occur naturally in plant foods,
like teas, fruits, juices and grape seeds. Grape seed tannins
are known to exhibit remarkable antioxidant effects (31).
The total phenolic compounds are higher in immature
fruits than in the mature fruits, and usually range between
0.1 and 2% on a fresh weight basis. These include chloro-
genic acid, catechin, epicatechin, leucoanthocyanidins,
flavonols, cinnamic acid derivatives and simple phenols.
Chlorogenic acid occurs widely in fruits and is responsi-
ble for the enzymatic browning of cut or damaged fruit
tissues. The phenolic content of red grapes is about 20–50
times higher than of white grapes (32). Apart from nutri-
tional significance, these polyphenols are associated with
color in fruits and vegetables and contribute to flavor sen-
sations like astringency and bitterness (33). Anthocyanins
are responsible for the bright red and purple colors of
fruits and flowers (34). The astringency is directly linked
to the phenolic content and decreases during fruit ripen-
ing, as the phenolics are converted from soluble to insol-
uble, nonastringent form (35). These phenolic compounds
are plant secondary metabolites and play an important
role in plant-derived food quality, as they affect various
quality attributes, such as appearance, flavor and health-
promoting properties (36). 

Fresh as well as processed fruits are important sources
of vitamins in the human diet. Apricot, peach, papaya,
cherry, orange, cantaloupe and watermelon are good
sources of β-carotene (provitamin A), whereas Indian
gooseberry, strawberry, orange, grapefruit, kiwi, papaya
and cantaloupe are important sources of ascorbic acid.
Peach, banana, orange, apricot, avocado, grapefruit and
apple also contain appreciable amounts of certain B-com-
plex vitamins. The levels of some of these vitamins may
be reduced during processing into various products, as
some of these are sensitive to heat, oxygen, light, pH and
certain trace minerals. Banana, peach, orange and apple
are rich in potassium, whereas orange, banana, peach,

raisin and fig are rich in phosphorus. Citrus fruits, like
tangerine, grapefruit and orange, contain good amounts of
calcium, and strawberry, banana, apple and orange are
rich in iron. On a fresh weight basis, the dietary fiber con-
tent of fruits ranges from 0.5 to 1.5%. The dietary fiber
comprises cellulose, hemicellulose, lignin and pectin,
which are derived from the cell wall and skin of fruits (9). 

Chemical composition of fruits is affected by a num-
ber of preharvest and post-harvest factors. Among the pre-
harvest factors, genetics (like cultivars and rootstocks) are
known to influence raw fruit composition, durability and
response to processing. As an example, several reports are
available on the genetic improvements of grape vines (37,
38). Similarly, climatic factors, like light intensity, signif-
icantly affect the concentration of certain vitamins, and
temperature influences mineral uptake and metabolism
due to its effect on transpiration rate. Cultural practices
like fertilizer application affect the mineral content of
fruits while pruning/thinning influences nutritional com-
position by changing fruit density and size (39).

V. STRUCTURAL PROPERTIES OF FRUITS

Fruits are consumed not only for their nutritional value, but
also for pleasure. The type of sensations one experiences
as the fruit deforms and fractures during the initial stage of
chewing determines our acceptance or rejection. Over the
years, food processors have developed many methods to
evaluate structural properties (such as modulus, fracture
stress and strain) and to relate these parameters to the tex-
tural quality of fruits. Fruit firmness is another important
mechanical property in determining the quality and
ripeness behavior of fruits. A more fundamental under-
standing of the relationship between structural properties
and microstructure of fruits is a prerequisite for any
improvements in the textural qualities of these food prod-
ucts. Single edge notch bend tests were employed to relate
mechanical properties to food texture (40). These workers
reported good agreement between the measured (3.4 � 0.3
MPa) and calculated (3.0) Young’s modulus (E values) for
apples. The fracture toughness, KIc, fracture energy, Gc,
and yield stress, σy, values for apples were reported to be
10.1 � 1.4 kPa m½, 39.6 � 10.5 Jm�2 and 0.3 � 0.1 MPa,
respectively. The firmness of pear fruit is a function of the
mechanical properties of cell wall, cell properties like tur-
gor and bonding between neighboring cells (41). A sig-
moidal relationship between fruit firmness and tensile
strength of tissue soaked in isotonic solutions is observed.
The major mechanism of tissue failure involves cell wall
failure and cell fracture at high firmness and intercellular
debonding at low firmness. The stress-hardening of the cell
wall in response to an increase in cell turgor increases the
cell wall elastic modulus. Fruit firmness decreases from
100 to 20 N and from 60 to 25 N during the ripening of
European and Asian pears, respectively. Tissue and cell
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extension at maximum force declines as fruit softens.
During fruit ripening, the hydrolysis of pectins present in
the middle lamella leads to tissue breakdown by cell-to-
cell debonding rather than the cell wall rupture. 

As the mechanical properties are a function of ripen-
ing, these parameters can be used to discriminate between
batches of certain types of fruits based on their degree of
ripeness. Mechanical parameters can be used in assessing
the optimum stage of ripening for harvest of Burlat sweet
cherries using a penetration test, a compression test
between two plates, and a compression-relaxation test
(42). Based on compression-relaxation data, the calcu-
lated “apparent secant modulus” seems to be the most
useful single mechanical parameter to clearly classify
batches and to distinguish different varieties. Data in
Table 24.7 show that the maximum penetration force
ranges from 6.2 N (for very green cherries) to 1.8 N (for
purple cherries). The hardness decreases as the cherries
mature, but a sharp reduction in force occurs between
stages red and very red, which are used as optimum stages
of harvesting.

Firmness is a critical parameter of textural quality of
apples. Information on the mechanical properties of apple
flesh and intact apples is required to develop suitable
methods for the sorting of whole apples according to firm-
ness. Apple firmness is affected by many factors such as
pre-harvest factors (genetics, fertilizers and other nutrients,
breeding for fruit size, use of plant regulators); and post-
harvest factors (maturity at harvest, pre-storage treatment
with calcium, heat, plant regulators, storage atmosphere)
(43). Calcium chloride treatment (2%) is effective in firm-
ing the apples (44). After six months of storage, treated
samples had textural characteristics values equal to or bet-
ter than the control treated with water only. The involve-
ment of calcium ions in the maintenance of apple tissue
during storage is suggested (45). The infiltration with 

calcium ions increases the tensile strength of tissue from
air-stored apples to 85% of that of untreated controlled
atmosphere-stored fruits. Both the movement of calcium
ions from the middle lamella and loss of its binding sites
occur during fruit softening, thus affecting the fruit texture.
The softening of apricots during canning is accelerated
when chelators, such as organic acid anions, remove struc-
tural calcium from the cell wall once the cell membrane is
lyzed during heat processing (46). Infiltration of these
apricot fruits, susceptible to softening, with calcium chlo-
ride before processing gives firmed canned products. 

The stone cells also influence the firmness of Asian,
European and Chinese pears (47). Fruit firmness increases
with the increase in weight of stone cells, but soluble solid
content is not affected. Weight of stone cells (per g of fruit)
is negatively correlated with fruit size. Different cultivars
show differences in the weight and size of stone cells. The
degree of ripeness, specimen orientation and location
within the apple tissue affect the failure stress, strain and
energy and apparent modulus of elasticity (Young’s mod-
ulus). Failure stress is the highest in vertical direction and
lowest in tangential direction (48). Young’s modulus is
significantly (p < 0.05) higher in radial samples than in
tangential and vertical samples. The bottom sections give
the largest values for failure stress and Young’s modulus,
and the top sections give the lowest values for Young’s
modulus. A non-destructive method has been developed to
determine fruit elasticity using the coefficient of elasticity
(49). The coefficient of elasticity is the ratio of compres-
sive stress to deformation. While using different types of
penetrometers, coefficient of elasticity shows a close cor-
relation with compressive stress and an acceptable correla-
tion with rupture stress for apples. The coefficient of
elasticity can be used to characterize stress-strain behavior
of fruits, as it is a good indicator of firmness for both sci-
entific and practical evaluation. 
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TABLE 24.7
Mechanical Parameters for Burlat Sweet Cherry with Skin (Mean Values)

Parameter Very Green Green Red Very Red Purple

Penetration Test
Max. penetration force, N 6.2 (1.1) 4.3 (0.6) 4.2 (0.6) 2.3 (0.4) 1.8 (0.2)
Compression test
Force to bioyield, N 51.0 (10.6) 30.0 (5.3) 19.3 (1.7) 14.1 (1.9) 13.5 (1.2)
Terminal slope, N cm�1 1.5 (0.4) 0.8 (0.2) 0.4 (0.1) 0.3 (0.0) 0.2 (0.0)
Compression-Relaxation Test
Maximum force, N 6.1 (0.7) 4.7 (0.4) 3.5 (0.5) 2.0 (0.3) 1.4 (0.3)
Residual force, N 3.7 (0.5) 2.8 (0.3) 2.1 (0.3) 1.2 (0.2) 0.9 (0.2)
Residual force/Maximum force 0.61 0.60 0.60 0.60 0.64
Relaxed force, N 2.4 (0.2) 1.9 (0.1) 1.4 (0.2) 0.8 (0.1) 0.6 (0.1)
Apparent secant modulus, N 76 (8.6) 59 (5.0) 43 (5.8) 25 (3.6) 18 (3.6)

Mean values of 20 cherries, and, in parentheses, 95% confidence interval.

Source: Ref. 42.



Size of individual fruits among their class is an impor-
tant parameter that determines the textural attributes and
consumer acceptability. Among the three size classes,
� 8 mm, 9–10 mm and 11–12 mm of Maine wild blue-
berries, consumers prefer the largest size (50). The com-
pression test using an Instron testing machine measuring
force and deformation to the point of rupture of individual
blueberries relates to consumer acceptance. The con-
sumers prefer larger 11–12 mm berries as these show
lower stress and strain values, i.e., easier to chew. The
compression tests reveal significant differences among all
three size classes with respect to apparent modulus. A lin-
ear relationship is observed between the sensory texture
and the elastic modulus (Tables 24.8 and 24.9).

The curve generated by the texturometer by plotting
force as a function of time is known as a texture profile.
This curve when analyzed in conjunction with the sensory
texture parameters defined by Szczesniak (51), such as
fracturability, hardness, cohesiveness, adhesiveness,
springiness, gumminess and chewiness, is known as texture
profile analysis technique and still used for food samples.
Mechanical parameters of food samples measured by a tex-
turometer correlate well with the sensory scores obtained

by using a trained texture profile panel. This correlation
indicates that the food texturometers have the capability to
measure certain characteristics in a similar manner to those
perceived by the human mouth. This texture profile analy-
sis technique has been employed in a number of fruits such
as pears (52), peaches (53) and apples (54). A typical tex-
ture profile curve is presented in Figure 24.1. Five meas-
ured and two calculated parameters, originally suggested
by Szczesnaik (55) and Friedman et al. (56), modified by
Bourne (57) are described as follows:

1. Fracturability (earlier called brittleness) is
defined as the force at the first significant break
in the first positive bite area (PA1).

2. Hardness is defined as the peak force (PP1)
during the first compression cycle.

3. Cohesiveness is defined as the ratio of the pos-
itive force area during the second compression
cycle to the positive force area during the first
compression cycle, or PA2/PA1.

4. Adhesiveness is defined as the negative force
area for the first bite (NA1), representing the
work required to pull the plunger away from
the food sample.

5. Springiness (originally called elasticity) is
defined as the height to which the food recov-
ers during the time that elapses between the end
of the first bite and the start of the second bite.

6. Gumminess is defined as the product of hard-
ness and cohesiveness.

7. Chewiness is defined as the product of gummi-
ness and springiness.

Texture profile analysis (TPA) is a useful technique to
evaluate such structural properties of fruits. For more
information on TPA, the reader is referred to the book by
Rao and Rizvi (58).
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TABLE 24.8
Means Separation of Mechanical Tests for
Engineering Stress and Strain and Modulus of
Elasticity by Berry Size

Berry Size Mechanical Test*

Peak Force, Deformation, Modulus of Elasticity,
mN mm mN/mm2

8 mm 0.323a 0.00481a 25.72a
9–10 mm 0.307a 0.00455a 17.70a
11–12 mm 0.304a 0.00395b 14.49b

*Means with different letters are significantly different (p � 0.05). 

Source: Ref. 50.

TABLE 24.9
Regression Model Results of Panelist and Berry Size
with Respect to Sensory and Mechanical Attributes

Attribute Panelist Berry Size Model R-Square

Sensory Attribute
Flavor Y Y 0.597
Texture Y Y 0.559
Overall Y Y 0.635
Mechanical attribute
Peak force Y N 0.539
Deformation at peak force Y Y 0.561
Modulus of elasticity Y Y 0.685

Y indicates significance at the 0.05 level.

Source: Ref. 50.
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FIGURE 24.1 A typical texture profile curve with a two-bite
compression cycle. (Source: Ref. 58.)



Fresh-cut fruit slices have become quite popular
among consumers in the U.S. Apart from type of cultivars
and storage conditions, fruit size and firmness are the
other two important parameters that affect the quality of
fresh-cut fruits. Among the factors affecting the quality of
fresh-cut pears, fruit ripeness based on flesh firmness of
44 to 58 N is optimal for fresh-cut pear slice processing
(59). The pear slices obtained from smaller size fruits
(122–135 g) undergo a greater cut surface discoloration
and deteriorate faster than slices obtained from larger
fruits (152 g). Similarly, the optimal ripeness for prepar-
ing fresh-cut peach slices is the ripe stage having greater
than 13–27 N flesh firmness (60). However, the optimal
ripeness for preparing fresh-cut nectarine slices is the par-
tially ripe (greater than 27–49 N) or ripe (greater than
13–27 N flesh firmness) stages. The size of fruits also
determines their acceptance among consumer popula-
tions. Hampson et al. (61) reported that age groups dif-
fered slightly in apple fruit size preference. Fruit diameter
considered ideal for dessert use ranged from 7.4 to 7.6 cm
among various age groups. 

Volatile compounds extracted from hyuganatsu fruits
(Citrus tamurana Hort. ex Tanaka) vary with a fruit size
of 100 to 350 g (62). Sesquiterpene contents are the high-
est in larger fruits, trans-beta-farnesene is lower in middle
range fruits and l-carvone tends to increase with fruit size.
As fruit size has a great influence on market price, pro-
cessing quality and consumer acceptance, fruit breeders
aim to produce larger fruits with better quality through the
application of various plant growth regulators (63). The
application of thidiazurin (TDZ) increases the fresh fruit
weight and yield of kiwifruit nearly 13 and 22% with 2
and 10 ppm TDZ, respectively (64). A higher dose (10
ppm) gives slightly rounder fruits than the control and
during ripening, no significant change in soluble solids,
flesh firmness, glucose, fructose, sucrose and starch is
observed. The application of CPPU [N-(2-chloro-4-
pyridyl)-N�-phenyl urea] at concentration ranging from 

4 to 8 mg/l increases maximum fruit size without causing
fruit asymmetry in apples (65). 

A number of chemical thinning treatments for apples
are known to influence their ripeness and processing
quality (66). Carbaryl alone, 2-1-naphthylacetic acid
(NAA) and ethephon improve fruit size, but the benzy-
ladenine/gibberellic acid is ineffective as a thinner and
fruit size is not altered at harvest. Although ethephon
shows promise as a fruitlet thinner and a promoter of
ripeness in Paula red cv, these beneficial effects must be
balanced against possible adverse effects on storage life
of this fruit. The application of NAA (30 ppm) plus
ethephon (500 ppm) is also beneficial in advancing fruit
maturity, enhancing fruit color, increasing fruit size and
providing better sensory quality with higher soluble
solids and low acidity in pear (Pyrus communis L.) cv
LeConte (67). As the source-sink balance is critical in the
papaya fruit set, fruit development and sugar accumula-
tion, defoliation and fruit removal can be employed to
alter fruit size and quality (68). Fruit thinning increases
the new fruit set and ripe fruit total soluble solids in
papaya. Larger fruit size, faster fruit development and
higher sugar contents are observed in immature fruits
when old fruits are removed.

Porosity is another important physical property that
plays a significant role during fruit processing operations,
such as impregnation of fruit chunks in sugar syrups or
their own juices. The porosity behavior of a few fruits
(apple, strawberry, mango, peach and kiwi fruit) during
vacuum impregnation treatments to determine deforma-
tion and impregnation levels through the hydrodynamic
mechanism (HDM) and the deformation-relaxation phe-
nomena (DRP) is important (69). Porosity and other phys-
ical characteristics of these fruits are presented in Table
24.10. The ratio of effective porosity (εe) to fruit porosity
(ε) obtained from the density data is lower than 1 in almost
all the fruits. This indicates that only a fraction of fruit
pores is available to HDM action. DRP affects the volume
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TABLE 24.10
Some Physical Characteristics of Fruits

Apple, Mango, cv Tommy Strawberry, Kiwi Fruit, Peach,
Characteristic cv Golden Atkins cv Chandler cv Hayward cv Miraflores

Fruit density1 0.787�0.014 1.022�0.005 0.984�0.009 1.051�0.006 1.038�0.005
Solid/liquid density1 1.0548�0.0008 1.13�0.02 1.05�0.009 1.076�0.006 1.0654�0.001
Fruit porosity 25.4�1.4 9.9�1.3 6.3�1.6 2.3�0.8 2.6�0.5
Water activity 0.985�0.00 0.9895�0.0007 0.9923�0.0015 0.992�0.000 0.9920�0.0010
Moisture content2 0.835�0.016 0.7868�0.0007 0.911�0.007 0.815�0.011 0.820�0.002
Ripeness index3 44.1�1.9 43.69�0.16 48.0�1.3 10.0�0.3 31�2
Soluble solids4 15.3�0.4 17.8�0.5 7.2�0.6 14.28�0.13 15�2
pH 3.833�0.012 4.29�0.00 3.36�0.02 3.527�0.008 3.91�0.14
Fruit acidity5 0.346�0.009 0.408�0.009 0.149�0.010 1.43�0.05 0.49�0.04

1 (Kg/m3), 2(Kg water/Kg of sample), 3(Soluble solids/fruit acidity), 4(°Brix), 5(Kg prevailing acid/100 Kg of sample).

Source: Ref. 69.



fraction of impregnated liquid in all fruits. Post-harvest
fruit density can also be used in sorting fruits according to
taste, because density is an indicator of dry matter, starch
and sugars in unripe and in kiwifruit ripened during stor-
age (70). The soluble solids (being mainly sugars) corre-
late to fruit density, and can be used for sorting kiwi fruit
according to taste. The floating or sinking of this fruit in
saline solutions could be used as a rapid method for this
purpose.

VI. MORPHOMETRIC PROPERTIES

Fruits come in various shapes, ranging from round to oval,
oblique, oblong, oblate, obovate, elliptical, truncate,
unequal, ribbed, regular, irregular, cylindrical, conical or
pyramidal (71). The morphology of fruits can be evaluated
by considering either bulk or individual units, but it is
important to have information on the accurate estimate of
shape, size, volume, specific gravity, surface area and other
physical characteristics. Specific charts can be prepared for
different fruits and using these charts, the shape of the fruit
can be described either by a number on that chart or by the
above-mentioned descriptive terms. The shape of fruits has
significance in harvesting, handling, grading, processing
and packaging operations. Most of the harvested fruits are
graded roughly according to size and appearance. The size
and shape of fruits are variable and depend upon the culti-
vars, climate and agricultural practices followed during
growth of crops. Figure 24.2 shows an example of a stan-
dard chart describing shapes of fruits and vegetables (72). 

VII. MICROSCOPIC PROPERTIES

The study of physical properties of fruits requires some
knowledge of their structure as well as their relationship
to the chemical composition. As an example, citrus fruit
consists of three distinctly different parts: the epicarp con-
sists of the colored portion of the peel, called flavedo, and
contains carotenoid pigments as well as oil glands (73).
These oil glands contain essential oils characteristic of
each citrus cultivar. Immediately under the epicarp is the
mesocarp or albedo, a thick, white, spongy layer, rich in
pectic substances and hemicelluloses. The combined
albedo and flavedo are called the pericarp, but is com-
monly known as peel or rind. Next to the albedo is the edi-
ble portion of citrus fruits or the mesocarp. The mesocarp
consists of many segments and, inside each segment, is
located juice sacks or vesicles (Figure 24.3). 

Many chemical components are distributed among var-
ious tissues of the citrus fruit. For example, flavanone gly-
cosides are present in higher concentrations in the albedo
than the juice sacks or the flavedo (74), and the bitter prin-
ciples (limonin) are the highest in seeds and membranes
(75). In contrast, grape berries always occur in clusters. A
cluster consists of peduncle, capstem, rachis and berries.
The grape bunch shape could be cylindrical, conical,
pyramidal or globular. The grape berry consists 
of skin, pulp and seed. The seeds may vary from 0 to 4 
per berry and are rich in tannins (5–8%) and oil (10–20%).
The skin constitutes 5–12% of the mature grape berry and
contains most of the aroma, coloring and flavoring compo-
nents. The juice accounts for 80–90% of the grape berries. 
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In physiological terms, a fruit can be defined as a
structural entity arising from the development of the tis-
sues that support the ovule. The basic function of fruit is
the dispersal of seeds for the propagation of the species.
Unripe fruits generally have rigid, well-defined struc-
tures, whereas ripe fruits have soft and diffused cell
walls. An early model of the plant primary cell wall, in
which cellulose fibrils are coated with hemicellulose and
embedded in a matrix composed of pectin and protein
(Figure 24.4), has been proposed by Keegstra et al. (76).
This model has been further developed over the years
and it provides an adequate basis to investigate fruit
ripening. 

The plant cell consists of a cytoplasm surrounded by
a cell wall. Each cell is attached to adjacent cells by a
pectin-rich middle lamella. The cytoplasms of these cells
are interconnected with each other through plasmades-
mata, which, in ripe fruits, provide a degree of cohesion.
As long as the cell continues to register growth, its cell
walls remain thinner. At this stage of fruit development,

it is known as the primary cell wall and consists of
roughly 90% polysaccharides and 10% protein. The pri-
mary cell wall components can be further classified into
pectic polysaccharides (34%), hemicellulose (24%), cel-
lulose (23%) and hydroxy proline-rich glycoprotein
(19%). The ratio of these constituents varies in cell walls
of different plants (77). The way in which various com-
ponents of the cell wall are linked with each other is not
exactly known yet. It is believed that the various domains
of pectic substances are covalently linked together to
form complex molecules. It is suggested that the xyloglu-
can, which is the major hemicellulose in primary cell
walls, is strongly held to the surface of cellulose fibers
through hydrogen bonds. The glucuronoarabinoxylan
may bind to themselves as well as to the cellulose in cell
walls (78). Such interactions would help in the formation
of cross-links of polymers in primary cell walls. 

The hydroxyproline-rich glycoprotein has regions of
helical conformation, which are likely to give a rod-like
molecule to serve structural function in plant cells (79). It
has also been proposed that glycoproteins could be held
in the cell walls by phenolic cross-links, which may be
glycoprotein-protein or glycoprotein-polysaccharide in
nature (80). A number of phenolic materials, like ferulic
acid, p-coumaric acid and other unidentified phenols,
have been isolated from plant cell walls. Ferulic acid
alone accounts for 0.5% of the cell wall and is suggested
to be linked to the nonreducing termini of arabinose
and/or galactose-containing regions of pectic substances.
Such residues can cross-link to form diferuloyl bridges,
which would reduce extensibility of plant cell walls and
could also play a role in resistance to fungal pathogens
(81). 

In addition, a number of cell wall models have been
proposed to account for some of the cell wall properties
viz. their strength in withstanding turgor pressure; their
ability to grow without loss of strength; and their behav-
ior under chemical and enzymatic attack. A modified
updated cell wall model is presented in Figure 24.5 (82).
The major features of this model indicate that several lay-
ers of pectin form an outer network around the cell wall
constituting the middle lamella. The pectic molecules are
interconnected through covalent bonds as well as calcium
bridges. Some regions of pectic molecules are strongly
hydrogen bonded with xyloglucans, but the pectins also
have some covalently linked glucose and xylose sugars.
Under these pectin layers are several layers of cellulose
fibers, which are noncovalently associated with xyloglu-
cans. Xyloglucan-associated cellulose is cross-linked
through hydroxyproline-rich glycoproteins in a noncova-
lent manner involving isodityrosine bridges (83).

Cell number, volume and weight that determine fruit
weight are hormonally controlled during fruit growth.
Most of the fruits develop by cell enlargement accompa-
nied by cell division, which may continue briefly (e.g., in
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peaches and other stone fruits) or until the end of fruit
maturity (e.g., citrus fruits). Usually, all parts of the fruits
do not grow at the same rate. In the case of apples, 25%
of the total volume of fruit is contributed by the expan-
sion of intercellular spaces. In the case of kiwi, the cells
may enlarge more than 10–15 times. Some fruits (e.g.,
avocado) may increase 300,000 times in size compared
with their flowers. Large fruits generally require addi-
tional anatomical features for nutrition or support or both
for the developing seeds. Extra phloem in fruit vascular
bundles and the increased amount of vascular tissues in
the fruit wall and septa supply these nutrients to the
developing seeds in large fleshy fruits. Collenchyma and
sclerenchyma are common supportive and protective tis-
sues, and the long axes of these cells are oriented cross-
wise to provide a mechanically strong structure to the
fruits. 

As large-sized fruits bring higher prices for the grow-
ers, the fruit breeders direct their research programs to
achieve this objective (84). After the cessation of cell
division, peach fruit growth depends mainly on cell
enlargement. Mesocarp cells do not grow uniformly dur-
ing the rapid fruit growth and maturation stage, and the
length of radial cells near the stone is greater than that of
the outer areas of the peach fruit. Flesh cell division con-
tinues 4–5 weeks after blooming, and increases in size
only thereafter. In the case of the wild peach
Ohatsumomo, cells divide more slowly than the commer-
cial cultivars. This wild peach has the fewest and the
smallest cells, thereby, giving a very small fruit. Similar

observations by Cano-Medrano and Darnell (85) on 
blueberry fruits indicated that the differences in final fruit
size between pollinated and GA-induced parthenocarpic
blueberry fruits were due to differences in cell enlarge-
ment rather than increase in cell numbers. Similarly, the
size of apple fruits of Jonagold and Fuji cultivars is
observed to be a function of cell numbers rather than cell
diameter (86). However, in the case of early maturing
American Summer Pearmain, Tsugaru and Senshu culti-
vars, fruit size correlates positively with cell diameter.

The texture of fruits is also affected by the changes in
cell wall components that may take place during chilling
or heat processing treatments. Various cytochemical and
structural changes during cold storage affect the quality of
peaches (87). Mealiness in fruits develops due to chilling
injury as a result of separation of mesocarp paremchyma
cells resulting in increased intercellular spaces and accu-
mulation of pectic substances in the intercellular matrix.
No structural change is observed in the cellulosic compo-
nent of cell walls of peach fruit. In peaches having a leath-
ery texture, mesocarp parenchyma cells collapse, the
intercellular spaces increase and the pectin-positive stain-
ing in the intercellular matrix is significantly higher. As
the internal breakdown progresses, dissolution of middle
lamella, cell separation, irregular thickening of the pri-
mary cell wall and plasmolysis of the mesocarp
parenchyma cells are observed. Addition to cell wall
degradation leading to fruit softening, starch hydrolysis
(possibly producing cell turgor changes) might also be
involved in the softening of kiwifruit during storage at

24-12 Handbook of Food Science, Technology, and Engineering, Volume 1

C

B

A

Direction of
elongation

C. Ordered cellulose layer

B. Random cellulose layer
A. Pectic network

Cellulose fibrils

Interspersed hydroxyproline-rich
glycoprotein cross-linked via
isodityrosine bridges

Esterified region of pectin

Hydrated calcium ion

Neutral sugar side chain
(arabinogalacton/arabinan/galacton)

Rhamnogalacturonan

FIGURE 24.5 Modified model of primary cell wall. (Source: Ref. 82.)



0°C (88). As the softening of kiwi fruit progresses, more
uronic acids and neutral sugars (galactose, arabinose and
rhamnose) usually associated with pectic substances are
detected.

Cell structure of fruits is related to their fracture
behavior. Cell size and intercellular spaces influence the
values of fracture toughness and fracture energy (40). In
addition to cell size, cell wall chemistry also influences
the mechanical properties of fruits and, hence, texture.
Currently, there is a lot of interest in the mechanical prop-
erties of plant cell walls. Fruits derive their textural qual-
ities from the strength and stiffness of these cell walls,
bonding between the adjacent walls and the turgor pres-
sure. Deformation of plant cells by a fine probe provides
a measure of cell wall stiffness that is responsible for
many of the mechanical properties of fruits (89). 

Fruits are generally harvested at the fully mature stage,
when the development and growth in size have ceased. In
fully mature fruits, many physical as well as chemical
changes take place that convert these fruits to a more palat-
able form. Astringency decreases due to reduced tannin
content. Specific flavors are developed due to increased
sweetness and lower acid content. The softening caused by
breakdown of the cell wall structure in the pulp is often
accompanied by a change in coloration. Chlorophyll in the
chloroplasts of the outermost cells decreases while the
carotenoids and anthocyanins develop in the fully mature
fruits. Most of these changes are brought about by the coor-
dinated action of a group of hydrolytic enzymes on the cell
wall constituents. Apart from protein (mainly enzymes)
synthesis, starch and pectic substances hydrolysis are the
major biochemical changes occurring during fruit ripening.
During normal ripening, polygalacturonase (PG) activity
increases while the pectin esterase (PE) activity decreases.
Any imbalance in their activity could lead to inadequate
hydrolysis of pectic polymers, with increased accumulation
of higher- molecular-weight pectin with low levels of ester-
ification. The woolliness defect in nectarines is possibly
due to the accumulation of these pectic polymers (90).
Changes in cellulase (endo-β-1, 4-D-glucanase) activity are
also associated with the modifications in cell wall struc-
tures during fruit ripening (91). 

For further detailed description of the physical prop-
erties of fruits and food materials, the reader is referred to
two excellent books in this area by Mohsenin (72) and
Rao and Rizvi (58). 

VIII. PROCESSING AND FUNCTIONAL
PROPERTIES

Processing and functional properties of fresh fruits are of
paramount importance because these affect the accept-
ability of fresh or processed fruit products by consumers.
A set of quality characteristics important for consumer

acceptance is associated with each fresh fruit or its
processed products. A list of characteristics identified as
important for consumer acceptance of fruits and vegeta-
bles is reviewed by Kader (92). Unfortunately, no single
parameter/property can establish consumer acceptance
forever since consumer tastes and preferences change
with time and are also influenced by cultural factors.
Careful evaluation of fruits in terms of consumer accept-
ance criteria is essential to identify target markets. As an
example, German consumers prefer a fuller-flavored
grapefruit, whereas French consumers prefer the one that
is sweeter (93). Similarly, regional preferences exist for
apples in the United States; New Englanders look for a
tart taste, whereas Southerners prefer a sweeter one (94).
Most packers and wholesale and retail dealers buy fruits
on the basis of grades and standards established by the
concerned agencies in each country. 

IX. MATURITY INDICES

Maturity at harvest is one of the most important factors
affecting the rate of change of quality during post-harvest
handling and processing into finished products. Various
biochemical and physiological changes occurring at the
final stages of fruit development result in making these
fruits palatable and acceptable to consumers. Maturity
indices for fruits can be determined by estimating dura-
tion of development, measuring size, weight or density;
physical attributes like color, firmness, moisture or total
soluble solids content; chemical attributes like starch,
sugar, acidity, flavor and aroma constituents; or the mor-
phological characteristics (95, 96). 

A. SIZE, MASS AND DENSITY

Size, mass and density can easily be employed as maturity
indices. Each fruit becomes larger as it matures on the
plant, although other production factors like moisture and
soil fertility also affect the size of fruits. As an example,
fruit size is considered the most effective method of seg-
regating strawberries into different maturity classes (97).
Similarly, specific gravity is used as an index of maturity
in pineapples (98). 

B. COLOR

Color is another useful measure of maturity in many fruits.
Uniformity and intensity of color is important for appear-
ance qualities and processing properties. Chlorophyll
tends to disappear as the fruit matures on the plant as well
as during handling and storage. On the other hand, antho-
cyanins are synthesized in light while fruits are attached to
the plant, but are not affected greatly during post-harvest
handling and storage. The pigments of grapes, antho-
cyanins (red, blue, purple and black), are modified by
attachment of a glucose molecule. The basic part of grape
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pigments is made up of the five anthocyanins, namely,
cyanidin, peonidin, delphinidin, petunidin and malvidin.
The red pigments in grapes (anthocyanins) reach their full
potential at complete maturity (99). Total anthocyanin
content shows the greatest potential as a maturity index for
raspberries (100). For the color measurement of horticul-
tural crops, a number of techniques, like visual color
matching charts, guides and dictionaries to match, light
reflectance meter, light transmission meter, delayed light
emission measurement and determination of various pig-
ments (e.g., chlorophyll, carotene, lycopene, xanthophylls,
anthocyanins), are now available. Standard color chips are
now available for assessing the maturity of peaches (101).
Colorimeters can also be used for this purpose (102). The
technique of delayed light emission has the advantage of
not being affected by orientation of multicolored fruits
like papaya (103), cantaloupes (104) and peaches (105). 

C. FIRMNESS

Firmness or softness of fruit is an important processing
property that is affected by the stage of maturity and storage.
Firmness is also an important textural quality attribute and
is usually combined with other attributes, such as color and
flavor, for use as an index of both maturity and processing
quality of fruits. Use of firmness and total soluble solids as
an index of maturity of kiwifruit, have been recommended
by Crisosto et al. (106). Firmness can be measured using
penetration force (Magness-Taylor pressure tester, Effegi
penetrometer, Instron universal testing machine); fibrous-
ness and toughness by shear force measurement using
Instron, or resistance to cutting by a fibrometer or chemical
analysis for crude fiber and lignin content; measurement of
water content as an indication of succulence; measurement
of extractable juice as an indication of juiciness; or by sen-
sory evaluation for grittiness, crispness, mealiness, chewi-
ness and oiliness. A nondestructive firmness tester is
available for assessing the maturity of avacados (107).
Firmness is a simple, rapid technique for measuring the har-
vest maturity of apples (108) and pears (109). 

D. SOLIDS CONTENT

Moisture or solid contents are being used effectively as
maturity indices of fruits for processing purposes. Iodine
staining of starch has been used as a measure of assessing
maturity in apples (110). Sugars are the industry standard
to assess the maturity of cantaloupe and other melons.
Soluble solids have been suggested as a maturity index for
sweet cherries (111), and Brix-to-acid ratio for citrus
fruits (112), whereas both soluble solids and acidity are
used to assess maturity in grapes (113). Mango is another
popular specialty fruit of great economic importance to
the tropical regions, in which sugars and acids influence
its consumer acceptability (114, 115). As a result of starch
hydrolysis from increased amylase activity (116), sucrose

is the major sugar in ripe mango fruits. Among the reduc-
ing sugars, glucose is reported to be the major sugar by
Selvaraj et al. (117), whereas fructose was identified as a
predominant sugar by Medlicott and Thompson (118) and
attributed this contradiction to the varying cultivars and
storage conditions used by these workers.

E. FLAVOR

Flavor is another important processing property and con-
sumption attribute critical to consumer acceptability and
hidden attributes of fruits (119). Sweetness is a function
of sugar concentration and sourness is a function of acid-
ity, and their ratio determines the flavor of fruits because
consumers perceive sweetness or sourness in terms of
sugar:acid ratio. Sugar concentration is usually estimated
by measuring the percentage of soluble solids (°Brix)
using a refractometer (120) and acidity by titration
against a standard base. The Brix-to-acid ratio (BAR) is
used to assess the relative sweetness or sourness for most
of the fruits for processing purposes. Lack of attention to
flavor compounds in breeding programs has led to flavor
mediocrity in many fruits. The lack of information on fla-
vor compounds available to breeders on this complex
trait is the main reason for this. Using gas chromatogra-
phy, as many as 225 volatile compounds have been
reported for grape cultivars (99, 121), although every par-
ticular cultivar emits a special aroma. Many fruits contain
a single volatile compound, described as character impact
compound, that imparts the flavor message by itself.
Some examples of these character impact compounds
given by Shewfelt (122) are ethyl-2-methylbutyrate in
apples, γ-decalactone in peaches and isoamylacetate in
bananas. However, the full aroma of any fruit is a subtle
combination of many compounds, which makes it diffi-
cult for food scientists to duplicate fruit flavors in artifi-
cial beverages. A number of volatile compounds have
been identified to be associated with the distinctive
aroma of fresh as well as processed fruits. These aroma
compounds, in combination with sweet, sour, salty,
astringent and bitter sensations, endow characteristic fla-
vors to various fruits and their products. The type of cul-
tivars, post-harvest processing and storage treatments are
some of the factors that affect the flavor properties of var-
ious fruits and their processed products (123, 124). The
task of preserving and improving the aroma of fruits will
probably be difficult. For example, some treatments cur-
rently used to prevent decay or to preserve texture and
color can damage aroma quality. A higher concentration
of carbon dioxide is usually used to reduce decay in
strawberries and other similar crops, but it can induce fer-
mentation (125). Similarly, lower oxygen levels, while
extending the shelf life of apples and other pome fruits,
can reduce aroma at stress levels, and may even cause
off-flavors (126).
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X. PROCESSING OF VARIOUS FRUITS

A. GRAPES

The grape cultivars are classified according to table, juice,
wine and raisin purposes. Table grapes are consumed as
fresh fruit or processed into juice. They should have large
clusters and berries of appealing appearance, fine flesh
with low acidity and high sugar content, and a few or no
seeds (99). In the case of colored grapes, heating the
crushed berries for 10–15 min at 60–63°C is necessary to
extract the coloring matter (127). This heating step is not
required in white grapes. Frozen grape juice concentrates
are available commercially, but their production is less
compared with orange juice concentrate. Wine grapes are
processed into juice and fermented by yeast to make wine,
or distilled to make a number of beverages (e.g., brandy).
The wine grapes should have small clusters with round
berries set compactly, with soft, juicy flesh of high acidity
and low pH (128). After wine, raisins are the second most
important product made from grapes (129). Raisin grapes
are a special category of table grapes, having thin skin,
firm flesh with higher sugar content and moderate to low
acidity, with berries loosely attached in the clusters. 

B. CITRUS FRUITS

Apart from consumption as fresh fruits, citrus fruits are
processed mainly into juice, frozen concentrate, jam, mar-
malade, squash, candied peel and certain by-products,
such as pectin, citric acid and peel oil. Juice is the most
popular product prepared from citrus fruits and may be
canned, frozen or chemically preserved (130). Frozen
concentrated orange juice is by far the most important
processed product from citrus in the U.S. The popularity
of this product has been decreasing recently, as consumers
prefer natural or minimally processed food products
(131). Sound and mature fruits with the highest possible
juice quality are desirable for producing orange juice. The
color, flavor, yield and total soluble contents of the fruit
increase with the maturity of oranges. The best quality
orange juice can be produced if the Brix-acid ratio is
between 13 and 19, 15 being the preferred one. Mid-sea-
son or late-season oranges give better yield and quality of
juice than the early-season fruits (132). An excessive
amount of peel oil in juice is undesirable. However, a cer-
tain amount of peel oil (0.01–0.02%) is considered to be
necessary for obtaining maximum flavor (133). 

C. DATE FRUIT

Date palm (Phoenix dactylifera L.) is an important food
crop in the Middle Eastern countries. Rygg (134)
reviewed the detailed description of the date growing
regions of the world, date varieties and general cultivation
practices. Four maturity stages have been recognized in

date fruits, i.e., kimri, khalal, rutab and tamer (135). At
the kimri stage, the fruit is hard in texture, green in color
and can be used for making pickle, relish and chutney (16,
136). Depending upon the cultivar, the khalal stage fruit
develops a yellow, red, purple or yellow-scarlet color, but
retains a firm texture and can be used for making jam, but-
ter, dates-in-syrup or for eating as fresh dates (137, 138).
The rutab stage is characterized by softening of the half
portion of the fruit, developing a dark brown color and
increased sweetness and can be used for jam, butter, date
bars, date paste or eaten as fresh (139). During the tamer
stage, the whole of the fruit becomes soft in texture, wrin-
kled, relatively drier, and dark in color and attains maxi-
mum sweetness (140). The tamer fruits can be further
dried for prolonged shelf life during storage. The chemi-
cal composition of date fruit varies with maturity. The
total sugars in date fruits at the kimri stage range from
32.99 to 38.20%, but are increased to 77.97 to 79.39% at
the tamer stage of maturity. The ranges of protein, fat, ash,
pectin, tannin and crude fiber contents of tamer stage date
fruits are 2.1–2.4, 0.1–0.2, 1.6–2.0, 1.3–1.9, 0.4–0.4 and
2.5–2.9%, respectively (141).

The majority of the date fruit is harvested at the tamer
stage and enters the trade for consumption as such (142).
Recently, the quantities of processed dates have been
increasing rapidly as a result of encouragement and sup-
port being provided to the date fruit processing industry
by governmental agencies. The development of newer
processed date fruit products would increase the eco-
nomic value of this crop immensely (143). Due to
increased production and a decreased tendency towards
direct consumption of date fruits, the introduction of
processed products holds a great future for this important
food crop of this arid region of the world. 

D. BANANA

Bananas are one of the most important fruits grown in the
tropics. About 50% of the bananas produced are consumed
in Africa as a cooked vegetable and are often called plan-
tains. A number of processed products, such as juice, pulp,
puree, concentrate, canned slices, fruit bars, powder, wine,
brandy and deep-fried chips, have been prepared from ripe
as well as unripe bananas (144). Among all these products,
banana puree is by far the most important processed prod-
uct prepared from the pulp of ripe fruit. Puree finds uses in
dairy desserts, bakery items, mixed fruit drinks, sauces and
as a part of special diets in hospitals and nursing homes. 

E. APPLE

Apples are processed into a variety of products, such as
juice, concentrate, sauce, butter, preserve, vinegar, cider,
wine, brandy, candy, jam, jelly and canned products.
Apples are also dried as rings, chips or cubes. Edible pectin
is also produced from the waste of the apple processing

Fruits: Horticultural and Functional Properties 24-15



industry. Apple juice, in the form of clarified apple juice
(made using pectinol enzymes), natural apple juice, pulpy
apple juice and as fruit cocktail blends, is second only to
orange juice in Europe and North America (145–147).
Apple juice contains most of the soluble components of
original apples, such as sugars, acids (mainly malic acid)
and various other carbohydrates. 

F. MANGO

India contributes about 64% of the world production of
mangoes. The mango fruit is highly perishable, highly
susceptible to disease, extremes of temperature and phys-
ical injury, and international trade in fresh mango has
been limited. However, a number of products, such as
canned mango pulp, juice, nectar, squash, beverage, jam,
chutney, pickle, mango leather and raw mango powder,
are routinely prepared (6). Mango is one fruit that is
processed and used at almost every stage of its growth.
Raw mango fruit is mainly used for the preparation of raw
mango powder, chutney and pickle (148, 149). Mango
puree made from ripe mango is one of the most important
processed products, which finds further utilization in var-
ious other products, such as nectar, squash, jam and
ready-to-serve beverages. Puree is canned for long-term
storage and marketing worldwide (150). Mango pulp can
also be preserved using 350–700 ppm of sulfur dioxide,
but there are reservations among consumers towards sul-
fited foods due to objectionable odor and toxicity (151).
Mango fruit beverages are very nutritive drinks and are
extremely popular in India and other Asian countries
(152). Mango beverages with 20% puree in the formula-
tion and with 20°Brix taste very sweet, so most of these
mango drinks are adjusted to only 15°Brix, because less
than 15% puree adversely affects the color and flavor of
the mango beverages during storage. 

Mango, being rich in a desirable strong flavor of its
own, lends itself to be blended with a number of other
fruits for the preparation of fruit juice cocktails (153).
Blends of mango puree with papaya, orange, kinnow,
apple, guava, pear, peach and apricot could be used in
many foods (154). Peeled slices/cubes obtained from ripe
or semiripe mango fruits can be preserved in sugar syrup,
especially from some Indian mango cultivars, such as
Saheb Pasand, having a TSS of 30°Brix that has bright-
colored pulp and a firm texture (155). Mango leather,
another popular product, is prepared by drying mango pulp
to a final moisture content of about 15%. For the prepara-
tion of mango leather, an ideal ratio of 25:0.3 for TSS:acid
has been suggested (156). Pectin when used at a rate of 0.5
to 0.75% improves the texture of mango leather. 

G. PINEAPPLE

The pineapple is one of the most important commercial
fruits of the world, and is mainly used in processed form

as dessert fruits, or as canned pineapple in the form of
slices, rings, chunks, fruit cocktails or in the preparation
of juice and jams. Most of the world’s pineapple produc-
tion is canned, largely as slices, juice, chunks and diced
pineapple (157). Pineapple juice contains neutral polysac-
charides (mainly galactomannan), which are removed
using pectinase, cellulase and hemicellulase enzymes
(158). Pineapple juice stored at higher temperature (37°C)
loses its color rapidly, but it can be stored at room tem-
perature for 12–15 months without any serious loss in
quality or nutritive value (159). Pineapple concentrate can
also be prepared, which can be stored satisfactorily at
10–38°C by adding sulfur dioxide without any significant
loss in color or flavor (160). Although attempts have been
made to prepare pineapple juice powder by freeze-drying,
the product has not become commercially viable (161). 

H. PEAR

Pears have been consumed primarily as fresh fruit,
although a part of pear production has been processed into
juice, wine, candy, dried and canned products (162). Pears
are a good source of pectin, sugars and thiamine. Pear
fruit is reported to help in maintaining a desirable
acid/base balance in the human body. Because of its low
sucrose content, pear fruit is also recommended for dia-
betics. The pear fruit is either canned as juice, or as
chunks in fruit cocktail along with other fruits. Puree pre-
pared from pear fruit finds uses in baby foods, pear butter
and jams. Pear juice concentrate is finding wider applica-
tions in beverages and fruit spreads. Pear candy prepared
from sand pear and Bagygosha cultivars are reported to
retain about 50% of the ascorbic acid during 40 weeks of
storage at room temperature (163). The stone pear is suit-
able for jam, chutney, clarified juice and preserve (164). 

I. PLUM

Plums are generally consumed as fresh fruit, and only a
small quantity is used for canning, dehydration and bev-
erages. Whole plums fruits with higher sugar content and
firm flesh are dried and are called prunes. More than 50%
of the total world production of plums comes from the
U.S., the former U.S.S.R., China and Romania (6). Apart
from canning, plums are used for the preparation of jam,
jelly, beverages, wines and brandy. Prune juice produced
from dried plums is rich in minerals and acts as a mild lax-
ative. Use of pectolytic enzymes increases the yield of
prune juice and aids in easy filtration (165). Pectolytic
enzymes not only increase plum juice yield, but also dras-
tically decrease the apparent viscosity and improve the
color and clarity without affecting the flavor (166). A nat-
ural plum juice containing pulp has also been prepared
recently (167). Being high in acidity, no more than 40% of
plum juice can be used in the preparation of beverages
like sweetened plum juice. About 20% of enzymatically
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extracted plum juice with 15°Brix has been found to be
optimum for preparing nectar (168). 

Preparation of plum juice concentrate is one of the
best options of utilizing fruit during glut seasons. Plum
juice can be concentrated under vacuum to 73°Brix. This
juice concentrate has higher total soluble solids, reducing
sugars, total solids, browning and viscosity, but the pectin
content and acidity are slightly reduced (169). Firmer
fruits are generally preferred for canning than softer
fruits. Softening of ripe plums during canning can be pre-
vented using 500 ppm of calcium chloride (170). About
75% of the world supply of dried prunes comes from
California and the Pacific Northwest. Dried prunes, prune
flakes, nuggets and granules are also produced commer-
cially for use as fillings in bakery products. Low-moisture
prune powder is also available for use as a sweetening and
flavoring agent in whole wheat and rye bread formula-
tions. The plum pulp is also utilized in ice cream mix,
confectionery items and meat sauces (171). Wine or
brandy prepared from fruits other than grapes are referred
to by the name of that fruit used. Plum wines are quite
popular in Germany and many Pacific coastal states of the
U.S. The method for making plum wine or brandy is sim-
ilar to that of grapes (172).

J. PEACH

Peach and its smooth-skin mutant nectarine are some of
the most important stone fruits in temperate regions of the
world. Apart from consumption as fresh fruit, peaches are
usually canned. Only a small portion is utilized as frozen
or dried or used as jams, peach conserve, marmalade,
peach butter, fruit bar, pickle and beverages (173). Peach
puree is the basic starting material for the preparation of
many other products, such as jam, nectar, juice, baby
foods and ready-to-serve beverages. Initial color and vis-
cosity of puree have been considered as important quality
characteristics for further processing (174). Commercial
canning of peaches is the major industry in the world.
Peaches can be canned as whole, halves, quarters or
slices, usually in sugar syrup or juices of other fruits
(175). The peach fruit for canning should be picked at or
near optimum maturity and should be of uniform large
size (a dia of 6.03 cm or more), good yellow color and of
good cooking quality (176). Steep preservation is another
simple technique that could be used for peaches (177). 

K. BERRIES

Juices from berries are widely used for the manufacture of
jams, jellies, beverages, wine, fruit yogurt and ice cream
(178). To increase juice yield from berries, pectolytic
enzymes are added to the pulp (0.1g/kg of fruit). The
enzymes are allowed to act on the cell wall pectic sub-
stances to release juice. The juice could be preserved by
the addition of antimicrobial agents (potassium benzoate

or sodium sorbate) followed by pasteurization (179). The
juice can also be concentrated, but the susceptibility to
undesirable changes in flavor during storage has hindered
its application in food and beverages (180). Wines from
strawberry, raspberry and kiwifruit are also prepared
(181–183). Use of pectolytic enzymes for increasing juice
extraction yield is essential for making wine with desir-
able clarity, color and flavor. 

L. APRICOT

All of the mechanically harvested apricots (roughly more
than 50% of total production) in the U.S. are used for pro-
cessing, mostly for canning. About 84% of the total pro-
duction of apricots in the U.S. is canned, dried and frozen
(184). The canning process for apricots is the one typi-
cally used for most stone fruits. The textural quality of
canned apricots is affected by a number of factors, such as
sterilization conditions, maturity of fruits and storage con-
ditions. Even immature fruits can be canned after treating
them with ethylene for two days (185). Dried apricots are
another important snack, becoming popular with present-
day consumers because of their desirable color, flavor and
nutritive value. Dried apricots are produced from fully
ripe and plump fruits (186). High natural sugar level and
low pH of dried apricots prevents microbial spoilage and
enzymatic deterioration in quality during storage. The
apricot fruits unsuitable for canning are utilized for the
preparation of juice and concentrates. The juice concen-
trate can be used for the preparation of nectar and baby
foods. The concentrated juice can also be dried to obtain
powder that can be used in bakery products, beverages,
jellies and desserts (165). Because of excellent natural fla-
vor, apricots are also processed to jams, jellies and pre-
serves. Due to higher susceptibility to browning and
oxidation during freezing, frozen apricots are not very
popular. 

M. BY-PRODUCTS OF THE FRUIT PROCESSING

INDUSTRY

Fruits are marketed either as fresh produce or processed
as frozen, dehydrated, canned, pureed, juices, jams, jel-
lies, marmalades, pickles, chutney and in many more
forms. During these processing operations, a large pro-
portion of fruit ends up as residue that needs to be handled
properly to avoid environmental pollution while generat-
ing additional revenue for the processing industry. The
wastes arising out of the fruit processing industry can be
utilized for the preparation of human food, animal feed,
fertilizers, soil conditioners or for landfill (187). 

Dietary fiber is extracted from apple and pear pomace
to obtain a product containing 56 and 77% fiber, respec-
tively. This product has the consistency of whole wheat
flour with a bland taste and is utilized in baked goods,
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breakfast cereals, granola products, laxatives, pharmaceu-
tical preparations and pet foods (188). Peels and cores
from apples can be utilized to produce vinegar and jelly
juice stock. Apple pomace can be extracted with liquid car-
bon dioxide to produce an intensely flavored fraction.
Pectin is an important by-product from the apple process-
ing waste. Different apple cultivars are reported to vary in
pectin yield, jelly grade and other qualities of the extracted
pectin (150). Pectin extracted with alcohol from apple
pomace can be dried to 5% moisture content and used for
jam and jelly-making. About 250 g of citric acid can be
obtained by growing Aspergillus niger on apple pomace
(one kg solids) under controlled conditions. Around
30–35% of the pear fruit ends up as waste during canning
operations. The waste from pear fruit processing industries
has been used in the preparation of vinegar, brandy, dena-
tured alcohol and sugar syrup or has also been dried for use
as cattle feed (170). Kiwifruit peel is another suitable
source of citric acid production. In the presence of 2%
methanol at 30°C, about 100 g of citric acid per kg of
kiwifruit peel can be produced by solid-state fermentation
using Aspergillus niger (193). Apple pomace can be used
as animal feed, either fresh or as dried product (150).

Citrus fruit processing waste can be utilized for the
production of citric acid, but the process is uneconomical
because citric acid now produced by microbial fermenta-
tion is much lower in cost. Citrus peels contain 2.5 to
5.5% pectin, which can be extracted with acidified water.
After centrifugation, the clarified pectin solution is dried
to obtain pectin powder. By the cold pressing method,
fresh orange peel also yields about 0.54% superior quality
oil, which finds uses in juice and squash manufacture
(199). Guava fruit is another important source of food-
grade pectin. During the extraction of pectin by hot water-
boiling, use of sodium hexametaphosphate or 1:1 mixture
of ammonium oxalate and oxalic acid at 0.25–0.75% con-
centration gives higher yields of pectin with high jelly
grade (200). 

About 40 to 60% of the fruit intake ends up as waste
in the mango processing factories. This fruit waste con-
sists of 12–15% peel, 5–10% pulp waste and 15–20%
mango seed kernel (160). The pectin obtained from
mango peel is comparable with the pectin extracted from
citrus peel (161). Mango peel is a very good source of
sugars (48.1%), pectin (12.9%), protein (3.9%), fiber
(8.4%), tannins (2.3%) and minerals (2.9%; all values on
dry basis) and constitutes about 13% of the mango fruit
(161). Good quality pectin obtained from mango peel can
be used in the manufacture of jam, jelly, marmalades and
many pharmaceuticals. Depending upon the cultivars,
mango kernel (or stone) is about 45.7 to 72.8% of the
mango fruit and is a good source of starch (57.8%), fat
(13.7%), tannins (10.6%) and protein (7.1%) on a dry
basis (162). Among the other by-products, mango kernel
fat has attracted major attention because it could be a very

good substitute for tallow and cocoa butter in soups and
confectionery products (201, 202). Cake left after the
extraction of kernel oil could substitute for wheat and
maize flour in animal feed as it is a good source of many
essential amino acids. Mango peel is also suitable as a
supplement in fish feed. The waste from mango process-
ing plants can be used for biogas production. Recently, a
mixture of 5-(12-cis-hepta decenyl) and 5-pentadecyl
resorcinol has been isolated from mango peel, and this has
been found to be effective against Alternaria alternata, a
fungus that causes black spot disease in mango fruit (163).

Guava seeds are usually discarded during processing,
but these seeds are rich in oil (5–13%), which can be uti-
lized in salad dressing. Guava seed oil is especially rich in
essential fatty acids, such as oleic (54%) and linoleic
(29%) acids (203). 

Green banana fruit, pseudostems and foliage are good
sources of energy and serve as cattle feed after supple-
mentation with a protein source. About 1000 banana
plants can yield 20–25 tonnes of pseudostems, which con-
tain about 5% edible starch that finds a number of indus-
trial uses (145). Banana stem waste is another important
waste product that can be used for growing food yeast
(146). The pineapple processing industry waste can be uti-
lized for the preparation of several products, such as citric
acid, cattle feed, sugar syrup, wine, bromolain enzyme,
wax and sterols (169). Peach processing generates a lot of
waste in the form of peel, seeds and trimmings, which
contain proteins, polysaccharides, sugars, amino acids
and pectin. After enzymatic treatment, peach solid waste
may be utilized for ethanol production (186).

Production of citric acid from fruit processing solid
wastes using Aspergillus niger in solid-state fermentation
has been suggested (193). Apart from these specific by-
products of commercial value, the waste from most of the
fruit processing plants could be utilized in animal feeds and
production of ethanol, biomass and many other chemicals. 

XI. NUTRITIONAL AND HEALTH
PROPERTIES

Consumption of fruits and vegetables by adults in the U.S.
has not reached the recommended level suggested by
nutritionists and other health professionals.
Unfortunately, children consume even less. Various gov-
ernmental agencies, professional associations, food
processors and health organizations are making efforts to
encourage increased consumption of fruits and vegetables
(204), because intake of fruits and vegetables has an
inverse association with the risk of cardiovascular dis-
eases and mortality in the U.S. population (205). Fruits
are rich not only in dietary fiber, vitamins and minerals,
but a number of bioactive compounds present therein are
strong antioxidants and function to modify the metabolic
activation/detoxification of carcinogens. 
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A. FRUITS AND DIETARY FIBER

A low intake of dietary fiber is associated with a spectrum
of degenerative diseases, such as constipation, diverticular
disease, coronary heart disease, hiatus hernia, appendicitis,
varicose veins, piles, diabetes, obesity, bowel cancer and
gallstones (206). Soluble dietary fiber, including pectic sub-
stances and hydrocolloids, is present in fruits, vegetables,
legumes and oat bran. By-products from fruit processing
industries are potential sources of both soluble and insolu-
ble dietary fiber in our diet (207). Association between fruit,
vegetable and dietary fiber consumption and colorectal can-
cer risk in the U.S. population has been observed (208). The
total fruit and vegetable consumption is inversely associ-
ated with colorectal cancer risk, but subanalyses show this
association is largely due to fruit consumption. The associ-
ation is stronger and the dose-response effect is more evi-
dent among those individuals who consume the lowest
amounts of fruits and vegetables (less than 1.5 servings)
compared with those who consume greater amounts (more
than 2.5 servings/d). 

To assess the role of certain tropical fruits, such as
lychee, guava and ripe mango, in the prevention of cardio-
vascular diseases, contents of total and water-soluble
dietary fiber are determined by Gorinstein et al. (209).
Lychee, guava and ripe mango had a total fiber content of
2.2, 5.6 and 3.1 g/100 g fresh fruit and soluble fiber of 1.05,
2.7, 1.51 g/100 g fresh fruit, respectively. Use of lychee,
guava and ripe mango could be suitable for the prevention
of cardiovascular disease through dietary methods. The
non-starch polysaccharides in Starkspur Supreme
Delicious apples from Arkansas ranges from 1.41 to 1.98
g/100 g fresh fruit (210). Total fiber contents in four berries
(blackberries, cranberries, red raspberries, strawberries)
ranges from 1.0 to 7.0% fresh weight (14). Peeling and can-
ning changes the uronic acid and neutral sugar contents of
soluble and insoluble fiber fractions of several fruits. 

Rosado et al. (211) analyzed 24 fruits for dietary fiber
contents. The total dietary fiber (wet weight basis) ranged
from 0.3 to 7%, and soluble fiber contents (% of total
dietary fiber) ranged from 6 to 44%. The total dietary fiber
contents in 47 Italian fruits range from 0.22 to 6.47 g/100 g
for fresh fruits and 5.0 to 30.0 g/100 g for dry fruits (212).
Marlett (213) analyzed 23 fruits and reported a mean
dietary fiber content of 1.4 ± 0.7 g/100 g fresh weight, and
13 to 20% of this was soluble fiber fraction. Pectin con-
stituted 15 to 30% of the total dietary fiber contents
among fruits. The total dietary fiber contents of five fruits
that are most commonly consumed in Malaysia range
from 1.5 to 3.6% on a fresh weight basis (214). The incor-
poration of prunes in the diet as a source of dietary fiber
lowers plasma low-density-lipoprotein cholesterol more
significantly (3.9 mM) than when grape juice (4.1 mM) is
consumed (215). Prunes also significantly lower fecal bile
acid content of lithocholic acid. Fecal output is nearly

20% higher after consuming prunes, but the total bile acid
content is unchanged. 

B. PHYTOCHEMICALS IN FRUITS

Oxygen during normal metabolism yields a number of
reactive oxygen species (ROS), most of which are free rad-
icals having an odd number of electrons. These reactive
species initiate lipid peroxidation, a chain reaction that can
oxidize DNA, proteins (enzymes) and cell membranes
(216). It is now proposed that oxygen free radicals are
involved in several pathological conditions, such as oxida-
tion of LDL and development of atherosclerosis, different
stages of cancer development, autoimmune destruction of 
β cells leading to diabetes, inflammatory damage in
asthma, in rheumatoid arthritis, age-related macular degen-
eration (AMD) and oxidation of lens proteins leading to
cataracts (217). To neutralize these reactive species, the
body’s defense system is equipped with a few enzymes,
some high-molecular-weight antioxidant proteins, and
some low-molecular antioxidants, like ascorbate, vitamin
E, β-carotene, glutathione and uric acid. If this balance is
overwhelmed, oxidative stress builds up and this becomes
the underlying cause of aging and some of the age-related
diseases, such as cancer, cataracts, AMD and cardiovascu-
lar disease (218). Fruits have the ability to protect us against
this free radical damage if consumed regularly. Fruits, like
prunes, raisins, blueberries, cranberries and blackberries,
have the highest antioxidant capacity, followed by straw-
berries, raspberries, plums, oranges, red grapes, red cher-
ries, kiwi fruit, pink grapefruit, bananas and apples (219).

Many bioactive phytochemicals (or neutraceuticals)
present in fruits have the ability to provide immense health
benefits to us. These phytochemicals include terpenoids,
phenolics, alkaloids and fiber. The role of these compounds
against cancers, coronary heart disease, diabetes, hyperten-
sion, inflammation, microbial, viral and parasitic infec-
tions, ulcers, etc., has been recently reviewed (220). In
addition to primary antioxidants, such as ascorbate, vitamin
E and carotenes, most of the other phytochemicals present
in fruits act as antioxidants to reduce the oxidative damage
caused to lipids, proteins, nucleic acids and other cellular
targets by reactive oxygen species (ROS). The effect of
these antioxidants on changes in oxidative stress status
associated with aging and other chronic conditions, like
diabetes, cardiovascular diseases, cataracts and age-related
macular degeneration, is being actively explored at Tufts
Nutrition Antioxidant Research Laboratory (2). Although
many other foods (such as vegetables, whole grains and
whey proteins) also play an important role, the contribution
of fruits to human nutrition and health is equally important.

C. FRUIT INTAKE AND CANCER RISK

The relation between cancer risk and the consumption of
fruits and vegetables is now gaining a lot of attention
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(221). Diets rich in fruits and vegetables are more strongly
related to a lower risk of epithelial cancers of the respira-
tory and digestive tract. However, the intake of fruits and
vegetables does not show a strong association with hor-
monally related cancers such as breast, endometrium,
ovary and prostrate. No information is available on the
total intake of phenolic phytochemicals. If this group
includes anthocyanins, flavanols, isoflavones, phenolic
acids and tannins, the total phenolic phytochemical intake
may be up to hundreds of milligrams per day (222). This
intake could be even higher in populations where red wine,
soy products, lentils and beans are consumed. This infor-
mation on the intake of phenolic phytochemicals would be
useful because most of these phenolics have antioxidant
properties with similar biological activities. Some of these
phenolics trap nitrates and prevent the formation of muta-
genic N-nitroso compounds in foods (223). The intake of
these N-nitroso compounds is known to induce cancers of
the nasopharynx, esophagus and stomach (224). In a recent
study, regular consumption of fruits was strongly associ-
ated with reduced risk of many types of cancers (225). The
strongest evidence correlates with the reduced risk of the
mouth, esophagus, pharynx, lung, stomach and colon,
whereas moderately strong evidence exists for cancers of
the breast, pancreas and bladder.

D ANTIOXIDANTS/PHYTOCHEMICALS IN FRUITS

Until recently, fruits were known only as a source of cer-
tain vitamins, minerals and dietary fiber, but now a num-
ber of nonessential bioactive compounds (phytochemicals)
are attracting the attention of food scientists and health
professionals. Among the vitamins present in fruits, ascor-
bic acid has been investigated extensively. Ascorbic acid is
a water-soluble antioxidant, which can easily be oxidized
to form a free radical semidehydroascorbic acid that is
quite stable. As ascorbic acid can lose an electron very eas-
ily, it is a very effective antioxidant in cytoplasm of bio-
logical systems (226). Blood levels of vitamin C above 
49 µmol/L have been associated with a 64% reduced risk
of cataracts in a Mediterranean population (227). Although
more than 600 carotenoids have been identified so far, only
about 50 of these possess vitamin A activity. Carotenoids,
being lipid-soluble, act as antioxidants to protect the cell
membranes of biological systems by quenching singlet
oxygen and scavenging free radicals. Lycopene has the
greatest antioxidant activity, followed by α-carotene,
β-carotene, lutein and cryptoxanthin (228). Autumn olive
(Elaeagnus umbellata Thunb.) bears yellow or brilliant red
berries, which are very rich in lycopene (229) containing 15
to 54 mg from naturalized plants and 17 to 48 mg/100 g of
fresh fruit from four cultivars with red-pigmented fruit. In
contrast, the fresh tomato fruit had only about 
3 mg of lycopene per 100 g. In addition, this fruit also 
contained α-cryptoxanthin, β-carotene, lutein, phytoene

and phytofluene. This newly identified fruit (Autumn
olive) can become an excellent source of lycopene and
other carotenoids in our diet.

Lutein is a well-known carotenoid, whose intake has
been shown to be inversely associated with ocular dis-
eases, such as cataracts and age-related macular degener-
ation (230, 231). Lutein offers protection to the cells of
the macula by acting as an antioxidant against the reactive
oxygen species (232). The consumption of carotenoids
from various sources does not reduce plasma carotenoid
concentrations in the medium term, thus suggesting the
eating of a diet rich in a variety of fruits and vegetables
(233). Limonoids (terpenes) present in citrus fruits are
shown to inhibit Phase I enzymes and induce Phase II
detoxification enzymes in the liver and provide protection
against cancer (234).Vitamin E is another major lipid-sol-
uble antioxidant that protects the polyunsaturated fatty
acids in cell membranes against free radicals and singlet
oxygen species. Glutathione, selenium and flavonoids are
the other water-soluble antioxidants. About 2000 chemi-
cal distinct flavonoids (flavonols, flavones, flavanones,
isoflavones and flavanols) are present in fruits that may
have antioxidant activity. 

Phenolics, such as tannins and flavonoids, present in
fruits have also been studied extensively as antioxidant
protectants for humans. Plant phenolics are mostly pro-
duced through phenylpropanoid pathways and comprise a
variety of compounds, such as cinnamic acids, benzoic
acids, flavonoids, proanthocyanidins, stilbenes, coumarins,
lignans and lignins. They are known to be strong antioxi-
dants and prevent oxidative damage to DNA, lipids and
proteins, which may play a role in chronic diseases like
cancer and cardiovascular disease (235). Ferulic acid 
(a phenolic compound), a component of the plant cell wall,
has the ability to mop up damaging free radicals and reac-
tive oxygen species (236). One possible use for ferulic acid
may be as a stimulant for sperm motility in fertility treat-
ments or during in vitro fertilization. The polymeric tan-
nins from grape seeds function as antioxidants and
neutralize the effects of oxidative stress induced both by
the deficiency of other vitamins and an atherogenic diet
(31). Flavonoids are known to perform against free radi-
cals, free radical-mediated cellular signaling, allergies,
inflammation, platelets aggregation, ulcers, tumors,
microbe viruses and hepatotoxins (237). Catechins and
gallic acid present in grapes and berries have free radical
scavenging activity, and inhibit eicosanoid synthesis and
platelet aggregation. 

Anthocyanidins are water-soluble flavonoids that are
the principal pigments in fruits and are known to have
antioxidative properties (238). Among the flavonoids,
anthocyanins are reported to possess higher antioxidant
activity as measured by oxygen radical absorbance capac-
ity (ORAC) equivalents (239). On a fresh weight basis,
the anthocyanin content in fruits, such as blackberries,
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blueberries, cranberries, raspberries, strawberries and
boysenberries, may range from 200 to 4950 mg/kg. An
intake of 100 to 150 g of these fruits could easily give us
100 to 200 mg of anthocyanins, which are well above the
suggested levels (240). Intake of two to five servings of
fruits and vegetables per day would result in 1200 to 1640
ORAC equivalents for the person and may be responsible
for the health benefits achieved with increased consump-
tion of these foods. The polyphenols from blueberries and
cranberries possess antioxidative and anti-inflammatory
activities in endothelial cells and are reported to be bene-
ficial in reducing initiation or development of cardiovas-
cular diseases (241). 

E. STABILITY OF PHYTOCHEMICALS DURING

PROCESSING

Food technologists are currently busy adding bioactive
phytochemicals for developing new food products. These
formulated foods will not only meet the nutritional needs
of growth and maintenance, but are also expected to pro-
vide additional health benefits to consumers. Some of
these targeted benefits are preventing disease and improv-
ing physical performance and the overall quality of life.
The biochemical aspects, physiological effects and health
benefits of phytochemicals in fruits were reviewed
recently (242). The topics covered are characteristics of
major fruit phytochemicals (phenols and carotenoids);
physiological effects of phenols, carotenoids and other
bioactive compounds (limonoids, ascorbate, limonene and
folate) found in citrus fruits; evidence of health benefits,
antioxidative and anticancer properties of bioactive com-
pounds present in berries; and composition and physio-
logical effects of phytochemicals in strawberries, apples,
melons and some other fruits. 

The antioxidant capacity of these phytochemicals is
affected not only by various horticultural factors, but also
by the food processing practices employed in the industry.
The antioxidant capacity due to phenols in blueberries is
decreased by food processing practices, such as heating
and aeration (243). The composition, antioxidative capac-
ity and levels of anthocyanins and total phenols in culti-
vated blueberries (Vaccinium corymbosum L.) and wild
blueberries (V. augustifolium Aiton) are influenced by the
method of extraction (244). The highest anthocyanin, total
phenolic contents and antioxidative capacity are observed
when aqueous methanol is used as a solvent. Irrespective
of the solvent used, wild blueberries give higher values for
these three parameters than the cultivated blueberries. 

The temperature, pH and oxygenation during extrac-
tion of anthocyanins affect the antioxidative activity of
extracted blueberries (245). Extraction of fruits at 60°C
gives higher recovery of anthocyanins and antioxidant
capacity than the extract obtained at 25°C, but subsequent
loss in anthocyanins during room temperature storage

occurs only in the former. Antioxidant capacity is higher in
pH 1 extracts than those at pH 4 and 7. Oxygenation is
detrimental to both the anthocyanins and antioxidant
capacity. The antioxidant capacity of these processed
products is positively correlated with anthocyanin
(R�0.92) and phenolic (R�0.95) contents, and negatively
correlated with percentage polymeric color (R�0.64). In
general, the higher the extent of processing treatment, the
lower is the antioxidant capacity. Simple colorimetric tests
for anthocyanins and phenols are available to evaluate
their antioxidant capacity in processed food products.

The antioxidant capacity, ascorbic acid, phenolics and
anthocyanins of small fruits (strawberries, raspberries, cul-
tivated and wild blueberries) during storage at 0, 10, 20
and 30°C for up to eight days are investigated (246). These
four fruits vary significantly in total antioxidant activity,
which is strongly correlated with the total phenolics 
(R�0.83) and anthocyanins (R�0.90). Antioxidant capac-
ity is three times higher in blueberry species than either
strawberries or raspberries. Ascorbic acid contents differ
significantly among these fruit species, strawberries and
raspberries having almost four times more ascorbate than
blueberries. No loss of ascorbate is observed after eight
days of storage at any of the temperatures in strawberries
or cultivated blueberries, but there are losses in two other
fruit species. Storage at a temperature higher than 0°C
increases antioxidant capacity of strawberries and raspber-
ries, and it is accompanied by increases in anthocyanins in
strawberries, and increases in anthocyanins and total phe-
nolics in raspberries. Ascorbic acid contributes very little
(0.4–9.4%) to the total antioxidant capacity of these fruits.
The increase in antioxidant capacity through post-harvest
phenolic synthesis, therefore, indicates the possibility of
enhancing the health benefits of these small fruit crops. 

XII. FUTURE CONSIDERATIONS

Fruits are grown universally in almost every part of the
world and serve as vital sources of essential vitamins,
minerals, dietary fiber and many other bioactive com-
pounds. Fruits are highly perishable in nature, and the
growth of post-harvest technology is essential to mini-
mize losses during their production, processing, handling
and transportation. Fruits are processed into a variety of
products, and are consumed either alone or in combina-
tion with grains, milk and milk products to provide maxi-
mum nutritional advantages to consumers. 

Apart from a botanical basis, fruits have been classified
solely on color or other physical properties. Most of these
physical properties (viz. size, mass, total solids, firmness,
density, color, specific gravity and porosity) are well corre-
lated with the chemical composition, nutritional value and
processing quality of finished products. The classification
based on color serves as a useful indicator, not only for the
fruit breeders, but also for the food scientists to look for
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many phytochemicals (e.g., carotenoids from yellow,
orange fruits, anthocyanins from colored fruits). This has
opened up a vast opportunity for fruit biotechnologists to
pursue a significant area of health-based fruit quality mod-
ification to selectively increase levels of different vitamins
and other phytochemicals in various fruit species in coming
years. This will give another boost to the fruit-based agro-
processing industry around the world. Considering the
scope of functional foods based on phytochemicals,
nowhere is the marketing transformation more visible than
among the fruit growers and processors. As most fruits con-
tain bioactive compounds that have extraordinary health-
promoting characteristics, the growers, cooperatives and
processors are quick to move these products to the frontline
of their marketing programs.

While phytochemicals in fruits clearly show promise
to prevent many diseases, important scientific questions
are yet to be answered. We have to look for the answers to
some of the questions like “Which of these phytochemi-
cals are more effective, what is the mechanism of their
action, and more importantly, how to preserve these bioac-
tive compounds during processing?” We also need to iden-
tify and quantify these bioactive compounds in foods, their
bioavailability, pharmacokinetics and metabolism in
humans, determination of the relationship between molec-
ular structure and antioxidant capacity, mutual interaction
of these phytochemicals in the human digestive tract when
consumed together, doses required for their effectiveness,
and their stability during processing, storage and distribu-
tion of these food products right up to our dining table.
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I. FROZEN FRUITS

A. APPLES

Frozen apples are prepared from sound, properly ripened
fruit of Malus sylvesfris (Pyrus malus); are peeled, cored,
trimmed, sliced, sorted, and washed; are properly drained
before filling into containers; may be packed with or with-
out the addition of a nutritive sweetening ingredient and
any other legally permissible ingredients and are frozen in
accordance with good commercial practice and main-
tained at temperatures necessary for the preservation of
the product.

The term “slices” means frozen apples consisting of
slices of apples cut longitudinally and radially from the
core axis.

B. APRICOTS

Apricots are the food prepared from mature apricots of
one of the optional styles specified, which may be packed
as solid pack or in one of the optional packing media
specified.

Such food may also contain one or any combination
of two or more of the following safe and suitable optional
ingredients:

1. Natural and artificial flavors.
2. Spice.
3. Vinegar, lemon juice, or organic acids.
4. Apricot pits, except in the case of unpeeled

whole apricots and peeled whole apricots in a
quantity not more than 1 apricot pit to each 227
grams (8 ounces) of finished frozen apricots.

5. Apricot kernels, except in the case of unpeeled
whole apricots and peeled whole apricots, and
except when an optional ingredient is used. 

6. Ascorbic acid in an amount no greater than
necessary to preserve color.

Such food is sealed in a container and before or after
scaling is so processed by heat as to prevent spoilage.

1. Optional Styles of the Apricot Ingredients

The optional styles of the apricot ingredients arc peeled or
unpeeled: (i) whole, (ii) halves, (iii) quarters, (iv) slices,
(v) pieces or irregular pieces.

Each such ingredient, except in the cases of unpeeled
whole apricots and peeled whole apricots, is pitted.

2. Packing Media

The optional packing media are (a) water, (b) fruit juice(s)
and water, (c) fruit juice(s).

Such packing media may be used as such, or any one
or any combination of two or more safe and suitable

nutritive carbohydrate sweetener(s) may be added. When
a sweetener is added as a part of any such liquid packing
medium, the density range of the resulting packing
medium expressed as percent by weight of sucrose
(degrees Brix) should be designated by the appropriate
name for the respective density ranges, namely:

When the density of the solution is 10 percent or more
but less than 16 percent, the medium should be designated
as “slightly sweetened water” or “extra light syrup,”
“slightly sweetened fruit juice(s) and water” or “slightly
sweetened fruit juice(s),” as the case may be.

When the density of the solution is 16 percent or more
but less than 21 percent, the medium should be designated
as “light syrup,” “lightly sweetened fruit juice(s) and
water,” or “lightly sweetened fruit juice(s),” as the case
may be. When the density of the solution is 21 percent or
more but less than 25 percent, the medium should be des-
ignated as “heavy syrup,” “heavily sweetened fruit
juice(s) and water,” or “heavily sweetened fruit juice(s),”
as the case may be.

When the density of the solution is 25 percent or more
but not more than 40 percent, the medium should be des-
ignated as “extra heavy syrup,” “extra heavily sweetened
fruit juice(s) and water,” or “extra heavily sweetened fruit
juice(s),” as the case may be.

3. Labeling Requirements

The name of the food is apricots. The name of the food
should also include a declaration of any flavoring that
characterizes the product and a declaration of any spice or
seasoning that characterizes the product; for example,
“Spice Added,” or in lieu of the word “Spice,” the com-
mon name of the spice, e.g., “Seasoned with Vinegar” or
“Seasoned with Apricot Kernels.”

When two or more of the optional ingredients speci-
fied are used, such words may be combined, as for exam-
ple, “Seasoned with Cider Vinegar, Cloves, Cinnamon
Oil, and Apricot Kernels.”

The style of the apricot ingredient and the name of the
packing medium preceded by “In” or “Packed in” or the
words “Solid Pack,” where applicable, should be included
as part of the name or in close proximity to the name of
the food, except that pieces or irregular pieces should be
designated “Pieces,” “Irregular Pieces,” or “Mixed Pieces
of Irregular Sizes and Shapes.”

The style of the apricot ingredient should be preceded
or followed by “Unpeeled” or “Peeled,” as the case may
be. “Halves” may be alternatively designated “Halved,”
“Quarters” as “Quartered,” and “Slices” as “Sliced.” When
the packing medium is prepared with a sweetener(s) that
imparts a taste, flavor, or other characteristic to the finished
food in addition to sweetness, the name of the packing
medium should be accompanied by the name of such
sweetener(s), for example, in the case of a mixture of
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brown sugar and honey, an appropriate statement would be
“________syrup of brown sugar and honey” the blank to be
filled in with the word “light,” “heavy,” or “extra heavy,” as
the case may be.

When the liquid portion of the packing media consists
of fruit juice(s), such juice(s) should be designated in the
name of the packing medium as follows.

In the case of a single fruit juice, the name of the juice
should be used in lieu of the word “fruit.”

In the case of a combination of two or more fruit
juices, the names of the juices in the order of predomi-
nance by weight should be used in lieu of the word “fruit”
in the name of the packing medium.

In the case of a single fruit juice or a combination of
two or more fruit juices any of which are made from con-
centrate(s), the words “from concentrate(s)” should fol-
low the word “juice(s)” in the name of the packing
medium and in the name(s) of such juice(s) when declared
as specified.

Whenever the names of the fruit juices used do not
appear in the name of the packing medium, such names
and the words “from concentrate,” should appear in an
ingredient statement.

4. Label Declaration

Each of the ingredients used in the food should be
declared on the label.

Frozen apricots are prepared from sound, mature,
fresh, peeled or unpeeled fruit of any commercial variety
of apricot, which are sorted, washed, and may be trimmed
to assure a clean and wholesome product. The apricots are
properly drained of excess water before filling into con-
tainers; may be packed with the addition of nutritive
sweetening ingredient(s) (including syrup and/or syrup
containing pureed apricots) and/or suitable antioxidant
ingredient(s) and/or any other legally permissible
ingredients(s).

The apricots are prepared and frozen in accordance
with good commercial practice and are maintained
at temperatures necessary for the preservation of the
product.

5. Styles of Frozen Apricots

(a) Halves are cut approximately in half along the
suture from stem to apex and the pit is
removed.

(b) Quarters are apricot halves cut into two approx-
imately equal parts.

(c) Slices are apricot halves cut into sectors
smaller than quarters.

(d) Diced are apricots cut into approximate cubes.
(e) Cuts are apricots that are cut in such a manner

as to change the original conformation and do
not meet any of the foregoing styles.

(f) Machine-pitted means mechanically pitted in
such a manner as to substantially destroy the
conformation of the fruit in removing the pit.

C. BERRIES

Frozen berries are prepared from the properly ripened
fresh fruit of the plant (genus 48 Rubus); are stemmed and
cleaned, may be packed with or without packing media,
and are frozen and stored at temperatures necessary for
the preservation of the product.

1. Types of Frozen Berries

(a) Blackberries
(b) Boysenberries 
(c) Dewberries 
(d) Loganberries 
(e) Youngberries
(f) Other similar types, such as nectar berries

2. Blueberries

Frozen blueberries are prepared from sound, properly
ripened fresh fruit of the blueberry bush (genus Vaccinium),
including species or varieties often called huckleberries, but
not of the genus Gaylussacia; they are cleaned and
stemmed, are properly washed, are packed with or without
packing media, and are frozen and maintained at tempera-
tures necessary for the preservation of the product.

Types of frozen blueberries are (a) native or wild type;
(b) cultivated type.

D. RED TART PITTED CHERRIES

Frozen red tart pitted cherries are the foods prepared from
properly matured cherries of the domestic (Prunes cera-
sus) red sour varietal group that have been washed, pitted,
sorted, and properly drained; they may be packed with or
without a nutritive sweetened packing medium or any
other substance permitted under federal regulations and
are frozen and stored at temperatures necessary for the
preservation of the product.

II. FROZEN JUICES

A. APPLE JUICE

Frozen concentrated apple juice is prepared from the
unfermented, unsweetened, unacidified liquid obtained
from the first pressing of properly prepared, sound, clean,
mature, fresh apples, and/or parts thereof by good com-
mercial processes. The juice is clarified and concentrated
to at least 22.9° Brix. The apple juice concentrate so pre-
pared, with or without the addition of legal ingredients, is
packed and frozen in accordance with good commercial
practice and maintained at temperatures necessary for the
preservation of the product.
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The Brix value of the finished concentrate should not
be less than the following for the respective dilution fac-
tor of frozen concentrated apple juice:

Dilution Factor Value of Concentrate: minimum Brix
(degrees)

1 plus 1 22.9
2 plus 1 33.0
3 plus 1 42.2
4 plus 1 50.8
5 plus 1 58.8
6 plus 1 66.3
7 plus 1 73.3

B. LEMON JUICE (FOR PREPARING FROZEN

CONCENTRATE FOR LEMONADE)

Lemon juice is the unfermented juice, obtained by
mechanical process, from sound, mature lemons (Citrus
limon (L.) Burm. f.), from which seeds (except embryonic
seeds and small fragments of seed which cannot be sepa-
rated by good manufacturing practice) and excess pulp are
removed. The juice may be adjusted by the addition of the
optional concentrated lemon juice ingredient in such
quantity that the increase in acidity, calculated as anhy-
drous citric acid, does not exceed 15 percent of the acid-
ity of the finished food. The lemon oil and lemon essence
(derived from lemons) content may be adjusted in accor-
dance with good manufacturing practice. The juice may
have been concentrated and later reconstituted. When pre-
pared from concentrated lemon juice, the finished food
contains not less than 6 percent, by weight, of soluble
solids taken as the refractometric sucrose value (of the fil-
trate), corrected to 20°C, but uncorrected for acidity, and
has a titratable acidity content of not less than 4.5 percent,
by weight, calculated as anhydrous citrus acid.

The food may contain one or any combination of the
safe and suitable optional ingredients. Lemon juice may
be preserved by heat sterilization (canning), refrigeration,
freezing, or by the addition of safe and suitable preserva-
tives. When sealed in a container to be held at ambient
temperatures, it is preserved by the addition of safe and
suitable preservatives or so processed by heat, before or
after sealing, as to prevent spoilage.

1. Optional Ingredients

The optional safe and suitable ingredients are (i) concen-
trated lemon juice (lemon juice from which part of the
water has been removed), (ii) water and/or lemon juice to
reconstitute concentrated lemon juice in the manufacture
of lemon juice from concentrate, and (iii) preservatives.

2. Labeling

The name of the food is “lemon juice” if the food is pre-
pared from unconcentrated, undiluted liquid extracted

from mature lemons; or if the food is prepared from
unconcentrated, undiluted liquid extracted from mature
lemons to which concentrated lemon juice is added to
adjust acidity.

The name is “lemon juice from concentrate” or
“reconstituted lemon juice” if the food is prepared from
concentrated lemon juice and water and/or lemon juice; or
if the food is prepared from lemon juice from concentrate
and lemon juice.

Frozen concentrate for lemonade is the frozen food
prepared from one or both of the lemon juice ingredients
together with one or any mixture of safe and suitable
nutritive carbohydrate sweeteners. The product contains
not less than 48.0 percent by weight of soluble solids
taken as the sucrose value.

When the product is diluted according to directions for
making lemonade which should appear on the label, the
acidity of the lemonade, calculated as anhydrous citric acid,
should be not less than 0.70 gram per 100 milliliters, and the
soluble solids should be not less than 10.5 percent by weight.

3. The Lemon Juice Ingredients

Lemon juice ingredients are lemon juice or frozen lemon
juice or a mixture of these or concentrated lemon juice or
frozen concentrated lemon juice or a mixture of these. For
this purpose, lemon juice is the undiluted juice expressed
from mature lemons of an acid variety, and concentrated
lemon juice is lemon juice from which part of the water
has been removed. In the preparation of the lemon juice
ingredients, the lemon oil content may be adjusted by the
addition of lemon oil or concentrated lemon oil in accor-
dance with good manufacturing practice, and the lemon
pulp in the juice as expressed may be left in the juice or
may be separated.

Lemon pulp that has been separated, which may have
been preserved by freezing, may be added in preparing
frozen concentrate for lemonade, provided that the
amount of pulp added does not raise the proportion of
pulp in the finished food to a level in excess of that which
would be present by using lemon juice ingredients from
which pulp has not been separated. The lemon juice ingre-
dients may be treated by heat, either before or after the
other ingredients are added, to reduce the enzymatic activ-
ity and the number of viable microorganisms.

C. FROZEN CONCENTRATE FOR ARTIFICIALLY

SWEETENED LEMONADE

Frozen concentrate for artificially sweetened lemonade
conforms to the description for frozen concentrate for
lemonade, except that in lieu of nutritive sweeteners it is
sweetened with one or more of the artificial sweetening
ingredients permitted by law, and the soluble solids spec-
ifications do not apply. When the product is diluted
according to directions that should appear on the label, the
acidity of the artificially sweetened lemonade, calculated
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as anhydrous citric acid, should be not less than 0.70 gram
per 100 milliliters. It may contain one or more safe and
suitable dispersing ingredients serving the function of dis-
tributing the lemon oil throughout the food. It may also
contain one or more safe and suitable thickening ingredi-
ents. Such dispersing and thickening ingredients are not
legal food additives.

The name of the food is “frozen concentrate for artifi-
cially sweetened lemonade.” The words “artificially
sweetened” should be of the same size and style of type as
the word “lemonade.” If an optional thickening or dis-
persing ingredient is used, the label should bear the state-
ment “_____ added” or “with added _____,” the blank
being filled in with the common name of the thickening or
dispersing agent used. Such statement should be set forth
on the label with such prominence and conspicuousness
as to render it likely to be read and understood by the ordi-
nary individual under customary conditions of purchase.

D. FROZEN CONCENTRATE FOR COLORED

LEMONADE

Frozen concentrate for colored lemonade conforms to the
description for frozen concentrate for lemonade, except
that it is colored with a safe and suitable fruit juice, veg-
etable juice, or any such juice in concentrated form, or
with any other legal color additive ingredient suitable for
use in food, including legal artificial coloring.

The name of the food is “frozen concentrate
for_______lemonade,” the blank being filled in with the
word describing the color, for example, “frozen concen-
trate for pink lemonade.”

E. GRAPEFRUIT JUICE

Grapefruit juice is the unfermented juice, intended for
direct consumption, obtained by mechanical process from
sound, mature grapefruit (Citrus paradisi Macfadven) from
which seeds and peel (except embryonic seeds and small
fragments of seeds and peel that cannot be separated by
good manufacturing practice) and excess pulp are removed
and to which may be added not more than 10 percent by
volume of the unfermented juice obtained from mature
hybrids of grapefruit. The juice may be adjusted by the
addition of the optional concentrated grapefruit juice ingre-
dients specified, but the quantity of such concentrated
grapefruit juice ingredient added should not contribute
more than 1 percent of the grapefruit juice soluble solids in
the finished food. The grapefruit pulp, grapefruit oil, and
grapefruit essence (components derived from grapefruit)
content may be adjusted in accordance with good manufac-
turing practice. The juice may have been concentrated and
later reconstituted with water suitable for the purpose of
maintaining essential composition and quality factors of the
juice. It may be sweetened with the dry nutritive sweeten-
ers. If the grapefruit juice is prepared from concentrate,

such sweeteners in liquid form also may be used. When
prepared from concentrated grapefruit juice, exclusive of
added sweeteners, the finished food contains not less than
10 percent, by weight, of soluble solids taken as the refrac-
tometric sucrose value (of the filtrate), corrected to 20°C,
and corrected for acidity by adding (0.012 + 0.193x-
0.0004x), where x equals the percent anhydrous citric acid
in sample, to the refractometrically obtained sucrose value.
Grapefruit juice, as defined in this paragraph, may be pre-
served by heat sterlization (canning), refrigeration, or freez-
ing. When scaled in a container to be held at ambient
temperatures, it is so processed by heat, before or after scal-
ing, as to prevent spoilage.

1. Optional Ingredients

The optional ingredients are (a) concentrated grapefruit
juice (grapefruit juice from which part of the water has
been removed); (b) water and/or grapefruit juice to recon-
stitute concentrated grapefruit juice in the manufacture of
grapefruit juice from concentrate; and (c) one or any com-
bination of two or more of the dry or liquid forms of sugar,
invert sugar syrup, dextrose, glucose syrup, and fructose.

The name of the food is “Grapefruit juice” if the food
is prepared from unconcentrated, undiluted liquid
extracted from mature grapefruit, or if the food is pre-
pared from unconcentrated, undiluted liquid extracted
from mature grapefruit to which concentrated grapefruit
juice is added to adjust soluble solids.

“Grapefruit juice from concentrate” is the name if the
food is prepared from concentrated grapefruit juice and
water and/or grapefruit juice; or if the food is prepared
from grapefuit juice from concentrate and grapefruit
juice. The words “from concentrate” should be shown in
letters not less than one-half the height of the letters in the
words “grapefruit juice.”

If any nutritive sweetener is added, the principal dis-
play panel of the label should bear the statement “sweetener
added.” If no sweetener is added, the word “unsweetened”
may immediately precede or follow the words “grapefruit
juice” or “grapefruit juice from concentrate.”

F. ORANGE JUICE

Orange juice is the unfermented juice obtained from
mature oranges of the species Citrus sinensis or of the cit-
rus hybrid commonly called “Ambersweet” [1/2 Citrus
sinensis � 3/8 Citrus reticulata � 1/8 Citrus paradisi
(USDA Selection: 1-100-29: 1972 Whitmore Foundation
Farm)]. Seeds (except embryonic seeds and small frag-
ments of seeds that cannot be separated by current good
manufacturing practice) and excess pulp are removed. The
juice may be chilled, but it is not frozen.

The name of the food is “orange juice.” The name
“orange juice” may be preceded on the label by the varietal
name of the oranges used, and if the oranges grew in a
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single State, the name of such State may be included in the
name, as for example, “California Valencia orange juice.”

G. PASTEURIZED ORANGE JUICE

Pasteurized orange juice is the food prepared from unfer-
mented juice obtained from mature oranges, to which may
be added not more than 10 percent by volume of the unfer-
mented juice obtained from mature oranges of the species
Citrus reticulata or Citrus reticulata hybrids. Seeds
(except embryonic seeds and small fragments of seeds that
cannot be separated by good manufacturing practice) are
removed, and pulp and orange oil may be adjusted in
accordance with good manufacturing practice. If the
adjustment involves the addition of pulp, then such pulp
should not be of the washed or spent type. The solids may
be adjusted by the addition of one or more of the optional
concentrated orange juice ingredients. One or more of the
optional sweetening ingredients may be added in a quan-
tity reasonably necessary to raise the Brix or the Brix-acid
ratio to any point within the normal range usually found in
unfermented juice obtained from mature oranges. The
orange juice is so treated by heat as to reduce substantially
the enzymatic activity and the number of viable microor-
ganisms. Either before or after such heat treatment, all or a
part of the product may be frozen. The finished pasteurized
orange juice contains not less than 10.5 percent by weight
of orange juice soluble solids, exclusive of the solids of
any added optional sweetening ingredients, and the ratio of
the Brix hydrometer reading to the grams of anhydrous cit-
ric acid per 100 milliliters of juice is not less than 10 to 1.

The optional concentrated orange juice ingredients
are frozen concentrated orange juice and concentrated
orange juice for manufacturing when made from mature
oranges; but the quantity of such concentrated orange
juice ingredients added should not contribute more than
one-fourth of the total orange juice solids in the finished
pasteurized orange juice.

The optional sweetening ingredients referred to are
sugar, invert sugar, dextrose, dried corn syrup, and dried
glucose syrup.

The name of the food is “pasteurized orange juice.” If
the food is filled into containers and preserved by freezing,
the label should bear the name “frozen pasteurized orange
juice.” The words “pasteurized” or “frozen pasteurized”
should be shown on labels in letters not less than one-half
the height of the letters in the words “orange juice.”

If the pasteurized orange juice is filled into containers
and refrigerated, the label should bear the name of the
food, “chilled pasteurized orange juice.” If it does not pur-
port to be either canned orange juice or frozen pasteurized
orange juice, the word “chilled” may be omitted from the
name. The words “pasteurized” or “chilled pasteurized”
should be shown in letters not less than one-half the height
of the letters in the words “orange juice.”

H. FROZEN CONCENTRATED ORANGE JUICE

Frozen concentrated orange juice is the food prepared by
removing water from the juice of mature oranges, to
which may be added unfermented juice obtained from
mature oranges of the species Citrus reticulata, other
Citrus reticulata hybrids, or of Citrus aurantiurn, or both.
However, in the unconcentrated blend, the volume of juice
from Citrus reticulata or Citrus reticulata hybrids should
not exceed 10 percent, and from Citrus aurantium should
not exceed 5 percent. The concentrate so obtained is
frozen. In its preparation, seeds (except embryonic seeds
and small fragments of seeds that cannot be separated by
good manufacturing practice) and excess pulp are
removed, and a properly prepared water extract of the
excess pulp so removed may be added. Orange oil, orange
pulp, orange essence (obtained from orange juice), orange
juice and other orange juice concentrate or concentrated
orange juice for manufacturing (when made from mature
oranges), water, and one or more of the optional sweeten-
ing ingredients may be added to adjust the final composi-
tion. The juice of Citrus reticulata and Citrus aurantium,
as permitted by this paragraph, may be added in single
strength or concentrated form prior to concentration of the
Citrus sinensis juice, or in concentrated form during
adjustment of the composition of the finished food. The
addition of concentrated juice from Citrus reticulata or
Citrus aurantium, or both, should not exceed, on a single-
strength basis, the 10 percent maximum for Citrus reticu-
lata and the 5 percent maximum for Citrus aurantiumi
prescribed by this paragraph. Any of the ingredients of the
finished concentrate may have been so treated by heat as
to reduce substantially the enzymatic activity and the
number of viable microorganisms. The finished food is of
such concentration that when diluted according to label
directions the diluted article will contain not less than
11.8 percent by weight of orange juice soluble solids,
exclusive of the solids of added optional sweetening
ingredients. The term “dilution ratio” means the whole
number of volumes of frozen per volume of frozen con-
centrate required to produce orange juice from concen-
trate having orange juice soluble solids of not less than
11.8 percent by weight exclusive of the solids of any
added optional sweetening ingredients.

The optional sweetening ingredients are sugar, sugar
syrup, invert sugar, invert sugar syrup, dextrose,
corn syrup, dried corn syrup, glucose syrup, and dried glu-
cose syrup.

If one or more of the sweetening ingredients are
added to the frozen concentrated orange juice, the label
should bear the statement “________added,” the blank
being filled in with the name or an appropriate combina-
tion of names of the sweetening ingredients used.
However, the name “sweetener” may be used in lieu of the
specific name or names of the sweetening ingredients.
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The name of the food concentrated to a dilution ratio
of is “frozen concentrated orange juice” or “frozen orange
juice concentrate.” The name of the food concentrated to a
dilution ratio greater than 3 plus 1 is “frozen concentrated
orange juice, _______plus l” the blank being filled in with
the whole number showing the dilution ratio; for example,
“frozen orange juice concentrate, 4 plus 1.” However,
where the label bears directions for making l quart of
orange juice from concentrate (or multiples of a quart), the
blank in the name may be filled in with a mixed number;
for example, “frozen orange juice concentrate, 41/3 plus 1.”
For containers larger than 1 pint, the dilution ratio in the
name may be replaced by the concentration of orange
juice soluble solids in degrees Brix; for example, a 62°
Brix concentrate in 3% gallon cans may be named on the
label “frozen concentrated orange juice, 62° Brix.”

I. REDUCED ACID FROZEN CONCENTRATED

ORANGE JUICE

Reduced-acid frozen concentrated orange juice is the food
that complies with the requirements for composition and
label declaration of ingredients prescribed for frozen con-
centrated orange juice except that it may not contain any
added sweetening ingredient. A process involving the legal
use of anionic ion-exchange resins is used to reduce the
acidity of the food so that the ratio of the Brix reading to the
grams of acid, expressed as anhydrous citric acid, per 100
grams of juice is not less than 21 to 1 or more than 26 to 1. 

The name of the food is “reduced acid frozen concen-
trated orange juice.”

J. ORANGE JUICE FOR MANUFACTURING

Orange juice for manufacturing is the food prepared for fur-
ther manufacturing use. It is prepared from unfermented
juice obtained from oranges as provided earlier, except that
the oranges may deviate from the standards for maturity in
that they are below the minimum for Brix and Brix-acid
ratio for such oranges, and to which juice may be added not
more than 10 percent by volume of the unfermented juice
obtained from oranges of the species Citrus reticulata or
Citrus reticulata hybrids (except that this limitation should
not apply to the hybrid species). Seeds (except embryonic
seeds and small fragments of seeds that cannot be separated
by good manufacturing practice) are removed, and pulp and
orange oil may be adjusted in accordance with good manu-
facturing practice. If pulp is added it should be other than
washed or spent pulp. The juice or portions thereof may be
so treated by heat as to reduce substantially the enzymatic
activity and number of viable microorganisms, and it may
be chilled or frozen, or it may be so treated by heat, either
before or after sealing in containers, as to prevent spoilage.

The name of the food is “orange juice for manu-
facturing.”

K. ORANGE JUICE WITH PRESERVATIVE

Orange juice with preservative is the food prepared for fur-
ther manufacturing use. It complies with the requirements
for composition of orange juice for manufacturing as spec-
ified, except that a preservative is added to inhibit spoilage.
It may be heat-treated to reduce substantially the enzy-
matic activity and the number of viable microorganisms.

The preservatives referred to are any safe and suitable
preservatives or combinations thereof.

The name of the food is “orange juice with preserva-
tive.” Each of the ingredients used in the food should be
declared on the label as required by regulations. In addi-
tion, the name of each preservative should be preceded by
a statement of the percent by weight of the preservative
used. If the food is packed in container sizes that are less
than 19 liters (5 gallons), the label should bear a statement
indicating that the food is for further manufacturing use
only.

Wherever the name of the food appears on the label so
conspicuously as to be easily seen under customary condi-
tions of purchase, the statement for naming the preservative
ingredient used should immediately and conspicuously
precede or follow the name of the food, without intervening
written, printed, or graphic matter.

L. CONCENTRATED ORANGE JUICE FOR

MANUFACTURING

Concentrated orange juice for manufacturing is the food
that complies with the requirements of composition and
label declaration of ingredients prescribed, except that it is
either not frozen or is less concentrated, or both, and the
oranges from which the juice is obtained may deviate
from the standards for maturity in that they are below the
minimum Brix and Brix-acid ratio for such oranges:
However, the concentration of orange juice soluble solids
should not be less than 20° Brix.

The name of the food is “concentrated orange juice
for manufacturing, ______” or “______ orange juice con-
centrate for manufacturing,” the blank being filled in with
the figure showing the concentration of orange juice solu-
ble solids in degrees Brix.

M. CONCENTRATED ORANGE JUICE WITH

PRESERVATIVE

(a) Concentrated orange juice with preservative complies
with the requirements for composition and labeling of
optional ingredients prescribed for concentrated orange
juice for manufacturing by Sec. 146.153, except that a
preservative is added to inhibit spoilage. (b) The preserv-
atives referred to in paragraph (a) of this section are any
safe and suitable preservatives or combinations thereof.
(c) The name of the food is “concentrated orange juice
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with preservative, _______,” the blank being filled in with
the figure showing the concentration of orange juice solu-
ble solids in degrees Brix. (d) Label declaration. Each of
the ingredients used in the food should be declared on the
label as required by regulations. In addition, the name of
each preservative should be preceded by a statement of
the percent by weight of the preservative used. If the food
is packed in container sizes that are less than 19 liters 
(5 gallons), the label should bear a statement indicating
that the food is for further manufacturing use only.

N. PINEAPPLE JUICE

Pineapple juice is the juice, intended for direct consump-
tion, obtained by mechanical process from the flesh or parts
thereof, with or without core material, of sound, ripe
pineapple (Ananas comosus L. Merrill). The juice may
have been concentrated and later reconstituted with water
suitable for the purpose of maintaining essential composi-
tion and quality factors of the juice. Pineapple juice may
contain finely divided insoluble solids, but it does not con-
tain pieces of shell, seeds, or other coarse or hard sub-
stances or excess pulp. It may be sweetened with any safe
and suitable dry nutritive carbohydrate sweetener.
However, if the pineapple juice is prepared from concen-
trate, such sweeteners, in liquid form, also may be used. It
may contain added vitamin C in a quantity such that the
total vitamin C in each 4 fluid ounces of the finished food
amounts to not less than 30 milligrams and not more than
60 milligrams. In the processing of pineapple juice,
dimethylpolysiloxane may be employed as a defoaming
agent in an amount not greater than 10 parts per million by
weight of the finished food. Such food is prepared by heat
sterilization, refrigeration, or freezing. When sealed in a
container to be held at ambient temperatures, it is so
processed by heat, before or after sealing, as to prevent
spoilage.

The name of the food is “pineapple juice” if the juice
from which it is prepared has not been concentrated and/or
diluted with water. The name of the food is “pineapple
juice from concentrate” if the finished juice has been made
from specified pineapple juice. If a nutritive sweetener is
added, the label should bear the statement “sweetener
added.” If no sweetener is added, the word “unswcetened”
may immediately precede or follow the words “pineapple
juice” or “pineapple juice from concentrate.”

Each of the ingredients used in the food should be
declared on the label.

O. QUALITY

The standard of quality for pineapple juice is as follows:
(a) The soluble solids content of pineapple juice (exclusive
of added sugars) without added water should not be less
than 10.5° Brix as determined by refractometer at 20°C
uncorrected for acidity and read as degrees Brix on

International Sucrose Scales. Where the juice has been
obtained using concentrated juice with addition of water,
the soluble pineapple juice solids content (exclusive of
added sugars) should be not less than 12.8° Brix, uncor-
rected for acidity and read as degrees Brix on the
International Sucrose Scales. The acidity is not more than
1.35 grams of anhydrous citric acid per 100 milliliters of
the juice. The ratio of the degrees Brix to total acidity is
not less than 12. The quantity of finely divided “insoluble
solids” is not less than 5 percent or more than 30 percent.

P. BLENDED GRAPE AND ORANGE JUICE

1. Product Description

Frozen concentrated blended grapefruit juice and orange
juice is the frozen product prepared from a combination of
concentrated, unfermented juices obtained from sound,
mature grapefruit (Citrus paradisi) and from sound, mature
fruit of the sweet orange group (Citrus sinensis) and
Mandarin group (Citrus reticulate), except tangerines. The
fruit is prepared by sorting and by washing prior to extrac-
tion of the juices to assure a clean product. The juices may
be blended upon extraction of such juices or after concen-
tration, and fresh orange juice extracted from sorted and
washed fruit, as aforesaid, is admixed to the concentrate. It
is recommended that the frozen concentrated blended
grapefruit juice and orange juice be composed of the equiv-
alent of not less than 50 percent orange juice in the recon-
stituted juice; however, in oranges yielding light-colored
juice it is further recommended that as much as the equiva-
lent of 75 percent orange juice in the reconstituted juice be
used. The concentrated juice is packed in accordance with
good commercial practice and is frozen and maintained at
temperatures necessary for the preservation of the product.

2. Styles of Frozen Concentrated Blended
Grapefruit Juice and Orange Juice

There are two styles: (a) Style I, without sweetening
ingredient added. The Brix value of the finished concen-
trate should be not less than 40° or more than 44°; and (b)
Style II, with sweetening ingredient added. The finished
concentrate, exclusive of added sweetening ingredient,
has a Brix value of not less than 38°; and the finished
concentrate, including added sweetening ingredient,
should have a Brix value of not less than 40° but not more
than 48°.
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I. INTRODUCTION

Bovine milk contains approximately 3.5% protein, and is
an important protein source for both man and developing
neonate. The protein concentration of milk may vary quite
considerably due to a variety of factors; breed and age of
cow, stage of lactation, number of lactations and diet of
cow exert influence upon both the overall protein concen-
tration of milk and the proportion of the individual milk
proteins.

About 100 years ago it was shown that the proteins in
milk could be fractionated into two well-defined groups.
When the pH of raw milk is adjusted to 4.6 at ~30°C, a
precipitate containing 80% of the total milk protein is
formed. This fraction is called casein and the remaining
soluble material under these conditions is referred to as
whey or serum proteins or non-casein nitrogen. Both
casein and whey proteins are quite heterogeneous, as out-
lined in Figure 26.1. These two classes of milk proteins
are considered separately due to the large differences in
their structures and physico-chemical properties. Many

reviews and monographs on the structures and properties
of casein and whey proteins have been published (1–6).
Most of the existing information on milk proteins has
been compiled in the recently published Encyclopedia of
Dairy Sciences (7).

This chapter provides an overview of the properties
and structures of the main milk protein components. These
topics have been covered in a greater detail in 
several text and reference books mentioned throughout this
chapter.

II. CASEINS

For more than 50 years, it was believed that the casein
fraction was a pure single entity. The application of mov-
ing boundary electrophoresis and sedimentation tech-
niques in the late 1930s demonstrated the heterogeneity of
the casein fraction. Three components were demonstrated
and named α-, β- and γ-caseins in order of decreasing
electrophoretic mobility and represented 75, 22 and 3%,
respectively, of whole casein. In 1956, the α-casein 
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FIGURE 26.1 Distribution of fractions, and approximate concentrations and genetic variants of the major proteins in bovine milk.
(Adapted from Ref. 3.)



fraction was shown to contain two proteins, one of which
was precipitated by low Ca2� concentration and was
called αs-casein, while the other, which was insensitive to
calcium, was called κ-casein (8). αs-Casein was later
shown to consist of two proteins which are now called
αS1- and αS2-caseins. Thus, bovine milk contains four
major caseins, denoted as αS1-casein, αS2-casein, β-casein
and κ-casein, which represent approximately 37, 10, 35
and 12% of the whole casein, respectively (9).

Minor components of the casein system are a hetero-
geneous group of proteins known as γ-caseins. These
caseins occur as a result of limited proteolysis of the C-ter-
minal of β-casein, caused by the action of the indigenous
proteinase, plasmin (10). The γ-caseins are classified as 
γ 1-(β-casein f29-209), γ 2-(β-casein f106-209~11) and
γ 3-(β-casein f108-209). The corresponding N-terminal
portion of β-casein is the source of the so-called proteose
peptones; PP5, PP8 fast and PP8 slow, i.e., β-CN f1-105/7,
f1-28 and f29-105/7, respectively (see Figure 26.2). The
proteose peptones elute in the whey fraction of milk.

Each of the four major caseins exhibits variability in
the degree of phosphorylation and glycosylation. All
caseins are phosphorylated: most of the αS1-casein mole-
cules contain 8 PO4 residues but some contain 9;
αS2-casein contains 10, 11, 12 or 13 mol PO4/mol; β-casein
usually contains 5 mol PO4/mol but occasionally 4 mol
PO4/mol; κ-casein contains 1 mol PO4/mol but some mol-
ecules of κ-casein may contain 2 or 3 PO4/mol. κ-Casein
is the only casein which is normally glycosylated and con-
tains galactose, galactosamine and N-acetyl neuraminic
acid which occur as either trisaccharides or tetrasaccha-
rides attached to threonine residues in the C-terminal
region. κ-Casein may contain zero to four tri- or tetrasac-
charide moieties, resulting in nine forms of κ-casein (4).

A further heterogeneity in caseins arises from the
occurrence of genetic polymorphism, which is due to either

substitutions or, rarely, deletions of amino acids in the
caseins as a consequence of mutations causing changes in
base sequences in the genes. Among the 21 variants in
caseins (Figure 26.1), two are due to deletion of a segment
in the αS1-casein. The variants A and H of αS1-casein differ
from variant B by the absence of amino acid sequences
14–26 and 51–58, respectively. The deletion of residues
51–59 in αS2-casein A leads to the occurrence of variant D.
All other genetic variants of casein involve amino acid sub-
stitutions. As the casein system is very complex and het-
erogeneous, a logical nomenclature, recommended by the
Nomenclature Committee of the American Dairy Science
Association, has been adopted.   The casein family is indi-
cated by a Greek letter with a subscript (i.e., αS1) followed
by CN. The genetic variant is indicated by a Roman letter
(A, B, C, etc.) with a superscript, if necessary (e.g., αS1-CN
A2). The degree of phosphorylation is indicated as the num-
ber of phosphate residues, e.g., αS1-CNB - 8P.

A. CASEIN STRUCTURES AND PROPERTIES

The primary structures of the major caseins have been
known since the early 1970s and are shown in Figures
26.3 a–d. In comparison to typical globular proteins, the
structures of caseins are quite unique. Each of the caseins
has distinct areas of positively and negatively charged
groups in their primary structures resulting in the
amphiphilic nature of the individual proteins (Figure
26.4). In addition, the hydrophobicity of each of the
caseins varies considerably as a function of position on
the peptide chain (Figure 26.4).

The caseins, compared to typical globular proteins
which have mainly α-helical and β-sheet structures, con-
tain less secondary and tertiary structures. Most of the
secondary structure is likely to be present in the
hydrophobic domains.
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1. ααS1- and ααS2-Caseins

The primary structure of αS1-casein is shown in Figure
26.3a. The αS1-casein molecule contains 199 amino acids
and 8 phosphate groups that are esterified to serine groups.
It has no cysteine residues. The molecule has a net charge
of about �24 at pH 6.7; the sequence 45 →89 which con-
tains 8 phosphate groups and 12 carboxyl groups, has a net
charge of about �23 at pH 6.7. Three hydrophobic regions
are located in the sequences 1–44, 90–113 and 132–199
(4). The molecule contains 17 proline residues which are
almost randomly distributed within the hydrophobic por-
tion of the molecule and these residues disrupt the forma-
tion of α-helices and β-sheet structures. Physical methods,
such as circular dichroism (CD) or Raman spectral analy-
sis indicate that there is a low level of either α-helix or
β-sheet (about 30–40%) (16). Sequence predictions

suggest that the likely positions for helix formation are
near residues 60, 100 and 125.

αS2-Casein contains 207 amino acids, including 10 pro-
line residues and two cysteines at positions 36 and 40
(Figure 26.3b). Among the caseins, it is the least hydropho-
bic and most highly and variably phosphorylated. The
degree of phosphorylation ranges from 10 to 13 phosphate
groups, and these casein forms have been identified as
αS2-, αS3-, αS4-, αS5- and αS6-caseins (αS5- is a dimer of αS3-
and αS4-). These phosphate groups are located in three
regions (7–31, 55–66 and 129–143) of the molecule. There
are two large hydrophobic regions: residues 90–120 and
160–207 (4). The C-terminal 47-residue sequence has a net
charge of �9.5 while the N-terminal 68-residue sequence
has a net charge of �21. The C-terminal half probably has
a globular conformation while the N-terminal region prob-
ably forms a randomly structured hydrophilic tail.
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FIGURE 26.3 (a) Primary structure of bovine αS1-casein B. (Source: Mercier et al., Structure primaire de la caséine αS1-bovine. Eur
J Biochem 25:505–514, 1972, Blackwell Publishing Ltd.); (b) Primary structure of bovine αS2-casein A. (Source: Federation of the
European Biochemical Societies, from: Complete amino acid sequence of αS2-casein, by Brignon et al., FEBS Lett 76:274–279, 1977.)



2. ββ-Casein

β-Casein is made up of 209 amino acids and contains a
high proportion of proline residues (35 residues), which
are randomly distributed throughout the molecule. The
molecule contains no cysteine residues and 5 phosphate
groups each as a serine phosphate ester. There are 6
forms of β-casein with 0–5 phosphate groups attached to
serine residues (3). It is the most hydrophobic of the
intact caseins and has two large hydrophobic regions
(55–90 and 130–209). The N-terminal 21-residue
sequence has a net charge of �12, while the rest of the
molecule is very hydrophobic and has no net charge (4).
Consequently, this molecule is very amphipathic with a
polar domain comprising one-tenth of the chains but car-
rying one-third of the total charge and a hydrophobic

domain consisting of the C-terminal three-fourths of the
molecule.

Theoretical calculations suggest that β–casein could
have 10% of its residues in the α-helices, 17% in the
β-sheets and 70% in unordered structures (17).

3. κκ-Casein

κ-Casein consists of 169 amino acids and is the only protein
of the casein family that is glycosylated. About half of the
κ-casein molecules are glycosylated at positions 131, 133,
135 or 142, and most of the κ-casein molecules are phos-
phorylated at Ser 149. Like β-casein, the structure of
κ-casein is highly amphipathic. The N-terminal domain
comprising residues 1–105 (para-κ-casein) is highly
hydrophobic and carries a net positive charge. The
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FIGURE 26.3 (c) Primary structure of bovine β-casein A2. (Source: Ribadeau-Dumas et al., Structure primaire de la caséine
β-bovine: séquence complète. Eur J Biochem 25:505–514, 1972, Blackwell Publishing Ltd.) (d) Primary structure of bovine κ-casein
B. (Source: Mercier et al., Structure primaire de la caséine κ-bovine: sequence complète. Eur J Biochem 35:222–235, 1973. Blackwell
Publishing Ltd.)



C-terminal 53-residue sequence carries a net negative
charge, with a preponderance of polar residues. These two
domains are joined by a peptide (residues 96–112) that car-
ries a net positive charge, which is generally predicted to be
β-strand and contains a motif that is readily recognised by
chymosin (4). Chymosin is able to cleave specifically the
Phe105-Met106 bond to form two peptides: a large
hydrophobic peptide (para-κ-casein, residues 1–105) and a
smaller hydrophilic peptide (caseino-macropeptide, CMP,
residues 106–169).

κ-Casein appears to be the most highly structured of
the caseins, with 10–20% α-helix, 20–30% β-structure
and 15–25% turns (16, 18). Several structural motifs have
been suggested including possible anti-parallel and paral-
lel β-sheets or βαβ structure in the hydrophobic domain
and a β-turn-β-strand-β-turn motif centered on the chy-
mosin sensitive residues 105–106 (18).

B. SELF-ASSOCIATION OF CASEINS

Due to their peculiar charge distributions and large size of
hydrophobic domains, the casein monomers cannot suffi-
ciently remove their hydrophobic surfaces from contact
with water. Consequently, the caseins associate with them-
selves and with each other. The association behavior of
caseins has been covered in more detail in a number of
reviews, including Rollema (19) and de Kruif & Holt (20).

At low ionic strength (0.003–0.01 M) and neutral or
alkaline pH, αS1-casein occurs as a monomer. As the pH
is decreased and the ionic strength is increased, this pro-
tein shows progressive self-association to dimers,
tetramers, hexamers, etc. Dynamic and static light scatter-
ing studies indicate that a rod-like chain polymer is
formed (21).

The association behavior of monomeric αS2-casein is
similar to that of αS1-casein, except for the effect of ionic
strength. With increasing ionic strength, the extent of
association first increases, but above 0.2 M, the degree of
association decreases with a further increase in ionic
strength (19). This peculiar behavior has been attributed
to the non-uniform distribution of positive and negative
charges along the polypeptide chain.

The self-association of β-casein is described by a
monomer-polymer equilibrium:

nβ-CN � β-CNn

The association is characterized by formation of deter-
gent-like micelles, with the critical micelle concentration
ranging from 0.3 to 0.7 mg mL�1 depending on the tem-
perature and ionic strength. The driving forces in micelle
formation are the hydrophobic interactions between the
C-terminal segments. At 4°C and low ionic strength,
β-casein in solution exists as a monomer, but as the
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FIGURE 26.4 Hydrophobicity (curved lines with dashed line as baseline) and distribution of charged residues (vertical bars above
and below the solid lines) as a function of sequence position of αS1-casein B, αS2-casein A, β-casein A2 and κ-casein B. The vertical
bars below the solid line indicate the phosphoserine (long bars), glutamic and aspartic acid side chains and the C-terminal group. The
vertical bars above the solid line indicate the histidine (shorter bars), lysine and arginine side chains and the N-terminal groups (note
that κ-casein has a pyroglutamate terminus). (Source: Casein and Caseinates, Swartz et al. In: Encyclopedia of Food Science and
Technology. Copyright © (Wiley 1991). Reprinted by permission of John Wiley & Sons, Inc.)



temperature and/or ionic strength is increased, the
monomers associate to form polymers, with n ranging
from 20–60.   For the shape of the polymer, a thread-like
structure, a spherical particle and an oblate ellipsoid
approaching spherical shape have been proposed (22).

In unreduced form, κ-casein is present largely as disul-
fide-linked polymers. In a reduced form, κ-casein associ-
ates according to the monomer-polymer equilibrium in a
similar manner to β-casein. At low protein concentra-
tions, a critical micelle concentration (typically 0.2–0.5 mg
mL−1) is obser-ved which decreases with increasing ionic
strength. At pH 7 and 20°C, the degree of polymerization is
independent of temperature between 4 and 20°C and ionic
strength between 0.1 and 1.0 M (23). In contrast to β-casein
association, κ-casein polymers are of a fixed size irrespec-
tive of temperature or ionic strength.

C. CALCIUM BINDING AND PRECIPITATION OF

CASEINS

All caseins are able to bind calcium, and the extent of
binding is directly related to the number of phosphoserine
residues in the molecule. Thus the calcium binding capac-
ity follows the order: αS2- > αS1- > β- > κ-casein (19).
Binding of calcium reduces the negative charge on casein
molecules, diminishing electrostatic repulsions, and
inducing precipitation.

At all temperatures, αS1-casein B, αS1-casein C and
αS2-caseins are insoluble in Ca2� concentrations above
about 4 mM. αS1-Casein A, in which a relative hydropho-
bic region is deleted, is soluble at Ca2� concentrations up
to 0.4 M and temperatures below 33°C. Above 33°C, it
precipitates but redissolves on cooling to 20°C. β-Casein is
soluble at high concentrations of Ca2� (0.4 M) at tempera-
tures below 18°C, but above 18°C β-casein is very insolu-
ble, even in the presence of low concentrations of Ca2�

(4 mM). κ-Casein, with only one phosphoserine, binds lit-
tle calcium and remains soluble in Ca2� at all concentra-
tions. κ-Casein is also capable of stabilizing αS1-, αS2- and
β-caseins against precipitation by Ca2� and restricts the
growth of the aggregates to colloidal dimensions (19). 

D. CASEIN MICELLES

In normal milk, about 95% of the casein proteins exist as
coarse colloidal particles, called micelles, with diameters
ranging from 80 to 300 nm (average ~150 nm). These par-
ticles are formed within the secretory cells of the mammary
gland and undergo relatively little change after secretion.
On a dry weight basis, the micelles consist of ~94% protein
and ~6% of small ions, principally calcium, phosphate,
magnesium and citrate, referred to collectively as colloidal
calcium phosphate (CCP). The κ-casein content of casein
micelles is inversely proportional to their size, while the
content of CCP is directly related to size. The composition

and some of the physico-chemical characteristics of casein
micelles are presented in Table 26.1. The structure and
properties of casein micelle have been reviewed recently
by de Kruif and Holt (20) and Horne (25).

The micelles are very open and highly hydrated struc-
tures containing about 2–4 g H2O per g protein, depend-
ing on the method of measurement. The apparent zeta
potential for casein micelles is about �19 mV at 25°C.
The structure of the micelle is dynamic, e.g., cooling
the milk to about 4°C causes solubilization of a significant
proportion of β-casein and some κ-casein and much
lower levels of αS1- and αS2-caseins. Almost complete
disintegration of micelles occurs by addition of a calcium
sequestrant such as EDTA or through the addition of high
levels of urea or SDS (20). 

The precise structure of the casein micelle is a matter
of considerable debate at the present time. A number of
models have been proposed over the past 40 years, but
none of them can describe completely all aspects of casein
micelle behavior. The models include coat-core models
which postulate that the interior of the micelle is com-
posed of proteins that are different from those on the exte-
rior (26,27) and sub-unit structure models to which the
term sub-micelle is attached (1,28,29). 

In the sub-unit models (29), caseins are aggregated to
form sub-micelles (10–15 nm in diameter). It has been
suggested that sub-micelles have a hydrophobic core that
is covered by a hydrophilic coat. The polar moieties of
κ-casein molecules are concentrated in one area. The
remaining part of the coat consists of the polar parts of
other caseins, notably segments containing their phospho-
serine residues. The sub-micelles are assumed to aggre-
gate into micelles by CCP which would bind to αS1-,
αS2- and β-caseins via their phosphoserine residues. Sub-
micelles with no or low κ-casein are located in the interior
of the micelle whereas κ-casein rich sub-micelles are con-
centrated on the surface.

Other models consider the micelle as a porous network
of proteins (of no fixed conformation); the calcium 
phosphate nanoclusters are responsible for crosslinking the
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TABLE 26.1
Some Physicochemical Characteristics of Casein
Micelles 

Diameter 50–300 nm
Surface Area 8 � 10�10 cm2

Volume 2 � 10�15 cm3

Density 1.063 g cm�3

Molecular weight (hydrated) 1.3 � 109 Da
Voluminosity 4.4 cm3 per g protein
Hydration 2 g H2O per g protein
Water content (hydrated) 63%

Source: Adapted from McMahon and Brown. J Dairy Sci 67:499–512,
1984. American Dairy Science Association.



protein and holding the network together (2). More specif-
ically there are no subunits because individual polypeptide
chains with two or more phosphate centers provide a net-
work of strong interactions that link together most of the
Ca-sensitive caseins in a micelle. The surface layer is a nat-
ural extension of the internal structure. A recent model pro-
posed by Horne (30) assumes that the assembly of the
casein micelle is governed by a balance of electrostatic and
hydrophobic interactions between casein molecules. As
stated earlier, αS1-, αS2- and β-caseins consist of distinct
hydrophobic and hydrophilic regions. Two or more
hydrophobic regions from different molecules form a
bonded cluster. Growth of these polymers is inhibited by
the protein charge residues, the repulsion of which
pushes up the interaction free energy. Neutralization of the
phosphoserine clusters by incorporation into the CCP
diminishes that free energy as well as producing the second
type of cross-linking bridge. κ-Casein acts a terminator for
both types of growth, as it contains no phosphoserine clus-
ter or another hydrophobic anchor point.

A common factor in all models is that most of the
κ-casein appears to be present on the surface of casein
micelles. The hydrophilic, C-terminal part of κ-casein,
is assumed to protrude 5 to 10 nm from the micelle surface
into the surrounding solvent, giving it a “hairy” appearance
and providing a steric stabilizing layer. The highly charged
flexible “hairs” physically prevent the approach and inter-
actions of hydrophobic regions of the casein molecules.

E. CASEIN MICELLE STABILITY

The micelles are stabilized by two principal factors: (1) a
surface potential of C. �20 mV at pH 6.7 which alone is
insufficient for colloidal stability and (2) steric stabilization
due to protruding κ-casein hairs. Casein micelles can be
caused to aggregate by several factors. Much attention has
been focussed on the curd formation during cheese making
brought about by the action of chymosin which destroys the
stabilizing effect of κ-casein. Chymosin is highly specific
in its action, splitting the κ-casein at the Phe105-Met106
bond, releasing the hydrophilic peptide and destabilising
the micelles. This action results in a decrease in the micel-
lar zeta potential from about �20 to –10 mV, and prior to
aggregation a decrease in micellar hydrodynamic size as
the hairy layer is cleaved off (20). Many other proteases
with a more general action can also hydrolyze a specific
bond of κ-casein, resulting in micelle aggregation. 

Casein micelles aggregate and precipitate from solu-
tion when the pH is lowered to about pH 4.6. When the
pH of milk is reduced, CCP is dissolved and the caseins
are dissociated into the milk serum phase (31,32). The
extent of dissociation of caseins is dependent on tempera-
ture of acidification; at 30°C, a decrease in pH causes vir-
tually no dissociation; at 4°C about 40% of the caseins are
dissociated in the serum at pH ~5.5 (32). Aggregation of

casein occurs as the isoelectric point (pH 4.6) is
approached. Apparently little change in the average
hydrodynamic diameter of casein micelles occurs during
acidification of milk to pH~5.0 (31). The lack of change
in the size of micelles on reducing the pH of milk to 5.5
may be due to concomitant swelling of the particles as
CCP is solubilized. The mobility of casein micelles meas-
ured by nuclear magnetic resonance spectroscopy does
not change with pH (33).

Casein micelles are very stable at high temperatures,
but they can aggregate and coagulate after heating at 
140°C for 15–20 min. Such coagulation results from a
number of changes in milk systems that occur during heat-
ing, including a decrease in pH, denaturation of whey pro-
teins and their association with κ-casein, transfer of
soluble calcium and phosphate into colloidal state, dephos-
phorylation of caseins and a decrease in hydration (34,35).

The micelles are also destabilized by addition of
about 40% ethanol at pH 6.7 and by lower concentrations
if the pH is reduced. This is due to the collapse and fold-
ing of the hairy layer of κ-casein in the non-solvent mix-
ture, allowing micelles to interact and aggregate (36).

Freezing of milk has been shown to cause destabiliza-
tion of casein micelles which is due to a decrease in pH
and an increase in the Ca2� concentration in the unfrozen
phase of milk.

III. WHEY PROTEINS

The whey protein fraction accounts for approximately
20% of total protein. Whey proteins are an even more het-
erogeneous group of proteins than the caseins, containing
a greater number of individual proteins. The principal
fractions of whey proteins are β-lactoglobulin, bovine
serum albumin, α-lactalbumin and immunoglobulins
which account for more than 95% of the proteins in the
whey fraction (Figure 26.1). These proteins have been
well characterized. Major reviews covering structures and
properties of whey proteins have been published
(5,6,9,37). Unlike the caseins, the whey proteins possess
high levels of secondary, tertiary and in most cases, qua-
ternary structures. Most are typical globular proteins and
are denatured by heat treatments. Both β-lactoglobulin
and α-lactalbumin are synthesized in the mammary gland
whereas serum albumin is transported to the mammary
gland via the blood serum.

A. ββ-LACTOGLOBULIN

β-Lactoglobulin is the most abundant whey protein which
represents about 50% of the total whey protein in bovine
milk. There are 13 known genetic variants of β-lactoglob-
ulin: A, B, C, D, E, F, G, H, I, J, W, Dr and KB (38). The
A and B genetic variants are the most common and exist
in almost the same frequency. The primary structure of
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β-lactoglobulin is shown in Figure 26.5a. The β-lac-
toglobulin monomer comprises 162 amino acids with one
free thiol group (Cys 121) and two disulfide bridges (Cys
106-Cys119 and Cys 66-Cys160) and has a molecular
weight of 18,000 Da. The A and B variants differ at posi-
tions 64 and 118, where Asp and Val in β-lactoglobulin A
are replaced by Gly and Ala in β-lactoglobulin B. 

β-Lactoglobulin is a highly structured protein; optical
rotary dispersion, circular dichroism, infrared spec-
troscopy and nuclear magnetic resonance show around
10% α-helix, 50% β-sheet and 40% unordered structure
including β-turns. The tertiary structure of β-lactoglobulin
consists of nine anti-parallel β-strands, of which eight are
wrapped into a β-barrel (Figure 26.6) (40,41). β-Strands
A-D form one side of the calyx, and β-strands E-H are
also part of strand A from the opposite side. The ninth
strand, I, is on the outside, on the opposite side of strand
A to strand H. The three-turn α-helix is located on the out-
side of the barrel and aligned along strands A, G and H.

In milk, native β-lactoglobulin occurs as a dimer. The
association behavior of this protein is dependent on 
several parameters, including pH, temperature, protein

concentration and ionic conditions. Below pH 3.5, β-lac-
toglobulin dissociates into its monomers, whereas
between pH 3.5 and 5.2 it reversibly forms tetramers/
octamers. Above pH 7.5, it starts to unfold, with a con-
comitant increase in the reactivity of thiol group. The pro-
portion of dimer increases with increasing protein
concentration and ionic strength. At temperatures between
30 and 55°C, the β-lactoglobulin dimer dissociates into
monomers and at higher temperature (above 60°C), the
monomer unfolds resulting in an increased reactivity of
the free thiol group (38).

The biological function of β-lactoglobulin remains
unclear but it appears to have at least two roles. Firstly,
β-lactoglobulin is capable of binding several hydropho-
bic molecules, including retinol (vitamin A) (38).
Retinol is bound in a hydrophobic pocket of β-lac-
toglobulin and transported to the small intestine where it
is transferred to a retinol-binding protein, which has a
structure similar to β-lactoglobulin. This binding also
protects retinol against oxidation. Secondly, through its
ability to bind fatty acids, β-lactoglobulin stimulates
lipase activity. 
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FIGURE 26.5 (a) Primary structure of bovine β-lactoglobulin B. (Source: Braunitzer et al., Automatische sequenzanalyse eines pro-
teins (β-lactoglobulin AB). H-S Z Physiol Chem 353: 832–834, 1972, Walter de Gruyter GmbH & Co. KG.) (b) Primary structure of
bovine α-lactalbumin B. (Source: Brew et al., The complete amino acid sequence of α-lactalbumin. J Biol Chem 245:4570–4582,
1970, The American Society for Biochemistry and Molecular Biology.) 



B. αα-LACTALBUMIN

α-Lactalbumin accounts for about 20% of whey protein
and has three known genetic variants. The primary struc-
ture of α-lactalbumin is shown in Figure 26.5b.
α-Lactalbumin has a molecular weight of about 14,000
Da and contains four intrachain disulphide bonds. It is rel-
atively rich in tryptophan (four residues per mole). There
is a considerable similarity between the primary and terti-
ary structure of α-lactalbumin and chicken egg white
lysozyme (43). Its secondary structure at physiological
pH consists of 26% α-helix, 14% β-structure and
60% unordered structure. The approximate globular struc-
ture of α-lactalbumin (dimensions 23Å � 26Å � 40Å)
includes three regular α-helices, two regions of 310 helix,
and a small 3-stranded anti-parallel β-pleated sheet sepa-
rated by irregular β-turns. The bilobal structure is formed
by segregation of α-helices in one lobe and a small
β-sheet and irregular structures in the other (Figure 26.7).

α-Lactalbumin binds one Ca2� per mole in a pocket
containing four Asp residues (45). At pH below 5.0, the Asp
residues become protonated which results in the loss of
bound Ca2� which makes this protein susceptible to denat-
uration. Under acidic conditions, α-lactalbumin undergoes
a transconformation to a non-native (A state) with altered
spectroscopic properties (46). In the A state, the secondary
structure of α-lactalbumin is nearly as compact as the
native protein but lacks a fixed tertiary structure; this state
is commonly referred to as the molten globule state. 

The biological function of α-lactalbumin is to modulate
the substrate specificity of galactosyltransferase in the lac-
tose synthetase complex which is responsible for the syn-
thesis of lactose in the lactating mammary tissue (45). The
concentration of lactose in milk is directly related to the con-
centration of α-lactalbumin; the milk of some marine mam-
mals which contains no α-lactalbumin, co tains no lactose.

C. SERUM ALBUMIN

Serum albumin isolated from milk is identical to the
serum albumin found in the blood and represents about
5% of the total whey proteins. The protein is synthesized
in the liver and gains entrance to milk through the secre-
tory cells. The protein has the longest single polypeptide
chain of the proteins found in milk consisting of 582
amino acid residues and has a molecular weight of
66,000 Da. It has 17 disulphide linkages, which hold the
protein in a multi-loop structure, and one free thiol group.
The secondary structure of serum albumin has 55% α-
helix, 16% β-pleated sheet and 29% unordered structure.
The current view of the three-dimensional crystal struc-
ture of serum albumin is that the molecule exists in three
major domains, each consisting of two large double loops
and a small double loop with an overall elliptical shape
(47).

Serum albumin appears to function as a carrier of
small molecules, such as fatty acids, but any specific role
that it may play is unknown.
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D. IMMUNOGLOBULINS

Milk-borne immunoglobulins (Igs) provide the offspring
with an immunological protection against microbial
pathogens and toxins and protect the mammary gland
against infection. Igs are divided into classes and sub-
classes; essentially there are 5 classes of Ig: IgA, IgG,
IgD, IgE and IgM. IgA, IgG and IgM are present in milk.
These occur as subclasses, e.g., IgG occurs as IgG1 and
IgG2. IgG consists of two light (L) polypeptide chains and
two heavy (H) polypeptide chains, of molecular weights
22,400 and 50–60,000 Da, respectively; these are linked
together by disulphide bonds. IgA consists of two such
units (i.e., 8 chains) linked together by a secretory com-
ponent (SC) and a junction component (J) while IgM con-
sists of five linked 4-chain units. The concentration of
different Ig classes in milk and colostrum differs consid-
erably depending on species, breed, age, stage of lactation
and health status. As ruminant neonates are born virtually
without Ig, ingested Igs are necessary for survival.
Consequently, ruminants’ colostrum contains consider-
ably higher concentrations of Igs than human milk.

In addition to antigen binding, all Igs exhibit one or
more effector functions by linking various parts of the
immune system. For example, Igs may bind to leucocytes
(which are an integral part of milk and of vital importance
in defending the mammary gland against pathogens) or to
host tissues. In addition, Igs can prevent the adhesion of
microbes to surfaces, inhibit bacterial metabolism, agglu-
tinate bacteria and neutralize toxins and viruses. Milk Igs
have also been found to exert a synergistic effect on the
activity of non-specific antimicrobial factors such as

lactoferrin and lysozyme as well as lactoperoxidase. A
more detailed discussion on the structure, origin, transfer
and function of Igs has been published by Hurley (48).

IV. MINOR PROTEINS

Several proteins are found in relatively small quantities in
the whey fraction of milk. These proteins are referred to
as minor protein. They include metal- and vitamin-bind-
ing proteins, β2-microglobulin and growth factors.

A. METAL BINDING PROTEINS

Human milk contains 2–4 mg mL�1 of lactoferrin which
is specifically involved in metal-binding. Lactoferrin,
which appears identical to transferrin found in blood, has
also been detected at quite low concentrations in bovine
milk (49). Lactoferrin has the ability to bind iron very
strongly, indicating that the protein is involved in iron
absorption and protection against enteric infection in the
neonate (49). Considerable interest has been expressed in
supplementing bovine milk-based infant formulae with
lactoferrin, as bovine milk contains much lower levels of
lactoferrin than human milk and lactoferrin, isolated from
human milk, can bind 2 moles of iron per mole of protein
(50). The biological importance of lactoferrin has been
reviewed recently by Lönnerdal (51).

B. VITAMIN BINDING PROTEINS

Milk contains an array of vitamin-binding proteins,
including Vitamin B12-binding protein, folate-binding
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FIGURE 26.7 Tertiary structure of bovine α-lactalbumin, showing bilobal structure displayed using MOLSCRIPT. (Source: Brew,
�-Lactalbumin, pp 387–421, 2003. In Advanced Dairy Chemistry Volume 1: Proteins, 3rd ed., Part A: Kluwer Academic/Plenum
Publishers.)



protein, Vitamin D-binding protein and riboflavin-binding
protein. These proteins occur at low concentrations, but
may play a significant role in the uptake of vital vitamins
from the diet (52,53).

Three different proteins are required for the uptake of
Vitamin B12 in the gastro-intestinal tract. The milk of sev-
eral mammalian species (human, rat, pig and rabbit) has
been shown to contain one of these proteins (haptocorrin),
whereas bovine milk contains a different Vitamin
B12-binding protein (transcobalamin) (54).

Milk also contains folate-binding proteins; these
proteins are specifically involved in the uptake of folate
from the intestine. In vivo studies on rats have shown
that protein-bound folate is absorbed at a lower rate
than free folate, resulting in increased retention time of
folate, allowing it to reach its target tissues. Folate-binding
protein also reduces the availability of folate to bacteria in
the gut and hence may have antibacterial properties (55). 

Raw bovine milk contains a riboflavin binding protein
(56) and riboflavin bound to this milk protein has been
shown to have similar antioxidant activities to riboflavin
bound to egg white riboflavin binding protein (57).

C. GROWTH FACTORS

Highly potent hormone-like polypeptides, termed growth
factors, which play a significant role in the regulation and
differentiation of a variety of cells, can be found in milk.
These growth factors may modulate growth and differenti-
ation of a variety of cell types, modulate mammary devel-
opment, and may also modulate neonatal development of
the gastrointestinal (GI) tract. The growth factors are pre-
dominantly found in developing glands and colostrum,
while milk may also contain comparatively lower concen-
trations of growth factors, depending on stage of lactation.

Growth factors and hormones identified in mammary
secretions include lactoferrin (58), epidermal growth fac-
tor (EGF), transforming growth factor α (α-TGF) and

β (β-TGF), insulin-like growth factor (IGF), insulin (59),
basic fibroblast growth factor (basic FGF) (60) and pro-
lactin (61). It is unclear whether many of these growth
factors are targeted to promote growth of the mammary
gland or the intestinal cells of the recipient neonate. 

D. OTHER MINOR PROTEINS

Several other minor proteins, including β2-microglobulin,
osteopontin, proteose peptone 3, angiogenins, kininogen
and milk glycoproteins, have been identified in the whey
fraction of milk. At present, relatively little information is
available on the biological activities and functions of
these proteins.

V. MILK ENZYMES

Milk contains in the region of 60 indigenous enzymes,
approximately 20 of which have been isolated and char-
acterized in great detail. The remaining 40 enzymes,
whose presence has been demonstrated via their activity,
are of little or no technological interest. The principal
milk enzymes of technological importance are discussed
below, and the details of these and other milk enzymes are
detailed in Table 26.2. The reader is directed to Chapter
27 (this volume, “Enzymes of Significance to Milk and
Dairy Products”) for a comprehensive review of this area.

A. LIPASES AND ESTERASES

The ability of milk lipase (EC 3.1.1.) to hydrolyze triglyc-
erides to form fatty acids is well known, and is responsi-
ble for the onset of rancidity in milk and milk products.
Milk lipase is a lipoprotein lipase, and is similar to the
lipoprotein lipase found in the mammary gland, suggest-
ing that it may be transferred to milk from the mammary
gland. In bovine milk, about 80% of milk lipase is associ-
ated with the casein micelles by electrostatic bonding
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TABLE 26.2
Some Enzymes Present in Bovine Milk 

Optimum

Name EC Number pH Temperature (°C) Inactivation1

Xanthine oxidase 1.1.3.22 ~8 37 7 min 73°C
Sulphydryl oxidase 1.8.? ~7 ~45 3 min 73°C
Catalase 1.11.1.6 7 37? 2 min 73°C
Lactoperoxidase 1.11.1.7 6.5 20 10 min 73°C
Superoxidase dismutase 1.15.1.1 ? ? 70 min 76°C
Lipoprotein lipase 3.1.1.34 ~9 33 30 s 73°C
Alkaline phosphatase 3.1.3.1 ~9 37 20 s 73°C
Ribonuclease 3.1.27.5 7.5 37 ?
Plasmin 3.4.21.7 8 37 40 min 73°C

1 Heat treatment required to reduce activity to approximately 1%.
Source: Ref. 62, page 92, by courtesy of Marcel Dekker, Inc.
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between negatively charged phosphates on the caseins and
positively charged amino acid residues in the heparin-
binding sites of milk lipase (63).

Milk lipase is a glycoprotein which is optimally active
at pH 9.2 and 37°C, and has a native molecular mass of
100 kDa. Milk lipase is strongly inhibited by the products
of its activities (64), i.e., long-chain fatty acids; therefore
blood serum albumin (BSA) and Ca2� enhance the activ-
ity of milk lipase as BSA and Ca2� bind free fatty acids.
The enzyme is inactivated by ultraviolet light, heat, acid
and oxidizing agents. Less than 10% of milk lipase
remains active after pasteurization. 

In milk triglycerides, long-chain fatty acids are
attached to the glycerol at the 1 and 2 positions, while
shorter-chain fatty acids are found at the 3 position. Milk
lipase liberates fatty acids from the 1,3 positions in milk
triglycerides. Lipolysis increases the levels of short-chain,
volatile fatty acids present in milk. This results in rancid,
butyric, bitter, soapy or astringent flavors that render milk
and milk products unacceptable for consumption.

Increased lipolysis can result from vigorous agitation
or homogenization of milk which causes damage to the
milk fat globule membrane and leaves it vulnerable to the
action of milk lipase. The extent of lipolysis may be
reduced on strict temperature control (< 5°C) and avoid-
ing excessive agitation prior to pasteurization (64).

Milk also contains three types of esterases. These are
A-type carboxylic ester hydrolase (which hydrolyzes aro-
matic residues); B-type esterase (which hydrolyzes
aliphatic esters rapidly and aromatic esters slowly); and
C-type esterase (which are active on alkaline esters) (65).

B. PLASMIN

Plasmin (EC 3.4.21.7), the principal proteolytic enzyme
in milk, is mainly found in the form of the inactive zymo-
gen, plasminogen. Through a system of plasmin inhibitors
and plasminogen activators (along with their associated
inhibitors), plasminogen is converted to active plasmin
(10). Plasmin is a serine proteinase with a high specificity
for peptide bonds to which lysine or arginine supplies the
carboxyl group. β- and αS1-caseins are most susceptible to
plasmin hydrolysis; αS2-casein is also attacked, while κ-
casein is relatively resistant to hydrolysis. Plasmin cleav-
age of β-casein yields γ-casein and proteose-peptones
(66,67) (see Figure 26.2). 

Severe heat treatment of milk, such as ultrahigh tem-
perature (UHT), reduces plasmin activity due to inactiva-
tion of plasmin by thiol-disulphide interchange reactions
between plasmin and the highly reactive thiol groups of
β-lactoglobulin (68). However, high-temperature-short-
time (HTST) pasteurized milk stored at 20–37°C dis-
played significantly increased plasmin activity as storage
time increased (69). This increase in plasmin activity, con-
comitant with a decrease in plasminogen activity, is due to
denaturation of inhibitors of plasminogen activator (10).

Plasmin activity may influence the quality of dairy
products, such as cheeses, UHT-treated milk products and
milk protein products. Increased plasmin activity in
cheese has been shown to improve the flavor and overall
quality of certain cheeses. Plasmin may also play a role in
the age gelation of UHT-treated milk. 

C. PHOSPHATASES

Bovine milk contains a number of indigenous phos-
phatases; the two principal types which have been shown
to have a technological significance in milk are milk
alkaline phosphatase (EC 3.1.3.1) and milk acid phos-
phatase (EC 3.1.3.2).

1. Alkaline Phosphatase (ALP)

ALP occurs in all mammalian milk; in bovines milk levels
vary between cows and also within the lactation period. The
activity of ALP is used as an index of the efficiency of milk
pasteurization, because ALP is slightly more resistant to
heat than Mycobacterium tuberculosis (70). However, the
activity of ALP may not always be an accurate indicator of
HTST pasteurization of milk for a number of reasons. Under
certain conditions, reactivation of ALP may occur, compli-
cating interpretation of test results. The enzyme also appears
to be fully inactivated at sub-pasteurization conditions and
in addition the relationship between log10 % initial activity
and pasteurization equivalent (PE) is less linear than the
relationship between PE and lactoperoxidase or γ-glutamyl
transpeptidase activities in milk (53). Furthermore, ALP is
only partially inactivated during ultra-high pressure treat-
ment of milk, rendering the ALP test an unsuitable indicator
of effectiveness of the ultra-high pressure treatment process. 

2. Acid Phosphatase (ACP)

The concentration of ACP in milk is dependent on stage
of lactation and increased levels have been observed in
mastitic milk; however, the activity of ACP is much lower
than that of ALP. ACP is a very heat stable enzyme which
is not affected by HTST pasteurization, but is completely
inactivated following UHT treatment (72).

ACP may play a role in the heat stability of dairy
products. As the caseins are phosphoproteins and are good
substrates for ACP, the micellar integrity of caseins may
be lost on dephosphorylation of casein serine residues.
ACP may also influence cheese flavor; several partially
dephosphorylated phosphopeptides have been isolated
from different cheese types and have been attributed to
ACP activity (73,74).

D. LACTOPEROXIDASE

Lactoperoxidase (LPO; EC 1.11.1.7) is a broad specificity
peroxidase which is present in high concentrations in
bovine milk compared to human milk. LPO exhibits



antibacterial activity in the presence of H2O2 and thio-
cyanate (SCN�), in which SCN� is converted to hypoth-
iocyanate (OSCN�) (75). Inactivation of eight different
bacteria including E. coli, Pseudomonas fluorescens,
S. aureus, Enterococcus faecalis, Listeria innocua and
Lactobacillus plantarum, has been shown by LPO (76).
LPO may also be used as an indication of mastitic
activity, as LPO levels increase during mastitis. Research
has focused on activation of the indigenous enzyme for
cold pasteurization of milk and protection of the mam-
mary gland against mastitis, and also on addition of iso-
lated LPO to calf or piglet milk to protect against enteritis. 

E. XANTHINE OXIDASE

Bovine milk xanthine oxidase (EC 1.1.3.22) is a dimeric
metallo-flavoprotein with a molecular mass of approxi-
mately 300 kDa and is a major component of the milk fat
globule membrane. It is a non-specific oxidoreductase
that plays a metabolic role in purine catabolism, catalyz-
ing the oxidation of hypoxanthine to xanthine, and xan-
thine to uric acid, with the concomitant reduction of O2 to
H2O2. Activity levels of xanthine oxidase differ between
species; human milk contains approximately 1–6% of the
activity of bovine milk (35 mg/L) (77). About 33% of the
iron and all of the molybdenum in human milk is found in
xanthine oxidase.

VI. INDUSTRIAL MANUFACTURE OF
MILK PROTEINS

A range of protein products can be obtained from milk,
and the more commonly used methods for obtaining these
products are described in Figure 26.8. The production and
utilization of milk proteins has been reviewed recently by
Mulvihill and Ennis (78).

A. CASEIN PRODUCTS

The manufacture of this protein family of products from
milk involves centrifugal separation of the skim milk
from the cream, followed by pasteurization. The caseins
are then precipitated either by the action of a coagulant
such as rennet or by a reduction in pH to the isoelectric
point (4.6) by fermentation or direct addition of mineral
acid. The coagulated protein is heated to form the curd,
and the curd is then separated from the whey by filtration
or centrifugation, in combination with countercurrent
washing with water. The curd may then be dried as insol-
uble casein, or first be reacted with alkali, e.g., sodium
hydroxide, followed by drying to produce a water-soluble
caseinate. A protein product including both the casein
and the whey proteins, known as total milk proteinate,
may be manufactured by a variation of the process
described in Figure 26.8. 
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Milk Proteins 26-15

B. WHEY PRODUCTS

Whey is produced as a by-product of cheese and casein
manufacture. There are many possible products and man-
ufacturing processes, some of which are outlined in
Figure 26.8. The first step involves separation and selec-
tive concentration of residual fat and casein by centrifu-
gation. This is followed by concentration of the whey
proteins by the use of membrane separation (ultrafiltration
and diafiltration). The protein stream is further concen-
trated by evaporation and then spray-dried to produce
whey protein concentrate, with an approximate protein
concentration of 85%. Alternatively, further fractionation
and concentration of the whey proteins may be performed
using ion exchange to produce whey protein isolates (con-
taining approximately 95% protein). 

The protein products described have a wide range of
food ingredient and industrial applications, many utilizing
the emulsifying, water- and fat-binding, and nutritional
properties of the proteins. The decision to incorporate
whey protein isolate ahead of whey protein concentrate
into a food matrix is based on a balance of cost, fat con-
tent, and functional properties differences, among others,
between the products.

VII. FUNCTIONAL PROPERTIES OF MILK
PROTEINS AND FOOD USES

Protein functionality has been broadly defined as any
physiochemical property which affects the processing
and behavior of proteins, as judged by the quality attrib-
utes of the final product (79). These attributes may
include structure, appearance, texture, viscosity and
mouthfeel (80). Milk proteins possess functional proper-
ties which provide desirable textural or other attributes to

the final product and for this reason have found numer-
ous applications in traditional dairy products and in other
foods (Table 26.3).

The functional properties of proteins are governed by
intrinsic properties, i.e., their structural characteristics,
e.g., size and surface hydrophobicity. These intrinsic
properties are themselves affected by many extrinsic or
environmental factors, such as pH, ionic strength and tem-
perature, and also by interactions between the proteins
and other materials in the food system. Not only does milk
comprise various proteins with unique intrinsic proper-
ties, the milk proteins themselves are commercially avail-
able in many different forms. Furthermore, milk proteins
may be modified by physical, chemical or enzymatic
means, possibly resulting in significant improvements in
one or more functional properties (Table 26.4). However,
physical and enzymatic methods of modification are cur-
rently preferred over chemical methods, mainly due to
consumers’ concerns over “added chemicals” and the
potential risk of occurrence of toxic side-reactions.

A. SOLUBILITY

Protein-water and protein-protein interactions in aqueous
systems are vitally important and control the dispersibil-
ity, viscosity and solubility properties of proteins (81). A
sensitive balance between repulsive and attractive inter-
molecular forces, which are in turn controlled by protein
and water structures and affected by environmental fac-
tors, controls solubility (82). Generally, proteins are solu-
ble in water and electrostatic and/or hydration repulsion
between proteins is greater than the driving forces for
hydrophobic interactions. Thus, the polar and ionizable
groups of proteins largely confer water solubility (79). 

Solubility is often used as a key indicator of a pro-
tein’s ability to exhibit other functional properties such as

TABLE 26.3
Functional Properties of Milk Proteins Exploited in Food Systems

Functional Property Potential Food Applications

Solubility Nitrogen fortification of low pH beverages
Emulsification Pastries, coffee creamers, milk beverages,

milk shakes, high fat powders, butter-like
spreads, cheese fillings and dips

Foaming Egg replacer, whipped toppings, fizzy drinks,
ice cream, mousses, meringues, sponge
cakes

Heat stability Imitation pasta, meat products, marshmallow
and nougat

Aggregation/Coagulation/Gelation Cultured milk products, comminuted
meat products

Viscosity Cake mixes, milk-based flavored beverages,
frozen desserts

Water-binding Imitation cheeses, toffees, fudges 
and hydration



emulsifying, foaming and gelation properties, although
this general rule may not always apply, particularly in the
case of highly hydrolyzed milk proteins. Solubility may
be generally defined as the amount of protein that goes
into solution or into colloidal dispersion under specified
conditions (e.g., pH, ionic strength, protein concentration
and temperature) until a maximum concentration is
reached, after which the soluble concentration remains
constant and a solid phase appears (83). 

Solution conditions, such as pH, ionic strength and
temperature, also affect the amount of water associated
with proteins (82). Solution pH, for example, affects the
amount of water associated with proteins by influencing
the net charge of the protein. Ionic strength affects the sol-
ubility of proteins depending on the number of hydropho-
bic groups exposed on the protein’s surface.

Unlike whey proteins, which exhibit excellent solubil-
ity over the entire pH range, caseinates (alkali dispersions
of casein which are used in commercial applications) are
almost completely insoluble in the region of their isoelec-
tric point (pI: pH 4.0–5.0). However, outside of this region,
caseinates possess excellent solubility, resulting in a U-
shaped pH-solubility profile (84). Enzymatic hydrolysis
has been frequently applied for improving solubility of
caseinates in the pI region. Improved solubility is mainly
due to a reduction in the molecular weight, increased expo-
sure of polar groups and decreased secondary structure of
the peptides formed upon hydrolysis of the intact protein.
Enzymatic hydrolysis of food proteins has been thoroughly
described by Adler-Nissen (85).

Casein and caseinates are utilized for their high solu-
bility at highly acidic pH values (pH 2–3.5) in fruit juices
and carbonated beverages (86), and may also be used for
the nitrogen fortification of low pH beverages. 

B. INTERFACIAL PROPERTIES

Milk proteins have found numerous applications in food
systems due to their ability to form and stabilize emulsions.
Caseins possess high surface hydrophobicity with a well-
balanced distribution of hydrophilic and hydrophobic
domains and possess a high degree of conformational 
flexibility, which allows them to interact strongly at the oil-

water interface (87). However, the caseins have high
aggregative tendencies and low solubilities around their pI
(88). Whey proteins also adsorb rapidly to, unfold and reori-
entate at oil-water and air-water interfaces, forming emul-
sions which are only slightly less stable than those formed
with casein under the same conditions. Emulsions formed
with pure β-lactoglobulin may increase in stability over
time, due to intermolecular linking of disulphide groups
which are in close proximity at the oil-water interface.

Due to the excellent surface activity of milk proteins,
they have found numerous applications in several food
products in which incorporation of oil/water/air into the
continuous system is required. Examples of these include
salad dressings, mayonnaise, liqueurs, meringues, souf-
flés, whipped toppings, confectionary, sponge cakes, etc.
Caseinates generally give emulsions with increased
droplet coverage and high foam expansion but produce
less stable emulsions and foams than those formed with
whey protein concentrate (WPC). Preheat treatment may
be used to improve the emulsifying and foaming charac-
teristics of WPC, while enzymatic hydrolysis to different
extents has been shown to significantly improve both the
emulsifying and foaming properties of sodium caseinate-
stabilized emulsions and foams at certain pH values (84).
However, extensive hydrolysis generally results in the loss
of emulsifying and foaming activity. Combinations of
enzymatic hydrolysis and cross-linking, using a novel
cross-linking enzyme transglutaminase, have resulted in
products which exhibit significantly greater emulsifying
properties than the products of hydrolysis or cross-linking
per se (89).

The foaming and emulsifying properties of milk pro-
teins are also affected by many extrinsic or environmental
factors, such as protein concentration, energy input, state
of protein aggregation, pH, ionic strength, temperature,
calcium ion concentration and the presence of
contaminants which may destabilize the oil-water or air-
water interface. In addition, the ratio of oil:water phase
used during emulsion formation is of major importance to
emulsion properties.

C. HEAT STABILITY

Due to their limited secondary structure, the caseins
possess excellent heat stability. Na, K and NH4

caseinates are extremely heat stable and aqueous
solutions of Na caseinate may be heated up to 140°C
for 60 min without precipitation; however, Ca caseinate
has much lower heat stability by comparison.
Consequently, caseinates may be used in food products
which experience thermal treatments, such as soups and
sauces. The effects of heating on sodium
caseinate have been extensively studied (90–92). Whey
proteins, on the other hand, are readily denatured above
70°C, leading to aggregation and, depending on pH and
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TABLE 26.4
Methods Used to Improve the Functionality of Milk
Proteins

Method Treatments

Physical Heat, pH, high pressure
Chemical Phosphorylation, deamidation, glycosylation,

covalent attachment of hydrophobic groups,
acylation, reduction of disulphide bonds

Enzymatic Hydrolysis, cross-linking with transglutaminase,
glycosylation, phosphorylation, deamidation
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protein concentration, precipitation or gelation. Factors
such as pH, protein concentration, total solids content
and the presence of sugar may influence the denaturation
of milk proteins.

A common method for measurement of heat
stability involves heating a protein solution of known con-
centration and pH, in an oil bath or autoclave for a given
period of time at defined temperatures. Changes
in free amino nitrogen, soluble ammonia, turbidity,
and trichloroacetic acid soluble and pH 4.6 soluble
amino nitrogen have been attributed to the effects of heat-
ing on protein solutions. Enzymatic modification with
transglutaminase has been shown to improve the heat sta-
bility of both reconstituted skim milk (93) and Na
caseinate (94). 

D. AGGREGATION/COAGULATION/GELATION

Milk proteins also have the ability to form rigid, heat-
induced irreversible gels that hold water and fat, and pro-
vide structural support (80). Coagulation and/or gelation
are required in some cultured milk products, and may be
brought about on addition of acid or rennet to milk to form
casein gels. Caseinates per se are rarely used as gelling
agents in formulated food products; however, the ability of
whey proteins to form gels under a range of conditions
have found many applications in food products.

Gelation of whey proteins occurs on heating (usually
in the range 80–100°C) depending on the concentration
(normally above 8%) and purity of the whey protein. The
initial steps of gelation include unfolding of the globular
protein molecules, followed by aggregation in the aque-
ous medium. Once aggregation exceeds a certain level, a
three-dimensional self-supporting network is formed
which traps the solvent within the system, resulting in an
irreversible thermo-induced gel.

While Ca caseinate solutions at concentrations greater
than 15% form reversible gels on heating to 50–60°C, Na
caseinate may also be used to form gels in conjunction
with κ-carrageenan (95). The introduction of covalent
cross-links using transglutaminase has also been used to
induce gelation in Na caseinate (96,97).

Important attributes of gels are gelling time, opacity (or
lack of) and gel hardness and strength which may be meas-
ured using rheological methods; these are affected by extrin-
sic factors such as pH and ionic salt concentration. Lipids
and lactose may adversely affect whey protein gelation.

Further applications of milk protein gels include the
immobilization of enzymes or entrapment of drugs or bioac-
tive peptides for the purpose of oral drug delivery systems.

E. VISCOSITY

Milk proteins, either in solution or incorporated into a
food matrix, provide physical stability to emulsions and to

other suspended particles in foods by influencing the vis-
cosity of the system, whilst also contributing to mouthfeel
(98). The viscosity of a protein system depends on the
proteins’ intrinsic properties such as heterogeneity, size,
shape and charge; these properties are further affected by
extrinsic conditions, such as temperature, concentration,
pH, ionic strength and previous processing history.
Randomly coiled structures, such as caseins, generally
display greater viscosity in solution than whey proteins
which have a compact globular structure. 

Na caseinate solutions are highly viscous at 15% con-
centrations and display pseudoplasticity above this con-
centration. Viscosity of Na caseinate solutions increases
exponentially with protein concentration, and generally
decreases with increasing temperature, depending on con-
centration. Viscosity of Na caseinate solutions is also
highly dependent on pH, with minimum viscosity
observed at pH 7. Native whey protein solutions have very
low viscosities compared to caseinates; however, viscos-
ity increases at higher temperatures (>70°C) due to
unfolding and aggregation of the globular whey protein.
The viscosity of milk protein solutions is usually
expressed as relative or apparent viscosity and may be
measured using a variety of viscometers.

F. WATER-BINDING AND HYDRATION

The ability of proteins to hydrate and entrap water without
syneresis is utilized in many food applications. Water mol-
ecules bind to both polar and non-polar groups in proteins
to different extents, depending on the charge and polarity of
the amino groups. Due to the globular tertiary structure of
the whey proteins, the majority of the amino acid residues
are buried within the protein interior. Thus, the hydration
capacity of the whey proteins arises predominantly from
binding of water to amino acid residues on the protein
surface. Hydration values for native individual whey pro-
teins range from 0.3 to 0.6 g H2O per g protein (99,100).
Casein micelles, on the other hand, can bind up to 4 g H2O
per g protein, mainly due to the enormous amount of void
space within the casein micelles’ structure and binding of
water to the hydrophilic surface of the micelles. 

Solution conditions, such as pH, ionic strength, and
temperature, affect hydration of proteins (101). Hydra-
tion capacity is minimal at the pI, where protein-protein
interactions are favored over protein-water interactions.
Low salt concentrations can also increase the hydration
capacity of proteins. 

Milk proteins have found numerous applications in
food products due to their ability to bind water and swell,
thereby resulting in an increase in viscosity in the food
system. Whey proteins are used as water-binders in food
systems which will receive sufficient heat treatment to
denature the globular protein and increase its hydration
capacity. These food systems include meat patties,



sausages, bread and cakes. Caseins and caseinates have
found application in products such as imitation cheeses,
confectionary and comminuted meat products.

Aside from hydration capacity of proteins, large
amounts of water may also be held within a food matrix
such as a gel. This water mainly includes physically
entrapped water and it is this water which provides juici-
ness and tenderness to the final product.

VIII. MILK PROTEIN-DERIVED BIOACTIVE
PEPTIDES

In addition to the biologically active proteins indigenous
to milk, all the principal milk proteins contain sequences
which, when released on proteolysis, exhibit biological
activity. These biological activities include opiate,
antithrombotic, antihypertensive, immunomodulatory,
metal-binding and antimicrobial activities (Table 26.5).

A. OPIOID ACTIVITIES

Opioid peptides are short peptides (5–10 amino acids)
termed casomorphins or exorphins for their ability to bind
opioid receptors on intestinal epithelial and other cells
(103) and have an opiate-like effect. The major opioid milk
peptide β-casomorphin is a fragment of the β-casein
sequence 60–70, while αS1-casein (α-casomorphin),
β-lactogobulin (β-lactorphin) and α-lactalbumin (α-lactor-
phin) also contain peptides which display opiate-like activ-
ity. Although opioid peptides derived from milk may be
generated by proteolytic digestion of milk proteins
in vitro, only β-casomorphin has been found in digesta after
in vivo digestion of milk in calves (104) but not in humans
(105). Milk protein-derived opioid peptides prolong gas-
trointestinal transit time (106), exert anti-diarrhoeal action

(107), modulate intestinal transport of amino acids (108)
and influence postprandial metabolism by stimulating
secretion of insulin (109) and somatostatin (110). 

B. OPIOID ANTAGONIST ACTIVITIES

Opioid antagonistic peptides are also found within the
structure of milk proteins. Termed casoxins and lactofer-
roxins, they are derived from peptic digestion of κ-casein
and lactoferrin, respectively. Opioid antagonists may antag-
onize the inhibition of gut motility as induced by casomor-
phins (111). Opioid antagonists have been found in bovine
and human κ-casein (111) and in human αS1-casein (112).

C. INHIBITION OF ANGIOTENSIN-I-CONVERTING

ENZYME (ACE)

The casein-derived ACE inhibitors, or casokinins, have been
isolated from bovine αS1- and β-casein and from human
β- and κ-casein (103,114). Opioid fragments relating to
β-casomorphin-7 (115) and β-lactorphin (116) have also
been identified as ACE inhibitory peptides with moderate
activities. ACE is a multifunctional enzyme that is located in
different body tissues and is associated with the renin-
angiotensin system, which regulates peripheral blood pres-
sure. Inhibition of ACE has been shown to block the
conversion of angiotensin-I to angiotensin-II, a potent vaso-
constrictor.

D. IMMUNOMODULATORY EFFECTS

α-Lactalbumin, β- and αS1-casein-derived immunopep-
tides have been found to enhance phagocytosis and mod-
ulate proliferation and differentiation of lymphocytes
(117). Immunomodulation appears to be a particularly
important bioactivity of the developing, involuting or
inflamed mammary gland. Hormones, growth factors and
cytokines found in milk also appear important in
immunomodulation and immuno-development (111).

E. ANTITHROMBOTIC EFFECTS

Casoplatelins, peptides derived from the C-terminus of
bovine κ-casein, have been shown to exhibit antithrombotic
activity, i.e., inhibition of blood clotting. These peptides
function by inhibiting the aggregation of ADP-activated
platelets as well as binding of human fibrinogen γ-chain to
a specific receptor site on the platelet surface (118). 

F. MINERAL BINDING PROPERTIES

While intact casein has been shown to bind zinc and cal-
cium, tryptic hydrolysates of αS1-, αS2-, β- and κ-casein
also display mineral binding properties. Termed caseino-
phosphopeptides (CPPs), these peptides can bind and sol-
ubilize high concentrations of calcium due to their highly
polar acidic domain. Consumption of high concentrations
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TABLE 26.5
Bioactive Peptides Derived from Milk Proteins

Bioactive Peptide Protein Precursor Bioactivity

Casomorphins αS1-, β-Casein Opioid agonist
α-Lactorphin α-Lactalbumin Opioid agonist
β-Lactorphin β-Lactoglobulin Opioid agonist
Lactoferroxins Lactoferrin Opioid antagonist
Casoxins κ-Casein Opioid antagonist
Casokinins αS1-, β-Casein ACE-inhibitory
Lactokinins α-Lactalbumin, ACE-inhibitory

β-Lactoglobulin,
serum albumin

Immunopeptides αS1-, β-Casein Immunomodulatory
Lactoferricin Lactoferrin Antimicrobial
Casoplatelins κ-Casein Antithrombotic
Phosphopeptides αS1-, β-Casein Mineral binding

Source: Fitzgerald and Meisel, Milk protein hydrolysates and bioactive
peptides, pp 675–698, 2003. In Advanced Dairy Chemistry Volume l:
Proteins, 3rd ed., part A. Kluwer Academic/Plenum Publishers.
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of calcium in early life contributes to development of
maximal bone density, which in turn can prevent osteo-
porosis in later life (102). In addition, calcium-binding
CPPs can have an anticariogenic effect in that they inhibit
caries lesions through recalcification of the dental enamel
(119). 

G. ANTIMICROBIAL ACTIVITY

Lactoferrin is an iron-binding glycoprotein present in the
whey fraction in milk from which antimicrobial peptides
have been derived (120). It is considered to be an important
component of the host defense against microbial infections.
The antimicrobial ability of lactoferricin may be correlated
with the net positive charge of the peptides. These cationic
peptides kill sensitive microorganisms by increasing cell
membrane permeability (121). Lactoferricin displayed
antimicrobial activity against yeast, filamentous fungi (122),
Escherichia coli, Listeria monocytogenes (123) and clinical
isolates of E. coli 0157:H7 (124). Recently, fragments from
αS1- and αS2-casein have been found to inhibit the growth of
E. coli (125) and Staphylococcus aureus (126).

IX. CONCLUSION

Bovine milk protein fulfills important nutritional, func-
tional and physiological roles in both the developing
neonate and man. From a nutritional viewpoint, milk pro-
tein is a balanced source of all the essential amino acids.
The functional properties of milk proteins are exploited
in many food products and the ability of milk protein to
act as surface active agents, contribute to texture or to
bind water or fat, is determined, in part, by its unique
structure. Milk also contains an array of enzymatic activ-
ities; these enzyme activities are important from both a
functional and physiological perspective. Finally, all the
principal milk proteins contain sequences which, when
released on proteolysis, may confer beneficial physiolog-
ical effects.
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I. INTRODUCTION

When considering the processing and quality of milk and
dairy products, a number of enzymes are of significance.
These fall broadly into 3 categories:

1. Indigenous enzymes: Fresh raw bovine milk
contains a heterogeneous group of enzymes,
derived from various sources. While different
authors may use different nomenclature to indi-
cate the origin of enzymes, in this chapter,
enzymes of bovine origin that are found in milk
will be referred to as indigenous. While the com-
plement of milk enzymes has not been com-
pletely classified, and gaps in knowledge and
understanding clearly occur, the principal classes
of enzymes include proteolytic and lipolytic
enzymes, phosphatases, antimicrobial enzymes,
e.g., lysozyme and lactoperoxidase, and a num-
ber of other enzymes, such as xanthine oxidase.
Approximately 60 indigenous enzyme activities

have been reported in bovine milk, of which ca.
20 have been characterized (1, 2). The milk of
mammals other than the cow probably contains
similar enzyme profiles, although most have not
been studied in detail (2).

2. Exogenous enzymes: A number of enzymes are
added to milk during processing (3); these will
be referred of hereafter as exogenous. The old-
est example of such use of an enzyme in the
dairy industry is the application of extracts of
stomachs of calves, kids or lambs (containing
chymosin) to coagulate milk in cheesemaking.
Today, a range of milk coagulants is used (e.g.,
rennet extracts, recombinant calf chymosin,
microbial rennets, etc.). Other enzymes that are
commercially available today can be used to
manipulate and accelerate cheese ripening (e.g.,
added protease and lipase preparations), to
hydrolyze lactose in milk (lactases or β-galac-
tosidases) and, most recently, to manipulate the
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texture of milk products through the creation of
new covalent inter-protein cross-links (transglu-
taminase).

3. Endogenous enzymes. Endogenous enzymes in
this case refer to those that are present in a food
but are not part of it, e.g., enzymes produced by
microorganisms that grow in milk, either as nat-
ural contaminants (e.g., psychrotrophic bacteria,
mastitis pathogens) or following deliberate inoc-
ulation (e.g., the lactic acid bacteria used in the
manufacture of fermented dairy products).
While such microorganisms possess a wide
range of enzymes, which can contribute either
negatively (e.g., lipases and proteases of
Pseudomonas) or positively (e.g., the proteolytic
system of Lactococcus) to the characteristics of
dairy products, they will not be considered in
this chapter. The reader is directed to reviews in
this area (4–8).

In this chapter, the indigenous and exogenous
enzymes of importance to milk and dairy products will be
discussed. The significance of these enzymes to dairy
product manufacture and quality will be emphasized.

II. INDIGENOUS ENZYMES

It has long been recognized that there is a significant and
heterogeneous mixture of enzymes in fresh milk. Today,
many of these enzymes have been characterized but our
understanding of the significance of all these enzymes for
product quality is incomplete.

In terms of indigenous enzymes, the key questions to
be considered may be summarized as follows:

(i) What enzymes are present and from where do
they originate?

As stated already, a number of enzyme activ-
ities have been identified in milk, which will be
listed and described in detail below; however, it
is unlikely that all enzymes in milk have been
identified. Indigenous enzymes differ in their
origin (e.g., blood or lysosomes of somatic
[white blood] cells) and distribution in milk.
Indigenous enzymes in milk originate from:
(a) Blood (via leaky junctions between mam-

mary secretory cells)
(b) Somatic cells, particularly during mastitic

infection
(c) Mammary cell cytoplasm, as a result of the

way in which milk is expressed in the udder
Indigenous enzymes in milk are found in, or

associated with, casein micelles, the milk fat
globule membrane (most enzymes), milk serum
or somatic cells.

One of the major challenges in studies of
indigenous milk enzymes is the requirement for
suitable methodologies and assays to allow
evaluation of their nature and significance.

(ii) At what level are these enzymes found, and
what factors affect their activity?

The enzyme complement in raw milk is far
from constant, and may vary qualitatively and
quantitatively due to several factors, including
individual variation between cows, health sta-
tus (particularly incidence of mastitis), stage of
lactation, nutritional status, breed and physio-
logical or nutritional stress. Thus, fresh milk as
a raw material for production of dairy products
may exhibit considerable, potentially signifi-
cant, variation in its complement of indigenous
enzymes. For some indigenous enzymes (e.g.,
plasmin), the factors affecting its activity in
milk are quite well defined; in the cases of
many other enzymes, such as the acid protease
cathepsin D, this information is incomplete.
Many of these factors, where known, will be
discussed in the relevant section for each
enzyme hereafter.

(iii) What is their significance in dairy products?
The most significant features of indigenous

enzymes with respect to dairy products are (2):
(a) Indices of animal health (especially mastitis)
(b) Indices of the thermal history of milk
(c) Deterioration of product quality
(d) Desirable changes in dairy products
(e) Protective (antibacterial) effects.

This review will concentrate on the effects of indige-
nous enzymes on the technological properties of milk and
dairy products.

Perhaps the principal issue to be addressed in terms of
evaluating the significance of indigenous milk enzymes
for the majority of modern dairy products is whether the
activity remains following pasteurization, which is the
primary processing step commonly applied to most milk.
Many studies have shown that milk is not rendered enzy-
matically inert by such thermal processing. Indeed, the
activity of the principal proteolytic enzyme in milk,
plasmin, may be increased during storage of milk post-
pasteurization, as will be discussed below. Post-pasteur-
ization, the residual activity of indigenous enzymes have
been linked to a wide range of positive or negative effects
in dairy products (e.g., in the case of plasmin, from the
ripening of cheese to coagulation and instability of UHT
milk products). Furthermore, when it occurs, inactivation
of enzymes by pasteurization or other processing steps
may not be sufficient to eliminate completely the activity
of certain  enzymes in milk; in many cases, the enzymes
already have had significant opportunity to act on milk



constituents (e.g., to hydrolyze casein in such a manner as
to affect product quality) prior to pasteurization, either
rapidly at temperature near their optimum (i.e., in the
udder at 37°C, prior to milking) or more slowly during
refrigerated storage at the farm or factory.

In the following sections, the significance of indige-
nous enzymes will be discussed in the above light, under
each of the major groups known to be present in raw milk.

A. INDIGENOUS LIPASE ACTIVITY IN MILK

Lipoprotein lipase (LPL) is found as an indigenous
enzyme in the milk of all mammals, although its level
varies from species to species; LPL is the only indigenous
lipase in bovine milk (9–11). It plays an important role in
milk production in the udder, as the products of its action
on triglycerides in lipoproteins, i.e., fatty acids and mono-
glycerides, are taken into the cell for the production of
energy, synthesis of tissue components or milk lipids, or
storage. LPL activity in the mammary gland is low before
and during pregnancy but increases soon after parturition
and remains high throughout lactation (12). This elevated
LPL activity means that triglycerides are diverted to the
mammary gland for the synthesis of milk lipids. LPL is
probably synthesized mainly and secreted into milk
together with the casein micelles; some transfer of LPL to
the milk fat globules may occur, particularly after milking
(9). To date, no role has been proven for LPL in milk uti-
lization by the neonate; Olivecrona et al. (9) speculated on
possible roles for this enzyme, including assisting with
the binding of milkfat to the intestinal mucosa, catalysis
of the transfer of lipids into cells, facilitating the action of
pancreatic lipase by partial hydrolysis of milkfat and per-
haps an anti-parasitic function.

Bovine LPL is a non-covalent homodimer of glycosy-
lated subunits containing 450 residues, 5 disulphide
bridges and 2 oligosaccharide chains. The structure of
LPL has been deduced by comparison of its sequence
with that of the closely related pancreatic lipase (9). The
active site of the enzyme is in a hydrophobic pocket pro-
tected by a surface loop (“lid”). LPL requires apolipopro-
tein CII (apoCII) for activity on lipoprotein substrates;
apoCII is not related to the co-lipase needed for the action
of pancreatic lipase. The exact mechanism by which
apoCII activates LPL is unknown, but it has been specu-
lated that it helps to orientate the lipase molecule at the
oil-water interface at which the enzyme acts (9).

LPL binds strongly to heparin and related polysac-
charides (13) via a groove on the side of the enzyme oppo-
site the active site. The role of heparin binding appears to
be to anchor the enzyme to heparin sulphate proteogly-
cans of the vascular endothelium (9). The catalytic mech-
anism of LPL is similar to that of pancreatic lipase and it
preferentially releases fatty acids from the sn-1 and sn-3
positions of mono-, di- and triglycerides in emulsified

lipid substrates. Since short- and intermediate-chain fatty
acids are esterified mainly at these positions, the action of
LPL results, in particular, in the release of these fatty
acids. The apparent pH optimum of LPL on milk fat glob-
ules as substrate is ca. pH 8 (9).

In common with many lipases, LPL is subject to
strong product inhibition (9). Since LPL can also catalyze
the synthesis of ester bonds between fatty acids and partial
glycerides, if the products of the hydrolysis (fatty acids)
are not removed or complexed, LPL will spend much time
producing fatty acids by hydrolysis and then using them as
substrates for synthesis. In addition, fatty acids interfere
with the binding of the enzyme to lipid droplets (14).

LPL in milk is associated mainly (>80%) with the
casein micelles and its presence is of significance for
lipolysis in milk and dairy products (9). Lipolysis occurs
slowly in milk during storage, principally due to the
action of LPL; it is only on prolonged storage or in cases
of poor hygiene that bacterial lipases become important.
Under ideal conditions (37°C, pH 7, in the presence of
activators), raw milk should become rancid within a few
minutes (9). Lipolysis in milk may be classified as spon-
taneous (i.e., without mechanical damage) or induced.
Most milks do not exhibit spontaneous lipolysis. The inci-
dence of induced lipolysis in milk has been reduced by
improvement in design and operation of mechanical
pipeline milking systems to avoid foaming or excessive
shear forces during pumping. However, lipolysis may
remain a problem if the milk is held for a long period
before being transported to the dairy for processing.

LPL may cause lipolysis in raw milk but, since this
enzyme is largely inactivated by pasteurization, its contri-
bution to lipolysis in products made from pasteurized milk
is minor. It is essential to pasteurize milk either before, or
immediately after, homogenization, as the changes to the
milk fat globule membrane would facilitate rapid lipolysis
unless LPL is inactivated (9, 11).

LPL plays a role in lipolysis during ripening of cheese
made from raw milk, or from sub-pasteurized milk (15).
The presence of active LPL in raw milk cheese is one of
the factors responsible for the difference in flavor between
cheeses of the same variety made from raw or pasteurized
milk, although heat-induced changes to the indigenous
microflora of the cheesemilk are probably of greater
importance (16).

A second lipase, bile salt-stimulated (or activated)
lipase (BSSL), is found in the milks of humans and some
primates, but not in those of domesticated milk-producing
animals. BSSL is also present in pancreatic juice where it
is referred to as “non-specific lipase” or “cholesteryl ester
hydrolase.” BSSL is found at high concentrations in
human milk, where it is thought to improve the utilization
of milk lipids by the neonate. Efforts are under way to
produce this enzyme by fermentation with a view to sup-
plementing infant formulae (9).
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B. INDIGENOUS PROTEINASES IN MILK

1. The Plasmin/Plasminogen System

Babcock and Russel (17) first recognized the presence of
indigenous proteolytic activity in raw milk. Today, the
principal indigenous proteinase in milk is recognized to be
the alkaline proteinase, plasmin (EC 3.4.21.7), which was
first identified in milk by Kaminagowa et al. (18). Several
reviews of the nature and significance of plasmin in milk
have been published in recent years (19–23).

Plasmin is identical to the enzyme of the same name
(which is also known as fibrinolysin) found in blood. That
enzyme is a key element of the blood clotting mechanism
(its role is in dissolving blood clots), and in that role its
activity is, perhaps unsurprisingly, under the control of a
complex and interconnected system of activators and
inhibitors (24). It is thought that plasmin in milk origi-
nates from blood through leakage across the mammary
gland secretory cell membranes, and to date almost all of
the components of the blood plasmin system have also
been found in milk, presumably through leakage (23). The
principal elements of the plasmin system in milk are:

● Plasmin, the active enzyme, a serine proteinase
of molecular weight 88,092 Da

● Plasminogen, its inactive zymogen (precursor)
● Plasminogen activators (PA), which proteolyti-

cally cleave plasminogen to yield active plasmin;
there are two classes of PA in milk: tissue-type
PA (tPA) and urokinase-type PA (uPA)

● Inhibitors of plasminogen activators (PAI)
● Inhibitors of plasmin (PI)

The properties of these elements of the plasmin sys-
tem, where known, are summarized in Table 27.1. All the
parts of the plasmin system listed above are indigenous to
milk. In addition, some pathogenic bacteria associated
with mastitis, i.e., infection of the mammary gland, such
as Streptococcus uberis, possess PA activity, which they

use to accelerate proteolysis in the infected udder 
(25). Furthermore, the proteolytic activity of some 
psychrotrophic bacteria can release plasmin from the
casein micelles, where it is normally located, into the
serum phase of milk, or whey (26, 27).

a. Proteolysis of Milk Proteins by Plasmin
There are two principal classes of proteins in milk. The
caseins (αs1-, αs2-, β- and κ-) are relatively hydrophobic
proteins which occur, in milk, in the form of spherical
micelles containing thousands of molecules of each
casein, plus nanoclusters (small particles) of (colloidal)
calcium phosphate; the structure of the caseins has been
described as rheomorphic, which means that they have a
high degree of conformational flexibility (28). The casein
micelles are stabilized in the aqueous environment of milk
by a “hairy layer” comprising the hydrophilic C-terminal
glycoprotein moiety of κ-casein. The second class of milk
proteins, the whey proteins, are globular proteins, the
principal of which are β-lactoglobulin and α-lactalbumin.

Plasmin is an alkaline serine proteinase, with a tem-
perature optimum of 37°C and a pH optimum of 7.5. It
preferentially hydrolyzes peptide bonds of the type Lys-X
and, to a lesser extent, Arg-X; of the caseins (CN), β-CN
is its preferred substrate. Hydrolysis of this protein by
plasmin yields three polypeptide products known as the 
γ-caseins (β-CN f29-209, f106-209, f108-209), as well as
proteose peptones (PP) PP 5 (β-CN f1-105/7), PP8 fast
(f1-28) and PP8 slow (f29-105/7) (29). In solution, plas-
min also readily degrades αs2-CN (30, 31), but peptides
derived from it have not been identified in milk. While
plasmin acts more slowly on αs1-CN (32), a number of
αs1-CN-derived peptides, collectively known as the
λ-caseins, have been identified in milk (33). κ-CN is
resistant to hydrolysis by plasmin. The whey proteins are
also resistant to proteolysis by plasmin, and β-lactoglobu-
lin can, in fact, act as an inhibitor of plasmin activity.

b. Factors Affecting Plasmin Activity in Milk
Plasmin activity is usually measured in a citrate disper-
sion of milk or cheese, using either a fluorogenic or chro-
mogenic substrate (34–36). Total activity (plasminogen
plus plasmin) is measured after activation of plasminogen
by added urokinase, and the level of plasminogen calcu-
lated by difference. Assays have also been described for
activity of PA (37); the ratio of plasminogen to plasmin in
milk is also frequently used as an indication of the extent
of plasminogen activation.

One problem with enzymatic assays for plasmin is the
presence of protease inhibitors in milk. Some methods for
assaying this activity avoid such interference by centrifu-
gation of plasmin, bound to casein, from milk and re-sus-
pending the pellet in a buffer containing ε-amino-caproic
acid, which releases the enzyme from the micelles, prior
to assay (37). A new modified method uses a clarifying
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TABLE 27.1
Principal Constituents of the Plasmin System in Milk

Constituent Function Location

Plasmin Active enzyme Casein micelle
Plasminogen Inactive zymogen Casein micelle
Plasminogen activators (PA)

Tissue-type (tPA) Convert plasminogen Milk serum
to plasmin

Urokinase-type (uPA) Convert plasminogen Somatic cells
to plasmin

Plasminogen activator Inhibition of PA Milk serum
inhibitors (PAI)

Plasmin inhibitors (PI) Inhibition of plasmin Milk serum



reagent to reduce the turbidity of milk before fluorimetric
analysis, without the need for more complex sample
preparation (38). Alternatively, ELISA methods have been
used to quantify plasmin levels in milk (39). However, dif-
ferent approaches will yield different information, for
example, the exact concentration of plasmin in milk ver-
sus its actual proteolytic potential, as determined by all
inhibitory substances present.

The activity of plasmin in milk is not constant, but
varies due to a number of factors. Furthermore, there are
several mechanisms by which plasmin activity can be
modulated in milk, which leads to a complex multi-facto-
rial system influencing the net plasmin activity in fresh
raw milk.

The two principal routes by which plasmin activity in
milk may be increased are (40):

● Increased transport of active plasmin from blood
● Increased conversion of plasminogen to plas-

min by PA

These two routes are not independent; the increased
permeability of the blood/milk barrier which facilitates
the first route also increases the levels of PAs (41, 42). For
example, somatic cells in milk possess PA activity, and
can thereby activate plasminogen.

The principal factors which affect plasmin activity in
milk are summarized in Table 27.2.

When milk is refrigerated, proteolysis is reduced
greatly, although β-casein dissociates from the casein
micelles into the serum (43), which should, in theory,
facilitate proteolysis. However, at 4°C, no activation of
plasminogen occurs and the activity of plasmin decreases
over time (44).

Plasmin activity is further affected by the processing
of raw milk. The effect of pasteurization on plasmin activ-
ity in milk is complex. The heat treatment per se (typically
heating to 72–74°C for 15–30 s in a plate heat exchanger)
slightly reduces the activity of plasmin. However,
inhibitors of PA are believed to be inactivated by pasteuri-
zation, which accelerates the subsequent conversion of

plasminogen to plasmin (in the absence of down-regula-
tion by these inhibitors), and eventually causes a net
increase in plasmin activity in pasteurized milk relative to
raw milk (45).

More severe heat treatments than pasteurization result
in far more significant inactivation of plasmin in milk. In
general, the inactivation of plasmin in milk is thought to
be linked to the denaturation of the whey protein, β-lac-
toglobulin (β-lg); thermal denaturation of the latter pro-
tein exposes a highly reactive sulphydryl group, which
can undergo disulphide-sulphydryl interchange reactions
with disulphide bonds which are key structural features of
the molecular conformation of plasmin. In the absence of 
β-lg, plasmin is very heat resistant, and will refold to an
active state after thermal unfolding; however, in the pres-
ence of β-lg, heat-induced formation of heterologous
disulphide-linked complexes prevents such refolding, and
leads to loss of enzyme activity. In ultra-high-temperature
(UHT)-treated milk, for example, plasmin activity is very
low (46, 47).

In fact, heating milk to a temperature sufficient to
denature β-lg reduces proteolysis therein by two mecha-
nisms: enzyme inactivation, as discussed above, and com-
plexation of denatured β-lg with casein micelles, which
may sterically hinder access of the enzyme to cleavage
sites on the caseins (48).

c. Significance of Plasmin in Milk and
Dairy Products

In pasteurized liquid milk, proteolysis of casein by plas-
min during storage has little direct impact: while, in prin-
ciple, such action could result in physical instability (as
will be discussed below for UHT milk) or development of
bitterness (through the liberation of small hydrophobic
peptides), the growth of psychrotrophic bacteria, such as
Bacillus species, is generally the principal determinant of
shelf life (49).

However, in long shelf-life milk products (such as
UHT milk), where bacterial growth and activity do not
occur, and the product is often stored at ambient tempera-
ture, even the low residual activity of plasmin remaining
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TABLE 27.2
Farm-level Factors Affecting Plasmin Activity in Milk

Factor Comments on Known Effects

Stage of lactation Plasmin activity generally increases in late lactation
Mastitis Plasmin activity is generally well correlated with milk somatic cell count (SCC); 

levels of protease inhibitors in milk also increase mastitis
Diet Restricted diets increase plasmin activity, especially in late lactation
Breed of cow Milk from Fresian cows has higher plasmin activity than that of Jersey cows
Age of cow Plasmin activity is higher in milk from older cows
Genotype Milk with different genotypes of β-lactoglobulin can vary in plasmin activity
Hormone usage Somatotrophin suppresses plasmin in milk; estrogen increases activation of

plasminogen to plasmin.



after the severe heat treatment applied (typically,
135–140°C for 2–4 sec) can contribute to proteolysis,
albeit at a very low level, during storage. Furthermore, it
has been suggested that such slow hydrolysis of caseins
may be linked to the occurrence of physical changes in the
milk, such as irreversible gelation during storage (46, 47).

Plasmin activity can potentially influence cheese
quality in two main ways. Firstly, pre-manufacture
hydrolysis of the caseins has been shown to affect the ren-
net coagulation properties of milk (50, 51); while rennet
coagulation times can actually be reduced by plasmin
action, gels formed from hydrolyzed milk are weaker than
those from control milk (although these effects may be
confounded by other changes in milk with elevated plas-
min activity, such as late lactation or mastitic milk).
Secondly, plasmin in curd is an important contributor to
primary proteolysis of the caseins during cheese ripening.
The activity of plasmin in cheese is directly affected by
the cheese manufacture protocol (e.g., a high curd cook-
ing temperature increases the relative contribution of plas-
min to ripening) and the physicochemical environment of
the cheese (e.g., pH, temperature, etc.). Studies involving
either inhibition or augmentation of plasmin activity in
cheese (the latter to investigate the possibility of using
plasmin to accelerate cheese ripening) have shown that it
probably does not contribute directly to cheese flavor,
being principally involved in production of large polypep-
tides, rather than amino acids (52).

2. Other Indigenous Proteinases in Milk

Milk from a healthy cow contains a low level (<200,000
cells/ml) of white blood (somatic) cells. On mastitic
infection, the somatic cell count (SCC) of milk increases
rapidly and markedly, principally due to a massive influx
of one type of white blood cell, polymorphonuclear leu-
cocytes (PMN). Somatic cells in milk possess lysosomes
which contain a range of proteolytic and other enzymes,
the significance of which for the quality of dairy products
is ill-defined (21).

Proteolytic activity in milk is correlated with its SCC;
while part of this is unquestionably due to increased plas-
min activity (Table 27.2), it is acknowledged that lysosomal
proteinases contribute to proteolysis. This can be estimated
by using specific assays for a range of proteolytic enzymes,
or by examining the nature and origin of hydrolytic prod-
ucts in milk samples with different SCC (53, 54).

The second proteinase to be identified conclusively in
milk was the lysosomal aspartic proteinase cathepsin D
(55, 56). This enzyme is present in a number of different
molecular forms in milk, not all of which are proteolyti-
cally active, and is located in the serum phase of milk
(57). Cathepsin D activity in milk may be assayed using
haemoglobin or synthetic chromogenic peptides as sub-
strate; its activity is actually quite low, relative to that of

plasmin (proteolysis patterns in fresh milk quite closely
reflect those of the latter enzyme). Cathepsin D at least
partially survives pasteurization (58, 59).

The proteolytic activity of cathepsin D and chymosin
on αs1-casein are very similar; cathepsin D is quite active
on this substrate (60, 61). β-Casein is also hydrolyzed
readily by cathepsin D, yielding a pattern similar, but not
identical, to those produced by chymosin (60, 61). The
action of cathepsin D on bovine αs2-casein produces a
hydrolysis pattern quite different from that produced from
this substrate by chymosin (60, 61). As for plasmin, the
whey proteins are relatively resistant to the action of
cathepsin D, compared with the caseins (60).

κ-Casein, the micelle-stabilizing protein, is hydrolyzed
by cathepsin D at the Phe105-Met106 position, the bond
cleaved by chymosin during the rennet coagulation of
milk (60, 61). Thus, it might be expected that cathepsin D
could coagulate milk; however, exogenous cathepsin D
coagulates milk very slowly (60, 61). The ability of
cathepsin D to coagulate milk is strongly pH-dependent
and is faster at lower pH, reflecting the low pH optimum
of the enzyme. The level of indigenous cathepsin D in
milk (ca. 0.4 µg ml�1) is much lower than that required to
cause coagulation of milk within a reasonable time, even
under ideal conditions; thus, the action of indigenous
cathepsin D probably does not significantly influence ren-
net coagulation, particularly if cheese is made from pas-
teurized milk (60). However, the enzyme may contribute
to the degradation of κ-casein in other dairy products dur-
ing prolonged storage.

In terms of the significance of cathepsin D for other
products, most studies to date have focused on cheese,
where it is extremely difficult to discern its contribution due
to its close resemblance to chymosin. However, evidence of
its activity has been reported in Swiss cheese and, most sig-
nificantly, in Feta-like cheese made from thrice-pasteurized
milk without the use of rennet (59) and in Quarg made from
pasteurized milk without use of rennet (62).

Cathepsin D is probably only one of a number of lyso-
somal proteolytic enzymes in milk; it seems almost
inevitable that other enzymes from this source are present
in milk, at levels proportional to the SCC of milk.
However, this area has received little attention to date.
Many lysosomal proteinases are cysteine proteinases
(including cathepsins B, L and H); cysteine proteinase
activity in milk, due to the presence of at least two sepa-
rate enzymes, and strongly correlated with SCC, has been
reported by two independent groups (63, 64). The pres-
ence of immunoreactive cathepsin B in normal milk has
been demonstrated (63). The specificity of cathepsin B on
the caseins has also been determined recently (65).

The principal serine proteinase in the polymorphonu-
clear leucocytes (PMN), the principal type of somatic cell
found in milk during mastitis (66), is elastase, an inhibitor
of which has been found in milk (67); another important
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somatic cell proteinase is cathepsin G. There have also
been sporadic reports of other indigenous proteolytic
enzymes in bovine milk, such as an indigenous lysine
aminopeptidase (68), but the presence of this enzyme has
not been confirmed.

In general, it may be argued that the levels of pro-
teinases other than plasmin in normal milk are too low to
have an influence on the quality of dairy products; how-
ever, this area warrants further attention.

C. ENZYMES INVOLVED IN PHOSPHORYL TRANSFER

Four categories of enzymes are involved in the transfer of
the phosphoryl group: phosphatases (EC 3.1.3…), phos-
phodiesterases (EC 3.1.4…), kinases (EC 2.7.1…– EC
2.7.6…) and phosphorylases (EC 2.4.1… and EC
2.4.2…). The most important phosphohydrolyases in milk
are two types of phosphomonoesterases (phosphatases),
alkaline phosphatase and acid phosphatase. A number of
other activities have been found in milk, including
5�-nucleotidase, glucose-6-phosphatase, phosphodi-
esterase I, deoxyribonuclease (DNase), ribonuclease
(RNase), inorganic pyrophosphatase, adenosine triphos-
phatase and nucleotide pyrophosphatase. This class of
enzymes in milk has been reviewed regularly (69–71).

The major indigenous phosphomonoesterase in milk
is alkaline phosphatase (EC 3.1.3.1). This enzyme is a
dimeric glycoprotein (85 kDa subunits), requiring 4 Zn
atoms per molecule for activity; it is activated by divalent
metal ions (Ca2�, Mn2�, Zn2�, Co2�, Mg2�) and inhibited
by metal chelators and orthophosphates. The enzyme is
present mainly in the milk fat globule membrane. Alkaline
phosphatase is optimally active in the pH 9–10.5 range
and at 37°C (70).

The thermal inactivation kinetics of alkaline phos-
phatase have been studied thoroughly as residual alkaline
phosphatase activity is widely used as an index of pas-
teurization (72). The enzyme is slightly more heat-resist-
ant than Mycobacterium tuberculosis, which for many
years was the most heat-resistant vegetative pathogen
known in milk and the target organism for pasteurization.
Results of “phosphatase tests” below certain limits are
required for certification of pasteurized milk in many
countries. However, the use of alkaline phosphatase as a
marker enzyme for pasteurization suffers from a number
of drawbacks (73):

● Some microorganisms in certain types of
cheese (e.g., some lactic acid bacteria and
Penicillium roqueforti) have alkaline phos-
phatase activity and thus certain cheeses, made
from properly pasteurized milk, may exhibit a
positive phosphatase test.

● Reactivation of alkaline phosphatase can occur
following certain heat treatments equivalent to,

or greater than, pasteurization (e.g., tempera-
tures of 82–180°C for milk or 74–180°C for
cream for a short time).

● The enzyme appears to be inactivated fully by
sub-pasteurization conditions (70°C � 16 s).

● The relationship between pasteurization equiv-
alent and log (% residual activity) is less linear
for alkaline phosphatase than for some other
indigenous enzymes in milk (e.g., lactoperoxi-
dase or γ-glutamyl transpeptidase).

The major technological importance of alkaline phos-
phatase is its use as a marker enzyme for pasteurization;
no other technological roles have been confirmed (70).

An indigenous acid phosphatase (EC 3.1.3.2) in milk
was reported first in the 1940s. A high proportion of the
total acid phosphatase activity in milk is in skim milk,
although cream contains a higher specific activity. This
enzyme is a glycoprotein with a molecular mass of ca. 42
kDa and a pI of 7.9, containing a high level of basic amino
acids but lacking methionine. It is inhibited by several
heavy metals, F-, oxidizing agents, orthophosphates and
polyphosphates, activated by thiol reducing agents and
ascorbate and is unaffected by metal-chelating agents
(70). The enzyme is active against phosphoproteins,
including the caseins, and is quite heat-stable, surviving
HTST pasteurization but being inactivated by UHT treat-
ments. Although a lower level of acid phosphatase activ-
ity than alkaline phosphatase activity is found in milk,
acid phosphatase may be technologically important, due
to its lower pH optimum (ca. 3.5–5), which is closer to the
pH of many fermented dairy products (70).

There have been reports that milk contains more than
one indigenous acid phosphatase (70), although it is likely
that this heterogeneity is due to leukocyte enzymes from
somatic cells, some of which are always present in milk.

As discussed by Shakeel-Ur-Rehman et al. (70), sev-
eral small partially dephosphorylated peptides have been
isolated from a number of cheese varieties, although it is
not entirely clear whether indigenous or endogenous
(starter) phosphatases are responsible for their production.
However, the activity of the indigenous acid phosphatase
is thought to be important.

Milk also contains two indigenous acid phosphatases of
leukocyte (somatic cell) origin; the acid phosphatase activ-
ity of milk increases 4–10 fold during mastitis (74–76).

Nucleases are particular types of phosphodiesterases
which hydrolyze the phosphodiester linkages in nucleic
acids. As reviewed by Stepaniak et al. (77), milk is a rich
source of RNase, which is almost entirely located in the
serum phase, and is optimally active at ~pH 7.5. A num-
ber of isoenzymes of RNase are present in milk, princi-
pally RNase A (which is identical to pancreatic RNase A)
and RNase B, in a ratio of about 4:1. Bovine milk contains
approximately 3 times as much RNase as human, ovine or
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caprine milk. Most of the RNase activity in milk survives
HTST pasteurization, although activity is essentially com-
pletely lost on UHT treatment. There has also been one
report of indigenous DNase activity in milk (77).

D. LACTOPEROXIDASE

Milk contains natural inhibitors (“lactenins”) of the growth
of susceptible strains of starter bacteria. Further study has
shown the lactenins to be antibodies (which cause suscepti-
ble bacteria to aggregate and localized acid production) and
lactoperoxidase. Lactoperoxidase, an oxidoreductase, is a
glycoprotein consisting of a single peptide chain with a
molecular weight of 78,000 Da; it is a haem protein, with
one iron molecule bound per mole of enzyme, and its sta-
bility depends on binding of a chelated calcium ion (78–80).

This enzyme catalyzes the following reactions:

(1) H2O2 � 2HA → 2H2O � 2A (27.1)

where the substrate, HA, can be one of several com-
pounds, including aromatic amines, phenols, vitamin C.

(2) oxidation of thiocyanate (CNS�) by H2O2 (27.2)

The products of reaction 27. 2, particularly the hypothio-
cyanate anion (OSCN-), inhibit many bacteria; this inhibi-
tion is particularly effective against bacteria which
produce H2O2, such as lactic acid bacteria. It is believed
that hyopthiocyanate can oxidize vital bacterial enzymes
and sulphydryl groups in the cytoplasmic membrane,
impairing its transport properties (81). Lactoperoxidase
itself has no antibacterial action, but merely catalyzes the
formation of antibacterial substances (e.g., the hypothio-
cyanate anion) from precursors.

The inhibition may be temporary (especially for
Gram-positive bacteria such as streptococci and lacto-
bacilli) or permanent and lethal (for Gram-negative cata-
lase-positive bacteria such as E. coli, Salmonellae and
Pseudomonas spp.) (78, 82).

However, while there is always a relatively constant
and high level of lactoperoxidase in milk (30 mg/L, a
30-fold excess of the minimum required to achieve micro-
bial inhibition), the concentrations in milk of other critical
components and substrates of the system can vary widely
(79). For example, the level of thiocyanate is generally lim-
iting and depends on the availability of precursor substances
(such as cyanoglucosides) in the feed (plants of the brassica
family, e.g., cabbage, are rich in these); the origin of the
very low level of H2O2 naturally present in milk is unclear,
but may be related to the action of milk leucocytes and
mammary tissues, the presence of catalase-positive micro-
organisms or the action of xanthine oxidase (79). The total
antibacterial action is proportional to the production of the
inhibitory end-products, and hence this can also vary (78).

The lactoperoxidase system can be exploited to pre-
vent the spoilage of raw milk by adding thiocyanate (typ-
ically 10 mg kg�1 of a powdered preparation), followed
by thorough mixing and addition of a small amount of
H2O2 (often in the form of granular sodium carbonate per-
oxyhydrate) (83). This method has particular applications
in countries with a warm climate, where it can allow milk
to be stored at a relatively high temperature (e.g., 30°C for
7–8 hours, or 20°C for 16–17 hours) (84). This allows
producers without cooling facilities to transport milk to
central cooling and processing centers, and has significant
economic implications for milk-producing farmers in
developing countries. A Code of Practice for the applica-
tion of this method for preserving milk was approved by
the FAO/WHO Expert Committee on Food Additives in
1989 and by the Codex Alimentarius Commission in
1991. Ideally, the natural thiocyanate content of the milk
should be determined, in a centralized testing facility,
before determining the level of thiocyanate to be added.

The effectiveness of the lactoperoxidase system can
also be enhanced by adding  xanthine oxidase to milk, an
indigenous oxidizing enzyme which can produce H2O2

from substances such as xanthine and hypoxanthine.
Lactoperoxidase treatment of milk is not regarded as

a treatment suitable for liquid milk, but rather as a pro-
cessing aid which merely enhances a naturally occurring
functionality of the milk; quality of the raw milk must still
be good. The lactoperoxidase system has also been
exploited in mastitis therapy during the dry period, control
of post-fermentation acidification of yoghurt, preservation
of HTST pasteurized milk and stabilization of dairy emul-
sions. The system has also been applied in cosmetics,
ophthalmic solutions, dental and wound treatments, tooth-
pastes and mouth rinses, and anti-tumor, anti-bacterial
and anti-viral products (for a review of applications of lac-
toperoxidase, see Ref. 85).

Lactoperoxidase is considerably more heat-resistant
than, for example, alkaline phosphatase, having a D-value
at 80°C of 4 sec, and a very high Q10 value (72, 86).

E. OTHER INDIGENOUS ENZYMES

Approximately 60 enzyme activities have been identified
in milk, although most have not been studied in detail. As
discussed by Fox (2) and Farkye (87), some indigenous
enzymes present at low levels in milk have an established
function for the development of the neonate, while others
may be present in milk simply because of the way in
which it is synthesized in the udder or through leakage
from the blood. A partial list of minor enzyme activities
identified in milk is shown in Table 27.3; most of these
enzymes have no technological significance.

Putative roles have been suggested by Farkye (87) for
some indigenous enzymes in milk present at low concen-
trations, although it should be stressed that many of these
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TABLE 27.3
Partial List of Minor Enzyme Activities in Milk (Modified from Ref. 87)

EC No. Enzyme Reaction Catalyzed Location in Milk

1.1.1.14 L-Iditol dehydrogenase L-Iditol � NAD� � L-sorbose � NADH SM
1.1.1.27 L-Lactate dehydrogenase L-lactate � NAD� � pyruvate � NADH � H� ?
1.1.1.37 Malate dehydrogenase Malate � NAD� � oxaloacetate � NADH SM
1.1.1.40 Malic enzyme Malate � NADP� � pyruvate � CO2 � NADPH SM

(oxaloacetate-decarboxylating) (NADP�)
1.1.1.42 Isocitrate dehydrogenase (NADP�) Isocitrate � NADP� � 2-oxogluterate � CO2 � NADPH SM
1.1.1.44 Phosphoglucuronate dehydrogenase  6-Phospho-D-gluconate � NADP� � D-ribulose

(decarboxylating) 5-phosphate � CO2 � NADPH SM
1.1.1.49 Glucose-6-phosphate dehydrogenase D-Glucose-6-phosphate � NADP� � D-glucono-1,5-lactone SM

6-phosphate � NADPH
1.1.3.22 Xanthine oxidase Xanthine � H2O � O2 � uric acid � O2

(�.) FGM
Xanthine � NAD� � H2O � uric acid � NADH

1.4.3.6 Amine oxidase RCH2NH2 � H2O � O2 � RCHO � NH3 � H2O2 SM
(Cu-containing) 

_ Polyamine oxidase Spermine → spermidine → putrescine SM
_ Sulphydryl oxidase 2RSH � O2 → RSSR � H2O2 SM
_ Fucosyltransferase Catalyzes transfer of fucose from GDP L-fucose to SM

specific oligosaccharides and glycoproteins
1.6.99.3 NADH dehydrogenase NADH � acceptor � NAD� � reduced receptor FGM
1.8.1.4 Dihydrolipomide dehydrogenase Dihydrolipomide � NAD � lipoamide � NADH SM/FGM

(diaphorase)
1.11.1.6 Catalase 2H2O2 � 2H2O � O2 SM/FGM
1.11.1.9 Glutathionine peroxidase 2GSH � H2O2 → GSSH � 2H2O SM
1.15.1.1 Superoxide dismutase 2O2 

(�.) � 2H� → H2O2 � O2
• SM

2.3.2.2 γ-Glutamyl transferase (5L-Glutamyl)-peptide � amino acid � peptide � SM/FGM
5-L-glutamyl-amino acid

2.4.1.22 Lactose synthetase A protein UDP- UDP galactose � D-glucose � UDP � lactose SM
galactose: D-glucose, 1-galactosyl-
transferase B protein: α-lactalbumin

2.4.1.38 Glycoprotein 4-β-galactosyltransferase UDP galactose � N-acetyl-D-glucosaminyl-glycopeptide � FGM
UDP � 4-β-D-galactosyl-N-acetyl-
D-glucosaminylglycopeptide

2.4.1.90 N-Acetyllactosamine synthase UDP galactose � N-acetyl-D-glucosamine �
UDP � N-acetyllactosamine

2.4.99.6 CMP-N-acetylneuraminate-galactosyldiacyl- CMP-N-acetylneuraminate � β-D-galactosyl-1,4-N-acetyl- SM
glycerol α-2,3-sialyltransferase D-glucosaminyl-glycoprotein � CMP �

α-N-acetylneuraminyl 1-2,3-β-D-galactosyl-1,4-N-acetyl-
D-glucosaminyl-glycoprotein

2.5.1.3 Thiamin-phosphate pyrophosphorylase 2-Methyl-4-amino-5-hydroxy-methylpyrimidinediphosphate � FGM
4-methyl-5-(2-phosphonooxyethyl)-thiazole �
pyrophosphate � thiamine monophosphate

2.6.1.1 Aspartate aminotransferase L-Aspartate � 2-oxoglutarate � oxaloacetate � L-glutamate SM
2.6.1.2 Alanine aminotransferase L-Alanine � 2-oxoglutarate � pyruvate � L-glutamate SM
2.7.7.49 RNA-directed DNA polymerase n Deoxynucleoside triphosphate � n pyrophosphate � DNAn SM
2.8.1.1 Thiosulphate sulphurtransferase Thiosulphate � cyanide � sulphite � thiocyanate SM
3.1.1.8 Cholinesterase An acylcholine � H2O � choline � a carboxylic acid anion FGM
3.1.3.4 Phosphatidate phosphatase A 3-sn-phosphatidate � H2O � a 1,2-diacyl-sn-glycerol � FGM

orthophosphate
3.1.3.5 5�-Nucleotidase 5�-Ribonucleotide � H2O � ribonucleoside � Pi FGM
3.1.3.9 Glucose-6-phosphatase D-Glucose 6-phosphate � H2O � D-glucose � Pi FGM
3.1.4.1 Phosphodiesterase I Removes 5�-nucleotides successively from the 3�-hydroxy FGM

terminal of 3�-hydroxy-terminated oligonucleotides
3.1.6.1 Arylsulphatase A phenol sulphate � H2O � a phenol � sulphate
3.2.1.1 α-amylase Hydrolyzes 1,4-α-D-glucosidic linkages in polysaccharides ?

containing at least three 1,4-α-linked D-glucose units
(Continued)



hypotheses are highly speculative and that further
research is necessary for their validation.

Some of these are summarized below:

● L-Lactate dehydrogenase, catalase, β-glu-
curonidase and N-acetyl-β-D-glucoseaminidase
have been suggested as marker enzymes for
mastitis.

● Inactivation of α-mannosidase has been sug-
gested as a method to monitor heat treatment of
milk at a temperature between 80 to 90°C.

● Glutathione peroxidase is a selenoenzyme and
thus is a source of Se in milk.

● Indigenous lysozyme may have an antibacterial
effect. Lysozymes (muramidase, peptidogly-
can-N-acetylmuramoyl hydrolase) cleave the
glycosidic linkage between N-acetylmuramic
acid and N-acetyl-D-glucosamine in the pepti-
doglycan of bacterial cell walls.

● Sulphydryl oxidase in milk produces H2O2,
which may be involved in the antibacterial lac-
toperoxidase system in milk.

● Superoxide dismutase may play a role in main-
taining the oxidative stability of milk by scav-
enging the superoxide ions produced by
xanthine oxidase.

● Xanthine oxidase, one of the most well-studied
indigenous enzymes in milk, plays a role in the
metabolism of purines, catalyzing the oxidation
of hypoxanthine to xanthine, of xanthine to uric
acid and the superoxide anion. It has been sug-
gested that xanthine oxidase might be involved
in the development of a spontaneous oxidized
flavor in milk, although studies disagree on its
role in this defect. It had been suggested that
xanthine oxidase plays a role in the develop-
ment of atherosclerosis, but this hypothesis has
been disproved.

● Catalase, which contains iron, may act non-
enzymatically to promote lipid oxidation.

III. EXOGENOUS ENZYMES

A. MILK COAGULANTS

It is speculated that rennet-coagulated cheese developed
accidentally, due to the separation into curds and whey of
milk stored in bags made from animal stomachs. Scientific
study of this phenomenon revealed that such stomachs con-
tain enzymatic activity with milk-clotting activity (MCA).
The nature and composition of this activity changes with
age of the cow; an extract of calf contains predominantly
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TABLE 27.3 (Continued)

EC No. Enzyme Reaction Catalyzed Location in Milk

3.2.1.17 Lysozyme Cleaves 1,4-β-linkages between N-acetylmuramic acid and ?
N-acetyl-D-glucosamine residues in peptidoglycan

3.2.1.21 β-Glucosidase Hydrolysis of terminal non-reducing β-D-glucose FGM
3.2.1.23 β-Galactosidase Hydrolysis of terminal non-reducing β-D-galactosides FGM
3.2.1.24 α-Mannosidase Catalyzes the hydrolysis of terminal, non-reducing residues SM

from α-D-mannosides
3.2.1.30 N-Acetyl-β-D-glucosaminidase Hydrolysis of terminal non-reducing N-acetyl-β-D-glucosamine SM??

residues from glycoproteins
3.2.1.31 β-Glucuronidase β-D-glucuronoside � H2O � alcohol � D-glucuronic acid ?
3.2.1.51 α-L-Fucosidase An α-L-fucoside � H2O � alcohol � L-fucose —
3.4.11.1 Cystol aminopeptidase Aminoacyl-peptide � H2O � amino acid � peptide SM

(leucine aminopeptidase)
3.4.11.3 Cystinyl-aminopeptidase Cystinyl-peptide � H2O � amino acid � peptide SM

(oxytocinase) 
3.4.21.4 Trypsin Hydrolyzes peptide bonds, preferentially Arg-X, Lys-X SM
3.6.1.1 Inorganic pyrophosphatase Pyrophosphate � H2O � 2 orthophosphate SM/FGM
3.6.1.3 Adenosine triphosphatase ATP � H2O → ADP � Pi FGM
3.6.1.6 Thiamine pyrophosphatase A nucleoside diphosphate � H2O � a nucleotide � FGM

(nucleoside diphosphatase) orthophosphate
3.6.1.9 Nucleotide pyrophosphatase A dinucleotide � H2O � 2 mononucleotides SM/FGM
4.1.2.13 Fructose-biphosphate aldolase D-Fuctose-1,6-biphosphate � glycerol phosphate �

D-glyceraldehyde-3-phosphate SM
4.2.1.1 Carbonate dehydratase H2CO3 � CO2 � H2O SM
5.3.1.9 Glucose-6-phosphate isomerase D-Glucose 6-phosphate � D-fructose 6-phosphate SM
6.4.1.2 Acetyl-CoA carboxylase ATP � acetyl-CoA � HCO3

� � ADP orthophosphate � FGM
malonyl-CoA

SM � skim milk; FGM � fat globule membrane.



the aspartic proteinase, chymosin, with a small amount of
pepsin. With increasing age, however, the proportion of
chymosin decreases, while that of pepsin increases.

While many proteinases will coagulate milk under
suitable conditions, many decades of investigation of
other enzymes suitable for coagulation of milk for indus-
trial cheesemaking failed to uncover an enzyme better
than chymosin. The first commercially available standard-
ized calf-derived coagulant preparation was produced by
Christian Hansen in 1874. Rennet was the first enzyme
industrially produced and sold with a standardized
enzyme activity. The characteristics of chymosin as a milk
coagulant have been reviewed (88–93).

Calf chymosin has a very high specificity for the
Phe105-Met106 bond of bovine κ-casein; this is thought to
be partly due to electrical attraction between the positively
charged region of the protein from residues 98 to 111 and
the negatively charged active site of the enzyme, and also
to structural conformation of the binding pocket of the
enzyme relative to this region of the substrate protein.
Cleavage of this bond removes the glycosylated region of
the protein (glycomacropeptide, GMP); the remainder of
the molecule is referred to as para-κ-casein (κ-CN
f1-105). The enzymatic reaction is first-order and diffu-
sion-limited in nature; the velocity of the reaction depends
greatly on pH and temperature.

The portion of the molecule removed by chymosin,
known as the caseinomacropeptide (CMP), stabilizes the
hydrophobic caseins as micelles in the aqueous environment
of milk, by mutual electrostatic and steric repulsion of indi-
vidual micelles. Removal of the GMP reduces the zeta
potential of casein micelles, and greatly destabilizes them.
When denuded of a critical level (~80%) of this protective
coating, in the presence of a sufficient level of calcium and
at a temperature above 18°C, the casein micelles begin to
aggregate, at first into chains and clusters, but finally coa-
lescing into a three-dimensional network, which results in
the gelation of the milk (for a review of the manner in which
coagulants destabilize the casein micelle, see Ref. 94).

Chymosin is an aspartic proteinase (MW 35,600 Da)
with a pH optimum for proteolytic activity around 4.
Chymosin has been very well characterized at the enzy-
matic and molecular levels. While it exhibits a very high
specificity for the Phe105-Met106 bond of κ-casein, chy-
mosin is also generally proteolytically active on the
caseins. However, during the coagulation of milk, the reac-
tion which causes milk coagulation occurs at such a rela-
tively rapid rate that very little additional proteolysis
occurs during the course of cheesemaking; hence, the loss
of peptides in whey is very low. This unusually low level
of non-specific proteolysis during cheesemaking (in com-
parison to other milk coagulants) is the main reason why
chymosin is regarded as such an ideal milk coagulant (95).

While most of the chymosin added to milk in cheese-
making is lost in the whey, some adsorbs onto the caseins

and is incorporated into the cheese curd; in addition, some
is retained in the serum phase (whey) within the cheese
(96). Along with plasmin, chymosin is one of the most sig-
nificant agents during the early stages of ripening of many
cheese varieties, hydrolyzing the caseins to large polypep-
tides that are further degraded by starter bacterial pro-
teinases and peptidases. Chymosin hydrolyzes αs1- and
β-caseins quite readily (95). The hydrolysis of β-casein at
pH 6.5 is strongly inhibited by increasing salt concentra-
tion, due to hydrophobic interactions, which shield chy-
mosin-sensitive peptide bonds; this inhibitory effect is
reduced at lower pH values. Chymosin principally
hydrolyzes αs1-casein at the Phe23-Phe24 bond, yielding the
peptides αs1-CN (f1-23) and αs1-CN (f24-199; sometimes
known as αs1-I-casein); this cleavage reaction plays a role
in the initial softening of cheese texture during ripening
(97). However, several other bonds in αs1-casein are also
cleaved by chymosin in cheese. αs2-Casein is relatively
resistant to hydrolysis by chymosin (95).

The activity of chymosin is generally evaluated by
activity tests which measure the ability of an extract or
preparation containing the enzyme to coagulate milk
under controlled conditions (temperature, pH, etc.). More
recently, a more sensitive and objective method was
developed in the authors’ laboratory; this test uses
reversed-phase high-performance liquid chromatography
(RP-HPLC) to measure the hydrolysis of a synthetic hep-
tapeptide substrate by chymosin (98).

The optimum temperature for the coagulation of milk
by chymosin is 45°C, but at temperatures above 50°C the
enzyme is rapidly inactivated (99). This inactivation is
responsible for the low chymosin activity in Swiss-type
cheese, which is cooked during manufacture at around
55°C; the resultant lack of primary proteolysis of 
αs1-casein in these cheeses during ripening contributes 
to their rubbery and elastic texture. Pasteurization of 
whey almost completely inactivates the enzyme, facilitat-
ing further processing of this by-product of cheese manu-
facture.

In the 1970s, the availability of calf stomachs became
limited due to increased demand for rennets and reduction
in the number of calves slaughtered, leading to an intense
search for novel milk coagulants. An ideal alternative to
chymosin as a coagulant for milk would:

● Be an acid proteinase capable of hydrolyzing
κ-casein at approximately the same position as
chymosin

● Possess a similar ratio of MCA to overall pro-
teolytic activity

● Have an MCA that is not very pH dependent in
the region 6.5–6.9

● Have thermostability comparable to that of calf
rennet at the pH values and temperatures used
during cheesemaking
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● Have low thermostability during whey proces-
sing

● Possess the ability to produce desired flavor,
body and texture characteristics in the finished
cheese (100)

One result of this search was the identification of a
number of microbial coagulants, as will be discussed
below; the other was the application of the developing dis-
cipline of biotechnology to the production of pure chy-
mosin (fermentation-produced chymosin, FPC) from
genetically manipulated microorganisms, such as E. coli,
Aspergillus niger and Kluyveromyces lactis (101, 102).
More recent public concerns over bovine-related health
issues (such as BSE and foot-and-mouth disease) have
further increased demand for FPC and other alternatives
to traditional rennets.

Among the principal advantages of FPC today are:

● Constant, controlled activity of a very pure
enzyme

● Guaranteed supply
● Suitability for vegetarian, Kosher or Halal

cheese

FPCs are identical in amino acid sequence to calf chy-
mosin, and differences from the latter enzyme may occur
only due to differing degrees of glycosylation by the host
microorganism; such changes, however, have not been
found to influence the properties of the enzyme. FPCs
have been intensively studied in cheesemaking trials and
generally found to give very satisfactory results (103), and
are now widely used commercially in many countries.

Substitutes for chymosin used as coagulants include
pepsins (bovine, porcine and to a lesser extent, chicken)
and microbial proteinases from Rhizomucor miehei,
R. pusillus and Cryphonectria parasitica. However, the
fungal rennet substitutes are now used most commonly.
Interestingly, C. parasitica proteinase cleaves κ-casein at
Ser104-Phe105 rather than at the Phe105-Met106 bond, which
is cleaved by chymosin, pepsins and the other fungal pro-
teinases. C. parasitica proteinase has relatively high heat
stability. The use of coagulants more heat stable than calf
rennet should be avoided; otherwise, excess proteolytic
activity may remain in the curd and may result in exces-
sive proteolysis and bitterness unless ripening times
and/or cooking temperatures are changed to compensate
for the more rapid rate of proteolysis (96).

Plant rennets have a long history; the use of fig rennet
was mentioned in Homer’s Iliad. However, most plant
coagulants are too proteolytic relative to their MCA,
resulting in a reduced yield of curd and the development
of bitterness during ripening. An exception is a protease
from dried flowers of the cardoon thistle, Cynara cardun-
culus, which contain two enzymes, cardosins A and B,

and which have been used successfully for many centuries
in the Iberian Peninsula for the manufacture of some tra-
ditional cheeses, e.g., Serra da Estrela, La Serena, Los
Pedroches (104).

Commercial rennet extracts are free from lipolytic
activity. However rennet paste, which does contain lipoly-
tic activity, is used in the manufacture of some hard Italian
varieties (e.g., Provolone, Pecorino Romano and many
Pecorino cheeses). Rennet pastes are prepared from the
abomasa of calves, kids or lambs slaughtered after suck-
ling. The abomasum and contents are partially dried and
ground into a paste, which is slurried in milk before being
added to the milk from which cheese is to be made.
Rennet paste contains a lipase, pregastric esterase (PGE),
which is highly specific for short-chain acids esterified at
the sn-3 position. Suckling stimulates the secretion of
PGE by glands at the base of the tongue, and it is washed
into the abomasum with the milk. Due to concerns regard-
ing the hygienic quality of rennet pastes, research has
been focused on exogenous lipases which could be
blended with rennet extracts to produce substitutes for
rennet pastes; certain fungal lipases may be acceptable
alternatives, as are semi-pure preparations of PGE (100).

B. ACCELERATION OF CHEESE RIPENING AND

ENZYME-MODIFIED CHEESES

In addition to their use as coagulants, exogenous enzymes
have been investigated as possible agents to accelerate the
ripening process of cheese. Cheese ripening is a slow, and
consequently expensive, process in which the bland-
flavored immature curd develops the flavor and texture
characteristic of the mature cheese. Although soft (high
moisture) varieties ripen quickly, the ripening period of
hard cheeses is quite long (e.g., 6–24 months for
Cheddar). A number of strategies have been investigated
to reduce this ripening period, including the use of an ele-
vated temperature, exogenous enzymes, slurry systems,
adjunct cultures and high pressure treatment (105–108).

Proteinases, peptidases and lipases have been added
individually, or in various combinations, to cheese with
the objective of accelerating ripening. However, the use of
exogenous enzymes to accelerate ripening suffers from a
number of drawbacks, which have limited the commercial
use of this approach. Probably the most serious limitation
of the use of exogenous enzymes to accelerate ripening is
that cheese flavor is the result of a wide range of sapid
compounds produced by a number of enzyme-catalyzed
pathways. Thus, addition of specific enzymes will not
accelerate all pathways simultaneously and equally and
thus can result in unbalanced flavor. In the case of exoge-
nous proteinases, reduction in yield, textural problems
and the development of bitterness have been reported
(although the last defect can be ameliorated by the
use of selected peptidase preparations). A second major
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drawback to the use of exogenous enzymes is that most of
the enzyme added to the cheesemilk is lost in the whey.
Enzymes can be added more efficiently to varieties such
as Cheddar by mixing with the dry salt, but problems with
uniform distribution of enzyme have been reported.
Encapsulation of enzymes (e.g., in milk fat or liposomes)
has been used in attempts to overcome some of these
problems, but with limited success (106).

Enzyme-modified cheeses (EMCs) are concentrated
cheese flavors produced by the enzyme-catalyzed hydrol-
ysis of cheese curd or other ingredients (109, 110). EMCs
are produced by adding exogenous enzymes, e.g., exoge-
nous proteinase, peptidase and/or lipase preparations, to a
pasteurized slurry of emulsified cheese curd and incubat-
ing under controlled conditions (typically 30–45°C for
24–72 h). The product is then heat treated (70–85°C) to
inactivate the added enzymes. EMCs are sold as pastes
(40–60% moisture) or, after drying, as powders. EMCs
may be manufactured using one-step or component
approaches; in the latter approach, several different flavor
fractions (e.g., produced by lipolysis or proteolysis) are
then blended to give the final product.

Flavor generation in EMCs is principally via lipolysis
and proteolysis of the base material using exogenous
enzymes. EMCs contain high levels of free fatty acids,
peptides and amino acids, far in excess of those of natural
cheese. The extensive proteolysis of the caseins during the
manufacture of EMCs often leads to bitterness unless pro-
teolytic enzymes are carefully selected or other debitter-
ing strategies are adopted. The flavor of EMCs may be
augmented by the addition of flavor enhancers such as
monosodium glutamate, yeast extract, NaCl, organic acids
or starter distillates.

A wide range of exogenous lipases, proteinases (e.g.,
from Bacillus or Aspergillus spp.) and peptidases (e.g.,
from Aspergillus, Rhizomucor or Lactococcus spp.) are
used in the manufacture of EMCs. Most lipases used are
derived from animal or microbial sources; the most com-
monly used animal lipase is PGE. PGE preferentially lib-
erates strongly flavored fatty acids. A range of microbial
lipases is also available; they tend to be cheaper than ani-
mal lipases and may have broader specificity. In addition,
microbial lipases have vegetarian status and are free from
amylase activity, which otherwise may cause problems in
foods to which EMCs are added, many of which may con-
tain starch.

Proteinases used in the manufacture of EMCs are gen-
erally derived from microbial sources (e.g., Bacillus spp.
or Aspergillus spp.) and are used to develop rapidly an
intense savory background flavor. Peptidase preparations,
derived from fungal or bacterial sources, are used to
enhance flavor and/or to control bitterness. Peptidase
preparations contain a range of enzymes, including
endopeptidases, aminopeptidases and proline-specific
peptidases.

EMCs have the advantages over other sources of
cheese flavors in the intensity and range of flavors avail-
able, reduced production costs and extended shelf-life.
Because of their high flavor intensity, only small amounts
of EMCs (ca. 0.1%, w/w) are needed to impart a cheese
flavor to products in which they are used (e.g., processed
cheese, cheese analogues, cheese spreads, snack foods,
soups, sauces, cookies, dips and pet foods).

C.. ββ-GALACTOSIDASE

Hydrolysis of the milk sugar, the disaccharide lactose
(4-O-β-D-galactopyranosyl-D-glucopyranose), yields two
monosaccharides, D-glucose and D-galactose (111).
Hydrolysis of lactose may be achieved either chemically,
by acidification to low pH values, or enzymatically. The
enzymes capable of catalyzing the latter hydrolysis 
reaction are collectively known as β-galactosidases or,
more simply, lactases (although, strictly speaking, many
β-galactosidases, especially those of plant origin, cannot
degrade lactose) (112, 113).

A large proportion of the world’s population suffers
from lactose intolerance, leading to varying degrees of
gastrointestinal distress if dairy products are consumed.
The two products of the hydrolysis of lactose, however,
are more readily metabolized; glucose and galactose are
also sweeter than the parent sugar.

Lactose also has a number of other properties that
cause difficulty in the processing of dairy products.
Among these is its tendency to form large crystals on
cooling of concentrated solutions of the sugar; galactose
and, to an even greater extent, glucose, are more soluble
than lactose (112). Thus, for example, hydrolysis of whey
concentrates offers the possibility of preserving such
products through increasing osmotic pressure while main-
taining physical stability. Industrial applications of lactose
hydrolysis have, in fact, focused to a large extent on treat-
ment of whey to produce lactose-hydrolyzed whey con-
centrates or syrups (112).

Other applications of lactose hydrolysis include pro-
duction of low-lactose market milk (114); this may even
be achieved domestically by addition of a commercial
preparation of β-galactosidase to fresh milk and incuba-
tion in the refrigerator. For long shelf-life products (such
as UHT milk), β-galactosidase may be added to the pack-
age at a very low level and allowed to work slowly during
storage. Lactose hydrolysis also has applications in ice
cream manufacture, where it can reduce the incidence of
sandiness (due to lactose crystallization) during storage
and, due to the enhanced sweetness, permit the reduction
of sugar content. Use of lactose-hydrolyzed milk can also
accelerate the acidification of yoghurt (112).

Several sources of β-galactosidase (including yeasts,
fungi and bacteria) have been identified, including E. coli,
Aspergillus niger, A. oryzae and Kluyveromyces lactis
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(111–113). The enzyme from the latter yeast is active at
4°C, which raises interesting possibilities in dairy pro-
cessing (for example, it could be added to milk before
cold storage in silos, removing the need for holding at a
higher temperature with concomitant problems of micro-
bial control). There is also much current interest in the use
of β-galactosidase from thermophilic bacteria, which
could permit operation of reactors at a high temperature,
resulting in high rates of hydrolysis without the risk of
growth of contaminating microorganisms (115). The prin-
cipal criterion for acceptability of a microbial β-galactosi-
dase is that the source should be safe and acceptable to
regulatory authorities; genes for some microbial β-galac-
tosidases have been cloned into safe hosts for expression
and recovery for this reason.

The activity of β-galactosidase is generally monitored
either by measuring disappearance of lactose or produc-
tion of galactose and glucose (measurement of product
monosaccharides is easier and more common, e.g., by
HPLC or commercial enzymatic assay kits) (112).
Synthetic substrates may also be used for assays of activ-
ity. In milk, simple and rapid estimation of hydrolysis of
lactose may be achieved by monitoring the freezing point:
freezing point; depression is linearly correlated with the
degree of hydrolysis. However, many assay methods are
complicated in cases where production of side-products
(oligosaccharides) is significant.

For hydrolysis of lactose in milk, β-galactosidase
may simply be added in free solution, allowed sufficient
time to react typically, for most enzymes, at a tempera-
ture from 10 to 35°C, and inactivated by heat-treatment
of the product. In an attempt to control the reaction and
prevent uneconomical single-use of the enzyme, immo-
bilized enzyme technologies have been studied widely
(116, 117). In such systems, β-galactosidase may be
immobilized on inorganic supports (which can change
its kinetic properties) or entrapped within gels or fibers,
such as those of cellulose acetate. One of the earliest
systems, developed by the Corning Glass Company in
the U.S., used covalent enzyme attachment to microp-
orous silica beads (112). In entrapment-based systems,
the porosity of fibers allows inward and outward diffu-
sion of reaction products, but does not allow the enzyme
to escape. The enzyme is, in effect, in solution within the
fibers, and its enzymatic characteristics are not affected.
Batchwise systems based on cellulose acetate mem-
branes capable of processing 10,000 L milk per day have
been developed. Overall, however, few immobilized sys-
tems for lactose hydrolysis are used commercially, the
main limitations being the poor mechanical properties of
supports and other technological problems with the
process.

In an alternative approach, after hydrolysis of lactose,
β-galactosidase may be recovered from milk or whey by
ultrafiltration and reused, which combines the kinetic

advantages of using the soluble enzyme with the econom-
ical benefits of recycling of the enzyme.

A new technique with potential for application in lac-
tose hydrolysis processes is the use of permeabilized cells
of bacteria or yeast (e.g., Kluyveromyces lactis) with 
β-galactosidase activity (118). These cells are treated,
e.g., with ethanol, to allow diffusion of substrate and reac-
tion products across the damaged cell membrane; the cell
itself becomes the immobilization matrix and the enzyme
is active in its natural cytoplasmic environment.
Permeabilization may provide a crude but convenient and
inexpensive enzyme utilization strategy.

Lactose hydrolysis reactions rarely lead to complete
conversion of lactose to monosaccharides, for two reasons
(112). Firstly, the galactose produced in the reaction can
inhibit the enzyme in a feedback inhibition mechanism.
Secondly, side-reactions (such as transferase reactions)
often occur, resulting in the production of isomers of lac-
tose and oligosaccharides. While initially thought to be an
undesirable by-product of lactose hydrolysis, galacto-
oligosaccharides, it is now recognized, may actually act as
bifidogenic factors, enhancing the growth of desirable pro-
biotic bacteria in the intestines of consumers and depress-
ing the growth of harmful anaerobic colonic bacteria.

Overall, despite considerable interest, industrial use
of lactose hydrolysis by β-galactosidases has not been
widely adopted (119).

D. TRANSGLUTAMINASE

Transglutaminase (TGase) can modify the properties of
many proteins through the formation of new cross-links,
incorporation of an amine or deamidation of glutamine
residues (120). To create protein cross-links, TGase cata-
lyzes an acyl-group transfer reaction between the γ-car-
boxyamide group of peptide-bound glutamine residues
and the primary amino group of a variety of amine com-
pounds, including lysine residues in proteins. TGase
(protein-glutamine: amine γ-glutamyl-transferase) type-
enzymes are widespread in nature. For example, blood
factor XIIIa, or fibrinoligase, is a TGase-type enzyme,
and TGase-mediated cross-linking is involved in cellular
and physiological phenomena such as cell growth and
differentiation, as well as blood clotting and wound heal-
ing. TGase enzymes have been identified in animals,
plants, fish and microbes (e.g., Streptoverticillium
mobaraense); the latter is the source of much of the
TGase used in food studies. TGase from different sources
may either be calcium-independent (most microbial
enzymes) or calcium-dependent (typical for mammalian
enzymes) in mode of action.

TGase-catalysed cross-linking can alter the solubility,
hydration, gelation, rheological, emulsifying, rennetabil-
ity and heat stability properties of a variety of food pro-
teins. Not all proteins are similarly affected by the action
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of TGase; the structure of individual proteins determines
whether cross-linking by TGase is possible.

Perhaps not surprisingly, in recent years a number of
studies have explored the potential applications of TGase
in dairy protein systems. The caseins are good substrates
for TGase, due to their open structure (121, 122).
Treatment of casein micelles with TGase stabilizes them
to the action of dissociating agents, such as calcium chela-
tors or urea. In contrast, the whey proteins, due to their
globular structure, require modification, for example heat-
induced denaturation, to allow cross-linking.

A number of studies have shown clear effects of
TGase treatment on the properties of milk and dairy prod-
ucts (123, 124). For example, TGase treatment of fresh
raw milk increases its heat stability (125); however, if
milk is pre-heated under conditions where whey protein
denaturation occurs prior to TGase treatment, the
increases in heat stability are even more marked. This is
probably due to the formation of cross-links between the
caseins and unfolded denatured whey proteins, brought
into close proximity by formation of disulphide bridges
between β-lactoglobulin and micellar κ-casein. When the
whey proteins in milk are in the native state, the principal
cross-linking reactions involve the caseins; heat-induced
denaturation renders the whey proteins susceptible to
cross-linking, both to each other and to casein molecules.

There has been considerable interest in the effects of
TGase treatment on the cheesemaking properties of milk,
in part due to the potential for increasing cheese yield.
Some commercial reports have indicated that treatment,
either of milk before renneting, or of curd if TGase is
added during the cheesemaking process itself, can achieve
this effect. However, a number of recently published stud-
ies (124, 126) have indicated that the rennet coagulation
properties of milk and syneretic properties of TGase-
crosslinked rennetted milk gels, as well as the proteolytic
digestibility of casein, are impaired by cross-linking of
proteins, which may alter cheese manufacture and ripen-
ing. Further studies are required to evaluate whether lim-
ited, targeted cross-linking may give desirable effects.

Other potential benefits of TGase treatment of dairy
proteins include physical stabilization and structural mod-
ification of products such as yoghurt, cream and liquid
milk products, particularly in formulations with a reduced
fat content, and the production of protein products, such
as caseinates or whey protein products, with modified or
engineered functional properties (127–129).

Overall, it appears clear that TGase may have com-
mercial applications in modifying the functional charac-
teristics of milk and dairy products. However, some issues
remain to be clarified; for example, control of the reaction
in milk, to fix the exact extent of cross-linking of proteins
to achieve desired properties, requires understanding of
the heat inactivation kinetics of TGase in milk, which have
not been reported. Further research is also required on the

effect of variables such as temperature, pH and other oper-
ating conditions on the nature and rate of cross-linking
reactions. Finally, a clear commercial advantage of using
TGase over other methods of manipulating the structure
and texture of dairy products (such as addition of proteins
or hydrocolloids) must be established definitively.

E. MISCELLANEOUS EXOGENOUS ENZYMES

There are also some additional enzymes that may be
added exogenously to milk (130), although their commer-
cial application is limited. These are summarized below.

(i) Since human milk contains significantly more
indigenous lysozyme than bovine milk, the
supplementation of milk-based infant formulae
with lysozyme has been proposed. It has been
claimed that supplementation of such formulae
with egg-white lysozyme gives beneficial
results, especially with premature infants, but
results are equivocal. Lysozyme is effective at
killing Clostridium cells and preventing the
outgrowth of their spores and thus it also has
been studied as an alternative to nitrate for pre-
venting the growth of C. tyrobutyricum in
cheese and the butyric acid fermentation which
leads to late-gas blowing. Lysozyme has also
been shown to be quite effective against
Listeria monocytogenes and other bacteria
involved in food-borne illness and spoilage
(130).

(ii) Glucose oxidase (GO) catalyzes the oxidation
of glucose to gluconate via gluconic acid-δ-lac-
tone (Figure 27.1). Glucose oxidase has four
principal uses in the food industry, viz, removal
of trace levels of glucose, removal of trace lev-
els of O2, generation of H2O2 in situ and pro-
duction of gluconic acid in situ. However, GO
is not commercially very significant, particu-
larly in the dairy industry (131).

(iii) Superoxide dismutase (SOD) catalyzes the
reduction of superoxide anions to H2O2 and O2.
It has been suggested that SOD together with
catalase may be useful as an antioxidant in
dairy products, although as far as we know, it is
not used commercially for this purpose (130).

(iv) Sulphydryl oxidase, which catalyzes the oxida-
tion of sulphydryl groups to disulphides

i.e., 2RSH � O2 → RSSR � H2O

has been shown to ameliorate the cooked flavor
of UHT milk, although, as far as we know, the
enzyme is not used commercially for this pur-
pose (132).
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(v) Catalase catalyzes the decomposition of H2O2

to H2O and O2. Produced H2O2 may be used for
the cold-sterilization of milk and excess H2O2

may be destroyed by the use of exogenous cata-
lase (130).

(vi) Exogenous β-lactamase, which degrades β-lac-
tam antibiotics (e.g., penicillin), has been shown
to be able to render milk contaminated with
penicillin suitable for cheese manufacture (133).

IV. CONCLUSIONS

In summary, the two classes of enzymes considered in this
chapter, i.e., indigenous and exogenous enzymes, are of
great significance to the dairy industry, and an area of
ongoing research and study, for two major reasons.

Firstly, milk is not an enzymatically inert raw mate-
rial; on the contrary, it possesses a heterogeneous and
highly variable complement of enzymes of many different
types, the exact definition of which remains unclear, as
does the significance of many of these enzymes for dairy
product quality.

Secondly, the dairy industry is and remains a signifi-
cant consumer of large quantities of commercially pro-
duced enzymes (e.g., the world market of commercial
rennet is ~ 30 � 106 liters per annum, representing one of
the largest commodity enzymes in use today).
Identification of novel sources of enzymes (e.g., the
search for more thermostable β-galactosidases, which
would allow operation at temperatures which would
inhibit microbial growth), and optimization of the appli-
cation and control of the activity of existing enzymes
remain key food biotechnological goals. In parallel,
demand for new dairy products drives the study of novel
enzymatic reactions that can be harnessed to manipulate
the flavor, texture or other characteristics of milk and
dairy products.
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I. INTRODUCTION

Meat quality is very important for all segments of the
industry from producers to consumers. There are many
aspects such as source, cost, ethical factors, religion, pro-
duction systems and safety that affect meat acceptability
by consumers. Other quality factors perceived by con-
sumers are related to sensory characteristics (i.e., color,
tenderness and flavor), nutritional properties (i.e., calories,
vitamins content, fatty acids profile, etc.) and appearance
(i.e., exudation, marbling, amount of fat, etc.). One of the
major concerns for consumers is the variability in meat
quality; this constitutes a problem to solve within the meat
industry. The composition, structure and metabolic status
of the muscle have a great influence on numerous chemi-
cal and biochemical changes affecting meat quality char-
acteristics such as tenderness in beef or exudation in pork
and poultry. This chapter summarizes the chemistry and
biochemistry of meat, taking into account how all these
factors interact during postmortem stages and thus how
they affect the final meat quality. A better understanding of

these reactions and changes is essential for the standardi-
zation and improvement of production processes to obtain
a high quality meat.

II. MUSCLE STRUCTURE

Skeletal, smooth and cardiac constitute the main types of
muscles. However, from the point of view of meat, skele-
tal muscle is the most important because it represents a
high percentage of the total body weight. Skeletal muscle
is voluntary (the organism can contract it voluntarily),
striated (cross striations may be observed under the
microscope due to the alternance of dark and light bands)
and multinucleated (several nuclei located peripherally in
the cell). The muscle is covered by a sheath of connective
tissue, the epimysium. There are several bundles of fibers
inside the muscle which are covered by thin connective
tissue layers, the perimysium, and each individual fiber is
wrapped by thin collagen, the endomysium (see Figure
28.1). Each muscle fiber may contain about 1,000 
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myofibrils, which are arranged in a parallel way, and are
responsible for the contraction of the muscle (1). Fibers
have an approximate diameter of around 50 µm and may
vary in length from a few milimeters up to several cen-
timeters (2). They contain myofibrils, composed of thick
and thin filaments arranged in an array and responsible for
muscle contraction and relaxation, giving rise to alternat-
ing dark (A) and light (I) bands. The Z and M lines bisect
each I and A band, respectively (see Figure 28.1). The M
lines connect the center of the thick filaments to keep the
structure (3). The Z line appears as a zigzag structure and
has diverse properties such as resistance to physical forces
but, on the other hand, it is susceptible to protease action
(4). The sarcomere, usually in the range of 2–3 µm in
length, is defined as the distance between two consecutive
Z lines. The thick and thin filaments are composed of
myofibrillar proteins (see Table 28.1). Actin filaments
extend into Z lines at one end and extend between thick
filaments at the other end (5). Thick filaments are mainly
composed of myosin with minor presence of other pro-
teins. The fibers are embebbed in a liquid or cytoplasm,
also known as sarcoplasm, that contains mitochondria,
lysosomes, enzymes, lipids, glycogen, myoglobin, ATP
and creatine. As most of these proteins are soluble in
water and are present in the sarcoplasm, they are known
as sarcoplasmic proteins. The scanning electron
microscopy of skeletal muscle reveals details of the mus-
cle fiber structure in a three-dimensional image. An example
of a micrograph from the scanning electron micro-scope is
shown in Figure 28.2. 

Muscles present different appearances and have been
traditionally classified as red or white based on the color
properties that are dependent on the proportion of the mus-
cle fiber types. Other classifications based on the amount of
released water have not been used widely. The red color is
related to the content in myoglobin, naturally present in the
muscle, and hemoglobin from remaining blood. Differences
between red and white muscles are especially evident in
pork and poultry while differences in color are relatively
masked in beef due to its higher content in myoglobin.
Based on histochemical properties, muscle fibers have been
classified as red, intermediate and white (6). Red fibers con-
tain higher amounts of myoglobin, are better capillarized,
are oxidative in metabolism, and can function over a long
period of time but are slower contracting than white fibers
that are mainly glycolytic (7). Intermediate fibers have
oxidative and glycolytic activity. Thus, red muscles contain
a higher proportion of red fibers and are mostly related to
locomotion while white muscles have a higher proportion
of white fibers and are mostly related to support tasks (8).
Other classifications of muscle fibers are based on the con-
traction speed (9): slow twitch oxidative (type I), fast twitch
oxidative type (IIA) and fast twitch glycolytic type (IIB).
So, the response of slow twitch muscles to a stimulus is
slower and once the stimulus is finished the relax is also
slower than fast twitch muscles.

Differences between red and white muscles are also
significant during meat processing because large varia-
tions are found in sensory properties such as tenderness,
juiciness, flavor (10) as well as physicochemical (11) and

FIGURE 28.1 Scheme of the organization and structure of skeletal muscle.



biochemical characteristics like enzyme activity (12, 13),
lipid composition (14, 15) and content in free amino acids
and dipeptides (16–18). These variations may be attrib-
uted to certain differences in the biochemical and func-
tional properties of myofibrillar proteins associated with
the type of fiber (9, 19).

III. MEAT COMPOSITION

Meat presents a complex structure with water, proteins and
lipids present in higher amounts. Water is the most abundant

compound in meat (within the range of 65–80%) and has an
important influence on juiciness, color, texture and surface
appearance. The rest of the composition of meat can be
divided into nitrogenous and non-nitrogenous compounds.
Nitrogenous compounds are mainly composed of proteins
(myofibrillar, sarcoplasmic and connective), peptides
(carnosine, anserine and balenine), free amino acids,
nucleotides/nucleosides (ATP-derived compounds) and
water-soluble vitamins (group B vitamins). In addition to
water, non-nitrogenous compounds  include lipids (triacyl-
glycerols, phospholipids and cholesterol), minerals (iron,
phosphorus, sodium, potassium, etc.), trace elements (zinc,
selenium, etc.), carbohydrates (glycogen, glucose, etc.) and
fat-soluble vitamins (vitamins A, D, E and K). The main
groups of compounds are described below.

A. PROTEINS

After water, protein is the major component of meat, in
the range of approximately 15–22 g/100 g. Proteins are
very important in postmortem conversion of muscle to
meat, in changes affecting tenderness during meat pro-
cessing and for the nutritional quality of the diet. Meat
proteins are considered of high biological value because
they provide relatively high percentages of all the essen-
tial amino acids (20). There are three categories in meat:
myofibrillar, sarcoplasmic and connective (listed in
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FIGURE 28.2 Scanning electron micrograph of porcine muscle
fibers in porcine muscle (Toldrá and Voyle, 1987, unpublished).

TABLE 28.1
Location and Functions of Major Meat Proteins (Adapted from Refs. 2, 9, 24, 151)

Protein Type Function

Myosin Myofibrillar Major contractile
Actin Myofibrillar Major contractile
Tropomyosin Myofibrillar Regulatory
Troponins T, C, I Myofibrillar Regulatory
α and β actinin Myofibrillar Regulatory
Titin Myofibrillar Cytoskeletal
Nebulin Myofibrillar Cytoskeletal
Filamin,synemin, vinculin, zeugmatin, Z nin Myofibrillar Z-line
C, H, X, F, I proteins Myofibrillar Thick filaments
Desmin Myofibrillar Myofibrils union at Z-line level
Creatin kinase Myofibrillar M-line
Myomesin Myofibrillar M-line
M protein Myofibrillar M-line
Mithocondrial enzymes Sarcoplasmic Respiration
Lysosomal enzymes Sarcoplasmic Intracellular digestion
Other cytosolic enzymes Sarcoplasmic Glycolysis, gluconeogenesis, citric acid cycle,

neutral proteolysis
Myoglobin Sarcoplasmic Natural pigment
Hemoglobin Sarcoplasmic Pigment from residual blood
Cytochrome Sarcoplasmic Respiratory pigment
Collagen Connective Structure resistance
Reticulin Connective Elasticity
Elastin Connective Structure resistance
Proteoglycans and glycoproteins Connective Ground substance



Table 28.1), in an approximate ratio 60/30/10, with each
category having specific roles (7). 

Myofibrillar proteins are the main constituents of the
structure of the myofibrils. They are soluble in high ionic
strength buffers and its content is around 9.5 g/100 g.
Myosin and actin provide the structural backbone of the
myofibril. Myosin is the major myofibrillar protein and, in
fact, is the predominat protein of thick filaments. It is a large
molecule composed of two heavy chains of 220 kDa and
four light chains within the range of 16–22 kDa (9). The
actin monomer, G-actin, has a globular shape and, in the
presence of ATP, polymerizes to form filamentous F-actin.
The thin filaments ensure by the helical arrangement of F-
actin molecules twisted around each other (21). Two
extremely large proteins, titin and nebulin, also known as
gap filaments, ensure the longitudinal continuity and
integrity of the structure (22, 23). Proteins in the Z-line area
are involved in the linkage of thin filaments of adjacent sar-
comeres while desmin connects adjacent myofibrils at the
level of the Z-line. Regulatory proteins like tropomyosin and
troponin, which has three subunits (Tn-T, Tn-C and Tn-I),
are involved in the muscle contraction mechanism (9). 

Sarcoplasmic proteins, around 9 g/100 g, constitute a
varied group consisting of proteins soluble in low ionic
strength buffers or even water. Myoglobin is the major sar-
coplasmic protein responsible for the red color of meat.
Myoglobin content in meat is variable, depending on the
animal species (high in beef or lamb, low in pork and very
low in poultry) and age (increases with the age of the ani-
mal). More or less hemoglobin may remain in meat depend-
ing on the efficiency of blood draining from muscle during
bleeding. The rest of sarcoplasmic proteins consist of meta-
bolic enzymes located in mitochondrias, lysosomes, micro-
somes, and nucleus and free in the cytosol.

Connective proteins, around 3 g/100 g consisting
basically of collagen and elastin, are insoluble and con-
tribute to the skeletal framework (strength, support and
shape) of the muscle but also to certain toughness of the
meat when consumed. In fact, collagen becomes tougher
with the age of animal due to the progressive increase in
the number of cross-links. Collagen is rich in hydrox-
yproline, a low biological value amino acid. There are dif-
ferent types of collagen (8). Type I is found in tendons,
type II in cartilages and type III in skin and vascular tis-
sues. Types IV and V form fine networks in the basement
membranes around the muscle (24). Elastin is more elas-
tic and is mainly involved in tissues requiring a certain
degree of flexibility such as skin, tendons, ligaments,
muscle and the walls of large arteries (24).

B. LIPIDS

The lipids content of muscle is variable (in the range of
1.5–17 g/100 g) and mainly depends on the degree of fat-
tening and amount of adipose tissue. The main classes of

lipids are non-hydrolyzable lipids (fatty acids, aldehydes,
aliphatic hydrocarbons, sterols), neutral fats (mono, di
and triacylglycerols and sterol esters) and phospholipids.
The relative proportion varies depending on the species,
the developmental stage and physiological status of the
animal (8). Main locations of lipids are intramuscular,
intermuscular and in adipose tissue. Intramuscular lipids
are mainly composed of triacylglycerols, stored in fat
cells, and phospholipids, located in cell membranes.
Cholesterol is the only sterol found in meat; the choles-
terol ester comprises about 90% of the total cholesterol
content (25). Intermuscular and adipose tissue lipids are
mainly composed of triacylglycerols and contain a small
amount of cholesterol (below 60 mg/100 g). 

Triacylglycerols are major constituents of reserve fats
and have fatty acid composition that varies widely with
species and diet. There are three possible pathways for
the biosynthesis of triacylglycerols: the glycerol-3-phos-
phate, the dihydroxyacetone phosphate and the monoa-
cylglycerol pathway (8).  The type and fatty acid
composition of feeds has a strong influence on the fatty
acids profiles of fats, especially in monogastric animals
(26, 27). Thus, the effects of different feeds on fatty acid
composition of pork and poultry fats have been exten-
sively reported in the literature (27–32) following con-
sumer demands for higher unsaturated fats (26). In the
case of ruminants, fat hydrolysis and hydrogenation of
unsaturated fatty acids by the microbial population of the
rumen somehow tend to standardize the final composition
in fatty acids and certain changes in the diet fed to cattle
may also change the content of the fat in the meat. For
instance, dietary full-fat canola or even full-fat soybeans
have been reported to alter the fatty acid composition of
intramuscular and subcutaneous lipids of beef (33). The
type of diet may have important consequences for the
sensory quality of meat, especially its flavor (34). So,
changes in the fatty acid composition of phospholipids
have been reported to give significant differences in fla-
vor characteristics of forage and grain-fed beef (35). It
must be pointed out that meat from ruminants represents
a major dietary source of conjugated linoleic acids
(CLA), a group of C18 isomers of linoleic acid with con-
jugated double bonds in the cis or trans configurations at
positions 10 and 12 or 9 and 11 (36). CLA content in
meat is in the range of 3–6 mg/g of fat. CLA have been
reported to have some health-promoting biological activ-
ity such as inhibition of tumor growth and reduction of
atherosclerotic risk (36, 37). The composition in fatty
acids determines main fats properties. So, fats with exces-
sive polyunsaturated fatty acids, like linoleic (typical of
feeds rich in corn, for instance) and linolenic acids, tend
to be softer, have an oily appearance and are more sus-
ceptible to oxidation. This is the reason why meats with a
high percentage of polyunsaturated fatty acids are not
preferred for further meat processing.

28-4 Handbook of Food Science, Technology, and Engineering, Volume 1



Phospholipids are present in minor amounts but due
to their particular fatty acid composition, which is richer
in polyunsaturated fatty acids, they have an important role
in flavor development and oxidation in postmortem meat.
Major constituents are phosphatidylcholine (lecithine)
and phosphatidylethanolamine while phosphatidylserine
and sphingomyelin are present in minor amounts. Some
variability in phospholipids has been reported depending
on the genetic type of the animal and anatomical location
of the muscle (38). For instance, the amount of
phopholipids tends to be higher in red oxidative muscles
than in white glycolytic muscles (15). 

C. MINOR COMPOUNDS

Meat constitutes a good source of group B vitamins that,
although present in low concentrations, contribute signif-
icantly to the daily intake requirements (39, 40). Pork
meat is particularly rich in thiamin. However, the amount
of fat-soluble vitamins in meat is rather poor or even
almost negligible. Only vitamin E is significant in those
animals with specific supplementation in the diet. Feed
enrichment with vitamin E, at levels above dietary
requirements (i.e., 200 mg/kg feed), is a relatively new
practice, expanded in recent years, to protect unsaturated
lipids from oxidation and obtain other benefits like better
color stability of fresh beef (41, 42) and improved water
retention in pork meat (43). The content in carbohydrates
is rather poor, around 1.5 g/100 g, although it depends on

the previous exercise of the animal prior to slaughtering.
Meat also constitutes a good source of dietary iron, with
the additional advantage that a good percentage is in the
absorbable form of heme iron (44), and trace elements
like zinc, selenium, magnesium, manganesum, etc. (40,
45–48). The mineral content is around 1 g/100 g.

IV. THE MEAT ENZYME SYSTEMS
INVOLVED IN MAJOR BIOCHEMICAL
CHANGES

Skeletal muscle contains a wide variety of enzymes
involved in multiple metabolic pathways. Some of the most
important, shown in Figure 28.3, are related to carbohydrate
metabolism (glycolytic enzymes), protein breakdown
(endo-peptidases), generation of small peptides (tri and
dipeptidylpeptidases) and free amino acids (aminopepti-
dases and carboxypeptidases), hydrolysis of triacylglycerols
and phospholipids (lipases and phospholipases) and trans-
formation of ATP into numerous derived compounds. Most
of these enzymes remain active in postmortem muscle, play-
ing important roles in glycolysis, proteolysis, lipolysis and
transformation of nucleotides that are essential for the devel-
opment of meat quality. The location of these enzymes may
vary. Some are located in organules like lysosomes while
others are bound to membranes or free in the cytosol (49). A
brief description of the proteolytic and lipolytic enzymes
that play an important role in meat quality is given below.
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Myofibrillar
proteins Peptides Small peptides

Carbohydrates Pyruvate Lactic acid

Triacylglycerols

Free
fatty acids

Volatile
compounds

Glucohydrolases Lactate dehydrogenase

Calpains

Cathepsins

Tri & dipeptidylpeptidases

Lipases
Oxidation

ATP ADP AMP
IMP
GMP

Inosine
guanosine

Hypoxanthine
ATPase AMP deaminaseMyokinase Nucleoside

Phosphorylase

Free amino acids
Aminopeptidases

Phospholipases

Phospholipids

Creatin
kinase

Creatine phosphate

FIGURE 28.3 Scheme showing some of the most important enzymatic reactions affecting meat quality.



A. PROTEASES

Lysosomes are organules containing a large number of
hydrolytic enzymes, including proteases. Cathepsins B, H
and L, which are cysteine proteinases, and cathepsin D, an
aspartate proteinase, are the main lysosomal proteinases.
In general, these enzymes are small, 20–40 kDa (see Table
28.2), which allow their penetration into the myofibrillar
structure. However, although the anaerobic glycolysis in
postmortem muscle generates the adequate environment,
such as pH drop, for cathepsin activity (50), the enzymes
probably play a minor role in meat texture development
during meat ageing as there is little or no degradation of
myosin and actin, two important proteins very sensitive to
cathepsins (51).

Cathepsins D and L are able to degrade myosin heavy
chains, titin, M and C proteins, tropomyosin and tro-
ponins T and I (52–54). Cathepsin L is very active on both
titin and nebulin. Cathepsin D may be quite inactive at

refrigeration tenperatures (53) but can act during cooking
because of its thermostability (55). On the other hand,
cathepsin B is able to degrade myosin heavy chains, actin
and even collagen but has no effect on myosin light chains
and troponin C (56, 57), and cathepsin H shows both endo
and aminopeptidase activity, being classified as an
aminoendopeptidase (58). Cathepsin activity is regulated
by cystatins, a family of cysteine peptidase inhibitors
which are predominantly extracellular and have been iso-
lated from different animal species (59, 60). Four families
of cystatins have been reported in the literature based on
their primary structure (51). Optimal pH for cathepsin D
is acid (in the range of 3.0–5.0), slightly acid for cathep-
sins B and L (around 6.0) and near neutrality (6.8) for
cathepsin H (61–64).

Calpains, a group of cystein endopeptidases, are
located in the cytosol especially in the Z-line area. They
have different names in the literature such as calcium-acti-
vated neutral proteinase, calcium-dependent protease or
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TABLE 28.2
Main Characteristics of Meat Proteolytic Enzymes (Adapted from Refs. 51–84)

Enzyme Classification Location Substrates Optimal pH

Cathepsin B Cystein Lysosome Myosin, actin, collagen 5.5–6.0
(EC 3.4.22.1.)

Cathepsin D Aspartyl Lysosome Myofibrillar proteins 4.0
(EC 3.4.23.5.)

Cathepsin H Cystein Lysosome Myofibrillar proteins 6.8
(EC 3.4.22.16.)

Cathepsin L Cystein Lysosome Myofibrillar proteins, collagen 5.5–6.0
(EC 3.4.22.15.)

µ-Calpain Cystein/metallo Z-line Myofibrillar proteins 7.5
(EC 3.4.22.17.)

m-Calpain Cystein/metallo Z-line Myofibrillar proteins 7.5
(EC 3.4.22.17.)

20S proteasome Ntn-hydrolase Cytosol Myofibrillar proteins 7.0–7.5
DPP I (EC 3.4.14.1) Cystein Lysosome Polypeptides 5.5
DPP II (EC 3.4.14.2.) Serin Lysosome Polypeptides 5.5
DPP III (EC 3.4.14.4.) Serin Cytosol Polypeptides 8.0
DPP IV (EC 3.4.14.5.) Serin Membrane Polypeptides 7.5–8.0
TPP I (EC 3.4.14.9.) Serin Lysosome Polypeptides 4.0
TPP II (EC 3.4.14.10.) Serin Cytosol Polypeptides 6.5–7.5
Alanyl aminopeptidase Cystein/metallo Cytosol Amino terminus of peptides 6.5

(EC 3.4.11.14.)
Arginyl aminopeptidase Cystein/metallo Cytosol Amino terminus of peptides 6.5

(EC 3.4.11.6.)
Methionyl aminopeptidase Cystein Cytosol Amino terminus of peptides 7.5

(EC 3.4.11.18.)
Leucyl aminopeptidase Metallo Cytosol Amino terminus of peptides 9.0

(EC 3.4.11.1.)
Pyroglutamyl aminopeptidase Cystein Cytosol Amino terminus of peptides 8.5

(EC 3.4.19.3.)
Carboxypeptidase A Serin Lysosome Carboxy terminus of peptides 5.2–5.5

(EC 3.4.16.1.)
Carboxypeptidase B Cystein Lysosome Carboxy terminus of peptides 5.0

(EC 3.4.18.1.)



calcium-activated factor. Calpain I or µ-calpain requires
50–70 µM of Ca2+ for activation and calpain II or m-cal-
pain requires 1–5 mM of Ca2+. Optimal pH for calpain
activity is 7.5 (see Table 28.2) but poor activity is
observed below pH 6.0, reaching negligible activity at pH
5.5 (65). Calpains are heterodimers of 110 KDa composed
of an 80 KDa catalytic subunit responsible for the pepti-
dase activity and a 30 KDa regulatory subunit which is
common for both enzymes (66). Calpain I can be
autolyzed in the presence of Ca2+ and usually shows a
poor  stability in meat while calpain II may be stable for a
few weeks (67). Calpains have shown ability to degrade
titin, nebulin, troponins T and I, tropomyosin, C-protein,
filamin, desmin and vinculin but cannot degrade myosin,
actin, α-actinin and troponin C (68, 69). The endogenous
inhibitor calpastatin regulates calpain activity in post-
mortem muscle. Calpastatin is destroyed by autolysis
after a few days postmortem (67).  

The proteasome complex is a large protease with mul-
tiple catalytic sites such as a chymotrypsin-like activity, a
trypsin-like activity and a peptidyl-glutamyl hydrolyzing
activity (70, 71). The proteasome 20S can be associated
with large regulatory complexes, like one or two 19S
complexes, or one or two 11S activator complexes or even
other activator complexes like PA700 or PA28 (51). The
20S proteasome can degrade myofibrils and affect M and
Z lines, especially in high pH meats and slow-twitch
oxidative muscles and thus could have a role in tenderness
in those specific muscles (72, 73). 

Peptidases constitute a large group of proteases. The
most important found in meat are tripeptidylpeptidases
(TPP) and dipeptidylpeptidases (DPP). TPP I, a lysosomal
enzyme, shows optimal activity at acid pH and TPP II is
most active at neutral pH. Both enzymes are able to
hydrolyze different tripeptides from the amino termini of
peptides, like Gly-Pro-Phe and Ala-Ala-Phe, respectively
(74, 75). DPP I and II are located in the lysosomes and
have optimal acid pH.  DPP I has special preference for
hydrolyzing dipeptides Ala-Arg and Gly-Arg from the
amino termini of peptides and DPP II for Gly-Pro. DPP III

is found in the cytosol and DPP IV is linked to the plasm
membrane, both enzymes having optimal pH in the range
of 7.8–8.0 (76–79). DPP III has a preference for hydrolyz-
ing dipeptides Arg-Arg and Ala-Arg and DPP IV for Gly-
Pro. Dipeptidases catalyze the hydrolysis of dipeptides and
their names vary depending on the preference for certain
amino acids. For instance, cysteinylglycine dipeptidase is
specific for the dipeptide Cys-Gly and arginin dipeptidase
has a special preference for basic amino acids (80). 

Aminopeptidases constitute a group of exopeptidases
able to release a free amino acid from the amino termini of
peptides and proteins. They have a large molecular mass
and a complex structure (62). Major aminopeptidases in
skeletal muscle are: arginyl, alanyl, pyroglutamyl, leucyl
and methionyl aminopeptidases. All of them are active at
neutral or basic pH (see Table 28.2) and their names are
related to the preference or requirement for a specific
N-terminal amino acid although they can hydrolyze other
amino acids at slower rates. Alanyl aminopeptidase, which
mainly hydrolyzes alanine, is considered the major
aminopeptidase in postmortem muscle. This enzyme is
able to hydrolyze a wide spectrum of amino acids such as
aromatic, aliphatic and basic aminoacyl-bonds (81).
Arginyl aminopeptidase, also known as aminopeptidase B,
hydrolyzes basic amino acids such as arginine or lysine
(82). Methionyl aminopeptidase, a calcium-activated
enzyme, has a wide spectrum of activity with preference
for methionine, alanine, lysine and leucine (83). Leucyl
and pyroglutamyl aminopeptidases are active at basic pH
and play a minor role in meat (84). Carboxypeptidases are
lysosomal enzymes with optimal activity at acid pH and
able to generate free amino acids from the carboxy termini
of peptides and proteins. Carboxypeptidase A has a pre-
ference for hydrophobic amino acids while carboxypepti-
dase B has a wider spectrum of activity (80).

B. LIPASES

Major lipolytic enzymes in muscle are lysosomal acid
lipase and phospholipase A (see Table 28.3). Both enzymes
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TABLE 28.3
Main Characteristics of Meat Lipolytic Enzymes (Adapted from Refs. 61, 62, 86, 88, 89, 92)

Enzyme Location Substrate Optimal pH

Lysosomal acid lipase Lysosome Long chain tri and diacylglycerols 5.0
Neutral lipase Membrane Long chain tri and diacylglycerols 7.5
Phospholipase A Lysosome Phospholipids 5.0
Muscle acid esterase Lysosome Short chain tri and diacylglycerols 5.0
Muscle neutral esterase Cytosol Short chain tri and diacylglycerols 7.5
Hormone-sensitive lipase Adipose tissue Long chain tri, di and monoacylglycerols 7.0
Monoacylglycerol lipase Adipose tissue Long chain monoacylglycerols 7.0
Lipopotein lipase Adipose tissue Lipoproteins 8.5
Acid esterase Adipose tissue Short chain tri and diacylglycerols 5.0
Neutral esterase Adipose tissue Short chain tri and diacylglycerols 7.5



are located in the lysosomes and are responsible for the
generation of long chain free fatty acids in meat. Lysosomal
acid lipase hydrolyzes primary ester bonds of tryacylglyc-
erols at acid pH (4.5–5.5). This enzyme can also hydrolyze
di and monoacylglycerols although at a slower rate (85,
86). Phospholipase A hydrolyzes phospholipids, at posi-
tions 1 or 2. The order of preference for fatty acids, espe-
cially polyunsaturated C18, esterified to phospholipids as a
result of in vitro assays, is as follows: Linoleic acid > Oleic
acid > Linolenic acid > Palmitic acid > Stearic acid >
Arachidonic acid. The activity of lipases, phospholipase A
and lysophospholipases is quite a bit higher in oxidative
than in glycolytic muscles (15, 87). Acid and neutral
esterases, able to hydrolyze short chain fatty acids from tri,
di and mono acylglycerols, have been identified in the lyso-
somes and cytosol, respectively (88). In general, lipases
prefer long chain fatty acids while esterases are especially
active against short chain fatty acids. 

There are three lipases in adipose tissue (see Table
28.3): hormone-sensitive lipase, monoacylglycerol lipase
and lipoprotein lipase with optimal pH in the neutral/basic
range (62, 89). The hormone-sensitive lipase (HSL) has a
high specificity for the hydrolysis of diacylglycerols. The
triacylglycerol hydrolysis by this enzyme is the rate-con-
trolling step in the lipolysis phenomena in adipose tissue
(90). The monoacylglycerol lipase (MGL) hydrolyzes 1 or
2 monoacylglycerols with no positional specificity, releas-
ing medium and long chain monoacylglycerols (91).

Lipoprotein lipase is located in the capillary endothelium
and hydrolyzes the acylglycerol components at the lumi-
nal surface of the endothelium (92). This enzyme has a
preference for fatty acids at position 1 over those at posi-
tion 3 (93, 94). Acid and neutral esterases are also present
in adipose tissue (62, 88).

V. CHEMISTRY OF THE CONVERSION OF
MUSCLE TO MEAT

Multiple reactions involved at the early postmortem are
briefly summarised in Figure 28.4. It is important to
emphasize that not all muscles, or even parts within the
same muscle, change in an uniform way because these
changes will depend on the respective ratios of white and
red fibers. Additionally, the rate of these changes also
depends on the temperature achieved within each muscle.
Twelve moles of ATP are produced per mole of glucose
under aerobic conditions like those usually found in living
muscle. The first important change in the muscle following
death consists of its inability to synthesize or to remove
certain metabolites (see Figure 28.5). The supply of oxy-
gen is cut off once the blood circulation ceases and then
there is a progressive decrease in oxygen concentration in
the muscle cell and a reduction of the redox potential
towards anaerobic values (95). The lack of available oxy-
gen stops the activity of the mitochondria system and cell
respiration is progressively stopped. Once in anaerobic
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Postmortem muscle
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Oxygen concentration in muscle drops
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FIGURE 28.4 Scheme summarizing early post-mortem changes in muscle. From Toldrá, “Muscle foods:Water, structure and func-
tionality,” Food Sci Tech Int 9, 173–177, 2003.



conditions, lactic acid is produced from glucose through
glycolysis, but the efficiency is lower than under aerobic
conditions because only 2 moles of ATP are produced per
mole of glucose. The generation of ATP is necessary in the
muscle to provide the required energy to drive the Na/K
pump of the membranes, to drive the calcium pump in the
sarcoplasmic reticulum and to provide energy for muscle
contraction. ATP may also be formed from ADP and crea-
tine phosphate through the action of the enzyme phospho-
creatin kinase (96). ATP is also necessary for muscle
contraction-relaxation where it acts as a lubricant but, once
ATP is fully exhausted, the muscle remains contracted
(rigor mortis). This is related to the formation of acto-
myosin and the loss of extensibility (97).

An important consequence of lactic acid accumula-
tion is the pH drop to acid values (5.6 to 5.9) within a few
hours postmortem. The pH drop rate depends on the meta-
bolic status of the muscle and glycogen availability. As
pH approaches the isoelectric point of myofibrillar pro-
teins (pH values around 5.0), their charges move towards
neutrality and water binding decreases rapidly, the struc-
ture tightens and myofibrillar proteins are partially dena-
tured (98). Thus, the water binding depends on the
ultimate pH in the muscle and the amount of released
water, lost as dripping, increases when the ultimate pH is
lower (99). Important muscle soluble compounds like
myoglobin, lysosomal enzymes, nucleotides and nucleo-
sides, free amino acids, vitamins and minerals are partly
lost in the drip, affecting the final quality. Pork carcasses
during early postmortem are shown in Figure 28.6.

There are many and relevant biochemical changes dur-
ing early postmortem and ageing of meat with important
consequences for quality.  Most of these changes are enzy-
matic in nature either affecting meat tenderness due to
structural protein breakdown or generating a substantial
number of new compounds with direct influence on taste
and/or aroma. The trend towards rapid lean growth in cat-
tle, pigs and poultry increases the relative proportion of

meat quality defects, mainly related to color and water-
holding capacity (100).

A. GLYCOLYSIS

Main reactions for glycolysis are schematized in Figure
28.3. Key enzymes in the glycolytic chain are phosphory-
lase, phosphofructokinase and pyruvic kinase. Lactate
dehydrogenase is involved in the last step, consisting of
the conversion of pyruvic acid into lactic acid. The gener-
ation and accumulation of lactic acid in the meat causes
the pH to drop from neutral (pH around 7.2) to acid val-
ues (below 5.8). If the reserves of glycogen are rather poor
prior to slaughter, the final pH will not experience such an
intense drop and will remain above 6.0. The pH limit for
the DFD pork meat condition (dark, firm and dry) is con-
sidered around 5.9 at 24 h. The ultimate pH depends on
the type of muscle, animal species and physiological state.
The rate of glycolysis also depends on the temperature.
Minimum pH drop is observed at 10–12°C but if temper-
ature decreases down to 0°C too early, there is a release of
calcium ions into the myofibrillar space that activates
ATPase. Under these circumstances and if there is still
some available ATP, an extra contraction of actomyosin is
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produced, resulting in a tight structure phenomenon
known as cold shortening (97, 101). Cold shortening is
mainly observed in beef, lamb and turkey, and with less
intensity in pork (102). Prevention of cold shortening may
be achieved by keeping carcasses above 15°C until the pH
reaches 6.0. Another important alteration, known as thaw
rigor or thaw shortening, is produced when thawing meat
that was frozen in the prerigor state (still keeping a sub-
stantial amount of ATP). Under these circumstances, cal-
cium is released and moves is into the intracellular spaces,
causing an extensive contraction (101).

Exudation constitutes one of the major problems in
pork quality. This condition, is known as pale, soft and
exudative (PSE), is characterized by its pale color, soft
texture and high drip loss (103). Another type of exudative
meat, known as red, soft and exudative (RSE), is charac-
terized by similar defects although this meat keeps its nor-
mal color (104), making it difficult to differentiate from
normal meats (105). Finally, another defective meat with
lower incidence is known as dark, firm and dry (DFD) due
to its darker color, firm texture and dry appearance on the
external surface. Pork meat classification is usually based
on pH, color and drip loss (106, 107). Exudative (PSE and
RSE)  meats are characterized by a low pH value at early
postmortem (i.e., pH below 5.8 at 2 h), a pale color
reflected in a L value higher than 50 (only for PSE) and
drip loss higher than 6%. Figure 28.7 shows a typical pH
drop profile for normal, DFD and PSE pork meats. The
negative effects of exudative meats may be reduced sig-
nificantly with some preventive measures such as
appropiate pre-transport handling, lairage, stunning, post-
mortem temperature and chilling rate. The incidence of
exudative pork meat is still significant. For instance, a
1992 survey of the pork supply in the U.S. revealed that
16% was PSE and 10% was DFD (108). Only 16% was

considered to be of ideal quality (RFN) while the remain-
der was found to be of somewhat questionable quality
(RSE), indicating very little progress in the elimination or
minimization of the problem (108).

B. NUCLEOTIDE BREAKDOWN

ATP is the main source of energy for the biochemical
reactions in postmortem muscle. However, its content rap-
idly decreases from an initial 5–8 µmol/g muscle to final
negligible values (rigor state). Initially, some ATP may be
formed through creatin kinase acting on creatin phosphate
and through anaerobic glycolysis (96) but, once creatin
phosphate and glycogen are exhausted or the involved
enzymes inactivated, ATP drops in a few hours to near
zero values through conversion into ADP, AMP and other
derived compounds (see Figure 28.10 for an example on
pork meat). The concentrations of ADP and AMP
decrease to negligible values after 24–48 hours post-
mortem. 5�-inosin-monophosphate (IMP) is formed from
AMP deamination by the action of AMP deaminase, an
enzyme very active at pH near 6.2. Some IDP, generated
from ADP, may be temporarily detected although it is
depleted in a few days. IMP can be further degraded into
inosine and hypoxanthine, both compounds experiencing
a substantial increase as meat is aged (see Figure 28.8).
Similar reactions, although at minor concentrations, are
also observed for 5�-guanosin monophosphate (GMP).
The rate for all these reactions varies depending on the
metabolic status of the animal prior to slaughter as well as
the pH and temperature of the meat (109, 110).

C. PROTEOLYSIS

Proteolysis consists of the progressive enzymatic degra-
dation of major meat proteins, especially myofibrillar 
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proteins, and the subsequent generation of peptides and
free amino acids. The breakdown of structural proteins
results in a weakening of the myofibrillar network and a
sensible improvement in meat tenderness. There are many
muscle endopeptidases (mostly calpains and cathepsins)
and exopeptidases (mostly tri and dipeptidylpeptidases
and aminopeptidases) involved in proteolysis (see Figure
28.3). Main properties of these enzymes have been
described above (see Table 28.2). The extent of proteoly-
sis and thus the tenderness and generation of taste com-
pounds depend on many factors (111). The activity of
endogenous muscle enzymes may vary depending on the
genetics (112, 113) and the age of the animals (114, 115).
Furthermore, the action of these enzymes also depend on
the processing technology. For instance, major or minor
action of the enzymes may be expected depending on the
temperature and time of ageing. These enzymes are also
regulated by certain agents like salt (63, 64, 116, 117). 

In general, the amount of peptides increases during
meat ageing as reported for beef, pork, chicken and rabbit
(118). Some characteristic peptides have been described in
postmortem meat and some of them are related to meat
tenderness or have flavor properties, for instance, the
30 kDa peptide originating from troponin T through the
action of calpain (119) which is related to meat tenderiza-
tion (120–124), a 110 kDa polypeptide from C protein
(125) and some peptides corresponding to 1282.8 Da from
the sarcoplasmic protein glyceraldehyde 3-phosphate
dehydrogenase, 1734.8 Da from troponin T and 5712.9 Da
from creatine kinase (125). Recently, a 32 kDa peptide
derived from troponin T has been reported to increase dur-
ing 20 days of ageing (111). Several small peptides were
also isolated from pork meat and some of them were pro-
posed as predictors of pork meat quality (126–128). The
generation of these peptides may be depressed if some salt,
which inhibits muscle peptidases, is added (62). The activ-
ity of endogenous muscle aminopeptidases is quite rele-
vant and, in fact, a significant amount of released free
amino acids that contribute to meat taste may be found
after several days of meat ageing (129–132). 

D. LIPOLYSIS

Lipolysis consists of the breakdown of triacylglycerols by
lipases and phospholipids by phospholipases resulting in
the generation of free fatty acids (see Figure 28.3). Some
of these fatty acids may contribute to taste but, most
important, unsaturated fatty acids may contribute to the
generation of aroma compounds through further oxidative
reactions. Main lipolytic enzymes, located in muscle and
adipose tissue and involved in these phenomena, are listed
in Table 28.3. These enzymes show good stability and,
although their activity depends on pH, salt concentration
and water activity, the conditions during meat ageing favor
their action (88, 133). The generation rate of free fatty

acids increases with length of ageing. In the case of intra-
muscular lipids, most of the released fatty acids proceed
from phospholipid degradation while in adipose tissue
they proceed almost exclusively from triacylglycerols
(134, 135). 

The generated mono and polyunsaturated fatty acids
are susceptible to further oxidative reactions to give
volatile compounds (136). The beginning of lipid oxida-
tion is correlated with flavor development but an excess of
oxidation may lead to off-flavors, one of the main mecha-
nisms responsible for quality deterioration in meat and
meat products. Warmed-over flavor (WOF) is recognized
as a sensory defect that has been described as the rapid
onset of off-notes developed in cooked meat after refrig-
eration storage (137). WOF is characterized by a decrease
in fresh meatiness and the development of cardboard and
rancid/painty notes in beef, pork and chicken, that may be
detected even after 48 hours (137). 

The beginning of lipid oxidation consists of the for-
mation of free radicals, reactions catalyzed by muscle
oxidative enzymes, like peroxydases and ciclooxyge-
nases, external light, heating and the presence of moisture
and/or metallic cations. The next step in oxidation is the
formation of peroxide radicals (propagation), by reaction
of free radicals with oxygen. The hydroxyperoxides (pri-
mary oxidation products) formed are flavorless but very
reactive (136) giving secondary oxidation products that
contribute to flavor (138). The oxidation is finished when
free radicals react with each other. Unsaturated fatty
acids, especially those of phospholipids, are prone to oxi-
dation. The oxidation rate depends on the level of unsatu-
rated fatty acids and number of unsaturations. For
instance, arachiconid acid (C20:4) is oxidized faster than
linolenic acid (C18:3), and this faster than linoleic acid
(C18:2) and oleic acid (C18:1). An example of the evolu-
tion of oxidation during refrigerated storage of pork meat
is shown in Figure 28.9. Typical volatile compounds
resulting from lipid oxidation (139) are aliphatic hydro-
carbons (poor contribution to flavor), alcohols (high odor
threshold), aldehydes (low odor threshold) and ketones. 

VI. DEVELOPMENT OF SENSORY
QUALITY

The chemical and biochemical changes taking place dur-
ing the refrigerated storage of meat are intimately linked to
the development of specific sensory properties of meat like
color, texture and flavor which are basic to quality. An
example of meat conditioning is shown in Figure 28.10.

A. COLOR

The protein myoglobin constitutes the major pigment in
meat, from 50 to 80% of the total pigment content (Miller,
1994). Myoglobin is composed of globin, a protein moiety,
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and an iron-containing heme group. When the heme iron
exists in a reduced ferrous form, it is called deoxymyoglo-
bin and gives a purplish-red color (140). When oxygen
occupies the sixth ligand by oxygenation under high oxy-
gen tension, it is called oxymyoglobin, and gives a cherry-
red color. These two myoglobin forms may be oxidixed to
metmyoglobin, which gives an undesirable brownish-red
color (140). Metmyoglobin may be formed at high tem-
perature, low pH and under exposure to UV light. Some
bacteria may also favor its formation (97) while some lac-
tic acid bacteria have shown ability to reduce metmyoglo-
bin to myoglobin (141). When oxygen tension is low,
oxygen dissociates from the heme and gives myoglobin.
The content in myoglobin varies depending on the species.
So, beef meat (containing about 5 mg of myoglobin per g
of muscle) has the darkest color, followed by lamb (about
2.5 mg/g) and pork (about 1 mg/g) (142). Myoglobin con-
tent also varies depending on the physiological role (mus-
cles with higher content of red fibers are darker)  and age
(myoglobin content increases with age) (16). In general, a
better red color may be found in meats from mature ani-
mals than in meats from younger animals. 
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Color stability is very important for fresh meat mar-
ketability. Color may be influenced by drop in pH rate and
is more stable at relatively higher ultimate pH values. The
oxidation of myoglobin is accelerated by increases in tem-
perature. The partial oxygen pressure is very important to
the balance between the three myoglobin forms. Finally,
light may produce meat discoloration as well as bacterial
contamination (140).

B. TEXTURE

Calpains play an important role in proteolysis and tender-
ness development during early postmortem while cathep-
sins play a minor role (143). Calpains are activated in
postmortem meat by the increased calcium concentration as
a consequence of calcium release from the sarcoplasmic
reticulum and mitochondria and cause an intense break-
down of the myofibrillar structure, especially around the
Z-line area.  Further evidence has been obtained by addition
of specific cathepsin inhibitors, observing a similar degree
of meat tenderization and myofibrillar fragmentation (144)
or even acceleration of the tenderization rate when calcium
salts are added (145). The need for increased tenderness
and optimized ageing processes prompted the development
of tenderization models based on the activity of calpains
(146). However, other factors must be considered when
comparing proteolytical enzyme levels in different species
(beef, pork, lamb and poultry) and respective rates of ten-
derization (147). Even non-enzymatic mechanisms regard-
ing depolymerization of intermediate filaments under
non-physiological conditions have been proposed for meat
tenderization (148). Calpastatin and cystatins regulate the
activity of calpains and cathepsins, respectively, and their
content varies with species. For instance, pork muscle has
lower calpastatin level (149) and lower calpain II activity
than beef and lamb but at 1 day postmortem pork meat was
the most tender (150). Thus, calpastatin and cystatins, or
even the enzyme/inhibitor ratios, appear to be better pre-
dictors of meat quality than the assays of enzyme activity
alone (151). 

Changes in rate of tenderization may be due to dif-
ferent ultimate pH values (value at 24 h postmortem).
So, preslaughter stress and consequent glycogen deple-
tion may raise the ultimate pH to intermediate values
(around 6.0) and give tougher meat at first day post-
mortem while lower and higher ultimate pH give tender
meat (152). Myofibrillar protein extractability is lower
in PSE pork meat than in normal meat and this may
change the susceptibility of myofibrils to proteolysis
(153). In fact, major changes by calpains are observed in
DFD and normal meats while the action of cathepsins
remains similar in both normal and PSE types of meats
(154). Proteolysis and ultrastructural breakdown has
been reported to be faster in fast glycolyzing muscles.
Higher calpain I activity and lower calpastatin activity

(high enzyme/inhibitor ratio) confirms that calpain I has
an important role in tenderness even in meats with lower
pH values (155).

C. FLAVOR

Raw meat has little aroma but meat flavor is developed
as a consequence of a good number of compounds pro-
duced in postmortem muscle. The most important non-
volatile compounds with taste properties are free amino
acids, peptides, inosine and hypoxanthine, lactic and
succinic and other acids, sugars, and the sodium salts of
glutamic and aspartic acids (156). Flavor enhancers such
as 5�-inosin- and 5�-guanosin-monophosphate, glutamic
acid and monosodium glutamate are also important for
the final flavor of meat (157, 158). Free amino acids
contributing to meat taste have been reported in beef,
rabbit and pork (130, 131, 159, 160). Peptides generated
in aged meat also make an important contribution to
taste. An octapeptide, Lys-Gly-Asp-Glu-Glu-Ser-Leu-
Ala, was isolated from beef after digestion with papain
(161, 162). This peptide was named the beefy meaty
peptide (BMP) or delicious peptide because of its taste-
enhancing properties. This octapeptide exhibits sourness
and astringency at pH 3.5 and umami at pH 6.5 which is
enhanced in the presence of salt and monosodium gluta-
mate (163). Other tripeptides like Ala-Asp-Glu, Ala-
Asp-Glu, Asp-Glu-Glu and Ser-Pro-Glu and dipeptides
like Glu-Glu and Glu-Val, with taste-enhancing proper-
ties, have been isolated from chicken meat treated with
bromelain (164). The production of peptides with desir-
able flavors is favored within the pH range 5.0–6.0 in
beef (165). The division of generated peptides in aged
beef into three fractions revealed that those with molec-
ular mass of 500–1000 kDa and higher than 10,000 kDa
had a negligible effect on taste while those within the
range 1,000–10,000 kDa suppressed sourness, probably
by inhibition of the binding of lactic acid to membranes,
and enhanced umami taste (118). In a similar way, small
peptides in the range 2,700 to 4,500 Da or even below
2,700 Da, have been detected in postmortem pork meat
and some of them gave characteristic brothy and umami
tastes (166).

Volatile compounds are generated with aroma proper-
ties belonging to the following groups: aldehydes, ketones,
esters, hydrocarbons, acids, alcohols, lactones, furanes,
pyrroles, pyridines, pyrazines, non-heterocyclic sulphur
compounds, thiophenes and thiazoles (167). Further gen-
eration of these taste and aroma compounds and interac-
tions among them take place during meat processing and
cooking (157, 168). For instance, the optimal flavor qual-
ity of aged top round beef meat was found after 4 days of
ageing (165). The main reactions involved during cooking
are: pyrolysis of amino acids and peptides, carbohydrate
degradation, Maillard reactions, Strecker degradations,
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degradation of thiamin and lipid degradation (157).
Depending on the balance and relative intensity of all these
reactions, the flavor may change. For instance, some
pyrazines, thiophenes and thiazoles are responsible for the
roasted flavor. Thus, the different flavors for different
meats depend on the balance of the non-volatile and
volatile compounds and the way they interact (167, 169). 

In summary, the chemistry and biochemistry of meat
are quite complex and involve numerous chemical reac-
tions (i.e., lipid oxidation, Maillard reactions, Strecker
degradations, etc.) and biochemical reactions related to
indigenous enzymes (i.e., glycohydrolases, proteases,
lipases, etc.). Knowledge of these reactions is very impor-
tant in order to obtain standardized high quality meats
because all related chemical and biochemical changes have
a strong effect on final quality and consumer acceptability.
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I. INTRODUCTION

Red meat refers to the meat from mammalian skeletal
muscle tissue with distinctive red color including beef,
pork, and lamb. Although muscle and meat are used inter-
changeably on many occasions, there are differences
between the two terms. Muscle refers to a tissue responsi-
ble for contraction and movement in live animals, while
meat is a broad term referring to edible tissues from ani-
mals consisting of muscle, adipose, and other connective
tissues (1). The major components of meat include water,
proteins, lipids, carbohydrates, minerals, soluble non-pro-
tein substances, vitamins, and some incidental com-
pounds such as feed additives or contaminants (Table
29.1). The composition of meat is dependent on the
species, breed, sex, age, activity, the anatomical loca-
tion of the cut, the relative proportions of tissues in 
the retail cut, and other factors. However, the composition
of lean meat is fairly consistent even across different
species (Table 29.2). Hence, in later discussions, the
chemical composition of red meat is not separated 
into species.

II. WATER IN MEAT

Generally, water is the most abundant component in lean
meat, ranging from 65% to 80%. However, if the meat con-
tains excessive adipose tissue, fat may be the predominant
component (Table 29.3). Water is not randomly distributed
in meat. At the time of slaughter, approximately 85% water
in muscle is located intracellularly. The remaining 15%
water is located in the extracellular spaces. The water in the
muscle is withheld through different mechanisms, less than
15% tightly bound to proteins, another 15% loosely bound
to proteins, and the remaining 70% by capillary forces (6).
Since most of the water is distributed in the spaces among
myofibrils, swelling or shrinkage of myfibrils alters the
distribution of water within the muscle but does not neces-
sarily affect the muscle volume as a whole (7). 

The level of water in meat has a direct impact on
cooking yield as well as on tenderness and juiciness of
meat products. Hence, it is desirable to improve water
binding capacity of meat through breeding, slaughtering,
post mortem handling, formulation, and further process-
ing such as mixing, tumbling, and other procedures. 
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III. MEAT PROTEINS

For lean meat, proteins constitute 16% to 22% of the meat
mass. Meat proteins can be divided into three groups
based on their solubility: sarcoplasmic proteins (soluble in
aqueous solutions with an ionic strength of 0.15 or less),
myofibrillar proteins (soluble in aqueous solutions with
an ionic strength of sodium or potassium ions at least 0.3),
and stromal proteins (insoluble even in high ionic strength
solutions of sodium or potassium ions) (2). 

A. SARCOPLASMIC PROTEINS

The sarcoplasmic proteins contribute to about 30% of the
total protein, corresponding to 5.5% of lean meat. The
sarcoplasmic proteins include a mixture of about 50 com-
ponents. The major components are glycolytic enzymes,
myoglobin, cytochromes, and flavoproteins (2). It should
be noted that glycolytic enzymes are not randomly sus-
pended in the sarcoplasm. Instead, they are bound to the
myofibrillar protein (actin). This feature may assist in the
muscular metabolism and physiological function. In addi-
tion, the proportion of the bound glycolytic enzymes

increases in electrically stimulated glycolysis and
decreases when the stimulation stopped (2). Glycolytic
enzymes also bind to other sites in muscle cell, including
the sarcolemma, the sarcoplasmic reticulum, and the
membranes of nuclei and mitochondria. These glycolytic
enzymes play a critical role during post mortem glycoly-
sis. The myoglobin, and to a lesser extent, hemoglobin,
are responsible for the typical red color of meat. The
amount of myoglobin is determined by the metabolic
characteristics of the muscle. For instance, red meat con-
tains high levels of myogolbin to provide more oxygen for
the synthesis of ATP. In contrast, white meat contains low
levels of myoglobin because its energy is generated 
primarily through glycolysis. Generally, sarcoplasmic
proteins have limited functionalities in water-binding, gel-
forming, and emulsifying capacity. 

B. MYOFIBRILLAR PROTEINS

Myofibrillar proteins constitute about 60% of total muscle
proteins, corresponding to about 11.5% of lean meat.
Myofibrillar proteins can be further divided into three
subgroups including contractile proteins, regulatory pro-
teins, and cytoskeletal proteins (Table 29.4). The major
contractible proteins are myosin and actin. The major reg-
ulatory proteins are tropomyosin, troponin, actinins, and
other minor regulatory proteins. Cytoskeletal proteins
include a diverse group of proteins such as titin, nebulin,
desmin, filamin, vinculin, and synemin. The myofibrillar
proteins construct the thick filament, thin filament, Z-line,
and M-line which can be observed under the microscope
or electron microscope.

1. Myosin

Myosin is the most abundant myofibrillar protein, con-
tributing to abut 40% of the total myofibrillar protein or
about 5.5% of lean meat. Myosin contains six subunits
with two identical heavy chains and four light chains (2).
There are three kinds of light chains, i.e., DTNB light
chain (MW 18,000 D), alkaline light chain 1 (MW 25,000
D), and alkaline light chain 2 (MW 16,000 D). The names
of the light chains come from the reagents used to release
them from myosin, either sulfhydryl agent 5,5-dithio-
bis(2-nitrobenzoic acid) (DTNB) or alkaline solution.
One myosin molecule contains two identical DTNB light
chains and two identical alkaline light chains (either 1 or
2). The six subunits form two identical units which form
a complete myosin molecule with a length of 1500 Å (2).
A whole myosin molecule looks like a golf club with the
N-terminus in the head region. The four light chains and
ATPase activity are located at the head. Many myosin
molecules aggregate at the tail to form myosin filament
(thick filament) which in turn forms myofibrils with other
proteins (2, 9). Another protein component for thick fila-
ment, titin, will be discussed later.

TABLE 29.1
Composition of Typical Mammalian Muscle*

Component Wet %

Water 75.0
Protein 19.0
Lipids 2.5
Carbohydrates 1.2
Non-protein nitrogenous compounds 1.65
Inorganic 0.65
Vitamins and other minor components Minimal

* Compiled from Ref. 2.

TABLE 29.2
Composition of Separable Red Lean Meat from
Different Species (%)

Water Protein Lipids Ash

Beef 71 21 5.8 1.0
Pork 72 21 5.9 1.0
Lamb 73 20 5.2 1.0

Compiled from Refs. 3–5.

TABLE 29.3
Composition of Red Meat with Adipose Tissues (%)

Water Protein Lipids Ash

Beef 60 18 20 1
Pork 42 12 43 1
Lamb 62 17 18 1

Compiled from Refs. 3–5.



2. Actin

The other important contractile protein is actin, contribut-
ing to about 20% of total myofibrillar proteins or about
2.5% of lean meat (Table 29.4). Actin contains a single
polypeptide chain. Each actin molecule forms a globe that
is called G-actin. A series of G-actin aggregate linearly to
form a fibrous structure that is called F-actin. F-actin has
a double stranded right-handed helical structure with a
half pitch consisting of 13 monomers (10). The polymer-
ization of G-actin to F-actin (G-F transformation) is
thought to be similar to the process of crystallization (11).
It occurs only above a critical concentration of actin at
which F-actin is in equilibrium with G-actin. F-actin,
tropomyosin, troponin, and nebulin are the major compo-
nents for the thin filaments in myofibrils. 

3. Tropomyosin

Tropomysoin contributes to about 8% of myofibrillar pro-
teins. It is an α-helical molecule approximately 41 nm
long. It is so named because its amino acid composition is
similar to that of myosin (12). Tropomyosin consists of
two subunits with a molecular weight of approximately
37,000 daltons. The two subunits are α and β which can
be separated by sodium docecyl sulfate gel electrophore-
sis or by ion-exchange chromatography.

4. Troponin

Troponin is a protein of MW 80,000 consisting of three
subunits that are named I, T, and C. Troponin C is an
acidic protein that can bind Ca++ with four calcium 
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TABLE 29.4
Some Characteristics of Myofibrillar Proteins from Vertebrate Skeletal Muscle

MW
Protein (KD) %* Location Function

Contractile
Myosin 500 43 Thick filament Contraction

Heavy chain 220 (A-band)
Light chain 16/18/25

Actin (G-form) 42 22 Thin filament Contraction
(I-band)

Regulatory
Tropomyosin 70 8 Thin filament Regulates contraction

α-chain 34
β-chain 36

Troponin 74 5 Thin filament
Troponin-C 18 Ca2+-binding
Troponin-I 21 Inhibits myosin-actin interaction
Troponin-T 35 Binds to tropomyosin

α-actinin 95 2 Z-disk Fastens thin filaments to Z-disk
β-actinin 130 0.1 Thin filament Regulates thin filament length
γ-actinin 35 0.1 Thin filament Inhibits G-actin
Eu-actinin 42 0.3 Z-disk Density
C-protein 140 2 Thick filament Adheres to thick filament
M-protein 165 2 M-line Binds to myosin
X-protein 152 0.2 Thick filament Binds to myosin
H-protein 69 0.18 Thick filament Adheres to C-protein & myosin
Paratropomyosin 35 0.15 Edges of A-band Involving postmortem changes
Creatine kinase 42 0.1 M-line Binds to M-protein

Cytoskeletal
Titin >1000 8 Entire scaromere Holds thick filaments & 

links them to Z-disks
Nebulin 600 3 N-line Binds & holds thin filaments
Desmin 550 0.18 Z-disk Links neighboring Z-disks
Filamin 230 0.1 Z-disk Binds & holds titin
Vimentin 58 0.1 Z-disk Links Z-disk in periphery
Synemin 220 0.1 Z-disk Binds to desmin & vimentin
Zeugmatin 550 0.1 Z-disk Links thin filaments to Z-disk

*Percentage of total myofibrillar protein
Compiled from Ref. 8.



binding sites on each troponin C (13). Troponin I is a
basic protein that inhibits the actin-myosin interaction in
the presence of ATP. The presence of tropomyosin greatly
enhances this inhibition (14). Troponin T binds strongly to
tropomyosin periodically at 40 nm intervals along the
entire length of the thin filament (15). Since each troponin
molecule must regulate seven actin molecules, it is
believed that this must be mediated via a dislocation of the
filamentous tropomyosin molecule along the groove of
actin filaments (16). 

5. Actinins

Actinins are proteins that play a role in regulating the
physical state of actin. Four classes of actinins are known,
α-actinin, β-actinin, γ-actinin, and eu-actinin. α-actinin is
the major actinin found in skeletal muscle, contributing to
about 1–2% of myofibrillar proteins. It is an acidic protein
located in Z-lines, probably participating in cementing the
components of the Z-line (17). Mild treatment of myofib-
rils with proteases results in a marked decrease in the den-
sity of Z-lines with a release of intact α-actinin. The
decrease in Z-line density and the loss of register of 
Z-lines in adjacent myofibrils are characteristic of post-
mortem muscle. It is believed that the release of α-actinin
contributes to the tenderness of postmortem meat (18). 
β-actinin is a protein contributing to less than 0.01% of
myofibrillar proteins. β-actinin is present at the free end
of actin filaments to prevent actin from binding to another
actin filament (19). γ-Actinin is a protein contributing to
less than 0.01% of myofibrillar proteins. It inhibits the
polymerization of G-actin. Eu-actinin contributes to about
0.3% of myfibrillar proteins. It is located at Z-lines to
interact with both α-actinin and actin. 

6. Other Regulatory Proteins

Other regulatory proteins include M-protein, C-protein,
and F-protein, among other minor components. M-protein
contributes to about 0.5% of myfibrillar proteins. It is
located at the M-line of the thick filaments. Other proteins
found at the M-line include myomesin and creatine kinase
(20–22). C-protein comprises 2% of the myofibrillar pro-
tein with a relatively high proline content. C-protein
copolymerizes with myosin filaments. F-protein binds to
myosin filament. I-protein is located at the A-band. It is
suggested that I-protein inhibits the unnecessary splitting
of ATP in relaxed muscle (9).

C. CYTOSKELETAL PROTEINS

Cytoskeletal proteins include titin (connectin), nebulin,
desmin (skeletin), and other minor components. Titin is the
largest protein molecule with a MW of over 1,000,000.
Titin contributes to about 10% of myofibrillar proteins. It
seems that titin forms a three-dimensional net of very thin

filaments to link the neighboring Z-lines (23). It extends
longitudinally in each half sarcomere from the M-line to the
Z-disk as a third filament of the myofibril. Titin and C-pro-
tein bind to the outside shaft of the thick filament. They
encircle and stabilize the thick filament and hence should
be considered components of thick filament. It is believed
that titin is responsible for the resting tension associated
with each sarcomere. Nebulin constitutes approximately
4% of myofibrillar proteins. It is located close and parallel
to the thin filament. Nebulin extends longitudinally along
the entire length of the thin filament from the A-band to the
Z-disk. In mature muscle, it serves as a template for assem-
bly and/or scaffold for stability of thin filaments. It may
also help to anchor thin filaments to Z-disks (1). Desmin
contributes to less than 0.2% myofibrillar proteins. It is
located at the periphery of the Z-disk and also in the fila-
ments that link neighboring Z-disks. Other minor proteins
contributing to the cytoskeleton include filamin, vimentin,
synemin, and paranemin (1). 

D. STROMAL OR CONNECTIVE TISSUE PROTEINS

Stomal proteins include collagen, elastin, and other insol-
uble proteins. Connective tissue proteins play an impor-
tant role in physiological functions as well as in
determining the eating quality of meat. Their physiologi-
cal functions include covering the body, protecting the
body from damage, and connecting muscles, organs, and
other structures to the skeleton and to each other (24).

Collagen is a major structural component of all con-
nective tissues including tendon, bone, cartilage, skin,
vascular tissues, and basement membranes. It is the most
abundant protein in animal bodies constituting 20–25% of
the total protein. Different tissues have different types of
collagens (Table 29.5). Distribution of collagen is not uni-
form among skeletal muscles with the amount generally
paralleling physical activity of the muscle. Hence, mus-
cles of limbs contain more collagen than those around the
spinal column. Consequently, the former are tougher than
the latter. At a level of 33%, glycine is the most abundant
amino acid in collagen, followed by proline and hydrox-
yproline comprising another one-third of the amino acids
of collagen. Since hyroxyproline is a relatively constant
component of collagen (13–14%) and does not occur to a
significant extent in other animal proteins, chemical
analysis of hydroxyproline is commonly used to deter-
mine the amount of collagen in tissues. In addition, colla-
gen is a glycoprotein in that it contains a small quantity of
galactose and glucose (24).

Tropocollagen is the structural unit of the collagen
fibril. Tropocollagen molecules are composed of three 
α-chains that form a triple helix, with each α-chain form-
ing a left-handed helix and three of the left-handed 
α-chains form a right-handed supercoil. Following syn-
thesis of tropocollagen in fibroblasts, they are secreted
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into the intercellular matrix where they are assembled into
collagen fibrils. During fibril assembly, tropocollagen
molecules are aligned longitudinally end to end and later-
ally in a slightly less than one-fourth overlapping stagger.
The overlapping stagger gives rise to the unique striated
appearance of collagen fibrils. It should be pointed out
that only type I and type III collagen fibrils can form col-
lagen fibers. Type I collagen forms large fibers while type
III collagen forms fine fibers. In fibrous collagens, cross-
linkages are formed via intermolecular or intramolecular
cross-links. The number of cross-links depends on the
load and stress of the muscle and also on the age of the
animal. Limb muscle and aged animals generally have
more crosss-links, resulting in tougher meat than meat
from loin or young animals. The cross-links result from
covalent bonding of hydroxyprolines, deaminated lysine,
hydroxylysine, or sulfhydryl groups. The enzymes
responsible for the modification of proline and lysine are
located in fibroblasts and the modifications occur post-
translation of the polypeptides. 

Elastin is a much less abundant connective tissue pro-
tein than collagen. Its ultrastructural characteristics are
not well known. Elastin is a rubbery protein present
throughout the body in ligaments and arterial walls, as
well as in the framework of a number of organs including
muscle. Elastin fibers can be easily stretched and, when
tension is released, return to their original length. Elastin
contains eight amino acid residues with glycine being the
most abundant. There are two unique amino acid residues
in elastin, desmosine and isodesmosine. Elastin is highly
resistant to digestive enzymes and cooking has little solu-
bilizing effect on it. Thus, elastin contributes little to the
nutritive value of meat (1).

IV. LIPIDS

Lipids is the component with the highest variability for
meat, ranging from 1.5% to 13.0% (28), but lipids content
can be as high as 43% if the meat contains excessive adi-
pose tissue (3–5). The variability of lipids arises primarily
from the differences in neutral fat, or triacylglycerides.
Other lipid components such as phospholipids, cerebro-
sides, and cholesterol are fairly constant among different
meat cuts. The differences in triacylglycerides reside in
the fatty acids. The common fatty acids found in meat
include stearic, palmitic, oleic, and linolenic (Table 29.6).
Feed has an impact on the composition of fatty acids in
meat. This is particularly obvious for pork. Bacon and
other meat products from hogs that have ingested flax
seed or fishy residue may develop painty or fishy flavors.
Dietary fatty acids have less impact on the fatty acid pro-
file of ruminant animals because the ruminant bacteria
convert unsaturated fatty acids to saturated fatty acids
through hydrogenation (28). 

The level of phospholipids in muscle tissues is gener-
ally in the range of 0.5–1%. Most of the phospholipids are
phosphoglycerides, i.e., phosphotidylcholine, phospho-
tidylethanolamine, and phosphotidylserine. Since phos-
pholipids contain relatively high levels of polyunsaturated
fatty acids, they tend to be oxidized to generate off-flavor.
Meat also contains a small amount of cholesterol, gener-
ally in the range of 100 mg/100 g (3–5).

V. CARBOHYDRATES

Carbohydrates and related compounds contribute to about
1.0% of meat weight (22). The major components are
glycogen and glucose. Other components such as triose
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TABLE 29.5
Distribution and Molecular Properties of Genetically
Distinct Collagens

Type Molecular composition Tissue location

I [α1(I)]2α2(I) Skin, tendon, bone, dentine
II [α1(II)]3 Cartilage, disc, vitreous,

notocord
III [α1(III)]3 Vascular system, skin,

intestine
IV [α1(IV)]2α2(IV)+α3(IV) Basement membrane 
V [α1(V)]2α2(V)+α1(V)α2(V) Embryonic tissue, skin,

vascular system
α3(V)+ Other combinations 

VI [α1(VI)2 α2(VI)α3(VI)] Vascular system
VII [α1(VII)]3 Skin amniotic membrane
VIII [α1(VIII)]3 + [α2(VIII)]3 Aortic intima
IX [α1(IX)α2(IX)α3(IX)] Cartilage
X [α1(X)]3 Cartilage
XI α1(XI)α2(XI) α3(XI) Cartilage

Compiled from Refs. 24–27.

TABLE 29.6
Fatty Acids Composition of Animal Fats

Pork Beef Mutton
Fatty Acids Lard Tallow Tallow

Lauric (C12:0) Trace <0.2 Trace
Myristic (C14:0) 0.7–4.0 2–8 1–4
Palmitic (C16:0) 26–32 24–33 20–28
Stearic (C18:0) 12–16 14–29 25–32
Arachidic (C20:0) Trace 0.4–1.3 Trace
Total saturated 40–48 40–56 46–60

Myristoleic (C14:1) <0.3 <0.6 Trace
Palmitoleic (C16:1) 2–5 1.9–2.7 Trace
Oleic (C18:1) 41–51 39–50 36–47
Linoleic (C18:2) 3–14 <5 3–5
Linolenic (C18:3) <1 <0.5 Trace
Arachidonic (C20:4) <3 <0.5 Trace
Total unsaturated 52–60 44–60 40–54

Compiled from Refs. 3–5, 28.



phosphates and lactic acid arise from the metabolism of
glucose or glycogen. The level and metabolism of carbo-
hydrates determine, to a great extent, the eating quality of
meat because during postmortem glycolysis, glucose is
converted to lactic acid and ATP, both of which have sig-
nificant impact on postmortem changes. Other important
carbohydrates are bound to proteins which are called pro-
teoglycans (protein accounting for 5–15% and carbohy-
drate accounting for 85–95%) and glycoproteins (protein
being the major component and carbohydrate being the
minor component). 

VI. OTHER COMPONENTS

The mineral content in meat is generally low, with potas-
sium 0.355%, sodium 0.07%, and phosphorus 0.19%
(Table 29.7). However, meat provides some essential trace
elements (Fe, Zn, Cu, etc.) that have higher absorption
than food of plant origins.

Non-protein nitrogenous (NPN) substances contribute
to about 1.5% of meat weight. These substances include
creatine, creatine phosphate, nucleotides, free amino
acids, peptides, creatinine, etc. The level of NPN may
have a significant impact on the flavor of meat. Meat also
contains significant amount of vitamins, especially vita-
min B1 and niacin (Table 29.8).
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I. INTRODUCTION

Meat species identification has been an active area of
research for the past three decades. Identification of the
animal origin is important for fair trade, for ensuring com-
pliance with labeling regulations, and for other issues
such as wild life management and conservation. Initially,
method development for species identification was mainly
for the legal enforcement of regulations governing the
import of raw meats at ports of entry, since species sub-
stitutions, such as the substitution of horse or kangaroo
meat for beef (1, 2), and pork for beef or sheep meat (3),
had been reported in several countries. Methods that give
a clear qualitative result, verifying and identifying the
species of origin, were sufficient at the time. However, as
processed meat and prepared ready-to-eat products have
become increasingly available to consumers, the possibil-
ity of fraudulent adulteration and substitution of the
expected species with other meats has also increased.

Widespread problems due to mixing undeclared meat
species have been documented among fresh and
processed ground meat products in retail markets as either
a consequence of improper handling or economic fraud
(4, 5). Whether this is due to accidental contamination of
low levels of undeclared meat or intentional adulteration
involving significant amounts and/or multiple species,
such practices pose a substantial concern to consumers in
terms of economic loss, food allergies, religious obser-
vance, loss of traceability, and food safety (6). It has been
observed that the adulteration problem occurs more fre-
quently in precooked meats than in fresh meat, possibly
due to the lack of reliable and economical analytical
methods for cooked meats (7). Wherever the law enforce-
ment is inadequate with regard to meat species monitoring
programs, the rate of adulteration increases substantially.
Therefore, the recent focus of species detection has been
on the content of various processed and precooked ground
and comminuted meat products. The development of 
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reliable analytical methods that can sensitively identify
and quantify the unknown species in processed and com-
posite mixtures has thus become more important and, at
the same time, more complicated. Research efforts have
concentrated on searching for species markers that are not
only unaffected by the processing conditions, such as
cooking temperature, but can also be used to quantita-
tively assess the proportion of the target tissue present in
meat samples (6).

Recently, an emerging issue concerning the transmis-
sion of the fatal neurodegenerative disease, Bovine
Spongiform Encephalopathy (BSE, commonly known as
mad cow disease), has made the science of species detec-
tion even more demanding and challenging. Most scien-
tists agree that the BSE epidemic originated from the
practice of feeding cattle with rendered animal protein
derived from scrapie-infected sheep tissue, and the dis-
ease is further spread by recycling meat and bones from
infected animals back into cattle feed (8). Etiologically
linked to BSE, the recent occurrence of a new variant of
Creutzfeldt Jakob Disease (nv CJD) in humans is believed
to result from consumption of beef from BSE-infected
cattle (9). Ultimately, food safety is the threshold issue for
consumers’ fear of BSE. To prevent the spread of the dis-
ease in animals and reduce the potential risk of BSE trans-
mission to humans, stringent feed control is essential. The
use of rendered protein supplement derived from rumi-
nants was banned in ruminant feed in the European Union
(EU) in 1994 (10) and in the U.S. in 1997 (11). Since
1996 the World Health Organization (WHO) has recom-
mended that all countries ban the use of ruminant tissue in
ruminant feed  (12). The EU has introduced a total ban on
the feeding of processed animal protein to all animals
which are for human consumption under the new
processed Animal Protein Regulations, while blood, milk
and gelatin are exempt from the feed ban (13). This total
feed ban has been in force since 2000. While the practice
of adding rendered animal by-products, such as meat and
bone meal (MBM) as a protein supplement to non-rumi-
nant animal feed and pet food continues in many BSE-
free countries, different regulatory emphases are placed
on specific animal species and the materials that are per-
missible for use or prohibited. Therefore, methods that
can reliably detect prohibited animal species in MBM and
feedstuffs are crucial for effective implementation and
enforcement of the preventive measures for BSE, as well
as other Transmissible Spongiform Encephal-opathies.
The requirement of adequate sensitivity and reliability of
the assay to not only detect prohibited species but also dif-
ferentiate the prohibited tissues from allowed animal
materials, such as blood, milk and gelatin of the same
species, and without cross reaction with plant materials in
severely heat-processed and highly complex feed samples
has greatly increased the level of the challenge involved in
method development.

In this chapter, the author presents a brief overview of
the techniques that are currently used to identify meat
species and/or quantify the species content. These meth-
ods are summarized in Figure 30.1 and the currently
available commercial assays for meat species identifica-
tion are listed in Table 30.1. The term “meat species” is
used in this chapter to refer to a broad range of animal
species including mammalian, avian and marine animals.
The intent is not to provide an exhaustive review of the
analytical methods in this area but to describe the trend of
method development and to discuss the principles, useful-
ness and limitations of the most commonly used tech-
niques illustrated by using exemplary studies. More
detailed reviews of the methods used for meat species
identification in food or feed products at various develop-
mental stages can be found in a number of articles in the
literature (6, 14–22). The classic methods such as elec-
trophoresis, chromatography and immunodiffusion usu-
ally depend on the stability of the soluble proteins and are
generally applied to raw meat products, although some
have also been applied to cooked meat with limited suc-
cess. Since the recent development of new techniques has
centered on protein-based enzyme immunoassay and
DNA-based Polymerase Chain Reaction (PCR) analyses
in heat-processed products, essential factors and consider-
ations important to their assay development are discussed.
An overall comparison between these two approaches is
made in terms of specificity, sensitivity, quantitative
measure and convenience of the assay.

II. CURRENTLY AVAILABLE METHODS

A. ELECTROPHORESIS

Electrophoresis is a powerful technique for the separation
of soluble proteins into distinctive banding patterns. In
general, most electrophoretic methods use sarcoplasmic
proteins for species identification in raw meat, because
heat denatures and insolubilizes most of the native sar-
coplasma proteins, protein extracts of heat-processed meat
result in only a few faint bands. Analysis of meat samples
by electrophoretic methods must be made by comparing
the patterns obtained to those of authentic samples run
simultaneously. Usually, the complex protein banding fin-
gerprint makes electrophoresis unsuitable for the analysis
of meat mixtures. Several electrophoretic techniques are
described below. They are commonly used to differentiate
animal species, mostly in raw samples, although a few
heat-processed sample treatments are also included.

1. Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

SDS-PAGE is the most widely used technique for the sep-
aration of soluble proteins based on their molecular sizes.



This technique has been successfully used to detect differ-
ences in native and heat-treated muscle proteins of various
animals (23–25). Separation of different muscle proteins by
SDS-PAGE usually results in relatively uniform patterns,
therefore, this method is less reliable for meat species iden-
tification (26–28). Using more sensitive silver staining for
visualization of the SDS-PAGE protein bands, Zerifi et al.
(29) reported that this method detected species adulteration
in cooked meat at concentrations of 10% (w/w) in a binary
meat mixture. However, many factors other than the animal
species, such as the amount of protein loaded on the gel, the
freshness of the meat, the age and sex of the animal, the
residual blood content, the degree of heat processing and
the staining techniques, may all affect the protein-banding
patterns. Thus, the lack of sensitivity and reproducibility of
the assay and the difficulty of the gel interpretation are the
main drawbacks limiting the use of SDS-PAGE for meat
species identification.

2. Isoelectric Focusing (IEF)

IEF separates proteins into characteristic patterns based on
differences in the isoelectric points of their protein bands.
IEF was first used by Tinbergen and Olsman (30) for
species identification. It has since been extensively used
and officially recommended for the identification of fish
species (31–34). The IEF protein banding profiles for many
species are available from the U.S. Food and Drug

Administration (http://vm.cfscan.fda.gov). It is also used in
identifying animal species in either raw or cooked meats
(35–39). Although the resolution is better than SDS-PAGE,
the patterns of the total protein profiles obtained by IEF are
much more complicated and less consistent (40). The tech-
nique may be useful for identifying individual species
within families or genera, but the large number of protein
bands makes the interpretation of the results impossible in
meat mixtures or in uncommon meat samples.

3. Isozyme Staining

Another possible approach is to use isozyme staining to
improve the sensitivity of electrophoretic assays in raw
meat. Isozymes are different enzyme proteins that catalyze
the same reaction. After electrophoretic separation of meat
protein extracts, the gel is stained for a particular enzy-
matic reaction. The staining makes the isozymes catalyze
the formation of colored compounds via a set of coupled
reactions. For most meat extracts, isozyme staining will
lead to several different protein bands on the gel at differ-
ent positions, which correspond to the different enzyme
proteins that are capable of catalyzing the same enzymatic
reaction. The relative positions of the isozyme markers are
characteristic of the species. Several staining systems using
isozymes, such as esterase (41, 42), phosphoglucomutase
(43), creatine kinase (44, 45), lactate dehydrogenase (40,
46) and peroxidase (47) have been employed for species
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identification of meat after electrophoresis. Although
isozyme patterns are essentially the same for all members
within a species, there are distinctive patterns between each
species (40) and some variations within species age and sex
groups may also occur (41). Since the proteins must retain
their activity for the staining process, it is essential that the
isozyme markers do not denature during extraction and
electrophoresis (43, 46). As a result, this method is less
reliable due to the difficulty of controlling the enzyme
activity of the unknown samples and its application is thus
limited to the identification of species in raw meat.

4. Capillary Electrophoresis (CE)

Capillary electrophoresis is a sensitive separation tech-
nique that combines the electrophoresis principle with
chromatographic methods for protein analysis. A sodium
dodecyl sulfate polymer-filled capillary gel electrophore-
sis (CE-SDS) method was developed by Cota-Rivas and
Vallejo-Cordoba (48) for species identification of raw
beef, pork and turkey meat. The CE-SDS sarcoplasmic
protein profiles that resulted were specific for each animal
species both qualitatively and quantitatively. The same
authors (49) later developed a pattern recognition statisti-
cal model that utilized linear discrimination analysis to
interpret the CE-SDS meat protein profiles. This method
is sensitive enough to differentiate between mechanically
recovered chicken meat and hand-deboned chicken breast
meat based on the difference in their hemoglobin (50). In
general, however, this level of sensitivity is not desirable
for routine meat species identification but only serves to
complicate the results. Although fast separation, automa-
tion and on-line data analysis are major advantages of the
technique, investment in an expensive instrument is
required. It is also extremely difficult to interpret the
results, especially when mixtures of multiple species or
protein additives are involved.

B. CHROMATOGRAPHY

Chromatographic methods such as gas chromatography
(GC), liquid chromatography (LC) and high performance
liquid chromatography (HPLC) have been applied to 
identify species in meat samples based on an examination
of their fatty acid composition (51), histidine dipeptides
(52, 53) or protein profiles (54, 55). Among these tech-
niques, HPLC has been the most frequently used method
by researchers. For example, a reverse phase high-per-
formance liquid chromatography (RP-HPLC) method has
been used to identify several animal species in raw and
heated meat based on species-dependent histidine peptides,
specifically the ratio of carnosine to serine (C/A) (53). In
another study a size-exclusion HPLC column was used to
examine differences in the myofibrillar protein profiles of
fresh meat samples (55). Although the chromatographic
patterns were similar for different muscles within species,

there were several unique proteins and the percentage area
under several protein peaks varied (54, 55), which may
present difficulties for data interpretation. Based on the
rationale that fat is not affected by heating, an LC method
was developed for the detection of pork and lard in fresh
and heat-processed meats based on the increased ratio of
the triglyceride containing saturated fatty acid to the
triglyceride containing unsaturated fatty acid at the C-2
position after derivatization (56). However, since the fat
content in meat products varies widely, it is difficult to
quantify meat adulteration from the fat profiling methods
alone. As with electrophoretic methods, chromatographic
methods may be capable of differentiating between indi-
vidual meat species, but they are less effective in detecting
adulterated species in meat mixtures or cooked meat
because of the increased complexity of the chromato-
graphic patterns. In addition, the requirements of expensive
instruments and laborious sample preparation procedures
have restricted their use for regulatory purposes.

C. SPECTROSCOPY

Spectroscopic methods are based on the light absorption at
selective wavelength of the electromagnetic spectrum by
the molecules in the samples. Spectroscopies using mid-
infrared (2000–800 cm�1), near-infrared (750–2498 nm)
and visible (400–750 nm) reflectance spectra of meat sam-
ples for both discrimination and quantification of species
content have been reported (57, 58). These spectral ranges
can be used alone and in combination. Data in each spec-
tral region are related but not identical and their combina-
tion may provide a synergistic advantage to spectroscopic
analysis (59). A near-infrared spectroscopic technique was
developed to distinguish between beef and kangaroo meat
(60) and detect beef hamburgers adulterated with 5–25%
mutton, pork, skim milk powder or wheat flour with an
accuracy of up to 92.7% (61). A feasibility study on the
application of mid-infrared spectroscopy has been used for
quantification of chicken/turkey blends (62). A combined
visible and near-infrared spectroscopy has been applied to
identify species in raw homogenized meats (63) and to
detect MBM in fish meal (64). When an adulterant is
detected, the adulteration level can be predicted by using
calibration equations for each adulterant. However, the
performance of the calibration equations may be affected
by several factors, including spectral scatter, derivative
treatment and even sample presentation methods. The
position of the spectral peaks of absorption bands may
shift not only due to adulteration with other meat, but also
with different food additives, fat contents, residual blood
and moisture levels and cooking methods (61). In addition,
this spectroscopic technique requires advanced knowledge
of using statistical models for data processing and different
models may be required for each possible blend of meat
(58). Thus, the application of this technique to identify
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meat species in highly processed products presents serious
difficulties and it is neither a common nor a convenient
method for the routine analysis of meat origin.

D. IMMUNOASSAYS

Ever since the beginning of the 20th century, immunological
approaches based on specific antibody-antigen reactions
have been applied in meat species identification (65).
Classical immunological procedures that use antispecies
antisera include the precipitin ring test (66), hemagglutina-
tion inhibition tests (67) and the agar gel immunodiffusion
(AGID) technique (68). Advances in immunochemical tech-
niques have led to new types of immunoassays, including
radioimmunoassays, enzyme immunoassays and non-enzy-
matic chromatographic immunoassays (lateral flow), with
greatly improved sensitivity and accuracy. Radioimmuno-
assay is commonly used only in clinical settings, as the haz-
ardous radioactive materials involved and the requirement
for expensive and delicate scintillation counting equipment
have restricted its use in routine and field tests of meat
species. Two immunoassays, agar gel immunodiffusion
(AGID) and the more recent enzyme-linked immunosorbent
assay (ELISA), both of which are widely used for meat iden-
tification, are described in more detail in the following sec-
tions.

1. Agar Gel Immunodiffusion

Agar gel immunodiffusion (AGID), a double immunodif-
fusion technique originally described by Ouchterlony
(68), involves the diffusion of antigens and antibodies in
a semisolid agar gel. After overnight incubation, a visible
opaque band is formed at the point where the antibody
and its correspondent antigen have met. The modification
of this technique using stabilized reagent paper discs and
pre-prepared agar plates has led to the development of
convenient field test kits such as ORBIT (Overnight
Rapid Bovine Identification Test, 69), PROFIT (Poultry
Rapid Overnight Field Indentification Test, 70), PRIME
(Porcine Rapid Overnight Field Identification Method,
71), SOFT (Serological Ovine Field Test, 72), REST
(Rapid Equine Serological Test, 73), DRIFT (Deer Rapid
Identification Field Test, 74) and MULTI-SIFT
(MultiSpecies Identification Field Test) for meat specia-
tion by USDA-FSIS meat inspectors (75). These field
tests are mainly based on the detection of serum proteins
and are suitable for testing intact pieces of raw meat.
Antisera against plasma proteins for raw meat species
identification are available commercially. The detection
limit of the assay for the target species in a meat admix-
ture relies on the quality of the antispecies antisera. With
traditional AGID, the detection limit of the assay is usu-
ally in the region of 3–10% (17, 76). In most cases, stan-
dardization of the commercial antisera against each type

of sample is required. Although AGID is relatively sim-
ple to perform, it requires a substantial amount of antis-
era and the variable sensitivity, possible interferences by
non-meat ingredients and the requirement for overnight
incubation have restricted AGID to qualitative assays of
whole pieces of fresh meat.

2. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA has gained widespread acceptance for meat speci-
ation applications due to its simplicity, specificity and
sensitivity and is now recognized as a suitable analytical
method for quality control and enforcement of muscle
food safety and labeling regulations. It can be used for
assaying various analytes in complex mixtures with mini-
mal sample preparation requirements. ELISA does not
need major scientific equipment, is easy to perform, uses
only small quantities of immunoreagents, and has large-
scale screening and field test capacity. However, the suc-
cess of the assay primarily relies on the quality of the
detecting antibodies that capture the target protein antigen
in a sample extract. Both polyclonal (Pabs) and mono-
clonal (Mabs) antibodies have been employed in various
formats of ELISA for the detection of species adulter-
ation. Traditionally, Pabs obtained from the antisera of
immunized animals have been used in ELISA. More
recently, however, several Mabs against muscle proteins
have been developed for the identification of raw meat
(77–81) and for heat-processed meats and feedstuffs (6,
28, 82–85). A comprehensive review of studies published
up to 1998 of ELISAs that utilize Pabs and Mabs for
species identification of raw and cooked meat is provided
in Hsieh et al. (6).

The two ELISA formats most commonly used for
meat speciation are indirect ELISA and double sandwich
ELISA. Indirect ELISA involves the adsorption of a fixed
amount of meat proteins that may or may not contain the
antigen molecules of a target species onto a microtiter
plate. An antispecies antibody is then used to bind the
antigen to the solid phase. The immunoreaction between
the bound antigen and the antibody can be detected by a
secondary anti-immunoglobulin enzyme conjugate, and
subsequently color is developed by the addition of the
enzyme substrate. The color intensity is proportional to
the amount of antigen present in the protein extract.
Indirect ELISA is often used to determine the titers and
specificity of an antibody reagent. However, it is neither a
convenient nor a reliable assay format for the routine
analysis of unknown samples because the protein concen-
tration for each meat extract must be determined before
the sample can be properly diluted and coated on the
microtiter plate. The dilution and composition of the meat
extract affects the antibody binding, and thus the 
ELISA results. Sandwich ELISA employs an antibody
immobilized on the solid phase as the capture antibody
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and another antibody as the detecting antibody to form a
sandwich with the antigen in the middle and two antibod-
ies attached on the different epitopes of the antigen mole-
cule. This is a more user-friendly format that is widely
used for commercial test kits because properly diluted
sample extracts can be directly added to the assay plates
which are pre-coated with the first capturing antibody
reagent. To develop a sandwich ELISA, if Pabs are used
in the assay, the same Pab reagent can be used for both the
capturing and detecting antibodies due to its heterogenous
nature. If Mabs are used, however, two different antibod-
ies with similar specificity and affinity that bind to differ-
ent epitopes are required. A combination of Pab and Mab
is also commonly used in a sandwich ELISA.

3. Factors to Be Considered in Immunoassay
Development

a. Species markers
To identify an animal species using an immunoassay, a suit-
able species marker must be chosen as the antigen for anti-
body development. For most raw meat identification, serum
proteins have been used as antigens to develop the
immunoassays (2, 86–88). Serum proteins are water solu-
ble and easy to extract, thus the sample preparation is sim-
ple. However, the presence of serum proteins may not
necessarily denote the presence of muscle tissues due to
variations in the residual blood content of the muscle tis-
sues. Such assays would not be reliable for quantifying
adulteration levels of extraneous muscle tissues (89).
Moreover, serum proteins are susceptible to heat denatura-
tion; the reliability of using serum proteins for detecting
species origin would be greatly reduced in cooked meats
(90). Any antigens used for cooked meat identification must
either be able to withstand cooking or maintain their anti-
genicity after heating.

Assays based on the detection of heat-resistant,
species-specific muscle proteins are more indicative for a
quantitative measure of lean meat, as well as supporting the
assay in both raw and cooked meat mixtures (77, 82).
Several researchers have attempted to resolve the thermal-
stable components of different meat species. Milgrom and
Witebsky (91) described antigens from the adrenal gland
that are suitable for species identification. Those antigens,
designated as BE, retained their immunogenic properties
even after being subjected to boiling and autoclaving, and
can be precipitated with ethanol. Hayden (92) developed
polyclonal antisera to adrenal BE antigens for species iden-
tification using an immunodiffusion assay, which enabled
the detection of meat from different species at 5–10% lev-
els in cooked beef sausages. Using isoelectric focusing,
Jones and Mortimer (37) demonstrated that for the thermal-
stable muscle proteins (TSMP) eluted in a low pH range
(3.5–6.5), the characteristic pattern of thermal-stable 
proteins from different species were not notably 

different. Sherikar et al. (93) later reported that “troponin
T,” with a molecular weight of 36 kD, was the specific anti-
genic fraction of the TSMPs. Assays based on these TSMP
markers showed more or less cross-reactivity to certain
non-specific proteins. ELISA protocols currently used by
the USDA-FSIS for the identification of cooked meats uti-
lize Pabs against heat-resistant muscle glycoproteins (94,
95). Several commercial sandwich ELISA kits for cooked
meat speciation have also been produced based on the
detection of the glycoproteins (Table 30.1). These commer-
cial kits are able to analyze meats cooked under normal
conditions, although the ELISA signal decreases rapidly
when the meat is cooked above 100°C.

Antisera raised against crude thermal-stable muscle
proteins according to the method of Kang’ethe and
Gathuma (96) have been used to detect ruminant proteins
in rendered animal materials heated to >130°C (97).
However, the ELISA based on these antisera requires a
lengthy procedure to remove gelatin, which interferes
with the measurement, and to concentrate sample proteins
in order to boost the assay sensitivity. The assays also
exhibit cross-reactivity with plant protein present in the
feedstuff (98, 99). In our own laboratory, troponin I (TnI),
a subunit of troponin which is a contractile regulatory pro-
tein in the muscle thin filament, has been identified as a
suitable species-specific and thermal-stable biomarker for
meat species identification in raw, cooked and autoclaved
meats (100, 101). Mabs developed against TnI could
detect and quantify muscle protein heated up to 132°C for
2 hours without compromising any of the reaction signals
(85). An indirect ELISA based on the Mabs raised against
porcine TnI was developed to quantify pork skeletal mus-
cle tissue in a meat admixture, with a detection limit of
0.5% (w/w) (28). Sandwich ELISAs based on TnI-spe-
cific Mabs have also been developed for the detection of
prohibited animal proteins, such as ruminant, mammalian
and all animal species, in rendered MBM and/or in feeds
with a detection limit of 5 ng/ml of TnI, or at least 0.05%
of the adulteration meat species in feed (102). In addition,
the abundance of TnI in muscle tissue and its excellent
extractability, even after severe heating, offers advantages
for a sensitive detection method with a simple sample
extraction procedure. The lateral flow strip test kits mar-
keted by a U.S. company (Table 30.1) are based on the
detection of the ruminant TnI antigen, and are currently
being used internationally for BSE surveillance.

b. Antibodies
Once a suitable antigen has been selected, the most impor-
tant criterion for the successful development of enzyme
immunoassays for meat speciation is the production of
species-specific antibodies raised against the antigen. The
antibodies are the key immunoreagents that differentiate
individual species. The performance of ELISA depends
on the nature, quality and availability of the antibody used
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and both Pabs and Mabs have been used in immunoassays
for species identification. Pabs are antibodies obtained
from the antiserum produced by an immunized animal in
response to an antigen. They are relatively quick and easy
to develop and are heterogeneous in nature, with subpop-
ulations binding to either species-specific or non-species-
specific epitopes; hence cross-reactivity of the antisera
with closely related species is commonly observed (103).
However, the preparation of species-specific antisera
requires immunoaffinity adsorption of cross-reactivity,
which is a costly and time-consuming procedure.
Moreover, variations in specificity and affinity between
batches of antisera are the major concerns when develop-
ing standardized procedures (15). In contrast, Mabs are
produced by a chemical fusion of antibody-producing
cells (B-lymphocytes) and myeloma cells. They offer
advantages over Pabs due to their homogeneous nature
and biologically well-defined characteristics. Although
the initial development costs of Mabs are higher than for
Pabs, the use of Mabs in immunoassays ensures a contin-
uous supply of a uniform immunoreagent and will even-
tually reduce the cost of the analysis (6, 77). Since every
Mab has unique binding properties, ELISA procedures for
each Mab must be optimized individually to achieve the
most accurate analysis and the lowest detection limit.

Usually, IgG is the class of Mabs that is preferred for
use in immunoassays, as it has been reported that IgM
Mabs frequently participate in unexpected cross-reactions
(104). IgM Mabs that are high-molecular-weight mole-
cules are also more difficult to purify and store than IgGs
(105). The most convenient way to avoid obtaining IgMs
is to screen hybridoma clones with detection antibodies
specific to the IgG γ-chain.

4. Specificity

Immunoassays for species identification are typically devel-
oped for a specific animal species and cross-reactivity of the
antibody reagent to closely related species is often a major
concern. As mentioned previously, the preparation of
species-specific Pab reagents requires immunoaffinity
absorption of the cross reactive components. Usually, pure
antigen is required to immunize animals in order to increase
the chance of producing more specific Pabs in the anti-
serum. Developing Mabs does not require the use of a pure
antigen and crude antigens could theoretically be used for
the production of species-specific Mabs. However, we
found this to be ineffective, as the chance of selecting a spe-
cific clone by immunizing and screening with crude antigen
is remote. The development of mono-specific Mabs is much
more difficult than that of group-specific Mabs. This is
mainly because species-specific antigenic determinants on
the crude protein antigens are much rarer than those deter-
minants shared by zoologically related species. The use of 
a pure antigen with known species-specific antigenic 

determinants substantially increases the chances of eliciting
specific antibodies.

Developing antibodies with broad specificity is also
important for the initial screening of samples for the detec-
tion of species adulteration or substitution in meat prod-
ucts. Currently available commercial ELISA kits for meat
species identification are designed for qualitative tests of a
single species at a time. For regulatory purposes, it is very
expensive and time-consuming to test a large number of
samples for multiple species using these ELISA kits, and
it would be much more cost- and labor-effective for a sin-
gle screening to be used to distinguish between different
classes of meat. Mabs developed to recognize common
mammalian species in cooked poultry products (83) and to
detect poultry meat in cooked mammalian meat (84) have
been reported. More recently, Chen et al. (85, 102) devel-
oped ruminant-specific, mammalian-specific and all ani-
mal-specific Mab-based immunoassays for the detection
of ruminant, mammalian and animal proteins, respec-
tively, in feedstuffs. These assays do not differentiate
between individual species within the group but detect the
presence of animal proteins of the target group.

The specificity requirement of an assay to differentiate
allowed animal proteins from prohibited tissue proteins to
ensure compliance with the BSE surveillance regulations
presents fresh challenges for the development of species
identification immunoassays. Specificity of the antibodies
to muscle proteins seems to be a prerequisite for the devel-
opment of such assays. Immunoassays using skeletal-mus-
cle-specific Mabs that are able to detect severely
heat-treated target meat with no cross-reactivity to blood
and food proteins, including milk proteins, egg albumin,
soy proteins and gelatin, have been reported (102, 106).
The muscle-specificity of the assay is also important for
food testing because food proteins are frequently used as
additives in commercially prepared meat products.

E. DNA-BASED ASSAYS

Immunoassays have been extensively used for authentica-
tion of animal species in raw meat for decades, but the non-
availability of antibodies or cross-reactions of the
antibodies to proteins from closely related animal species in
highly processed and heat-treated meat is the major reason
behind recent efforts to develop nucleic acid-based methods
as a alternative approach. In general, DNA is both more sta-
ble and more heat-resistant than proteins and the informa-
tion content of DNA is greater than that of proteins due to
the degeneracy of the genetic code. For these reasons,
DNA-based methods are now being developed to counter
the challenges that currently limit immunoassay techniques.
DNA hybridization and polymerase chain reactions (PCR)
are the two major DNA-based analytical approaches to
meat species identification. DNA hybridization techniques
are generally time-consuming and complicated. In contrast,
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the more recent PCR techniques, which easily amplify tar-
get regions of template DNA with or without prior knowl-
edge of the genetic information, have proved to be more
sensitive and rapid than DNA-based techniques for meat
species identification. Lockley and Bardsly (20) have revie-
wed DNA-based methods for food authentication.

1. Hybridization

The initial studies using DNA for meat speciation were
based on hybridization of labeled DNA probes to samples.
Either genomic DNA or cloned DNA was hybridized with
target genomic DNA that had been covalently attached to
nylon membranes in a slot- or dot-blot format and detected
by color development or autoradiography (107–111). This
had the advantage that preparation of probes from genomic
DNA did not require prior knowledge of the DNA
sequences. Utilizing hybridization based on a total genomic
probe, a cross-reaction between cattle, sheep and goats was
observed, reflecting some degree of homology in the
sequences of the satellite DNA in these closely related
species (109). Modified DNA hybridization for reducing
cross-reaction by the addition of unlabeled DNA from the
cross-hybridizing species enabled differentiation between
sheep and goat with about a 10% detection limit (111).
Improved assay specificity was also achieved by using
probes derived from published satellite sequence informa-
tion. Wintero et al. (108) compared a probe based on a
2.7 kb porcine specific satellite fragment (112) with labeled
total genomic DNA, and found the former to be more spe-
cific. The use of species-specific satellite DNA probes for
the unequivocal identification of raw meat from pigs, cattle,
deer, chickens, turkeys, rabbits, sheep and goats has been
reported (113–115). As the species-specific probes tend to
be relatively short oligonucleotides of less than 100 bases,
hybridization is possible even after DNA degradation has
occurred. These methods are specific and useful for the
identification of cooked meat species, but the procedure is
complex, time-consuming and inadequate for complex
sample matrices or for quantification of adulteration levels.

2. Polymerase Chain Reaction (PCR)

PCR methods have gained tremendous popularity in recent
years because the amplification power of the PCR tech-
nique enables the detection of target DNA sequences when
sample quantity is limited. A wide variety of PCR-based
methods for the identification of meat species in food and
feed products have been developed in the past decade. All
of these PCR methods can be categorized into two
approaches, Random Amplified Polymorphic DNA
(RAPD) and species-specific PCR. RAPD amplifies mul-
tiple unidentified sequences using non-specific primers,
leading to species-specific fingerprints of PCR products
visualized by gel electrophoresis. No prior knowledge of
the DNA sequences is required. Species-specific PCR uses

either conserved or specific oligonucleotide primer pairs
targeting species-distinguishing sequences in genomic or
mitochondrial DNA. The prior knowledge on the DNA
sequences is required for primer design. The amplified
PCR products can then be discriminated according to their
sizes, sequencing or further analyses such as Restriction
Fragment Length Polymorphism (RFLP) or Single Strand
Conformational Polymorphism (SSCP). Advances in mod-
ern PCR techniques have emphasized improving the effi-
ciency, reproducibility and speed of detection.

a. Random Amplified Polymorphic DNA (RAPD)
Using arbitrary primers based on short oligonucleotide
sequences, the RAPD method amplifies numerous unidenti-
fied sequences simultaneously. After gel electrophoresis, the
PCR products generate fingerprint patterns that contain fea-
tures unique to a particular species. The discriminating abil-
ity of the RAPD-PCR is virtually unlimited because there is
an unlimited choice of arbitrary primers. However, not all
random primers can adequately distinguish between
species. A careful screening and selection of the primer used
is important for the successful application of the technique
(116). RAPD has been employed to differentiate species in
domestic animals (117), various meat and meat products
(116, 118) and feedstuffs (119). RAPD has also been shown
to produce clear fingerprints from processed products in
which DNA has been slightly degraded, such as smoked or
salted fish products (120). Although the technique generates
informative fingerprints in a relatively short time, the repro-
ducibility of the patterns is unpredictable due to various fac-
tors, such as changes in cycling conditions or intra-species
polymorphisms. Use of longer primers and higher strin-
gency amplification conditions may improve the assay
reproducibility and resolution (121). Therefore, RAPD
assay protocols must be optimized for each application and
must be stringently followed to ensure assay repeatability.
The DNA molecules are usually degraded into smaller frag-
ments in severely processed products; RAPD analysis thus
cannot reliably be used to analyze canned or sterilized sam-
ples. In addition, RAPD may not be practical for identifying
species of origin in products containing 50–50% mixtures of
species that can be interbred, because the pattern of a
50–50% meat mixture cannot be distinguished from that of
a hybrid (120). Thus, RAPD is useful as a rapid, qualitative
method for meat speciation, but known standards must be
run simultaneously each time a sample is tested (117). A
review of the principles and applications of RAPD assay for
genetic analysis of livestock species was published by
Cushwa and Medrano (16).

b. Species-specific PCR
Species-specific PCR for species identification has been
developed to target a DNA segment with sufficient
species-specific variation. The forward and reverse
primers are designed to be specific to each species based
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on the alignment of available DNA sequences from
selected genes. Under stringently defined reaction condi-
tions, such primers generate an amplicon only in the pres-
ence of DNA from a given species. Complete sequence
information permits the size of the product to be predicted,
so that the identification can be confirmed if an appropri-
ately sized amplicon appears on the gel. Mitochondrial
genes such as the ATPase subunit 8 and subunit 6 (122,
123), D-loop (124) and cytochrome b (Cyt b) genes
(125–129), satellite DNA (130), actin genes (131, 132),
Art2 short and CR1 long interspersed repetitive elements
in genomic genes (133) and growth hormone gene (134)
have been studied for the purpose of identifying animal
species, with most of the methods concentrating on the Cyt
b gene as a target sequence. The specificity of PCR primer
pairs that encoded the Cyt b gene sequence has permitted
the amplification of degraded tuna DNA for the identifica-
tion of cooked and canned tuna fish species in commercial
preparations (135). Tartaglia et al. (122) developed a
bovine-specific PCR assay using bovine-specific mito-
chondrial DNA sequence, which allowed the detection of
bovine meat and bone meal in feedstuffs at the 0.125%
level. By amplifying the satellite DNA using a bovine-spe-
cific primer pair, Guoli et al. (130) was able to identify
raw, cooked (100°C, 30 min) and autoclaved (120°C,
30 min) beef without cross-amplification with other ani-
mal species tested. Multiplex PCR allows simultaneous
identification of multiple species with one PCR by using
one universal primer from a conserved DNA sequence in
the gene paired with multiple primers target to hybridize
on species-specific sequences for each species (127, 136).
All these species-specific PCR products were obtained
without the need to adopt other secondary associated tech-
niques such as, RFLP, SSCP or DNA sequencing.

More recently, several real-time PCR methods have
been developed in order to shorten the assay time by elim-
inating the need for post-PCR processing, such as elec-
trophoresis associated with conventional PCR. For
real-time PCR using TaqManTM technology (137), one of
the primer probes is labeled with a reporter fluorescence
dye and a quencher dye. When both dyes are attached to
the probe, the fluorescence is quenched by the quencher
dye so that negligible fluorescence from the reporter dye’s
emission is observed. Once the PCR amplification begins,
DNA polymerase cleaves the labeled probe and the
reporter dye is released from the probe. The separation of
the reporter dye from the quencher dye during each ampli-
fication cycle generates a sequence-specific fluorescent
signal. The signal increases in real time as the PCR cycles
progress, as the intensity of the fluorescence is a function
of the number of cycles. Real-time PCR, therefore, can be
used to monitor the PCR product accumulation as the
amplification cycle proceeds, allowing the detection of the
target sequence with a high sensitivity. Since the analysis
and detection take place in a closed reaction vessel, this

has the advantage of minimizing carry-over contamination
and reducing the incidence of false-positive results.
TaqManTM technology amplifying species-specific primers
has been developed for the detection of beef or pork in
foods with a detection limit of 0.1% to 0.01% of the adul-
teration level (138–140). An alternative real-time PCR sys-
tem using LightCyclerTM technology has been used for the
detection of trace amounts of tiger bone, with a detecting
power of 10 substrate molecules (141). In this system, flu-
orescence is emitted when labeled probes are hybridized to
newly synthesized DNA (142).

3. Factors to Be Considered in the Development
of PCR Methods

a. DNA probes
The specific interaction between the sequence of the DNA
probe and the complementary sequence in the DNA seg-
ment of interest determines the assay outcome. PCR
allows a particular sequence of DNA in samples to be tar-
geted by primers and amplified. Selection of the primer
sequence for PCR amplification depends on the sequence
variation in primers that subsequently and adequately pro-
duce amplicons unique to each animal species. Primers
used will affect the sensitivity and accuracy of the PCR
assay. Total genomic probes can be used to identify dis-
tantly related species, but tailored oligonucleotide probes
need to be designed for differentiation of closely related
species (17). Most strategies to date have targeted the Cyt
b gene in the mitochondrial DNA sequences because of
the high number of copies per cell in animal tissues (143),
inherent variability (144) and the difference in its gene
arrangement between plants and animals (145). It has
been shown that each cell may contain up to 1000 copies
of Cyt b locus and Cyt b sequences differ by at least a few
nucleotides even in very closely related species (146).
PCR assays based on the amplification of Cyt b have the
advantage of increased sensitivity compared to single or
low copy nuclear DNA targets (147). The repetitive
sequence in genomes can also be markers for sensitive
species identification because these repetitive elements
are present in more copies than mitochondrial DNA.
Using short and long interspersed nuclotide elements,
Tajima et al. (133) reported a PCR assay with improved
sensitivity. Their primers were able to detect DNA in feed
containing 0.01 to 0.001% commercial MBM. However,
the quantity of genomic DNA or mitochondrial DNA per
gram present in different types of tissues varies (148),
which may affect the detection limit of the assay or a
quantitative estimation of the target species in a meat mix-
ture (136). For identification of hybridized animals,
assays based on the maternally transmitted mitochondrial
DNA are invalid because only the maternal lineage can be
identified. Species origin of a hybrid animal can only be
verified by analysis of nuclear DNA (149).
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Although DNA is more heat stable than most proteins,
DNA is also degraded by heat or the action of radicals.
Severe heat treatment or prolonged processing of the meat
product will increase the degradation of DNA; thus the
recovery of analyzable DNA can be difficult or uneven from
different species (127). The fragment sizes of DNA from
meat heated to 100°C is reduced from ~1100 bp to ~300 bp
(110), while the DNA extracted from canned tuna meat was
degraded to an average size of ~100 bp. In order to confirm
the utility of the PCR method for analyzing heat-processed
tissues, the amplification should be carried out on DNA
derived from larger portions that were subject to longer
heating times (147). In other words, the length of the DNA
fragments should be long enough to distinguish species
variation and at the same time short enough to allow ampli-
fication of highly degraded DNA. RAPD analysis does not
seem to be reliable for analyzing canned or sterilized sam-
ples. The specie-specific oligonucleotide probes which rec-
ognize relatively short sequences of DNA with adequate
sequence variation between species, on the other hand, are
able to accommodate a considerable amount of DNA degra-
dation without influencing assay specificity. In addition,
PCR fragments generated from mitochondrial DNA seem
to be more successful than nuclear DNA for speciation of
heat-processed samples because mitochondrial DNA, being
circular in shape, is more resistant to heat disintegration
(150). Most recently developed PCR methods (123, 138,
151–154) for the detection of bovine tissue in feedstuffs are
based on the amplification of the ATPase subunits 8 and 6
of the bovine mitochondrial DNA sequences, which was
firstly described by Tartaglia et al. (122).

b. Secondary analyses of PCR products
For species identification, several secondary analyses
have been applied to PCR amplified products of which
each targets a conserved region of the DNA sequence.
These methods vary in their complexity, utility and cost
due to the nature of each assay.

1. PCR-RFLP
PCR analysis with subsequent restriction fragment length
polymorphism is the most widely used method of identify-
ing meat and fish species (19). PCR-RFLP allows the
genetic variation between species to be distinguished by
digesting PCR amplified fragments from a conserved
region of DNA with restriction enzymes, which act on
DNA at specific sites. Based on the sequence variability
among species, these enzyme-digested products can be
visualized by agarose or polyacrylamide gel electrophore-
sis as a DNA fingerprint unique to each species. The band-
ing pattern varies when different restriction enzymes are
employed. It is important to use appropriate restriction
enzymes and to ensure the complete digestion of all the
DNA fragments analyzed. The enzymes selected should be
available commercially, economically priced, reasonably
active in the PCR mix and able to maximally differentiate

between the species analyzed. PCR-RFLP has been exten-
sively used for meat species identification in food and feed
samples (149, 154–160). Partis et al. (147) evaluated this
DNA fingerprinting method for determining the species
origin of raw and cooked meats by amplifying a fragment
within the Cyt b gene, and concluded that although the
PCR-RFLP is a suitable method for identifying species in
raw and cooked pure animal tissues, the assay is not suit-
able for analyzing mixtures since the results may not be
representative of the true components present in the mix-
ture due to differential template amplification. The general
applicability of RFLP may also be hampered by
intraspecies DNA sequence polymorphism or point muta-
tions that affecting the typical RFLP pattern of a species.
To overcome this drawback, the use of two restriction
enzymes for the identification of an unknown sample may
be sufficient because no individual identified as having
two different RFLP patterns compared to other individuals
of the same species has been observed (156).

2. Sequencing
If information on the DNA sequence is available from data-
bases, individual species may be identified through a given
sequence of digestions with specific restriction enzymes
(155). Direct sequencing of the PCR products is an ideal
confirmation test and allows an assignment to a species even
if there is no reference material available. Comparing Cyt b
sequences from the database Brodmann et al. (5) reported
that vertebrates of different classes showed correspondence
of at the most 80%, and animals of the same genus showed
correspondence above 94%. Correspondences of more than
99% generally indicate the same species. Traditionally,
sequencing has been considered to be time-consuming and
expensive and to require data handling skills, but due to
recent advances in the nucleotide sequencing process, this
method is nowadays relatively simple and fast. Since
sequencing PCR fragments has become a standard proce-
dure in laboratories working with recombinant DNA tech-
nologies, it has been suggested that a DNA sequence
database for unambiguous authentication of animal species
should be constructed (19). However, it is still difficult to
apply sequencing to mixtures of different species.

3. PCR-SSCP
In comparisons involving high homology DNA
sequences, further analysis of PCR products may be
accomplished using Single Strand Conformational poly-
morphism (SSCP), which can be used to analyze the poly-
morphism at single loci. The PCR-SSCP technique is
based on the principle that single-stranded DNA mole-
cules take on specific sequence-dependent secondary
structure under non-denaturing conditions. After perform-
ing the PCR, the amplicons are denatured to single
strands. Single-stranded molecules differing by as little as
a single base substitution will form different conform-
ers and migrate differently in a non-denaturing gel 
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electrophoresis (161). This technique has been applied to
identify fish species (162–165) as well as differentiate
between samples of species of pig and wild boar meat
(166). Stringent conditions must be maintained for intra-
base pairing, as this affects the electrophoretic mobility
and reference material must be treated in the same way
and run alongside the unknown sample. Intraspecies vari-
ability of single-strand DNA patterns may also cause
some confusion in identifying an unknown sample. In
such cases, different regions of the DNA probe can be
used for SSCP, or use of RFLP analysis or sequencing of
the amplicons (163).

F. OVERALL COMPARISON OF IMMUNOASSAY AND

PCR METHODS

Immunoassay systems are suitable for use in the labora-
tory for routine analyses or large-scale sample screening,
as well as for development into convenient field test kits.
These assays usually only require simple sample prepara-
tion and need no major instrumentation. The overall assay
time can be as short as 30 minutes. However, immunolog-
ical approaches depending on antibodies often suffer from
loss of reactivity due to heat treatment of the sample and
cross-reactions of proteins from closely related species.
Availability of suitable antibody reagents is the major lim-
iting factor for the application of immunoassay methods.
Immunoassays based on the detection of serum proteins
are limited to qualitative analysis only because the amount
of residual blood does not parallel the quantity of meat tis-
sue present in a sample. In order to achieve a quantitative
analysis, the assay must target an abundant antigen with
an even distribution in muscle tissues from different parts
of the animal, so that the amount of antigen measured by
the assay corresponds to the amount of the target muscle
tissue in the sample, regardless of the location of the cut.
Once developed, the antibodies can be applied in various
immunoassays for maximum success.

It is a common belief that PCR-based techniques offer a
high detection sensitivity and specificity. They can be
applied in both raw and highly processed products even with
extensive protein denaturation; thus most of the recently
developed methods for meat species differentiation in feed-
stuffs are PCR-based techniques (see Table 30.2). Since
DNA can potentially provide more information through the
acquisition of sequence database, differentiation of closely
related species is less difficult than in an immunoassay,
which relies on the availability of specific antibodies.
However, PCR-based methods are technically demanding
and prone to contamination; they also require expensive
instruments and dedicated facilities. Moreover, PCR based
methods for quantification of the extent of sample adulter-
ation are complex and the data interpretation is difficult.
Current DNA-based techniques provide no satisfactory
answer to the proportional amount of a particular species for

the following reasons: 1) the difference in DNA quantity and
extractability in different tissues (113); 2) differential tem-
plate amplification resulted from primer mismatches (147);
and 3) the ubiquity of DNA in all types of cells. Although
quantitative PCR detection of porcine DNA has been
reported (167, 168), the results only refer to the DNA con-
tent over a certain limited range, which cannot be translated
into the content of fat or lean meat. DNA based methods are
not able to distinguish between different tissues or materials
(21). Therefore it is impossible to use DNA-based methods
to differentiate prohibited animal tissue from the allowed
blood or milk in feedstuffs. In addition, most PCR methods
require the extraction of nucleic acids from the sample tis-
sue, which limits its application for large-scale practice and
the development of field testing kits. For all the above rea-
sons, PCR-based techniques have not been adopted for rou-
tine analysis, while faster and more specific DNA-based
technologies are developing rapidly. Accumulation of an
extensive database of DNA sequences from different animal
species will facilitate the design of primers, and thus the
development and usefulness of PCR methods.

III. FINAL CONSIDERATIONS

Reliable analytical methods are indispensable for the
accurate labeling of food and feed products. Detection of
species adulteration requires an assay capable of working
in complex and variable matrices. Hence, the challenges in
developing antibody-based immunoassay or PCR methods
for meat species identification lie in overcoming the
potential cross-reactivity with other species and food addi-
tives. Usually, the judgment of the violation samples is
limited to determining the minimum level that the method
could achieve. For practical purposes, it is necessary to set
a cutoff value for judging violations. Hsieh et al. (4, 7)
applied 1% as their criterion for reporting the violation
rate of species adulteration in official meat samples,
because adulteration at such a low level would not confer
any economic incentive. An assay capable of detecting
down to the 1% adulteration level thus seems to be ade-
quate for routine analysis. The assay sensitivity of both
modern immunoassays and PCR methods are comparable,
and either can achieve this generally acceptable detection
limit of 1% or below for the adulteration level in food
products. As the minimum safe level to prevent transmis-
sion of BSE in feedstuffs has not been established, no
agreed sensitivity value of the assay has been established.
A detection limit at a lower level than 1% is generally
expected for safety reason. It is also crucial that the assay
conditions are properly controlled in order to preclude
incidences of false positive and false negative results.

It is necessary to optimize and standardize the condi-
tions for protein or DNA extraction from a variety of sam-
ples. Due to the variation in sample composition, factors
affecting the recoveries of antigen or DNA from samples,
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such as the extraction method, pH, salt content and heating
conditions of the sample and sample matrices, need to be
carefully controlled, studied and considered in interpretation
of results. For validation of an assay, the lab-formulated
meat mixtures might not sufficiently represent the vast vari-
ety of commercial products. Therefore, conducting trials on
a variety of commercially available meat and feed products
is important for assessing the validity of a new assay.

Ideal analytical methods for meat species identification
and detection of species adulteration need to be specific,
sensitive, rapid, affordable, of high throughput, able to ana-
lyze heat-processed as well as raw products and provide
quantitative measures. No single method can meet all these
requirements for all types of samples at all times. Selection
of an assay depends on many factors, such as the purpose
of the assay, nature of the sample, sample size and numbers,
specificity and sensitivity required, turnaround time, cost,
availability of facilities and equipment, etc. Although many
challenges have yet to be fully met by any laboratory or
diagnostic service, most assays mentioned in this chapter
may be used complementarily to each other. To safeguard
consumers, the integrity of the food chain is non-nego-
tiable. As the problems and trends of species adulteration
change in the meat and/or feed industries, in order to ensure
compliance with the corresponding regulations, our analyt-
ical skills will continue to face challenges in this area. New
techniques emphasizing faster and more convenient assays,
such as one-step assays, biosensors, microarray technology,
and automated systems based on antibodies, DNA or both,
will provide the weapons for the next generation’s fight to
protect consumers and safeguard our food supply.
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I. INTRODUCTION

The conversion of muscle into meat is a complex process that
involves an understanding of muscle components as well as
metabolic reactions. This chapter will focus on the chemical
components of the live muscle and chemical and biochemi-
cal reactions leading to the conversion of muscle into meat. 

II. COMPOSITION AND CHEMISTRY

A. WATER

One of the most abundant and important components of
meat is water. Poultry meat contains approximately 75%

water by weight. Water has several functions within
meat, one of which is a medium for transportation of
nutrients, hormones, metabolites, and waste to and from
cells. It also provides a medium for chemical reactions
and metabolic processes. Three states of water exist in
muscle: bound, immobilized, and free. Bound water is
very tightly bound to proteins and can only be removed
by ashing. Immobilized water has weaker interactions
than the bound water and is associated with ions and
proteins. This water, held by ionic interactions, may be
released during cooking or heat application. Free water
is loosely held in the cell, and is susceptible to loss
known as drip or purge. 



B. CARBOHYDRATES

Skeletal muscle does not have an abundant supply of car-
bohydrates. Glycogen, the storage form of glucose, is the
major carbohydrate found in muscle and can be up to 0.5 to
1.3% of the weight of the muscle (1). It is important in pro-
viding energy for metabolism, contraction, and relaxation.
Other carbohydrates include intermediate substances and
products of cell metabolism. 

C. LIPIDS

Poultry muscle contains several types of fatty acids includ-
ing saturated, unsaturated, acylglycerols or neutral lipids,
and phospholipids. The neutral lipids are the most abun-
dant. These fats are composed of fatty acids and a glycerol
backbone. They consist of mono-, di-, and triglycerides,
depending upon how many fatty acids are bound to the
glycerol backbone. Phospholipids are mainly found in the
cell membranes and contain both hydrophobic and
hydrophilic sites. Lipids have many functions including
providing energy for the muscle cell, metabolic functions,
and cell membrane structure and function. 

D. PROTEINS

Protein constitutes approximately 16% to 22% of the mus-
cle, second in abundance only to water (1). Muscle con-
tains several classes of proteins including myofibrillar,
sarcoplasmic, and connective tissue proteins. The myofib-
rillar proteins are long, fibrous, charged, and are salt solu-
ble in elevated ionic concentrations of 0.3 M or greater
(<1.5% NaCl) (2). These myofibrillar proteins are respon-
sible not only for contraction and relaxation, but also water
holding capacity and protein functionality. The myofibril-
lar proteins can be further divided into three functional
categories: contractile (myosin, actin), regulatory (tropo-
myosin, troponin) and cytoskeletal proteins (titin, con-
nectin, C-protein, and desmin). Of these proteins, myosin
and actin are considered to be the most abundant and the
most functional, especially in food complexes. 

Sarcoplasmic proteins are mainly globular and func-
tion as enzymes and cofactors involved in energy metabo-
lism. Many of these proteins share common properties
such as high isoelectric points, globular structures, and low
molecular weights. With these properties, the sacroplasmic
proteins are water soluble and can be extracted in low salt
solutions with an ionic strength of less than 0.15 M. 

Connective tissue proteins provide strength and sup-
port for the muscle in such ways as tendons and liga-
ments. Within the interstitial space of the muscle, the
connective tissues consist of collagen, reticulin, and
elastin along with other supporting proteins termed
ground substance. Connective tissue proteins are very
fibrous and insoluble in high ionic strength solutions.

E. INORGANIC SUBSTANCES

Most of the inorganic constituents consist of cations and
anions used in muscle metabolism, contraction, and relax-
ation. Calcium is required for contraction to occur and is
stored within the muscle cells. Other inorganic substances
are potassium, sodium, magnesium, chloride, and iron. 

III. SKELETAL MUSCLE

A. ULTRASTRUCTURE

Skeletal muscle is a complex structure that is a major
component of the body and has been reviewed by several
authors (3–7). The muscle is surrounded by a thick con-
nective tissue sheath known as the epimysium which is
continuous with the tendon (Figure 31.1). The muscle is
then divided into bundles of fibers surrounded by the per-
imysium. The connective tissue surrounding individual
muscle fibers is the endomysium. 

Avian skeletal muscle fibers are long, unbranched,
narrow, and multinucleated cells (4–6). These fibers can
vary in length from several millimeters to more than 30
cm and have a diameter of 10 µm to 100 µm. Surrounding
the muscle fiber is the sarcolemma, an elastic plasma
membrane composed mainly of proteins and lipids. The
sarcolemma not only surrounds the contractile units of the
muscle, but also regulates uptake and release of molecules
by the cell. The most distinguishing feature of the sar-
colemma is its ability to depolarize during a nerve
impulse. Invaginations of the sarcolemma form a network
of tubules known as the transverse tubule (t-tubule) sys-
tem. When an action potential reaches the myoneural
junction, the t-tubule system aids in the progression of this
impulse longitudinally along the sarcolemma in both
directions along the entire length of the fiber. 

The sarcoplasmic reticulum (SR) is an intracellular
membrane structure separate from the sarcolemma and t-
tubule system. The SR is responsible for the release and
sequestration of calcium involved in contraction (3).
Small structures called “feet” bridge the gap between the
t-tubules and the SR. When the muscle cell is stimulated,
the action potential reaches the sarcoplasmic reticulum
through the t-tubule system causing the release of stored
Ca�2 for muscle contraction initiation (4).

The basic contractile unit of the muscle is the sar-
comere which is mainly composed of the myofibrillar
proteins myosin and actin (Figure 31.2). These proteins
are arranged parallel to the muscle fiber and overlap in
certain regions. This overlap accounts for the banding
pattern of the myofibril. The protein-dense bands where
actin and myosin overlap are referred to as the A bands
because they are anisotropic in polarized light. The less
dense area is known as the I band since it is isotropic in
polarized light. 
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B. MUSCLE PROTEINS

The muscle is made up of three major types of proteins:
myofibrillar (or contractile), sarcoplasmic, and stromal (or
connective). The myofibrillar proteins make up approxi-
mately 50–60% of total muscle protein and include pro-
teins that are involved in the contraction-relaxation process
(5, 6, 9). Sarcoplasmic proteins comprise approximately
30–35% of the muscle proteins and include the enzymes
involved in muscle metabolism (5, 9). Connective tissue is
made of stromal proteins and comprises approximately
3–6% of total muscle protein (9). 

1. Thick Filament

Myosin is a globular and filamentous protein, which is the
basis for the thick myofilament. Myosin makes up
approximately 45–50% of total myofibrillar protein
(6, 10). It is also one of most important proteins, along

with actin, that is involved in muscle contraction. The pro-
tein consists of two globular heads attached to a long
α-helical-like filamentous tail (Figure 31.3). Myosin is a
large molecule of approximately 520 kD and is made up
of six subunits. There are two heavy chains, approxi-
mately 220 kD, that make up the fibrous portion of the
molecule, and two sets of light chains, approximately
17–22 kD, that are found in the globular regions of the
molecules (5). Furthermore, the myosin molecule can be
divided into two sections: heavy meromyosin (HMM) and
light meromyosin (LMM). The globular heads, located in
HMM, contain the adenosine triphosphate (ATP)-binding
site and the actin-binding region, which are necessary for
muscle contraction. The HMM section also contains a
portion of the fibrous myosin. The LMM section, a por-
tion of the fibrous myosin, is the area of the molecule that
is packed into the thick filament. It is thought that the
myosin molecule has two hinge points, one between
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FIGURE 31.2 Diagram of the striated muscle fiber and the structure of the sarcomere.



HMM and LMM and the other between the fibrous
myosin and globular myosin, so that it can function prop-
erly and effectively in the contraction-relaxation process.
Approximately 200 myosin molecules aggregate along
with other structural proteins to form the thick myofila-
ment (7, 8). During aggregation, the myosin heads point
toward the Z-lines and the tails toward the M-line. The
thick filament is approximately 1.5 µm in length and
14–16 nm in diameter (4). The primary structural proteins
are called C-proteins and M-proteins. The C-proteins are
thought to hold the myosin filament together by wrapping
around the myosin filament (11). There are seven bands of
C-protein around the thick filament on each side of the
H-zone (4, 5). The M-protein and myomesium are thought
to adjoin the two myosin filaments at the tail region of
myosin in the center of the sarcomere, or at the M-line (3).
At the M-line, creatine kinase is also present, but its role
in the structure of the thick filament is not known (3, 11).
Creatine kinase is important to muscle metabolism. It is
used in the formation of ATP from creatine, which is a
short term energy supply for the muscle. Other proteins
are also associated with the thick filament including
F-protein, H-protein, and I-protein although their role in
structural integrity of the thick filament is not known. It is
thought that the I-protein inhibits myosin ATP-ase activ-
ity, an enzyme involved in ATP hydrolysis (11).

2. Thin Filament

The actin protein is made up of globular molecules,
approximately 42 kD, that form a filamentous protein
which is the basis for the thin filament (Figure 31.4).
Actin comprises approximately 20% of the total myofib-
rillar proteins and is essential to the muscle contraction
process (5). Approximately 200 globular molecules,
G-actin, are bound together by ionic and hydrophobic
bonds to form each filamentous actin, or F-actin. Two
strands of F-actin along with two strands of filamentous
tropomyosin and associated troponin (globular) are
twisted together to form the thin (actin) filament. There
are approximately 13 G-actin molecules per strand per
twist of F-actin. The tropomyosin protein is made up of
two α-helical polypeptide chains that twist around each

other forming a filamentous rope-like structure.
Tropomyosin, approximately 41 nm in length and 71 kD,
lies near the groove of the F-actin filament (11). In con-
juction with tropomyosin is the globular protein, troponin,
which appears every seven G-actin molecules. Troponin is
made up of three subunits: troponin I (21 kD), troponin T
(37 kD), and troponin C (15 kD). Each subunit has a dif-
ferent function that is important in the contraction
process. Troponin-T binds to tropomyosin, troponin-I
inhibits actomyosin interactions by binding to actin, and
troponin-C binds to calcium. These functions will be dis-
cussed later in this chapter. The thin filament, made of
actin and the tropomyosin-troponin complex, is approxi-
mately 6–8 nm in diameter and extends approximately
1 µm from the Z-line toward the thick filament where a
portion of the thin filament overlaps with the thick fila-
ment at the A band. The I band of the sarcomere consists
of the thin filament alone.

In addition to actin, tropomyosin, and troponin, there
are other proteins also present that are associated with the
thin filament. γ-Actinin and β-actinin are present along
the thin filament and at the end of the filament, respec-
tively. It is thought that these proteins aid in regulating the
length of the thin filament, thereby stabilizing the struc-
ture. Furthermore, β-actinin may inhibit interfilament
intereactions thereby allowing it to smoothly slide during
contraction and relaxation (5). 

3. Z-Line and Gap Filaments

Each sarcomere is made up of thick filaments, thin fila-
ments, and other proteins located near or at the Z-line and
either as an integral part or on the periphery, the beginning
and end of each sarcomere. Some of the Z-line proteins
include desmin, vimentin, synemin, α-actinin, Eu-actinin,
vinculin and zeugmatin (5, 10). Nebulin is also present
near the Z-line in the N-line. Other myofibrillar proteins
that are present include Z-protein and tensin, located in
the integral, and filamin, plectin, spectrin, and ankyrin,
located in the periphery; however, the role of these pro-
teins in muscle is not fully understood. 

Desmin is generally located around the periphery of the
Z-line, running transversely, indicating that this protein acts
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to tie the adjacent myofibrils together by forming a fila-
mentous network. Furthermore, desmin may also link
myofibrils to subcellular organelles, nuclei and mitochon-
dria, and to the cellular membrane (10). Vimentin and syne-
min, like desmin, are also involved in forming a network
around and between adjacent myofibrils. The role of these
proteins is to provide structural integrity to not only the sin-
gle myofibril, but also to a group of myofibrils, or muscle
fiber. α-Actinin is a protein that ties actin into the Z-line, or
Z-disk. This protein is an integral component of the Z-disk
and is located in the interior. In addition to its role in struc-
tural integrity, α-actinin is thought to play a role in the for-
mation of actin (i.e., direction of forming filament, length of
filament). Although not well understood, zeugmatin and
Eu-actinin are thought to link actin to the Z-disk (5).
Vinculin is thought to attach the myofibrils to the sar-
colemma; however, its function is not fully understood
(5, 11). Nebulin was previously thought to be associated
with the N-lines within the sarcomere and to control the
geometric organization of the thin filament (12). However,
more recent evidence suggests that nebulin is an elongated
filamentous protein that runs parallel to the thin filament
binding to both F-actin and α-actinin, thereby suggesting
that nebulin aids in stabilizing the thin filament (10, 12, 13).
Nebulin is also thought to serve as a template for the thin fil-
ament during formation. In addition to these proteins, there
is another major protein present in the muscle that aids in
structural integrity known as titin. Titin, a gap filament, is
the third most abundant protein in the muscle, comprising
approximately 8% of the myofibrillar proteins. Titin is a
highly elastic filamentous protein that is located throughout
the sarcomere, extending longitudinally from the Z-line to
the M-line (10). Titin is thought to serve as a template for
the formation of thick and thin filaments. It also serves to
keep the thick filaments aligned in striated muscle (5, 10). 

4. Stromal Proteins (Connective Tissue)

There are two types of connective tissue found in the body:
connective tissue proper and supportive connective tissue.

While these types differ in their function, they are very sim-
ilar in composition. Connective tissue that covers the mus-
cle, muscle bundle, and muscle fiber (epimysium,
perimysium, and endomysium, respectively) is known as
connective tissue proper (4). It is this type of connective tis-
sue that can influence the tenderness of meat. In contrast,
connective tissue in bones and cartilage provides structural
support; therefore this type is known as supportive connec-
tive tissue. Connective tissue is made up of a non-structured
ground substance which contains carbohydrates, proteins,
and lipids (14). There is also an extracellular matrix which
is fibrous in structure and made up of a class of proteins
called stromal proteins (5). The stromal proteins consist pri-
marily of collagen and elastin, and aggregation of these
proteins make up the extracellular fibers that are embedded
in the ground substance. Unlike any other aggregation of
proteins, these have high tensile strength once a fiber is
formed. Several authors have compiled a comprehensive
review of connective tissue (5, 15, 16).

5. Collagen

Collagen makes up the majority of the stromal proteins and
is considered the most abundant protein in the body, com-
prising up to one third of the total body protein (3, 14). It is
not only found in muscle, but also in bone, skin, tendons,
cartilage, and the vascular system (4, 14). Collagen has a
unique structure. The collagen molecule is made up of three
polypeptide chains that form into a triple helix known as
tropocollagen, the structural unit of a collagen fibril (Figure
31.5). Globular domains also exist on the collagen mole-
cule and are referred to as non-triple helical domains (15).
These domains are important in the association of multiple
collagen molecules. The polypeptide chains are made up of
repeating amino acid sequences of Gly-X-Y, where X and
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Y can be any amino acid except tryptophan. Most often the
X and Y are proline and hydroxyproline, respectively
(5, 15). The amino acid glycine comprises one third of the
amino acids found in collagen. Hydroxyproline and
hydroxylysine are also present in high proportions within
collagen, and are generally only found in collagen. There
can be at least 19 variations of the polypeptide chains.
Fifteen identified types of collagen can form from various
combinations of the individual polypeptide chains that
make up the tropocollagen molecules (16). Types I, III, IV,
V, and VII are associated with connective tissue in skeletal
muscle (4, 14). Type I collagen is located in the epimysium
and perimysium, type III in the perimysium and endomy-
sium, and types IV and V in the endomysium (16). It is
thought that type III collagen plays a major role in meat
tenderness when connective tissue is a factor (14). 

Tropocollagen molecules, 300 nm in length, are
bound together to form collagen fibrils with a striated
appearance in types I, II, III, V, and XI. Fibrils are assem-
bled by the tropocollagen molecules aligning adjacently
end to end. The molecules align in a quarter-stagger par-
allel pattern with an end overlap of 25 nm, and are stabi-
lized by ionic and hydrophobic interactions (5, 16). This
quarter-stagger and overlapping pattern that repeats every
67 nm results in the striated appearance of the collagen
fiber (Figure 31.6). The collagen fibers have a distinctive
crimp (fold) that is observed once the fiber is formed;
however, the crimp disappears when the muscle is under
tension (Figure 31.7). It is thought that this planar crimp-
ing serves as a shock absorber to take up strain before ten-
sion is applied to the muscle (15, 16). 

The fibrous structure of collagen has high tensile
strength due to its enzyme-induced intermolecular (between
molecules) crosslinks (Figure 31.7). These crosslinks are
covalent bonds that can occur in the carboxy- and amino-ter-
minal ends of the tropocollagen, depending on the collagen
type. Because type III collagen is the predominant collagen
type that can play a role in meat quality, only the crosslinks
of this type will be discussed. However, the crosslinking
mechanism is similar in other collagen types. 

Three types of crosslinks can occur in the formation of
stable collagen fibers. First, disulfide bonds are formed in
type III and IV collagen. These types of collagen contain
the amino acid, cysteine, whereas the remaining types do
not. The disulfide bonds are formed near the carboxy-ter-
minal end of a tropocollogen molecule and can occur both
intra- (within molecule) or intermolecularly between α-
chains of tropocollagen. Secondly, lysine-derived reducible
divalent crosslinks can be formed during fiber synthesis,
both intra- and intermolecularly. The third type of crosslink
that can occur in collagen is a trivalent crosslink that forms
as the animal ages. This type of crosslink is usually referred
to as mature crosslinks. Mature crosslinks are heat stable
and are the cause of toughness due to connective tissue
associated with mature animals. In the latter two types of
crosslinks, the enzyme lysyl oxidase plays a major role in
the crosslink formation. 

Lysyl oxidase binds to α-chains in the tropocollagen
molecule in either the amino- or carboxy-terminal end.
Lysyl oxidase reacts with and converts the lysyl group into
an aldehyde group. Two aldehyde groups can further react to
form either an intramolecular crosslink, known as an aldol,
or the aldehyde can react with hydroxylysine to form an
aldimine or oxo-imine (or keto-imine) bond (15). The
aldimine bond is heat labile while the oxo-imine is heat sta-
ble. Both of these bonds form intermolecularly at either the
amino- or carboxy-terminal end of the tropocollagen mole-
cule. As the animal ages, nonreducible trivalent bonds can
form from these existing divalent bonds. There is much less
information available on the mechanism of mature crosslink
formation. However, it is known that the trivalent bonds
increase the tensile strength of collagen. Furthermore, the
mature crosslinks are heat stable. Therefore, upon cooking
of meat from a mature animal, the crosslinks will not break
and the network of connective tissue remains intact resulting
in decreased tenderness of the meat. 

The tropocollagen molecules found in type IV colla-
gen do not form collagen fibrils, but form a more open
network of tropocollagen that is hexagonal in shape,
resembling chicken wire. The molecules found in type IV
collagen are 400 nm in length and, due to the location of
the glycine residues and the charge profile, the molecules
are more flexible and form a thin open structure upon
aggregation (16). Type IV collagen is often found in base-
ment membranes. In skeletal muscle, it is one of the types
of collagen found in the endomysium. 
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FIGURE 31.7 Diagram of intermolecular crosslinking between
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6. Elastin

In addition to collagen, elastin also makes up the stromal
proteins of connective tissue. However, elastin is much
less abundant than collagen and plays less of a role in
meat quality except in instances where elastin content is
high in certain muscles. Elastin is generally found in arte-
rial walls and ligaments in the body. It is a rubbery protein
that is insoluble in water or salt solutions, is very heat sta-
ble, and is resistant to digestive enzymes. 

C. CONTRACTION/RELAXATION

Contraction and relaxation of the muscle are both active
processes which have been reviewed by several authors
(4–6, 17, 18). The act of contraction begins when an
action potential received from a motor neuron at the motor
end plate depolarizes the sarcolemma, allowing a rapid
influx of Na� and efflux of K�, and causing a membrane
polarity reversal. When a threshold of �70 mV is
reached, this action potential is propagated in both direc-
tions along the sarcolemma down the length of the entire
muscle, finally reaching the sarcoplasmic reticulum
through the t-tubule system. Once the action potential
reaches the sarcoplasmic reticulum, the sequestered Ca�2

is released into the sarcoplasmic fluid. This release
increases the free Ca�2 concentration from 10�7 moles/L
normally present within the muscle to 10�6 or 10�5

moles/L (4). The free Ca�2 then binds to the regulatory
protein troponin-C causing a change in configuration of
the troponin-I subunit, which releases the inhibition of
tropomyosin, exposing the actin-binding site to myosin.
This release of tropomyosin allows myosin to bind to
actin and form actomyosin crossbridges. The myosin
ATPase is then activated and hydrolyzes ATP into ADP
and inorganic phosphates, thereby releasing the energy
required to tilt the myosin head (Figure 31.8). This action
pulls the actin filament toward the center of the sarcom-
ere, resulting in a shortened sarcomere (Z-lines are closer
together). During the resulting contraction, actomyosin
crossbridges are continually broken and formed to allow
for sliding of the filaments. In cases of severe muscle con-
traction, the actin filaments may overlap. However, it is
important to note that during contraction, the actual length
of the myosin and actin filaments do not change.

Relaxation is measured by a decrease in muscle ten-
sion (4). In order for relaxation to occur, the membranes
must become repolarized, Ca�2 must be resequestered
within the sarcoplasmic reticulum, and ATP must be
regenerated through a series of reactions. Membrane repo-
larization is due to the Na�/K� ATPase pump re-estab-
lishing a resting membrane potential of �90 mV through
the active transport of Na� out of the cell and K� into the
cell (17). The resequestration of Ca�2 is accomplished by
activation of an ATPase, which aids in pumping Ca�2 back
into the sarcoplasmic reticulum.

Both muscle contraction and relaxation require
energy in the form of ATP for re-establishment of the elec-
trochemical gradient through the Na�/K� pump, for
breaking and forming actomyosin bonds, and for pumping
Ca�2 into the sarcoplasmic reticulum (4). Normally, mus-
cle contains approximately 2 to 4 mM of ATP (18). Due
to the fact that muscle cannot store a sufficient amount of
ATP for the above conditions to occur, a rapid source and
an efficient method of rephosphorylating ADP to ATP
must be available.

D. ENERGY METABOLISM

The synthesis of ATP required for these processes to occur
has been reviewed by several authors (3, 4, 6). The most
rapid source of energy is through phosphocreatine, a sar-
coplasmic component, which, when combined with ADP,
is converted to ATP and creatine by the catalytic enzyme
creatine kinase. During extensive use of ATP within the
muscle, creatine is depleted and must be regenerated at
the mitochondrial membrane during rest. 

ADP � Phosphocreatine ATP � Creatine 

Creatine Kinase

Aerobic metabolism is the method that generates the
most ATP (Figure 31.9). This series of reactions utilizes
carbohydrates, proteins, and lipids, which are degraded to
carbon dioxide and water while releasing energy as ATP.
Glucose is broken down into pyruvate through glycolysis,
netting three ATP molecules per molecule of glucose. In the
presence of oxygen, pyruvate then enters the tricarboxylic
acid cycle (TCA) in the mitochondria, releasing hydrogen
ions. These ions then enter into the electron transport chain
and through oxidative phosphorylation net 34 ATP mole-
cules per molecule of glucose (4). Therefore a total of 37
ATP molecules are produced during aerobic metabolism. 

Anaerobic glycolysis is a less efficient method of pro-
ducing ATP, with three molecules of ATP produced per
glucose molecule. In anaerobic metabolism, there is a lack
of oxygen and pyruvate cannot enter into the TCA cycle.
Instead, the combination of pyruvic acid and H�, both by-
products of glycolysis, form lactic acid. In a normal func-
tioning homeostatic system, lactic acid is removed
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through the blood stream. However, during poultry pro-
cessing, exsanguination, occurs, leading to a build-up of
lactic acid in the muscle. This increase in lactic acid post-
mortem is important in the development of rigor mortis as
will be discussed later. 

E. GLYCOGEN CATABOLISM

Homeostasis can be defined as the state of equilibrium in an
organism. Homeostasis is maintained by the cyclic nature
of providing energy to the muscle cells as well as removal
of waste (Figure 31.10). Glucose is absorbed by the gas-
trointestinal tract into the blood stream where it is either
absorbed by the liver for storage as glycogen or carried to
the muscle cell for utilization or storage as glycogen.
Glycogen is the major storage form of glucose in the mus-
cle and can be 0.5 to 1.3% of the weight of the muscle (4). 

In times of high muscle activity, liver glycogen can be
hydrolyzed into glucose and transported via the blood for
utilization by the muscle cell (Figure 31.10). The regula-
tion of glycogen breakdown into glucose in the muscle
cell is controlled through phosphorylase (19, 20).
Phosphorylase is the enzyme controlling the conversion of
glycogen into glucose-1-phosphate for ATP generation in
glycolysis. In resting muscle, phosphorylase activity is
low. However, in an active muscle, phosphorylase is acti-
vated through a process of phosphorylation to allow
breakdown of glycogen for ATP production. 

There are several different control mechanisms for
phosphorylase, including external regulators, hormones
and calcium concentration. Phosphorylase can be acti-
vated by an increased amount of ATP breakdown products
(inorganic phosphate, AMP, and IMP) which are indica-
tive of an active muscle. Hormones such as epinephrine
and adrenaline can also activate this cascade. During
stress, glycogen breakdown is required for generation of
ATP for the “fight or flight” response. 

Calcium concentrations can also stimulate glycogen
catabolism. Calcium is required for muscle contraction.
When the muscle receives a nervous impulse, Ca�2 is
released from the sarcoplasmic reticulum increasing the
cellular concentration to 10�6 M. This concentration is
required not only for contraction via myofibrillar ATPase
activity, but is also the same concentration required for
activation of phosphorylase. Therefore, both nervous and
hormonal changes aid in concert to increase the break-
down of glycogen to ATP for energy. 

Once glycogen has been catabolized into glucose, the
muscle cell utilizes glucose to form ATP. Glycolysis
yields 3 ATP, pyruvate and two molecules of lactic acid.
Pyruvate can then enter the TCA cycle in the mitochon-
dria and yield CO2 and H�. The H� then enters into the
mitochondrial electron transport chain yielding water,
oxygen, 34 ATP, and heat. 

Metabolic waste such as lactic acid, heat, CO2, and
water are removed from the cell by the circulatory system
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and removed from the body via the lungs and kidneys.
Lactic acid can be metabolized into CO2 and water by the
liver or it can be re-synthesized into glucose for storage.
During times of increased activity, a build-up of lactic
acid can occur and can cause acidosis. However, follow-
ing a rest period, the lactic acid is removed via the blood
and the muscle can return to its resting state. 

F. RIGOR MORTIS

Rigor mortis or “stiffness of death” is the process of con-
verting muscle into meat through a series of biochemical,
physical, and structural changes. These changes begin with
exanguination at which time there is a loss of both oxygen
transportation to the muscle and a removal of metabolic
waste such as lactic acid from the muscle. When stores of
creatine phosphate have been depleted, glycogen stores are
used for further phosphorylation of ADP. Aerobic metabo-
lism continues until oxygen is depleted. Anaerobic metab-
olism is then utilized for the production of ATP until lactic

acid accumulates and pH decreases to a level (approxi-
mately pH 5.9) that prevents glycolysis. However, ATP is
still present within the muscle cell. Therefore, any stimu-
lation to the muscle such as deboning prior to the comple-
tion of rigor mortis will increase actomyosin bond
formation and sarcomere shortening, resulting in
decreased tenderness. Due to this objectionable toughness
associated with early deboning, poultry carcasses must be
aged for 4–6 hours to allow for rigor mortis development
(21, 22). This phase of oxygen depletion and muscle exten-
sibility is referred to as the onset of rigor mortis (Figure
31.11). 

Reduced extensibility begins the onset phase and con-
tinues until the muscle is completely inextensible and
rigor mortis is complete. During the completion phase,
90% or more available actomyosin bonds are formed
compared with only 20% in the living muscle (4). An ATP
concentration of 1 µM/g is required for muscle function to
occur. When the concentration of ATP decreases to below
1 µM/g, the muscle is no longer extensible (Figure 31.12). 
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The final stage of rigor, resolution, is characterized by
a decrease in structural integrity of the muscle during
postmortem storage. This decrease in structural integrity is
due to proteolytic degradation of certain myofibrillar Z
disk proteins such as desmin, titin, and nebulin by pro-
teases such as calpain. Calpains improve meat tenderness
by degrading Z disk proteins, thus increasing myofibrillar
fragmentation. Also, ionic interactions may affect the post-
mortem tenderization of meat. Ionic strength increases in
postmortem muscle due to the release of Ca�2 from the
sarcoplasmic reticulum and the accumulation of phosphate
from ATP degradation. This increased ionic strength
decreases the sphere of charge surrounding each protein
and weakens the structural integrity of the myofibrils,
resulting in decreased toughness (23). 

G. METABOLIC DIFFERENCES BETWEEN RED AND

WHITE FIBERS

Muscle fiber types differ among species and also among
muscles within a single animal due to genetic expression,
function, and stage of growth. The four basic fiber types
include: slow-twitch oxidative (type I, red), fast-twitch

oxidative and glycolytic (type IIA, red), fast-twitch gly-
colytic (type IIB, white), and intermediate (type IIC).
Broiler pectoralis muscles, for example, contain 100%
white fibers, while Pekin duck pectoralis contain around
84% red fibers (24–26). Intermediate muscles contain a
mixture of both red and white fibers. 

Red fibers contain more myoglobin, are more vascu-
larized, and are able to utilize oxidative metabolism as a
source of energy, while white fibers mainly utilize gly-
colytic enzymes (Table 31.1) (5, 27). As a result of the
increased oxidative metabolism in the red fibers, they con-
tain not only more but larger mitochondria. When com-
paring red muscles of the broiler leg to white muscles of
the broiler breast during rigor development, the white
muscles have an increased accumulation of lactic acid due
to their ability to use stored muscle glycogen in the gly-
colytic pathway for energy (Figure 31.13). Without oxy-
gen, the red fibers cannot utilize the oxidative pathways
and energy replenishment decreases.

White fibers are able to contract more rapidly and in
short bursts since they mainly utilize glycogen rather than
fat stores and have a more developed sarcoplasmic reticu-
lum and t-tubule system (6). White fibers are also more
easily fatigued compared to red fibers, which contract
slower and for a longer duration without fatigue (27). 

Red fibers develop rigor mortis at a faster rate com-
pared to white fibers. No biochemical changes occurred
after 2 hours postmortem in red muscles; however, the
white muscle fibers display metabolic changes up to 8
hours postmortem. The red muscle fibers of the duck pec-
toralis have a faster rate of pH decline than the white mus-
cle fibers of the broiler pectoralis, indicating a more rapid
onset of rigor mortis (24). Red fibers are generally smaller
in diameter when compared to white fibers, and have 
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TABLE 31.1
Relative Comparisons of Red and White Fibers in
Poultry Muscle

Parameter White Red

Myoglobin Low High
Color White Red
Contraction Speed Fast Slow
Fatigue Resistance Low High
Contractile Action Phasic Tonic
Capillary Density Low High
Energy Source Glycolytic Oxidative
Mitochondrial Size Small Large
Mitochondria Number Low High
SR and T-tubules More Developed Less Developed
Fiber Diameter Larger Smaller
Connective Tissue More Less
Rigor Development Slow Fast
Glycogen Content High Low
Lipid Content Low High



proportionally more connective tissue surrounding each
fiber as compared to white fibers (5). Thus, tenderness
decreases with an increase in red fiber content within spe-
cific muscle groups. 

IV. MEAT QUALITY CHARACTERISTICS

The inability of the muscle cells to rid themselves of meta-
bolic by-products such as lactic acid causes several post-
mortem metabolic and structural changes within the
muscle, the most important of which is a decrease in pH
(28). This decrease in pH is the most significant post-
mortem change and can affect important meat quality
attributes such as color, water holding capacity, and texture
(29, 30). These three attributes are used to evaluate meat
quality by both processors and consumers. Two conditions
caused by the rate of pH decline include dark, firm, and
dry (DFD) and pale, soft, and exudative (PSE) meat. 

Dark, firm, and dry meat develops when muscle glyco-
gen is depleted prior to slaughter, resulting in high muscle
pH from reduced postmortem glycolysis (4, 6, 31). Dark,
firm, and dry meat is characterized as having a high water
holding capacity, even though the meat appears dry (5). 

Pale, soft, and exudative meat is characterized as hav-
ing a pale color, soft texture when cooked, and a low water
holding capacity. This condition develops due to an accel-
erated postmortem metabolism which leads to a rapid
decline in postmortem muscle pH (4–6). Rapid post-
mortem glycolysis has been observed in both swine and
turkeys in which pH of PSE muscles was less than 5.8
within 45 min postmortem in swine and 15 min post-
mortem in turkeys. This would be compared to normal
muscle pH at this postmortem time of greater than 6.0 (32,
33). This rapid decline in pH occurring while muscle tem-
peratures are still elevated denatures proteins and causes a

decrease in solubility and enzymatic activity (34, 35).
Porcine muscles with pH values below 6.0 at 45 min post-
mortem had a higher ATPase activity, indicating a more
rapid glycolytic rate, and were found to produce poor meat
quality (36). Authors have reported that rabbit muscle kept
at 37°C for 6 hours postmortem resulted in a rapid pH
decline to below 5.8 and a loss of half Mg-ATPase activity
compared to muscles incubated at 34°C (37). 

A. COLOR

Color is an important quality attribute as consumers are
often willing to pay more for poultry products based on
color. Several factors can influence meat color including
pH, myoglobin concentration, and nitrites (4). Even
though myoglobin has been shown to be important in
determining raw meat color, it is less important in broiler
and turkey breast meat meat simply because there is less
myoglobin than in other meats (beef, pork). 

Pinking is an important problem in turkey and broiler
meat. Pinking can result from several factors such as
undercooking meat, contamination with nitrites, addition
of ingredients such as peppers, improper stunning, and
several antemortem stressors. There are several problems
that can arise from pinking such as food safety issues with
undercooked meat, consumer complaints, and a decreased
purchasing of poultry products by consumers. Probably
one of the main reasons for pinking in white poultry meat
is the addition of nitrite. Nitrite is an ingredient that is nor-
mally added to cured products and produces a character-
istic pink cured color upon heating. Normally, nitrite is
not added to products made with white meat but can inad-
vertently be added through contamination from water
sources or human error. 

In cooked products, several pigments have been linked
to pinking in poultry white meat. Myoglobin facilitates the
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FIGURE 31.13 Comparison of lactic acid accumulation in red- and white-fibered muscles in broilers during rigor development. 



transfer of oxygen and waste to and from muscles from the
blood. Denaturation of myoglobin is related to pH, time,
and cooking temperature. Undenatured myoglobin due to
improper heating of high pH that prevent denaturation at
adequate cooking temperatures can reault in pinking of
white meat. This is especially true in turkey breast meat,
which has a higher concentration of myoglobin than broiler
white meat. Cytochrome c is another important pigment in
meat which can lead to undesired pinking since it has a
higher denatutaion point that myoglobin. Cytochrome c is
a heme protein responsible for transport of electrons in the
mitochondria. Levels of this protein have been elevated in
stressed animals. 

B. WATER HOLDING CAPACITY

The state of water in striated muscle has been reviewed by
several people (3, 4, 38). Striated muscle contains approx-
imately 75% water, which exists as three forms in the
muscle: bound, immobilized and free. Since water is a
polar compound, it can bind with other water molecules as
well as charged protein groups. Bound or constitutional
water is less than 1% of muscle water and is located
within the protein molecules. This water has such a strong
protein-water interaction that it cannot be lost except dur-
ing ashing of the meat. The second form of water is
immobilized or interfacial water and is approximately
10–15% of water in meat. Immobilized water is attracted
to the bound water layer, creating multilayers of water
each more loosely bound as the distance from the bound
water increases. Due to the strong water-water and water-
protein interactions, immobilized water is typically lost
with cooking. Free water accounts for the remaining por-
tion of water in meat tissues and is associated with the
extracellular space. Free water is held loosely through
capillary forces and can be lost easily through mechanical
actions such as cutting, grinding, cooking, and storage
of meat. 

Water binding capacity of meat is altered in two ways:
by the net charge effect and the steric effect. As a polar
molecule, water can bind to other charged amino acid side
groups. The amount and type of charge on a protein
changes with pH. As pH decreases, the number of reactive
groups available for water binding decreases. The point at
which water binding is minimal on a protein is referred to
as the isoelectric point or pI. Since actin and myosin are
the most predominant proteins in the muscle and since
they are most responsible for water holding capacity, their
pI is the pH at which the meat’s water holding capacity is
the least. The pI of muscle is approximately 5.1 where the
number of positive charges equals the number of negative
charges resulting in a net zero charge or the pH at which
the meat’s water holding capacity is minimal (17). 

The steric effect or degree of contraction has the
greatest effect on the water holding capacity of meat. As
the amount of space between the muscle protein structures

decreases with contraction, less space is available for
water around the proteins. Contractile state and pH of the
muscle can influence the amount of interstitial space. If
the muscle is in a contracted state, there is less space
within the muscle to hold water intracellularly due to the
shortening of the sarcomeres. Therefore, water is expelled
into the extracellular space. 

Muscle pH can also affect the amount of space to bind
water molecules. If repulsion between charged groups is
increased, as occurs in higher pH muscle, the protein net-
work is enlarged and allows an increased amount of water
holding capacity. In PSE meat, when the pH is closer to
the pI of the myofibrillar proteins, attraction between
charged groups increases and the protein network shrinks.
Therefore, part of the immobilized water becomes free
water, which may be lost as drip (39). 

Myofibrillar proteins such as myosin, the predominant
muscle protein, have a large amount of water holding
capacity. Any changes to this protein can decrease the abil-
ity of the muscle to retain water. Denaturation of myosin
has been found to decrease water holding capacity (35,
40). In PSE muscle the myosin head shrinks from 19 nm
in normal muscle to 17 nm (40). This shrinkage of the pro-
tein lattice causes expulsion of intracellular water into the
extracellular space and decreases water holding capacity.
The extent of myosin shrinkage is also dependent upon the
rate of pH decline, ultimate pH, and temperature during
chilling with the faster rate of decline and higher tempera-
tures early postmortem, leading to increased denaturation
and shrinkage. 

C. TEXTURE

Protein gels are formed by intermolecular crosslinks
resulting in an ordered three-dimensional network of pro-
teins. The two primary steps involved in thermal gelation
are denaturation of native myosin and aggregation of the
partially unfolded myosin molecules to form the protein
gel. Myosin denaturation can decrease the strength of
heat-induced gelation. There are two transition tempera-
tures (Tm) of myosin that are important in gel formation.
Chicken breast myosin Tm1 at 47.5°C is associated with
the aggregation of the globular heads through disulfide
bond formation while Tm2 at 54°C is more associated
with the network formation by the unfolding of the helical
tail portion (41). However, turkey breast myosin is more
temperature sensitive with the Tm1 in turkey breast being
only 40°C at pH 6–12 (42). These researchers also found
that there was full reversibility of turkey breast myosin
denaturation when heated for 5–30 min at 40°C and 5 min
at 50°C followed by incubation at 4°C for 24 hours. 

Gel strength is negatively correlated with cook loss
and meat color, with higher cook loss and paler meat
resulting in decreased gel strength. This negative correla-
tion is probably due to the decreased solubility of myosin
in PSE meat as well as fewer charges available for water-
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water and protein-protein interactions. Extraction of salt
soluble proteins from PSE meat is decreased compared to
that of normal meat and gel strength is significantly less
from product made with PSE meat. It has been postulated
that the precipitation of phosphorylase onto the myofibrils
at the Z line and A band results in a decreased solubility
of myosin (43). 

V. CONCLUSION

Muscle is a complex and highly specialized tissue that is
able to convert chemical energy into mechanical energy
for locomotion. The biochemical reactions that allow the
muscle to complete these highly specialized tasks are the
same reactions which cause the conversion of muscle into
meat. The loss of the circulatory system is responsible for
the anoxic conditions and allows the build-up of lactic
acid which begins the process of rigor development. Meat
quality characteristics can be affected by the rate of rigor
mortis development. Once rigor mortis is complete, the
muscle has been converted into meat. 
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Poultry, especially chicken broilers and turkey, is one of
the most widely consumed muscle foods in the world. It is
an important source of dietary energy and nutrients, such
as high quality proteins, essential fatty acids, vitamins and
highly bio-available minerals [1]. In south-east and east
Asia, as well as in eastern and western Europe, ducks and
geese also play an important role because of their tasty
meat. The world consumption of poultry meat in the year
2001 exceeded 69 949 thousand tons, ranked between pro-
duction of beef and veal (56 647 thousand tons) and pig
meat (91 188 thousand tons) [2]. The increase in muscle
proportion and the reduction in carcass fat content by
selection and careful restriction are major attempts to
improve carcass quality of poultry and the nutritional value
of meat [3–7]. However, concern has been raised over its
high consumption and the fat content, in particular satu-
rated fatty acids, which can greatly increase the risk of car-
diovascular diseases and some type of cancer [8,9]. 

The chemical properties of poultry meat (or muscle)
have been studied intensely. These studies were primarily
carried out on whole poultry carcasses and/or specific

muscles and included the examination of variables such as
breed (genetics), diet formulations, age, gender, housing
(live bird production) and general management practices
(short-term antemortem stress) on composition, nutritive
value, and quality of meat [10–13]. The present review
will focus on the impact of muscle type on the nutritional
value of poultry meat.

I. CHEMICAL COMPOSITION

Information about body composition can be important for
those producing and selling animal products and nutri-
tionists. Producers need information about body composi-
tion to produce leaner meat animals, sellers need
information to determine how much of the energy that an
animal eats is captured as growth or other forms of
production [10].

The chemical composition of poultry breast (B) and
thigh/leg (T/L) muscles is presented in Tables 32.1
through 32.3. The richest in protein were breast muscles
of turkeys, broilers, geese, and ducks. The T/L muscles of



all kinds of poultry contained approximately 0.4–3.8%
less protein (Table 32.1). Some authors found higher dif-
ferences in protein content between breast and thigh mus-
cles of broilers (23.80 vs. 18.30% [16]), 22 wk male
turkeys (24.51 vs. 19.60% [22]), 16 wk female turkeys
(25.24 vs. 21.29% [43] or 23.96 vs. 18.92% [45]) (Table
32.3), and 14 wk geese (23.02 and 19.39% [46]). 

The fat content of breast muscles, in ascending order,
was turkey females, Pekin and  Muscovy ducks, broilers,
hens, turkey males, Mule ducks, and geese; for T/L mus-
cle, it was Pekin, mule, and Muscovy ducks, hens, turkey
(Table 32.1). The fat content for the breast muscles from
all poultry types was lower than for the L/T muscles. 

Moisture content for Pekin and Muscovy ducks was
greater than for other kinds of poultry. Moisture was com-
parable for turkey and geese and it was lower than in
broilers, hens, and Mule ducks. Broilers, Pekin ducks, and
goose breast muscles had higher percentage of moisture
than the T/L muscles. The higher content of moisture in
broiler breast muscles than in thigh muscle (73.74 vs.
73.22%) was also found by Gornowicz and Dziadek [15]
but it was not significantly different (Table 32.3).
However, Biliński et al. [38] found about 1% lower mois-
ture content in 17 wk goose breast muscle compared to
thigh muscle (72.31 vs. 73.54%). 

The content of ash in breast muscle of chickens, Pekin
ducks, and geese was higher than in thigh muscles while
it was comparable both brest & thigh muscles for hens,
turkeys and Mule ducks.

A. CHEMICAL COMPOSITION—AGE, SEX, STRAIN

The influence of age and sex on chemical composition of
poultry meat is presented in Tables 32.2 and 32.3. In earlier
studies as the broiler increased in age from 6 to 8 wk protein
content in light male and female meat increased by 0.52 and
0.80% and fat in male white and dark meat increased by
1.32 and 1.66% [47]. The protein content increased with age
to the detriment of water content in 12 vs. 14 wk female
turkey breast and thigh muscles (23.60 vs. 24.80% and
20.70 vs. 22.40% [41]) and Pekin and Mule duck breast
muscles [4,26] (Table 32.2). In 16–18 wk female turkey
muscles the protein (breast) and moisture (breast and thigh)
contents were comparable, while in thigh muscles protein
content decreased after 16 wk [41]. During the growth from
2 to 5 wk Pekin duck breast muscles decreased in protein
content from 21.5 to 20.0% and then after 7 wk increased to
21.9% while the leg muscle protein content was not influ-
enced by age [25]. With advancing age increased fat content
was observed in turkey breast muscle [40]; female turkey
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TABLE 32.1
Approximate Chemical Composition Profile for Breast (B) and Thigh/Leg (T/L) Poultry Muscles

Poultry Type Moisture (%) Protein (%) Total Lipid (%) Ash (%) Reference

Muscle/Meat B T/L B T/L B T/L B T/L

Chicken 
Broiler (6 wk) M 74.36 73.21 22.80 19.14 1.58 6.65 1.26 1.05 [11,12,14–18]

(0.52) (0.41) (0.92) (1.05) (0.61) (1.23) (0.27) (0.09)
Broiler (8 wk) 75.37 74.66 22.39 19.00 1.48 5.33 0.61 0.51 [13*,19]

(0.24) (1.92) (0.01) (0.01) (0.03) (1.23) (0.00) (0.00)
Hens (64 wk)** 73.21 74.04 – – 1.51 4.49 1.08 1.06 [20]

Turkey (22 wk) M 72.74 72.24 23.36 19.54 1.63 4.84 1.18 1.09 [21–23]
(2.10) (1.03) (1.37) (0.08) (0.35) (1.09) (0.02) –

Turkey (15 wk) F 73.51 72.91 23.29 19.52 1.25 6.28 1.17 1.06 [21,22,24]
(0.56) (24.0) (1.14) (0.31) (0.59) (0.80) (0.05) (0.02)

Duck
Pekin (7 wk) M 76.82 75.80 21.20 20.90 1.31 2.00 0.99 0.80 [25–27]

(1.32) (1.41) (1.57) (1.65) (0.82) (0.62) (0.13) (0.00)
Pekin (8 wk) M 77.17 76.85 20.87 19.35 1.60 3.45 – – [12,26,28,29]

(1.53) (0.49) (0.40) (0.35) (0.87) (2.47) – –
Muscovy (12 wk) M 76.43 76.06 20.89 20.31 1.43 3.43 1.07 – [29–33]

(0.39) (0.48) (0.67) (0.27) (0.47) (0.61) (0.08) –
Mule (12 wk) 74.55 74.50 21.78 21.40 2.41 2.70 1.15 1.20 [4,34,35]

(0.67) (0.00) (1.29) (0.00) (0.38) (0.00) (0.07) (0.00)
Geese

White Italian (16 wk) M 71.07 22.26 4.84 1.50 [36,37]
(0.96) (0.65) (0.48) (0.16)

White Italian (17 wk) 72.36 71.55 22.48 20.38 3.11 6.51 1.18 1.00 [38,39]
(0.08) (2.81) (0.62) (0.49) (0.18) (3.27) (0.11) (0.03)

M � male, F � female, * � drumstick, ** � white, dark muscles.



thigh muscle [41]; Pekin breast [6]; Pekin thigh muscles
[26]; and Mule duck breast and thigh muscles [4,6].
However, less fat content was found in 15 vs. 10.5 wk
Muscovy ducks [6] and 24 vs. 15 wk geese [42]. According
to Bieliński et al. [38] the protein and fat content in goose
breast and thigh muscles increased with age from 10 to 17
wk, remained comparable between 17 and 25 wk, and after
33 wk protein content decreased and fat content increased,
respectively. Moreover, in muscles of 10 wk geese the mois-
ture content was the highest and the ash content was the
lowest and they did not change with age (Table 32.2). Friend
et al. [48] found no effect of age on geese breast muscles
protein and fat contents.

The differences in chemical composition between
males (M) and females (F) were found for broilers,
turkeys, and ducks (Table 32.3). Evans et al. [47] found
that fat content was higher in male broiler light (white,
breast) meat than in light females (16.18 vs. 14.66%) and
the protein content of dark meat of males compared with
females was higher (18.32 vs. 17.60%) but the moisture
(64.37 vs. 66.62%) and fat (11.85 vs. 13.99%) contents
were lower. Gornowicz and Dziadek [15] found only a
higher content of moisture and ash in broiler male mus-
cles compared to female muscles (Table 32.3). The breast
muscles of 22/24 wk male turkeys contained less moisture

[22,23,45] and more fat than those of 15/16 wk females
[21–23,43,45]. However, Faruga et al. [43] noticed higher
amounts of moisture in 24 wk turkey males both in breast
and thigh muscles than in 16 wk females. Lower moisture
content and higher fat content were also observed in male
Mule duck breast compared with females [4]. The reverse
trend, i.e., higher moisture and lower lipid content, was
found for male and female breast muscles of Pekin ducks
[28]. Muscovy duck [28] and goose [36,44] male breast
muscles were characterized by higher fat content than
females. The thigh muscles of turkey and male Pekin duck
had lower lipid levels than female thigh muscle
[22,23,27,43,45] (Table 32.3). At the same age (14 wk)
male turkeys deposited in breast and thigh muscles less
total lipid content than females, i.e., 0.96 vs. 1.32% and
2.26 vs. 2.88%, respectively [49]; this was in line with
lower fat content in male turkey thigh muscles than
female at different ages (22/24 vs. 15/16 wk). Male
Turkeys had higher ash content in the breast muscles
compared to females (1.11 vs. 0.93% [40]).

Other authors found no differences in moisture, fat,
and protein contents based on sex for broiler muscles [15]
and Pekin duck [25] and goose [48] breast and/or leg
muscle protein and fat; broiler breast [14], turkey breast
[40] and Muscovy duck [29] and 12/16 wk goose [50]
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TABLE 32.2
Influence of Age on Approximate Chemical Composition Profile for Poultry Breast (B) and Thigh/Leg (T/L) Muscles

Poultry Type Moisture (%) Protein (%) Total Lipid (%) Ash (%) Reference 

Muscle/Meat B T/L B T/L B T/L B T/L

Turkey (16 wk) 73.74 23.98 0.18 1.04 [40]
Turkey (20 wk) 73.52 23.85 0.47 1.00 [40]
Turkey (12 wk) F 74.70 75.20/ 23.60 20.70/ 1.50 3.70/ [41]
Turkey (16 wk) F 73.60 72.80/ 24.30 20.10/ 1.90 6.30/ [41]
Turkey (18 wk) F 73.50 72.90/ 24.10 20.60 1.90 5.50/ [41]

Duck
Pekin (7 wk) 77.50 76.80/ 19.40 19.00/ 0.40 1.50/ [26]
Pekin (8 wk) 76.00 76.50/ 21.30 19.60/ 0.60 1.70/ [26]
Pekin (9 wk) 21.30 20.20/ 1.50 3.20 [6]
Pekin (12 wk) 22.00 19.60 2.10 3.20 [6]

Muscovy (10.5 wk) 19.90 20.30/ 1.40 1.90/ [6]
Muscovy (15 wk) 21.00 20.50/ 1.30 1.70/ [6]

Mule (8 wk) 19.20 20.40/ 1.00 1.60/ [6]
Mule (14 wk) 22.00 20.40/ 1.40 1.80/ [6]
Mule (10 wk) M 75.60 21.84 2.09 1.10 [4]
Mule (12 wk) M 74.10 22.53 2.83 1.20 [4]

Geese (10 wk) 75.14 75.78/ 20.77 19.27/ 2.61 3.45/ 0.99 0.79/ [38]
Geese (17 wk) 72.31 73.54/ 22.04 20.73/ 3.24 4.20/ 1.10 0.98/ [38]
Geese (33 wk) 72.13 73.32/ 20.92 19.57/ 4.12 5.73/ 1.19 1.09/ [38]
Geese (15 wk)* 71.69 /70.73 21.53 /20.39 5.87 /8.61 1.18 /1.01 [42]
Geese (24 wk)** 71.56 /71.35 21.67 /20.34 5.17 /7.12 1.06 /1.06 [42]

M � male, F � Female, * � intensive, ** � semi-intensive system.



muscles; turkey thigh [22,23,45] and goose [36] breast
muscle protein and moisture; and Mule duck breast mus-
cle [4] mineral content.

Differences in the moisture, protein, and fat content of
pullet and cockerel breast and thigh muscles or broiler
breast muscles were associated with strain crosses
[13,15]. Strain also influenced the protein percentage
and fat in broiler thigh muscles but no strain-related dif-
ferences were found in moisture content. The small dif-
ferences in muscle chemical composition among strain
crosses may slightly alter the nutritional value of broiler
meat [13]. Puchajda et al. [22,45] found that turkey
medium-heavies’ genetic lines influenced the differences
in breast protein content of 22 wk males and in thigh mus-
cle fat content of 15/16 wk females. However, another
survey found no influence of genetic lines of heavies
turkey males (22 wk) on muscle protein and fat content

[23]. Filus et al. [21] did not show any significant indica-
tion of the dependency of hybrid turkey heavies and
medium-heavies on the chemical composition of meat.

Górska and Górski [26] reported differences among
duck crossbreds in breast and thigh muscle moisture and
protein contents with no apparent species-fat content
relationship in the case of both muscles. Nutritive values
of breast and thigh muscles of SW (Small White), Synta
(Pekin) ducks and their reciprocal crosses showed a ten-
dency of paternal effect on protein and fat contents in
breast and thigh muscles; in ash this was only evident in
thigh muscles [27]. The strain had also a significant
impact on the protein [39,50], moisture, and/or ash con-
tent in goose breast and leg muscles [39]. According to
Friend et al. [48] strain influenced the fat content in
goose breast muscles but had no influence on protein
content.
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TABLE 32.3
Influence of Sex on Approximate Chemical Composition Profile for Poultry Breast (B) and
Thigh/Leg (T/L) Muscles

Poultry Type Moisture (%) Protein (%) Total Lipid (%) Ash (%)

Muscle/Meat B T/L B T/L B T/L B T/L Reference

Broiler (6 wk) M 73.74 73.22/ 21.49 18.34/ 0.88 6.73/ 1.79 1.15/ [15]
Broiler (6 wk) F 70.44 70.17/ 21.67 18.15/ 0.71 6.67/ 1.35 0.91 [15]

Turkey (22wk) M 73.95 21.85 1.57 1.20 [21]
Turkey (15 wk) F 74.13 22.43 0.88 1.22 [21]
Turkey (24 wk) M 72.35 72.51/ 24.64 22.31/ 2.09 4.39/ 1.12 1.09/ [43]
Turkey (16 wk) F 70.24 68.65/ 25.24 21.29/ 1.17 7.42/ 1.12 1.06/ [43]
Turkey (22 wk) M 70.32 72.97/ 24.51 19.60/ 1.32 4.07/ 1.17 1.09/ [22]
Turkey (15 wk) F 73.04 72.74/ 24.58 19.74/ 0.93 5.72/ 1.13 1.08/ [22]
Turkey (22 wk) M 73.96 71.52/ 23.73 19.49/ 2.01 5.61/ [23]
Turkey (16 wk) F 74.60 71.61/ 23.96 18.92/ 0.76 8.61 [23]
Turkey M 73.70 23.81 0.31 1.11 [40]
Turkey F 73.56 24.02 0.34 0.93 [40]

Duck
Pekin (7 wk) M 75.30 74.80/ 22.30 21.70/ 1.50 2.70/ 0.90 0.80/ [27]
Pekin (7 wk) F 75.70 75.10/ 21.00 20.50/ 2.10 3.40/ 1.10 1.00/ [27]
Pekin (8 wk) M 76.60 20.80 2.10 [28]
Pekin (8 wk) F 74.00 20.50 2.60 [28]

Muscovy (12 wk) M 76.13 /75.72 21.32 /20.12 2.09 /3.86 [29]
Muscovy (10 wk) F 76.63 /75.62 21.20 /19.95 1.90 /3.96 [29]
Muscovy (11 wk) M 76.50 20.20 2.50 [28]
Muscovy (9 wk) F 76.30 19.60 1.60 [28]

Mule (10 wk) M 75.60 21.84 2.09 1.10 [4]
Mule (10 wk) F 76.35 21.66 1.69 1.11 [4]
Mule (12 wk) M 74.10 22.53 2.83 1.20 [4]
Mule (12 wk) F 75.02 22.27 2.26 1.24 [4]

Geese (16 wk) M 70.39 22.72 5.18 1.39 [37
Geese (16 wk) F 70.45 21.64 4.32 1.38 [37]
Geese (16.6 wk) M 73.10 22.70 6.10 1.60 [44]
Geese (16.6 wk) F 73.70 22.60 5.30 1.40 [44]

M � male, F � Female.



II. AMINOACIDS AND COLLAGEN
Poultry meat is an important source of high biological
value proteins providing all of the indispensable (essen-
tial) amino acids [44,51,52]. On average, 40% of the
amino acids present in meat are indispensable for human
health [9]. Dietary proteins are the only source of amino
acids that we need. Our bodies require nine essential
amino acids that animal protein contains in the best “pro-
portion” [1]. The high lysine content of meat protein is
important nutritionally because it counter-balances the
low lysine content of cereal proteins when they are eaten
together in a mixed diet [9].

The content, type, and cross-links in collagen influ-
ence nutritional and dietetic values of meat and its tender-
ness [53,54]. Poultry breast muscle was found to contain
less collagen than thigh muscle (Table 32.4). The same
trend was observed when collagen was expressed in rela-
tion to total protein content in the particular kind of poul-
try meat with the exception of 8 week Pekin ducks for
which breast protein contained 1% more collagen than
thigh muscle protein. As a protein of lower value collagen
was the lowest in turkey and geese, and higher in broiler
an Pekin duck muscles.

III. HEME PIGMENTS
Primary heme pigments in poultry meat include myoglo-
bin, hemoglobin, and cytochrome c. The quantity of myo-
globin greatly influences the appearance of poultry meat.
Hemoglobin is another pigment of importance since about
20 to 30% remains in the carcass of a well-bled bird, thus
influencing final carcass coloration [57]. Heme pigment

content and “free iron ions” were associated with occur-
rence of lipid oxidation [19,58].

Table 32.5 shows total heme and heme pigments in
poultry muscles. Goose and duck breast muscles contained
considerably more heme pigments than the breast muscles
of turkeys, hens, and broilers. The same trend was
observed in T/L muscle; however, differences in heme pig-
ment content (except for young and adult layer) were less
pronounced among different poultry types. Nishida et al.
[62] found different amounts of myoglobin in adult layer
leg muscles, i.e., from 4.44 to 5.82 mg/g in adductores,
2.53 mg/g in sartorius, and 0.57 mg/g in biceps femoris,
which was greater than for young layer, amounted to 0.33
mg/g of myoglobin in biceps femoris. The broiler, hen, and
turkey breast muscles had from 1.4 to 6.4 times lower con-
centration of heme pigments, hemoglobin, myoglobin, and
cytochrome (broilers) than those for T/L muscles (Table
32.5). These differences were smallest  broilers and great-
est for hens. In duck and goose breast muscles the heme
pigments content was 14 to 79% greater than that in the leg
muscles. However, total pigment concentration in
Muscovy ducks and hemoglobin content in Pekin ducks
were not significantly different in both muscles.

The mg of total pigment per gram of muscle increased
in the following order: broiler breast, hen breast, turkey
breast, broiler thigh/leg, hen leg, turkey leg, duck leg, goose
leg, duck breast, and goose breast.

A. HEME PIGMENTS—AGE, SEX, AND STRAIN

With advancing age (18 vs. 28 wk) myoglobin concentra-
tion significantly increased in male turkey breast muscles
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TABLE 32.4
Collagen Content for Poultry Breast (B) and Thigh (T) Muscles

Poultry Type Collagen Collagen/Protein (%)

ReferenceMuscle B T B T

Broiler 3.12 (mg/g) [55]
Broiler 1.27 (mg/g) [12]
Broilers 0.54 (%) 1.05 (%) 2.34 5.31 [53]
Broilers M 0.733 (%) 1.04 (%) [56]
Broilers F 0.62 (%) 0.783 (%) [56]

Turkey (22 wk) M 385 (mg%) 572 (mg%) 1.63 2.94 [23]
Turkey (16 wk) F 429 (mg%) 484 (mg%) 1.80 2.55 [45]
Turkey (16 wk) F 358 (mg%) 839 (mg%) 1.48 4.17 [41]

Duck
Pekin 1.75 (mg/g) [12]
Pekin (8 wk) 5.0 4.05 [26]
Muscovy (12 wk) 2.52 (%) [33]

Geese
White Italian (14 wk) 340 (mg%) 670 (mg%) 1.45 2.83 [36]
White Italian (17 wk) 400 (mg%) 600 (mg%) 1.81 2.89 [38]

M � male, F � Female.



and male and female thigh muscles with no changes in the
breast muscles from female turkeys [63].

Male turkeys exhibited significantly higher myoglo-
bin concentration than females [63] and male Muscovy
ducks had higher total heme pigment concentration than
females (Table 32.5) [29].

IV. VITAMINS

Poultry meat is rich in niacin (PP), an essential vitamin
that plays a role in many metabolic cycles. Moreover, it is
also an important source of vitamins from the B group, like
thiamine (B1) and riboflavin (B2), both important in energy
metabolism, and B12, which is necessary to the nervous
system and exclusively present in foods of animal origin
(not available in plants) [1]. Depending on the kind of diet,
broiler and turkey muscles, hens, ducks, and goose meat
can be also a supplementary source of vitamins diluted in
lipids, i.e., vitamins A, D, and E [64,65].

The content of vitamins in poultry muscles is pre-
sented in Table 32.6. Thiamine content (B1) was the high-
est in duck flesh and substantially lower, 2.79 times, in
goose flesh, 5.1 times in broiler breast, and 5.6 times in
turkey white meat [52]. The content of vitamin B1 was
comparable in broiler breast and T/L muscles and turkey
white and dark meat, respectively. The increasing order of
the amount of riboflavin (B2) in poultry meat was as fol-
lows: broiler breast, turkey white, turkey breast, hen
breast, broiler leg, turkey dark, duck and goose flesh. The
broiler muscles had two times more niacin (PP) than
turkey light and dark meat and 2–3 times more than hen,
duck, and goose flesh. The richest in vitamin B6 were

broilers, then geese and turkey, while duck content of this
vitamin was the lowest. 

A. VITAMINS—AGE, SEX, AND STRAIN

Riboflavin (B2) content in breast broiler muscles decreased
with age from 7 to 12 wk (0.093 vs. 0.086 mg/100 g) with
no changes in niacin (PP) and vitamin B6 [66]. In contrast,
Singh and Essary [67] reported that with advancing age of
broilers from 8 to 10 wk the content of thiamine (B1) and
riboflavin (B2) increased in breast (0.032 vs. 0.045 and
0.040 vs. 0.050 mg/100 g) and thigh (0.059 vs. 0.066 and
0.096 vs. 0.113 mg/100 g) while the amount of niacin (PP)
decreased in thigh muscles (6 vs. 5.6 mg/100 g) and did
not change in breast muscles (10.4 vs. 10.2 mg/100 g).

Ang and Hamm [14] stated no significant differences
due to sex in riboflavin (B2), niacin (PP), and vitamin B6

in the breast of 7 wk broilers. It was in line with results of
Singh and Assary [67] who found that only male broiler
thigh contained significantly more thiamine (B1) and
riboflavin (B2) than female thigh muscles, i.e., 0.065 vs.
0.060 and 0.111 vs. 0.101 mg/100 g, respectively.

V. MINERALS

Minerals influence palatability, acidity of meat, biological
activity of different enzymes, and osmolarity of meat. Iron
is an important nutrient for human beings because it plays
a part in the process of oxygen transport from lungs to var-
ious tissues by means of hemoglobin to which it is linked.
Iron functions as a catalyst in many metabolic reactions.
Its absence provokes anaemia [1]. Preponderance of haem
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TABLE 32.5
Total Heme, Hemoglobin, and Myoglobin Content in Poultry Breast (B) and Thigh/Leg (T/L) Muscles

Poultry Type Total Pigment Hemoglobin Myoglobin Cytochrome

Reference

(mg/g) (mg/g) (mg/g) (mg/g)

Muscle/Meat B T/L B T/L B T/L B T/L

Broiler* 0.32 0.59/ 0.17 0.38/ 0.15 0.21/ 13.71 37.38/ [59]
Broiler** 0.44 0.79/ 0.28 0.48/ 0.16 0.30/ 27.15 65.99/ [59]
Broiler 0.24 /1.09 0.24 0.75 – 0.34 [60]
Broiler (8 wk) 0.43 /1.75 0.12 /0.58 0.31 /1.17 [61]

Hen (60 wk) 0.46 /2.49 0.13 /0.80 0.33 /1.69 [61]

Turkey 0.51 0.06 0.45 [40]
Turkey (24 wk) M 0.74 /2.66 0.16 /1.02 0.58 /1.64 [61]
Duck
Pekin (8 wk) 3.59 /2.91 1.19 /1.17 2.40 /1.74 [61]
Pekin (8 wk) 4.31 /3.54 [29]

Muscovy (12 wk) M 3.90 /3.02 [29]
Muscovy (10 wk) F 3.68 /2.79 [29]

Goose (16 wk) 6.47 /3.80 1.71 /1.14 4.76 /2.66 [61]

M � male, F � Female, * � ice slush, ** � air chilling.



iron in meat, which is absent from plant sources, makes the
iron from meat more bioavailable [9]. Zinc is important
because it is involved in several metabolic reactions and
meat is its main source. Its deficiency reduces the
immunological defenses of the organism [1,68].

Table 32.7 shows the mineral content in poultry meat.
The broiler breast muscles contained more Mg, K, P, and
Li (18.2 vs. 5.8 µg/g [69]), less Cu, Fe, Zn, and Na, and a
comparable level of Ca than T/L muscles. Goluch-
Koniuszy et al. [70,71] found no difference in Cu and Mg
content between broiler breast and leg muscles and
Kunachowicz et al. [65] found lower Ca content in broiler
breast than thigh muscles. Turkey breast muscles were
characterized by higher content of K and P and lower con-
tent of remaining minerals when compared with thigh
muscles [41]. However, Posati [52] showed higher Mg
content in light than in dark turkey muscles. Goose breast
muscles had a higher content of Fe and lower Ca than
thigh muscles. The higher content of Fe in broiler and
turkey T/L muscles as well as in goose breast muscle was
related to their greater content of myoglobin and hemo-
globin than in corresponding breast and thigh muscles,
respectively (Table 32.5). Higher content of Zn in T/L
muscles can be explained by their greater metabolic
activity.

The iron content in goose muscles was substantially
higher than in broiler and turkey muscles and in hen, duck,
and goose flesh (Table 32.7). The richest in zinc were
turkey thigh muscles. The average zinc content was in
duck flesh and broiler T/L muscles, and the lowest was in
turkey and broiler breast muscles. The Mg content was
rather uniformly distributed in broiler and turkey muscles
and its content in duck, hen, and goose flesh was between
that of broilers and turkeys. It was difficult to estimate the

order of Na, K, and P contents in poultry meat on the
basis of different author results presented in Table 32.7.

A. MINERALS—AGE, SEX, AND STRAIN

In broiler breast and thigh muscles sex influenced Fe, Zn,
and Na levels. Fe content was lower in breast and thigh
muscles of broiler males than females while Zn content
was higher in males than females, but differences were not
so high as for Fe content [16]. According to Goluch-
Koniuszy et al. [71], sodium content was higher in female
breast muscles and in male leg muscles, respectively.
Other authors found no sex influence on the level of nutri-
ents (Cu, Fe, Zn, Mg, Ca, Na, K, P, and Li) in broiler
cockerels and pullets [69,70]. 

Strain influenced the level of Mg, Ca, and K [16] as
well as Ca and Li levels [69] in broiler breast and thigh
muscles.

VI. LIPID FRACTIONS CONTENT

Lipids play a key role in many quality traits of meat prod-
ucts including nutritional value and sensory properties,
mainly flavor because they are both solvent and precur-
sors of aroma compounds. Intramuscular lipids refer to
lipids contained in both intramuscular adipose tissue and
muscle fibers. The intramuscular adipose tissue comprises
cells located along the fibers and in the interfascicular
area. The fat cells contain almost exclusively triacylglyc-
erols (TAG). The lipids of the fibers consist of cytosolic
droplets of TAGs and membrane lipids, phospholopids
(PL), and cholesterol. The amount of TAGs in the fibers
only accounts for a small part of the total intramuscular
TAGs [74].
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TABLE 32.6
Approximate Analysis of Vitamins in Poultry Breast (B) and Thigh/Leg (T/L) Muscles

Poultry Type Thiamine (B1) Riboflavin (B2) Niacin (PP) B6

Reference

(mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g)

Muscle/Meat B T/L B T/L B T/L B T/L

Broiler 0.093 12.12 0.84 [66]
Broiler 0.086 11.98 0.824 [14]
Broiler 0.070 0.076/ 0.092 0.188/ 11.194 6.328/ 0.55 0.33/ [52]
Broiler 0.090 /0.080 0.153 /0.226 12.44 /2.78 [65]

Hen** 0.083 0.159 5.16 [65]

Turkey* 0.064 0.081 0.122 0.221 5.844 3.075 0.56 0.36 [52]
Turkey 0.036 0.150 4.92 [65]

Duck** 0.360 0.450 5.300 0.34 [52]
Duck** 0.177 0.226 3.45 [65]

Goose** 0.129 0.377 4.278 0.64 [52]
Goose** 0.120 0.330 6.40 [65]

* � light and dark meat, ** � flesh.
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Table 32.8 shows that the TAG content was the lowest
in broiler breast, average in turkey and Muscovy duck
breast, highers in male mule duck, and the highest in
goose breast muscles. The PL content in broiler and
turkey breast muscles was lower by nearly half of its level
in duck and goose breast muscles. 

Broiler, hen [81], and turkey breast muscles contained
less total lipids, TAGs, and PL than thigh muscles. The
high level of PL is characteristic of red, oxidative mus-
cles. Therefore breast, glicolytic muscles of broilers and
turkeys contained less PL than T/L contra partners as well
as breast muscles of ducks and geese which mainly com-
prised red fibers [12,82–84]. Surprisingly, some authors
found that PL was higher in the lipids of broiler breast
than thigh muscle lipids [76,77]. In both broiler and
turkey muscle types, free fatty acids were present in only
trace amounts. The FFA concentration was higher in
broiler leg muscles by 37% [85] and turkey thigh muscles
by 73% [79] compared to corresponding breast muscles. 

Broiler muscle lipid fraction contained more FFA
amounts than turkey muscles. The broiler and Muscovy and
10 wk Mule duck breast muscles contained more PL than
TAG. The reverse was true for goose breast and 12 wk male
Mule duck muscles while in turkey breast and 12 wk mule
female duck the level of the main components of lipids was
comparable. On the other hand, in broiler and turkey T/L
muscles PL content was lower than the TAG content.

The fatty acid composition of the different lipid classes
of broiler and turkey muscles is shown in Tables 32.9 and
32.10. There were only small differences between broiler
and turkey breast and leg TAG fatty acid composition
(Table 32.9). According to Pikul et al. [78] in broiler mus-
cles palmitic (C16:0), oleic (C18:1), linoleic (C18:2n6),

and linolenic (C18:3n3) acids in TAG accounted for about
26%, 37%, 22%, and 1%, respectively. Ahn et al. [85] and
Sklan and Tenne [75] found that broiler breast TAG con-
tained less oleic acid (C18:1) and more linoleic acid
(C18:2n6) and linolenic acid (C18:3n3) than leg muscles.
Sklan and Tenne [79] found lower content of palmitic acid
(C16:0) and higher content of linoleic acid (C18:2n6) in
turkey breast TAG than in turkey thigh TAG. There were no
arachidonic acid (C20:4n6) and polyunsaturated PUFA n-3
in turkey muscle TAGs fraction. The decreasing percentage
of the fatty acid groups in TAGs was monounsaturated fatty
acids (MUFA), saturated fatty acids (SFA), and PUFA for
broiler muscles [64,75,78,85] and SFA, MUFA, and PUFA
for turkey muscles [79].

The PL fatty acid composition of broiler and turkey
breast muscles was different from T/L muscles (Table
32.10). The PL fraction of broiler and turkey breast con-
tained more palmitic acid (C16:0) and oleic acid (C18:1)
and less stearic acid (C18:0) and linoleic acid (C18:2n6)
than PL from T/L muscles [64,75,78]. The above pattern
was also valid for phosphatidyl choline (one apart phos-
phatidyl ethanolamine major PL) with the one exception of
similar or higher values of linoleic acid (C18:2n6) in breast
and T/L broiler muscles [75,85]. The broiler breast and T/L
muscles contained a higher level of arachidonic acid
(C20:4n6) in PL fraction than corresponding turkey mus-
cles by 6.5 and 7.0%, respectively. The relative percentage
of PUFA was the same in the PL from broiler breast and leg
muscles while for turkey PL the percentage of PUFA was
lower in breast than thigh muscles. Compared to phos-
phatidyl choline (PC) phosphatidyl ethanolamine (PE) in
broilers contained more PUFAs. Turkey muscles lacked
PUFA n-3 in the PL fraction, likewise in the TAGs fraction.
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TABLE 32.8
Total Lipid Content and Lipid Class Composition of Poultry Breast (B) and Thigh/Leg (T/L) Muscles

Total Lipids TAG* PL** FFA

Reference

Poultry Type (g/100 g) (g/100 g) (g/100 g) (g/100 g)

Muscle/Meat B T/L B T/L B T/L B T/L

Broiler 0.24 /0.70 0.50 /0.64 0.024 /0.033 [75]
Broiler 0.90 2.20 0.37 0.73/ 0.61 0.26/ [76]
Broiler M 0.90 2.30/ 0.35 0.76/ 0.62 0.23/ [77]
Broiler F 0.90 3.20/ 0.43 0.83/ 0.55 0.16/ [77]

Broiler (11 wk) 0.97 /2.10 0.22 /1.08 0.68 /0.90 [78]
Broiler (11.7 wk) 0.87 2.60/ 0.35 1.84/ 0.52 0.76/ [64]

Turkey 1.21 2.03/ 0.58 1.14/ 0.50 0.76/ 0.015 0.026/ [79]
Duck

Muscovy (12 wk) M 1.82 0.56 1.12 [32]
Mule (10/12 wk) M 2.09/2.83 0.88/1.65 1.12/1.09 [4]
Mule (10/12 wk) F 1.69/2.26 0.58/1.11 0.98/1.0 [4]

Landaise Goose (24 wk) 3.88 0.98 0.04 [80]

M � male, F � Female, * � TAG (triacylglycerols), ** � PL (phospholipids).



The decreasing percentage of the fatty acids groups in PL
for broiler muscles, i.e., PUFA, SFA, and MUFA (The
reverse when compared with TAGs) differed from turkey
muscles: SFA, PUFA, and MUFA [64,75,78].

The fatty acid composition of TAGs was different
from the fatty acid composition of PL (Tables 32.9 and
32.10). The PL fraction from broiler and turkey muscles
contained more PUFA and SFA and less MUFA than the
TAGs fraction. The arachidonic acid content in broiler
breast and leg muscles was substantially higher in PL than
in TAG. The broiler breast and leg PUFA n-6/n-3 ratio in
PL was two times lower than in TAG (2.04 and 2.11) [78].

A. LIPID FRACTIONS CONTENT—AGE, SEX, AND

STRAIN

The TAG content of Mule duck increased with age and this
correlated with the increase in lipid content (Table 32.7) [4].

There was no change in the content or class composi-
tion of the lipids with sex of broilers [77]. At any given
age, the TAG content was higher in male Mule duck breast
compared with the females but this difference was not
significant [4].

VII. CHOLESTEROL

Determination of cholesterol in food is important for con-
sumer health [86]. High dietary cholesterol intake is con-
sidered to be one of the risk factors for human
atherogenesis [87]. The higher cholesterol concentration
reduces membrane fluidity, lowers Ca�-ATPase activity,
and regulates contraction and relaxation rates [88].
Cholesterol content in chicken tissue is possible to be
influenced by fatty acid composition of the diet [3] or by
the dietary garlic and copper content [88]. 

Table 32.11 presents cholesterol content expressed in
mg/100 g of poultry meat. The cholesterol content in poul-
try breast white muscles, in ascending order, was as fol-
lows: broilers, hens and turkeys, Muscovy ducks, goose,
Pekin and Mule ducks, and ranged from 41.0 to 123
mg/100 g. The cholesterol content in different poultry T/L
muscles was on similar level with one exception of higher
content in hen dark meat, and ranged from 64.0 to 101
mg/100 g. Cholesterol is solely a membrane lipid in meat,
and is also found in cell membranes of adipose tissue and
fatty tissue [91]. Cholesterol is usually associated with
adipose tissue, which is more abundant in thigh than in
broiler and turkey breast muscles (Table 32.1). Moreover,
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TABLE 32.9
Fatty Acid Composition (%) of the TAG Fraction of Lipids from Broiler and Turkey Breast (B)
and Thigh/Leg (T/L) Muscles

Reference [75] [85] [78] [75] [85] [78] [79] [79]

Poultry Type Broiler Broiler Turkey

Muscle B B B (11 wk) T L L (11 wk) B T

FFA profile (%)
C14:0 0.80 0.82 1.02 0.83
C16:0 25.10 21.42 26.01 25.20 21.22 25.65 29.30 32.60
C18:0 6.50 5.96 6.36 5.80 5.45 5.81 9.00 9.40
C20:0 0.81 0.28 0.28
C22:0 0.28 0.39

C14:1 0.20 0.12
C16:1 8.00 4.93 5.21 7.90 5.60 5.73 3.10 5.00
C18:1 43.00 46.35 37.31 44.60 52.08 36.41 30.20 30.30
C20:1 0.72 0.44

C18:2n6 17.30 17.15 21.39 16.20 13.03 22.12 27.60 23.80
C20:2n6 0.41 0.21 0.29 0.32
C20:4n6 0.10 0.70 0.30 1.08

C18:3n3 1.46 1.25 0.69 1.24
C20:5n3 0.00 0.00 0.19

SFA 31.60 28.98 33.75 31.10 27.68 32.96 38.30 42.00
MUFA 51.00 52.00 42.72 52.50 58.13 42.26 33.30 35.30
PUFA 17.40 19.02 23.55 16.50 14.18 24.76 27.60 23.80

n-6 17.40 17.56 22.30 16.50 13.31 23.52 27.60 23.80
n-3 1.46 1.25 0.87 1.24
n-6/n-3 12.03 17.84 15.30 18.97



slow-twitch fibers of thigh muscles have many more mito-
chondria, their mitochondria are bigger, and the metabolic
rate in muscles is faster in comparison to the fast-twitch
fibers of breast muscles [88]. Therefore, the cholesterol
content in T/L or dark meat was higher by 17.0–48.3% in
broilers, by 50.2% in hens and by 20.3–37.3% in turkeys
(range from 63.7 to 78.9 mg/100 g) compared to breast or
white meat (range from 40.9 to 58.2 mg/100 g). In con-
trast, the cholesterol level in goose breast muscles was
higher by 15.3% than in thigh muscles.

The cholesterol content expressed as a percentage of
total lipids in broiler breast muscles (2–2.7%) was two to
three times higher than in thigh muscles (1.0%) [17,77]. In
contrast, the cholesterol concentration in total lipids of
turkey male breast and thigh muscles was not significantly

different (4.07 vs. 3.10%) [90]. Irrespective of the differ-
ences between muscles, cholesterol concentration was
substantially higher in total lipids of turkey muscles than in
chicken muscles. This can be explained by lower total lipid
content in turkey breast and thigh muscles (1.47 and
2.45%) (Table 32.1) than in breast and thigh broiler mus-
cles (1.80 and 7.30%) [17,90].

A. CHOLESTEROL—AGE, SEX, AND STRAIN

The cholesterol content decreased with age: in 7 vs. 9 wk
broiler breast muscle by 33.30% [66], in 5 vs. 13 wk
broiler breast muscle by 8.40%, and in thigh muscle by
23.57% [92], in 10 vs. 25 wk male turkey breast muscles
by 20.97%, and in thigh muscles by 23.76% [49], and in
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TABLE 32.10
Fatty Acid Composition (%) of the PL Fraction and Its Classes (PE* and PC**) of Lipids from Broiler and Turkey
Breast (B) and Thigh/Leg (T/L) Muscles

Reference [75] [75] [85] [85] [75] [75] [85] [85] [78] [78] [79] [79]

Poultry Type Broiler Turkey

Muscle B/PE B/PC B/PE B/PC T/PE T/PC L/PE L/PC B/PL L/PL (11 wk) B/PL T/PL

FFA profile (%)
C14:0 0.80 0.48 0.51 0.48 0.15 0.18
C16:0 16.00 35.00 7.61 26.28 16.70 18.90 7.96 23.9 20.36 16.82 25.60 19.70
C18:0 26.60 11.00 19.21 10.58 24.10 33.70 19.99 15.99 12.76 20.09 22.50 24.30
C20:0 0.24 0.25 0.32 0.47 0.24 0.32
C22:0 1.37 1.09
C24:0 0.40 0.61

C14:1 0.06 0.07
C16:1 2.10 1.70 0.58 0.85 2.80 1.30 0.48 0.82 0.45 0.71
C18:1 17.60 24.00 20.06 26.06 17.80 16.60 16.57 23.18 18.06 13.67 21.20 13.60
C20:1 0.72 0.46 0.76 0.38
C22:1 0.29 0.51 0.45 1.83 2.52 1.92

C18:2n6 6.80 13.60 14.54 19.15 9.10 10.80 15.61 19.54 10.95 14.99 16.70 26.00
C20:2n6 2.00 1.98 1.39 1.64 0.37 0.40
C20:3n6 2.27 2.21 1.28 1.34
C20:4n6 12.60 5.20 17.07 6.21 11.10 10.80 20.13 5.98 20.02 19.71 13.50 12.70
C22:2n6 0.52 0.21
C22:4n6 3.93 1.31 4.73 1.05 5.03 4.98

C18:3n3 0.47 0.19 0.34 0.21 0.09 0.31
C20:3n3 0.35 0.24 0.30 0.25
C20:5n3 0.20 2.40 1.28 0.42 2.40 1.40 0.93 0.42
C22:3n3 1.59 0.47 1.54 0.54
C22:5n3 6.20 3.30 2.73 0.92 4.00 3.10 3.07 0.75 2.27 1.39
C22:6n3 11.90 3.70 3.78 1.24 11.80 3.40 3.66 1.29 2.71 1.76

SFA 42.60 46.00 27.86 37.58 40.80 52.60 28.78 40.88 35.28 39.11 48.10 44.00
MUFA 19.70 25.70 21.64 27.88 20.60 17.90 18.25 26.21 21.09 16.37 21.20 13.60
PUFA 37.70 28.20 49.69 34.55 38.40 29.50 52.98 32.92 41.44 43.54 30.20 38.70
n-6 19.40 18.80 39.80 31.07 20.20 21.60 43.14 29.54 36.37 40.08 30.20 38.70
n-3 18.30 9.40 10.69 3.48 18.20 7.90 9.84 3.38 5.07 3.46
n-6/n-3 1.06 2.00 3.72 8.93 1.11 2.73 4.38 8.74 7.17 11.58

* � PE (phosphatidyl ethanolamine), ** � PC (phosphatidyl choline).



10 vs. 12 wk male Mule duck breast muscles of males by
13.22% and females by 13.68% [4]. In 9–11 wk broiler
breast muscles there was no age dependency on choles-
terol content and after 12 wk its content increased to the
level of 7 wk broiler breast muscle [66]. The cholesterol
content in breast and thigh muscles of female turkeys (10
vs. 18 wk) was entirely independent of age [49].

At the comparable age (14 wk) male turkeys had
higher cholesterol content than females in breast and thigh
muscles (Table 32.11) [49]. The same trend was observed
for goose and male and female Mule duck breast muscles
but differences were not significant [4].

VIII. FFA

To prevent serious chronic diseases of humans, it is nec-
essary to consider both the balance intake of fatty acids
[8,93] and the intake of cholesterol [86] in poultry meat.
A substantial reduction in carcass fats and cholesterol and
improvement of the fatty acid make-up in poultry mus-
cles, such as omega-3 fatty acids, bring about nutritional
and economic benefits to consumers and producers alike
[3]. Fat deposition is controlled by the calorie: protein
ratio of the diet, and the fatty acid composition is

controlled by type and amount of dietary fat by adding
linoleic (LA, C18:2n6) and linolenic (LNA, C18:3n3)
acids, vegetable oils, fish meal, fish oils, beef tallow and
marine algae [3,8,85,87,94–99]. For example, the compo-
sition of fatty acids in chicken carcass can be modified
through feeding because in the digestive system of chick-
ens, lipids are absorbed and deposited in tissue in
unchanged form. The concentration of fatty acids in tissue
is closely correlated with their dietary content, in contrast
to SFA and MUFA acids which can be synthesisted de
novo from simple precursors such as glucose or amino
acids [5,8,94,100]. Linoleic acid (C18:2n6) and
α-linolenic acid (C18:3n3), the precursors of the n-6 and
n-3 family of fatty acids, respectively, are essential fatty
acids and have to be supplied by the diet [100]. 

The fatty acid composition of muscle tissue plays a
major role in lipid stability and product quality. Lipid oxi-
dation is one of the main causes of deterioration in the
quality of meat during storage and processing. Lipid oxi-
dation is a major problem in poultry meat due to the high
content of polyunsaturated fatty acids (PUFA) and low
level of natural antioxidants such as tocopherol
[8,64,85,94,101]. However, introducing antioxidants to
the diet, especially vitamin E, efficiently protects the car-
cass from this process [102,103]. 

Okuyama et al. [104] recommended the decrease of
polyunsaturated (PUFA) n-6/n-3 ratio in diet and the sep-
arate evaluation of the content of α-linolenic acid (LNA,
C18:3n3; the basic fatty acid and precursor of PUFA n-3
family), arachidonic acid (AA, C20:4n6; a key metabolite
in the PUFA n-6 family), eicosapentaenoic acid (EPA,
C20:5n3), and docosahexaenoic acid (DHA, C22:6n3) in
foods, because the physiological activity of EPA�DHA is
five times higher in comparison with LNA. Another
dietary factor influencing the risk of atherosclerosis in
humans is the ratio of saturated (SFA), monounsaturated
(MUFA), and polyunsaturated (PUFA) fatty acids [8].

Some long chain PUFAs (i.e., dihomo-α-linolenic acid,
AA and EPA) are precursors of eicosanoids — important
metabolites in the control of cell metabolism [105]. In con-
trast to PUFA n-6 arachidonic acid (C20:4n6), dietary
PUFA n-3 decrease production of pro-inflammatory
eicosanoids and have a positive effect on cardiovascu-
lar–coronary heart disease, autoimmune, and other chronic
diseases, including cancer [8,100,106]. The incidence of
coronary heart disease has been said to be dependent upon
two different processes – atherosclerosis and trombosis –
where atherosclerosis relates to the thickening of the arte-
rial wall and trombosis relates to formation of a clot that
occludes the artery, causing heart attack [8,107]. The DHA
has an important role in the development of the central
nervous system of the newborn while the EPA is involved
in blood clotting and the inflammatory response [9]. In
view of physiological effects of arachidonic acid (AA), i.e.,
an increased synthesis of pro-inflammatory prostaglandins,
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TABLE 32.11
Cholesterol Content in Poultry Breast (B) and Thigh/
Leg (T/L) Muscles

Poultry Type Cholesterol (mg/100 g)

ReferenceMuscle/Meat B T/L

Broiler 42.40 63.70/ [17]
Broiler 43.40 /84.00 [89]
Broiler 47.41 [12]
Broiler 51.00 [66]
Broiler (11 wk) 40.90 /77.50 [78]
Broiler* 59.40 71.60 [3]
Average 47.42 (6.93) 74.20 (8.64)
Hens* 50.07 100.61 [20]
Turkey 45.10 /71.90 [89]
Turkey (20 wk) M 47.40 70.00/ [49]
Turkey (20 wk) M 58.20 73.00/ [90]
Turkey (14 wk) M 52.70 78.90/ [90]
Turkey (14 wk) F 48.20 72.30/ [49]
Average for M 50.85 (5.84) 73.45 (3.84)
Pekin duck 123 [91]
Pekin duck 99.11 [12]
Average 111.06 (16.89)
Muscovy duck (M) 67.00 [32]
Mule duck (10/12 wk) M 121/105 [4]
Mule duck (10/12 wk) F 117/101 [4]
Goose 80.70 70.00 [89]
Goose (16.6 wk) M/F 88/82 [44]
Average 84.35 (5.16) 70.00

M � male, F � female, * � white, dark muscles.
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leukotrienes and platelet-activating factor which is con-
nected with cancer and autoimmune diseases, the decrease
of its intakes is recommended [108–110]. Generally, high
intakes of EPA�DHA and AA are considered important
positive and negative aspects for human nutrition, respec-
tively [49,87,109,110]. 

The percentage representation of fatty acids in lipids
from poultry breast and T/L muscles is presented in Tables
32.12–32.15. The main SFA fatty acids in poultry breast
and T/L muscles were palmitic acid (C16:0) and stearic
acid (C18:0), with minor quantity of myristic acid (C14:0),
and for duck and goose breast muscles also lauric acid
(C12:0). The stearic acid (C18:0) is not thought to raise
blood cholesterol level while the myristic acid (C14:0),
appears the most atherogenic and has four times the cho-
lesterol-raising effect of palmitic acid [107]. Kelly [115]
showed that stearic acid (C18:0) in the diet had beneficial
effects on thrombogenic and atherogenic risk factors in
males. The predominant MUFA fatty acids in the poultry

for both muscles were oleic acid (C 18:1) and palmitoleic
acid (C16:1). In the PUFA fatty acids group linoleic acid
(C18:2n6) dominated followed by arachidonic acid
(C20:4n6), α-linolenic acid (C18:3n3) and DHA (C22:6n3,
except duck muscles and goose leg muscles). In all tissues
the principal fatty acid was oleic (C18:1), followed by
palmitic acid (C16:0) and/or linoleic acid (C18:2n6).

Broiler, hen and goose breast, or white muscle lipids
contained more SFA, PUFA n-6, and PUFA n-3, and total
PUFA but less MUFA than T/L or dark muscle lipids
(Tables 32.12, 32.13, and 32.15). However, some authors
found in broiler breast muscles, when compared with T/L
muscles, less PUFA n-6 by 2.16% [111] or almost the
same percentage of SFA [3,17,105], MUFA, and PUFA
n-3 [105]. The nutritionally significant PUFA n-6/PUFA
n-3 ratio was lower (more favorable) in broiler breast
muscle (5.35) compared with thigh muscle (6.33). For
hens the ratio of PUFA n-6/PUFA n-3 was slightly higher
(by 0.32%) in white than in dark smuscles.
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TABLE 32.13
Free Fatty Acid (FFA) Profile of Hen and Turkey Breast (B) or White (W) and Thigh (T) or Dark
(D) Muscles

Reference [20] [20] [90] [49] [49] [90] [49] [49]

Turkey B B B Turkey T T T
Hen W 20 wk 20 wk 14 wk 20 wk 20 wk 14 wk

Muscle 64 wk Hen D M M F M M F

FFA (%)
C14:0 0.67 1.53 0.99 0.99
C16:0 23.01 21.38 24.32 22.40 20.80 24.41 22.20 20.20
C18:0 10.32 8.87 9.95 7.70 11.30 10.49 9.80 8.90

C16:1 2.48 3.78 6.14 5.84
C18:1 32.38 39.26 28.48 36.60 32.10 28.45 32.70 32.60
C20:1 0.28 0.36 0.30 0.33

C18:2n6 12.62 15.36 21.54 21.30 21.00 22.58 22.50 24.90
C18:3n6 0.11 0.12
C20:2n6 0.39 0.24
C20:3n6 0.45 0.26
C20:4n6 8.11 3.27 4.15 1.40 3.00 3.59 2.60 2.30
C22:4n6 0.76 0.50 1.03 0.74
C22: 5n6 0.27 0.19

C18:3n3 0.75 1.99 0.89 2.80 2.00 0.94 2.50 2.70
C20:5n3 (EPA) 0.00 0.03 0.19 0.18
C22:5n3 (DPA) 0.52 0.18 0.63 0.43
C22:6n3 (DHA) 1.58 0.56 1.01 1.60* 3.20* 0.72 2.10* 2.20*

SAT 34.01 31.79 35.26 30.10 32.10 35.89 32.00 29.10
MUFA 35.13 43.40 34.92 36.60 32.10 34.62 32.70 32.60
PUFA 25.57 22.38 29.82 27.10 29.20 29.49 29.70 32.10

Total n-6 22.71 19.63 27.10 22.70 24.00 27.22 25.10 27.20
Total n-3 2.86 2.75 2.72 4.40 5.20 2.27 4.60 4.90
n-6/n-3 8.01 7.69 9.96 5.16 4.62 11.99 5.46 5.55

M � male, F � female, * � EPA � DHA.



Broiler, hen, duck and goose breast muscles were char-
acterized by a higher proportion of stearic acid (C18:0)
and lower proportion of oleic acid (C18:1) than thigh mus-
cles. Lipids associated with broiler or hen breast meat con-
tained less linoleic acid (C18:2n6) and linolenic acid
(C18:3n3), but more arachidonic acid (C20:4n6) and
eicosapentaenoic EPA (C20:5n3—no difference in hens),
docosapentaenoic DPA (C22:5n3) and docosahexaenoic
DHA (C22:6n3) than lipids associated with T/L muscles.
The level of EPA, DPA, and DHA in broiler breast lipids
was at least one and a half that of thigh muscles lipids and
DHA exceeded EPA in both breast and thigh muscles
lipids by a factor of two and a half. Kralik and Ivankovic
[111] found higher content of EPA, DPA, DHA, and total
n-3 fatty acids but less n-6 fatty acids in broiler breast
muscles compared with thigh muscles which indicated that
the percentage of PUFA in both kinds of muscles was com-
parable. Others found no difference in linoleic acids
(C18:2n6) [3,17] or in fatty acid profiles between broiler
white and dark muscles [105]. The level of DPA and DHA
in hen breast muscles was 2.8 times higher than in thigh
muscles [20]. In goose breast muscles, likewise in broilers

and hens, the proportion of linolenic acid (C18:3n3) was
lower than in leg muscles [42]. In contrast, goose breast
muscle lipids were characterized by the presence of higher
levels of linoleic acid (C18:2n6) and the same values of
arachidonic acid (C20:4n6) as in leg muscles, and accord-
ing to Biesiada-Drzazga et al. [42], by the absence of EPA,
DPA, and DHA in both muscles. The proportion of linoleic
acid (C18:2n6) in Pekin [6,12] and in Muscovy duck
[6,32] breast muscles compared with thigh muscle was
higher and lower, respectively.

Breast and thigh muscle lipids of 20 wk male turkeys
were comparable in total values of the main fatty acids frac-
tions [49] or were different in fatty acid composition [90].
Therefore, turkey breast muscles were characterized by a
higher proportion of linolenic acid (C18:3n3) and lower pro-
portions of SFA, linoleic acid (C18:2n6), and arachidonic
acid (C20:4n6) compared to thigh muscles [49,79] which
was in accordance with data for chicken and hen only for
linoleic acid (C18:2n6). According to Komprda et al. [90],
turkey breast muscles had slightly higher arachidonic acid
(C20:4n6) and DHA (C22:6n3) percentages than thigh mus-
cles which corresponded with broilers. However, higher or
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TABLE 32.14
Free Fatty Acid (FFA) Profile of Duck Breast (B) and Thigh (T) Muscles

Reference [12] [32] [113] [113] [6] [6] [6]

B B B T T T T
Pekin Muscovy A44 A44 Pekin Muscovy Mule

Muscle 7 wk 12 wk 8 wk 8 wk 9/12 wk 10.5/15 wk 8/14 wk

FFA (%)
C12:0 1.72 1.09/0.94 1.20 1.18
C14:0 1.51 1.20 1.20 0.90 0.70/0.67 0.55/0.53 0.63/0.57
C15:0 1.80 0.80 0.30
C16:0 28.23 22.40 27.80 23.90 23.80/23.10 25.00/22.00 25.70/21.60
C17:0 0.30 0.20
C18:0 14.01 13.30 11.40 7.50 5.40/5.40 8.00/7.40 6.90/6.90

C14:1 0.50 0.20 0.10
C16:1 2.20 1.90 3.40 4.50 3.50/2.20 2.10/1.50 3.00/1.70
C17:1 0.40 0.10
C18:1 32.41 28.40 34.80 48.40 48.80/45.40 41.30/40.60 43.90/43.80
C20:1 0.60 0.70 0.81/0.93 0.52/0.62 0.56/0.77

C18:2n6 13.12 14.90 11.40 10.10 11.50/17.50 17.20/20.00 14.90/19.10
C20:2n6 1.20
C20:3n6 0.50
C20:4n6 3.91 12.60 6.90 2.50

C18:3n3 1.30 0.60 0.80 0.94/0.69 0.88/0.91 0.91/0.77

SAT 45.46 38.70 41.50 32.80 30.99/30.11 34.75/29.93 34.41/29.07
MUFA 34.61 30.80 39.40 53.80 51.11/48.53 43.92/42.72 47.46/46.27
PUFA 17.03 30.50 18.90 13.40 12.44/18.19 18.08/20.91 15.81/19.87

Total n-6 17.03 29.20 18.30 12.60 11.50/17.50 17.20/20.00 14.90/19.10
Total n-3 1.30 0.60 0.80 0.94/0.69 0.88/0.91 0.91/0.77
n-6/n-3 22.46 30.5 15.75 12.23/25.36 19.55/21.98 16.37/24.81



the same MUFA percentage and lower or the same PUFA
percentage in male turkey breast than thigh muscles were
not in line with broilers and hens. The PUFA n-6/n-3 ratio
was comparable in turkey muscles and hens. A comparison
of fatty acid composition in male turkeys and broiler breast
and thigh muscles revealed that in turkey muscles the ratio
of SFA was higher by 5.06/6.59%; MUFA was lower by
10.28/14.08%; PUFA was higher by 4.60/7.49%; and
arachidonic acid (C20:4n6) was higher by 2.05/2.69%
[17,90]. Therefore, turkey meat provided substantially less
MUFA (a desirable fraction from the viewpoint of human
nutrition) and more arachidonic acid (undesirable fraction)
compared to broiler meat.

Duck breast muscles contained more SFA than other
kinds of poultry and less PUFAs than broilers, hens, and
turkeys. The fatty acid contents of duck and goose mus-
cles were very similar and contained approximately 50%
SFA, 33% MUFA, and 16% PUFA (Tables 32.12–32.15).

The interpretation of fatty acid composition in
poultry meat depends on the presentation method. As a

percentage of total fatty acids, broiler thigh SFA were not
different (30.60 vs. 31.27%), MUFA was higher (49.06
vs. 43.31%), and PUFA was lower (15.51 vs. 18.87%)
than breast muscles of the corresponding fatty acid groups
[58]. In contrast, when fatty acid content was expressed in
mg/100 g of muscles, broiler thigh muscles contained
more SFA (1530 vs. 300 mg/100 g), MUFA (2460 vs. 410
mg/100 g) and PUFA (780 vs. 180 mg/100 g). Likewise,
in turkey thigh muscles the sum of SFA, MUFA (725 vs.
441 mg/100 g), PUFA, and EPA and DHA (18.2 and 14.6
mg/100 g) and arachidonic acid (C20:4n6) (72.7 vs. 50.3
mg/100 g) was substantially higher than in breast mus-
cles, due to the higher total lipid content in thigh com-
pared to breast muscles (2.45 vs. 1.47%) [90]. These
values differ from that expressed as a percentage of total
fatty acids for turkey muscles as shown in Table 32.12.
Turkey breast muscles contained 5% less SFA, nearly
40% less MUFA, and approximately the same amount of
PUFA compared to broiler breast muscles [17,90]. The
EPA�DHA values for turkey and chicken breast muscles
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TABLE 32.15
Free Fatty Acid (FFA) Profile of Goose Breast (B) and Leg (L) Muscles

Reference [80] [114] [114] [42] [42]

B B B B L
Muscle 24 wk 16 wk M/F 26 wk M/F 15*/24** wk 15*/24** wk

FFA (%)
C12:0 0.13
C14:0 0.67 2.20 1.40 0.07/0.08 0.06/0.06
C15:0 0.82
C16:0 24.87 24.50/26.40 25.10/26.20 24.76/27.47 24.27/20.40
C18:0 6.82 10.60 8.80 3.16/4.35 3.02/2.58
C20:0 0.15
C22:0 0.09
C24:0 0.17

C16:1 3.96 4.10 4.60 1.55/2.05 1.73/1.96
C18:1 43.40 49.80/46.30 50.30/50.20 61.19/58.30 63.20/67.89
C20:1 0.22 0.80-0.90 0.80-0.90 0.06/0.08 0.07/0.07
C22:1 0.02

C18:2n6 15.00 6.90 6.10 8.76/7.38 7.40/6.76
C20:2n6 0.29 0.02/0.05 0.01/0.02
C20:3n6 —/0.03 0.03/—
C20:4n6 2.31 0.70 0.50 0.24/0.12 0.07/0.12

C18:3n3 0.66 0.50-0.60 0.50 0.08/0.06 0.07/0.07
C22:5n3 (DPA) 0.13
C22:6n3 (DHA) 0.25

SAT 32.31 37.00/40.30 36.10/36.40 27.99/31.90 27.35/23.04
MUFA 47.60 55.00/51.30 56.30/57.00 62.80/60.43 65.00/69.92
PUFA 18.64 8.10 7.10 9.10/7.64 7.58/6.97

Total n-6 17.60 7.60 6.60 9.02/7.58 7.51/6.90
Total n-3 1.04 0.50 0.50 0.08/0.06 0.07/0.07
n-6/n-3 16.92 15.20 13.20 112.7/112.6 107.3/98.57

M � male, F � female, * � intensive system, ** � semi-intensive system.



were similar. However, turkey thigh muscles contained
less EPA�DHA than broiler thigh muscles (18.2 vs. 31
mg/100 g) due to the substantially lower total lipid con-
tent, i.e., 2.45 vs. 7.30%, respectively. The content of
arachidonic acid (C20:4n6) in turkey breast muscles (50.3
mg/100 g) was higher by nearly 60% in comparison to
chicken breast muscles (32.1 mg/100 g). 

A. FFA—AGE, SEX, AND STRAIN

Fatty acid composition of broilers, turkeys, ducks, and
geese was affected by age and sex. A comparison of 13 wk
fast growing broilers with 5 wk broilers showed that older
birds had significantly lower MUFA content in breast mus-
cles, and the levels of PUFA and arachidonic acid
(C20:4n6) were higher in breast muscles and lower in thigh
muscles, respectively [92]. Advancing age of male and
female turkey was accompanied by increased MUFA and
decreased PUFA percentage in breast and thigh muscles
while the percentage of SFA decreased in breast muscles
and increased in thigh muscles, respectively (Table 32.13)
[49]. Moreover, with increasing age the content of sum of
EPA�DHA decreased in both male muscles, but did not
differ in female muscles. The arachidonic acid (C20:4n6)
content decreased with age in breast muscles of turkeys of
both sexes, but not in thigh meat. With age duck thigh mus-
cle lipids had a lower level of MUFA and higher levels of
PUFA and linoleic acid (C18:2n6). Age had no influence on
SFA content in Pekin duck thigh muscles, but in Muscovy
and Mule duck the SFA level decreased with age (Table
32.13). During the time of rearing of geese from 6–30 wk
the fat of male and female breast, muscles decreased grad-
ually with the content of SFA by 3.0–3.4% and stearic acid
(C18:0) by 4.9%. The share of MUFA and palmitoleic acid
(C16:1) increased by 1.1–3.0% and by 1.1%, respectively
(Table 32.14) [114]. However, the PUFA, linoleic acid
(C18:2n6), and arachidonic acid (C20:4n6) were not influ-
enced by age. Friend et al. [48] found no differences due to
age in goose fatty acid composition.

The male broiler breast muscles concentration of total
PUFA and PUFA n-3 was lower than in female breast mus-
cles while the male thigh muscle concentration of MUFA
was lower and total PUFA and PUFA n-3 were higher than
in female thigh muscles. The level of arachidonic acid
(C20:4n6) in male broiler muscles was higher than for
female muscles [77]. At the same age, male turkey breast
muscles were characterized by lower MUFA content and
thigh muscles had lower contents of both MUFA and
PUFA than corresponding female muscles [49]. 

The breast muscle lipids of 16 wk male geese males
were characterized by more favorable composition of
fatty acids compared to females due to the higher share of
MUFA and lower level of SFA (Table 32.14) [114].

Geese strains influenced the composition of the fol-
lowing fatty acids: palmitic (C16:0), palmitoleic (C16:1),

stearic (C18:0), oleic (C18:1), linoleic (C18:2n6), and
arachidonic (C20:4n6) [48]. Batura et al. [50] also found
geese strain dependent on differences in the level of
myristic acid (C14:0), linoleic acid (C18:2n6), and arachi-
donic acid, (C20:4n6). 

IX. CONCLUSIONS

Muscles highest in protein content were turkey, broiler
and goose breast muscles while the lowest in fat were
breast muscles of turkeys, broilers, and Pekin-Muscovy
ducks. The best proportion of protein to fat was in the
duck thigh muscles. Goose and turkey muscles had the
lowest moisture content. 

The broiler muscles were the highest in niacin. Duck
and goose flesh were the best sources of thiamine (B1) and
riboflavin (B2). The broiler and turkey thigh/leg or dark
muscles contained more riboflavin (B2) and less niacin
(PP) and vitamin B6 than breast/light muscles. Poultry
meat is also an important source of several minerals, espe-
cially iron (goose muscles, turkey dark), zinc (turkey
dark), potassium and phosphorus (goose flesh), and other
trace elements such as copper.

Lipids of white poultry meat (broilers, hens, geese) were
richer in SFA and PUFA and the lipids of red meat were
richer in MUFA. Therefore, poultry consumption, especially
breast muscle, could provide an important additional source
of nutritionally important unsaturated fatty acids (PUFA).

Poultry breast muscles have higher nutritional and
dietetic values than thigh muscles (lower lipid and colla-
gen content and higher protein content).
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Woloszyn, G Elminowska-Wenda. The effect of dietary
formulation supplemented with herbal mixture on the
goose breast muscle quality. Report 1: The effect on the
chemical composition. Arch Geflügelk 61:135–138, 1997.

45. H Puchajda, A Faruga, D Klosowska, J Batura, Z
Meller. Nutritive and technological value of meat of
slaughter turkeys of various origin. Zeszyty Naukowe.
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84. D Klosowska, A Rosiński, G Elminowska-Wenda, B
Klosowski. Effect of preslaughter stress on glycogen
content in muscle fibers of white Italian geese.
Proceedings of XIIth European Symposium on the
Quality of Poultry Meat, Zaragoza, 1995, pp 341–347.

85. DU Ahn, FH Wolfe, JS Sim. Dietary α-linolenic acid
and mixed tocopherols, and packaging influences on
lipid stability in broiler chicken breast and leg muscle. J
Food Sci 60:1013–1018, 1995.

86. LL Rudel, JS Parks, CC Hedrick, M Thomas, K
Williford. Lipoprotein and cholesterol metabolism in
diet-induced coronary artery atherosclerosis in pri-
mates. Role of cholesterol and fatty acids. Prog Lipid
Res 37:353–370, 1998.

87. S Lopez-Ferrer, MD Baucells, AC Barroeta, MA
Grashorn. N-3 enrichment of chicken meat. 1. Use of very
long chain fatty acids in chicken diets and their influence
on meat quality: fish oil. Poult Sci 80:741–752, 2001.

88. VH Konjufca, GM Pesti, RI Bakalli. Modulation of cho-
lesterol levels in broiler meat by dietary garlic and cop-
per. Poult Sci 76:1264–1271, 1997.

89. KO Honikel, W Arneth. Cholesteringehalt in Fleisch
und Eiern. Fleischwirtschaft 76:1244–1253, 1996.

90. T Komprda, J Zelenka, A Jarosova, M Fialova, E
Blazkova, E Fajmonova. Cholesterol and fatty acid con-
tent in breast and thigh meat of turkeys growing with
different intensity. Arch Geflügelk 65:258–264, 2001.

91. KO Honikel, W Arneth. Cholesterol content of various
meat species and its relation to fat content. Proceedings
of 42nd ICoMST, Lillehammer, 1996, pp 214–215.

92. T Komprda, J Zelenka, P Tieffova, M Stohandlova, J
Foltyn, E. Fajmonova. Effect of age on total lipid, cho-
lesterol and fatty acids content in tissues of fast and slow
growing chickens. Arch Geflügelk 64:121–128, 2000.

93. BA Griffin. Lipoprotein atherogenicity: an overview of
current mechanisms. Proc Nutr Soc 58:163–169, 1999.

94. AO Ajuyah, DU Ahn, RT Hardin, JS Sim. Dietary
antioxidants and storage affect chemical characteristics
of ω-3 fatty acid enriched broiler chicken meats. J Food
Sci 58:43–46, 61, 1993.

95. M Du, DU Ahn. Effect of dietary conjugated linoleic
acid on the growth rate of live birds and on the abdom-
inal fat content and quality of broiler meat. Poult Sci
81:428–433, 2002.

96. A Grau, F Guardiola, S Grimpa, AC Barroeta, R
Codony. Oxidative stability of dark chicken meat
through frozen storage: Influence of dietary fat and
α-tocopherol and ascorbic acid supplementation. Poult
Sci 80:1630–1642, 2001.

97. S Lopez-Ferrer, MD Baucells, AC Barroeta, MA
Grashorn. Influence of vegetable oil sources on quality
parameters of broiler meat. Arch Geflügelk 29–35, 1999.

98. JW Mooney, EM Hirschler, AK Kennedy, AR Sams,
ME Van Elswyk. Lipid and flavour quality of stored
breast meat from broilers fed marine algae. J Sci Food
Agric 78:134–140, 1998.

99. M Pietras, T Borowicz, R Gasior. The effect of veg-
etable fat supplements on carcass quality and fatty acid
profile of meat in broiler chickens. Roczniki Naukowe
Zootechniki 27:209–219, 2000.

100. SSD Nair, JW. Leitch, J Falconer, ML Garg. Prevention
of cardiac arrythmia by dietary (n-3) polyunsaturated
fatty acids and their mechanism of action. J Nutr
127:383–393, 1997.

32-20 Handbook of Food Science, Technology, and Engineering, Volume 1



101. G Cherian, RK Selvaraj, MP Goeger, PA Stitt. Muscle
fatty acid composition and thiobarbituric acid-reactive
substances of broilers fed different cultivars of sorghum.
Poult Sci 81:1415–1420, 2002.

102. C Jensen, C Lauridsen G. Bertelsen. Dietary vitamin E:
Quality and storage stability of pork and poultry. Trends
J Food Sci Tech 9:62–72, 1998.

103. KT Nam, HA Lee, BS Min, CW Kang. Influence of
dietary supplementation with linseed and vitamin E on
fatty acids, α-tocopherol and lipid peroxidation in mus-
cles of broiler chicks. Anim Feed Sci Technol
66:149–158, 1997.

104. H Okuyama, T Kobayashi, S Watanabe. Dietary fatty
acids—The n-6/n-3 balance and chronic elderly diseases.
Excess linoleic acid and relative n-3 deficiency syndrome
seen in Japan. Prog Lipid Res 35:409–457, 1997.

105. B Krasicka, GW Kulasek, E Swierczewska, A
Orzechowski. Body gains and fatty acid composition in
carcasses of broilers fed diets enriched with full-fat rape-
seed and/or flaxseed. Arch Geflügelk 64:61–69, 2000.

106. JE Kinsella, B Lokesh, RA Stone. Dietary n-3 polyun-
saturated FA and amelioration of cardiovascular disease:
possible mechanisms. J Food Sci Tech 52:1–28, 1990.

107. TLV Ulbricht, DAT Southgate. Coronary heart disease:
seven dietary factors. Lancet 338:985–992, 1991.

108. YY Fan, RS Chapkin. Importance of dietary α-linolenic
acid in human health and nutrition. J Nutr
128:1411–1414, 1998.

109. D Li, A Ng, NJ Mann, AJ Sinclair. Contribution of meat
fat to dietary arachidonic acid. Lipids 33:437–440,
1998.

110. L Taber, C-H Chiu, J Whelan. Assessment of the arachi-
donic acid content in foods commonly consumed in the
American diet. Lipids 33:1151–1157, 1998.

111. G Kralik, S Ivanković. The profile of fatty acids in intra-
muscullar fat of chickens. Proceedings of International
Congress of Meat Science and Technology, Rome, 2002
pp 996–997.

112. T Komprda, J Zelenka, P Tieffova, M Stohandlova, J
Foltyn, E. Fajmonova. Kubis. Meat quality of broilers
fattened deliberately slow by cereal mixtures to higher
age. 2. Total lipid, cholesterol and fatty acid content.
Arch Geflügelk 64:38–43, 2000.

113. J Batura, W Korzeniowski, R Bochno. Effect of duck
limited feeding on fatty acids composition of the
deposited and muscle fats (English abstr). Przeglad
Naukowej Literatury Zootechnicznej. PTZ. Zeszyt
Specjalny XXXV:133–140, 1990.
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I. INTRODUCTION

Per capita consumption of poultry has increased dramati-
cally during the last 40 years with poultry meat ranking as
the most consumed muscle food per capita in the United
States. This increased consumption in poultry compared to
other meats can be attributed to vertical integration, an
increase in value-added product offerings, and nutritional
quality. In vertically integrated companies, the same com-
pany owns several or even all of the process from live pro-
duction through slaughter, and distribution to retail or
foodservice. Vertical integration has improved product uni-
formity and increased profit margins for the poultry industry
compared to other meat industries. The poultry industry has
also increased the production of value-added poultry prod-
ucts to meet consumer demands for convenience, versatility,
and variety. Also, nutritionally, the fat in both chicken and
turkey meat is easily removed compared to other meats,
enabling consumers to adopt a more low-fat type of meat
into their diets. The process of converting the live animal

into meat is complex. Many steps are implemented to ensure
uniformity and high quality for the consumer. This chapter
will detail the steps required to convert a live bird into a con-
venient and versatile product for consumers.

II. SLAUGHTER

Poultry slaughter involves six primary unit operations:
preslaughter, immobilization, feather removal, evisceration,
chilling, and further processing. In each of these processes,
bird uniformity and automation can affect both quality and
efficiency (yield). Normally, plants process birds at 70–140
birds per minute depending on the inspection system used,
the type of birds (broilers versus turkeys), and the unifor-
mity of the birds.

A. PRESLAUGHTER

The United States Department of Agriculture (USDA) has
a “Zero Tolerance” for fecal contamination of poultry 



carcasses in the Pathogen Reduction/Hazard Analysis and
Critical Control Point System (HACCP) (1). Therefore,
birds are removed from feed, but allowed access to water
8–12 hours prior to slaughter to allow for clearing of the
intestinal tract (2). This time for clearing of the gastroin-
testinal tract helps prevent some fecal contamination of
carcasses due to intestinal rupture by the automated evis-
ceration/processing equipment. Feed withdrawal fewer
than eight hours can result in fecal contamination and full
crops, which can lead to contamination of the carcass dur-
ing evisceration and possible condemnations (3). Feed
withdrawal greater than 12 hours prior to slaughter can
result in loose feces, green gizzards, and bloated intestines,
which leads to downgrades and meat yield loss for proces-
sors. Also, the longer the feed withdrawal period, the more
water weight is lost, resulting in a decreased yield for
processors. Therefore, feed withdrawal should be within
the 8–12 hours prior to slaughter to allow for the clearing
of the intestinal tract, and to minimize yield losses (4).

Antemortem handling of the birds preslaughter can
affect meat quality and consumer acceptability of the prod-
uct. The largest meat quality determinants at this ante-
mortem stage are handling and stress to the bird. Improper
handling can result in bruises, broken and dislocated bones,
and variation in breast meat color, all resulting in decreased
yield for the processor through carcass downgrading. The
areas most frequently bruised are the breast, wings, and
legs (5). An estimate of 90–95% of all bruises found on
broiler carcasses occurs during the final 12 hours prior to
slaughter (6). This period is normally when the birds are
caught, cooped, transported to the plant, and unloaded for
slaughter. Ages of bruises are easily determined and can be
used at the plant to determine problem areas either at the
farm or during catching, transportation, or unloading.
During the initial formation of a bruise, the area appears
bright red, followed by purple, yellow, green, and orange
before returning to the normal color of the tissue (7, 8).

Increased stress due to catching and transportation
may also lead to poor meat quality and reduced yield. Most
birds are usually caught and cooped during the evening to
early morning hours to ensure cooler temperatures and to
reduce stress. Several broiler companies use automated
methods to catch birds. These machines “scoop” birds
from the floor of the house into coops minimizing bruising
and broken bones. However, most turkey facilities are still
completely manual when catching birds due to their large
size. Transportation of the birds may lead to increased
stress and can result in poor meat quality. This will be dis-
cussed in more detail later in the chapter.

B. IMMOBILIZATION – STUNNING,
EXSANGUINATION

Following arrival at the processing plant, the birds are
unloaded from the transportation trucks onto a conveyor

line through an automated “dumping” mechanism.
However, turkeys are normally unloaded from the trucks by
hand. Both methods can cause bruising and broken bones if
the animal is handled improperly. Once on the conveyor,
the birds enter the plant and are hung on shackles prior to
slaughter. The hanging room is usually a dark room with
red or black lights to offer a calming effect on the birds to
reduce stress. Once shackled, the birds are electrically
stunned in a saline (approximately 1% NaCl) water bath to
render the bird unconscious. Electrical stunning is the most
common method of bird immobilization in the U.S.
because it is inexpensive, convenient, and safe (9, 10).

Electrical stunning produces a uniform heartbeat for
better bleeding, immobilizes the bird for slaughter, and
relaxes the feather follicles for better picking. Normally, the
birds are stunned for 10–12 seconds (10–20 mA per broiler;
20–40 mA per turkey) to produce a state of unconsciousness
for 60–90 seconds (11). Stunning parameters with excessive
amperage can cause downgrades, while too low of an
amperage can cause poor bleeding, poor meat quality, and
improperly killed birds. Therefore, proper stunning amper-
ages are important determinants of good quality meat.

Stunning parameters and methods vary from country
to country. For example, the European Economic
Community requires birds to be irreversibly stunned by
using saline bath electrical stunning methods that deliver
approximately 100 mA per bird. This high amperage can
cause broken clavicles, blood splash, rupture femoral
arteries, and other downgrades (12). Brazil and some
European countries have replaced high amperage electri-
cal stunning with gas stunning. Gas stunning utilizes
argon and carbon dioxide mixtures to displace oxygen and
cause hypoxia in birds. Meat quality from gas stunned
birds and low amperage stunned birds is better in com-
parison to high amperage electrical stunning because of
the prevention of blood splash and broken bones (13, 14).

To reduce blood splash and ruptured arteries, bleed
out must be performed within 10 seconds of low amper-
age electrical stunning. Exsanguination (or bleed out) is
the period of blood removal which usually lasts 1.5 to 3
minutes. Following stunning, the head of the bird is
guided through a set of bars for proper presentation to the
cutting blade (Figure 33.1). Most of these automated cut-
ting blade machines use a single unilateral neck cut which
severs the right carotid artery and jugular vein. However,
some processors use a rotating blade to sever both carotid
arteries and jugular veins for a more complete bleeding
efficiency. Either way, the blood volume lost is 30–50%,
mainly from the major arteries and veins (11). This loss of
blood volume causes brain failure and eventually death to
the bird. Insufficient bleeding can result in poor meat
quality and discoloration of the skin during scalding.
Flavor is the most affected quality parameter associated
with improper bleeding with the development of a gamey
flavor due to the residual blood remaining in the muscles.
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C. FEATHER REMOVAL – SCALDING, PICKING

Feather removal is a two-step process – scalding and pick-
ing. Scalding is time and temperature dependent with two
variations, soft scald and hard scald, depending upon the
intended use of the carcass or parts. Soft scald is immer-
sion of the carcasses in 53.35°C (128°F) water for 120
seconds (11). Soft scalding loosens the feathers but does
not disrupt the outer skin layer or the cuticle (waxy, yel-
low-pigmented outer layer). Thus, a yellowish coating is
retained on the skin of the bird. Soft scalded birds can be
difficult to pick because the feather follicle is not loosened
fully. Also, a quality problem can exist in further
processed products with soft scalded birds because the
cuticle prevents coating adhesion on batter and breaded
products.

A hard scald is immersion of the carcass in 61–63°C
(140–145°F) water for 45 seconds. The cuticle layer is
removed through this hard scald process. Feathers are also
easier to remove compared to the soft scald. Also, there
are fewer quality problems with hard scalding since
coated products have better batter adhesion without the
cuticle layer. However, appearance may be a problem for
those consumers that prefer the “yellow” tinted soft
scalded birds.

Feather removal (picking) is completed by rotating
rubber fingers which grasp the feathers and remove them
(Figure 33.2). Proper picking is dependent upon the time
the carcass spends in the picker as well as the speed of the
rotating fingers. Over picking may cause downgrades and
mutilations (carcass that have no salvageable parts) while
under picking may leave feathers on the carcass resulting
in downgrading further down the processing line.
Therefore, feather removal is important in maximizing
quality and yield of the carcass.

D. EVISCERATION – VISCERA REMOVAL, INSPECTION

Prior to actual evisceration, the head, feet, and preen
gland (oil gland located at the base of the tail) are
removed. Evisceration, or the process of removing viscera
from the carcass, is normally automated in chicken plants
but is still performed manually in most turkey plants. With
either method, the viscera is exposed and removed from
the internal body cavity. Once exposed, the USDA inspec-
tor examines the carcass for field or plant condemnations
and fecal contamination. Condemned birds are usually
those with obvious signs of disease as well as cadavers
(birds that have died for reasons other than exsanguina-
tions). These birds are disposed of and do not enter the
production chain. Fecal contaminated birds must be
reprocessed and or trimmed prior to re-entering the pro-
duction chain. The inedible viscera is then removed from
the carcass and discarded while the edible viscera (heart,
liver, and gizzard) are collected, cleaned, chilled, and
packaged for retail or fast food restaurants. Necks are
removed from the birds and lungs are vacuumed out of the
body cavity by automated machines. Birds without their
viscera are then visually inspected (final inspection) by
trained plant personnel for such things as surface lesions,
tumors, and bruising. Any imperfections will be trimmed
and washed prior to the bird re-entering production.
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FIGURE 33.1 Killing machine indicating the bicycle wheel
and guide bars used for alignment. Reprinted with permission
from Poultry Meat Processing, 2002. Ed. AR Sams, Copyright
CRC Press, Boca Raton, Florida.

FIGURE 33.2 Picking cabinet with rubber fingers used to
remove feathers. Reprinted with permission from Poultry Meat
Processing, 2002. Ed. AR Sams, Copyright CRC Press, Boca
Raton, Florida.



To ensure high quality of meat, the most important
parameter in evisceration is dependent upon the unifor-
mity of the birds and proper machine adjustment.
Improperly adjusted machines or flocks with very little
uniformity in size or shape can cause an increase in num-
ber of mutilations and downgrades. Both of these scenar-
ios cause decreased yield and profit margins for the
processor. For this reason, processors utilize specific
genetic lines of broilers or turkeys to minimize size varia-
tion within the plant.

E. CHILLING

Poultry meat must be chilled to 4.4°C within 4 hours of
slaughter for 4 lb. broilers, 6–8 hours for 4 to 8 lb broilers
and within 8 hours for broilers greater than 8 pounds and
for turkeys. In order to accomplish this, two methods are
utilized, immersion or air chilling. Air chilling is not the
most common method in the United States for poultry car-
casses; however, it is used extensively in Europe, South
America, and Canada. With air chilling, the birds remain on
the shackles following evisceration and enter a room with
temperatures ranging from �7°C to 2°C (15). The car-
casses remain in this room for 1–3 hours and may have a
continual spray mist to help reduce temperatures of the car-
cass as well as prevent extra moisture loss and reduction in
carcass yield. Even with misting, air chilled birds normally
have a dry appearance to their skin which disappears dur-
ing rehydration. However, air chilled birds normally have a
lower pathogen load and have an increased shelf-life when
compared to immersion chilled carcasses (16, 17).

Immersion chilling is the most common method of
chilling poultry in the U.S. Carcasses are removed from
the shackle following evisceration and are placed in
staged water tanks for a period of about 80 minutes
(sometimes longer for turkeys). During immersion chill-
ing, the carcasses are moved through a continuous chill-
ing system by paddles or an auger, through increasingly
colder and cleaner water (counter-current flow system)
(Figure 33.3). An air bubble agitation system is also
employed that decreases the thermal layering effect cool-
ing the carcasses at a faster rate (Figure 33.4). This
counter-current flow method of chilling increases water
uptake, increases heat exchange, and provides a method of
cleaning the bird. Immersion chilled birds have a lower

total microbial count than air chilled carcasses due to the
washing effect of the immersion. However, there are an
increased number of pathogen-positive birds due to cross-
contamination issues related to tank sharing during the
production day. It is important to note that antimicrobials
are used during the chilling process to decrease bacteria,
especially pathogens. Chlorine is the most common
antimicrobial used in immersion chilling at a level of
20–50 ppm as allowed by FSIS.

Immersion chilling involves three steps. The first
stage is referred to as pre-chilling and can be a separate
tank in some processing plants. This separate tank acts as
a “bird wash” to decrease microbial load and debris in the
subsequent tanks. The temperature of the pre-chill is
around 12°C (55°F) while the other stages are 4–7°C
(40–45°F) and finally 1°C (30–34°F) prior to exit of the
birds from the chiller and into second processing. During
the pre-chill stage, birds absorb some amount of water in
their skin while the final stage allows pores in the skin to
close trapping the water inside and increasing the weight
of the bird.

Postmortem temperature is an important processing
factor involved in determining meat quality. Improper
chilling of the bird can cause color defects in the meat

33-4 Handbook of Food Science, Technology, and Engineering, Volume 1

Water flow

Bird flow

Chiller entrance Chiller exit
Stage 2

40–45° F
Prechill

(Stage 1)
~55° F 

Stage 3
30–34° F 

FIGURE 33.3 Immersion chiller system showing the counter-current flow of water and birds.

FIGURE 33.4 Water immersion chilling tank showing air
hoses used to agitate water. Reprinted with permission from
Poultry Meat Processing, 2002. Ed. AR Sams, Copyright CRC
Press, Boca Raton, Florida.



know as pale, soft, and exudative (PSE) meat. The devel-
opment of PSE meat is caused by protein denaturation
resulting from a rapid rate of pH decline while carcass
temperatures are still elevated. The elevated carcass tem-
peratures may have a more damaging effect when meat
pH is below 6.2 (18). Carcasses with a normal pH decline
may develop PSE meat if improperly chilled (19, 20).
Rapid chilling decreases protein denaturation and can sig-
nificantly reduce the development of PSE meat.
Therefore, processors should chill carcasses rapidly early
postmortem to prevent poor meat quality problems.
Achieving a breast muscle temperature of less than 36°C
(95°F) by 60 minutes postmortem and 28°C (82°F) by 90
minutes postmortem may reduce the PSE-like characteris-
tics in turkeys (21).

A recent change in the poultry industry has occurred
with a new regulation regarding moisture absorption and
retention. The Food Safety Inspection Service has issued
a final rule requiring that plants produce poultry products
with either no retained water or only the minimum
amount required to meet food safety requirements (22).
The reasons for this rule deals with both complaints from
consumer groups and inconsistencies with red meat pro-
cessing. Consumer groups have long argued that retained
water in poultry meat and subsequent leakage from the
meat into packages could lead to spillage and contamina-
tion in the home. This increased contamination could
result in an increase in food-borne illnesses from
Salmonella and Campylobacter. The inconsistencies in
meat processing have focused on the different methods of
chilling carcasses. Meat carcasses (beef, pork, and lamb)

are air chilled not immersion chilled so water is not
retained in these meat products as in poultry carcasses.
Actually, water (moisture) is reduced due to shrinking that
occurs with air chilling these carcasses. Therefore, the red
meat industry has argued that poultry meat is “adulter-
ated” because water has been added to increase its bulk
weight and therefore consumers are paying for water
along with meat weight. If water is not regulated to be at
a minimum uptake during chilling, then the product is not
only adulterated but misbranded. Therefore, FSIS has pro-
posed this regulation to help make the meat processing
and poultry processing more consistent.

F. SECOND PROCESSING

Following temperature reduction of the carcasses, the birds
are hung on shackles and either packaged as whole birds or
cut into parts through automated processes. Adding value to
carcasses by cutting them into parts has revolutionized the
poultry industry (Table 33.1). In 2000, the predominant
form of chicken marketed in the United States was parts
(11). This trend started more than 30 years ago when con-
sumers demanded more versatility and variety in chicken
meat. At this time, consumers were mostly made up of two
income families and there was less time for preparation of
meals and cutting up of whole birds. Therefore, as we have
entered into the 21st century, this trend of increasing versa-
tility and variety has continued. From a processor stand
point, adding value by cutting whole carcasses into parts
increases profit margins and consumers are willing to pay
an increased price for convenience.
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TABLE 33.1
Commonly Used Configurations for Parts of a Chicken Carcass in the U.S.

Part Description

Half Carcass Carcass split evenly into right and left halves
Breast Quarter Anterior right or left quarter containing half of the spine, the ribs, the pectoralis muscles (major and minor), and 

the attached wing
Leg Quarter Posterior right or left quarter containing half of the spine, the thigh, and the drumstick
Wing The three segments of the wing with a variable amount of the breast meat (depending on the customer)
Breast The major and minor pectoralis muscles with or without rib and sternum bones or skin
Thigh The upper part of the leg containing the femur
Drumstick The lower part of the leg containing the tibia and fibula
Drumette The inner portion of the wing
Wing Portion The middle section of the wing, with or without the outer “flipper or wing tip” portion still attached
Whole Breast The anterior half of the carcass without wings, with both breasts still connected in front and with or without the 

spine connecting them in the back 
Keel Piece The pointed posterior tip of the whole breast before splitting (approximately one third of the whole breast)
Breast Piece After the removal of the keel piece from the whole breast, the remaining part is split into right and left halves
Whole Leg Drum and thigh with no spine
Back or Strip Back Spine and pelvis, production of quarters puts the back as part of the respective quarters
Breast Half or Front Half The entire, intact, anterior half of the carcass
Leg Half, Back Half, or Saddle The entire, intact, posterior half of the carcass

Source: Reprinted with permission from poultry meat processing, 2002. Ed. AR Sams, Copyright CRC Press, Boca Raton, Florida.



G. DEBONING

Following second processing, any birds not sold as whole
carcasses or parts for retail are usually stored in tubs on ice
in a 4°C cooler for 8–12 hours. This storage time allows
for the development of rigor mortis and helps to decrease
the toughness associated with early deboning. Once aged,
the carcass can be either deboned manually or automati-
cally by specialized equipment. Deboning method is the
same for either automatic or manual operations: the breast
fillet is stripped from the carcass. The wings are then sold
as parts and the butterfly can either then be sold or split
into two fillets as a less expensive part.

Deboned broiler beast meat is the most valued portion
of the carcass and has the highest scrutiny from the con-
sumer. Since this product is normally free of skin, all dis-
colorations and blemishes (bruises) are evident and highly
scrutinized by consumers. The three toughest challenges
to the processor with deboned broiler breast fillets are
portion control, uniformity, and toughness. Portion con-
trol is important in the food service industry (restaurants,
hotels, etc.) where every consumer should receive the
same amount of meat to allow for better cost estimation
and meat ordering. In order to accomplish this portioning,
scales are used in the deboning section of plants so all
deboned broiler breast fillets are automatically weighed
and sold based on uniformity of weight.

To ensure uniformity of size, the breast fillets can also
be hand trimmed of excess fat, connective tissue, and even
meat. Several restaurants require the meat to be a specific
shape and size, so, either manually or by specialized
equipment, the breast fillet is cut either horizontally or
vertically to achieve the desired shape as defined by the
customer. Automated equipment is now available to
quickly create specific dimensions of the fillets by water
knives. This specialized sizing is costly to the consumer
because it is very labor intensive.

Uniform tenderness is a very challenging consumer
concern for the poultry industry. Rigor mortis develop-
ment is discussed in detail in other chapters. However, the
development of rigor mortis takes 4–6 hours in broilers.
Any stimulation to the muscle prior to the development of
rigor mortis can cause an increase in toughness. For this
reason, carcasses, or even front halves, are aged on the
bone in a cooler for a minimum of 4 hours to overnight to
prevent toughening. This aging time is expensive and
labor intensive and can even cause a decrease in yield
from water loss up to 2–3% (23).

To alleviate this toughness associated with early debon-
ing, several plants have implemented electrical stimulation
of the carcass following death or marination techniques fol-
lowing chilling. Electrical stimulation (ES) is different
from stunning in that ES requires higher amperage and it is
applied to the carcass immediately after death. When
applied, electrical stimulation causes muscle contractions

which uses energy stored in the muscle and allows rigor
mortis to develop at a faster rate. Therefore, storing car-
casses to prevent toughness associated with early deboning
is no longer needed. Another method used to alleviate
toughness is marination or the addition to salt and phos-
phates to increase juiciness of the meat. This increase in
juiciness results in a more tender product. Marination will
be discussed further in this chapter.

III. GRADING

A. CLASSIFICATION

Each species of poultry (chickens, ducks, geese, guineas,
and pigeons) is divided into classes by their physical
appearance mainly associated with age and sex. Based on
these classes, quality grades are then established based on
the quality of individual carcass and parts as will be dis-
cussed later in the chapter.

B. STANDARDS FOR GRADING

One way to add value other than cutting whole carcasses
into parts is to grade carcasses or sort them by specific
conditions and quality characteristics. The Agricultural
Marketing Service (AMS) is a branch of the USDA
responsible for poultry grading. Following mandatory
inspection for wholesomeness (Figure 33.5), each bird is
examined to determine eating quality and uniformity.
Grading is voluntary, unlike inspection by FSIS.
Therefore, the processing plant must pay for personnel
from AMS to grade carcasses, thus increasing the price of
the graded product for consumers. However, consumers
are willing to pay for the added increase to ensure good
eating quality and uniformity with tenderness, juiciness,
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FIGURE 33.5 USDA inspection shield for wholesomeness.



color, and meatiness. Grading has become an industry
standard and is almost expected from consumers.

Once graded by an authorized grader, the official
USDA grade mark is used on packages and is easily iden-
tified by consumers (Figure 33.6). The highest quality
grade is USDA Grade A, followed by USDA Grade B and
then USDA Grade C. The standards for USDA Grade A, B,
and C carcasses and bone in parts are listed in Table 33.2
(24). USDA Grade A is usually in retail packages and con-
sumers are mostly familiar with this grade. Downgraded
carcasses, USDA Grades B and C, are usually further
processed because of some deformities or defects. One
way to add value to downgraded carcasses is to cut them
into parts for retail.

IV. QUALITY CHARACTERISTICS

Three main characteristics of poultry meat determine
overall meat quality: tenderness (texture), water holding
capacity, and color.

A. TENDERNESS

Tenderness is one of the most important meat quality
characteristics. Several factors influence the tenderness of
whole muscle meat products. These factors include the
contractile state of the muscle, the amount of connective
tissue, and juiciness. In market age broilers (6 weeks),
probably the most important influence is the contractile
state of the muscle. Most of the tenderness variation due
to contractile state in meat from young broilers is related
to the conversion of muscle to meat (rigor mortis devel-
opment). During this conversion, which begins at the time
of slaughter, muscle pH declines due to an accumulation
of lactic acid in the muscle. In addition, ATP content
declines as the muscle shifts from aerobic to anaerobic
metabolism. This rigor mortis period takes approximately
4–6 hours in broilers (25, 26). If the muscle is stimulated
by deboning or extreme cold temperatures (cold shorten-
ing) prior to rigor completion, the muscle can have some
degree of contraction possibly without enough energy

present for muscle relaxation (depending on what time the
stimulation occurred). Therefore, the muscle would
shorten thus altering the state of contraction; the denser
the muscle, the tougher it will feel to consumers.

The connective tissue component of meat tenderness
does not play a major role in young broilers. However, it
does affect older animals (such as spent fowl) to a greater
extent because as the animal ages, heat-stable crosslinks
in the collagen form that will not melt during cooking.
Juiciness is important in meat tenderness as well because
it provides lubrication and mouth feel which are important
from a consumer sensory perception. Cooking method is
the primary factor impacting juiciness. For example, over-
cooking which can cause excess moisture loss can
decrease tenderness or perceived tenderness by con-
sumers. Any cooking method in which the product can
lose excess moisture (example: uncovered grilling com-
pared to covered baking) can decrease the juiciness and
therefore decrease tenderness of the product.

B. WATER HOLDING CAPACITY

Water holding capacity (WHC) is another important char-
acteristic of meat quality. Water holding capacity can be
defined as the ability to retain inherent water in the meat
or added water (observed in further processed items).
Water can be lost from meat through gravitational (stor-
age, drip loss), mechanical (cutting), or thermal (cooking)
forces. Differences in meat quality are directly related to
how the meat can handle the application of these forces.

Water exists as three forms in the muscle: bound,
immobilized, and free. Bound water is closely associated
with the muscle proteins. Because water molecules are
polar, they associate with the electrically charged reactive
groups of the proteins. This water layer is so tightly bound
that it can only be removed by incineration (high temper-
atures). The second form of water is known as immobi-
lized. This water layer is attracted to the bound layer of
water, but the attraction is much weaker. The attraction
also decreases as the distance to the proteins increase. The
third form of water is known as free water and accounts
for the majority of the water in meat. Free water is loosely
held by capillary forces and is easily lost during process-
ing procedures such as cutting, grinding, storage (drip),
and cooking.

Water holding capacity is affected by pH (net charge
effect) and the amount of space between the muscle pro-
tein structures (steric effect). The postmortem decline in
pH results in a loss of reactive groups to bind water due to
reduced net protein charge and reduced protein solubility.
As pH decreases in meat, it nears the isoelectric point (pI)
of muscle proteins (approximately 5.1). The closer the pH
is to the pI of the meat proteins, the number of charged
sites on the proteins that normally bind water decreases.
Examples of changes in WHC due to pH are pale, soft,

Poultry Processing Quality 33-7

FIGURE 33.6 Grade mark from USDA Agricultural Marketing
Service.
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TABLE 33.2
Summary of Specifications for Grading A, B, and C Grade Carcasses

Ready-to-Cook Poultry –– A Quality
Summary of Specifications for Standards of Quality for Individual Carcasses and Parts
Effective April 29, 1998 (Not All Inclusive — Minimum Requirements and Maximum Defects Permitted)

A Quality
Conformation: Normal

Breastbone Slight curve or dent
Back Slight curve
Legs and Wings Normal

Fleshing: Well fleshed, considering kind and class
Fat Covering: Well-developed layer — especially between heavy feathers tracts

Defeathering: Turkeys Ducks and Geese1 All Other Poultry
(feathers less than 3/4 in.) (feathers less than 1/2 in.) (feathers less than 1/2 in.)

Free of protruding feathers and hairs Carcass Parts Carcass Parts Carcass Parts
4 2 8 4 4 2

Exposed Flesh:2 Carcass Large Carcass Parts3 Other Parts3

Weight Range (halves, front and rear halves)
Minimum Maximum Breast and Legs Elsewhere Breast and Legs Elsewhere
None 2 lbs. 1/4 in. 1 in. 1/4 in. 1/2 in. 1/4 in.
Over 2 lbs. 6 lbs. 1/4 in. 1 1/2 in. 1/4 in. 3/4 in. 1/4 in.
Over 6 lbs. 16 lbs. 1/2 in. 2 in. 1/2 in. 1 in. 1/2 in.
Over 16 lbs. None 1/2 in. 3 in. 1/2 in. 1 1/2 in. 1/2 in.

Discolorations:
Carcass Lightly Shaded Moderately Shaded4

Breast and Legs Elsewhere Hock of leg Elsewhere
None 2 lbs. 3/4 in. 1 1/4 in. 1/4 in. 5/8 in.
Over 2 lbs. 6 lbs. 1 in. 2 in. 1/2 in. 1 in.
Over 6 lbs. 16 lbs. 1 1/2 in. 2 1/2 in. 3/4 in. 1 1/4 in.
Over 16 lbs. None 2 in. 3 in. 1 in. 1 1/2 in.

Discolorations:
Large Carcass Parts 

(halves, front and rear halves) Lightly Shaded Moderately Shaded4

Breast and Legs Elsewhere Hock of leg Elsewhere
None 2 lbs. 1/2 in. 1 in. 1/4 in. 1/2 in.
Over 2 lbs. 6 lbs. 3/4 in. 1 1/2 in. 3/8 in. 3/4 in.
Over 6 lbs. 16 lbs. 1 in. 2 in. 1/2 in. 1 in.
Over 16 lbs. None 1 1/4 in. 2 1/2 in. 5/8 in. 1 1/4 in.

Discolorations:
Other Parts Lightly Shaded Moderately Shaded4

None 2 lbs. 1/2 in. 1/4 in.
Over 2 lbs. 6 lbs. 3/4 in. 3/8 in.
Over 6 lbs. 16 lbs. 1 in. 1/2 in.
Over 16 lbs. None 1 1/4 in. 5/8 in.
Disjointed and Broken Bones: Carcass—1 disjointed and no broken bones. Parts—Thighs with back portion, legs, or leg

quarters may have femur disjointed from the hip joint. Other parts—none.
Missing Parts: Wing tips and tail. In ducks and geese, the parts of the wing beyond the second joint may

be removed if removed at the joint and both wings are so treated. Tail may be removed
at the base.

Freezing Defects: Slight darkening on back and drumstick. Overall bright appearance. Occasional pock-
marks due to drying. Occasional small areas of clear, pinkish, or reddish-colored ice.

1 Hair or down is permitted on the carcass or part, provided the hair or down is less than 3/16 inch in length, and is scattered so that the carcass or part
has a clean appearance, especially on the breast and legs.
2 Maximum aggregate area of all exposed flesh. In addition, the carcass or part may have cuts or tears that do not expand or significantly expose flesh,
provided the aggregate length of all such cuts and tears does not exceed a length tolerance equal to the permitted dimensions listed above.
3 For all parts, trimming of skin along the edge is allowed, provided at least 75 percent of the normal skin cover associated with the part remains
attached, and the remaining skin uniformly covers the outer surface and does not detract from the appearance of the part.
4 Moderately shaded discolorations and discolorations due to flesh bruising are free of clots and limited to areas other than the breast and legs except
for the area adjacent to the hock.

Source: USDA, 1998.
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TABLE 33.2 (Continued )

Ready-to-Cook Poultry –– B Quality

Summary of Specifications for Standards of Quality for Individual Carcasses and Parts
Effective April 29, 1998 (Not All Inclusive — Minimum Requirements and Maximum Defects Permitted)

B Quality
Conformation: Moderate deformities

Breastbone Moderately dented, curved, or crooked
Back Moderately crooked
Legs and Wings Moderately misshapen

Fleshing: Moderately fleshed, considering kind and class
Fat Covering: Sufficient fat layer—especially on breast and legs

Defeathering: Turkeys Ducks and Geese1 All Other Poultry
A few scattered protruding (feathers less than 3/4 in.) (feathers less than 1/2 in.) (feathers less than 1/2 in.)

feathers and hairs Carcass Parts Carcass Parts Carcass Parts
6 3 10 5 6 3

Exposed Flesh:
Weight Range

Minimum: Maximum: Carcass Parts
None 2 lbs. No part on the carcass (wings, legs, entire back, No more than 1/3 of the flesh normally 
Over 2 lbs. 6 lbs. or entire breast) has more than 1/3 of the flesh exposed covered by skin exposed
Over 6 lbs. 16 lbs
Over 16 lbs. None

Discolorations:2 Carcass
Carcass Lightly or Moderately Shaded Discolorations

Breast and Legs Elsewhere
None 2 lbs. 1 1/4 in. 2 1/4 in.
Over 2 lbs. 6 lbs. 2 in. 3 in.
Over 6 lbs. 16 lbs. 2 1/2 in. 4 in.
Over 16 lbs. None 3 in. 5 in.

Discolorations:2 Large Carcass Parts
Large: Carcass Parts Lightly or Moderately Shaded Discolorations

(halves, front and rear halves) Breast and Legs Elsewhere
None 2 lbs. 1 in. 1 1/4 in.
Over 2 lbs. 6 lbs. 1 1/2 in. 1 3/4 in.
Over 6 lbs. 16 lbs. 2 in. 2 1/2 in.
Over 16 lbs. None 2 1/2 in. 3 in.

Discolorations:2 Other Parts
Other Parts Lightly or Moderately Shaded Discolorations

Breasts, Legs, and Parts
None 2 lbs. 3/4 in.
Over 2 lbs. 6 lbs. 1 in.
Over 6 lbs. 16 lbs. 1 1/2 in.
Over 16 lbs. None 1 3/4 in.

Disjointed and Broken Bones: Carcass—2 disjointed and no broken bones, or 1 disjointed and 1 non-protruding broken 
bone. Parts—may be disjointed, no broken bones; wing beyond second joint may be 
removed at a joint. 

Missing Parts: Wing tips, 2nd wing joint, and tail. 
Trimming: Carcass Parts

Slight trimming of the carcass is permitted provided the A moderate amount 
meat yield of any part on the carcass is not appreciably of meat may be trimmed 
affected. The back may be trimmed in an area not wider around the edge of a part 
than the base of the tail to the area halfway between the to remove defects.
base of the tail and the hip joints.

Freezing Defects: May lack brightness. Few pockmarks due to drying. Moderate areas showing a layer of 
clear, pinkish, or reddish-colored ice.

1 Hair or down is permitted on the carcass or part, provided the hair or down is less than 3/16 inch in length, and is scattered so that the carcass or part
has a clean appearance, especially on the breast and legs.
2 Discolorations due to flesh bruising shall be free of clots and may not exceed one-half the total aggregate area of permitted discoloration.



exudative (PSE) meat, and dark, firm, and dry (DFD)
meat conditions. Because the pH of PSE meat is closer to
pH 5.1, it will have lower water holding capacity partly
due to its lower pH resulting in fewer charges to bind
water; however, DFD has high water holding capacity

because its high pH is further away from the pI. Meat with
high pH has a pH that is further away from the pI of
myofibrillar proteins increasing the number of charged
groups; therefore, the proteins have more reactive groups
available to hold water.
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TABLE 33.2 (Continued )

Ready-to-Cook Poultry –– C Quality
Summary of Specifications for Standards of Quality for Individual Carcasses and Parts
Effective April 29, 1998 (Not All Inclusive) (Minimum Requirements and Maximum Defects Permitted)

C Quality
Conformation: Abnormal

Breastbone Seriously curved or cooked
Back Seriously crooked
Legs and Wings Misshapen

Fleshing: Poorly fleshed
Fat Covering: Lacking in fat covering over all parts of carcass

Deathering: Turkeys Ducks and Geese1 All Other Poultry
Scattering of protruding (feathers less than 3/4 in.) (feathers less than 1/2 in.) (feathers less than 1/2 in.)

feathers and hairs Carcass Parts Carcass Parts Carcass Parts
8 4 12 6 8 4

Exposed Flesh:
Weight Range

Minimum: Maximum: Carcass Parts
None 2 lbs.
Over 2 lbs. 6 lbs. No limit
Over 6 lbs. 16 lbs
Over 16 lbs. None

Discolorations:2 Carcass
Carcass Breast and Legs Elsewhere

None 2 lbs. No limit
Over 2 lbs. 6 lbs. on size, number of areas, or intensity of discolorations
Over 6 lbs. 16 lbs and flesh bruises if such areas do not render 
Over 16 lbs. None any part of the carcass unfit for food.

Discolorations:2 Parts
Parts Breasrs, Legs, and Parts

(includes large carcass parts)
None 2 lbs. No limit
Over 2 lbs. 6 lbs. on size, number of areas, or intensity of 
Over 6 lbs. 16 lbs. discolorations and flesh bruises if such areas 
Over 16 lbs. None do not render any part unfit for food.

Disjointed and Broken Bones: No limit

Missing Parts: Wing tips, wings, and tails. 
Backs shall include all meat and skin from pelvic bones, except that the meat contained in

the ilium (oyster) may be removed.
The vertebral ribs and scapula with meat and skin and the backbone located anterior (for

ward) of ilia bones may also be removed (front half of back).

Trimming: Carcass Parts
Trimming of the breast and legs is permitted, but not to the extent that the normal meat 

yield is materially affected.
The back may be trimmed in an area not wider than the base of the tail and extending from

the tail to the area between the hip joints.

Freezing Defects: Numerous pockmarks and large dried areas.

1 Hair or down is permitted on the carcass or part, provided the hair or down is less than 3/16 inch in length, and is scattered so that the car-
cass or part has a clean appearance, especially on the breast and legs.



Water holding capacity is also affected by a steric
effect, or the amount of interstitial space between muscle
proteins. The amount of this space can be influenced by
pH and contractile state of the muscle. At higher muscle
pH, further away from the pI, there are more charged ions
in the muscle. These charged ions separate muscle pro-
teins by repulsive force which then allows more physical
space available to hold water. The contractile state of the
muscle can also affect this space. For example, if muscle
is in a contracted state, there is less interstitial space avail-
able to hold water. Any factor contributing to muscle
shortening in the prerigor state such as early deboning can
affect WHC.

C. COLOR

Color is an important meat quality attribute that can be
affected by several factors including myoglobin concen-
tration, oxidation state of the iron within the myoglobin,
and muscle pH. Pinking in poultry has become a problem
in recent years because consumers seem to associate the
“pink” color to a food safety problem (undercooking of
the chicken or turkey meat). However, pinking can occur
as a result of addition of ingredients such as nitrite,
improper stunning causing petechial hemorrhaging, and
undenaturated myosin following improper heating.
Nitrites are normally added to further processed products
to add color and for food safety measures. However, dur-
ing heating, a characteristic pink color develops in the
product, which can sometimes be confused with under-
cooking. Insufficient heating can also cause some unde-
natured myoglobin pigments to retain a “pinkish” color
which could present a quality problem to consumers.
Another common reason for pinking is contamination of
the meat with nitric dioxide and carbon dioxide from oven
gasses. These combinations can cause pinking in meat
often leaving the consumer wondering if the product is
fully cooked. Pinking in poultry meat can be avoided by
cooking meat to an internal temperature of 71–73°C,
adding compounds that scavenge undenatured myoglobin
components that cause pinking, and keeping burners
cleaned and running efficiently (27).

Another common quality problem with color in poul-
try meat is pale, soft, and exudative meat. Denaturation of
proteins, specifically the sarcoplasmic proteins, can cause
increased scattering of light in the muscle resulting in
lighter (or paler) meat. Shrinkage of myofibrils at low
muscle pH levels causes greater scattering of light at the
myofibril surface. The transmittance of individual muscle
fibers is decreased at low pH resulting in less light absorp-
tion and paler meat. Furthermore, myofibrils are birefrin-
gent, or have two refractive indices, which cause light to
take two different paths as it travels through the myofibrils.
Muscle pH strongly affects the difference between the two
paths with increased light scattering at low pH levels.

D. RELATIONSHIP BETWEEN COLOR AND WATER

HOLDING CAPACITY

Color is also related to water binding capacity of the meat.
Color of meat is discussed further in Chapter 31, “Poultry:
Chemistry and Biochemistry.” In general, pale, soft, and
exudative (PSE) meat has a low pH; therefore, water bind-
ing is low because more water is contained in the extra-
cellular space rather than intracellular space. With more
water in the extracellular space, light will be reflected
rather than absorbed. In poultry, muscle pH is highly cor-
related with L* value, a measurement of lightness. In the
case of dark, firm, and dry (DFD) meat, meat color is
darker due to the high pH. The high pH causes the meat to
bind more water, and because of the high water binding,
more light is absorbed rather than reflected and results in
a darker color.

V. MARINATION

The easiest way to improve quality for consumers and
improve the profit margins for processors is to marinate
poultry parts, especially breast fillets. Marination of poul-
try breast meat continues to grow as the demand for fur-
ther processed products increases. Marinades can be
incorporated into meat by tumbling, mixing, or massaging
the meat at low temperatures, thereby facilitating tender-
ization through disintegration of the muscle fiber sheath
and stretching of the myofibrils. Commercial methods
used to marinate meat including tumbling, blending, and
injection. Each method has its advantages and disadvan-
tages. Tumbling promotes rapid and consistent pickup at
controlled temperatures, the ability to marinate large
quantities, and the capability to handle many different
products and sizes. Blending allows for finer control of
product mixing as compared to tumbling, and the ability
to directly apply refrigerant. Injection marination is bene-
ficial for its relative consistency of marinade application
on large and complex products, and reduction of labor and
speed of marination.

The two key ingredients in commercial poultry mari-
nades are salt and phosphate. Marination with a variety of
combinations of salt and phosphates has been used as
means to improve taste, tenderness, and protein function-
ality of broiler breast fillets. Marination has also been
used to improve protein functionality losses imparted by
the PSE condition (28).

One of the most important properties of poultry meat
is its water holding capacity (ability to bind and retain
innate water, as well as added water during marination).
Pale, soft and exudative meat has poor water holding
capacity which results in an economic loss for processors,
as well as a decrease in consumer acceptance. Marination
has been used as a method to increase the water holding
capacity, thereby improving the quality and increasing the
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yield of the meat. This increase in functional property is
due to the marinade solution maintaining a higher pH
postmortem.

Myofibrillar proteins, such as actin, myosin, and the
actomyosin complex, are primarily responsible for WHC
and marinade pick-up and retention. The salt and sodium
tripolyphosphates commonly used in poultry meat mari-
nation work synergistically to increase water binding by
increasing pH and ionic strength, combined with the dis-
sociation of actomyosin, exposing more water binding
sites (29). Basically, the salt and phosphate marinade
uptake causes the tissue fibers to swell, resulting in
decreased cooking loss and increased juiciness and ten-
derness of the meat.

Salt can affect proteins in many ways. At a low con-
centration, salt increases the WHC of proteins due to
hydrated salt ions binding to charged groups of proteins.
This resultant increase in water binding can be attributed to
the water associating with bound ions. When salt binds to
proteins, electrostatic repulsion causes the protein structure
to loosen and allow more water binding. Salt also increases
marinade pick-up by solubilizing the actin and myosin pro-
teins which increases the space between the thick and thin
filaments to pick up and retain marinade solution.
Phosphates also increase WHC by increasing the number of
charged sites on the protein for water binding to bind. The
most common phosphates used in the poultry industry are
sodium tripolyphosphates. However, several other phos-
phates are available with differing solubility, pH, and func-
tional properties. An increased WHC allows for better
uptake and retention of the marinade solution itself, as well
as increasing the retention of the meat’s own moisture, con-
sequently increasing yield in an inexpensive manner.

The effect of various polyphosphate and salt (NaCl)
solutions on myofibril protein extraction has been studied
(30). In the absence of phosphates, no significant swelling
or any other changes were noted at salt concentrations of
0.4 M or less. When salt concentrations were increased to
0.5 M and 0.6 M, myofibrils started to enlarge trans-
versely and protein extraction became significantly
noticeable.

The addition of polyphosphates induces changes in
the protein extraction pattern. It is thought that polyphos-
phates possess an ATP-like property that allows polyphos-
phates to extract myosin and disintegrate part of the
myofibril (30). Actomyosin is formed during rigor mortis
and creates a state of permanent muscle contraction that
leads to tough meat. Polyphosphates have the ability to
dissociate this actomyosin complex, enabling myofibril
lattices to expand laterally, resulting in an increase in
water uptake. Tripolyphosphates were also shown to have
similar effects. The researchers concluded that both poly-
and tripolyphosphates are ionic species that dissociate
myofilaments, depolarize thick filaments, and remove the

actomyosin structural barricade, thereby enhancing cook-
ing yield and juiciness.

VI. CONCLUSION

The process of converting muscle into meat is highly
complex. The poultry industry has reduced this complex-
ity some by vertically integrating the production and pro-
cessing stages. This integration has helped improve
uniformity and quality in poultry meat. However, as dis-
cussed in this chapter, there are very intricate steps in the
conversion of the live animal into meat for consumers and
quality can be affected at each step.
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I. DEFINITIONS OF FATS, OILS, AND LIPIDS

In the scientific and even professional literature, the term
lipids is more and more widely used. Lipids are classes 
of fatty acid derivatives. Their nomenclature is defined by
the joint IUPAC-IUB standard (1). Fatty acids (aliphatic
monocarboxylic acids) of 4 and more carbon atoms are usu-
ally bound as esters in plant and animal tissues, and only
rarely as amides or free acids. Triacylglycerols, waxes,
phospholipids, glycolipids, mucolipids, and lipoproteins

are the most important lipid representatives. For many
authors, especially in medical or biological sciences, lipids
are exclusively naturally occurring fatty acid derivatives, but
this definition is not useful for  food science and technology
because many closely related compounds, such as hydro-
genated oils, structured lipids, fatty acid methyl or ethyl
esters, and many oleochemicals do not occur in nature, but
have been produced industrially. Aliphatic fatty acids are not
the only organic acids bound in lipids because alicyclic or
even phenolic acids were detected in natural lipids.



Substances like psychosin or lysoplasmalogens are included
as lipids even when they do not contain any fatty acids.
Long-chain fatty alcohols naturally occur in the liposoluble
fraction of foods. Their properties and chemical structures
are close to those of fatty acids, and therefore they are often
treated as lipids. The same is true of sterols, but it is prefer-
able to classify steroes as terpenic derivatives or as a sepa-
rate class of compounds. Sterols are often esterified with
fatty acids so that sterol esters are formed. They are classi-
fied as lipids because they contain bound fatty acids. Ethyl
or higher esters of fatty acids (4–12 carbon atoms) are often
present as natural components in fruits or are produced by
fermentation in alcoholic beverages. They have specific aro-
mas. They are, however, not considered lipids. It is evident
from this discussion no generally accepted definition of
lipids exists.

Fats and oils are lipophilic products obtained by pro-
cessing natural materials of both plant and animal origin.
Fats are usually of animal origin, and most oils are of plant
origin, but animal oils such as fish oils exist, too. Fats are
solid at room temperature while oils are liquid. The classi-
fication depends on the ambient temperatures; some prod-
ucts of tropical trees, such as palm or coconut oils, are
liquid in the country of origin, but are solid in a temperate
climate. Some semisolid lipid products are called butters,
such as cocoa butter or shea butter, because their consis-
tency is similar to butter in the country of origin. Officially,
only a product of milk fat may be called butter; butters of
vegetable origin should be better called fats.

Fats and oils are not pure compounds because they con-
sist of all liposoluble substances extracted during processing
of biological materials. They mostly consist of triacylglyc-
erols (more than 95%), which are lipids, but they are accom-
panied by other liposoluble nonlipidic products, such as
sterols, hydrocarbons, or liposoluble vitamins. Essential oils
may be present in traces, but they are not lipids as they
mainly consist of terpenes. For this reason, it would be
preferable to use the terms fats and oils only for industrial
products, and to use the term lipids for classes of pure sub-
stances. Of course, professionals in English-speaking coun-
tries often are not very careful concerning terminology.

II. FATTY ACIDS

A. DEFINITION

Fatty acids bound in lipids are mostly monocarboxylic
acids with an aliphatic straight hydrocarbon chain.
Branched fatty acids are rare, and are present almost
exclusively as minor components. Odd carbon number
fatty acids are also present only exceptionally. Fatty acids
differ in the number of carbon atoms and double bonds.
Some fatty acids are substituted by oxygen groups and
even by other functional groups. Fatty acids with less than
4 carbon atoms have not been found in natural lipids.

B. SATURATED FATTY ACIDS

Saturated fatty acids have no double bond in their hydro-
carbon chain. They have both systematic and trivial
names, usually reflecting their origin (Table 34.1). The
most common saturated fatty acid is palmitic acid, present
in all lipids, at least in a small amount. Even carbon-num-
ber saturated fatty acids are mostly present in natural
lipids, while odd carbon-number acids are present only as
traces or as no more than minor acids in some fats. Short
chain acids (1–3 carbon atoms) occur in nature, but are
not bound in natural lipids. They may be found in lipids
from some industrial products. Medium chain saturated
acids (4–10 carbon atoms) are liquid at room temperature.
Higher saturated acids are solid with their melting points
increasing with the increasing carbon number.

C. MONOUNSATURATED FATTY ACIDS

Monounsaturated fatty acids contain a double bond in
their hydrocarbon chain. They have both systematic and
trivial names. In the case of unsaturated fatty acids, iso-
merism is possible. The double bond exists in cis (Z) or
trans (E) configuration, and the double bond may be
located at different carbon atoms (Table 34.2). Natural
unsaturated fatty acids are mostly of the cis-configuration.
Traces of trans-unsaturated fatty acids (0.04–0.05%) are
detected even in cold-pressed edible oils (2). The position
of double bonds is usually counted from carboxyl carbon,
but in texts dealing with nutrition, calculation is often
from the final methyl group. In such cases, they are
defined, e.g., as an n-6 or ω-6 acid, if the double bond is
located at the 6th carbon atom from the final methyl
group. The most common unsaturated fatty acid is oleic
acid (an n-9 fatty acid), which is present in nearly all
lipids at least in small amounts. Monounsaturated acids
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TABLE 34.1
The Most Important Saturated Fatty Acids (Compiled
from Beilstein and Chemical Abstracts Data Bases)

Number of 
Systematic Trivial Carbon Molecular Melting
Name Name Atoms Weight Point [°C]

Butyric Butyric 4 88.1 �4.6
Hexanoic Caproic 6 116.2 �1.5
Octanoic Caprylic 8 144.2 16.3
Decanoic Capric 10 172.3 32.4
Dodecanoic Lauric 12 200.3 43.8
Tetradecanoic Myristic 14 228.4 54.4
Hexadecanoic Palmitic 16 256.4 62.6
Octadecanoic Stearic 18 284.5 70.4
Eicosanoic Arachic 20 312.5 75.8
Docosanoic Behenic 22 340.6 80.2
Tetracosanoic Lignoceric 24 368.6 84.2
Hexacosanoic Cerotic 26 396.7 87.7



containing a triple bond are very rare, and are found only
in fats for nonedible uses.

Unsaturated fatty acids have lower melting points
than the respective saturated fatty acids, and are better
soluble in organic solvents. Trans unsaturated acids have
higher melting points than the respective cis acids (Table
34.2).

D. POLYUNSATURATED FATTY ACIDS

Polyenoic unsaturated fatty acids contain 2–6 double bonds.
Many isomers are possible, but only a few are really found
in nature. The majority among them belong to essential fatty
acids as they cannot be synthetized in the human body [3].
Most natural polyunsaturated fatty acids have trivial names,
which are more widely used than the systematic names
(Table 34.3). Melting points of polyenoic fatty acids are
lower than 0°C; therefore, they are not given in Table 34.3.
An exception is eleostearic acid – because of the presence
of trans double bonds (α-eleostearic acid � 49°C,
β-eleostearic acid � 71°C). The allylic (pentadienoic) con-
figuration is most frequent, -CH�CH-CH2-CH�CH-,
where the double bonds are separated by a methylene group.
Their structures (4) are shown in Figure 34.1. Both n-6 and

n-3 polyunsaturated fatty acids belong to the essential fatty
acids. They are enzymatically transformed into eicosanoids
(5). The n-3 polyenoic acids are appreciated as they neutral-
ize unfavorable effects of the excessive n-6 polyunsaturated
fatty acid intake in modern diet of developed countries [6].
The balance between n-6 and n-3 polyunsaturated fatty
acids should be maintained in the diet (7).

Conjugated unsaturated acids, -CH�CH-CH�CH-
are rather rarely found, e.g., in milk fat or in some noned-
ible oils. In the most common fatty acids, the first double
bond is located at the 9th or 6th carbon atoms (from the
carboxyl group) or at the 3rd or 6th carbon atom (from the
methyl group). Pentaenoic and hexaenoic n-3 fatty acids
are typical for marine oils. They belong to the important
essential fatty acids.

III. LIPIDS

A. ESTERS OF GLYCEROL

Fatty acids are mostly bound as glycerol esters in natural
material. Glycerol (propantriol, Figure 34.2.A) contains
three hydroxyl groups, each of which could be esterified
with a fatty acid residue. Monoacylglycerols (formerly
monoglycerides) contain only one fatty acid residue in the
molecule, and exist in two isomeric forms (Figure 34.2.B
and 34.2.C). The former one is more stable. The 1-acyl iso-
mer has an unsymmetrical carbon atom, so that two optical
isomers exist. Diacylglycerols (formerly diglycerides) are
formed by substitution of two hydroxyl groups with an acyl
group (Figure 34.2.D and 34.2.E). The 1,2-isomer has an
asymmetrical carbon atom. It is easily isomerized into its
more stable 1,3-isomer. The most common glycerol esters
are triacylglycerols (formerly triglycerides), where all
hydroxyl groups of glycerol are substituted with fatty acids
(Figure 34.2.F). Monoacyl and diacylglycerols are present
only in small amounts as intermediary metabolic products.

In simple triacylglycerols, all hydroxyl groups may be
substituted with the same fatty acid (Figure 34.2.F), but in
most cases, mixed triacylglycerols exist in nature, where
two or three different fatty acids are bound on the same
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TABLE 34.2
The Most Important Monounsaturated Fatty Acids
(Compiled from Beilstein and Chemical Abstracts
Data Bases)

Number Melting 
Systematic Trivial of Carbon Molecular Point 
Name Name Atoms Weight [°C]

9-cis-Hexadecenoic Palmitoleic 16 254.4 34.5
6-cis-Octadecenoic Petroselinic 18 282.5 31.5
9-cis-Octadecenoic Oleic 18 282.5 16
9-trans-Octadecenoic Elaidic 18 282.5 45.5
11-trans-Octadecenoic Vaccenic 18 282.5 39
13-cis-Docosenoic Erucic 22 338.6 33.5
13-trans-Docosenoic Brassidic 22 338.6 60.6

TABLE 34.3
The Most Important Polyunsaturated Fatty Acids (Compiled from Beilstein and Chemical
Abstracts Data Bases)

Number of Number of Melting 
Systematic Name Trivial Name Carbon Atoms Double Bonds Weight

9-cis, 12-cis-Octadecadienoic Linolenic 18 2 280.4
9-cis, 12-cis, 15-cis-Octadecatrienoic Linolenic 18 3 278.4
6-cis, 9-cis, 12-cis-Octadecatrienoic γ-Linolenic 18 3 278.4
9-trans, 11-trans, 13-trans-Octadecatrienoic Eleostearic 18 3 278.4
5,8,11,14-all-cis-Eicosatetraenoic Arachidonic 20 4 304.6
5,8,11,14,17-all-cis-Eicosapentaenoic EPA 20 5 302.4
4, 7, 10, 13, 16, 19-all-cis-Docosahexaenoic DHA 22 6 328.5



glycerol molecule. If the carbon atoms 1 and 3 are occu-
pied by different fatty acids, the carbon atom 2 becomes
asymmetrical; if the stereospecificity has to be evident, it
is expressed by means of the sn system. The carbon num-
bers of glycerol are numbered stereospecifically (1). The
carbon atom that appears on top in that Fischer projection
that shows a vertical carbon chain with the hydroxyl
group at carbon-2 to the left is designated as C-1. To dif-
ferentiate such numbering from the conventional number-
ing, the prefix sn is used, e.g., sn-1-palmitoyl, 2-linoleoyl,
3-oleoylglycerol. Physical properties of optical isomers
are not very different.

The number of triacylglycerol isomers is theoretically
very high, but it is usually substantially restricted in natu-
ral fats and oils. Triacylglycerols are formed in natural
food raw materials by esterification of glycerol under cat-
alytic action of lipases. Lipases possess certain selectivity
so that in most natural vegetable fats and oils the carbon
atom sn-1 is occupied by palmitic acid or other saturated
acids, and the carbon atom sn-2 by linoleic acid or
linolenic acid, less often by oleic acid. The carbon atom
sn-3 may be substituted with any fatty acid, most often
unsaturated fatty acids.

In some plant or animal raw materials fatty acids are
bound to monohydroxylic aliphatic alcohols or sterols.
They are called waxes (8). The most important wax is
bees wax. Their importance in the human diet is low.

Fatty esters of sugars, e.g., sucrose, are produced as fat
replacers [9] as they are not cleaved by natural lipases, and
cannot thus be utilized as a source of energy by humans.

More information on physical and chemical charac-
teristics of oils, fats, and waxes are obtained from the lit-
erature (10).

B. PHOSPHOLIPIDS

Phospholipids consist not only of fatty acids and an alco-
hol, but also contain a phosphoryl group, usually ionized
(1). The most common phospholipids are esters of glyc-
erol; therefore, they are called glycerophospholipids.
They are derivatives of 1,2-diacylglycerol, where the
phosphoryl group is bound to the carbon atom sn-3. Such
a derivative is called a phosphatidyl (Figure 34.3.A). If no
other residue is bound to the phosphoryl group, phospha-
tidic acids are formed (Figure 34.3.B). They may exist as
calcium or magnesium or other salts. 

Very often, the aminoalcohol choline is bound to the
phosphoryl group, and the resulting compound is phos-
phatidylcholine (earlier lecithin) (Figure 34.3.C), most often
existing as an inner salt. The phospholipid containing
another amino alcohol — ethanolamine — is called phos-
phatidylethanolamine — earlier known as colamine (Figure
34.3.D). Another important phospholipid class contains
bound amino acid serine — phosphatidylserine (Figure
34.3.E). Other phospholipids may not contain any nitrogen,
e.g., they contain bound myoinositol (hexahydroxycyclo-
hexane); such phospholipids — phosphatidylinositols
(Figure 34.3.F) –– may be esterified by other phosphoryl
residues. The phosphoryl group may be substituted by a
glycerol (Figure 34.3.G) or a diacylglycerol (Figure 34.3.H).
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R-CH2-CH2-COOH → R-CH-CH2-COOH → R-CO-CH3 + CO2  [1]

OOH

R* + O2 → R-O-O* [2]

R-O-O* + R-H → R-O-OH + R* [3]

R-O-O-H  → R-O-O* + H* or R-O* + H-O*

or 2 R-O-O-H → R-O-O* + R-O* +  H2O [4]

-CH=CH-C*-CH=CH- + O2 →  -CH=CH-CH=CH-CH- or

OOH

-CH-CH=CH-CH=CH-  [5]


OOH

2 R* or R*  + R-O-O* or R* + R-O* or 2 R-O* →  Relatively stable products [6]

R-O-O-H + Me2+ + R-O-O* + Me+ + H+  [7]

R-O-O-H + Me+ → R-O* + H-O− + Me2+  [8]

R-O* + R* → R-O-R  [9] 

FIGURE 34.1 Chemical structures of polyenoic fatty acids.



Phosphatidylinositols, among other functions, diminish the
postprandial oxidation of triacylglycerols, thus increasing
the feeling of satiety, and decreasing the weight gain (11).

In natural phospholipids the fatty acid residue in the
position sn-2 may be cleaved off by action of phospholi-
pases, and lysophospholipids are formed (Figure 34.3.J).
Plasmalogens are phospholipids, where a fatty acid is
replaced by an aldehyde in the form of a hemiacetal, usu-
ally in its dehydrated form as the respective 2-unsaturated
alcohol (Figure 34.3.K).

Some phospholipids do not contain any bound glyc-
erol. Fatty acids are bound to a long-chain alcohol,
such as sphingosine in animal tissues (Figure 34.3.L) or
phytosphingosine in plant tissues (Figure 34.3.M). They
are not bound as esters but as amides, and the hydroxyl
group is esterified by a molecule of phosphoric acid,

which may contain bound choline or other compounds.
Such lipids are called sphingolipids (Figure 34.3.N).

Phospholipids are present in all food materials at least
in small amounts (12). Their content in oilseeds varies
between 1–3% of the oil basis. The phospholipids fraction
is present in crude oils obtained by extraction of oilseeds
with nonpolar. It is precipitated from crude oils by action of
water, or better by phosphoric or citric acid. The precipitate
contains about 60% phospholipids. It is called lecithin.
Lecithins of acceptable sensory properties, good functional
properties, and reasonable availability are obtained only
from soybeans or egg yolk, but the latter are more expen-
sive. For most edible purposes, it is bleached and/or modi-
fied, e.g., by addition of free fatty acids. Lecithins enriched
in phospholipids or phoshatidylcholine are available on the
market. Lecithin is highly appreciated as an emulsifier or
for many other purposes. Lower quality products are used
for nonedible purposes. For more information about phos-
pholipids see References 13–15.

C. GLYCOLIPIDS

Glycolipids are fatty acid derivatives containing bound
sugars, most often D-galactose or D-glucose. The sim-
plest glycolipids are derived from 1,2-diacylglycerols by
substitution of the remaining hydroxyl group with a galac-
tosyl (Figure 34.4.A) or a digalactosyl (Figure 34.4.B)
residue. More complicated derivatives were identified,
e.g., in oat lipids (16). 

Galactosyldiacylglycerols are present in plants as a
part of membranes for storage of starch (17). Emulsions
containing galactolipids are components of fat replacers
as they evoke the sense of fullness. 

Cerebrosides are glycosides derived from sphingosine
amides — ceramides (Figure 34.4.C).

Glycolipids contain sulphuric acid, sometimes bound
to the glycoside residue (Figure 34.4.D). Gangliosides are
complex phospholipids containing bound sialic acid
(Figure 34.4.E), and usually also one or several residues
of bound sugars. They were earlier called mucolipids.

D. LIPOPROTEINS

Lipids form macromolecular complexes with protein,
where lipids are bound to proteins by multiple physical
forces. They are present either as dispersible aggregates,
soluble in water, or as membranes. Covalent bonds are
found only exceptionally in natural lipoproteins, but may
be formed by interactions of oxidized lipids with proteins. 

In water-soluble lipoproteins, the lipid moiety is sur-
rounded by a layer of hydrated proteins (Figure 34.5.A).
The contact between the lipid and the protein moieties is
effected by a layer of emulsifiers, chiefly sterols and
phospholipids. The lipophilic, hydrophobic hydrocarbon
chains of the emulsifiers are oriented inside the oil droplet
while the hydrophilic parts are oriented towards the rela-
tively polar and hydrophilic protein layer. The stability of
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the dispersions of lipoproteins in water depends on the
ratio of lipids:proteins. More information on lipoproteins
is available from specialized literature (18, 19). 

The most widely studied dispersed lipoproteins are
those of blood plasma, which belong to the following
classes according to their behavior under centrifugation,
where they are separated on the basis of their density
(specific gravity):

a. VLDL –– very low density lipoproteins;
b. LDL –– low density lipoproteins;
c. HDL –– high density lipoproteins.

The content of hydrophilic components and the stabil-
ity of lipoprotein dispersion increases with their increasing
density.

Lipoproteins forming membranes regulate the perme-
ation of water molecules into cells and subcellular particles.
They mostly consist of a double layer of lipoproteins. The
polar moieties are oriented towards the water phases on
both sides of the membrane, while the non-polar moieties
form multiple physical bonds between the two lipid layers

of the membrane (Figure 34.4.B). Both phospholipids and
sterols are important parts of membrane lipoproteins. 

Lipids form complexes with starch and other macro-
molecular carbohydrates as well as with proteins (20).
Three types of these interactions exist:

a. Complexes consisting of lipid inclusion com-
pounds inside an amylose helix or short helices
inside amylopectin straight-chain oligosaccha-
ride branches.

b. Complexes, where lipids are sorbed on the sur-
face of carbohydrate particles.

c. Complexes, where lipids are located in capil-
laries between carbohydrate particles.

IV. OCCURRENCE OF LIPIDS IN PLANT
AND ANIMAL FOOD MATERIALS

Lipids are present in almost all food materials of both ani-
mal and plant origin (21). They are necessary for the exis-
tence of living tissues, even when mostly only in small
amounts of 0.5 to 3.0%. These lipids are mainly located in
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cell membranes and in intracellular membranes, and mainly
consist of phospholipids, glycolipids, and lipoproteins. The
triacylglycerol fraction is relatively low in these tissues. The
lipids are mostly bound to proteins and other hydrophilic
components so that they are extractable only with solvent

mixtures containing polar components, such as mixtures of
chloroform and methanol or diethyl ether and ethanol.

In addition to their function in the metabolism of living
organisms, lipids are deposited as energy reserves. The
reserve lipids are very important raw materials in the food
industry. They consist mostly of relatively non-polar tria-
cylglycerols. Therefore, they are extractable with hydrocar-
bon solvents. Plant seeds contain either macromolecular
carbohydrates or lipids as a source of energy for the germi-
nating organism. In those plants, where the energy is stored
in lipids, the content of seed lipids (called mostly oils) may
be 30–60% dry weight (Table 34.4). In some plants, energy
is stored both as lipids and as starch, such as in soybeans,
where the lipid content is about 20%. In some seeds, lipids
are stored also in the pericarp, e.g., in olives, avocado, or oil
palm fruits. The fatty acid composition of storage lipids
may be very different from that of membrane lipids. 

Seed oils have different fatty acid composition from
pericarp oils, e.g., palm oil has a fatty acid composition
close to that of lard, while the palm kernel oil has the fatty
acid composition similar to that of coconut oil (Table 34.5).
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Examples of fatty acid composition of the most
important fats and oils are shown in Table 34.5 (trace fatty
acids are not included).

Even in plants using starch as a source of energy for
germinating organism, at least the germ is rich in lipids so
that it may be used for industrial processing, e.g., in the
case of corn or wheat germs (Table 34.4). During the ger-
mination, oil is gradually used up as a source of energy, or
it is converted into other compounds, chiefly cellulose.

Animal tissues also consist of two types of lipids. Lipid
membranes and dispersible lipoproteins are present only in
limited amounts of about 1–2% dry weight in the respective
tissue. They consist mainly of phospholipids and glycol-
ipids. Animals store energy in carbohydrates only in very
small amounts; therefore, only energy reserves stored as tri-
acylglycerols are important for the organism and in the
industry. Surprisingly, in some tissues the amount of lipids
may be much higher than the amounts of proteins. The fatty
acid composition of reserve (depot) fat is different from the
composition of polar lipids as polar lipids are rich in
linoleic acid and more unsaturated polyenoic acids. The
fatty acid composition of depot fat in farm animals depends
partially on the composition of feed lipids, and similar rela-
tions exist in other animals. A typical example are lipids of
fish and other aquatic animals as the fatty acid composition
is influenced by that of algae and small crustaceans, which
are their main source of nutrition. Polar lipids bound in
membranes are not substantially affected by fatty acid
composition of feed lipids.

The fatty acid composition of the triacylglycerol frac-
tion of fats and oils is very different, and it is specific for
each species. Examples of fatty acid composition of the
most important fats and oils are shown in Table 34.5. (Trace
fatty acids are not included and may be found in the origi-
nal literature). The fatty acid composition of vegetable oils

is very variable. In some species oleic acid prevails, in other
it is linoleic acid, and in another group linolenic acid is
present, too. In palm seed lipids the major fatty acids are
lauric, myristic, and palmitic acids. Triacylglycerols of land
animals mostly consist of palmitic, stearic, oleic, and
linoleic acids while polyunsaturated fatty acids are major
components of marine oils (22). 

The traditional fatty acid composition may be sub-
stantially modified by breeding, genetic manipulations, or
even climatic conditions. Modified soya cultivars yield oil
with high saturated fatty acid content, suitable as trans-
free replacers of hydrogenated oils, or canola oil with 
40% lauric acid is suitable for nonedible uses (23). In ani-
mals it is affected by feed lipids. The novel modified oils
usually have higher oleic acid content and lower polyun-
saturated acid content so that they are more resistant
against oxidation on heating or long storage.

V. CHEMICAL CHANGES DURING
INDUSTRIAL FAT AND OIL
EXTRACTION AND PROCESSING

A. FAT AND OIL EXTRACTION FROM NATURAL

SOURCES

Oilseeds are the most important raw material for the pro-
duction of edible oils. Soybeans, followed by palm fruits,
are the chief oilseeds worldwide, but rapeseed and sun-
flower seed are also important in Europe, followed by
olives and animal raw materials (24). Seeds are first
crushed, and the resulting meal is heated by steam applica-
tion. During the process, heat denaturation of the protein
moiety destroys lipid membranes and other lipoproteins so
that the yield of oil substantially increases in comparison to
the cold extraction. This process is called conditioning.

Conditioned oilseed meals of oilseeds containing
40–60% oil are then fed to expeller presses, where oil is
extracted from the meal under high pressure and temper-
atures up to 100°C. Crude oil is removed and collected in
a tank, and the pressed material (cakes), still containing
about 12–20% oil, is cooled to the ambient temperature.
Soybeans have only about 20% oil so that the cake has a
lower concentration of oil or is treated by solvent extrac-
tion before the previous expeller pressing. Rice brans or
corn germs are not expeller pressed because of low oil
content, but are treated directly with solvents. Olives are
cold-pressed in special crushers at temperatures below
40°C with production of virgin olive oils (25, 26).

The cakes are then extracted using solvents, most
often hexane, pentane, and their isomers, or other hydro-
carbons of similar boiling temperatures. Continuous
processes are mostly used, and the resulting extracted
meal is then separated from the solution of oil in the
extraction solvent (micella). Crude oil is then obtained by

TABLE 34.4
Content of Plant Lipids (15)

Systematic Lipid Lipid Content
Plant Name Name Source [% Dry Weight]

Soya Soja hispida Beans 16–22
Sunflower Helianthus annuus Seed 42–62
Peanut Arachis hypogaea Seed 45–50
Rape Brassica napus Seed 40–48
Cocoa Theobroma cacao Seed 53–59
Almonds Prunus amygdalus Seed 60–65
Sesame Sesamum indicum Seed 50–55
Cotton Gossypium hirsutum Seed 20–24
Oil palm Elaeis guineensis Pericarp 30–40
Cocos palm Cocos nucifera Copra 63–70
Olive Olea europaea Pericarp 13–50
Rice Oryza sativa Bran 8–15
Wheat Triticum aestivum Germ 7–12
Corn Zea mays Germ 14–19
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TABLE 34.5
Fatty Acid Composition of Fats and Oils (66)

A. Linoleic Acid Oils

Fatty Acid Code Sunflower Oil Peanut Oil* Safflower Oil Sesame Oil Cottonseed Oil**

16:00 5–8 8.3–14 5.3–8.0 7.9–10.2 21.4–26.4
16:01 �0.5 �0.2 �0.2 0.1–0.2 �1.2
18:00 2.5–7 1.9–4.4 1.9–2.9 4.8–6.1 2.1–3.3
18:01 13–40 36.4–67.1 8.4–21.3 35.9–42.3 14.7–21.7
18:02 40–74 14.0–43.0 67.8–83.2 41.5–47.9 46.7–58.2
18:03 �0.3 trace trace 0.3–0.4 �0.4
20:00 �0.5 1.1–1.7 0.2–0.4 0.3–0.6 0.2–0.5
20:01 �0.5 0.7–1.7 0.1–0.3 �0.3 trace
�20 �1.5 3–6 �2.0 �0.5 �0.1

Note: * � also 22:0, 2.1–4.4%, and 24:0, 1.1–2.2%; ** � also 14:0 0, 6–1.0%.

B. Oils Containing Linolenic Acid and Cereal Oils

Fatty Acid Code Soybean Oil Rapeseed (Canola) Oil Linseed Oil Corn Oil Rice Bran Oil

16:00 9.7–13.3 3.3–6.0 7 10.7–16.5 16–28
16:01 �0.2 0.1–0.6 trace �0.3 0.5
18:00 3.0–5.4 1.1–2.5 4 1.6–3.3 2–4
18:01 17.7–25.1 52.0–66.9 20 24.6–42.2 42–48
18:02 49.8–57.1 16.1–24.8 17 39.4–60.4 16–36
18:03 5.5–9.5 6.4–14.1 52 0.7–1.3 0.2–1.0
20:00 0.1–0.6 0.2–0.8 trace 0.3–0.6 0.5–0.8
20:01 �0.3 0.1–3.4 trace 0.2–0.4 0.3–0.5
�20 �1.2 �1.3* trace �0.9 �1.0

Note: * � mostly erucic acid.

C. Oils from Palms, Examples of Vegetable Butters and Oleic Acid Oils

Fatty Acid Code Palm Oil Palmkernel Oil Coconut Oil Cocoa Butter Olive Oil*

8:00 0 2.1–4.7 4.6–9.4 0 0
10:00 0 2.6–4.5 5.5–7.8 0 0
12:00 trace 43.6–53.2 45.1–50.3 0 0
14:00 0.7–1.3 15.3–17.2 16.8–20.6 0.1 trace
16:00 40.1–46.3 7.1–10.0 7.7–10.2 25–27 7.5–20
18:00 4.0–6.5 1.3–3.0 2.3–3.5 33–37 0.5–5.0
18:01 36.7–40.9 11.9–19.3 5.4–8.1 34–35 55–83
18:02 9.4–12.1 1.4–3.3 1.0–2.1 3–4 3.5–21
20:00 0.1–0.7 �0.7 �0.2 0.2–1.0 �0.8
�20 �0.4 �0.8 �0.2 trace �0.3

Note: * � also 16:1 0.3–3.5% and 18:3 �1.5%.

D. Fats of Farm Animals

Fatty Acid Code Cow Milk Fat* Chicken Fat Pork Lard Beef Tallow Mutton Tallow

12:00 2.2–4.5 0.1 0 0 0
14:00 5.4–14.6 0.9 trace 1–6 2–4
14:01 0.6–1.6 trace 0.5–2.5 �1 trace, low
16:00 25–41 22 20–32 20–37 20–27
16:01 2–6 6 1.7–5.0 1–9 1.4–4.5
18:00 6–12 6 35–62 25–40 22–34
18:01 18.7–33.4** 37 35–62 31–50*** 30–42***

(Continued )



distilling off the solvent. The last solvent residues are
removed by distillation with steam. The resulting crude
oil is stored in a separate tank or mixed with oil obtained
by expeller pressing.

During the industrial extraction of fats and oils, other
lipophilic substances, such as sterols or tocopherols, come
into the extract, even when they may be originally not
present in oil droplets of seed cells but in other parts of the
seed (27).

The extracted meal from the solvent extraction is treated
in a toaster at temperatures of about 100°C or higher to lib-
erate the residual solvent, to deactivate enzymes, and to
detoxicate extracted meal. The last solvent traces are
removed by steaming. Meal is then cooled down and stored
in elevators. The extracted meal is used for feeding purposes.

B. CRUDE OIL REFINING

Crude vegetable oil contains various minor components,
such as oxidation products of triacylglycerols and ter-
penes, polar lipids, trace metal derivatives, which deterio-
rate its sensory and functional properties. Therefore, it is
processed by refining. Good detailed information on veg-
etable oil processing techniques for human nutrition is
available (28–30). The first refining step is the degum-
ming. Oil is treated with hot water, usually containing
phosphoric or citric acid. Most phospholipids present in
crude oil are hydrated and become insoluble in oil. Some

phospholipids are not precipitated unless special proce-
dures are used, such as superdegumming. The precipitate,
containing coprecipitated components other than phospho-
lipids and some oil, is removed, dried, and used as com-
mercial lecithin. The membrane filtration is another
approach to degumming (31).

The degummed product may be treated in two ways.
If the free fatty acid content is high, it is alkali refined by
a solution of sodium hydroxide or, less often, by sodium
carbonate. 

Free fatty acids are converted into water soluble
sodium salts, which are washed out of oil with hot water.
Natural pigments and other impurities are partially
removed, too. After the alkali refining, oil is dried by heat-
ing at reduced pressure, and treated with bleaching earth
or a mixure of bleaching each and with active carbon. In
the process of bleaching, natural pigments (mainly
carotenoids, pheophytins and chlorophylls) and the last
traces of sodium salts are removed. Dimers of polyunsat-
urated fatty acids or sterols and trans-isomers may be
formed in the course of bleaching (32). More information
on bleaching is available (33). 

Bleached oil is deodorized by treatment with over-
heated steam under reduced pressure in nitrogen at tem-
peratures of 220–250°C. Volatile substances, formed by
oxidation of unsaturated fatty acids during seed storage or
seed processing, are removed during the process, and both
the sensory value and the resistance against oxidative
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TABLE 34.5 (Continued )

D. Fats of Farm Animals

Fatty Acid Code Cow Milk Fat* Chicken Fat Pork Lard Beef Tallow Mutton Tallow

18:02 0.9–3.7 20 3–16 1–5 1.9–2.4
20:00 1.2–2.4 trace �1.0 trace trace
�20 0.8–3.0 trace �3.0 trace trace

Notes: * � also 4:0, 2.8–4.0%; 6:0, 1.4–3.0%; 8:0, 0.5–1.7%; 10:0, 1.7–3.2%; ** � Including 2–3% trans fatty acids;
*** � Including minor trans fatty acids.

E. Fish Oils

Fatty Acid Code Cod Liver Oil Herring Oil Carp Oil Menhaden Oil*

14:00 3–5 3–10 3 6–12
16:00 10–14 13–25 17 14–23
16:01 6–12 5–8 17 7–15
18:00 1–4 1–4 4 2–4
18:01 19–27 9–22 28 6–16
18:02 1–2 1–2 13 1–2
18:04 – 1–5 – 1–5
20:01 7–15 9–15 4 0.5–2
20:2–4 0.8–3.0 0.8–1.2 3 1–4
20:05 8–14 – 3 12–18
22:01 4–13 12–27 – 0.2–0.4
22:06 6–17 4–10 – 2–4

Note: * � also 16:2–16:4, 1.8–6.2%; 24:0, 4–15%.

Expressed as weight % total fatty acids; trace fatty acids are omitted; fatty acid codes: number of carbon atoms: number of
double bonds.
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sensory deterioration (called rancidity) are thus substan-
tially improved. Other relatively volatile substances are
also removed at least partially, such as sterols or toco-
pherols. The deodorized oil has a bland neutral flavor.

Crude oils containing less than about 1% free fatty
acids may be refined in a simpler way, i.e., by physical
refining (34). After degumming, crude oil is deodorized in
a similar way as in the case of alkali refined oils to remove
all relatively volatile components, including free fatty
acids. The resulting oil is bleached. The alkali refining
step is thus eliminated, which is advantageous from the
environmental standpoint. The resulting refined oil is of
about the same quality as alkali-refined oil, e.g., as in the
case of rapeseed oil (35).

During the process of deodorization cis,cis-diunsatu-
rated fatty acid bound in triacylglycerols is partially isomer-
ized into cis,trans and trans,cis-dienoic isomers in the case of
linoleic acid (36). Several other trienoic isomers are formed
in oils containing linolenic acid, such as soybean or rapeseed
oil. As the nutritional value of these isomers is doubtful, the
deodorization temperature should be lower than 240°C to
minimize the isomerization. The best results are obtained
using thin-film deodorization. In this process the temperature
may be lower and the heating time shorter (37).

Vapors removed during deodorization are collected as
deodorization sludges. They contain free fatty acids,
sterols, and tocopherols so that they can be used for the
production of tocopherol concentrates suitable as antioxi-
dants. Sterols may be isolated, too, and used either
directly or after hydrogenation in stanols in margarines as
an additive lowering blood pressure and decreasing the
cholesterol content in blood plasma (38).

Refined oils are either used directly as salad oils or fry-
ing oils, or after emulsification as mayonnaise and salad
dressings, or are added to margarines (39). If fresh fish oils
are properly refined (40), they are acceptable for mar-
garines even without hydrogenation (41), even when their
oxidation stabiliity may still be a problem (40).

C. PRODUCTION OF LECITHIN

Crude lecithin is obtained in the process of crude oil degum-
ming (39) as explained in Section 34.V.B. It is mostly used
for feed or other nonedible purposes; only soybean or egg
lecithin are used for edible purposes. Typical properties of
soybean lecithin are shown in Table 34.6. They are used as

natural surface active agents for many purposes in the food
industry (42). Lecithin may be modified in different ways
(43). For use in light-colored food products, it is bleached by
hydrogen peroxide. For some purposes concentrated phos-
pholipids are necessary; therefore, oil is removed from com-
mercial lecithin by membrane filtration or selective
extraction, e.g., with acetone or propane, which is a more
acceptable solvent for environmental reasons (44). The most
important component of soy phospholipids is phosphatidyl-
choline. Soy phospholipid concentrate may be enriched to
high levels of phosphatidylcholine by interesterification
with choline in the presence of phospholipases (45).
Fractions enriched with phosphatidylcholine and in phos-
phatidylinositol may be obtained from lecithin by fractiona-
tion with 90% aqueous ethanol (46).

D. INTERESTERIFICTION, ESTER INTERCHANGE,
AND SAPONIFICATION

Fats and oils are essentially mixtures of triacylglycerols.
They may be converted into other esters by interesterifica-
tion (47) with methanol or higher alcohols (Figure 34.6.A).
The process is called alcoholysis, and is catalyzed by small
amounts of alkaline hydroxides or alcoholates, produced
in situ by dissolution of metallic sodium in alcohol. The
conversion of triacylglycerols into methyl esters is used for
analytical purposes and for diesel fuels. 

The alcoholysis of triacylglycerols with glycerol —
glycerolysis — is of technical importance. Solid fats, such
as fully hydrogenated oils, are commonly used. They are
heated with glycerol to high temperatures in the presence
of small amounts of sodium hydroxide. A mixture of
monoacylglycerols and diacylglycerols results (Figure
34.6.B), which are used as emulsifiers. They may be frac-
tionated into the monoacylglycerol fraction and the dia-
cylglycerol fraction using short space vacuum distillation.
The monoacylglycerol fraction is particularly useful as an
emulsifier for the production of margarines and other
emulsified fats and oils.

Another procedure for production of partial glycerol
esters is the treatment of triacylglycerols with water in the
presence of lipases, most often immobilized on a solid
support (45).

Tricylglycerols of natural fats and oils possess spe-
cific distribution of fatty acids. The distribution may be
randomized by interesterification of the particular fat and
oil or a mixture (ester interchange, Figure 34.6.C) or of a
mixture of different tricylgycerols (Figure 34.6.D). The
reaction is carried out again in the presence of sodium
hydroxide, metallic sodium, or sodium methoxide as a
catalyst. Immobilized lipases may be used as catalysts,
too. The reaction proceeds at ambient or moderately
increased temperatures. The resulting products may be
tailored to specific properties, especially rherological
properties (sensory texture or consistency). Low-caloric
structured lipids are produced in this way, containing

TABLE 34.6
Properties of Food Lecithin (8)

Component Content [%]

Acetone insolubles � 65
Toluene insolubles max. 0.3
Moisture max. 0.3
Free fatty acids* max. 15 

Note: Free fatty acids may be added to change the consistency.
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long-chain, medium-chain, and short-chain fatty acids
(48). In contrast, the stability against oxidative rancidity is
often decreases (49).

Natural fats and oils may be fully hydrogenated and
the resulting trisaturated triacylglycerols are then inter-
esterified with non-hydrogenated oils (50). Plastic solid
fats are thus produced, containing no trans-unsaturated
fatty acids. The topic of structurally modified food fats
has been reviewed (51).

As some consumers would like to decrease their
energy consumption of fats without affecting the sensory
properties of food and decreasing the agreeable fatty taste,
some undigestible fat replacers have been introduced to
the market, such as Olean, Salatrim, and Caprenin. In
these products, esterified fatty acids cannot be split off by
lipases (52).

Fats and oils are very rich sources of energy; therefore,
their consumption may result in obesity. Fats with lower
energy content are produced by interesterification of natural
oils with stearic or behenic acid, which are not completely
utilized in the metabolism, and medium-chain fatty acids,
which have moderately lower energy content and are not
deposited in the fatty tissues. These products are marketed
as structured fats. 

E. HYDROLYSIS OF FATS AND OILS

Triacylglycerols are hydrolyzed into fatty acids and glyc-
erol. The reaction with sodium hydroxide was used to pro-
duce soap; therefore, the process is still called saponification
(Figure 34.6.E). Saponification proceeds by mixing fat with
a solution of sodium hydroxide at the boiling temperature.
The first stage, i.e., the cleavage of a triacylglycerol mole-
cule into a diglycerol and soap, is slow as the reactants are
immiscible and the reaction proceeds only on the interphase.
The reaction products act as emulsifiers so that the second
stage of saponification is fast. After saponification, sodium
chloride is added to the reaction mixture in order to decrease
the solubility of soaps in the aqueous phase. The lower aque-
ous layer also contains glycerol, which is isolated, and dis-
tilled from impurities, especially water. The separation of
soaps from the water phase containing glycerol by salting is
still not complete. 

Saponification is now carried out on the plant scale
mostly by simply heating fats or oils with water under pres-
sure to high temperature, sometimes in the presence of
metallic oxides as catalysts. Fatty acids are gradually
cleaved from the original glycerol esters. Free fatty are then
purified by vacuum distillation. They are then used for soap

General mechanism:
                                       OH
                                            
R1-C=O + R2-OH  → R2-C-OH  → R1-C=O
                                                   
 OH                          O-R2             O-R2

Fatty acid  Alcohol  Intermediary    Ester
  product

A – interesterification with methanol

CH2-O-OC-R       CH2-OH
            
CH-O-OC-R   +    3 CH3-OH    →    CH-OH   +   3 R-CO-O-CH3
       
CH2-O-OC-R        CH2-OH

B – glycerolysis of triacylglycerols

CH2-O-OC-R      CH2-OH    CH2-O-OC-R          CH2-O-OC-R
                                                                                          
CH-O-OC-R   +   CH-OH     →     CH-OH             +       CH-OH
                                                        
CH2-O-OC-R       CH2-OH   CH2-O-OC-R           CH2-OH

Triacylglycerol     Glycerol   1,3-diacylglycerol     1-monoacylglycerol

C – mechanism of ester interchange

CH2-O-OC-R1    CH2-O-OC-R2         CH2-O-OC-R1  CH2-O-OC-R2

                                                                          
CH-O-OC-R1  +  CH-O-OC-R2    →   CH-O-OC-R1     + CH-O-OC-R1

                                                                           
CH-O-OC-R1      CH-O-OC-R2          CH2-O-OC-R2         CH2-O-OC-R2

D – randomization of triacylglycerols by means of ester interchange (simplified)

CH2-O-OC-R1            CH2-O-OC-R1      CH2-O-OC-R2      CH2-O-OC-R3

                                                                                         
                                   CH-O-OC-R3   +   CH-O-CO-R1   +   CH-O-OC-R2

                                                                                        
CH2-O-OC-R3             CH2-O-OC-R2      CH2-O-OC-R3      CH-O-OC-R1 

3 CH2-O-OC-R2    

(a) (b)

→

E − saponification of triacylglycerols

CH2-O-OC-R CH2-O-OC-R
                                
CH-O-OC-R       +   NaOH → CH-OH              +   ROONa
  
CH2-O-OC-R CH2-O-OC-R

Triacylglycerol 1,3-diacylglycerol

CH2-O-OC-R CH2-O-OC-R
 
CH-OH              +   NaOH    → CH-OH             +      RCOONa
 
CH2-O-OC-R CH

2
-OH

1,3-diacylglycerol  1-monoacylglycerol

CH2-O-OC-R CH2-OH
 
CH-OH              +   NaOH  → CH-OH         +      RCOONa
 
CH2-OH CH2-OH

1-monoacylglycerol Glycerol                    Sodium soap

FIGURE 34.6 Esterification reaction of fats and oils.
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production, production of metallic soaps, or for other pur-
poses. Glycerol obtained in this way is less contaminated
than in the case of saponification with sodium hydroxide.

Lipids may be hydrolyzed with immobilized lipases,
too (45). Depending on the origin of lipase, the reaction
may be stereospecific.

F. HYDROGENATION OF FATS AND OILS

At the beginning of the 20th century, there was an excess of
oils on the market, but consumers required solid fats, simi-
lar to lard or butter. Hydrogenation was a suitable solution.
The unsaturated fatty acids bound in triacylglycerols are
converted into less unsaturated or even saturated fatty acids
by the addition of hydrogen. Triacylglycerols of saturated
fatty acids are solid, unlike triacylglycerols of unsaturated
fatty acids. However, triacylglycerols containing three satu-
rated fatty acids in the molecule have too high melting
points (about 70°C). They remain solid at body temperature;
therefore, they are not attacked by lipases, and their
digestibility is only very low. They have a strong tallowy
taste, and are thus unsuitable for human nutrition. Therefore,
only one or two fatty acids in a triacylglycerol molecule
should be converted into a saturated fatty acid. Solid fats
with melting points corresponding to lard are thus obtained.

Prerefined edible vegetable oils or fish oils are used as
raw material. They are heated to 160–180°C in the atmos-
phere of hydrogen using nickel as a catalyst. Nickel is
deposited on the surface of kieselguhr or another suitable
inert substrate; mixtures of nickel with nickel oxide are
preferred. Other metals, such as palladium, rhodium,
cobalt, or mixtures of nickel with copper also have cat-
alytic qualities, but nickel is usually used. The pressure
may be between 0.15–0.5 MPa. Free fatty acids, phos-
pholipids, soap or other surface active compounds, and
sulphur derivatives act as catalytic poisons, so they should
be removed from oil before the reaction, usually by refin-
ing processes. More information is available on both the
theory and practice of hydrogenation (53). Partially
hydrogenated oils are chiefly solid; therefore, they can be
used for the production of shortenings (cooking fats).
Fluid shortenings are available on the market, mainly for
use in the baking industry (54).

During the hydrogenation reaction polyunsaturated
fatty acids are first converted into monounsaturated fatty
acids (Figure 34.7.A). The formation of saturated fatty
acids (Figure 34.7.B) is slower. The ratio of reaction rates
k1:k2 is the selectivity of hydrogenation (55), which
depends on the catalyst and the reaction conditions. The
reaction rate constant k1 defines the rate of hydrogenation
of dienoic acids into monoenoic acids, while the constant
k2 defines the rate of hydrogenation of monoenoic fatty
acids into saturated acids. Low hydrogen pressure, low
temperature, and low catalyst content determine the selec-
tivity. Because hydrogenation is an exothermic reaction,
heat is produced and the reactor has to be cooled. The

reaction is usually stopped at the stage when the melting
point reaches the required value, usually between
30–45°C, depending on the purpose of the product.

An important side reaction takes place during hydro-
genation, i.e., the isomerization of the original cis double
bond into a trans double bond. The trans monounsaturated
fatty acids have higher melting points than the correspond-
ing cis fatty acids so that the desired melting point is already
attained at a higher degree of unsaturation. The low hydro-
gen pressure, lower content of the catalyst, and higher tem-
perature favor the formation of trans fatty acids. The trans
fatty acids are now considered undersirable for human nutri-
tion (36, 56). Therefore, hydrogenation conditions have to
be adapted to obtain products with low content of trans fatty
acids or hydrogenated oils are replaced with other solid fats.
The cis,trans isomerization is accompanied by positional
isomerization of double bonds.

Hydrogenated oils are cooled after the reaction, fil-
tered to remove the catalyst, and refined to remove impu-
rities. They may be used as shortenings or cooking fats, or
added to emulsified fats, such as margarines. There is now
a tendency to replace hydrogenated oils with palm oil
fractions or other solid fats free of trans fatty acids.

Free fatty acids may be fully hydrogenated too, e.g.,
for the production of metallic and alkaline soaps or solid
free fatty acids, but higher hydrogen pressure and higher
content of catalyst are needed.

At very high hydrogen pressures of 20–50 MPa,
higher temperature, and using special catalysts containing
copper and chromium, not only double bonds, but also the
carbonyl double bond in the carboxyl or ester group are
hydrogenated, and fatty alcohols result which are useful
for the production of surfactants.

G. OXIDATION REACTIONS

Unsaturated fatty acids bound in lipids are oxidized on
storage using several mechanisms (58). Different types of
oxidation processes occur in unsaturated fats and oils
(59). The spontaneous oxidation by air triplet oxygen is
called autoxidation, and it is usually initiated by free rad-
icals or by singlet oxygen. Singlet oxygen is produced in
course of photooxidation of unsaturated lipids in the pres-
ence of photosensitizers. Several enzymes present in
oilseeds or animal tissues, such as lipoxygenases, catalyze
oxidation reactions.

The most important oxidation mechanisms are shown
in Table 34.7. Enzyme-catalyzed oxidation occurs even in
seeds or fruits and other edible parts of raw materials of
both plant and  animal origin. Lipoxygenases are the most
important representatives of this group of enzymes (60).
For this reason, even fresh edible oils contain at least
minute traces of oxidation products. The oxidation occur-
ring spontaneously in the presence of oxygen is autoxida-
tion. In both cases unsaturated hydroperoxides are the
primary reaction products. 
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The oxidation is a free radical chain raction, proceed-
ing after the following mechanism (Figure 34.8). The
methylene groups adjacent to a double bond or located
between two double bonds are the primary site of attack
(Figure 34.8.A). Free radicals produced in this way add a
molecule of oxygen with formation of free peroxy radi-
cals (Figure 34.8.B). 

These radicals can abstract hydrogen from another
molecule of an unsaturated fatty acid with formation of a
hydroperoxide and another free radical (Figure 34.8.C).
Such a reaction chain can be repeated up to several hun-
dred times before the reaction is stopped by a termination
reaction (Figure 34.8.D). The reaction is efficiently termi-
nated by interaction of free R-O* or R-OO* radicals with

A – formation of monoenoic acids from a dienoic acid

R1-CH=CH-CH2-CH=CH-R2  +  H2  →  R1-CH=CH-CH2-CH2-CH2-R2  or 

R1-CH2-CH2-CH2-CH=CH-R2

Dienoic acid Monoenoic acids 

B – formation of a saturated acid from a monoenoic acid

R1-CH=CH-R2    +  H2  →  R1-CH2-CH2-R2

Monoenoic acid Saturated acid 

C – isomerization reactions during hydrogenation 

H
 

R1-CH2-C=C-CH2-R2  +  H-H  →  R1-CH2-C-C*-CH-R2 + H*  →  R1-CH2-CH2-C=C-R2

R1-CH=CH-CH2-CH2-R2  +  H2

Positional isomers 

cis-monoenoic acid 


H

H
 

H
 

R1-C=C-CH2-R2  or  R1-CH2-C=C-R2  +  H2


H


H

H


+  H2  or  R1-CH-C*-C-CH2-R2  + H*  →

H


H


H


H


H


H


H


H


H

H
 

H
 

R1-C-C-CH2-R2  +  H2  →  R1-C-C*-C-R2  +  H*  →τ

H


H


H


H


H

FIGURE 34.7 Hydrogenation of fats and oils.

TABLE 34.7
Mechanism of Lipid Oxidation

Type of Oxidation Precursors Primary Products

Lipoxygenase catalyzed Linoleic, linolenic acids Conjugated hydroperoxides
Autoxidation Unsaturated fatty acids Hydroperoxides
Photooxidation Unsaturated fatty acids Hydroperoxides
In vivo oxidation Essential fatty acids Eicosanoids
Hydrogen peroxide oxidation Unsaturated fatty acids Hydroxy acids
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antioxidants (61), which are discussed in detail elsewhere
in this book. Rearrangement of the double bond and the
pentadienoic double bond systems (Figure 34.8.E)
accompanies the formation of free radicals. Products with
a conjugated double bond system are produced, which
contain trans double bonds, at least partially. The reaction
mixture consists of two to four isomers, the proportions of
which depend on reaction conditions. In the case of
enzyme-catalyzed reactions, selective oxidation takes
place so that certain isomers prevail. 

The autoxidation rate increases with increasing temper-
ature. At room temperature linoleic and linolenic acids are
oxidized at a much faster rate than monoenoic fatty acids,
but at high temperatures, monoenoic fatty acids and even
saturated fatty acids can be oxidized, especially in the pres-
ence of metallic catalysts. The relative reaction rates depend

on the reactive system, e.g., the stability of fatty acids in
bulk oils decreases with increasing degree of unsaturation.
In contrast, the oxidation stability increases with the increas-
ing degree of unsaturation in water micelles (62).

The lipid hydroperoxides can be oxidized into diperox-
ides of different structures, usually peroxohydroperoxides.
Hydroperoxides are very unstable, particularly at higher
temperatures, being dissociated after two mechanisms
(Figure 34.9.A,B). The cleavage into alkoxy free radicals is
more probable. The degradation is accelerated in the pres-
ence of heavy metal compounds with transient valency,
such as copper or iron ions (Figure 34.9.C,D). During the
reaction the metal ion is reduced into its lower valency state
and oxidized again into its higher valency state (61). As the
decomposition is again a chain reaction, one metal ion
can catalyze the decomposition of many hydroperoxide 

A – formation of lipid free radicals (initiation reaction)

R-H → R* H*

Lipid Lipid free radical

B – formation of a peroxy radical

R* + O2 → R-OO*

C – formation of a hydroperoxide (propagation step)

R-OO* + R-H → R-OOH + R*

D – termination reactions

R-O* or R-OO* or R* → Non-radical stable compounds

E – rearrangement of a pentadienoic system during the propagation step

R1-CH=CH-CH2-CH=CH-R2  →  R1-CH=CH-C*H-CH=CH-R2 Free radical
                    ↓
   R1-C*H-CH=CH-CH=CH-R2 or R1-CH=CH-CH=CH-C*H-R2

  
  Conjugated dienoic free radicals
     
   ↓ + O2
 
                                             R1-CH-CH=CH-CH=CH-R2 or R1-CH=CH-CH=CH-CH-R2    
                                                                                                                                         
                                                  OO*                                                                     OO* 
                                                                 Free peroxy radicals
      
                                                                                  ↓ +  R-H
 
                                             R1-CH-CH=CH-CH=CH-R2 or R1-CH=CH-CH=CH-CH-R2

                                                           
                                                        OOH  OOH
 
                                                   Isomeric conjugated lipid hydroperoxides

FIGURE 34.8 Mechanism of lipid autoxidation.
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molecules. Each reaction produces two free radicals, initi-
ating further oxidation chain reaction. Therefore, heavy
metals are very efficient oxidation catalysts.

Free radicals are eliminated by reaction of two free
radicals, e.g., with formation of a dimer (Figure 34.9.E),
or by reaction with antioxidants, as explained in another
Chapter. The dimeric compounds are transformed in free
antioxidant radicals of very low reactivity. However, large
excess of free radicals becomes harmful in biological sys-
tems (63).

Polymers produced during the autoxidation are mainly
dimers, where the fatty acid chains are bound by C-C,
C-O-C, or C-O-O-C bonds, their ratios depending on the
access of oxygen during oxidation. Multiple bonds may be
formed in case of polyenoic fatty acids so that lipids oxi-
dized to an advanced degree always contain cyclic com-
pounds. In addition to cyclic oligomers, cyclic monomers
are also produced by oxidation (64). The amount of poly-
mers may be high, up to 10%, in frying oils used for a
repeated deep frying.

Another reaction of unsaturated lipid hydroperoxides is
their decomposition by rearrangement and chain cleavage
with formation of both volatile and non-volatile compounds,
such as shown in Figure 34.10.A. Aldehydes, alcohols, hyd-
rocarbons, and ketones are produced in this way. They are
very sensory active, especially the unsaturated derivatives,
and impart to fats and oils a characteristic off-flavor called
a rancid flavor. Hexanal, 2-hexenal, 2-octenal, or 2,4-deca-
dienal (Figure 34.10.C) are typical rancidity products.

Another type of oxidation proceeds on light in the
presence of photosensitizers, such as chlorophylls or
pheophytins. They convert the ordinary triplet oxygen
present in air into singlet oxygen, which is several hun-
dred times more reactive than triplet oxygen. It is added to
double bonds with the formation of hydroperoxides.
Edible oils and foods nearly always contain minute traces
of chlorophyll pigments; therefore, the exposure of oils to
light should be avoided. The concentration of chloro-
phylls is particularly high in virgin olive oil which is
rather sensitive to singlet oxygen oxidation.

R-O*   +   *OH A − formation of an alkoxy and a
      hydroxy radicalh

R-OOH

R-OO*  +   *H B − formation of a peroxy radical 

R O

HO

H O

RO2  R-OOH C − dimerization and decomposition of
       lipid hydroperoxides  

R-O*  + H2O  + *OO-R  

R-OOH + Cu+ R-O* + Cu2+ +  HO− D − catalytical effect of metal ions

R-OOH + Cu2+  R-OO* + Cu+ + H+

E − decomposition of conjugated dienoic hydroperoxides 

R1-CH2-CH-CH=CH-CH=CH-CH2-R2

O*               Alkoxy radical 

R1-CH2-CH=O + HO-CH=CH-CH=CH-CH2-R2 R1-CH3 + O=C-CH=CH-CH=CH-CH2-R2

Aldehyde Hydrocarbon Alkadienal

 O=CH-CH2-CH=CH-CH2-R2

Aldehyde 



FIGURE 34.9 Decomposition of lipid hydroperoxides into nonvolatile compounds.
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Oxidation reactions proceed rapidly at high tempera-
tures, such as during deep fat frying (65, 66) or microwave
heating (67).

Oxidation is desirable for some industrial purposes. Dry
films are formed from thin layers of oil applied on a metal-
lic or wooden surface. Such oils are called drying oils, e.g.,
linseed or tung oil belong to this group. In the formation of
coatings containing linseed oil, and in artistic painting,
metal salts are often added to hasten the drying reaction.

H. CHEMICAL CHANGES IN THE PRODUCTION OF

OLEOCHEMICALS FROM FATS AND OILS

Lipids are important sources of oleochemicals. Alkaline
soaps have been already mentioned. Salts of other metallic
cations, such as calcium salts, are also produced for various
purposes, and are called metallic soaps. They are usually
produced from solutions of alkaline or ammonium salts of
fatty acids by precipitation with metallic anions. Metallic

soaps are used for many purposes. Aluminium or zinc
stearates are used as lubricants, as paint thickeners, or in the
cosmetic and pharmaceutical industries. Salts of heavy
metals (such as manganese or cobalt) are used in paint dry-
ers and as additives in plastic materials.

Fatty acids are used as raw materials in other prod-
ucts, mainly surfactants, such as copolymerates with eth-
ylene oxide (Figure 34.11.A) or propylene oxide.

Very important intermediary products are fatty alco-
hols, produced by high pressure hydrogenation of fats or
fatty acids (explained in Section 34.V.E). They may also
form copolymers with ethylene or propylene oxides
(Figure 34.11.B) or they are sulphated with sulphuric tri-
oxide into sulphates. Alkaline salts of alkyl sulphates are
used as detergents.

Fatty acids of fats can be converted into amides by
reaction with amoniac (Figure 34.11.C). Amides are
dehydrated into nitriles (Figure 34.11.D), which are
hydrogenated into alkyl amines (Figure 34.11.E). Salts of

R1-CH=CH-CH-R2 R1-CH=CH-CH-R2

O* 

Lipid hydroperoxide Free alkoxy radical 

R1-CH=C*H    +    O=CH-R2 R1-CH=CH-CH=O    +    *R2

Aldehyde  Alkenal  
O2 O2

R1-CH=CH2

Alkene 
R2

R2-H R2-O-O*

Hydrocarbon 
R1-CH=CH-O-O*

R1-CH=CH-O*

R1-CH=CH-OH

R1-CH2-CH=O

R1-CH=CH-O-OH

R-H

R-H
R*

R* R2-O-OH

Hydroperoxide

      Hydroperoxide 

HO*

R-H R-H 

R* R*

Alcohol 

   Aldehyde 

O-OH HO*

R-H

HO*

R2-O*

R2-OH

 

FIGURE 34.10 Cleavage of monoenoic lipid hydroperoxides into volatile compounds.



alkyl amines (usually alkylated) are technically important
surface active agents — inversion salts. Quarternary
ammonium salts are particularly useful.

Many other oleochemicals can be manufactured from
fats and oils, but they are a topic for special monographs.

VI. PHYSICAL CHANGES OF FATS AND OILS

A. EMULSIFICATION

Fats and oils are insoluble in water, but may form emul-
sions. Two types of emulsions occur in foods: oil-in-water
emulsions (O/W), where water is the continuous phase
and oil is the dispersed phase, and water-in-oil emulsions
(W/O), where water is the dispersed phase and oil is the
continuous phase. Mayonnaise and cream belong to the
O/W type, while butter and margarine belong to the W/O
type. Mixed emulsions also exist (31), e.g., in margarines
or cosmetic emulsions, where drops of the dispersed
aqueous phase may contain dispersed tiny oily droplets.

Emulsions are unstable unless they are protected 
by emulsifiers. Emulsifiers are semipolar compounds,
consisting of a polar group and a non-polar hydrocarbon
chain. On the water and oil interface they are oriented
towards the water phase with their polar groups and
towards the oil phase with their hydrocarbon chains

(Figure 34.12). The phases are thus protected against coa-
lescence. Even stabilized emulsions are not equilibriated
systems, and still have a tendency to partial coalescence,
especially if the size of droplets of the dispersed phase is
large (68).

The choice of suitable emulsifers is limited; they
should be natural food components and harmless to
human health. Phospholipids are natural emulsifiers as
they act as emulsifiers in blood plasma and other tissues
in the organism, and in cream or butter. However, the
amount of phospholipids — mostly soybean lecithin —
available on the market is not sufficient for the industrial
production of food emulsions. Another choice are monoa-
cylglycerols. They are natural metabolites of fats and oils
easily produced by glycerolysis of fats and oils in the
industry, and the reaction mixture may be used either
directly or after fractionation into monoacylglycerols and
diacylglycerols. Most margarines and bread spreads con-
tain monoacylglycerols as emulsifiers. The amount of the
emulsifier depends on the composition of the water and
oil phases, on their ratio, and on the size of dispersed par-
ticles. The chemical structures of emulsifiers are similar,
consisting of a polar functional group and a long nonpo-
lar chain. The ratio of the polar and the nonpolar moieties
indicates the emulsifying capacity, and is defined as the
hydrophilic-lipophilic balance (HLB). A higher HLB
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A − copolymerization of fatty acids with ethylene oxide

R-CH2-COOH   +  n CH2  CH2    →    R-CH2-C-O-(CH2-CH2-O)n-H
          
        O         O

Fatty acid               Ethylene oxide

B − copolymerization of fatty alcohols with ethylene oxide

R-CH2-OH   +   n CH2  CH2          → R-CH2-O-(CH2-CH2-O)n-H

   O 

Alkanol               Ethylene oxide

C − formation of amide from fatty acids and amoniac
         O
R-COOH   +   NH3    →    R  C                + H2O
         NH2

D − dehydration of fatty amides into nitriles
               O
R  C               →   R-C ≡ N + H2O
               NH2

E − hydrogenation of fatty acid nitriles into amines

R-C ≡ N   +   2  H2 → R-CH2-NH2

FIGURE 34.11 Formation of surfactants from fats, oils and fatty acids.
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value of an emulsifier enhances the formation of O/W
emulsions. In low-fat emulsified products the emulsion
stability may be enhanced by additions of ingredients
increasing the viscosity of the aqueous phase, such as
modified starches or carbohydrate gums. Other emulsi-
fiers are manufactured for nonedible uses. More informa-
tion may be obtained from specialized literature (69–71).

B. FRACTIONATION OF FATS AND OILS

Physical properties, mostly the texture (formerly consis-
tency), and the nutrition value, are changed by fractiona-
tion into a higher melting and a low melting (or even
liquid) fraction. Either dry process or fractionation in the
presence of emulsifiers may be used. The proper proce-
dure of crystallization and the crystalline modifications
obtained are of great importance (72). The process is used
for the preparation of stearin and olein, fractionation of
milk fat (73) or palm oil, e.g., for cocoa butter replace-
ments (74). Palm stearin and palm olein are important
ingredients for the production of margarines (75).

VII. CONCLUSIONS AND FUTURE TRENDS

New raw materials for edible and speciality fats and oils are
constantly being sought, and other new oils are developed
by conventional breeding or genetic manipulation from tra-
ditional oilseeds. They have fatty acid composition and

properties tailored for specific uses. Another trend is to
modify the fatty acid and triacylglycerol composition of
conventional fats and oils or phospholipids by treatment
with lipases or phospholipases or by ester interchange.
Minor components may be removed from natural fats and
oils by modern technologies, such as membrane filtration.
New culinary equipment such as microwave heating affects
fats and oils in ways not completely understood, and should
be studied. The stability of fats and oils against oxidation is
still a problem, and new methods of stabilization, especially
new natural antioxidants, are being studied. Fats and oils
may be stabilized against oxidation, too, by preventing the
air access.

VIII. SUGGESTIONS FOR FURTHER
STUDY OF FATS AND OILS

More systematic information on fats and oils may be
obtained in general compendia on fats and oils (76–79), or
in specialized monographs, such as on soybean process-
ing (39), applications to functional foods (80), and lipid
chemistry (81). Tables provide useful information about
lipid analysis (82, 83). Data on fatty acid composition of
natural lipids have been reviewed recently (21, 82, 84).
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I. INTRODUCTION

The science of fish as food usually concentrates on
the deterioration that occurs after death. Even when
packed in ice, the dead fish are still attacked by spoilage
bacteria. If they are frozen immediately after catching and
cold-stored, the texture of the thawed, cooked product
gradually toughens with storage time, while the flavour
will become rancid unless special precautions are taken.

While investigating cold-storage phenomena,
the writer became aware that natural variations in the
raw material could sometimes be more significant
than the changes resulting from refrigeration, which
had been the focal point of the study. This finding
indicated a prior need for an investigation of ‘variation,’
the role of season and fishing ground, and ultimately
their effects on the suitability of a batch of fish as a
foodstuff.



Anecdotal evidence existed long before any systematic
work had been undertaken in this field. For example, fish-
ermen from the Moray Firth (north of Aberdeen, Scotland)
used to risk damaging their nets by fishing as close as pos-
sible to stony ground, since experience had taught them that
fish caught there were firm-fleshed. Those caught on a soft
ground ‘had a soft texture,’ which precluded their being
transported to Aberdeen because they decayed so rapidly.
Similar conclusions were derived from the nature of the
diet of the fish at the time. Cod (Gadus morhua L.) which
were consuming soft and fatty sand-eels (Ammodytes spp.),
‘became soft themselves,’ while those with shellfish in their
stomachs (‘hard-feeding’) were firmer.

These observations, based on a lifetime’s experience at
sea, were of course reliable; the interpretations were not. In
fact, the basis for the observations was almost certainly the
nutritional status of the fish. Most species starve during the
winter, and those that spawn in late winter, developing
gonads while starving, drain their resources further. Since
they deplete their own body proteins, the flesh becomes
soft. When feeding resumes, the fish cram themselves with
whatever food has become available –– in the case of cod,
fatty sand-eels. However, at this point they have not yet
recovered, and when the fishermen examine them, they are
still soft. Additionally, digestive enzymes are found in abun-
dance in stomachs full of food. If the fish are not sufficiently
washed after gutting, some autodigestion could also take
place, leading to further softening. Later in the summer, the
fish become more choosey and prefer shrimps — and their
flesh by now is firmer. 

Nearly 50 years ago, a scientific report (1) hinted that
the fishing grounds themselves might influence the quality
of the fish. It was stated that cod caught in the Faroes kept
better in melting ice than did those from other grounds. This
is now known to be a pH effect, governed by the carbohy-
drate reserves of the fish, and will be fully described later. 

In the following account, we shall describe some indi-
vidual features of the fish and how or why they change
with the seasons and the locality. Shulman (2) described
them collectively as the ‘syndrome’ of the fish: it is the
integrated features which govern the overall acceptability
of the fish as food. The fish type used for study has mostly
been the Atlantic cod along with lesser consideration of
other gadoids, fatty fish, and salmonids. Observations
made with one species do not necessarily apply to others.

II. FEATURES OF THE FISH

A. SKIN COLOUR

The skin colour of many species of fish reflects that of
the sea-bottom. Thus, cod from the north of Iceland,
where the bottom is mostly of black volcanic ash, are
the darkest of all that we have encountered. Cod from
the fjords along the coast of Norway live amongst weeds

and are often of a rich gold colour. Those from the Faroe
Bank (60–53 N 08–20 W), which is composed of gleam-
ing white shells, are extremely pale, as are all other
species from that ground. 

The fish change their colour according to stimuli
received from their eyes, so if there is a black fish in a
shoal of normally-coloured fish, that fish is blind. An
experienced buyer on the fish-market can often pin-point
where any batch was caught, so is able to choose those
which he most favours. 

There are so many variables involved in animal biol-
ogy that apparently simple relationships do not necessar-
ily apply at all times. In the present instance, the
adaptability of fish skin colour to background colour is
limited. When some pale-coloured cod from the Faroe
Bank were brought back alive to Aberdeen (3) and placed
in an aquarium together with darker-coloured cod from
the Aberdeen Bank (57–05 N 01–15 W), the skins of the
two groups of fish tended to change towards the interme-
diate colour of their new surroundings, but not completely.
After as much as 16 weeks in the same environment, the
two groups of fish could still easily be distinguished by
colour, though not as strikingly as at first. This could indi-
cate either a genetic difference between the two stocks, or
different, limited ranges of colours being assigned to the
two groups early in life as, for example, are the numbers
of vertebrae in herrings (Clupea harengus L.), which
become established in the young fry of a specific age
according to the environmental temperature (4).

B. FLESH COLOUR

1. Non-Fatty Fish

Figure 35.1 shows the appearance of a cod with the skin
removed. The lateral dark area represents ‘red muscle,’ the
remainder ‘white muscle.’ The former is more fatty and
more vascular than the latter and is rich in myoglobin and
mitochondria, characteristics typical of very active mus-
cle. Its metabolism is aerobic, and its purpose is to enable
the fish to cruise for long periods without resting. The
white muscle operates anaerobically and is used for a
sudden dash in pursuit or escape; its poor vascularity and
lack of haem pigments result in the need for a recovery
period between bursts of activity to restore the energy
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FIGURE 35.1 A cod with skin removed, showing the lateral
red muscle. (Drawn by Eva Parsons. Crown copyright.)



compounds. The actual proportion of red muscle between
different species of fish reflects their customary physical
activity; flat fish which spend much of their time at rest
have hardly any of it. 

The most active species of the gadoid family is the
saithe (Pollachius virens L.), so its musculature contains a
greater proportion of red muscle than that of cod or whit-
ing (Merlangius merlangus L). It can make the fillet look
rather dirty, for which reason it fetches a lower price on
the market. This can have important commercial conse-
quences, as the following account shows. 

A certain company bought the total catch of cod from
a trawler, without prior inspection. When filleted, the
flesh was found to be unacceptably dark for processing
into the frozen cod fingers for which they had been pur-
chased. It was realised that there would be complaints and
possible litigation so, rather than scrap the whole batch,
they made it into fish-cakes, a lower-priced product. The
exact source of the fish was unknown, so an extensive sur-
vey of cod from different grounds was undertaken at Torry
Research Station (5).

The actual proportion of red muscle was found to dif-
fer little between cod caught on different grounds, but the
intensity of the red colour was greater in the fish from two
localities at Svalbard, the most northerly grounds investi-
gated. The Svalbard cod are unique in swimming great
distances each year, from the Lofoten Islands off Norway,
where they spawn in February, to Svalbard, where they
arrive in summer to feed. Another feature which makes
the Svalbard cod unique (Figure 35.2) is the distribution

of red muscle colour between the individual fish of each
sample. In the fish from grounds other than Svalbard, the
distribution was Gaussian –– a symmetrical shape, with
values greater and less than the median tapering off in
each direction. No such shape was seen in the samples
from the two Svalbard grounds, where values ranged hap-
hazardly from pale to intense. Examination of the same
race during the spawning season off Lofoten again
revealed deep chocolate-brown lateral muscle. 

The most reasonable interpretation of Figure 35.2 is
that, while the red muscle in cod from Svalbard was on
average darker than that from other grounds, the fish with
the most intense colour had just arrived from their long
journey, while the pale ones had reached Svalbard some
time previously and were now less active. Subsequent
experiments with cod caught near Aberdeen showed that
after 28 days of activity, swimming round a circular tank
(5), their red muscle had become significantly darker than
that in fish from the same batch, which had been rested for
the same period; during this resting time, the colour had
faded appreciably. Thus, the intensity of colour in red
muscle adapts to activity level, rather than being a fixed
characteristic of a species. 

In a seasonal survey of cod from Aberdeen Bank, the
red muscle colour showed a smooth variation during the
year (Figure 35.3), the minimum value in April being just
63% of the maximum in August. Since changes in pig-
mentation follow physical activity, a ‘swimming activity
curve’ would probably lie somewhat to the left. Be that as
it may, the more deeply pigmented cod must have been
more energetic than usual, presumably because of
increased feeding activity. 

2. Fatty Fish

All species of fish carry triacyl glycerols as reserves of
energy, but non-fatty fish, such as cod, carry virtually all
of it in the liver, and fatty fish, such as herring (Clupea
spp.) and salmonids, distribute it throughout the flesh.
Since fatty species are active swimmers, their musculature
is usually dark-coloured, but this fact does not actually
worry the consumer. The point is that, because of its con-
tent of flavourous substances, the red-coloured muscle is
more tasty than the white muscle anyway. In a trial at sea
with two senior Japanese fishery scientists (6), European
species of non-fatty fish were tasted, immediately after
catching, as O-Sashimi, i.e., raw, with Wasabi sauce. The
somewhat despised saithe was here considered the most
desirable, better even than prime fish such as lemon sole
(Microstomus kitt Walbaum).

The lipid content of the muscle of fatty fish is the major
factor influencing quality. Since it decreases markedly at
and following spawning, there is therefore a seasonal vari-
ation in the acceptability of these fish. When the proportion
of lipid is low, the cut surface of the fillet is matt instead of
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FIGURE 35.2 Distribution of intensity of red muscle colour in
batches of 50 cod caught (a) on the Faroe Bank and (b) off West
Svalbard. Faroe Bank fish are a stationary stock, Svalbard fish are
migratory. The values on the abscissa are optical densities at 512
nm of a 4 cm light path of acid-acetone extracts. (Reference 5.)



glossy, it does not smoke satisfactorily, and the texture is
‘dry’ or fibrous in the mouth. The colour is not affected.

3. Salmonids

The pink colour of salmon and trout flesh reveals the pres-
ence of carotenoids, mostly astaxanthin and canthaxanthin.
As far as the consumer is concerned, the colour is a desir-
able feature, but why is it present in these species and not
in others? For a long time, carotenoids were considered to
be a ‘playful diversion of Nature’ (7) of no real use to the
fish except as precursors of vitamin A, but in salmonids
they are closely tied to the reproductive cycle. The fish
obtain them from their food, some being deposited
unchanged while others are converted into other
carotenoids before being laid down in the tissues (8).
During the feeding season, they accumulate in the liver,
flesh, skin, and fins, but accumulation in the flesh is negli-
gible until maturation has definitely started (P.N. Lewtas,
personal communication, 1977). As the gonads grow
larger, their demand for carotenoids exceeds the dietary
intake, and pigment is then increasingly transferred to
them from the flesh. The process is induced by 17-methyl
testosterone (9) and halted if the fish are castrated (10).

There is therefore a seasonal variation in the amount
of pigment in salmonid flesh, which drains almost to zero
around the spawning time. Figure 35.4 shows the changes
in farmed rainbow trout (Salmo gairdnerii Richardson),
which occur despite the fact that because the fish were
farmed, they were receiving a continuous supply of 

canthaxanthin. Studies on chum salmon (Oncorhynchus
keta Walbaum) during their spawning migration (11)
showed that the carotenoid concentration in the blood
serum (‘in transit’) rises steeply in the pre-spawning and
near-spawning phases, but drops sharply when spawning
actually starts.

A number of functions has been suggested for
carotenoids in salmonids: as hormones and as assistants
for fertility and embryonic development among other
ideas. However, trout embryos with the orange oil droplet
removed can develop normally (summarised 7). M. Hata

35-4 Handbook of Food Science, Technology, and Engineering, Volume 1

0.5

0.4

0.3

0.2

Jun Jul Aug Sep Oct Nov Dec

1972

Jan Feb Mar Apr May Jun

1973

FIGURE 35.3 Changes in the concentrations of total haem pigments in the red muscle of cod over a 12-month period. Units as for
abscissa in Figure 35.2. (Reference 5.)

3

4

5

6

7

N D J F M A M J J A S O
1983 1984

S
ub

je
ct

iv
e 

co
lo

ur
 s

co
re

FIGURE 35.4 Seasonal variation in the flesh colour of rainbow
trout from one farm, assessed by a panel on a subjective scale.
(After Mochizuki and Love, unpublished. Crown copyright.)



(personal communication, 1977) successfully reared rain-
bow trout embryos which were free from carotenoids. The
main function of carotenoids may well be to protect the
eggs from the harmful effects of sunlight, since salmonids
lay them in shallow water. 

C. CHANGES IN THE MAIN CONSTITUENTS

1. Lipids

All mature fish undergo a regular cycle of depletion and
restitution. This is the background to most of the phe-
nomena, important in food science, described in the pres-
ent account. It is based on the fact that ripe gonad tissue
in most fish, particularly the females, occupies a relatively
large part of the body cavity, and represents a huge syn-
thesis of new protein and transfer of lipid. In most cases,
the amount of food that the fish eats is quite inadequate to
supply all this material plus the energy required for swim-
ming, so the fish must perforce break down much of its
own musculature (‘endogenous feeding’ - 12). As triacyl
glycerols in the muscle of fatty fish are used up for gonad
synthesis, the relative proportion of water in the tissue
rises. This inverse relationship was called the ‘fat-water
line’ by Brandes and Dietrich (13), who found that the
percentage of muscle lipids in fatty fish could be assessed
more conveniently just by measuring the water content.

In cod and similar low-fat fish, triacyl glycerols are
virtually absent from the white muscle. The total lipid con-
tent is only between 0.5% and 0.6%, made up of ‘struc-
tural’ components, phospholipids and cholesterol and
derivatives (14), the latter being about 10% of the total
lipid. These membrane lipids are not available for mobili-
sation unless the muscle itself is broken down. Stored tria-
cyl glycerols are removed from the liver instead.

There is some evidence that maturation, as distinct
from simple starvation, mobilises polyunsaturated fatty
acids selectively from the reserves for transfer to the
gonads. An early report (15) stated that the lipids remain-
ing in the bodies of herrings at maturity were less unsatu-
rated than those from fish in the early stages of
maturation. Studies on capelin (Mallotus villosus Müller)
also showed (16) that polyunsaturated fatty acids tended
to be mobilised from the body lipids and the more satu-
rated fatty acids tended to be left behind. Neither study
compared the changes in maturing fish with those which
were not maturing under the same conditions. However,
more fatty acid C22:6 (docosahexaenoic acid) has been
found to be removed from the livers of starving cod which
were actively maturing than from similar fish which had
been castrated (17). This fatty acid is the most important
one in the gonads of both sexes. 

Some activities, such as maturation and migration
which deplete the lipid levels in the fish, actually require a
certain level of lipid reserves before they can take place.
Thus, when young Atlantic salmon are starved on alternate

weeks in the springtime, reducing their lipid stores, matu-
ration is suppressed (18). Knowledge of this phenomenon
can help the economics of fish farms, since the expensive
fodder is directed towards profitable body growth, rather
than to gonads which represent waste.

Anchovy (Engraulis encrasicholus L) overwinter by
migrating from the Sea of Azov in September to warmer
water, but must first accumulate a critical level of lipid.
This ‘triggers’ migration at a particular range of water
temperatures. Those which fail to exceed 14% lipid dur-
ing their summer feeding do not migrate at all and die
when this shallow sea freezes (19, 20). 

2. Proteins

a. Muscle Tissue
In the muscle of non-fatty fish there is a significant ‘pro-
tein-water line’ (21), but in this case the water content is not
just relative: extra water has entered the tissue. Figure 35.5
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(a)

(b)

FIGURE 35.5 Cross sections of the white muscle of starving
cod. (a) Moderate starvation, water content 83.3%. Some diminu-
tion of the solid contractile tissue can be seen, and the collagen
sheath of each cell is separated from it by a layer of fluid. (b) Very
severe starvation, water content 95.3%. The original outlines of
the cells are still delineated by the thin lines of connective tissue
but most of the contractile tissue has disappeared. Magnification:
120 times. (After Lavéty, unpublished. Crown copyright.)



shows a cross section of the muscle of a much-depleted
cod, compared with a less-depleted counterpart. It will be
seen that, while much of the contractile muscle tissue has
been removed, the cells still retain roughly the same shape
as before, the vacant space now being occupied by fluid.

This observation shows the main weakness of the clas-
sical ‘condition factor,’ used extensively at one time to
assess the nutritional status of fish. The weights of fish of
the same length were compared, using the formula (W/L3),
where W is the weight of the fish and L the length. Figure
35.5 shows that measuring the loss in weight during star-
vation or maturation under-estimates the actual loss of pro-
tein. In the case of extreme emaciation, cod do actually
appear thinner (22) as seen in Figure 35.6, but the loss of
protein in the earlier stages is not revealed. The concurrent
loss of lipids from the liver can be seen in its diminishing
size and its change of colour from creamy-yellow to red. 

More than 40 years ago, a simple survey of the propor-
tion of water in the white muscle of cod during the year (23)
provided more information than expected (Figure 35.7). The
water content of sexually immature cod was seen to increase
in the spawning season, though to a lesser extent than in
mature fish. This shows that the shortage of food in winter
depletes every fish, not just those which synthesise gonads.
In addition, fish which have spawned several times are more
depleted than first-time spawners. In the author’s laboratory
(unpublished), it was later shown that the water content of
the white muscle of cod held without food in an aquarium
could increase to 86% in young fish before death ensued.
That of large cod, however, could rise to as much as 96%, so
it is clear that larger fish adapt to the greater drain on their
resources. As fish grow, the proportion of gonads produced
as a percentage of the body weight increases steadily. For
example, the burden of spawning in hake (Merluccius mer-
luccius L.) doubles for every 10 cm increase of body length
(24). Eventually, the fish become so depleted that they can-
not recover from spawning and die (25). 

The relevance of these observations to food science is
that while many species of fish go through a season of

wateriness, which makes them unsuitable as food, small
fish are less likely to be affected.

b. Connective tissue
The glistening sheets of material which bind individual
muscle cells together and join blocks of muscle to the ver-
tebral column are constructed of collagen, a protein rich in
proline and hydroxyproline. It appears not to be mobilised
to supply energy during starvation but, as described later,
its physical properties change with the season.

3. Carbohydrates 

a. Their role and origins
Carbohydrates are stored in the liver as glycogen, a ‘poly-
glucose,’ which is released into the blood as free glucose
and transported to the muscle as required. On arrival, it is
either used immediately to supply energy, or resynthesised
into muscle glycogen for temporary storage. Although car-
bohydrates make up only a small percentage of the weight
of the fish at any time, they are probably the most impor-
tant of all constituents in the context of food science, since
they are responsible for changes in the texture of the
cooked product and in the way the fillets hold together.
Their behaviour will therefore be described in some detail. 

Carnivorous species of fish can acquire appreciable
quantities of glycogen from the livers of their prey.
Vegetarian fish on the other hand receive little or none of
it in this manner, and indeed all species continually syn-
thesise most or all of what they need from protein and
lipid precursors (‘gluconeogenesis’). They do, however,
maintain certain levels of it which vary according to the
general nutritional status of the fish, the glycogens of liver
and muscle varying in tandem with each other (26).
Figures 35.8 and 35.9 illustrate these relationships. There
have been particular problems in studying the glycogen of
white muscle. While there is enough of it in the liver to be
measured by standard methods, this is not possible in
white muscle because of the low levels present and their
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FIGURE 35.6 Severely starved cod (upper), showing overall change in shape compared with a fed specimen (lower). (Reference 21.)



ephemeral nature. Glycogen fuels all muscular activity, so
it is rapidly consumed by the thrashing about which
accompanies capture, and indeed its concentration in the
muscle can be reduced by half after only 15 seconds of
struggling (reviewed p 423 of Reference 8). Attempts to
measure it in the muscle of newly-captured or frozen fish
are therefore pointless.

The best that can be done in the way of direct assess-
ment of glycogen in muscle is to stun rested fish by a blow
on the head before they have had time to struggle. Small

samples of muscle are then rapidly excised and dropped
into liquid air for subsequent analysis. As it is not possi-
ble even with these precautions to avoid all struggling, the
levels as measured vary more than those from the liver. 

b. The pH of muscle after death
i. Its derivation and measurement
As soon as a fish dies, oxygen no longer circulates to the
muscle and glycogen breakdown stops at the lactic acid
stage, through the Embden-Meyerhof-Parnas pathway.
Some of it takes another path and is broken down into glu-
cose by the action of an amylase present in the muscle
(reviewed 27), so any variation in the proportion of the
lactic acid and amylolytic pathways would affect the
‘final’ pH of the muscle (the pH after carbohydrate degra-
dation is complete, usually measured 24 h after death),
since lactic acid lowers it and glucose does not. It has
been shown that the initial glycogen concentration
strongly influences the 24 h post-mortem pH value of the
white muscle of cod, whether fully fed, starved, or starved
and refed. Possible effects of variations in the pathway
therefore seem unimportant (28).

One question remains. Does the amount of struggling
undergone by the fish at death influence the final pH?
While the lactic acid formed during exercise is rapidly
released into the blood system from the muscle of mam-
mals (29), very little is released from fish muscle (30). The
stress which accompanies some modes of exercise seems
to cause the fish muscle to retain its lactic acid, probably
under the influence of the catecholamine hormones (31).
The lactic acid generated by violent exercise will therefore
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supplement that generated spontaneously after death, so
that the 24 h post-mortem pH values should be the same,
however long the fish struggled before death. Experiments
have confirmed this, the final pH of the muscle of cod
removed quickly from a tank and stunned being similar to
that of those previously exercised stressfully (32).

The measurement of pH after the completion of gly-
colysis therefore constitutes a simple method of assessing
the carbohydrate level of the flesh (28) and, by the rela-
tionship shown in Figure 35.9, that of the liver also.

Struggling can, arguably, confer a certain benefit.
Rigor mortis sets in as soon as the residual glycogen falls
below a critical level after death. Since struggling greatly
reduces the level of glycogen in the muscle, the fish enters
rigor more quickly, and the condition lasts for a shorter
time, than in a fish which dies without stress (33). This
benefits farmed salmon, which should not be handled or
filleted in rigor because it causes gaping; when they have
become flaccid again after rigor (the ‘resolution of rigor’)
they are suitable for filleting. It may take several incon-
venient days before this state is reached, so some strug-
gling before death can save money. There seem to be no
advantages to processing or handling salmon by prolong-
ing the times before or in rigor after harvesting, except
where the salmon are to be sold intact to a customer,
where the state of rigor mortis indicates freshness (34).

ii. Seasonal variation 
It is reasonable to expect that the final pH of fish muscle
should be high during the winter, because food is scarce
and little carbohydrate is present in the muscle to form
lactic acid after death. The fish feed continuously during
the summer, so the final pH should then be consistently
low. However, experimental findings do not bear this out.
Figure 35.10 shows that, over a wide range of fishing

grounds, the pH of cod muscle after death is high during
most of the year, but that around June most of the fish
exhibit low values for a short period, after which high val-
ues are restored. The approximate date when low values
occur varies somewhat from year to year, but the principle
is the same (35). The phenomenon appears not to occur in
haddock (Melanogrammus aeglefinus L.) (31), but a
short-term minimum pH value has been observed in June
in farmed Atlantic salmon (36).

iii. Experimental starvation and refeeding 
Studies of the three main constituents of cod tissues during
starvation (37) have shown that they are mobilised for
energy purposes in a definite order (Figure 35.11). The
integrity of white muscle is more important to the survival
of the fish than are the lipid reserves of the liver, so its pro-
teins are not mobilised to supply energy until most of the
liver lipids have disappeared. There is therefore a hiatus of
several weeks, longer at lower temperatures and vice versa,
before any change is seen in the protein content of the white
muscle during starvation. Red muscle is generally more
important to the fish than is white muscle, since it enables
the fish to ‘cruise’ without fatigue. It therefore retains its
glycogen for several weeks after the beginning of starva-
tion, while depletion begins immediately in white muscle.

It is again reasonable to expect that, with the decline of
available carbohydrate in starving cod, the activities of the
enzymes that convert protein and lipid to glycogen (gluco-
neogenesis) would become more active, to redress the situ-
ation. However, it has been shown (38) that in fact the
enzymes involved, phosphoenol pyruvate carboxykinase
and alanine aminotransferase in the liver, and the fructose
diphosphatase in liver, red muscle and white muscle,
become steadily less active during starvation, though there
can be a transient increase in activity during the early stages. 

35-8 Handbook of Food Science, Technology, and Engineering, Volume 1

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
1974 1975

10

20

30

40

50

60

70

80

90

100

pH
 ≥

 6
.6

 (
%

)
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The starving cod adapt to decreasing glycogen
resources by reducing their swimming activity, spending
long hours motionless on the bottom of the aquarium. In
contrast, starving rainbow trout (Salmo gairdnerii
Richardson) do increase the activity of their gluconeoge-
netic enzymes, so that reasonable levels of glucose in the
blood and muscle are maintained. The trout is a more phys-
ically active fish and continues to swim during starvation. 

On refeeding, the sequence of change illustrated in
Figure 35.11 is reversed. The muscle proteins are restored
first, red muscle before white. Only after this do the liver
lipids return to normal values (26). 

The restoration of glycogen, however, is remarkable.
There is enormous over-compensation, both in liver and
muscle, during refeeding. A 20-fold increase above non-
starving values of liver glycogen is possible (39). Figure
35.12 shows the effect in cod liver (26). It is noteworthy
that the value after 195 days has dropped spontaneously to
normal, despite the continuation of the feeding regime.
Similar rises and subsequent falls are shown in red and
white muscle (Figure 35.13). 

The large increases in the levels of glycogen in the
three tissues of starving-refed fish, compared with the
level in fish fed continuously during the experiment,
almost seem to indicate a loss of control or a metabolic
imbalance, but studies with the DNA/RNA ratio, which
varies in proportion to the vigour of protein synthesis,
suggest that the over-compensation is a necessary part of
the restorative process (26). The glycogen level in the red
muscle reaches a maximum value after 60 days of refeed-
ing, compared with 105 days in white muscle. The
DNA/RNA ratios reach maxima at the same two points.
Perhaps the energy required for protein resynthesis comes

from this glycogen. The restoration of red muscle protein
has priority over that of white muscle.

A smaller glycogen overshoot is seen in fish previ-
ously starved for a shorter period, and the type of food
proffered for refeeding also influences the phenomenon
(26). Figure 35.14 shows that a diet of squid during refeed-
ing results in a bigger overshoot than that resulting from a
diet of herrings.

Figure 35.15 shows the corresponding final pH of
the white muscle during starving and refeeding. A
refeeding period of around 100 days was chosen to cor-
respond with the glycogen maximum (Figure 35.13). A
final pH lower than that usually found in fish from the
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FIGURE 35.11 Diagrammatic representation of the sequence
in which the principal constituents of liver and muscle are
mobilised during the starvation of cod at 9°C. Time values are
approximate. (Reference 25.)
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sea can be seen in the fish refed on squid. This result is
thought to mirror the phenomenon seen in Figure 35.10
in free-living cod caught around June. Using the period
of 100 days, one could speculate that these fish had
started to feed in March (the stock used spawns around
the second week in March). However, the results show

too much scatter to predict the date of resumption of
feeding from year to year. 

III. BIOLOGICAL PHENOMENA AND
FOOD SCIENCE

A. GAPING

1. Anatomical Background

Figure 35.16 shows the appearance of the cut surface of a
cod fillet. The pattern of lines shows the cut edges of con-
nective tissue sheets (myocomma; plural: myocommata)
which merge with the skin on the lower surface and are
joined to the vertebrae on the upper. They are made of the
protein collagen (non-contractile) and bind blocks of mus-
cle tissue (myotomes) together, transmitting the force of
the muscular contractions used in swimming.

In the muscle tissue of warm-blooded animals such as
beef, the connective tissue toughens as the animal ages,
eventually resulting in a material which is a challenge to
eat, even after long cooking. Fish connective tissue is much
more ‘frail,’ and dissolves into gelatin at temperatures well
below that of boiling water. It is therefore never a problem
as regards the texture of the cooked product. Most of the
potassium of muscle tissue is found within each contractile
cell, while sodium is principally in the spaces between the
cells and in the connective tissue. Figure 35.16 shows that
there is a far greater proportion of connective tissue at the
caudal end of the fillet, so consumers on a low-sodium diet
should perhaps avoid this part. 

Figure 35.17 shows (magnified) the junction between
the ends of some white muscle cells on each side of a sheet

35-10 Handbook of Food Science, Technology, and Engineering, Volume 1

4
(a) (b)

3

2

1

0

W
hi

te
 m

us
cl

e 
gl

yc
og

en
 (

m
g/

g)

4

3

2

1

0

D
ar

k 
m

us
cl

e 
gl

yc
og

en
 (

m
g/

g)

C S R–S R–H C S R–S R–H

FIGURE 35.14 The effect of diet on the concentrations of glycogen in (a) white muscle and (b) red muscle in cod starved for 77
days and refed for 97 days. Asterisks show the degrees of significance from fed controls. C � control; S � starved; R-S � refed on
squid muscle; R-H � refed on herring muscle. (Reference 25.)

7.5

7.0

6.5

6.0

W
.M

. p
os

t m
or

te
m

 p
H

C S R–S R–H

∗∗∗

∗∗∗

FIGURE 35.15 The final pH of white muscle in cod. Conditions
and key as in Figure 35.14. (Reference 25.)



of connective tissue, shown in black. The light grey areas
are longitudinal sections of individual muscle cells, and it
can be inferred that each cell is surrounded by a ‘tube’ of
connective tissue which merges with the myocomma itself.

It is an elegant mode of attachment, but when this junction
breaks, gaping occurs (Figure 35.18). 

2. Causes of Gaping

As a general rule, gaping is a problem of frozen fish. More
specifically, it can be seen in fish which have been frozen
intact, with or without guts in, then thawed and filleted. It
is not usually a problem when they are filleted after the
resolution of rigor mortis before freezing. Gaping is of
great economic significance: a gaping fillet cannot be
sliced, smoked –– or sold. The difficulties associated with
gaping and its commercial significance were brought
home to the writer at a large processing plant, the owners
of which owned the fishing boats which supplied it. At the
time (June), their haddock were gaping so badly after fil-
leting that they had to be minced and sold as a low-priced
product which represented financial loss for the company.
The management were in a position to control all handling
procedures aboard the ships, but nothing they requested
improved the situation. This fact triggered an eight-year
investigation at Torry Research Station, Aberdeen.

Folk-lore from the fishermen has it that fish stuffed
with food (‘feedy fish’) gape. This suggests that the soft
flesh seen in early summer contains weak connective tis-
sue, but experiments again showed otherwise (40). Figure
35.19 shows that it is the best-nourished fish which gape,
the starved ones do not. The gaping score was assessed
subjectively: a value of ‘1’ signified a single longitudinal
split in the fillet, and higher scores were based on the
number of gaps between myotomes (41). The score fig-
ures are not mathematically related to one another, but the
method is still a useful research tool. Figure 35.20 sug-
gests that pH could be the factor responsible rather than
softness as such, because the gaping follows the seasonal
pattern of pH (42). The relationship was confirmed when
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FIGURE 35.16 Drawing of the cut surface of a cod fillet (mus-
culature next to the bone). The thin lines indicate the cut ends of
the myocommata. (Reference 39.)

FIGURE 35.17 Photomicrograph of the junction of 4 individ-
ual muscle cells (pale areas) with each side of a myocomma
(thick black stripe). The cells are about 100 microns across, and
the connective tissue tubes separating each from its neighbour are
shown as thin dark lines. (Author’s picture. Crown copyright.)

FIGURE 35.18 A bad case of gaping (upper), compared with
a normal (lower) fish. Both fish were frozen ‘round,’ thawed and
filleted, but the good specimen was frozen before rigor mortis
and the gaping one had been preserved for 8 days in melting ice
before freezing. (Crown copyright.)



isolated myocommata, suspended in buffers of various pH
values and subjected to increasing tension until they
broke, became increasingly frail as the pH decreased
(Figure 35.21). The effect was reversible: myocommata
which had been weakened in a buffer of low pH, then
transferred to one of neutral pH, were found to have
regained their strength (43). A similar relationship
between season, pH and gaping has been found in farmed
Atlantic salmon, the highest gaping score being in June
and the lowest in January (36).

B. THE FREEZING PROCESS ITSELF

The time between the death of the fish and freezing is
important. Figure 35.22 shows that gaping is minimal in
whole fish, frozen before the onset of rigor mortis and
thawed before filleting. It rises when the fish have been
frozen in rigor and rises further when frozen after the fish

have become limp again (41).The phenomenon has been
seen in several species of fish, but there are differences in
degree (41). Haddock (Melanogrammus aeglefinus L.)
gape the most, followed in sequence by cod, saithe
(Pollachius virens L.), redfish (Sebastes marinus L.), hal-
ibut (Hippoglossus hippoglossus L.), and lemon sole
(Microstomus kitt Walbaum).
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The lesson is clear: freeze whole fish as soon and as
quickly as possible after death, bearing in mind that if
they are frozen slowly, the effect is the same as that of
prolonging the period preceding freezing.

The mechanism of gaping from this cause is interest-
ing. The surface of a fillet cut before the onset of rigor
mortis is dry to the touch, while if it is taken from a fish
actually in rigor, it feels and looks wet. Freezing results in
the solidification of this ‘free’ water, together with some
of the water more closely associated with the contractile
proteins. The frozen water becomes physically separated
from the muscle cells, now dehydrated, in bodies of pro-
tein-free ice, faster freezing generating more numerous,
smaller ice crystals and vice versa. Some tissue water is so
tightly bound to the protein that it never freezes, but the
proportion of freezable water is smaller in pre-rigor mus-
cle than in muscle in or beyond rigor. Measurements on
cross-sections of frozen cod muscle (44) show that the
area attributable to ice is 46% of the total area in cod rap-
idly frozen pre-rigor, while in that frozen in rigor or after
its resolution the figure is 57%. In addition, when fish are
kept for longer periods in melting ice, water from outside
steadily diffuses into the muscle tissue (45), resulting in
further break-up of the myocommata on freezing (Figure
35.23). 

C. HANDLING

pH is not the sole arbiter of gaping. The intrinsic strengths
of the collagen membranes vary between species. In a
comparison of hake (Merluccius merluccius L.), cod and
catfish (Anarhichas lupus L.), hake were found to gape
more readily than the other two species and catfish did not
gape under any experimental conditions, including very
rough handling (46). The mean breaking stresses of
myocommata were found to be 30 (hake), 87 (cod) and
142 (catfish) N/cm3, the final pH values of all the fish
being similar. The breaking stresses of skin samples were
greater, but differed between the species in the same
sequence as above. 

In rigor mortis of whole fish, the muscle masses on
each side of the fish contract strongly against each other,
resulting in an unyielding rigidity. If the fish is curved as
it enters rigor, this shape becomes fixed, and clearly any
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FIGURE 35.22 Gaping in fillets made from different fish
species frozen at different times after death. All species were
pre-rigor at 0 h, in rigor at 20 h and post-rigor at 120 h. Species
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(a)

(b)

FIGURE 35.23 Sections through frozen cod muscle (small
pale areas represent ice crystals). Both specimens frozen very
rapidly at –80°C, but specimen (a) frozen 1 day after death, (b)
after the whole, gutted fish had been held in melting ice for 8
days before freezing. The band across the middle is the
myocomma, with muscle cells on either side. The tissues in (a)
appear almost as fresh muscle. The myocomma in (b) is com-
pletely disrupted by ice crystals; fish in this condition gape
badly. (Reference 44, Crown copyright.)



attempt to straighten it before filleting would cause severe
gaping in species other than catfish. Similarly, throwing
rigid fish to other operatives or dropping them from a
height would also cause gaping. This is common sense,
but it still happens in practice. 

Incidentally, if a fish is filleted before rigor mortis has
set in, the musculature is now free to contract as it enters
rigor. The shortened fillets, which take on a ribbed appear-
ance, are tough to eat after cooking. If the pre-rigor fillet is
dropped straight into a hot pan, it contracts even more and
is virtually inedible because of its very rubbery texture.

D. TEMPERATURE

As stated, fish collagens dissolve as gelatin at much lower
temperatures than the collagens of warm-blooded ani-
mals. The effect can be seen in Figure 35.24, where gap-
ing increases to a maximum value when freshly-killed cod
enter rigor mortis at 25°C. Controls at iced temperature
do not gape at all (47). During heavy fishing in the sum-
mer months, the temperature of the fish could easily rise
sufficiently to cause ruinous gaping if freezing were
delayed. It may, however, be possible to retrieve the situ-
ation (43). Figure 35.25 shows that myocommata break
more at higher temperatures, but that they are less easily
broken if they are cooled to 0°C before measurement.
Hence, it is vital to cool fish before further handling if
they have been lying in the sun.

Rainbow trout also gape more as they enter rigor at
higher temperatures, but rigor at 26°C in this species does
not cause gaping: high scores require temperatures at or
above 35°C. The higher water-temperatures tolerated by
this species during life seem to engender a greater thermal
stability in their collagen (36). 

E. SIZE

Figure 35.26 shows that small cod gape more than large.
The relationship is seen only in summer and autumn,
however, disappearing or even being reversed in the win-
ter and spring (48). Two factors are at work here: the pH
of larger cod can be lower than that of smaller, varying
with the season, and can over-ride the size effect.

Do any of these observations help to explain the indus-
trial problem with haddock, described earlier? Fish of this
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species have been found to gape more than other species
investigated (41), and the industrial problem was encoun-
tered in June, when the final pH values are often low.
Isolated myocommata from haddock are in fact stronger
than those of cod (43), but the final pH of this species has
been observed to be intrinsically low, even as late as
October (49), almost certainly accounting for their greater
tendency to gape. The reason for the low pH is unknown.

There is scant advice for mitigating severe gaping in
haddock. The fish should be put into the freezer before the
onset of rigor if at all possible and any additional fish
chilled at once and handled gently. Otherwise, it is better
not to freeze them whole around June –– though such
advice may be impractical. 

F. TEXTURE

1. pH

Although the tough texture sometimes found in cooked
beef is never found in fish, the latter, stored in the frozen
state for too long or at too high a temperature (or both),
yields a product which, after cooking, is somewhat difficult
to swallow and can leave fibrous strands stuck between the
teeth of the consumer. The sensation is of a dry, fibrous
product and is unpleasant, especially if coupled with a ran-
cid taste. Here we examine the texture of fish that has not
been frozen, which can range between sloppy and firm.

The relationship (50) between the final pH of cod
muscle and the texture as eaten is shown in Figure 35.27.
The water contents of the muscle of the different fish fell
within the narrow range of 80.0 to 80.9%, which is nor-
mal for well-fed cod (23). The softest fish were therefore
not watery. This finding casts an interesting light on the
texture of acutely starving fish, which are also sloppy and
can, after cooking, be sucked through the teeth (not pleas-
ant). The very slight effect of water content at constant pH
on texture is shown in Figure 35.28. It is clear that pH is
the over-riding factor governing the texture of the cooked
product. Its importance in assessing the suitability of fish
for processing was recognised earlier by Cowie and Little
(51), who selected fish on the market for processing solely

on the basis of pH, using a probe pH electrode pushed
straight into the wet tissue. The dividing line between
tough and acceptable frozen cod fillets has been found to
apply also to fish minces from 16 Australian species
caught by mid-water trawling and cooked after storage for
up to a year at –18°C (52).

2. Cold Storage

There is little to add to what has been said already. Free
water and some water associated with the protein structures
of the muscle separate out as ice as the fish freezes. As cold
storage continues, the individual muscle cells are less and
less able to resorb the melt-water, after thawing. More water
therefore drips out of the thawed fillets and the sensation of
the cooked product becomes increasingly dry or fibrous.

The rate of deterioration is governed by the storage
temperature; it is progressively slower at lower tempera-
tures, but also varies with the species. Studies carried out
at –14°C showed that the whiting (Merlangius merlangus
L.) deteriorated the most quickly, reaching its limit after 10
weeks (53), whereas the lemon sole (Microstomus kitt
Walbaum) required over 17 years to reach the same degree
of deterioration (54). For this to happen, the muscle fibres
must be dehydrated by the formation of ice bodies within
the tissue. Frozen cod muscle deteriorates very quickly at
�1.5, but no change occurs in supercooled muscle stored
at the same temperature with no ice present (55). 

The consequence of these phenomena is that fish
which are already firm-textured through having a low
final pH soon become unacceptable as a foodstuff if they
are subsequently cold stored. More interestingly, high-pH
fish which are sloppy-textured can actually be improved
by a short period of frozen storage.

IV. THE SIGNIFICANCE OF GEOGRAPHY

A. INTRODUCTION

We have seen earlier that the colour of the red muscle of
one particular stock of cod which swim great distances
(the Svalbard-Lofoten stock) is more intense than that of
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more sedentary stocks. As regards food science, the effect
is largely cosmetic but can lead to financial loss.We now
consider whether the characteristics of any grounds are
such as to affect the desirability of the fish as food.

It is easy to imagine that fish from widely-spaced
enclosed bodies of water might differ from one another
because of disparities in temperature, water-chemistry,
identity of creatures consumed, etc. The chances of find-
ing important differences between fish from widely
spaced oceanic locations seemed much less promising,
and a detailed survey was undertaken without much opti-
mism (56). However, the results amply justified the enter-
prise, some characteristics of cod from the Faroe Bank
(60-53 N 08-20 W) being significantly different from
those of cod from the other grounds investigated. 

B. THE FAROE BANK COD

1. The Fish Themselves

Figure 35.29 shows the fine appearance and corpulence of
a Faroe Bank cod, quantified in Figure 35.30. Only the
neighbouring Faroe Plateau cod are comparable. The livers
were very large and creamy, showing how well the fish had
been nourished. Early work on cod from Aberdeen Bank
(57-05 N 01-15 W) showed that the water content of the
muscle ranged from about 80% to 80.9% in well-fed fish
during a span of twelve months (Figure 35.7), a value of
about 81% or more signifying early stages of starvation
(23). The white muscle of spring-caught Faroe Bank cod
seems to be unique in having less than 80% of water
(Figure 35.31) and more protein nitrogen (Figure 35.32)
than cod from other grounds. Values for liver glycogen are
high though not remarkable (56), but the final pH of the
muscle is lower than in any other group (Figure 35.33).
These fish were caught in the spring of 1966. Those caught
in the autumn of 1968, when all the fish were sated, still
maintained the uniquely low level of muscle water content,
but the protein nitrogen and pH values were not remark-
able. The others had caught up. The low value of muscle

water in Faroe Bank cod was observed again during sur-
veys in September 1971 and September 1972.

In a small independent experiment (57), the total lipid
content of the white muscle of Faroe Bank cod caught in
the spring was 0.63%, compared with a value of 0.55% in
Aberdeen Bank cod, while in the autumn the correspon-
ding figures were 0.78% and 0.67%. This small difference
appears to be important, as we shall see. 

2. Consequences for Cold-Stored Cod

It has been concluded in a well-reasoned article (58) that
the term ‘quality’ is often over-used and made to cover a
variety of observations. Preferably, one should specify the
parameter studied. Here we study the texture, flavour and
appearance of the thawed, filleted and cooked product.
Just looking at the superb appearance of the fish lying on
the deck at 3 A.M. or so (night-fishing is the rule on the
Faroe Bank), one instinctively feels that their overall
‘quality’ as an item of food must be at the top of the scale.
In our survey (56), the fish were frozen whole very soon
after capture, stored at �30°C for three months, thawed at
low air temperatures, filleted and examined before and
after cooking. These conditions are as near ideal as one
can provide –– but the quality scores for all three param-
eters were uniformly low.

a. Texture and Gaping
Because of the strong link between pH and texture, it has
been suggested that the fish most suitable for long-term
storage should have a pH not less than 6.6 (59) or 6.7 (60).
In many of the Faroe Bank cod caught in the spring, the pH
was lower than 6.6. As a result, the texture of the cooked
product as tasted by a panel was firm, but that of the same
fish after 3 months at �30°C, thawed and cooked, was
judged to be unacceptably tough. (50). Similarly, because
of the low pH of the muscle, the thawed fillets gaped. The
fact of unacceptability in each case casts doubt on the suit-
ability of these fish for freezing and cold-storage. 

b. Flavour
The off-flavour developed by fish muscle during cold-stor-
age (rancidity) has been likened to wet cardboard, boiled
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FIGURE 35.29 A cod from the Faroe Bank (length: 51 cm).
(Author’s picture. Crown copyright.)
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clothes and other poetic imagery. It results mostly from the
oxidation of polyunsaturated fatty acids located primarily
in the phospholipids, and has been identified as hept-cis-4
enal (61–63). Many factors govern the rate of the reaction,
and the chemistry is complex: the subject has been
reviewed recently in detail (64). Since the phospholipids
are part of the structure of muscle cell membranes, they
present a large surface area for oxidation, compared with
the neutral lipids (triacyl glycerols) which are more ‘com-
pact’ and contain a smaller proportion of polyunsaturated
fatty acids. They are the main constituents of the fatty
deposits used as stores of energy. The spatial distribution
of the two types of lipid is important (64) and may help to
explain inter-species differences.

Since the lipid content of cod muscle is usually less
than 1%, it might be supposed that it would develop neg-
ligible rancidity compared with that found in more fatty
species on cold-storage, but this is not necessarily so. The
most likely reason is that the lipids of cod muscle consist
almost entirely of phospholipids –– triacyl glycerols make
up only about 1% of the total (65). 

In small samples of Faroe Bank cod, the white muscle
was found to contain about 20% more total lipid than that
in Aberdeen Bank cod, and this probably explains the fact
that cold-storage off-flavour (and off-odour) was signifi-
cantly greater in Faroe Bank cod than in cod from four
other grounds (66) and considered unacceptable by the
tasters (Table 35.1). Might it be possible to reduce the
cold-storage off-flavour of cod by reducing their total lipid
content? A further factor which may govern the propensity
of frozen fish to become rancid is geographic latitude,
which affects the temperature of the sea-water. The lipids
of fish become progressively more unsaturated as the
water becomes colder (more likely to become rancid), and
vice versa (21, 67, 68). The purpose appears to be to ensure
that the melting-points of structural lipids are below that of
the environmental temperature so that they remain flexible. 

Experimental starvation of Aberdeen Bank cod for 2
months (69) resulted in a water-content of 84% and some

35-18 Handbook of Food Science, Technology, and Engineering, Volume 1

TABLE 35.1
Taste-panel assessment of cold-store off-flavour and off-odour of cod caught in spring 1970 on different
grounds, gutted and stored for 3 months at ��30°C. The fish were filleted and steam-cooked without seasoning
before tasting. 0 �� absent; 5 �� very strong, the upper limit of commercial acceptability being about 3.
Comparing the five grounds by analysis of variance by the F test showed that the mean results for the Faroe
Bank differed significantly from the others for flavour (P ��  0.01) and odour (P �� 0.05). (Reference 64.)

Fishing Ground Map Reference Cold Store Flavour Cold Store Odour

X SD X SD

Aberdeen Bank 57-05 N 01-15 W 1.68 0.60 1.32 0.51
Faroe Bank 60-53 N 08-20 W 3.02 0.95 2.29 0.84
Faroe Plateau 62-34 N 06-24 W 1.45 0.63 0.91 0.51
SE Iceland 65-27 N 13-08 W 1.70 0.49 1.04 0.35
NW Iceland 65-35 N 25-00 W 1.37 0.37 0.84 0.24
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FIGURE 35.34 The decrease in proportion of phospholipids
in the lipids of cod white muscle during starvation, shown by the
increase in water content. (Reference 65.)
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reduction in the lipids of the muscle. The proportion of
phospholipids (Figure 35.34) and the degree of unsatura-
tion in the residual lipids (Figure 35.35) were also
reduced. Freezing followed by cold-storage at �10°C
resulted in a much reduced development of off-flavour
and off-odour (Table 35.2). Analysis of hept-cis-4-enal
confirmed the finding. Several factors may be involved
here, although the results appear to be a simple cause and
effect.

It is improbable that deliberate starvation will ever be
used in practice to reduce the deterioration of flavour in
cold-stored cod, but, as a water-content of 84% or more is
often found naturally in late winter in this species, it sug-
gests that advantage might be taken of the likely seasonal
variation in off-flavour. 

It should now be obvious that the difference between
Faroe Bank cod and the others originates in an unusually
rich food supply. There is a deep oceanic channel which
keeps the fish separate from neighbouring stocks. We
found that they were not eating particularly fatty prey, but
that the stomachs were filled with echinoids, crustaceans,
and sometimes fish.

3. Chilled Fresh Fish

One feature of Faroe Bank cod does favour them as an
item of food, when compared with cod from at least one
other ground. It keeps for a longer period in melting ice
(1). This is clearly a result of the lower pH, which inhibits
the activity of spoilage bacteria (70). 

V. ACKNOWLEDGEMENT

The complex interactions described in this chapter have
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(71). It is a pleasure to pay tribute to the fine work of a
colleague whom I have never met.

VI. CAVEAT LECTOR

The influences of geographical location on cod regarded
as a foodstuff seem to be straightforward enough, but one
can never assume that other species will behave in the
same way. Cold-storage off-flavours develop strongly in
herrings (Clupea harengus L.) but the off-flavour in cold-
stored Atlantic salmon, another fatty species, seems to
develop more slowly –– salmon keep well in the deep-
freezer. Triacyl glycerols in salmon muscle are found in
the myocommata, so perhaps they protect the phospho-
lipids within the myotomes from oxidation: it would be
difficult to prove. Again, the starvation of rainbow trout
results in a net increase in the unsaturation of the fatty
acids of the flesh, but the flesh of the starving fish con-
taining the highest concentration of docosa-hexaenoic
acid does not develop more cold-storage off-flavour
than those containing less (72). However, the apparent
rises and falls of docosahexaenoic acid in this species
are merely the results of outflow and inflow of triacyl
glycerols. 

There are usually traps for the unwary who try
to derive generalised relationships from individual
dynamic interactions. This is the way of much biological
research.
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I. INTRODUCTION

Commercially important edible shellfish include marine
and freshwater animals that belong to two major taxo-
nomic groups: the Mollusca and the Crustacea. The hard
external shell is a common external characteristic that
often results in the two groups being given the common
name shellfish. Both groups are invertebrates that have no
internal skeleton or vertebrae, and in most cases the exter-
nal shell provides protection, support to soft body tissues,
and a mechanism to deal with changes in the environment.
The cephalopods (squid, cuttlefish, and octopus) do not
possess an external shell, but are grouped with the shell-
fish by virtue of their molluscan taxonomic status.

This chapter will describe the general biology of edi-
ble shellfish species that are commonly eaten. The two
major taxonomic groups will be described separately
because their biology is so different. Given the importance
of these species in harvest and aquaculture industries this

provides the focus of research activities. The range of top-
ics covered particularly relate to those aspects of the biol-
ogy that are relevant to these animals as food, in particular
the lifecycle, reproductive and feeding biology, move-
ment, and behaviour.

II. MOLLUSCAN SHELLFISH

Molluscan shellfish have no typical shape or form and the
body plan is changed and adapted to the environment (1).
Edible mollusc predominantly belong to three broad
groups: bivalves (e.g., oysters, mussels, and scallops), gas-
tropods (e.g., abalone and Trochus), and cephalopods (e.g.,
squid, cuttlefish, and octopus), according to the number
and arrangement of the shell(s). Bivalve molluscs have two
symmetric or asymmetric shells joined by a hinge, while
the gastropod molluscs have a single shell, and most of the
cephalopods have no external shell. Most of the edible



molluscan shellfish are aquatic, mainly marine or estuar-
ine, and relatively sedentary. Commonly harvested and
cultured species include the ubiquitous Pacific oyster
(Crassostrea gigas), the flat oysters (Ostrea spp.), scallops
(Pecten and Astropecten spp.), a variety of mussel species
(Perna and Mytilus spp.) and the small burrowing clam
species (Mercenaria spp. and Mya arenaria), abalone
(Haliotis spp.) and snails (Trochus spp.). The cephalopods
either have an internal calcareous cuttlebone (cuttlefish),
an internal chitinous pen (squid), or no shell (octopus). The
only terrestrial edible mollusc is the land snail (Helix).

A. GENERAL BIOLOGY

The crystalline calcareous shell of the bivalves and gas-
tropods is present from the larval form and provides pro-
tection from environmental changes, e.g., temperature,
salinity and aerial exposure, and predators. Some species
are attached to a hard substrate as adults by either a cement-
like substance (e.g., oysters) or a byssus thread (e.g., mus-
sels). The size and extent of musculature in bivalve
molluscs is varied; oysters have small amounts of muscle
tissue while scallops have a very large adductor muscle.
Bivalves that burrow in soft sediments have an extendable
muscular foot which they use to pull themselves into the
sediment. Some species have limited mobility, for example,
scallops can rapidly clap the two shells together which can
result in the rapid ejection of water and using this jet
propulsion small distances (�1 m) can be moved. Small
clam species that burrow in soft sediment move by rolling
around in the waves and then re-burrow using the muscular
foot. Gastropods, which are more mobile than bivalves,
have a large powerful muscular foot beneath the single shell
which is used to pull the animal along hard substrates. The
muscle tissue of scallops and abalone is the primary tissue
eaten, with the gonad and digestive tissue removed,
although the scallop may be marketed as “roe-on.” In con-
trast oysters and mussels are eaten whole, typically with the
gonad and digestive system as well as the small muscle.
The athletes of the molluscan world are squid, which may
undertake extensive migrations; the muscular body is
essential for movement, respiration, and structural support. 

B. LIFE-HISTORY

Most molluscs have a bipartite lifecycle with a relatively
short planktonic free-living veliger followed by the benthic
adult phase (Figure 36.1). Individuals hatch as a tro-
chophore and within 24 hours a larval shell develops. This
is followed by the development of a veliger (also referred
to as D-veliger due to the distinctive D shape), which lasts
between several days to a month. A short planktonic phase
(�5 days) is typical of abalone species and the veligers are
non-feeding. A longer veliger stage (c. 20 days) is more
typical of many bivalve molluscs and the veligers actively

feed on phytoplankton using the velum, a fringe of beating
cilia. The velum also provides some mobility in the water
column, allowing the veligers to adjust their position in the
water column. The planktonic phase is important for a
number of reasons as it allows offspring to colonise new
areas and also for these individuals to avoid the risk of pre-
dation close to the reef. Once the veliger is ready to settle
onto the substrate, a change in morphology begins and a
‘pediveliger’ develops, which has a foot that extends out of
the shell and is able to test the substrate before deciding to
settle (Figure 36.1). Once a suitable place for settlement
has been selected the individual secretes either a cement or
byssal threads to attach itself. The pediveliger finally
undergoes metamorphosis into the adult form and takes up
a sedentary lifestyle.

In some species the female brood the veligers inside
her shell, e.g., the flat oyster (Ostrea sp.). Fertilisation
occurs within the shell environment of the female, using
sperm released into the water by males. Veligers are
attached by the velum to the female ctenidia (gills) and
they use the food filtered by the mother’s ctenidia. Shortly
before metamorphosis veligers are dislodged and expelled
out of the mother.

The selection of settlement sites by the larvae is critical
for species with a sedentary adult phase, as conditions for
feeding and reproducing must ensure survival. The site must
provide water currents for delivery of food and removal of
faecal wastes and there must be individuals of the same
species in close proximity for reproduction. Selection of
settlement sites can range from general to specific, and is
generally species-specific. The presence of conspecific
adults can be important as this suggests a suitable environ-
ment for growth and reproduction (2). Characteristics of the
rock surface, e.g., rugosity or presence of algal and bacteria
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species (3), or sediment characteristics of soft shores may
be cues for settlement. Factors affecting settlement are of
interest to ecologists, particularly with respect to human
impacts on shore environments that may modify the sub-
strate and make it become less suitable for settlement by
juveniles. Many aquaculture ventures rely on collection of
wild spat for on-growing to adults and are exploring suit-
able materials to enhance settlement rates (4). Hatcheries
also need to use suitable surfaces to maximise settlement
rates of juveniles. It is possible to induce settlement of pedi-
veligers in culture conditions by exposing them to neuroac-
tive compounds, e.g., L-DOPA. This induces settlement and
the metamorphosis of the pediveliger into a spat, without
the pediveliger going through the process of selecting a suit-
able substrate (5). The use of these compounds by shellfish
hatcheries allows efficient management of stock by forcing
settlement to occur when the hatchery is ready to deal with
large numbers of juveniles and it also promotes synchro-
nous settlement of larvae.

C. REPRODUCTION

All molluscs reproduce sexually, with separate sexes in
most species (dioecious), e.g., mussels and abalone.
However, some species have both sexes present simultane-
ously (monoecious or hermaphrodism), e.g., scallops have
a creamy coloured testis and orange coloured ovary pres-
ent at the same time. In a few species sex change can occur
(sequential hermaphrodism), with sperm being produced
in smaller younger individuals, then a change to female in
some bigger and older individuals. Many Crassostrea oys-
ter species are hermaphroditic or will undergo sex change,
which is a function of both secondary genes and/or envi-
ronmental conditions (6). In oysters and mussels the repro-
ductive tissue is not contained within a discrete organ or
region of the body. Instead, gametes are produced in tissue
surrounding the digestive system. Other shellfish, e.g.,
abalone and scallops, have a discrete organ for gamete pro-
duction which is clearly identifiable. 

Spawning in most temperate molluscs is seasonal,
either in the spring/summer, e.g., oysters and scallops, or
winter, e.g., mussels. Many tropical species may not show
distinct spawning seasons, but a component of the popula-
tion will always have some individuals that are reproduc-
tively mature and spawning. Prior to egg and sperm
production individuals build up a store of energy reserves,
usually glycogen. At some point during the year an envi-
ronmental trigger, usually water temperature or day length,
will stimulate the use of these glycogen reserves to pro-
duce gametes (7). Once gametes start to be produced indi-
viduals undergo a period of maturation before being ready
to spawn and at this point the gonad may constitute most
of the individuals’ body mass. Gametes are released either
in a single spawning episode or in a series of spawning
episodes over several days to weeks. After the release of

gametes there is a dramatic decrease in the mass of soft tis-
sue and the flesh is flaccid and watery. As the tissue is
unsuitable for consumption animals are not harvested for
approximately a month after spawning to allow accumula-
tion of carbohydrate reserves to begin.

As many molluscs are sedentary, gametes are released
into the water column and fertilisation of eggs by sperm is
external; this is referred to as broadcast spawning.
Spawning in the population is co-ordinated to ensure that
males and females release gametes simultaneously and that
the density of gametes in the water is high enough to ensure
high rates of fertilisation. The co-ordination of broadcast
spawning within the population may be triggered by factors
such as changes in water temperature or salinity, lunar and
tidal cycles, and increasing or decreasing day length.

The squid, octopus, and cuttlefish have a more complex
reproductive system in which, often following extensive
courtship, the male passes packages of sperm (sper-
matophores) to the female (8). The female fertilises each
egg and packages it in a jelly-like substance that provides
protection for the developing embryo. Eggs are either
attached to the reef or macroalgae individually (e.g., octo-
pus and cuttlefish), laid in finger-like strands with multiple
eggs in each strand (e.g., reef-associated squid) or unat-
tached large balloon-like masses that float in ocean currents
(e.g., oceanic squid) (8). Female octopus will guard and
care for the eggs until they hatch, as miniature adults that
are capable of jetting, inking, capturing prey, and avoiding
predators. The squid and cuttlefish do not provide any
parental care of the eggs or the juveniles.

D. TRIPLOIDY PRODUCTION

Oysters, mussels, and clams are eaten whole without the
gonad and digestive tissue removed prior to consumption.
Taste tests have demonstrated that consumers prefer to eat
oysters when the tissue is full and creamy and full of glyco-
gen reserves, but before the animal is ripe with gametes (9).
Given that individuals have high levels of glycogen for rel-
atively short periods this means that marketable stock may
only be available seasonally. Over the past 10 years there
has been interest in the production of sterile oysters, i.e.,
individuals that are unable to produce gametes. In sterile
individuals glycogen reserves are accumulated but not used
for reproduction, resulting in the production of stock that
are suitable for consumption over an extended period of the
year. An additional benefit of producing sterile animals is
that exotic aquaculture species may be farmed in new areas
without the risk of introducing a species that may be detri-
mental to native flora and fauna (10).

In molluscs sterile animals have been obtained
through the production of triploid individuals (11), which
have 50% more chromosomal material than ordinary
diploid individuals. Currently, triploid Pacific oysters are
being produced by the aquaculture sector in the U.S. and
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Australia (see review 12). Triploid oysters usually exhibit
reduced gonad development and acceptable meat condi-
tion through the inhibition of spawning and faster growth
rates (12). Currently the most popular and successful
method of producing triploid molluscs is by blocking the
formation and release of a polar body in the newly fer-
tilised egg (11). The additional chromosomal material in
cells prevents or limits the process of cell division associ-
ated with gamete production (meiosis), thereby causing
an extra set of chromosome to be retained. Methods used
to induce triploidy in oysters are either physical, e.g., tem-
perature and pressure, or chemical, e.g., caffeine.
Immersion of newly fertilised eggs in cytochalasin B, a
fungal antibiotic, is currently the most effective method
and is commonly used by commercial hatcheries.

Methods of triploidy induction in the aquaculture
industry need to ensure a high percentage of triploids (ide-
ally 100%), high survival rates and low rates of abnor-
mality in the veligers, and consider operator safety and
consumer acceptance. Unfortunately cytochalasin B is
classified as a carcinogen and is a potential hazard to
operators at bivalve hatcheries. The future use of cytocha-
lasin B is in doubt, both because of its toxicity and
because triploidy induction is not 100% effective, usually
about 80%. Current research is exploring methods of pro-
ducing triploids commercially that are potentially less
hazardous and more reliable. One recent approach has
been to cross tetraploids, individuals with double the nor-
mal genetic complement, with diploids (13). This method
has successfully produced 99.9% triploids and the
veligers have survivorship rates that are comparable with
normal diploid oysters. Furthermore, these triploid indi-
viduals are produced without the use of artificial treat-
ments and toxic substances.

E. FEEDING

Bivalve shellfish (oysters, mussels, clams, and scallops) are
filter feeders, using specialised gill structures (ctenidia) to
selectively remove phytoplankton and organic matter from
the water. The ctenidia have cilia that generate current and
the movement of water into the animal as an inhalant flow.
Each species is able to select particles within a very narrow
size range (3–24 µm). Particles that are too small or too
large are rejected by the ctenidia, bound in mucus, and
expelled in a strand through an exhalent flow as pseudofae-
ces. Particles that are suitable for ingestion are passed to the
mouth (labial palps) using the cilia on the surface of the
ctenidia. Ingested food is bound in a strand of mucus and
enters the digestive system by being drawn in by a crys-
talline style, which releases digestive enzymes. Once the
digestive process has been completed faeces are released
into the exhalent current and moved away from the animal.

Oysters can filter several litres of seawater daily and
the advanced filter feeding mechanism allows bivalves to

regulate the efficiency of particle retention and absorp-
tion. The rate of pumping and retention of food particles
is modified in response to the density of particles in the
water while maintaining respiratory functions. If the den-
sity of particles in the water is too high the ctenidia
become clogged and rates of pseudofaeces production
increases. Other factors that affect feeding rates in
bivalves are water current, water temperature, salinity, tur-
bidity, and dissolved oxygen (14). 

Most edible gastropod molluscs are herbivorous graz-
ers (e.g., abalone), but there are a small number that are
carnivorous predators (e.g., trochus, conch, and whelks).
Grazing molluscs use a radula, a protrusible tongue-like
structure with a complex ribbon of teeth, with which they
scrape algae and biofilm off rocks or tear and cut macroal-
gae. As teeth at the front of the radula wear out they are
replaced by secretion of new teeth at the back of the
radula. Some of the carnivorous molluscs have specialisa-
tions of the radula that allow them to bore holes through
the shell of prey or harpoon prey. After maceration of food
the radula carries particles of food backwards and into the
digestive tract. Digestion is usually extracellular in the
stomach and digestive gland.

Squid, octopus, and cuttlefish are voracious carnivo-
rous predators. Squid and cuttlefish predominantly eat crus-
taceans and fish which are captured using contractile
tentacles (the longest of the arms). Octopus species eat pre-
dominantly crustaceans and molluscs and they are able to
deal with the hard outer parts by either drilling through the
shell or in the case of bivalves pulling apart the two valves
(15). Members of this group have a parrot-like beak which
is used to tear tissue into small pieces and the salivary gland
secretes enzymes that are used to break down flesh prior to
ingestion. Once in the stomach enzymes secreted by the
digestive gland continue digestive processes.

F. SHELLFISH-ASSOCIATED DISEASE OUTBREAKS

Ingested particles, including bacteria and viruses, are
digested by bivalves and then either absorbed into the tis-
sues or excreted. As result of pathogenic micro-organisms
being retained and absorbed molluscan shellfish become
vectors of bacterial and viral pathogens. The rate of patho-
genic micro-organism uptake and retention is a function of
the density of micro-organisms in the water being filtered.
Oysters may accumulate pathogens to levels as much as
four times greater than levels in the water from which food
is being removed (16). If shellfish (e.g., oysters) are con-
sumed raw and whole with the digestive system still intact
the pathogenic microbes present in the tissue and gut pose
a health risk to the consumer. In the U.S. from 1991–1998
the consumption of raw or partially cooked shellfish
resulted in more than 2,000 illnesses.

Viral agents that are of chief concern in world shell-
fish industries are human enteric virus, Norwalk virus,
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and hepatitis A. All cases of food-borne viral diseases
from shellfish have occurred due to human faecal con-
tamination in areas where shellfish are harvested and the
consumption of shellfish that is raw, steamed, incom-
pletely cooked, or frozen. Bacterial agents, particularly
Vibrio spp. have been identified as being pathogenic or
potentially pathogenic to humans (17). Unlike virally
associated disease outbreaks, contamination by Vibrio
tends to be more sporadic and involve individual cases
(18). Where outbreaks have occurred they have been asso-
ciated with V. vulnifucus septicaemia with 50% mortality
rates (19), or epidemics of cholera caused by consumption
of raw shellfish contaminated with V. cholerae 01 (20).
Vibrio spp. naturally occur in estuarine and marine waters
and are not associated with faecal contamination; how-
ever, numbers of Vibrio in shellfish can increase in
improperly stored shellfish (21). Some pathogenic bacte-
ria may not naturally occur in marine and estuarine envi-
ronments, but are associated with incorrect storage, faecal
pollution, or infected food handlers may contaminate
shellfish. Enteric bacterial pathogens that have been
implicated in shellfish associated disease outbreaks are
Clostridium perfringens, Salmonella, and Shigella (22).

A factor influencing the timing and occurrence of
shellfish-related outbreaks is the ability of shellfish to
selectively accumulate viruses. Selective accumulation
can be attributed to the feeding mechanism when there is
ionic bonding of viral particles to the shellfish mucus.
There is evidence that the seasonal occurrence of shell-
fish-related illnesses by enteric viruses may be due to oys-
ters undergoing seasonal physiological changes that affect
their ability to accumulate viral particles (16).

Current practice to remove pathogenic micro-organ-
isms is to put shellfish through a depuration process after
harvest. This process provides conditions for shellfish to
purge their digestive system of their gastrointestinal con-
tents, thereby supposedly removing the micro-organisms
that had been taken up during filter feeding. Depuration is
typically conducted in an isolated system, with tempera-
ture controlled re-circulating seawater. The seawater
should be continually cleaned, e.g., using a UV steriliser
attached to the re-circulating system. The temperature of
the system needs be stable and set at a level that encour-
ages the shellfish to filter the clean seawater.

The ability of depuration to remove pathogens is
dependent upon a number of factors. (1) The molluscs must
feed normally in the system; if active pumping and filtering
of seawater do not occur then microbes present in the gut
will not be purged. (2) Variability in the loads of micro-
organisms among individual animals may result in differ-
ential removal of pathogens. (3) The depuration conditions
(water temperature and salinity) that are suitable for normal
feeding are species specific. (4) Microbes that have been
incorporated into body tissues will not be removed, only
those pathogens currently resident in the gut and on the

gills will be removed. (5) The ability of the disinfection
technique to inactivate the purged microbes; if purged
microbes are not killed by the disinfection system then
re-infection of animals in the depuration system is likely.

G. SHELLFISH TOXICITY

Paralytic shellfish poison (PSP), amnesic shellfish poison
(ASP), and diarrheic shellfish poisoning (DSP) are caused
by naturally occurring biotoxins that accumulate in mol-
luscan shellfish (review 23). These biotoxins are caused by
microscopic toxin-producing dinoflagellate phytoplankton
that naturally occur in marine waters, normally in amounts
too small to be harmful. However, on occasion, a combi-
nation of warm temperatures, sunlight, and nutrient-rich
waters can cause rapid plankton reproduction, or
“blooms.” The toxins in the microalgae ingested by shell-
fish build up and become concentrated in the gut and
somatic tissues. This may result in mass mortalities either
through toxins affecting the shellfish, or high densities of
phytoplankton clogging the ctenidia and causing asphyxia.
The toxins also pose a health hazard to humans consuming
contaminated shellfish. As cooking does not break down
the toxins and many shellfish are eaten raw, the toxin is
ingested by humans and other predators. Although first
recognised and described in Canada, PSP and ASP have
been found worldwide (24).

Paralytic shellfish poisoning is caused by a suite of
neurotoxins (saxitoxins) produced by species such as
Alexandrium spp. and Gymnodinium catenatum. The type
and storage of paralytic shellfish toxins in bivalves species
vary considerably. Mussels, clams, and scallops appear to
accumulate high levels of saxitoxins, while in oysters the
levels of the toxins are low or absent (23). Amenesic shell-
fish poisoning is linked to the presence of domoic acid pro-
duced by the diatoms Pseudonitzschia spp. and Nitschia
(24). Shellfish appear to concentrate the toxin and again the
response to the toxin is species specific. Scallops and mus-
sels appear to be unaffected, while oysters become physio-
logically stressed. Diarrheic shellfish poisoning occurs
when shellfish containing okadaic acid are eaten. Okadaic
acid and its derivatives are produced by the dinoflagellates
Dinophysis spp. and Prorocentrum lima (25). As with other
toxins there are differential effects among the bivalve
species and seasons and the length of time the toxins
remain in the tissue. Blue mussels in Sweden can retain
toxins for up to five months after accumulation, although
high levels of toxins are not necessarily associated with any
known health effects (23).

The economic cost of both human pollutants and natu-
rally occurring biotoxins is high for countries that have
shellfish harvest and aquaculture industries. The presence of
toxic algae has been responsible for the collapse of bivalve
populations in Alaska, and fisheries and aquaculture are
closed for extended periods in countries such as Sweden,
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Norway, the U.S., Spain, and Australia (23). The costs
incurred with the occurrence of toxic algae blooms are asso-
ciated with (1) the need to have expensive shellfish moni-
toring programs to assess the presence of contaminants, (2)
the cessation of harvesting and selling of produce, and (3)
the development and running of depuration systems.
Current research is focussed on how effective the depuration
process is at removing the toxins and how the toxins are
removed from different organs. Understanding how toxins
are accumulated, transformed, and eliminated allows the
time course of the toxic episode to be predicted and hence
how long harvest of animals should be suspended. It is pos-
sible that toxins are transformed in the body tissues and then
excreted from the animal over time, although there is evi-
dence that metabolism of the PSP toxins is more complex
than just a transformation of toxic compounds (26).

H. BIOACCUMULATION AND BIOMONITORING

As a result of the relatively sedentary lifestyle of many
shellfish and their modes of feeding (filter feeding and
deposit feeding) many species ingest or uptake and retain
trace metals present in the environment. Molluscan shell-
fish can accumulate heavy metals (e.g., copper) and
organic contaminants (e.g., pesticides) in body tissues.
Marine molluscs tend to accumulate arsenic, cadmium,
copper, lead, mercury, silver, and zinc, but have a low ten-
dency to accumulate chromium. As a result of the accu-
mulation, concentrations of these trace metals in body
tissues can be many times higher than present in the envi-
ronment (27). This accumulation of heavy metals and
contaminants has two problems. The first is that many of
these animals are prey of higher order predators and as a
result serious pollutants enter the food chain and are pres-
ent in higher concentrations further up the food chain
(biological amplification). The second problem is that
many shellfish species and their predators are a food
source for humans and as a result are a health hazard.

One advantage of sedentary molluscs accumulating
heavy metals, viruses, and bacteria is that they provide a
time-integrated measure of the bioavailability of these
contaminants (see review 28). As such, some bivalves are
used as sentinel species to monitor or assess concentra-
tions of contaminants available for uptake in the environ-
ment. Such biomonitoring involves assessing the effects
and levels of contaminants in the environment on animals.
Uptake of contaminants varies among and within species
as a function of factors such as size, age, sex, and among
geographic locations due to environmental factors such as
temperature and salinity. However, it is possible to move
healthy individuals into cages at sampling locations and
assess the levels of contaminants after a period of time.
For example, mussel species (Mytilus edulis and M. cali-
fornicus) are commonly used around the U.S. coastline as
sentinel species for biomonitoring because they are

endemic, abundant on many coastlines, and tolerate
translocation. Another example, is the use of oysters to
assess the bioavailability of tributyltin (29), a compound
has been implicated as a cause of shell thickening in many
oyster species (e.g., 30).

III. CRUSTACEAN SHELLFISH

Edible crustaceans all belong to a group known as decapods
which are the largest and most specialised of the crustacean
species. They are characterised by a heavily segmented body
and a chitinous exoskeleton which provides an outer protec-
tive shell that is articulated like body armour. All edible crus-
taceans are aquatic, with most occupying marine and
estuarine habitats, but some crayfish and prawns are found
in freshwater. Crustaceans are benthic but highly mobile,
e.g., prawns swim regularly and some lobsters undertake
long migrations. Commonly harvested and cultured edible
crustaceans include prawns (shrimps), both freshwater (e.g.,
Macrobrachium spp.) and marine (e.g., Penaeus spp.
Metapenaeus spp.), crabs (e.g., Callinectes sapidus, Scylla
serrata), clawed lobsters (e.g., Homarus spp. Nephrops
spp.), spiny lobsters (e.g., Palinurus spp., Panulirus spp.,
and Jasus spp.) and crayfish (crawfish and yabbies).

The common names used to describe edible crus-
taceans are often confusing. The distinction between
prawns and shrimps may be based upon the taxonomic
group and the habitat of the adults (31). Freshwater species,
e.g., Macrobrachium, are often referred to as prawns, while
marine and estuarine species (e.g., penaeids) are shrimps.
Alternatively, size of the adults is often used to distinguish
among the two names; with shrimps being small species
and larger species prawns. Similarly, there is often confu-
sion over use of the common names lobster and crayfish.
Again the distinction is made taxonomically, but generally
lobsters are marine (this includes both clawed and non-
clawed species), and crayfish or crawfish are freshwater.

A. GENERAL BIOLOGY

The general body plan is similar among the decapod crus-
taceans with two sections making up the body: the fused
head and thorax (cephalothorax) and the tail (abdomen).
Each section is made up of a series of segments, but the
number of segments and specialisation of segments varies
among species. The cephalothorax is completely fused
with no external segmentation visible, the shell (carapace)
surface of the cephalothorax may be smooth or covered
with spines depending on the species. In contrast, the
abdomen is distinctly segmented. Attached to both sections
are specialised paired appendages, the number of which
depends on taxonomy and function of the appendage.
Around the head and mouth appendages are modified for
food capture and feeding (mandibles, maxillae, and maxil-
lipeds). The head also has antennae, antennules, and a pair
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of stalked compound eyes. The corneal surface of the eyes
is convex and, when on a stalk, the cornea may cover an
arc of �180°. The remaining appendages (pereiopods) on
the cephalothorax are used in crawling or walking. The
first pair of pereiopods in lobsters and crabs is modified as
a claw (chela), which may be large and distinctively
coloured. Appendages attached to the abdomen
(pleopods) are used for swimming, as well as egg attach-
ment in some species, e.g., crabs and Macrobrachium.
The last pair of pleopods (uropods) and the telson, at the
terminal end of the abdomen, forms a tail fan that can be
used for locomotion using a rapid flexing motion.
Appendages may be specialised in some species for fight-
ing, courting, and egg handling.

Prawns in the genus Penaeus and Macrobrachium are
commercially the most important in the world. They are
cylindrical with a well-developed abdomen and an
exoskeleton that is thin and flexible. Many penaeid
shrimps use the pleopods to excavate shallow burrows in
soft bottoms during periods of inactivity. Shrimps move
predominantly by rapidly beating the large fringed
pleopods, but rapid flexion of the abdomen and the tail fan
will allow fast backward movement.

Lobsters and crabs have a dorso-ventrally flattened
body, with a heavier and stronger exoskeleton, and the
strong claws (chelipeds) have a lot of musculature which is
a commercially valuable part of the animal. The abdomen
in crabs is reduced and folded under the cephalothorax, the
uropods are absent, but large and strong legs on the
cephalothorax are used for walking which is the primary
mode of locomotion. Reduction of the abdomen allows
rapid crawling and they commonly move sideways. In con-
trast to crabs, lobsters have a very well-developed tail
(abdomen), which has a high monetary value given the
high tail to body ratio. The legs allow lobsters to crawl
while the muscular tail allows fast flexing of the abdomen
resulting in rapid backward movement. Spiny lobsters
(Jasus, Palinurus, and Panulirus spp.), present in both
tropical and temperate waters, do not have chelipeds, and
it is the meat in the tail that is prized. The shovelnose or
slipper lobsters (Scyllarus and Thenus spp.) have a dorso-
ventrally flattened body with short, flattened antennae,
compared with the cylindrical body and long antennae in
clawed and spiny lobsters.

B. LIFE HISTORY

Crustaceans have a more complex life history than mol-
luscs and each stage has distinct behavioural and ecologi-
cal characteristics (32). Most crustaceans have separate
sexes and generally hold their eggs, either in brood sacs or
attached to the abdominal appendages. Like many marine
invertebrates the crustaceans have a bipartite life history,
with a free-living, planktonic larval phase, followed by a
benthic adult phase. The stages, forms, and time spent as

larvae are highly variable among the decapod crustaceans,
often depending on how much development occurs in the
egg. However, all the decapod larvae undergo a series of
developmental stages during which the larvae metamor-
phoses into a more advanced form until the final adult
form is developed. The different stages of the life history
are often associated with different and distinct habitats.

Penaeid prawns undergo several distinct larval and
juvenile phases that are associated with different habitats
(33). The embryonic phase is short and, as a result, the
newly hatched larvae (nauplii) are less morphologically
developed than some of the newly hatched forms of other
decapod crustaceans (Figure 36.2). The nauplius is the
first larval phase and it has only three pairs of appendages
which are all used for swimming. Furthermore, the nauplii
do not feed and are supported by the maternal yolk
reserves that are present when they hatch. The nauplii
metamorphose first into feeding protozoea and then a
mysis (Figure 36.2), both of which live in offshore waters.
Metamorphosis of the mysis produces a megalopa which
migrates to brackish inshore waters. The megalopa under-
goes metamorphosis into a benthic juvenile which uses
estuaries as a nursery habitat. Adults then move from the
estuaries back to deeper and full salinity water offshore.

Freshwater prawns, such as Macrobrachium, and
crabs hatch out as planktonic zoea, advanced larval forms
that use thoracic appendages to swim upside down
(Figure 36.3). The freshwater Macrobrachium have a zoea
that lives in estuarine environments as it needs brackish
water (34); they are carnivorous, eating zooplankton,
worms, and larval forms of other invertebrates. Zoea
undergoes a series of developmental stages before becom-
ing a postlarva (Macrobrachium prawns) or megalopa
(crabs). Macrobrachium pelagic postlarvae move
upstream towards less saline water swimming with the
dorsal side uppermost. During this migration the postlar-
vae start to undergo the transition to the adult benthic
habit. The size at which postlarvae start the upstream
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migration is thermally driven and low temperatures can
bring about migration in small individuals.

The larval and post larval phase of Homarus lobsters
is about 6–8 weeks long. They have a very short nauplius
phase and quickly metamorphose into a larval form; the
first three larval stages are very similar to the zoea phase
of the crabs and are sometimes called mysid larvae (35).
The zoea of Homarus lobsters undergoes a series of devel-
opmental stages, ultimately becoming a postlarva (equiv-
alent to the megalopa). Postlarvae undertake the transition
from a planktonic to a settling and finally a benthic juve-
nile through behavioural response to light, gravity, and
water pressure. The early benthic juvenile phase is highly
cryptic as these individuals use shelters until they are big
enough to avoid predation.

The life history of spiny lobsters (palinurids) differs
from the other decapod Crustacea in that the nauplius
stage is very short (several hours) before development into
a larvae (phyllosoma). The phyllosoma is dorso-ventrally
flattened, transparent, and very thin (36), a body form that
is suitable for the passive dispersion of these larvae in
ocean water currents. The phyllosoma phase is very long,
lasting as much as 391 days and potentially larvae are car-
ried considerable distances (�1000 km). This extended
dispersal phase makes it difficult to locate and collect the
phyllosoma in oceanic waters and as a result little is
known about their biology. There are 7–13 phyllosoma
stages and the last phyllosoma stage metamorphoses into
a non-feeding, transparent, and free-swimming puerulus
(postlarvae). Puerulus use energy stores acquired as phyl-
losoma until metamorphosis into a feeding post-puerulus
or juvenile. Benthic puerulus are vulnerable to predation
and therefore initially hide in cracks and crevices, or in
burrows. As a result of this cryptic behaviour it has been
difficult to determine the cues important in the selection
of settlement sites and habitats. Once juveniles are large
enough to protect themselves from predators they begin to

adopt a more typical adult lifestyle and a scavenging and
omnivorous diet.

C. GROWTH AND ECDYSIS

The hard exoskeleton of the crustaceans is a non-living
layer that plays a role in protection, gaseous exchange,
and support. However, it is unable to increase in size, and
therefore growth is constrained by this hard exoskeleton.
An increase in size occurs only after the old exoskeleton
has been shed (moult) and a new exoskeleton has formed
and hardened. The process of moulting is called ecdysis
and as a result the process of growth is incremental rather
than continuous. During the moulting process the animal
increases in size by absorption of water, but somatic
growth occurs between moults. Many aspects of the life of
crustaceans, including growth and reproduction, are
directly under the control of the physiological changes
associated with the moulting cycle.

The process of moulting can be divided into five dis-
tinct stages (37):

1. Premoult. Animals are getting ready to discard
the old exoskeleton by starting to break down
the exoskeleton. Enzymes are released that start
dissolving the old skeleton, and calcium and
other materials are absorbed from the old shell.
The epidermal cells beneath the cuticle
increase in size and begin to secrete the new
exoskeleton which is deposited beneath the old
exoskeleton. 

2. Moult. As the animal increases in size through
ingestion of water the internal pressure causes
the weakened old exoskeleton to split at the
membrane between the cephalothorax and the
abdomen. The animal pulls itself out of the old
exoskeleton and emerges out of the original
shell. The new exoskeleton is present, but is
soft and pliable and the animal is defenceless
until it hardens. Water continues to be absorbed
to increase body size.

3. Postmoult. The new exoskeleton hardens by the
re-deposition of calcium and other soluble
materials that were stored from the dissolution
of the old endoskeleton. The exoskeleton is still
soft and animals are vulnerable to predation.

4. Intermoult. This is the period between moults
during which time the water absorbed by the
animal during the moult is replaced by somatic
tissue. In the early stages of the lifecycle, when
the larvae and juveniles are growing quickly
and undergoing metamorphosis, the intermoult
periods are relatively short. However, once the
adult phase is reached, moulting occurs less fre-
quently and the intermoult periods are longer.
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Crustaceans may lose appendages through accidents
or shed appendages voluntarily in a process called auto-
tomy (38). In the decapod crustaceans there is a specific
site on an appendage at which autotomy can occur. This
means that, regardless of where the damage has occurred,
the appendage will always be dropped off at that point.
Once an appendage has been shed cells at the breakpoint
begin to enlarge and a regenerated appendage is formed,
complete with exoskeleton. Regeneration can only occur
during the premoult phase; therefore the animal cannot
form a new limb until it is passes through the next moult
cycle. If an individual has lost a large number of
appendages then the intermoult phase may be shortened
and the next moult cycle will start earlier (38).

Growth rates of many crustacean species have largely
been described under culture conditions. However, models
of population dynamics and stock assessment required for
fisheries management rely heavily on accurate estimates of
growth rates of wild animals. In fish, hard structures like
scales and ear bones (otoliths) grow in such a way as to
leave a record of somatic growth. However, the lack of per-
manent hard structures in crustaceans that contain a record
of somatic growth is problematic when estimates of age are
need. Tagging studies on wild populations have been used
to estimate growth rates (e.g., 39); however, this relies on
adequate recovery rates of tagged individuals and retention
of tags during moulting cycles. Recently, it has been dis-
covered that both freshwater and marine crustaceans have
deposits of an autofluorescent neurolipofuscin that accu-
mulates in the eyestalk ganglion and the concentration of
which is correlated to the physiological age of the individ-
ual (40, 41). The neurolipofuscin pigment can be extracted
from the tissue using solvents and the intensity of fluores-
cence is used as a measure of neurolipofuscin concentration
(42). Alternatively, tissue sections prepared histologically
can be viewed under a specialised microscope and the den-
sity of fluorescing granules estimated (41). As deposition
rates of neurolipofuscin are related to the physiological, not
chronological, age of individuals the rates of deposition are
modified by environmental factors such as temperature
(43). Despite this lipofuscin concentration has the potential
to be used to estimate growth rates and determine year-
class strength in populations for fisheries management.

D. HORMONAL CONTROL OF MOULTING AND

REPRODUCTION

The cyclic processes of moulting and reproduction have a
major impact on adult physiology and are under the control
of hormones (44). The neurosecretory X-organ, located in
the eyestalk of many decapod crustaceans, produces moult-
inhibiting hormone (MIH) and vitellogenesis-inhibiting
hormone (VIH). These hormones once released by the
X-organ are sent to a sinus gland, also in the eyestalk,
and then released into the hemolymph (blood). If the

concentration of moult-inhibiting hormone decreases in the
hemolymph this promotes the release of moulting hor-
mones (ecdysteroids) from the Y-gland, located near the
mandible muscles. Low concentrations of moulting hor-
mones are present during postmoult and intermoult periods,
but they increase during early premoult which starts the
processes of moulting, followed by a decrease prior to
moulting. Likewise, low concentrations of VIH result in the
release of reproductive hormones and the process of egg
production begins.

Although the moulting cycle is controlled hormonally
factors that initiate moulting are often external, e.g., food,
temperature, and day length. Given that aquaculture
requires the control of all aspects of an animal lifecycle,
including growth and reproduction, there is some under-
standing of the hormonal control of moulting and how this
can be manipulated. In the 1970s it was found that
destroying the eye stalk (ablation) will induce non-gravid
female shrimp to mature and produce eggs. Eyestalk abla-
tion will reduce the intermoult phase, induce stimulation
of ovarian development, and accelerate the rate of ovarian
development due to the absence of the moult-inhibiting
and vitellogenesis-inhibiting hormones (45). Today eye-
stalk ablation is used in almost every marine and seawater
shrimp aquaculture facility to shorten the intermoult
phase, accelerate growth rates, and to produce animals
with soft shells for market. In aquaculture the ability to
control reproductive activities and ensure the production
of eggs and sperm when required has many advantages;
(1) it allows development of selective breeding programs,
(2) it is possible to promote reproductive development and
not be seasonally dependent on natural reproductive
cycles, and (3) control spawning activities which can
increase the proportion of females that spawn at any time.
Therefore, hatcheries use eyestalk ablation as a way to
advance reproductive activities and synchronise spawning. 

E. REPRODUCTION

The sexes are separate in the decapod crustaceans; in
females a pair of ovaries and in males a fused pair of testis
is located in the cephalothorax. In some species, shortly
after the female becomes sexually mature she must undergo
a moult at which time she is able to mate and receive sperm
from males. Males have an opening (gonopore) on the last
pair of walking legs through which sperm enclosed in a
package (spermatophore) is deposited between the fourth
pair of walking legs on the female thorax. In prawns,
females have a spermatophore receptacle called a thely-
cum. Females lay eggs through a gonopore after sperm
deposition and the sperm is used to fertilise the eggs.

Penaeid prawns release the fertilised eggs into the
ocean, but most species transfer eggs to the underside of
the abdomen. The egg brood is kept aerated and clean of
debris by the fanning movement of the pleopods. The eggs
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develop here until the larvae hatch out. A female carrying
a brood of eggs is described as being in berry and the eggs
can be seen as a mass of orange due to the presence of
carotenoids. As the eggs develop they change colour from
orange to brown and then finally grey several days before
hatching. Larvae hatch from the eggs and remain attached
to the brood chamber for up to 24 hours. The female dis-
lodges the larvae by lifting her tail and vigorously beating
the pleopods. Larvae are usually released at night to min-
imise risk of predation and on a high tide to ensure the
transport of larvae away from the reef. Generally newly
released larvae respond negatively to gravity and posi-
tively to light such that they move up in the water column
into surface waters.

F. FEEDING

Larvae and postlarvae are predators, feeding actively on
phytoplankton and invertebrate zooplankton (46). They
are able to feed on suspended particles and will actively
chase and capture zooplankton. However, they are largely
opportunistic feeders and may be cannibalistic when held
in high densities. Among the adult forms there is a diver-
sity of feeding modes, but many of the edible crustaceans
are scavengers and/or predators and many species are
omnivorous. The diet of scavengers (e.g., prawns)
includes a range of dead plant and animal matter includ-
ing detrital aggregates. The prey of predators (e.g., lob-
sters and crabs) includes worms, crustaceans, molluscs,
and fish. Cannibalism may occur at very high densities in
culture conditions, particular in crabs and especially when
individuals have just moulted and are soft-shelled. Food
detection is primarily through chemosensory structures on
the head. The antennae and antennules can detect low
concentrations of chemicals and are used for distance
chemoreception, while appendages around the mouth are
used for contact chemoreception and are able to detect
high concentrations of organic compounds (33).

Once food is captured or found the maxillipeds are
used to hold and crush, and the mandibles and maxillae
are used for ingestion. At this point food is broken into
fine pieces before being passed into the foregut. In deca-
pod crustaceans the muscular foregut is divided into two
chambers; a cardiac stomach and a pyloric stomach. In the
cardiac stomach a gastric mill with chitinous teeth is used
to further grind food down before it is passed into the
pyloric stomach. Digestive processes are initiated in the
foregut with the release of enzymes secreted by a diges-
tive gland. Partially digested food is then passed from the
foregut through to the mid-gut which is the primary site of
enzyme activity and nutrient absorption and the final
stages of digestion occur. Enzymes are produced by
digestive tubules that form a glandular appendage (diges-
tive gland), which is involved in enzyme synthesis and
secretion, nutrient absorption, and lipid storage.

Although toxic poisoning in humans through the con-
sumption of crustaceans is not typically associated in the
same way that molluscan shellfish are, there is evidence
that crustaceans may accumulate toxins in their tissues
(review 47). Uptake of toxins by crustaceans occurs when
they consume bivalves that have toxins and toxins are
accumulated in the hepatopancreas (48). However, poi-
soning of humans rarely occurs because the muscle tissue
of crustaceans is predominantly eaten, but if the whole
animal is cooked (e.g., crab soup) or the digestive gland is
eaten then toxins accumulated in this gland can be trans-
ferred to humans. In crabs there is evidence that toxicity
may be the direct result of the consumption of the
macroalgae Jania (47). 

G. MOVEMENT AND MIGRATION

For many crustaceans planktonic larvae are typically the
dispersal phase of the life history, in those species which
have a very long larval phase, e.g., spiny lobster, phyllo-
soma, can be dispersed considerable distances. Movement
patterns of phyllosoma are poorly known because of diffi-
culties in sampling animals that occur at low densities in
large oceanic water masses. More recently the approach to
studying movement patterns of these larvae has involved
integrating oceanographic circulation patterns with larval
distribution. In some cases there is evidence that phyllo-
soma may be retained within gyre systems ensuring that
they return to the reef. Although dispersion of larvae and
phyllosoma is affected by current systems, they can actively
orientate themselves in the water column and effectively
control some of their movement. Many species undertake
vertical migrations in the water column, thereby using
water currents at different depth strata to allow some con-
trol in their return to the reef (49). For example, the Western
Australian spiny lobster early in the larval phase stays in
surface waters which ensures movement offshore away
from the reef, but when mid- and late-stage phyllosoma
avoid surface waters they are more affected by subsurface
circulation which returns them back to the coast (49).

Adult lobster species undergo movements that can
occur on a range of spatial scales from 100s of metres to
100s of kilometres (32). Some of these movements are
temporally and spatially predictable, with directional
migration involving thousands of individuals as seen in
some of the spiny lobsters (50). The reasons for the move-
ments are varied and in many cases unknown (36).
However, they may be related to spawning activities,
redistribution of juveniles, movement out of sub-optimal
environments, facilitating exchange of genetic material, or
environmental factors, e.g., temperature. In some cases
during the migrations lobsters follow predictable routes in
single file for 2–4 days, which can make them vulnerable
to over-fishing. On the Scotian shelf tagged adult
Homarus lobster have recorded migrations in excess of
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200 km over a year, but they often return to the same area,
suggesting long-range homing behaviour (32). The mech-
anisms used by spiny lobsters to orientate themselves and
be able to undertake directional migrations and display
homing behaviour are unclear. Recent work has explored
the use of magnetic orientation by spiny lobsters through
experiments that relocate animals and use magnets to
modify the magnetic field around the individual. It
appears that spiny lobsters (Panulirus argus) do use mag-
netic information to orientate themselves and be able to
return home. Interestingly, individuals appear to use their
relative position to the home site to orientate; in other
words, they use a geomagnetic map (51).

H. BEHAVIOUR

Unlike largely sedentary molluscan shellfish, many edible
crustaceans, particularly lobsters and crabs, display
advanced social and reproductive behaviour (32).
However, much of what is understood about decapod
behaviour has been obtained in aquaculture conditions,
where animals are held in high densities and inter-indi-
vidual interactions are frequent. In nature most decapods
are largely solitary, nocturnal, and remain hidden. Spacing
and occupancy of shelters is a major aspect of their social
behaviour (52). Lobsters at high densities will obtain and
defend mates and shelters through dominance hierarchies.
In particular, dominant males are able to evict subordinate
males and are able to gain and retain mates. In contrast, at
low densities dominance hierarchies are not formed, but
individuals are highly territorial. Although the differences
in behaviour under conditions of high and low density are
evident in culture conditions, these may also be seen in
the wild associated with ontogenetic changes in behav-
iour. For example, juvenile spiny lobsters are solitary and
cryptic, but intermediate-sized individuals will aggregate
together in shelters.

The use of the claws in behaviour is diverse, e.g., male
fiddler crabs wave their claw to entice females into the bur-
row for mating, and in contrast, some lobsters and crabs
will use the well developed claws in aggressive interac-
tions. Some factors that affect aggressive interactions and
their outcome are size, moult stage, and gender of the indi-
viduals involved (53). The nature of dominance interac-
tions can range from ritualised displays to physical fights
which can result in the loss of limbs. Typically individuals
that are bigger and with larger claws will have a greater
chance of winning encounters. However, there are distinct
changes in aggression during the moult cycle. An individ-
ual may maintain a high level of aggressiveness until the
point that the old shell has been moulted, possibly so shel-
ter that will provide protection during the soft-shell state
can be obtained and maintained. Recently moulted indi-
viduals will be less aggressive as the soft-shell provides lit-
tle protection during interactions.

IV. CONCLUSION

The shellfish represent a biologically diverse group of
marine invertebrates that includes very important harvest
and aquaculture species world-wide. The sedentary
lifestyle of many species makes populations vulnerable to
changes in the environment that will affect recruitment of
juveniles into adult populations and the quality of adults as
a food source. Aspects of biology, ie growth, ecology,
reproduction, feeding, and movement that have been stud-
ied in detail are often related to our need to manage wild
stocks and for the successful culture of new species. Given
that these are invertebrates and many of these species are
low in the food chain, it may be considered that they will
be less vulnerable to over-exploitation. However, the
advanced behaviour and extended pelagic larval phase of
some lobster species, about which we know little, means
that over-fishing is possible and aquaculture of these
species will be challenging.
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I. INTRODUCTION

Aquaculture has been described as both the art and science
of growing aquatic animals and plants. It has been practiced
for thousands of years by different societies using a wide
variety of approaches to growing aquatic organisms in
water. The origins of aquaculture will probably never be
known because there are no ancient aquaculture-specific
artifacts or even the remains of ponds or dams that can be
distinguished from other uses such as water storage or for
growing crops (1). However, there is some historical evi-
dence from around the world that shows aquaculture has
existed for thousands of years and in several different
places. There is a bas-relief of fishing, probably for Tilapia,
from fish ponds in ancient Egypt 4000–4500 years ago (1).
Several types of integrated aquaculture/agriculture systems
were known in South America (1) and there is the
1500–1800-year-old Ahupua’a marine aquaculture in
Hawaii (2). Fish ponds were well known in Europe during
the Roman Empire and Middle Ages (3). In many ways
China could be considered the head and heart of traditional
aquaculture, certainly in freshwater, since it is here that
large scale aquaculture has the longest history and has
shown the most evolution. Pond culture of common carp
was recorded over 3000 years ago and about 2500 years ago
Fan Li, considered the father of Chinese fish culturists,

wrote “Yang Yu Ching” or a “Treatise on Pisciculture” to
detail practical methods for freshwater aquaculture (4, 5).
Recently, within the last half of the twentieth century, aqua-
culture has shifted into an industrial phase and global pro-
duction has increased dramatically. Currently, aquaculture
of finfish, molluscs and crustaceans (shellfish) produces
37.5 million tonnes per year and accounts for 29% of the
total global fishery harvest (6). Aquaculture continues to
expand and has increased its share of the global fishery from
less than 4% in 1970 (6). Aquaculture has great potential to
expand further and to meet an increasing human demand for
protein. To accomplish this dramatic changes in current
structures and practice may be necessary. The debate on
sustainable aquaculture is only just beginning (7–10).

There are many ways to farm fish: they may be housed
in ponds, tanks, cages and raceways; held inside or outside
in salinities from freshwater through to seawater; and
grown with or without other fish, animals or plants that are
also available for harvesting. Aquaculture can be divided
very broadly into extensive and intensive forms. It can be
argued that intensive aquaculture is distinct from other
forms, whereas there is a continuum from extensive to
semi-intensive systems. Under intensive aquaculture,
water provides physiological support for the fish but all
other means of sustaining life are provided from external
sources, the most obvious being the supply of nutritionally



complete feeds. Extensive aquaculture is viewed as a sys-
tem which manages the natural productivity of water to
grow products that can be used. The level of management,
the types and magnitude of inputs and the diversity of pro-
duction all contribute to the complexity of non-intensive
systems. Thus, Chinese polyculture of up to eight species
of finfish is a good example of semi-intensive aquaculture
at one end of the continuum. Annual gross yields in
Chinese polyculture are reported to reach 20 tonnes per
hectare although the median is six to eight tonnes (11). In
contrast, extensive systems at the other end of the contin-
uum, such as managed lakes, would rarely exceed 0.5
tonnes per hectare per year (see p. 37-10). 

Carp species account for by far the largest portion of
global finfish production with the majority of these grown
in China (6). Production is based around polyculture
within ponds and their integration within wider agricul-
ture systems (11). Outside of China, carp are produced in
many countries and systems, including intensive pond and
tank production of common carp in Europe and Israel (12)
and semi-intensive pond polyculture of common, Indian
and Chinese major carp in India. Aquaculture of salmonid
fishes, including Atlantic salmon, rainbow trout and
Pacific salmon, is the largest intensive finfish aquaculture
system in the world and has now overtaken channel cat-
fish aquaculture, one of the first intensively farmed finfish
species. Many countries have some salmonid aquaculture
and the major producers are Norway, the United
Kingdom, Canada and Chile. Nevertheless, the various
carp species with more than 15 million tonnes per year
dwarf salmonid culture with one tenth of this production
(Figure 37.1). The other most important finfish are Tilapia
and milkfish (6). Tilapia species (1.05 million tonnes) are
cultured around the world under different systems: they
are the mainstay of aquaculture in Africa where they are
mainly grown extensively in small ponds; they are used in
semi-intensive freshwater polyculture in China, as well as
being grown intensively in tanks and ponds in Israel and

the United States. Milkfish (0.46 million tonnes) is a
major brackish water aquaculture species in South East
Asia and a large expansion occurred after the develop-
ment of commercially effective artificial propagation
techniques in Taiwan (13). Species new to aquaculture are
constantly under development with considerable focus on
higher value marine species. The major hurdle to over-
come with most marine species is closure of the life-cycle,
which is often technically difficult due to the small size,
fragility and unknown feeding and husbandry require-
ments of marine larvae. Wild-caught fry or juveniles are
still used in the aquaculture of many species but the long-
term sustainability of this practice is questionable. This is
a major challenge that may take many years to solve for
some species (see p. 37-6).

Finfish account for approximately half of aquaculture
production with crustaceans and molluscs accounting
equally for the majority of the remainder (6). Of the top 29
aquaculture species three bivalve molluscs are in the top ten
by production with over 8 million tonnes whereas the pre-
dominant crustaceans are prawns with about 1 million
tonnes per year (Figure 37.1). The monetary value reflects
the socioeconomic and technical basis of particular aqua-
culture systems so that high value prawns and salmonids
have a far larger share of the total monetary value of aqua-
culture production than of the production weight (Figure
37.2). Although aquaculture production is based on at least
210 different plant and animal species the majority comes
from the few groups discussed above (6). In 2000 (6) nine
countries produced more than half a million tonnes of aqua-
culture product, including plants, and were headed by
China (32 million tonnes), India (2 million tonnes), Japan
(1.3 million tonnes) and the Philippines (1 million tonnes). 

The aim of this chapter is to provide an overview of the
range of aquaculture species and systems found. A more
detailed discussion of the principles governing aquaculture
practice will use selected examples taken from intensive
and semi-intensive aquaculture.
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aquaculture groups in 2000 (35). Categories detailed in Table 37.1. 



II. INTENSIVE AQUACULTURE SYSTEMS

The principles that drive intensive aquaculture are based
around maximising production in the shortest length of
time. Intensive aquaculture is most often based on mono-
culture of high value species in developed countries.
Animals may be contained in a wide variety of structures
including net-cages (Figure 37.3), tanks, raceways and
earthen ponds (Figure 37.4). Fish are held at high densities

and fed nutritionally complete feeds, usually at maximum
rations. As has been found in intensive agriculture indus-
tries, fish are sensitive to disease and periods of high mor-
tality have been associated with many intensive
aquaculture industries. 

Reproduction and propagation of major freshwater fin-
fish (i.e., salmonids, carps and catfish) is relatively
straightforward and achieved with a high success rate. One
of the important features of these finfish groups is the large
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FIGURE 37.3 Use of cages in different forms of aquaculture a) 24-m2 cages for marine Atlantic salmon farming, b) ring-cages for
marine Atlantic salmon farming, c) small 4-m2 cages for grouper farming, d) small 2-m2 cages for barramundi grow-out in freshwa-
ter ponds.

FIGURE 37.4 Fish holding in (a) concrete tanks used for marine finfish, (b) concrete raceways for rainbow trout, (c) indoor fibre-
glass tanks for rainbow trout and (d) a drained earthen pond for freshwater silver perch.



size and robust nature of eggs and the ease of feeding com-
pound feeds immediately at, or soon after, first-feeding.
This is in marked contrast to marine species in which far
greater investment in technologies for rearing larvae and
for supplying live feeds has been made. It should be
pointed out that some industries, such as Asian sea bass
(14), are adopting extensive practices to produce feeding
fry for intensive grow-out (see p. 37-6).

Nutrition and feed development are critical issues at
present. Aquafeeds use large amounts of valuable fish
meal and fish oil and considerable effort is being directed
at developing alternative ingredients (15–17). The propor-
tion of the global fish meal supply used in aquafeeds is
reported to have increased from 10% (1988) to 35%
(1998) (9). These authors also point out that this is due to
a reallocation of a relatively static global harvest of fish
meal from other feeds to aquafeeds; aquaculture has not
caused any increase in fish meal production. Successful
experimental feeds that are free of marine products have
been developed for larger channel catfish, and following
on from this the total animal meal now used in commer-
cial catfish feeds is less than 2% (18). However, the
omnivorous channel catfish is one of the few non-carniv-
orous finfish farmed intensively and the complete removal
of marine ingredients from feeds for carnivorous species
poses more difficulties. For example, salmonids have
limited ability to use dietary carbohydrate (19), and this
places constraints on the type of plant-based ingredients
that can be used since raw meals contain large amounts
of carbohydrates. A likely trend will be the development
of high protein ingredients from plant and microbial
sources. Products from grains and legumes such as
soybean, lupins, canola and peas and microbial sources
such as bacteria are currently being investigated (20, 21).
Commercial Atlantic salmon feeds can contain over 38%
fish oil, making the sector the major user of global fish
oil production. This level of use and the probability of
increased competition for fish oil from other sectors (e.g.,
nutraceuticals) have the potential to severely restrict fur-
ther expansion of salmon aquaculture. Fortunately, it now
appears feasible to replace up to 50% of the fish oil in
Atlantic salmon feeds with plant oils (16), although there
may be salmon health implications under some circum-
stances (22). 

Maintaining animal health and disease control are of
major importance in all sectors of aquaculture. There are
examples of severe disease outbreaks that have led to
huge losses in production. The effects of viruses, includ-
ing white spot syndrome, monodon baculovirus and yel-
low head virus, have almost decimated the marine prawn
industry; losses up to 1996 were estimated to have
reached US$ 3 billion (23). The Atlantic and Pacific
salmon industries have suffered from major viral (e.g.,
IPN, infectious pancreatic necrosis; ISA, infectious
salmon anaemia), bacterial (e.g., furunculosis; bacterial

kidney disease) and parasitic (e.g., sea lice; ameobic gill
disease) diseases. There was a major outbreak of furun-
culosis in the early 1990s that resulted in yearly losses of
US$ 77 million. Fortunately, the disease has declined
since 1993 due to the use of effective vaccines (24).
Vaccination against a variety of potential pathogens is
now a major management procedure in the Norwegian
salmon industry and over 90% of all stocks are vacci-
nated by injection into the intraperitoneal (visceral) cav-
ity (24). Vaccination is only a part of the health care
management programs now in place in the salmon indus-
try. These recognise the need for trained personnel, rou-
tine monitoring and quick diagnosis; to minimise stress
through appropriate stocking densities, careful and mini-
mal handling; site rotation to break the disease cycle;
cooperation between farms to ensure single-year class
stocking at a location in order to prevent vertical transfer
and break disease cycles (24). Aquaculture is also vul-
nerable to environmental impacts that include predators,
blooms of toxic algae, contamination from land run-off
and disasters such as oil spills. Aquatic animals are
bathed in the contaminated water and it is often much
more difficult to move them away from an aquatic threat
compared to terrestrial situations.

Offshore marine finfish aquaculture is now being
developed in response to human-related pollution and
other stresses on the marine coastal environment as well
as user conflicts with commercial and recreational groups
(25). Technology required for holding and servicing
stocks must be far more resilient than for inshore farming
and greater mechanisation is needed to reduce the need
for manual intervention (25). Assessment of health and
growth status, removal of dead fish and feeding are
required on a regular basis; grading and harvesting should
be possible in any weather. This involves greater use of
technology, it is more expensive to purchase and has
higher running costs which must be balanced by increased
production efficiency (26). There is increasing evidence
that growth is faster and more efficient in larger cages
(27). Large submersible cages for offshore locations are
under development for several aquaculture sectors includ-
ing salmon and flatfish (28). One example was the
Tension Leg Cage, which could be submerged in rougher
weather to reduce wave damage at the surface (28). In
addition to these open production systems there have been
significant advances in closed production system technol-
ogy. Closed systems are usually land based, use tanks and
rely on technology and management to maximise water
quality and minimise water use through reuse. This is
achieved with water reticulation and physical filtration
systems that aid the removal of solid and suspended
organic material, heat exchangers to maintain water tem-
perature and reduce heating costs, biofilters containing a
microbial flora that removes various harmful nitrogenous
compounds and UV filters to reduce bacterial loads. 
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A. SALMONIDS

Around ten salmonid species (members of the family
Salmonidae) are farmed in 60 countries (29) and over 90%
of aquaculture is based on Atlantic salmon, rainbow trout
and coho salmon. Salmonid species of interest are natu-
rally found in temperate areas of the northern hemisphere,
Oncorhynchus species from the Pacific and Salmo species
from the Atlantic. Demand from recreational fisheries and
aquaculture places them as global species with a consider-
able southern hemisphere presence (30). Rainbow trout
have been cultured for many years. Denmark pioneered
pond-based production of plate-sized fish at the end of the
nineteenth century (30). In the last ten years Atlantic
salmon has become the major salmonid species due to a
huge expansion in sea-cage farming in Norway followed
by Scotland, Canada and Chile. Small juvenile Atlantic
salmon, called parr, have brown sides with complex pat-
terns of spots and darker stripes. Adults are typically
streamlined and silver scaled with prominent dorsal, pec-
toral and pelvic fins; the tail should be distinct and slightly
forked although farmed fish often have worn fins. Rainbow
trout has been described as the Pacific cousin of Atlantic
salmon due to the similarities in shape, patterns and silvery
colour as well as similar reproductive characteristics (31).
Coho salmon are also known as silver salmon. Immature
fish have a metallic blue dorsal surface that silvers on the
sides; mature males have bright red sides and bright green
heads and backs (32).

Atlantic salmon are typically anadromous (return from
the sea to spawn in freshwater) with freshwater and sea-
water phases in their life-cycle. Mature males and females
return to freshwater sometime in the 12 months before they
spawn. These large impressive fish of up to 30 kilogram
famously migrate up the rivers and streams that they last
swam down as immature parr several years previously.
Once in the spawning grounds the female makes a hollow
(redd) in gravelly stream beds where the male fertilises the
eggs as they are released. The buried eggs hatch into a
yolk-sac stage (alevin) and emerge as fry that start feeding
on animal prey. The fry grow into parr that then undergo
smoltification, a metamorphosis taking several months, to
enable migration into the sea. After two to five years at sea
(sea-winters) the fish return as mature adults. Some fish
mature and return after one sea-winter and are called
grilse. Aquaculture initially recreated this natural life-cycle
but varying degrees of manipulation are now used to pro-
mote rapid and uniform growth, minimise maturation and
maximise harvest over as much of the year as possible. 

Broodstock are often removed from a production run
on the basis of size and external appearance. They are then
conditioned prior to spawning. Selective breeding is used.
In Norway it is estimated that 65% of the Atlantic salmon
and rainbow trout produced originate from the National
Breeding Program (33). This program has incorporated

growth, age at sexual maturation, disease resistance and
flesh quality as selection characteristics (33). Broodstock
conditioning is best in freshwater and synchronous matu-
ration is achieved through the use of hormonal prepara-
tions as well as keeping the fish under the same
conditions, sometimes males and females together or
sometimes in recirculating water allowing chemicals
released by the fish to act as they would in the wild (29).
Hand “stripping” of eggs and milt, by applying firm pres-
sure along the abdomen, followed by gentle mixing, fer-
tilises the eggs. Hand-stripped Atlantic salmon and
rainbow trout can be re-conditioned for the next season.
When larger numbers of eggs and milt are required they
are removed directly following euthanasia. This procedure
has to be adopted with Pacific salmon which only spawn
once (30). Sperm are inactive until they touch water so
contact is minimised until mixing with eggs. Eggs absorb
water on fertilisation, become larger and “sticky” and then
harden. Straightforward procedures are followed to ensure
maximum fertilisation rates that typically exceed 95%.
Fertilised eggs are then incubated under dim or red lights
in gently flowing water. Adequate water flow is required
to ensure good supply of oxygen and the removal of solu-
ble wastes as well as debris. Incubators are of different
designs that vary between deeper cylindrical upwellers to
shallow troughs. The California or undercurrent system
uses hatching trays positioned in shallow troughs and is
considered the most effective design (30). On hatching the
alevins use their yolk-sac before being weaned directly
onto compound feeds and the fry stage is reached on loss
of the yolk-sac. There is considerable individual variation
in feeding success and growth rate, so size-grading is used
to control size distribution and prevent cannibalism
(amongst the smaller stages). Development now proceeds
from the parr to the smolt stage. Attention has been
focused on controlling this process in order to manage the
supply of fish into the major production stage. All in all
there has been a highly effective transfer of scientific and
technical principles reflected by 80–90% survival from
hatch to smolt (30). 

Smolt usually have to be transported from the hatchery
to the grow-out site; this can be by land, air or sea and care
is taken to reduce stress by providing dark aerated condi-
tions and to transfer smolt via pipes directly into the cages.
The “smoltification window” describes a period during the
season when parr must be of a certain size to start the
process of smoltification. It is normally in the spring for
Atlantic salmon but more variable for Pacific salmon. In
contrast, successful sea-water transfer of rainbow trout, a
non-smolting species, is related to larger size (29). The
majority of Atlantic salmon on-growing is conducted in
sea-cage systems. These are essentially large bag-nets held
on floating frames that are anchored to ensure the frames
stay in the same place. Bag-nets are five to 20 metres deep
and their shape is maintained by devices such as metal
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rings around the circumference of the net, weights and
lead-core ropes (29). Groups of cages are usually held and
anchored together and, depending on the design, they can
be joined by walkways or only accessed individually by
boat. Galvanised steel square-cages are typically available
in 12 to 24 metre square sections. A 24 metre section
would consist of a 15 by 15 metre net surrounded by walk-
ways (Figure 37.3a). Each section incorporates floats
under the walkways and sections are hinged together to
expand a system and to provide flexibility in rougher seas.
The other main type of sea-cage is the circular ring-cage in
which a buoyant circular ring structure is used to hold a
circular bag-net, mooring cables and other ancillary struc-
tures such as bird netting or feeders (Figure 37.3b). These
structures can range in circumference from 60 to over 120
metres. Compared to square-cages they are usually placed
further apart, allow greater water flow through a group of
cages and are easier to handle independently of each other.
There are a number of commercial variations of square-
and ring-cages holding from a few tonnes to over 150
tonnes, approximately 40000 fish (29). 

Considerable intervention has been used to manage
smoltification and maturation. Controlling the supply of
smolt enables stocking over more of the year and more even
production throughout the year. This is particularly impor-
tant when a large proportion of fish mature within one sea-
winter as grilse which are smaller than older salmon (29).
One-year smolt is the normal age category for smolt but
half-year, one-and-a-half and two-year smolt are also pro-
duced and used (30). One-year smolt (S1) are exposed to a
natural photoperiod and are transferred in spring after one
year in freshwater; one-and-a-half year smolt are essen-
tially delayed S1 and transferred in the autumn rather than
in the spring like S1; Half-year smolt are transferred in
autumn prior to S1 and are produced by photo-manipula-
tion of the photoperiod that accelerates “spring.” Mature
salmon are not desirable in a production run. Mortality is
higher in seawater; they partition feed resources into
unwanted reproductive growth rather than somatic growth
and develop many poor external and flesh quality charac-
teristics that reduce marketability (29). Whether maturation
occurs is highly influenced by size and nutritional status so
that faster growing fish, often in warmer temperatures, will
mature relatively quickly but be of a smaller size. Strategies
to control the effects of maturation include the production
of sterile triploid fish or the use of all female stock, since
females show lower rates of maturity than males. 

Selective breeding has been used as a strategy to
improve Atlantic salmon and rainbow trout in Norway
since 1971 (33). Initially selection was based on growth,
then the frequency of grilse was incorporated to increase
the age at maturation. More recent selection strategies
have used disease challenge to increase disease resistance
and measurements of flesh colour, fat content and fat dis-
tribution to improve meat quality (33). There has also

been development and testing of genetically modified or
transgenic fish. Genetically modified Atlantic salmon parr
containing a growth hormone transgene (chinook salmon
growth hormone gene attached to an antifreeze protein
promoter sequence from ocean pout) grew at over two and
half times the rate of control fish due mainly to increased
feed intake (34). 

B. MARINE FINFISH

In the majority of developed countries that use intensive
aquaculture there is a premium on marine rather than
freshwater finfish. Of course, not all marine finfish com-
mand the same price or kudos associated with yellowtail,
tuna, halibut or grouper, for example. As yet, there is no
intensive aquaculture of high value marine finfish on the
scale or with the current rate of increase of Atlantic
salmon. The large and important Japanese yellowtail
industry produced 137000 tonnes in 2000 (35) but this
was below production at the start of the 1990s. Farming
yellowtail in Japan developed from holding wild-caught
fish and intensified in the 1970s. Too rapid expansion and
limitations due to disease and markets have led to greater
controls on the industry and a reduction in production
(36). Although hatchery-based propagation is possible the
Japanese industry is still largely based on small (<10
gram) wild-caught fingerlings that are grown to 50–100
grams before being sold for on-growing for about 12
months to about three kilograms (37). Bluefin tuna are
very valuable fish and attempts at forms of aquaculture
have been under way for many years in Japan, North
America, Europe and Australia (38–40). The few com-
mercial tuna farms, mainly located in Australia and the
Mediterranean, on-grow large wild-caught juvenile tuna.
In Australia, for example, juvenile southern bluefin tuna
shoals are caught using a purse-seine, towed back in spe-
cially designed ring-cages and transferred to moored
cages for a four- to eight-month grow-out (40). The tuna
are around 20 kilograms at catch and controlled grow-out
allows a high level of value adding to a fishery resource.
farmed tuna can treble in weight and larger tuna are more
valuable per kilogram as well as on a whole-fish basis.
Recently there are indications that aquaculture based on a
closed life-cycle of bluefin tuna is possible; successful lar-
val production from northern bluefin tuna that had them-
selves been grown in culture from larvae has been
achieved (41). The research program was started over 25
years prior to successful spawning of the wild tuna in
1995–96 and indicates the high level of complexity and
need for a considerable economic and time investment to
achieve success. Further development will be required
because there may be key differences between wild-
caught and domestic broodstock that could result in poor
larval quality and a low success rate in the production of
viable juveniles from this second generation. 
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Good examples of intensive marine aquaculture in
which the life-cycle is closed and that have a high produc-
tion are the European sea bass and gilthead sea bream in
the Euro-Mediterranean region (42), red drum in the south-
ern United States (43), red sea bream in Japan and the
Asian sea bass in South East Asia (14). European sea bass
production has increased steadily over the last ten years
and all aspects of production, from larval rearing to brood-
stock management, are considered to be under control
(44). Commercial hatcheries produce in excess of 180 mil-
lion juveniles for sea-based grow-out. Propagation is based
on a relatively standard larval rearing protocol supplying a
sequence of live feeds, rotifer followed by brine shrimp,
before weaning onto a compound feed (44). European sea
bass larvae first feed four or five days after hatching when
they are between four and six millimetres in length. After
three to four weeks they reach ten millimetres and wean-
ing onto a high protein compound feed begins and is usu-
ally complete by 40 days. An interesting development is
the successful use of a compound feed immediately at
first-feeding and for the entire larval period. Consideration
of supplying essential nutrients in a form that can be read-
ily assimilated is the key to this success and achieved using
ingredients such as phospholipids and hydrolysed proteins
(44). Rotifers and brine shrimps form the basis of most lar-
val rearing protocols. Rotifers are smaller and always fed
first, then with brine shrimp in order to provide food for
smaller individuals before only brine shrimp are used.
Other variations include “greenwater” techniques,
whereby microalgae are also grown because they appear to
benefit both the live feed and the finfish larvae. Red sea
bream are fed microalgae (day three to 25), rotifers (day
three to 33), brine shrimp (day 20 to 40) and compound
feed (day 20 to 60). Live feeds are often “enriched” by
feeding them commercial preparations to increase concen-
trations of specific nutrients, particularly polyunsaturated
fatty acids and vitamins. 

The aquaculture of Asian sea bass or barramundi pro-
vides an interesting view of how one species has been
highly adaptable and successful under many systems (14).
Its natural range encompasses the northern Indian and
tropical western Pacific Oceans and it is found from Iran to
Australia (14). Although aquaculture production is rela-
tively small (20000 tonnes in 1999) there is great potential
for a species that can be cultured using intensive and
extensive methods, indoors or outdoors, and that can be
grown over the full range of salinity (from fresh to sea-
water) and even in brackish bore waters far from the sea.
Tucker et al. (2002) have recently reviewed barramundi
aquaculture: barramundi are catadromous (opposite to
salmon) and sea water is needed for the broodstock, eggs
and the first half of the larval rearing cycle. The species is
also a protandrous hermaphrodite so that individuals first
mature into males (after two years) and then into females
(after three to five years). Barramundi can be spawned in

tanks or strip spawned and this can be achieved with or
without hormonal manipulation. Ambient conditions are
very important for maturation and spawning. Spawning
will occur regularly under summer photoperiod and tem-
peratures: in Australia these parameters are artificially con-
trolled in enclosed tanks to produce a regular supply of
larvae from a small broodstock population (14). In more
tropical locations farmed broodstock kept under natural
conditions at high temperatures (27–34°C) will spawn reg-
ularly in tanks. Spawning occurs on the full moon and can
be enhanced by first decreasing (also increasing tempera-
ture) and then increasing tank water depth (decreasing
temperature) to recreate a high tide. Barramundi are very
fecund and females produce hundreds of thousands of eggs
per kilogram on each spawning. Males are stocked with
females and the floating fertilised eggs are collected by
nets or from the outflow water. The larvae are 1.5 milli-
metres when they hatch and have a yolk sac and oil glob-
ule as food reserves that are fully depleted after six days.
Typically, larvae first-feed after two to three days (2.6 mil-
limetres length) and take around 25 days to metamorpho-
sise into juveniles (17 millimetres length). There are many
approaches to larval rearing that range from intensive to
extensive. Intensive procedures can be carried out in small
tanks using a rotifer and brine shrimp sequence, rotifers
from day two to day 15 and brine shrimp from day ten.
Production methods may also incorporate a greenwater
approach with the use of microalgae over the first part of
larval rearing. Extensive procedures are carried out in large
earthen ponds relying on natural plankton blooms initiated
by fertilising the pond. Juveniles are easily weaned onto
compound feeds and transferred from the nursery to grow-
out stage. In Southeast Asia grow-out uses small ponds
(0.08 to two hectares), coastal impoundments or smaller
cages (one to 300 m3). Several approaches to grow-out are
used in Australia. These include open freshwater ponds,
small cages held in freshwater ponds (Figure 37.3d), large
marine cages and, because barramundi command a high
market price, indoor tanks in more southerly non-tropical
regions. Production is based on plate-size fish of around
400 to 700 grams and larger fish of around two to three
kilograms for fillets or as “banquet” fish.

C. ABALONE

Abalone are herbivorous gastropod molluscs that graze,
usually nocturnally, on microalgae (attached to surfaces)
and macroalgae (seaweed) (4). They have one shell with
several holes along the edge for water exchange and a
famously pearly inner surface. Their large muscular foot is
an expensive delicacy around the world. Aquaculture
started in Japan about 50 years ago and numerous Haliotis
species are now grown commercially around the world.
Production is led by China and Taiwan with Australia con-
sidered to be leading industry development through
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research into areas such as feeds and nutrition, health and
grow-out technologies (45). Abalone culture has been
reviewed recently by Viana (2002). Farm-raised broodstock
are readily available and synchronous reproduction is usu-
ally managed through the control of water temperature,
water quality and high feed availability. Spawning can be
induced by manipulation of temperature and light: temper-
ature shock stimulation of spawning is created by raising
water temperature to a target level and then dropping it sud-
denly and shifting to a dark period. Fertilised eggs hatch
into non-feeding larvae which then undergo metamorphosis
and leave the water column to settle on the tank floors.
Diatoms (microalgae) are grown on hard surfaces and sup-
plied for several months for the post-larvae to graze on
before they grow larger and the radula becomes hard
enough to graze on macroalgae. This switch takes place at
about one centimetre length and abalone from one to three
centimetres are then ready for grow-out to about seven cen-
timetres. Broodstock and post-larval stages are often main-
tained in land-based facilities whereas grow-out may be
sea- or land-based. Sea-based systems are designed to pro-
vide shelter and good water flow but feeds still have to be
supplied. Abalone in land-based farms can be held in
ponds, tanks, raceways or other types of enclosure. Shallow
tanks with laminar water flow to minimise water use are
suitable in conjunction with compound feeds but greater
tank depth and water volumes are required when macro-
algae are the food. Large sectors of the industry are based
on the use of macroalgae as the principal and only food
source for grow-out and the regular provision of large vol-
umes of macroalgae is a major operational issue. However,
abalone can still be grown intensively on macroalgae. For
example, in some intensive Taiwanese farms abalone are
housed in banks of many small containers that are lifted out
from the water by overhead cranes, packed by hand with
macroalgae and returned. Abalone are slow growing and
will take up to five years to reach market size. In Australia
the use of macroalgae is not thought economic and there
has been a focus on developing a complete nutritionally
balanced feed. As a result the time taken to reach market
size has been reduced from five to less than four years.
Abalone are slow feeders and feeds remain in the water for
long periods of time which means significant leaching of
nutrients can occur (46). A variety of technologies have
been explored and include the use of high concentration of
ingredients that act as binders and as nutrients (e.g., wheat
and maize gluten), combinations of binders and the use of
microencapsulation for highly soluble nutrients (46).
Growth variation is large and selective breeding programs
for growth and growth efficiency are seen to be an impor-
tant area for future development (45). A variety of traits
such as growth rate, growth efficiency and marketable char-
acteristics have been suggested and research has already
established that heritability for survival and shell length is
high enough for use in selective breeding programs (47). 

III. SEMI-INTENSIVE AND EXTENSIVE
AQUACULTURE SYSTEMS

Semi-intensive and extensive culture of fish in ponds is fun-
damentally different from intensive aquaculture. This form
of pond culture uses a more holistic approach by exploiting
the biological characteristics of the immediate aquatic
ecosystem in fish production (48). The principles are based
on the management of a pond’s trophic web through alter-
ations to the natural progression of the species balance in
order to maximise conditions for fish production (48). Such
alterations include efficient use of external inputs, princi-
pally organic fertilisers, the removal of species to shorten
food chains or that are trophic “dead-ends” (e.g., macro-
phytes), supplementary feeding and complex harvesting
and re-stocking protocols. Pond-based polyculture, of
mainly carp species, that has been refined in China and the
pond-based monoculture of prawns provide examples of
semi-extensive aquaculture. Large-scale changes in the
types of aquaculture practiced in China are under way and
intensive systems are being developed for freshwater and
marine species (personal observation). Prawns are also
farmed under intensive, extensive, polyculture and inte-
grated aquaculture systems (49). 

A. CHINESE FINFISH POLYCULTURE

As described above the most significant contribution to
global aquaculture production is made by finfish cultured
using Chinese pond-based polyculture systems. Although
largely based on knowledge handed down by farmers with-
out them necessarily understanding the scientific basis of
management strategies (50) there has been considerable
work by provincial fisheries bureaus to document informa-
tion as a basis for making improvements through a scien-
tific approach (51). There have been dramatic increases in
production over recent years. Although aquaculture is
thousands of years old it is only since 1957 that Chinese
major carp fry have been artificially propagated. Apart
from increases in the number of fish and ponds available
other areas where huge improvements have been made
include training and technology transfer, effective pond
design, placing greater emphasis on polyculture, increas-
ing stocking density and increasing production through
multiple harvesting and re-stocking (51, 52). 

The finfish used in polyculture can be divided into four
groups based on their principal food and feeding habits:
plankton, macrophytes, detritus or aquatic animals (53).
The major species used in polyculture are silver carp (phy-
toplankton), bighead carp (zooplankton), grass carp
(macrophytes), mud carp (detritus) and black carp (mol-
luscs); common carp (omnivorous feeding) are also used in
high numbers. The former group of carp species are known
as the Chinese major carp (Table 37.1). Other species such
as the blunt nosed bream or Wuchang fish (macrophytes),
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crucian carp (detritus) and Tilapia species (plankton and
detritus) are also important in more complex polyculture
systems. Chinese finfish polyculture has been divided into
two main types: the “feeding model” and the “filter-feeding
model” (51). The feeding model is based on grass, black
and or common carp whereas the filter-feeding model
makes more use of silver and bighead carp and rarely uses
black carp. Although both models are widely used the bal-
ance differs between provinces. The feeding model is
prevalent in Zhejiang (89%) and Jiansu (89%) compared to
Hubei (25%) and Shandong (25%) (51). The number and
mix of the principal species and the use of additional
species is dependent on the province and on the farm (11).
Polyculture in provinces such as Zhejiang has been prac-
ticed for thousands of years. The climate is ideal for
extended production over a large part of the year and the
province is wealthy and very close to the huge marketplace
of Shanghai. Consequently, conditions favour the feeding
model and the production of species (grass, black and com-
mon carp) that are preferred in the market place. Thus, the
complexity of the polyculture practiced depends on geo-
graphical location, which influences the growing season;
on the historical and technological basis of aquaculture,

which influence expertise and technical support; as well as
on socioeconomic factors, which influence the mix of
species and the inclusion of more valuable species (11). 

Broodstock are grown in special ponds for four to
seven years and to weights in excess of five to ten kilo-
grams depending on the species (50). Broodstock are
placed in monoculture for a pre-spawning phase where
water quality and feeding are managed. Species other than
common carp normally spawn in flowing rivers so the
maintenance of good water quality with high oxygenation
is important in these ponds. Hormonal injections are used
to induce spawning and male and females are placed
together in circular concrete tanks where spawning and
fertilisation occur (50). The fertilised eggs sink and are
carried out of the tanks to be collected from the outflow
and placed into incubation systems. Large circular incu-
bation tanks, constructed from bricks and cement, are
stocked at around 800000 eggs per cubic metre of water.
Once the swim bladder is formed the larvae can be
removed and stocked into the nursery ponds. Rearing pro-
gresses over the summer and the first stage lasts for
around 30 days. Different carp are usually kept under
monoculture due to the similarity in larval diets. Soya
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TABLE 37.1
Major Aquaculture Species with Top 20 Rank by Production Weight in 2000 (35)

Group Name (Rank) Scientific Name Water, Feeding Mode

Finfish
Chinese major carp Silver carp (2) Hypophthalmichthys molitrix FW, filter feeder

Grass carp (3) Ctenopharyngodon idella FW, herbivore
Bighead carp (6) Hypophthalmichthys nobilis FW, filter feeder
Mud carp Cirrhinus molitorella FW, detritivore
Black carp Mylophryngodon piceus FW, carnivore

Indian major carp Rohu (11) Labeo rohita FW, omnivore
Catla (12) Catla catla FW, filter feeder
Mrigal (13) Cirrhinus mrigala FW, detritivore

Other carp Common carp (4) Cyprinus carpio FW, detritivore
Crucian carp (7) Carassius carassius FW, detritivore

Other finfish Tilapia (9) Oreochromis niloticus FW, omnivore
Milk fish (16) Chanos chanos B, herbivore
Channel catfish (20) Ictalurus punctatus FW, omnivore
Yellowtail Seriola quinqueradiata M, carnivore

Salmonids Atlantic salmon (10) Salmo salar M, carnivore
Coho salmon Oncorhynchus kisutch M, carnivore
Rainbow trout (18) Oncorhynchus mykiss FW, carnivore

Shellfish
Bivalves Pacific oyster (1) Crassostrea gigas B, filter feeder
(Molluscs) Small neck clam (5) Ruditapes philippinarum M, filter feeder

Giant ezo scallop (8) Patinopecten yessoensis M, filter feeder
Blue mussel (17) Mytilus edulis M, filter feeder

Prawns Tiger (14) Penaeus monodon B & M*, detritivore
(Crustaceans) Oriental Penaeus chinensis B & M*, detritivore

White Penaeus vannamei B & M*, detritivore
Giant freshwater Macrobrachium rosenbergii FW & B*, detritivore

FW � freshwater, B � brackish, M � marine, * � during reproduction and larval stages.



milk is supplied directly to the pond for feeding the larvae
and early fry. Limited polyculture may be used in the later
phases of fry production. Polyculture protocols use three
to eight centimetre fry in different combinations of the
main carp species. Stimulation of phyto- and then zoo-
plankton blooms is managed through the application of
organic fertilisers to provide food for the growing fry. 

Rectangular ponds are recommended and are of differ-
ent dimensions depending on the production stage: for
example, fry ponds are 1.2 metre deep and less than a fifth
of a hectare in area; fingerling ponds are 1.5 metre deep
and up to a third of a hectare in area; grow-out ponds are
two to three metre deep and up to two thirds of a hectare in
area. The most efficient grow-out systems follow multiple-
batch harvesting and re-stocking protocols, sometimes
called “multi-grade conveyor culture,” which coordinate
several harvests and restocking of both fingerlings and of
larger fish over the growing season. For example, in
Guangdong Province 35% of ponds may be allocated to
fingerling production and the rest to grow-out. The grow-
out ponds will be divided for different sizes of fish. The
final or “fattening” pond contains mainly bighead, grass,
mud and silver carp, to be grown up to harvest size over
different periods of time, as well as some common and
black carp, Wuchang fish, tilapia and even snakehead
(Table 37.2). In hilly regions where there are fewer ponds
there is an emphasis on mixed-age culture within the same
ponds. Chinese finfish polyculture is dependent on large
inputs of organic fertilisers (mainly manure and composts)
as well as some feed sources not available in the pond,
especially terrestrial plant material for grass carp.
Traditional fish farms are usually part of a larger integrated
aquaculture-agriculture farm. Integrated farming, the inte-
gration of agriculture and aquaculture activities (Figure
37.5a), has several forms in China involving combinations
of fish with ducks, pigs, chickens, cows and silk-worms.

The integration of fish with pigs and with ducks are con-
sidered the most successful systems (54). In one docu-
mented example (55) 70 hectares of ponds produced 800
tonnes of fish (based on eight species polyculture), 400000
ducks, 1060 pigs, 123 cows and chickens to give an overall
annual production of 13.5 tonnes per hectare. In fish-silk
culture mulberry bushes (Figure 37.5b) are grown by fish
ponds and provide leaves for silk-worms which produce
manure and protein from the pupa.

Variations of finfish polyculture are found throughout
the world and suit different socioeconomic situations. For
example, a system of polyculture was developed in India
around the Indian major carp (Table 37.1) and it now
incorporates other carp species. In Bangladesh, Indian and
Chinese major carp are grown in ponds under polyculture
systems and sold as a cash crop. It has been shown that if
smaller pond fish species are also included they provide a
vital protein source for the farmer’s family whereas the
carp are treated only as a cash crop (56).

B. PRAWNS

Penaeid shrimps are the most important farmed “prawns”
and over twenty species are farmed (4). The majority of
production is of Penaeus monodon (570000 tonnes) with
a sizable contribution from P. chinensis (219000 tonnes)
and P. vannamei (144000 tonnes) (35). The giant fresh-
water prawn, Macrobrachium rosenbergii, is the fourth
most important prawn (119000 tonnes), the majority of
production being from China (48%) and Bangladesh
(37%) (49). There are many similarities in aquaculture
techniques for the different prawn species although there
are also important differences, not least of which between
the freshwater and marine species (54). 

The current status of freshwater prawn aquaculture
and techniques have been recently detailed in depth (49).
Wild female M. rosenbergii migrate into estuaries where
the fertilised eggs they are carrying hatch. Larvae meta-
morphosise through 11 stages before the post-larvae settle
on the estuary bottom and migrate into freshwaters. The
discovery that the larvae needed a brackish water environ-
ment for successful development is considered a major
advance in the aquaculture of this species (4). Reproduc-
tion and larval rearing are now well understood. Seawater
can be trucked inland to hatcheries and siting farms away
from coastal areas is viewed as a major advantage of the
industry (49). World production has stabilised but aqua-
culture may yet have great potential because there has
been limited development in South and Central America
or in Africa and the species characteristics are more
favourable to lower intensity farming and to developing
polyculture with finfish. Polyculture with finfish in ponds
offers an opportunity to increase pond yields with little
increased cost. Prawns feed on bottom detritus and do not
compete with the finfish (49). A range of production
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TABLE 37.2
Stocking and Harvest Weights of “Fattening” Ponds in
a Polyculture System in Use in Guangdong Province,
China

Stock Harvest 
Weight Weight Density* Rearing
(Grams (Grams (Fish per Period

Species per Fish) per Fish) Hectare) (Days)

Bighead carp 500 1000–1500 330 40
Grass carp 250–500 1300–1500 600–1200 60–180
Mud carp 50 125 14250 180
Silver carp 250–600 700–1000 300–600 90–180
Common carp 300
Tilapia 7500–15000
Wuchang fish 100–250 750
Black carp 75–150

* � Based on 15 mu per hectare.



systems from extensive to intensive are used although the
majority of the industry is based on semi-intensive grow-
out. M. rosenbergii aquaculture provides a good example
where the different aquaculture systems can be related to
key aspects of farming. Extensive farming uses either ded-
icated ponds or impounded areas where there is another
primary purpose such as rice fields or irrigation ditches;
no feed is added; there is no control of water quality,
predator or competitor species; stocking is 1–4 per square
metre and production is less than 500 kilograms per
hectare per year; harvesting is difficult because the water
cannot be drained or seined. Intensive farming uses small
concrete ponds; high water quality is maintained through
high water exchange and continuous aeration; predator
and competitor species are removed; nutritionally com-
plete compounded feeds are used; stocking density is high
at 20 per square meter and production is in excess of five
tonnes per hectare per year; ponds are drain harvested
(there are few commercial examples of intensive aquacul-
ture). Semi-intensive aquaculture relies on daily manage-
ment of water quality and water productivity to supply
natural food sources; compound feeds are used to supple-
ment pond-based food; stocking density is four to 20 per
square meter and production is up to five tonnes per
hectare per year (57). However, M. rosenbergii is territo-
rial and density has a major effect on growth. Under semi-
intensive conditions densities from four to 12 per square
metre resulted in the most marked reduction in growth
(57). Consequently, there has to be a balance between
average growth rate and the total biomass available for
harvest. An efficient semi-intensive operation would reach
market weight of 30 to 60 grams in six to eight months
with a survival of 50 to 80% (57).

Much of the research and development in marine
prawn farming has been related to controlling spawning
and larval rearing (54). Maturation, spawning and early
larval stages of marine prawn species occur during the
marine phase of the life-cycle, whereas the brackish waters
of estuaries act as feeding grounds for post-larval and juve-
nile stages (4). Penaeid aquaculture was originally based
on collection from the wild of either gravid females, which
had mated and would then produce larvae, or post-larvae

and juveniles. Hatchery techniques that allow the control
and management of maturation, spawning and the fertilisa-
tion of eggs are now established (54). One of the key tech-
niques is the removal of one eyestalk (unilateral ablation)
from females. This decreases the amount of gonad-inhibit-
ing hormone produced and therefore promotes maturation
and spawning, particularly in females. The level of man-
agement is species dependent so that P. monodon requires
ablation. Ablation is used with P. vannamei but it is not
essential and species such as P. japonicus are responsive to
environmental manipulation and ablation is not used (4).
Broodstock diet is important and although compound feeds
could be used there is a strong belief that factors contained
within fresh or frozen animal food and not in compound
feeds are required. Broodstock diets often contain poly-
chaete worms, squid or bivalves, trash fish or crustacean
waste. Males and females are stocked in equal numbers in
spawning tanks. Eggs are collected and removed to the
hatchery. Larval rearing relies on a controlled environment
and maintenance of high quality seawater. A sequence of
live-food starting with algae, rotifers and then brine shrimp
is used. The “Galveston” method was developed in the
U.S. and is more intensive; small larval rearing tanks are
stocked at high densities and live-feeds supplied from sep-
arate tanks. Post-larval stages are thinned down and trans-
ferred to larger tanks or ponds. The “community culture”
method originates in Japan. It is based on larger tanks and
relies on promoting the growth of live feed species within
the same body of water as the larvae. 

Grow-out may also be conducted under intensive, semi-
intensive and extensive systems: intensive (�200 prawns
per square metre) practices tend to use tanks, raceways or
smaller concrete ponds whereas extensive (�1 prawn per
square metre) practices usually rely on larger earthen ponds
or impounded areas (4). Semi-intensive management strate-
gies are broadly similar to those described above for M.
rosenbergii and typical prawn ponds are rectangular and of
one to three hectares, although some ponds in South
America are as large as 20 hectares, and around one metre
deep (54). Water circulation is vital to managing water qual-
ity and food supply. Regular water exchange is practiced
along with direct aeration and circulation of pond water to
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ensure nutrients are re-suspended for assimilation by plank-
ton. Production is around two to four tonnes per hectare per
year. In contrast, intensive farming can be as high as 28
tonnes per hectare per year but has proved very vulnerable
to disease problems (54).

IV. PACIFIC OYSTER FARMING

Pacific oyster farming has the highest production of any
single aquaculture species. Production in 2000 was nearly
four million tonnes and about 11% of total global aqua-
culture (35). Pacific oysters, originally from Japan, are
very adaptable to different environmental conditions and
are farmed throughout the world, having been introduced
to the United States, Europe, South America, Africa and
Australasia (4). They are bivalves so that a soft body is
enclosed within two shells (valves) that are joined at a
pointed end. The lower valve is cupped and normally the
site of attachment to a substrate. The shape of the shell is
very variable and heavily influenced by the environment:
smooth and elongated shells result from growth on a soft
substrate whereas a hard or gravelly substrate will cause
flutes and corrugations as well as a deeper rounder shape
(58). They inhabit brackish waters such as estuaries and
feed by filtering nutrients out of the water. Consequently
growth is highly dependent on the nutrient supply in the
waters of the farm as well as on water temperature and
quality. It takes fifteen to eighteen months to reach market
size (about 100 grams) under natural conditions. 

Males and females are separate and discharge sperm or
eggs into water where fertilisation takes place. Between
seasons they may changes sex from male to female (58).
Spawning is stimulated by warming waters in the spring
and summer and it may occur throughout the year at high
temperatures (e.g., 30–33°C in the Philippines). The larvae
feed on microalgae in the water column before they meta-
morphosise into spat that settle out. Traditional Japanese
oyster culture relied on the collection of wild spat on bam-
boo sticks and then on collectors suspended from rafts.
Hatchery production has become more prominent although
wild spat are still used. An important advantages of a
hatchery-based industry is the relative ease of organising a
genetic improvement program, as has been initiated in
Tasmania (Australia) (59). The spat are grown until winter
when they are graded and taken for one-year or two-year
grow-out. Suspension of oysters in cultches and bags from
floating rafts is the most common method in Japan, sus-
pension from long-lines is more common in rougher deeper
water. One-year oysters are transferred to productive waters
after winter and grow rapidly. The two-year oysters are
“hardened” over the first season on wooden racks posi-
tioned intertidally so that oysters are subjected to waves and
air exposure. They are transferred to the grow-out areas the
next season and are larger than the one-year oysters on har-
vest (4). Due to economic and legal restrictions on floating

structures many farms still adopt bottom culture, in which
the oysters are grown directly on the sea bottom (54). Off-
bottom structures that are located intertidally and built into
the bottom include stakes (placed vertically) or sticks
(placed horizontally), stone or concrete slabs placed in
bridges and wooden rack systems that support trays and
bags or are used to suspend ropes carrying the oyster cultch.
Suspended systems such as rafts or long-lines are placed
further offshore and carry suspended trays, lines and bags.
The location of oyster farms is crucial and efficient grow-
out depends mainly on understanding the carry capacity of
the water to maximise the use of nutrients and avoid over-
stocking. Minimising grading and replanting is also impor-
tant. Depuration is particularly important to ensure oysters
are safe to eat. They are eaten raw and being filter feeders
can concentrate pathogenic bacteria, viruses, natural toxins
(notably from microalgae) and pollutants.

V. SUMMARY

On the order of 300 aquatic species are cultured through-
out the world and many species that are new to aquacul-
ture will be under investigation at any one time (and often
rejected after some period of research and development).
In this overview I have concentrated on major species and
groups, particularly on a few finfish, bivalve molluscs and
decapod crustaceans (prawns). Large amounts of seaweed
are also farmed. There is significant commercial farming
of other vertebrate (e.g., frogs, soft-shelled turtles) and
invertebrate (e.g., echinoderms, sea cucumbers) groups.
Intensive and semi-intensive approaches were described
and they emphasise the scope of aquaculture practice as
well as how systems need to be appropriate to specific
socioeconomic circumstances. Important challenges face
aquaculture and ensuring it is sustainable. These will
partly be met by increased understanding through
research and the development of technological solutions.
Best practice clearly does not imply only the use of
intensive aquaculture; considerable improvements can be
made to all systems and approaches can be transferred.
Whichever system is appropriate, more emphasis will be
placed on increasing efficiency and maximising the use of
valuable resources. A broader view of resources will
encompass multiple use of location and the environmental
impact of aquaculture, disease prevention rather than con-
trol and limiting the use of chemical or antibiotic solu-
tions, the sustainable use of feed ingredients and
decreasing reliance on marine products. Biotechnology
may offer increased opportunity; there is already per-
ceived but uneven market resistance to genetically modi-
fied products. Global forces such as climate change will
have important consequences in relation to which species
are farmed and where species are farmed. Increased water
temperatures may allow species to be grown in new
regions but also end the culture of other species. The
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importance of the contribution that aquaculture makes to
human nutrition will continue to increase and consider-
able work is being done to ensure its effectiveness.
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This book is not the proper forum to discuss the manufac-
ture of every frozen seafood product available on the
market. However, regulatory agencies such as the
National Marine Fisheries Service (NMFS) have issued
some minimal criteria for several frozen seafood and
seafood products: what they are, what types and styles are
available, and so on. This chapter describes each available
frozen seafood product based on the product grades issued
by the NMFS. A product grade is established to achieve
two objectives: ensure product safety and to minimize
economic fraud.

I. FROZEN HEADLESS DRESSED WHITING

A. DESCRIPTION OF THE PRODUCT

The product described in this section consists of clean,
wholesome whiting (silver hake) Merluccius bilineraris,
Merluccius albidus, completely and cleanly headed and
adequately eviscerated. The fish are packaged and frozen
in accordance with good commercial practice and are
maintained at temperatures necessary for the preservation
of the product.

B. GRADES OF FROZEN HEADLESS DRESSED WHITING

U.S. Grade A is the quality of frozen headless dressed
whiting that possesses a good flavor and odor.

U.S. Grade B is the quality of frozen headless
dressed whiting that possesses at least reasonably good
flavor and odor.

Substandard or Utility is the quality of frozen head-
less dressed whiting that otherwise fails to meet the
requirements of U.S. Grade B.

C. DETERMINATION OF THE GRADE

Good flavor and odor (essential requirements for a U.S.
Grade A product) means that the cooked product has the
typical flavor and odor of the species and is free from ran-
cidity, bitterness, staleness, and off-flavors and off-odors
of any kind.

Reasonably good flavor and odor (minimum require-
ments of a U.S. Grade B product) means that the cooked
product is lacking in good flavor and odor but is free from
objectionable off-flavors and off-odors of any kind.

Arrangement of product refers to the packing of the
product in a symmetrical manner, bellies or backs all fac-
ing in the same direction, and fish neatly dovetailed.

Condition of the packaging material refers to the con-
dition of the cardboard or other packaging material of the
primary container.

If the fish is allowed to stand after packing and prior
to freezing, moisture from the fish will soak into the
packaging material and cause deterioration of that mate-
rial.

Dehydration refers to the presence of dehydrated
(water-removed) tissue on the exposed surfaces of the
whiting. Slight dehydration is surface dehydration which
is not color-masking. Deep dehydration is color-masking
and cannot be removed by scraping with a fingernail.
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Minimum size refers to the size of the individual fish
in the sample. Fish 2 ounces or over are considered
acceptable. Smaller fish cannot be cooked uniformly with
acceptable size fish. 

Heading refers to the condition of the fish after they
have been headed. The fish should be cleanly headed
behind the gills and pectoral fins. No gills, gill bones, or
pectoral fins should remain after the fish have been headed.

Evisceration refers to the cleaning of the belly cavities
of the fish. All spawn, viscera, and belly strings should be
removed.

Scaling refers to the satisfactory removal of scales
from the fish.

Color of the cut surfaces refers to the color of the cut
surfaces of the fish after heading and other processing.

Bruises and broken or split skin refers to bruises over
one-half square inch in area and splits or breaks in the
skin more than one-half inch in length which are not part
of the processing.

Texture defects refers to the absence of normal textural
properties of the cooked fish flesh, which are tenderness,
firmness, and moistness without excess water. Texture
defects are dryness, softness, toughness, and rubberiness.

II. FROZEN HALIBUT STEAKS

A. PRODUCT DESCRIPTION

Frozen halibut steaks are clean, wholesome units of
frozen raw fish flesh with normally associated skin and
bone and are 2 ounces or more in weight. Each steak has
two parallel surfaces and is derived from whole or subdi-
vided halibut slices of uniform thickness which result
from sawing or cutting perpendicular to the axial length,
or backbone, of a whole halibut. The steaks are prepared
from either frozen or unfrozen halibut (Hippoglossus
spp.). They are processed and frozen in accordance with
good commercial practice and are maintained at tempera-
tures necessary for the preservation of the product.

B. STYLES OF FROZEN HALIBUT STEAKS

The individual steaks of Style I, random weight pack, are
of random weight and neither the weight nor the range of
weights is specified.

All steaks of Style II, uniform weight or portion pack,
in the package or in the lot are of a specified weight or
range of weights.

C. RECOMMENDED DIMENSIONS

(a) The recommended dimensions of frozen hal-
ibut steaks are not incorporated in the grades
of the finished product since dimensions,
as such, are not factors of quality for the
purpose of these grades. However, the degree

of uniformity of thickness among units of the
finished product is rated since it is a factor
affecting the quality and utility of the product.

(b) It is recommended that the thickness (smallest
dimension) of individually frozen halibut
steaks be not less than ½ inch and not greater
than inches.

Percentage glaze on halibut steak means the percent
by weight of frozen coating adhering to the steak surfaces
and includes the frost within the package. 

Uniformity of thickness means that the thickness is
substantially the same for one or more steaks within a
package or sample unit.

D. COLOR DEFECTS

(a) Discoloration of drip liquor means that the free
liquid which drains from the thawed steaks is
discolored with blood residue usually from the
dorsal aorta of the halibut.

(b) Discoloration of light meat means that the normal
flesh color of the main part of the halibut steak has
darkened due to deteriorative influences.

(c) Discoloration of the dark meat means that the
normal color of the surface fat shows increas-
ing degrees of yellowing due to oxidation.

(d) Non-uniformity of color refers to noticeable dif-
ferences in color on a single steak or between
adjacent steaks in the same package.

(e) Dehydration refers to the appearance of a
whitish area on the surface of a steak due to the
removal of water or drying of the affected area.

(f) Honeycombing refers to the visible appearance
of numerous discrete holes or openings of vary-
ing size on the steak surface.

(g) Workmanship defects refers to appearance
defects that were not eliminated during pro-
cessing and are considered either objectionable
or poor commercial practice.

(h) Texture defect refers to an undesirable increase in
toughness and/or dryness, fibrousness, and watery
nature of halibut examined in the cooked state.

III. FROZEN SALMON STEAKS

A. PRODUCT DESCRIPTION

Frozen salmon steaks are clean, wholesome units of frozen
raw fish flesh with normally associated skin and bone and
are 2.5 ounces or more in weight. Each steak has two par-
allel surfaces and is derived from whole or subdivided
salmon slices of uniform thickness which result from saw-
ing or cutting dressed salmon perpendicularly to the axial
length, or backbone. The steaks are prepared from either
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frozen or unfrozen salmon (Oncorhynchus spp.) and are
processed and frozen in accordance with good commercial
practice and are maintained at temperatures necessary for
the preservation of the product. The steaks in an individual
package are prepared from only one species of salmon. 

B. SPECIES

Frozen salmon steaks covered huiby are prepared from
salmon of any of the following species:

Silver or coho (0. kisutch) 
Chum or keta (0. keta)
King, chinook, or spring (0. tshawytscha)
Red, sockeye (0. nerka)
Pink (0. gorbuscha)

C. STYLES

The individual steaks of Style I, random weight pack are
of random weight and neither the individual steak weight
nor the range of weights is specified. The steaks in the lot
represent the random distribution cut from the head to tail
of a whole dressed salmon.

The individual steaks of Style II, random weight
combination pack, are of random weight and neither the
individual steak weight nor the range of weights is speci-
fied. The steaks in the lot represent a combination of cuts
from selected parts of the whole dressed salmon. 

All steaks of Style III, uniform weight or portion
pack, in the package or in the lot are of a specified weight
or range of weights. 

D. RECOMMENDED DIMENSIONS

It is recommended that the thickness (smallest dimension)
of individually frozen salmon steaks be not less than 1/2
inch and not greater than 1 1/2 inches. 

General appearance defects refer to poor arrangement
of steaks, distortion of steaks, wide variation in shape,
between steaks greater than normal number of head and/or
tail pieces, imbedding of packaging material into fish flesh,
inside condition of package, frost deposit, excessive or non-
uniform skin glaze, and undesirable level of natural color. 

Dehydration refers to the appearance of a whitish area
on the surface of a steak due to the evaporation of water
or drying of the affected area. 

Uniformity of thickness means that the steak thickness
is within the allowed manufacturing tolerance between the
thickest and thinnest parts of the steaks within a package
or sample unit. 

Workmanship defects refers to appearance defects that
were not eliminated during processing and are considered
objectionable or poor commercial practice. They include
the following: Blood spots, bruises, cleaning(refers to
inadequate cleaning of the visceral cavity from blood, vis-
cera and loose or attached appendages), cutting (refers to

irregular, inadequate, unnecessary, or improper cuts and/or
trimmings), fins, foreign material (refers to any loose parts,
of fish or other than fish origin), collar bone, girdle(refers
to bony structure adjacent to fin), loose skin, pugh marks,
sawdust, and scales. 

E. COLOR DEFECTS

Discoloration of fat portion means that the normal color
of the fat shows increasing degrees of yellowing due to
oxidation. 

Discoloration of lean portion means that the normal
surface flesh color has faded or changed due to deteriora-
tive influences. 

Nonuniformity of color refers to noticeable differ-
ences in surface flesh color on a single steak or between
adjacent steaks in the same package or sample unit. It also
includes color variation of the visceral cavity and skin
watermarking. 

Honeycombing refers to the visible appearance on the
steak surface of numerous discrete holes or openings of
varying size. 

Texture defect refers to an undesirable increase in
toughness and/or dryness, fibrousness, and watery nature
of salmon examined in the cooked state. 

IV. FROZEN FISH FILLET BLOCKS

A. PRODUCT DESCRIPTION

Frozen fish blocks are rectangularly shaped masses made
from a single species of fish flesh. They are made from fil-
lets or fillet pieces that are either skin-on and scaled or
skinless. Blocks processed from skin-on fish flesh should
be so labeled. The blocks should not contain minced or
comminuted fish flesh. The blocks should not be made by
restructuring (reworking) pieces of fish blocks into the
shape of a fish block.

Dehydration is a defect that refers to loss of moisture
from the surface of a fish block during frozen storage.
Affected areas have a whitish appearance.

Moderate dehydration masks the surface color of the
product and affects more than 5 percent up to and including
15 percent of the surface area. If more then 15 percent of the
surface area is affected, each additional 15 percent of sur-
face area affected is another instance. Moderate dehydration
can be readily removed by scraping with a blunt instrument.

Excessive dehydration masks the normal flesh color
and penetrates the product. It affects more than 5 percent up
to and including 10 percent of the surface area. If more than
10 percent of the surface area is affected, each additional 10
percent of surface area affected is another instance.
Excessive dehydration requires a knife or other sharp
instrument to remove.

Uniformity of block size. This defect refers to the
degree of conformity to the declared size. It includes 
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deviations from the standard length, width or thickness.
Only one deviation for each dimension should be counted.

Moderate means a deviation of length and width of
1/8 inch (0.32 cm) or more up to and including 1/4 inch
(0.64 cm). A deviation of thickness of 1/16 inch (0.16 cm)
or more up to and including inch 1/8 (0.32 cm).

Excessive means if over ¼ inch (0.64 cm), each addi-
tional inch (0.32 cm) of length and width is another
instance. If over (0.32 cm), each additional 1/16 inch
(0.16 cm) of thickness is another instance.

Underweight refers to underweight deviations from
the stated weight.

Slight means from 0.1 ounce (2.84 g) up to and
including 1.0 ounce (28.35 g).

Moderate means over 1.0 ounce (28.35 g) up to and
including 4.0 ounces (113.4 g). 

Excessive means if over 4.0 ounces (113.4 g), each
additional 1.0 ounce (28.35 g) is another instance.

An acceptable edge angle is an angle formed by two
adjoining surfaces whose apex (deviation from 90
degrees) is within 0.95 cm off a carpenter’s square placed
along its surfaces. An acceptable corner angle is an angle
formed by three adjoining surfaces whose apex is within
0.95 cm of a carpenter’s square.

Improper fill is a defect that refers to voids, air pack-
ets, ice pockets, ragged edges, bumps, depressions, dam-
age, and embedded packaging material, each of which is
greater than 1/8 inch (0.32 cm) in depth, and which would
result in product loss after cutting. It is estimated by deter-
mining the minimum number of 1-ounce (28.35 g) model
units that could be affected adversely. For the purpose of
estimating product loss, the 1-ounce (28.35 g) model unit
should have the dimensions 4 � 1 � 5/8 inch (10.16 �
2.54 � 1.59 cm). The total number of model units that
would be affected adversely is the number of instances.

Belly flaps (napes) may be either loose or attached to
a fillet or part of a fillet. The maximum amount of belly
flaps should not exceed 15 percent by declared weight of
the block if this amount does exceed 15 percent, each
additional 5 percent by declared weight is another
instance.

Each lump or mass of clotted blood greater than 3/16
inch (0.48 cm) up to and including 3/8 inch (0.95 cm) in
any dimension is an instance of a blood spot. If a blood
spot is larger than 3/8 inch (0.95 cm), each additional 3/16
(0.48 cm) is another instance.

Bruises include distinct, unnatural, dark, reddish,
grayish, or brownish off-colors due to diffused blood.
Each instance is each bruise larger than 0.5 square inch
(3.32 cm2) and less than 1.5 square inch (9.68 cm2). For
each bruise 1.5 square inch (9.68 cm2) or larger, each
additional complete 1.0 square inch (6.45 cm2) is another
instance.

Discoloration refers to deviations from reasonably
uniform color characteristics of the species used, such as

melanin deposits, yellowing, rusting or other kinds of dis-
coloration of the fish flesh.

Moderate discoloration is a noticeable but moderate
degree which is greater than 0.5 square inch (3.23 cm2) up
to and including 1.5 square inch (9.68 cm2) is one
instance. If the discoloration is greater than 1.5 square
inch (9.68 cm2), each additional complete 1.0 square inch
(6.45 cm2) is another instance.

An excessive degree of discoloration is greater than
0.5 square inch (3.23 cm2) up to and including 1.5 square
inch (9.68 cm2). If the discoloration is greater than 1.5
square inch (9.68 cm2) each additional complete 1.0
square inch (6.45 cm2) is another instance.

Viscera and roe refer to any portion of the internal
organs. Each occurrence of viscera and roe is an instance.
Lace (frill) is a piece of tissue adhering to the edge of a
flatfish (Order Pleuronectifonnes) fillet. For each lace,
each 1/2 inch (1.27 cm) is an instance.

In skinless fish blocks, each piece of skin larger than
0.5 square inch (3.23 cm2) up to and including 1.0 square
inch (6.45 cm2) is an instance. For each piece of skin that
is larger than 1.0 square inch (6.45 cm2), each additional
complete 0.5 square inch (3.23 cm2) in area is another
instance. For pieces of skin smaller than 0.5 square inch
(3.23 cm2), the number of 0.5-square-inch (3.23 cm2)
squares fully or partially occupied after collecting these
pieces on a grid is the number of instances.

Each piece of membrane (black belly lining) larger
than 0.5 square inch (3.23 cm2) up to and including 1.5
square inch (9.68 cm2) is an instance. For pieces of mem-
brane (black belly lining) that are larger than 1.5 square
inch (9.68 cm2), each additional complete 0.5 square inch
(3.23 cm2) in area is another instance.

For skin-on fillets that have been scaled, an instance is
an area of scales over 0.5 square inch (3.23 cm2) up to and
including 1.5 square inch (9.68 cm2). If the area is greater
than 1.5 square inch (9.68 cm2), each additional complete
1.0 square inch (8.45 cm2) is another instance. Loose
scales are counted and instances are deducted in the same
manner as for skinless fillets.

For skinless fillets, the first five to ten loose scales is an
instance. If there are more than ten loose scales, each addi-
tional complete count of five loose scales is another instance.

Any harmless material not derived from fish, such as
packaging material, is foreign material. Each occurrence
is an instance.

Bones (including pin bone and fin bone):

(i) Each bone defect to a bone or part of a bone
whose maximum profile is 3/16 inch (0.48 cm)
or more in length, or at least 1/32 inch (0.08 cm)
in shaft diameter or width, or, for bone chips, a
longest dimension of at least 3/16 inch (0.48 cm).

(ii) An excessive degree of bone defect is each
bone whose maximum profile can not be fitted
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into a rectangle, drawn on a flat, solid surface,
that has a length of 1 3/16 inch (3.02 cm) and a
width of ? inch (0.95 cm).

Fins or part fins is a defect that refers to two or more
bones connected by membrane, including internal or
external bones, or both, in a cluster.

(i) Moderate occurrence: Connected by membrane
in a cluster, no internal bone.

(ii) Excessive occurrence: Connected by mem-
brane in a cluster with internal bone.

Parasites are of two types:

(i) Metazoan parasites. Each such parasite or frag-
ment of such a parasite that is detected is an
instance.

(ii) Parasitic copepods. Each such parasite or a
fragment of such a parasite that is detected is an
instance.

Texture means that the cooked product has the tex-
tural characteristics of the indicated species of fish. It does
not include any abnormal textural characteristics such as
mushy, soft, gelatinous, tough, dry or rubbery.

(i) Moderate means moderately abnormal textural
characteristics.

(ii) Excessive means excessively abnormal textural
characteristics.

V. FROZEN MINCED FISH BLOCKS

A. PRODUCT DESCRIPTION

Frozen minced fish blocks are uniformly shaped masses of
cohering minced fish flesh. A block may contain flesh
from a single species or a mixture of species with or with-
out food additives. The minced flesh consists entirely of
mechanically separated fish flesh processed and main-
tained in accordance with good commercial practice. This
minced flesh is made entirely from species which are
known to be safe and suitable for human consumption.

B. PRODUCT FORMS

Types are as follows.
Unmodified means food additives are used.

(i) Single species
(ii) Mixed species

Modified means contains food additives.

(i) Single species
(ii) Mixed species

Color classifications include:

(1) White
(2) Light
(3) Dark

Texture is described as:

(1) Coarse—Flesh has a fibrous consistency.
(2) Fine—Flesh has a partially fibrous consistency

because it is a mixture of small fibers and paste.
(3) Paste/Puree—Flesh has no fibrous consistency.

C. DEFINITIONS OF DEFECTS

Deteriorative color refers to discoloration from the normal
characteristics of the material used. Deterioration can be
due to yellowing of fatty material, to browning of blood
pigments, or other changes.

(i) Slight deteriorative discoloration—refers to a
color defect that is slightly noticeable but does
not seriously affect the appearance, desirability,
or eating quality of the product.

(ii) Moderate deteriorative discoloration—refers to
a color defect that is conspicuously noticeable
but does not seriously affect the appearance,
desirability, or eating quality of the product.

(iii) Excessive deteriorative discoloration—refers to
a defect that is conspicuously noticeable and
that seriously affects the appearance, desirabil-
ity, or eating quality of the product.

Dehydration refers to a loss of moisture from the surfaces
of the product during frozen storage.

(i) Slight dehydration—is surface color masking,
affecting more than 5 percent of the area, which
can be readily removed by scraping with a
blunt instrument.

(ii) Moderate dehydration—is deep color masking
penetrating the flesh, affecting less than 5 per-
cent of the area, and requiring a knife or other
sharp instrument to remove.

(iii) Excessive dehydration—is deep color masking
penetrating the flesh, affecting more than 5 per-
cent of the area, and requiring a knife or other
sharp instruments to remove.

Uniformity of size refers to the degree of conformity
to the declared contracted dimensions of the blocks. A
deviation is considered to be any deviation from the con-
tracted length, width, or thickness; or from the average
dimensions of the blocks, physically determined, if no
dimensions are contracted. Only one deviation from each
dimension may be assessed. Two readings for length, three
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readings for width, and four readings for thickness will be
measured.

(i) Slight—two or more deviations from declared
or average length, width, and thickness up to �
1/8 inch.

(ii) Moderate—two or more deviations from
declared or average length, width, and thick-
ness from � 1/8 inch to � xx inch (variable,
depending on products).

(iii) Excessive—two or more deviations from
declared or average length, width, and thick-
ness over � 3/8 inch.

Uniformity of weight refers to the degree of conform-
ity to the declared weight. Only underweight deviations
are assessed.

(i) Slight—any minus deviation of not more than 2
ounces.

(ii) Excessive—any minus deviation over 2 ounces.

An acceptable edge angle is an angle formed by two
adjoining surfaces of the fish block whose apex is within
3/8 inch of a carpenter’s square placed along the surfaces
of the block. For each edge angle, three readings will be
made and at least two readings must be acceptable for the
whole edge angle to be acceptable. An acceptable corner
angle is an angle formed by 3 adjoining surfaces whose
apex is within 3/8 inch of the apex of a carpenter’s square
placed on the edge surfaces. Any edge or corner angle
which fails to meet these measurements is unacceptable.

(i) Slight—two unacceptable angles.
(ii) Moderate—three unacceptable angles.

(iii) Excessive—four or more unacceptable angles.

Improper fill refers to surface and internal air or ice
voids, ragged edges, or damage. Improper fill is measured
as the minimum number of 1-ounce units that would be
adversely affected when the block is cut. For this purpose,
the dimensions of a 1-ounce unit are 4 � 1 � 5/8 inch.

(i) Slight—1 to 3 units adversely affected.
(ii) Excessive—over 3 units adversely affected.

Blemishes refer to pieces of skin, scales, blood spots,
nape (belly) membranes (regardless of color), or other
harmless extraneous material. One instance means that the
area occupied by a blemish or blemishes is equal to a 1/4
inch square. Instances are prorated on a per pound basis.

(i) Slight—5 to 15 instances per pound.
(ii) Moderate—more than 15 but less than 30

instances per pound.
(iii) Excessive—30 or more instances per pound.

Bones refer to any objectionable bone or piece of bone
that is 1/4 inch or longer and is sharp and rigid. Perceptible
bones should also be checked by their grittiness during the
normal evaluation of the texture of the cooked product (10).
Bones are prorated on a five pound sample unit basis.

(i) Slight—1 to 2 bones per five pound sample unit.
(ii) Moderate—3 to 4 bones per five pound sample

unit.
(iii) Excessive—over 4 bones, but not to exceed 10

bones, per five pound sample unit.

Flavor and odor are evaluated organoleptically by
smelling and tasting the product after it has been cooked.

Good flavor and odor (essential requirements for a
Grade A product) means that the cooked product has the
flavor and odor characteristic of the indicated species of
fish and is free from staleness, bitterness, rancidity, and
off-flavors and off-odors of any kind.

Reasonably good flavor and odor (minimum require-
ments of Grade B product) means that the cooked product
is moderately absent of flavor and odor characteristic of the
indicated species. the product is free from rancidity, bitter-
ness, staleness, and off-flavors and off-odors of any kind.

Minimal acceptable flavor and odor (minimum
requirements of a Grade C product) means that the cooked
product has moderate storage induced flavor and odor, but
is free from any objectionable off-flavors and off-odors
that may be indicative of spoilage or decomposition.

Texture defects are judged on a sample of the cooked
fish.

(i) Slight—flesh is fairly firm, only slightly
spongy or rubbery. It is not mushy. There is no
grittiness due to bone fragments.

(ii) Moderate—flesh is mildly spongy or rubbery.
Slight grittiness may be present due to bone
fragments.

(iii) Excessive—flesh is definitely spongy, rubbery,
very dry, or very mushy. Moderate grittiness
may be present due to bone fragments.

D. ADDITIVES

Minced fish blocks may be modified with food additives
as necessary to stabilize product quality in accordance
with the federal requirements.

The fish material should be processed and maintained
in accordance with federal hygiene requirements.

VI. FROZEN RAW FISH PORTIONS

A. DESCRIPTION OF THE PRODUCT

The product described in this section consists of clean,
wholesome, shaped masses of cohering pieces (not

Frozen Seafood Products: Description 38-7



ground) of fish flesh. The fish portions are cut from frozen
fish blocks, and are packaged in accordance with good
manufacturing practice. They are maintained at tempera-
tures necessary for the preservation of the product. All
fish portions in an individual package are prepared from
the flesh of one species of fish.

B. STYLE

Style I, Skinless portions, means portions prepared from
fish blocks which have been made with skinless fillets.

Style II, Skin-on portions, means portions prepared
from fish blocks which have been made from demonstra-
bly acceptable skin-on fillets.

C. TYPES

Type I, Uniform shaped, means all portions in the sample
are uniformly shaped.

Type II, Specialty cut, is all portions not covered in
Type I.

Dehydration refers to the presence of dehydrated
(water-removed) tissue in the portions. Slight dehydration
is surface dehydration which is not colormasking. Deep
dehydration is color masking and cannot be removed by
scraping with a blunt instrument.

Uniformity of size refers to the degree of uniformity
in length and width of the frozen portions. Deviations are
measured from the combined lengths of the two shortest
and/or the combined widths of the two widest minus the
combined widths of the two narrowest in the sample. 

Uniformity of weight refers to the degree of unifor-
mity of the weights of portions. Uniformity is measured
by the combined weight of the two heaviest portions
divided by the combined weight of the two lightest por-
tions in the sample. No deductions are made for weight
ratios less than 1.2 for Type I.

Blemishes refers to skin (except for Style II), blood
spots or bruises, objectionable dark fatty flesh, or
extraneous material. Instances of blemishes refer to
each occurrence measured by placing a plastic grid
marked off in 1/4-inch squares 1/16 square inch) over the
defect area. Each square is counted as 1 whether it is full
or fractional.

Bones means the presence of potentially harmful
bones in a portion. A potentially harmful bone is one that
after being cooked is capable of piercing or hurting the
palate.

Texture defects of the fish flesh and texture of skin in
Style II refers to the absence of the normal textural prop-
erties of the cooked fish flesh and to the absence of ten-
derness of the cooked skin in Style II.

Normal textural properties of cooked fish flesh are
tenderness, firmness, and moistness without excess water.
Texture defects of the cooked flesh are dryness, mushi-
ness, toughness, and rubberiness. Texture defects of the

cooked skin in Style II are mushiness, rubberiness, tough-
ness, and stringiness.

D. GENERAL DEFINITIONS

Small (overall assessment) refers to a condition that is
noticeable but is only slightly objectionable.

Large (overall assessment) refers to a condition that
not only is noticeable but is seriously objectionable.

Minor (individual assessment) refers to a defect that
slightly affects the appearance and/or utility of the product.

Major (individual assessment) refers to a defect that
seriously affects the appearance and/or utility of the product.

The net weight of the portions if glazed should be
determined by the following method:

(i) Weigh the portions with the glaze intact, which
gives the gross weight.

(ii) Thaw the glaze from the surfaces of the product
with flowing tap water.

(iii) Gently wipe off the excess water from the sur-
faces with a single water saturated paper towel.

(iv) Weigh the deglazed portions, which gives the
net weight.

VII. FROZEN RAW BREADED FISH STICKS

A. DESCRIPTION OF THE PRODUCT

Frozen raw breaded sticks are clean, wholesome, rectan-
gular-shaped unglazed masses of cohering pieces (not
ground) of fish flesh coated with breading. The sticks are
cut from frozen fish blocks; are coated with a suitable,
wholesome batter and breading; are packaged; and frozen
in accordance with good commercial practice. They are
maintained at temperatures necessary for preservation of
the product. Frozen raw breaded fish sticks weigh up to
and including 1½ ounces; are at least 3/8 inch thick; and
their largest dimension is at least 3 times the next largest
dimension. All sticks in an individual package are pre-
pared from the flesh of one species of fish.

Frozen raw breaded fish sticks should contain 72 per-
cent by weight of fish flesh determined by the official
end-product method. Fish flesh content may be deter-
mined by the on-line method provided, That the results
are consistent with the fish flesh content requirement of
72 percent by weight when verified by the official end-
product method. Production methods employed in official
establishments should be kept relatively constant for each
production lot so as to minimize variation in any factors
which may affect the relative fish flesh content.

B. DEFINITIONS

Selection of the sample unit: The sample unit should con-
sist of 10 frozen raw breaded fish sticks taken at random
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from one or more packages as required. The fish sticks are
spread out on a flat pan or sheet and are examined.

Examination of sample, frozen state:
Condition of package refers to the presence in the

package of loose breading and/or loose frost.
Ease of separation refers to the difficulty of separating

sticks from each other or from packaging material that are
frozen together during the freezing.

Broken stick means a stick with a break or cut equal
to or greater than one-half the width of the stick.

Damaged stick means a stick that has been mashed,
physically or mechanically injured, misshaped, or muti-
lated to the extent that its appearance is materially
affected. The amount of damage is measured by using a
grid composed of squares ¼ inch (that is, squares with an
area of 1/16 square inch each) to measure the area of the
stick affected. Deductions are not made for damage less
than 1/16 square inch.

Uniformity of size refers to the degree of uniformity
in length and width of the frozen sticks. Deviations are
measured from the combined lengths of the two longest
minus the combined lengths of the two shortest and/or the
combined widths of the two widest minus the combined
widths of the two narrowest. Deductions are not made for
overall deviations in length or width up to 1/4 inch.

Uniformity of weight refers to the degree of unifor-
mity of the weights of the sticks. Uniformity is measured
by the combined weight of the two heaviest sticks divided
by the combined weight of the two lightest sticks. No
deductions are made for weight ratios less than 1.15.

Cooked state means the state of the product after cook-
ing in accordance with the instructions accompanying the
product. However, if specific instructions are lacking, the
product for inspection is cooked as follows: Transfer the
product, while still in frozen state, into a wire mesh fry bas-
ket large enough to hold the fish sticks in a single layer and
cook by immersing 2–3 minutes in 375°F. liquid or hydro-
genated cooking oil. After cooking, allow the fish sticks to
drain 15 seconds and place the fish sticks on a paper nap-
kin or towel to absorb excess oil.

Examination of sample, cooked state:
Distortion refers to the degree of bending of the long

axis of the stick. Distortion is measured as the greatest
deviation from the long axis. Deductions are not made for
deviations of less than 1/4 inch.

Coating defects refers to breaks, lumps, ridges, depres-
sions, blisters, or swells and curds in the coating of the
cooked product. Breaks in the coating are objectionable
bare spots through which the fish flesh is plainly visible.
Lumps are objectionable outcroppings of breading on the
stick surface.

Ridges are projections of excess breading at the edges
of the fish flesh.

Depressions are objectionable visible voids or shoul-
dow areas which are lightly covered by breading. Blisters

are measured by the swelling or exposed area in the coat-
ing resulting from the bursting or breaking of the coating.
Curd refers to crater-like holes in the breading filled with
coagulated albumin. Instances of these defects are meas-
ured by a plastic grid marked off in ¼-inch squares (1/16
square inch). Each square is counted as 1 whether it is full
or fractional.

Blemishes refers to skin, blood spots or bruises,
objectionable dark fatty flesh, or extraneous material.
Instances of blemishes refer to each occurrence measured
by placing a plastic grid market off in ¼-inch squares
(1/16 square inch) over the defect area. Each square is
counted as 1 whether it is full or fractional.

Bones means the presence of potentially harmful
bones in a stick. A potentially harmful bone is one that
after being cooked is capable of piercing or hurting the
palate.

Texture defects of the coating refers to the absence of
the normal textural properties of the coating which are
crispness and tenderness. Coating texture defects are dry-
ness, sogginess, mushiness, doughyness, toughness, pasti-
ness as sensed by starchiness or other sticky properties
felt by mouth tissues and/or mealiness.

Texture defects of the fish flesh refers to the absence
of the normal textural properties of the cooked fish flesh
which are tenderness, firmness, and moistness without
excess water. Texture defects of the flesh are dryness,
mushiness, toughness, and rubberiness.

VIII. FROZEN RAW BREADED FISH
PORTIONS

A. DESCRIPTION OF THE PRODUCT

Frozen raw breaded portions are clean, wholesome, uni-
formly shaped, unglazed masses of cohering pieces (not
ground) of fish flesh coated with breading. The portions
are cut from frozen fish blocks; are coated with a suitable,
wholesome batter and breading; and are packaged and
frozen in accordance with good commercial practice.
They are maintained at temperatures necessary for the
preservation of the product. Frozen raw breaded fish por-
tions weigh more than 1-1/2 ounces, and are at least 3/8-
inch thick. Frozen raw breaded fish portions contain not
less than 75 percent, by weight, of fish flesh. All portions
in an individual package are prepared from the flesh of
one species of fish.

B. STYLES

Style I, Skinless portions, are portions prepared from fish
blocks which have been made with skinless fillets.

Style II, Skin-on-portions, are portions prepared from
fish blocks which have been made with demonstrably
acceptable skin-on fillets.

Composition of the product.
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(a) Frozen raw breaded fish portions should con-
tain 75 percent by weight of fish flesh. Fish
flesh content may be determined by the on-line
method provided that the results are consistent
with the fish flesh content requirement of 75
percent by weight, when verified by the official
end-product method.

(b) Production methods employed in official estab-
lishments should be kept relatively constant for
each production lot so as to minimize variation
in any factors which may affect the relative fish
flesh content.

Examination of sample, frozen state:

(1) Condition of package refers to the presence in
the package of loose breading and/or loose frost.

(2) Ease of separation refers to the difficulty of
separating the portions from each other or from
the packaging material.

Broken portion means a portion with a break or cut
equal to or greater than one-half the width or length of the
portion.

Damaged portion means a portion that has been
mashed, physically or mechanically injured. misshaped, or
mutilated to the extent that its appearance is materially
affected. The amount of damage is measured by using a
grid composed of squares ¼ inch � ¼ inch (that is,
squares with an area of 1/16 square inch each) to measure
the area of the portion affected. No deductions are made
for damage of less than 1/16 square inch.

Uniformity of size refers to the degree of uniformity
in length and width of the frozen portions. Deviations are
measured from the combined lengths of the two longest
minus the combined lengths of the two shortest and/or the
combined widths of the two widest minus the combined
widths of the two narrowest portions in the sample.
Deductions are not made for overall deviations in length
or width up to 1/4 inch.

Uniformity of weight refers to the degree of uniformity
of the weights of the portions. Uniformity is measured by
the combined weight of the two heaviest portions divided by
the combined weight of the two lightest portions in the sam-
ple. No deductions are made for weight ratios less than 1.2.

Cooked state means the state of the product after
being cooked in accordance with the instructions accom-
panying the product.

C. EXAMINATION OF SAMPLE, COOKED STATE

(1) Distortion refers to the degree of bending of the
long axis of the portion. Distortion is measured
as the greatest deviation from the long axis.
Deductions are not made for deviations of less
than ¼ inch.

(2) Coating defects refers to breaks, lumps,
ridges, depressions, blisters, or swells and
curds in the coating of the cooked product.
Breaks in the coating are objectionable bare
spots through which the fish flesh is plainly
visible. Lumps are objectionable outcroppings
of breading on the portion surface. Ridges are
projections of excess breading at the edges of
the portions.

Depressions are objectionable visible voids
or shouldow areas that are lightly covered by
breading. Blisters are measured by the swelling
or exposed area in the coating resulting from
the bursting or breaking of the coating. Curd
refers to crater-like holes in the breading filled
with coagulated white or creamy albumin.
Instances of these defects are measured by a
plastic grid marked off in 1/4-inch squares
(1/16 square inch). Each square is counted as 1
whether it is full or fractional.

(3) Blemishes refers to skin (except for Style II),
blood spots or bruises, objectionable dark fatty
flesh, or extraneous material. Instances of
blemishes refers to each occurrence measured
by placing a plastic grid marked off in 1/4-inch
squares (1/16 square inch) over the defect area.
Each square is counted as 1 whether it is full or
fractional.

(4) Bones means the presence of potentially harm-
ful bones in a portion. A potentially harmful
bone is one that after being cooked is capable
of piercing or hurting the palate.

(5) Texture defects of the coating refers to the
absence of the normal textural properties of the
coating which are crispness and tenderness.
Defects in coating texture are dryness, soggi-
ness. mushiness, doughyness, toughness, pasty-
ness, as sensed by starchiness or other sticky
properties felt by mouth tissues and/or meali-
ness.

(6) Texture defects of the fish flesh and texture of
skin in Style II refers to the absence of the nor-
mal textural properties of the cooked fish flesh
and to the absence of tenderness of the cooked
skin in Style II.

Normal textural properties of cooked fish flesh are
tenderness, firmness, and moistness without excess water.
Texture defects of the cooked fesh are dryness, mushiness,
toughness, and rubberiness. Texture defects of the cooked
skin in Style II are mushiness, rubberiness, toughness, and
stringiness.

Minimum fish flesh content—End-product determi-
nation refers to the minimum percent, by weight, of the
average fish flesh content of three frozen raw breaded por-
tions (sample unit for fish flesh determination).
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IX. FROZEN FRIED FISH STICKS

A. DESCRIPTION OF THE PRODUCT

Frozen fried fish sticks are clean, wholesome, rectangu-
lar-shaped unglazed masses of cohering pieces (not
ground) of fish flesh coated with breading and partially
cooked. The sticks are cut from frozen fish blocks; are
coated with a suitable, wholesome batter and breading;
are fried, packaged, and frozen in accordance with good
manufacturing practices. They are maintained at tempera-
tures necessary for preservation of the product. Frozen
fried fish sticks weigh up to and including 1½ ounces; are
at least three-eighths of an inch thick; and their largest
dimension is at least three times the next largest dimen-
sion. All sticks in an individual package are prepared from
the flesh of one species of fish.

Frozen fried fish sticks should contain 60 percent by
weight of fish flesh. Fish flesh content may be determined
by the on-line method provided, that the results are con-
sistent with the fish flesh content requirement of 60 per-
cent by weight, when verified by the official end-product
method.

Production methods employed in official establish-
ments should be kept relatively constant for each produc-
tion lot so as to minimize variation in any factors which
may affect the relative fish flesh content.

Definitions of factors for point deductions are as fol-
lows:

B. EXAMINATION OF SAMPLE, FROZEN STATE

(1) Condition of package refers to the presence in
the package of free excess oil and/or loose
breading and/or loose frost.

(2) Ease of separation refers to the difficulty of
separating sticks from each other or from pack-
aging material that are frozen together after the
frying operation and during the freezing.

(3) Broken stick means a stick with a break or cut
equal to or greater than one-half the width of
the stick.

(4) Damaged stick means a stick that has been
mashed, physically or mechanically injured,
misshaped or mutilated to the extent that its
appearance is materially affected. The amount
of damage is measured by using a grid com-
posed of squares ¼ inch (that is, squares with an
area of 1/16 square inch each) to measure the
area of the stick affected. Deductions are not
made for damage less than 1/16 square inch.

(5) Uniformity of size refers to the degree of uni-
formity in length and width of the frozen
sticks. Deviations are measured from the com-
bined lengths of the two longest minus the
combined lengths of the two shortest and/or
the combined widths of the two widest minus

the combined widths of the two narrowest.
Deductions are not made for overall deviations
in length of width up to ¼ inch.

(6) Uniformity of weight refers to the degree of
uniformity of the weights of the sticks.
Uniformity is measured by the combined
weight of the two heaviest sticks divided by the
combined weight of the two lightest sticks. No
deductions are made for weight ratios less than
1.15.

Examination of sample, cooked state:
Distortion refers to the degree of bending of the long

axis of the stick. Distortion is measured as the greatest
deviation from the long axis. Deductions are not made for
deviations of less than 1/4 inch.

Coating defects refers to breaks, lumps, ridges,
depressions, blisters, or swells and curds in the coating of
the cooked product. Breaks in the coating are objection-
able bare spots through which the fish flesh is plainly vis-
ible. Lumps are objectionable outcroppings of breading
on the stick surface.

Ridges are projections of excess breading at the edges
of the fish flesh.

Depressions are objectionable visible voids or shoul-
dow areas which are lightly covered by breading. Blisters
are measured by the swelling or exposed area in the coat-
ing resulting from the bursting or breaking of the coating.
Curd refers to crater-like holes in the breading filled with
coagulated albumin. Instances of these defects are meas-
ured by a plastic grid marked off in ¼-inch squares (1/16
square inch). Each square is counted as one whether it is
full or fractional.

Blemishes refers to skin, blood spots, or bruises,
objectionable dark fatty flesh, carbon specks or
extraneous material. Instances of blemishes refers to each
occurrence measured by placing a plastic grid marked
off in ¼ inch squares (1/16 square inch) over the defect
area. Each square is counted as one whether it is full or
fractional.

Bones means the presence of potentially harmful
bones in a stick. A potentially harmful bone is one that
after being cooked is capable of piercing or hurting the
palate.

Texture defects of the coating refers to the absence of
the normal textural properties of the coating which are
crispness and tenderness. Coating texture defects are dry-
ness, sogginess, mushiness, doughiness, toughness, pasti-
ness, as sensed by starchiness or other sticky properties
felt by mouth tissues; oiliness to the degree of impairment
of texture; and/or mealiness.

Texture defects of the fish flesh refers to the absence
of normal textural properties of the cooked fish flesh,
which are tenderness, firmness, arid moistness without
excess water. Texture defects of the flesh are dryness,
softness, toughness, and rubberiness.
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X. FROZEN FRIED FISH PORTIONS

A. DESCRIPTION OF THE PRODUCT

Frozen fried fish portions are clean, wholesome, uni-
formly shaped, unglazed masses of cohering pieces (not
ground) of fish flesh coated with breading and partially
cooked. The portions are cut from frozen fish blocks;
coated with a suitable, wholesome batter and breading;
are fried, packaged, and frozen in accordance with good
manufacturing practices. They are maintained at temper-
atures necessary for preservation of the product. Frozen
fried fish portions weigh more than 11/2 ounces and are
at least three-eighths of an inch thick. All portions in an
individual package are prepared from the flesh of one
species of fish.

Frozen fried fish portions should contain 65 percent
by weight of fish flesh. Fish flesh content may be deter-
mined by the on-line method, provided, that the results are
consistent with the fish flesh content requirement of 65
percent by weight, when verified by the official end-prod-
uct method.

Production methods employed in official establish-
ments should be kept relatively constant for each produc-
tion lot so as to minimize variation in any factors which
may affect the relative fish flesh content.

Ease of separation refers to the difficulty of separating
portions from one another or from packaging material that
are frozen together after the frying operation and during
the freezing.

Broken portion means a portion with a break or cut
equal to or greater than one-half the width or length of the
portion.

Damaged portion means a portion that has been
mashed, physically or mechanically injured, misshaped or
mutilated to the extent that its appearance is materially
affected. The amount of damage is measured by using a
grid composed of squares 1/4 inch (that is, squares with an
area of 1/16 square inch each) to measure the area of the
portion affected. Deductions are not made for damage less
than 1/16 square inch.

Uniformity of size refers to the degree of uniformity
in length and width of the frozen portions. Deviations are
measured from the combined lengths of the two longest
minus the combined lengths of the two shortest and/or
the combined widths of the two widest minus the com-
bined widths of the two narrowest. Deductions are not
made for overall deviations in length or width up to ¼
inch.

Uniformity of weight refers to the degree of unifor-
mity of the weights of the portions. Uniformity is meas-
ured by the combined weight of the two heaviest portions
divided by the combined weight of the two lightest por-
tions. No deductions are made for weight ratios less than
1.20.

XI. FRESH AND FROZEN SHRIMP

A. PRODUCT DESCRIPTION

The products are clean wholesome shrimp that are fresh
or frozen, raw or cooked. Product forms are:

1. Types

(1) Chilled, fresh (not previously frozen).
(2) Unfrozen, thawed (previously frozen).
(3) Frozen individually (IQF), glazed or unglazed.
(4) Frozen solid pack, glazed or unglazed. 

(b) Styles. (1) Raw (uncoagulated protein).

2. Blanched (Parboiled)

Blanched means heated for a period of time such that the
surface of the product reaches a temperature adequate to
coagulate the protein.

Cooked-heated for a period of time such that the ther-
mal center of the product reaches a temperature adequate
to coagulate the protein.

3. Market Forms

(1) Heads on (head, shell, tail fins on).
(2) Headless (only head removed: shell, tail fins on).
(3) Peeled, undeveined, round, tail on (all shell

removed except last shell segment and tail fins,
with segments unslit].

(4) Peeled, undeveined, round, tail off (all shell and
tail fins removed, with segments unslit).

(5) Peeled and deveined, round, tail on (all shell
removed except last shell segment and tail fins,
with segments shouldowly slit to last segment).

(6) Peeled and deveined, round, tail off (all shell
and tail fins removed, with segments shoul-
dowly slit to last segment).

(7) Peeled and deveined, fantail or butterfly, tail on
(all shell removed except last shell segment and
tail fins,with segments deeply slit to last seg-
ment).

(8) Peeled and deveined, fantail or butterfly, tail off
(all shell and tail fin removed, with segments
deeply slit to last segment).

(9) Peeled and deveined, western (all shell
removed except last shell segment and tail fins,
with segments split to fifth segment and vein
removed to end of cut).

(10) Other forms of shrimp as specified and so des-
ignated on the label.

B. EXAMINATION IN THE FROZEN STATE

Dehydration refers to a general drying of the shrimp flesh
that is noticeable after any glaze and shell are removed. It
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includes any detectable change from the normal charac-
teristic, bright appearance of freshly caught, properly iced
or properly processed shrimp.

Slight dehydration means scarcely noticeable drying
of the shrimp flesh that will not affect the sensory quality
of the sample.

Moderate dehydration means conspicuous drying of
the shrimp flesh that will not seriously affect the sensory
quality of the sample.

Excessive dehydration means conspicuous drying that
will seriously affect the sensory quality of the sample.

Examination in the fresh or thawed state indicates the
following. 

Uniformity of size refers to the degree of uniformity
of the shrimp in the container to determine their conform-
ity to the declared count. 

Black spots, improperly headed (throats), and improp-
erly cleaned ends refer to the presence of any objection-
able black or darkened area that affects the desirability or
sensory quality of the shrimp, whether the market form is
shell-on or peeled. Objectionable black spot refers to
more than three instances of penetrating black spot that is
visible but difficult to measure because of its small size
(approximately the size of a pencil point): or any areas
larger than a pencil point that penetrates the flesh: or
aggregate areas of non-penetrating surface black spot on
the shell or membrane that is equal to or greater than 1/3
the area of the smallest segment. 

Assessments are made on individual shrimp:
Throats are those portions of flesh and/or extraneous

material from the head (cephalothorax) that remain
attached to the first segment after heading.

Pieces of shrimp, broken or damaged shrimp:
Piece means for a count of 70 or less unglazed shrimp

per pound (0.45 kg) any shrimp that has fewer than five
segments, with or without tail fins attached: or, for a count
of more than 70 unglazed shrimp per pound (0.45 kg), any
shrimp that has fewer than four segments: or, any whole
shrimp with a break in the flesh greater than 2/3 of the
thickness of the shrimp where the break occurs.

Broken shrimp means a shrimp having a break in the
flesh greater than 1/3 of the thickness of the shrimp.

Damaged shrimp means a shrimp that is crushed or
mutilated so as to materially affect its appearance or use-
ability.

Unusable material includes the following:
Legs refer to walking legs only, whether attached or

not attached to the body (heads-on market from excepted).
Loose shell and antennae are any pieces of shell or

antennae that are completely detached from the shrimp.
Flipper refers to any detached tail fin with or without

the last shell segment attached, with or without flesh inside.
Extraneous material means any harmless material in a

sample unit that is not shrimp material.

Unacceptable shrimp refers to abnormal or diseased
shrimp.

Head refers to the cephalothorax, except for heads-on
shrimp.

Inadvertently peeled and improperly peeled shrimp
refer to the presence or absence of head, shell segment,
swimmeret, or tail fin, which should or should not have
been removed of certain market forms. (Shell-on shrimp
with tail fins and/or telson missing is inadvertently peeled,
but if the last segment of flesh is missing, the shrimp is
damaged.)

Improperly deveined shrimp refers to the presence of
dark vein (alimentary canal) containing sand or sediment
or roe which should have been removed for peeled and
deveined market forms. For shrimp of 70 count per pound
(0.45 kg) or less, aggregate areas of dark vein or roe is a
defect that are longer than one segment is a defect. For
shrimp of 71 to 500 count per pound (0.45 kg), aggregate
areas of dark vein or roe defect that are longer than two
segments are a defect.

Note: This does not pertain to the last segment. For
shrimp of over 500 count per pound (0.45 kg), dark vein
or roe of any length is not a defect.

Examination in the cooked state:
Texture. The texture of cooked shrimp should be firm,

slightly resilient but not tough, moist but not mushy.
Texture as a defect refers to an undesirable toughness,
dryness, or mushiness which deviated from the normal
characteristics of the species when freshly caught, prop-
erly processed, and cooked.

Slight means slightly tough, dry, but not mushy.
Moderate means moderately tough, dry or mushy.
Excessive means excessively tough, very dry or very

mushy.

XII. FROZEN RAW BREADED SHRIMP

The U.S. FDA has provided the following standards for
frozen raw breaded shrimp.

A. DESCRIPTION

Frozen raw breaded shrimp are whole, clean, whole-
some, headless, peeled shrimp which have been
deveined where applicable of the regular commercial
species, coated with a wholesome, suitable batter and/or
breading. Whole shrimp consist of five or more segments
of unmutilated shrimp flesh. They are prepared and
frozen in accordance with good manufacturing practice
and are maintained at temperatures necessary for the
preservation of the product. 

Frozen raw breaded shrimp is the food prepared by
coating one of the optional forms of shrimp with safe and
suitable batter and breading ingredients. The food is frozen.
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The food tests not less than 50 percent of shrimp
material as determined by prescribed method 

The term shrimp means the tail portion of properly
prepared shrimp of commercial species. Except for com-
posite units, each shrimp unit is individually coated. The
optional forms of shrimp are:

(1) Fantail or butterfly: Prepared by splitting the
shrimp; the shrimp are peeled, except that tail
fins remain attached and the shell segment
immediately adjacent to the tail fins may be left
attached.

(2) Butterfly, tail off: Prepared by splitting the
shrimp; tail fins and all shell segments are
removed.

(3) Round: Round shrimp, not split; the
shrimp are peeled, except that tail fins
remain attached and the shell segment immedi-
ately adjacent to the tail fins may be left
attached.

(4) Round, tail off: Round shrimp, not split; tail
fins and all shell segments are removed.

(5) Pieces: Each unit consists of a piece or a part of
a shrimp; tail fins and all shell segments are
removed.

The above information is categorized as follows.

1. Styles

Style I, Regular Breaded Shrimp, are frozen raw breaded
shrimp containing a minimum of 50 percent of shrimp
material.

Style II, Lightly Breaded Shrimp, are frozen raw
breaded shrimp containing a minimum of 65 percent of
shrimp material.

2. Types

Type I-Breaded fantail shrimp subtypes are:
Subtype A. Split (butterfly) shrimp with the tail

fin and the shell segment immediately adjacent to the tail
fin.

Subtype B. Split (butterfly) shrimp with the tail fin but
free of all shell segments.

Subtype C. Split (butterfly) shrimp without attached
tail fin or shell segments.

Type II-Breaded round shrimp subtypes are:
Subtype A. Round shrimp with the tail fin and the

shell segment immediately adjacent to the tail fin.
Subtype B. Round shrimp with the tail fin but free of

all shell segments.
Subtype C. Round shrimp without attached tail fin or

shell segments.
Type III-Breaded split shrimp.

3. Definitions and Methods of Analysis

(a) Fantail shrimp:
This type is prepared by splitting and peeling

the shrimp except that for Subtype A the tail fin
remains attached and the shell segment imme-
diately adjacent to the tail fin remains attached. 

For Subtype B, the tail fin remains, but the
shrimp are free of all shell segments. 

For Subtype C, the shrimp are free of tail fins
and all shell segments.

(b) Round shrimp: This type is the round shrimp,
not split. The shrimp are peeled except that for
Subtype A, the tail fin remains attached and the
shell segment immediately adjacent to the tail
fin remains attached. 

For Subtype B, the tail fin remains, but the
shrimp are free of all shell segments. 

For Subtype C, the shrimp are free of all
shell segments and tail fins.

B. COMPOSITE UNITS

Each unit consists of two or more whole shrimp or pieces
of shrimp, or both, formed and pressed into composite
units prior to coating; tail fins and all shell segments are
removed; large composite units, prior to coating, may be
cut into smaller units.

The batter and breading ingredients referred to are the
fluid constituents and the solid constituents of the coating
around the shrimp. These ingredients consist of suitable
substances which are not food additives as defined by
regulations. If they are food additives as so defined, they
are used in conformity with established regulations.
Batter and breading ingredients that perform a useful
function are regarded as suitable, except that artificial fla-
vorings, artificial sweeteners, artificial colors, and chemi-
cal preservatives, other than those specifically permitted
are not suitable ingredients of frozen raw breaded shrimp.
Chemical preservatives that are suitable are:

1. Ascorbic acid, which may be used in a quantity
sufficient to retard development of dark spots
on the shrimp; and

2. The antioxidant preservatives listed in the reg-
ulations that may be used to retard development
of rancidity of the fat content of the food, in
amounts within the limits prescribed.

The label should name the food, as prepared from each of
the optional forms of shrimp specified, and following the
numbered sequence of the following data

(1) “Breaded fantail shrimp.’’The word “butterfly’’
may be used in lieu of “fantail’’ in the name.

(2) “Breaded butterfly shrimp, tail off.”
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(3) “Breaded round shrimp.”
(4) “Breaded round shrimp, tail off.”
(5) “Breaded shrimp pieces.”
(6) Composite units:

If the composite units are in a shape similar to that of
breaded fish sticks the name is “Breaded shrimp sticks”;
if they are in the shape of meat cutlets, the name is
“Breaded shrimp cutlets.”

If prepared in a shape other than that of sticks or cut-
lets, the name is “Breaded shrimp ______,” the blank to
be filled in with the word or phrase that accurately
describes the shape, but which is not misleading.

The word “prawns” may be added in parentheses
immediately after the word “shrimp’’ in the name of the
food if the shrimp are of large size; for example, “Fantail
breaded shrimp (prawns).” If the shrimp are from a single
geographical area, the adjectival designation of that area
may appear as part of the name; for example, “Breaded
Alaskan shrimp sticks.’’

The names of the optional ingredients used should be
listed on the principal display panel or panels of the label
with such prominence and conspicuousness as to render
them likely to be read and understood by the ordinary
individual under customary conditions of purchase. If a
spice that also imparts color is used, it should be desig-
nated as “spice and coloring,’’ unless the spice is desig-
nated by its specific name. If ascorbic acid is used to
retard development of dark spots on the shrimp, it should
be designated as “Ascorbic acid added as a preservative’’
or “Ascorbic acid added to retard discoloration of
shrimp.’’

If any other antioxidant preservative is used, such pre-
servative should be designated by its common name fol-
lowed by the statement “Added as a preservative.’’

Frozen raw lightly breaded shrimp complies with the
provisions of frozen raw breaded shrimp except that it
contains not less than 65 percent of shrimp material and
that in the name prescribed the word “lightly’’ immedi-
ately precedes the words “breaded shrimp.’’

Factors affecting qualities that are measured on the
product in the unbreaded or thawed debreaded state are
degree of deterioration, dehydrations, sand veins, black
spot, extra shell, extraneous material, and swimmerets.

Dehydration refers to the occurrence of whitish areas
on the exposed ends of the shrimp (due to the drying of
the affected area) and to a generally desiccated appear-
ance of the meat after the breading is removed.

Deterioration refers to any detectable change from the
normal good quality of freshly caught shrimp. It is evalu-
ated by noting in the thawed product deviations from the
normal odor and appearance of freshly caught shrimp.

Extraneous material consists of nonedible material
such as sticks, seaweed, shrimp thorax, or other objects
that may be accidentally present in the package.

Slight: Slight refers to a condition that is scarcely
noticeable but does affect the appearance, desirability,
and/or eating quality of breaded shrimp.

Moderate: Moderate refers to a condition that is con-
spicuously noticeable but that does not seriously affect the
appearance, desirability, and/or eating quality of the
breaded shrimp.

Marked: Marked refers to a condition that is conspicu-
ously noticeable and that does seriously affect the appear-
ance, desirability, and/or eating quality of the breaded
shrimp.

Excessive: Excessive refers to a condition that is very
noticeable and is seriously objectionable.

Halo: Halo means an easily recognized fringe of
excess batter and breading extending beyond the shrimp
flesh and adhering around the perimeter or flat edges of a
split (butterfly) breaded shrimp.

Balling up: Balling up means the adherence of lumps of
the breading material to the surface of the breaded coating,
causing the coating to appear rough, uneven, and lumpy.

Holidays: Holidays means voids in the breaded coat-
ing as evidenced by bare or naked spots.

Damaged frozen raw breaded shrimp: Damaged
frozen raw breaded shrimp means frozen raw breaded
shrimp that have been separated into two or more parts or
that have been crushed or otherwise mutilated to the
extent that their appearance is materially affected.

Black spot: Black spot means any blackened area that
is markedly apparent on the flesh of the shrimp.

Sand vein: Sand vein means any black or dark sand
vein that has not been removed, except for that portion
under the shell segment adjacent to the tail fin when
present.

Extra shell: Extra shell means any shell segment(s) or
portion thereof, contained in the breaded shrimp except
the first segment adjacent to the tail fin for Type I,
Subtype A, and Type II, Subtype A.

XIII. FROZEN RAW SCALLOPS

A. DESCRIPTION OF THE PRODUCT

Frozen raw scallops are clean, wholesome, adequately
drained, whole or cutadductor muscles of the scallop of
the regular commercial species. The portion of the scallop
used should be only the adductor muscle eye whichcon-
trols the shell movement. Scallops should be washed,
drained, packed, andfrozen in accordance with good man-
ufacturing practices and are maintained attemperatures
necessary for the preservation of the product. Only scal-
lops of asingle species should be used within a lot.

1. Styles

Style I are solid pack scallops are frozen together into a
solid mass.
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(1) Substyle a. Glazed.
(2) Substyle b. Not glazed. (b) Style II. Individually

quick frozen pack (IQF) scallops are individu-
ally quick frozen. Individual scallops can be
separated without thawing.

(1) Substyle a. Glazed.
(2) Substyle b. Not glazed.

2. Types

(a) Type 1. Adductor muscle.
(b) Type 2. Adductor muscle with catch (gristle or

sweet meat) portion removed.

Dehydration refers to the loss of moisture from the
scallops surface during frozen storage. Small degree of
dehydration is color-masking but can be easily scraped
off. Large degree of dehydration is deep, color-masking,
and requires a knife or other instrument to scrape it off.

Extraneous materials are pieces or fragments of unde-
sirable material that are naturally present in or on the scal-
lops and which should be removed during processing.

An instance of minor extraneous material includes but
is not limited to each occurrence of intestines, seaweed, etc.,
and each aggregate of sand and grit up to ½-inch square and
located on the scallop surface. Deduction points should be
assessed for additional instances of intestines, seaweed, etc.,
and aggregates of sand and grit up to ½-inch square.

An instance of major extraneous material includes but
is not limited to each instance of shell or aggregate of
embedded sand or other extraneous embedded material
that affects the appearance or eating quality of the product.

Texture refers to the firmness, tenderness, and moist-
ness of the cooked scallop meat, which is characteristic of
the species.

Net weight means the total weight of the scallop
meats within the package after removal of all packaging
materials, ice glaze, or other protective materials. 

XIV. FROZEN RAW BREADED SCALLOPS
FROZEN FRIED SCALLOPS

A. PRODUCT DESCRIPTION

Frozen raw breaded scallops are:

(1) Prepared from wholesome, clean, adequately
drained, whole or cut adductor muscles of the
scallop of the regular commercial species, or
scallop units cut from a block of frozen scal-
lops that are coated with wholesome batter and
breading;

(2) Packaged and frozen according to good com-
mercial practice and maintained at tempera-
tures necessary for preservation; and

(3) Composed of a minimum of 50 percent by
weight of scallop meat.

Frozen fried scallops. 
Frozen fried scallops are:

(1) Prepared from wholesome, clean, adequately
drained, whole or cut adductor muscles of the
scallop of the regular commercial species, or
scallop units cut from a block of frozen scal-
lops that are coated with wholesome batter and
breading;

(2) Precooked in oil or fat;
(3) Packaged and frozen according to good com-

mercial practice and maintained at tempera-
tures necessary for preservation; and

(4) Composed of a minimum of 50 percent by
weight of scallop meat.

The styles of frozen raw breaded scallops and frozen
fried scallops include the following.

Style I Random pack:
Scallops in a package are reasonably uniform in

weight and/or shape. The weight or shape of individual
scallops is not specified.

Style II Uniform pack:
Scallops in a package consist of uniform shaped

pieces that are of specified weight or range of weights.

1. Types

(a) Type 1. Adductor muscle.
(b) Type 2. Adductor muscle with catch (gristle or

sweet meat) portion removed.

Appearance refers to the condition of the package and
ease of separation in the frozen state and continuity and
color in the cooked state.

“Condition of the package” refers to freedom from pack-
aging defects and the presence in the package of oil, and/or
loose breading, and/or frost. Deduction points are based on
the degree of the improper condition as small or large. 

“Ease of separation” refers to the difficulty of sepa-
rating scallops that are frozen together after the frying
operation and during freezing.

“Continuity” refers to the completeness of the coating
of the product in the cooked state. Lack of continuity is
exemplified by breaks, ridges and/or lumps of breading.
Each 1/16 square inch area of any break, ridge, or lump of
breading is considered an instance of lack of continuity.
Individual breaks, ridges, or lumps of breading measuring
less than 1/16 square inch are not considered objection-
able. Deduction points are based on the percentage of the
scallops within the package that contain small and/or
large instances of lack of continuity.

Workmanship defects refer to the degree of freedom
from doubled and misshaped scallops and extraneous
material. The defects of doubled and misshaped scallops
are determined by examining the frozen product, while
the defects of extraneous materials are determined by
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examining the product in the cooked state. Deduction
points are based on the percentage by count of the scal-
lops affected within the package. 

Doubled scallops. Two or more scallops that are joined
together during the breading and/or frying operations

Misshaped scallops. Elongated, flattened, mashed, or
damaged scallop meats.

Extraneous material. Extraneous are pieces or frag-
ments of undesirable material that are naturally present in
or on the scallops and which should be removed during
processing.

Examples of minor extraneous material include intes-
tines, seaweed, and each aggregate of sand and grit within
an area of 1/2-inch square.

Examples of major extraneous material include shell,
aggregate of embedded sand or other extraneous embed-
ded material that affects the appearance or eating quality
of the product.

Texture in the cooked state
Texture of the coating:
Firm or crisp, but not tough, pasty, mushy, or oily
Moderately tough, pasty, mushy, or oily
Excessively tough, pasty, mushy, or oily
Texture of the scallop meat
Firm, but tender and moist
Moderately tough, dry, and/or fibrous or mushy
Excessively tough, dry, and/or fibrous or mushy
Character.
Character refers to the texture of the scallop meat and of

the coating and the presence of gristle in the cooked state. 

(1) Gristle. Gristle (type 2 only) is the tough elas-
tic tissue usually attached to the scallop meat.
Each instance of gristle is an occurrence.

(2) Texture refers to the firmness, tenderness, and
moistness of the cooked scallop meat and to
the crispness and tenderness of the coating of the
cooked product. The texture of the scallop meat
may be classified as a degree of mushiness,
toughness, and fibrousness. The texture of the
coating may be classified as a degree of pasti-
ness, toughness, dryness, mushiness, or oiliness.

XV. FROZEN NORTH AMERICAN
FRESHWATER CATFISH AND CATFISH
PRODUCTS

A. SCOPE AND PRODUCT DESCRIPTION

The descriptions apply to products derived from farm-
raised, or from rivers and lakes, North American freshwater
catfish of the following common commercial species and
hybrids thereof:

(1) Channel catfish (Ictalurus punctatus)
(2) White catfish (Ictalurus catus)

(3) Blue catfish (Ictalurus furcatus)
(4) Flathead catfish (Pylodictis olivaris)

Fresh products will be packaged in accordance with
good commercial practices and maintained at tempera-
tures necessary for the preservation of the product. Frozen
products will be frozen to 0°F (�18°C) at their
center(thermal core) in accordance with good commercial
practices and maintained at temperatures of 0°F (�18°C)
or less.

The product may contain bones when the principle dis-
play panel clearly shows that the product contains bones.
Product presentation.

Catfish products may be presented and labeled as
follows:

1. Types

(1) Fresh, or
(2) Frozen.

2. Styles

(1) Skin on, or
(2) Skinless.

Market forms include but are not limited to the following:

(1) Headed and gutted.
(2) Headed and dressed are headed and gutted usu-

ally with fins removed. This form may be pre-
sented with or without the dorsal spine and
with or without the collar bone.

(3) Whole fillets are practically boneless pieces of
fish cut parallel to the entire length of the back-
bone with the belly flaps and with or without
the black membrane.

(4) Trimmed fillets are whole fillets without belly
flaps.

(5) Fillet strips are strips of fillets weighing not
less than ¾ ounce.

(6) Steaks are units of fish not less than 1 1/2
ounces in weight which are sawn or cut approx-
imately perpendicular (30 degrees to 90
degrees) to the axial length or backbone. They
have two reasonably parallel surfaces. The
number of tail sections that may be included in
the package must not exceed the number of fish
cut per package).

(7) Nuggets are pieces of belly flaps with or with-
out black membrane and weighing not less than
¾ ounce.

3. Bone Classifications

(1) Practically boneless fillet.
(2) Bone-in (fillet cut, with bones).
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Dehydration applies to all frozen market forms. It
refers to the loss of moisture from the surface resulting in
a whitish, dry, or porous condition:

Slight: surface dehydration which is not color mask-
ing (readily removed by scraping) and affecting 3 to 10
percent of the surface area.

Moderate: deep dehydration which is color masking,
cannot be scraped off easily with a sharp instrument, and
affects more than one percent but not more than 10 per-
cent of the surface area.

Excessive: deep dehydration which is color masking,
and cannot be easily scraped off with a sharp instrument
and affects more than 10 percent of the surface area.

Condition of the product applies to all market forms.
It refers to freedom from packaging defects, cracks in the
surface of a frozen product, and excess moisture (drip) or
blood inside the package. Deduction points are based on
the degree of this defect.

Slight refers to a condition that is scarcely oticeable
but that does not affect the appearance, desirability or eat-
ing quality of the product.

Moderate refers to a condition that is conspicuously
noticeable but that does not seriously affect the appear-
ance, desirability, or eating quality of the product.

Excessive refers to a condition that is conspicuously
noticeable and that does seriously affect the appearance,
desirability or eating quality of the product.

Discoloration applies to all market forms. It refers to
colors not normal to the species. This may be due to mis-
handling or the presence of blood, bile, or other substances.

Slight: 1/16 square inch up to and including one
square inch in aggregate area.

Moderate: greater than one square inch up to and
including 2 square inches in aggregate area.

Excessive: over 2 square inches in aggregate area.
Also, each additional complete one square inch is again
assessed points under this category.

Uniformity will be assigned in accordance with
weight tolerances as follows:

Weight of portion: 0.75 to 4.16 ounces
Moderate: Over 1/8 ounce but not over 1/4 ounce

above or below declared weight of portion
Excessive: In excess of 1/4 ounce above or below

declared weight of portion 4.17 to 11.20 ounces
Moderate: Over 1/8 ounce but not over 1/2 ounce

above or below declared weight of portion
Excessive: In excess of 1/2 ounce above or below

declared weight of portion 11.21 to 17.30 ounces
Moderate: Over 1/8 ounce but not over 1/8 ounce

above or below declared weight of portion
Excessive: In excess of 1/8 ounce above or below

declared weight of portion
Skinning cuts apply to skinless market forms. It refers

to improper cuts made during the skinning operation as 

evidenced by torn or ragged surfaces or edges, or gouges
in the flesh which detract from a good appearance of the
product.

Slight: 1/16 square inch up to and including 1 square
inch in aggregate area.

Moderate: Over one square inch up to and including 2
square inches in aggregate area.

Excessive: Over 2 square inches in aggregate area.
Also, each additional complete one square inch is again
assessed points under this category.

Heading applies to the presence of ragged cuts or
pieces of gills, gill cover, pectoral fins or collar bone after
heading. Deduction points also will be assigned when the
product is presented with the collar bone and it has been
completely or partially removed.

Slight: 1/16 square inch up to and including one
square inch in aggregate area.

Moderate: Over one square inch up to and including 2
square inches in aggregate area.

Excessive: Over 2 square inches in aggregate area.
Also, each additional complete one square inch is again
assessed points under this category.

Evisceration applies to all market forms. It refers to
the proper removal of viscera, kidney, spawn, blood,
reproductive organs, and abnormal fat (leaf). The eviscer-
ation cut should be smooth and clean. Deduction points
are based on the degree of defect.

Slight: 1/16 square inch up to and including 1 square
inch in aggregate area.

Moderate: Over 1 square inch up to and including 2
square inches in aggregate area.

Excessive: Over 2 square inches in aggregate area.
Also, each additional complete one square inch is again
assessed points under this category.

Fins refer to the presence of fins, pieces of fins or dor-
sal spines. It applies to all market forms except headed
and gutted or headed and dressed catfish or catfish steaks.
Deduction points also will be assigned when the product
is intended to have the dorsal spine but it has been com-
pletely or partially removed.

Slight: Aggregate area up to including one square inch.
Moderate: Over one square inch area up to and includ-

ing 2 square inches.
Excessive: Over 2 square inches in aggregate area.

Also, each additional complete one square inch is again
assessed points under this category.

Bones (including pin bone) apply to all fillet and
nugget market forms. Each bone defect is a bone or part
of a bone that is 3/16 inch or more at its maximum length
or 1/32 inch or more at its maximum shaft width, or for
bone chips, a length of at least 1/16 inch. An excessive
bone defect is any bone which cannot be fitted into a rec-
tangle, which has a length of 1 9/16 inch and a width of
1/8 inch. In market forms intended to contain bones, the
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presence of bones will not be considered a physical
defect.

Skin refers to the presence of skin on skinless market
forms. For semi-skinned forms, a skin defect is the pres-
ence of the darkly pigmented outside layers. Points will be
assessed for each aggregate area greater than 1/2 square
inch up to and including one square inch.

Bloodspots refer to the presence of coagulated blood.
Bruises refer to softening and discoloration of the

flesh. Both bloodspots and bruises apply to all market
forms. Points will be assessed for each aggregate area of
bloodspots or bruises greater than 1/2 square inch up to
and including one square inch. 

Foreign material refers to extraneous material, including
packaging material, not derived from the fish that is found
on or in the sample. Each occurrence will be assessed.

Texture applies to all market forms and refers to the
presence of normal texture properties of the cooked fish
flesh, i.e., tender, firm, and moist without excess water.
Texture defects are described as dry, tough, mushy, rub-
bery, watery, and stringy.

Moderate: Noticeably dry, tough, mushy, rubbery,
watery, stringy.

Excessive: Markedly dry, tough, mushy, rubbery,
watery, stringy.
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GENERAL PRINCIPLES FOR THE
FREEZING, STORAGE AND
THAWING OF SEAFOOD

I. INTRODUCTION

Fish and shellfish are perishable and, as a result of a com-
plex series of chemical, physical, bacteriological, and his-
tological changes occurring in muscle, easily spoil after
harvesting. These interrelated processes are usually
accompanied by the gradual loss or development of dif-
ferent compounds which affect fish quality. The quality
changes are highly influenced by many factors, the most
important of which is temperature. If fresh fish is not
properly stored, exposure to ambient temperature can
cause serious deterioration in fish quality. Commercially,
icing or chilling continues to play a major role in slowing
down bacterial and enzymatic degradation of fish muscle.
However, this process is not designed to totally eliminate
changes in quality, since it only offers protection for 2–3
weeks, depending on the species.

Freezing preservation of food is an excellent method of
preservation with wide applications. Freezing inhibits the
activity of food spoilage and food poisoning organisms and
the low storage temperature greatly slows down the enzy-
matic and biochemical reactions which normally occur in
unfrozen foods. Freezing accomplishes these objectives in
two ways: the lowering of the temperature of the food and
the removal of water by converting it into ice. Lowering the
temperature to below freezing point inhibits the growth and
activity of many, but not all, microorganisms. Converting
most of the water into ice with the concomitant increase in
concentration of the dissolved substances reduces the water
activity of the food to the point where no microorganisms
can grow. Although biochemical reactions slow down at
lower temperature, they will, unlike microbiological activi-
ties, progress even at low commercial freezer storage tem-
peratures. In addition, conversion of water into ice initiates
complex physical and physicochemical changes that can
cause general deteriorative quality changes not ordinarily
occurring in fresh foods. Pre-freezing processing, such as
blanching, freezing and storage conditions should therefore
be selected, individually, for each product to minimize the
effect of these deteriorative reactions.

In most foods frozen commercially, water is the major
component. Most of the water in the tissue dissolves sol-
uble cell components, while a small part is bound up in
hydrates and in macromolecular colloidal complexes.

In addition, much of the aqueous solution is part of
the gel-like or fiber-like structures in the cell. The most
obvious change that occurs on freezing is the solidifica-
tion of water, which means that water is removed from its
normal position within the tissues. It appears that removal
of water from its normal position is only partly reversible

upon thawing, leading to “drip” and other changes. “Drip”
is the exudate from thawed tissue which is difficult in
practice to distinguish from any superficial moisture or
“glaze.” There is sometimes an apparent enhanced sus-
ceptibility to invasion by microorganisms owing to the
moist surfaces which occur during thawing. The conver-
sion of water into ice increases the concentration of solu-
ble cell components (in some cases to the point where
they become saturated and precipitate), changes the pH of
the aqueous solution and consequently affects the amount
of water that is involved in the colloidal complexes and in
the gel-like and fiber-like structures. The concentration of
cell components leads to a high concentration of elec-
trolytes, some of which interpose themselves in the
polypeptide chains of proteins, leading to protein denatu-
ration. In living cells this often leads to death (for exam-
ple, freezing and frozen storage causes a slight reduction
in number of most microorganisms), but in foods, which
usually consist of dead tissue prior to freezing, it can lead,
during storage, to irreversible changes in texture (e.g.,
toughness in fish) and to undesirable biochemical reac-
tions (enzymatically produced off-flavors). An under-
standing of freezing therefore involves physical,
physico-chemical, and biochemical aspects.

As mentioned above, freezing is an excellent process
for keeping the original quality of foods, such as fish, for
longer periods of time (commercially, up to 12 months or
more). Freezing and subsequent frozen storage are partic-
ularly useful in making seasonal species of fish, like her-
ring and mackerel, available all year round. In addition,
freezing preservation is also applied in a number of differ-
ent products made from various fish species. For example,
tuna is frozen on board large commercial fishing vessels,
brought to land, and then thawed for canning process. In
the production of various value-added fish products, freez-
ing is applied to breaded and battered fish sticks, fillets,
steaks, or nuggets. Likewise, high-quality fish are usually
filleted, frozen, and eventually sold to consumers.

Ideally, there should be no distinguishable differences
between fresh fish and frozen fish after thawing. If kept
under appropriate conditions, fish in the frozen state can
be stored for several months or more without appreciable
changes in quality. However, it is now well recognized
that deteriorative changes take place in fish and seafood
during freezing, frozen storage and thawing, which influ-
ence the quality of final products. Considerably more
knowledge of the basic structure of fish muscle and its
chemical composition is essential to understanding these
changes that occur during processing.

II. NATURE OF FISH MUSCLE

Fish muscle has a unique arrangement of muscle fibers. It
is divided into a number of segments called myotomes,
which are separated from one another by a thin sheath of
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connective tissue called the myocomma or myoseptum.
The number of myotomes in fish is dependent on the size
of fish, while their diameters vary from head to tail (1).
There are two major types of fish skeletal muscles, white
and red. The red or dark muscle lies along the side the
body next to the skin, particularly along the lateral lines,
and may comprise up to 30% of fish muscle, depending on
the species (2). Cells in red or dark muscle contain more
lipids than those in white muscle (3, 4); they are basically
employed for sustained swimming activities, functioning
aerobically using lipids for fuel. In addition, red muscle
has more mitochondria (5) but less sarcoplasmic reticulum
than white muscle (6). It has a large supply of oxygen and
a high content of myoglobin, the colored compound that
gives its red color. These characteristics, coupled with the
presence of the large amount of lipid, particularly among
the fatty species, present a serious problem on preservation
because of increased susceptibility of this muscle to lipid
oxidation. The red muscle of some species has also been
reported to contain enzymes that are responsible for chem-
ical reactions such as lipid oxidation and the conversion of
trimethylamine oxide (TMAO) to dimethylamine (DMA)
and formaldehyde (FA) (7, 8). The shape of red muscle
area in different species varies considerably. Lean fish
such as flounder, hake, sole, cod, pollock, and whiting
have a very small amount of red muscle, which lies along
the fish skin, whereas the fatty and semi-fatty fish species
have larger areas of red muscle.

White muscle, on the other hand, constitutes the major-
ity of fish muscle. Unlike red muscle, it has minimal myo-
globin and a restricted blood supply (5). Often referred to as
the “fast” tissue (9), it is used for anaerobic activities such as
short bursts of swimming activity. This muscle exhibits
rapid, powerful contractions, the energy for which is pro-
duced by reducing glycogen to lactic acid anaerobically (5). 

Intermediate between these two types of muscle are
intermixed red and white muscle, commonly referred to as
“mosaic” muscle (10). In some fish, this is a thin layer of
muscle that separates the red from white muscle.
However, in other fish, such as salmon, carp, and trout,
this muscle is scattered throughout the body of the fish.

The chemical composition of fish varies, depending
on several factors, such as age, species, gender, maturity,
method of catch, fishing grounds, and other seasonal and
biological factors. Even within the same species, chemical
composition may vary significantly. Generally, fish con-
tain a considerable amount of protein, lipid, and water,
and small amounts of vitamins and minerals. Other com-
ponents such as non-protein nitrogenous compounds are
also present in the muscle. These include urea, taurine,
peptides, free amino acids, and nucleotides such as ino-
sine and hypoxanthine (11). These compounds, together
with the macronutrients found in fish muscle, may be par-
ticularly important to fish processors, since they are fre-
quently used as spoilage indices.

III. PHYSICAL ASPECTS OF FREEZING

A. FORMATION OF ICE

From a physical point of view, fish, land animal, and veg-
etable tissues can be roughly considered as dilute aqueous
solutions. When they are chilled below 0°C, ice crystals
form at a temperature characteristic of the product and the
initial freezing point (FT), which is also the temperature
at which the last ice crystals melt on thawing. The freez-
ing point directly depends on the molar concentration of
dissolved substances presented, but not on the water con-
tent. Fruits, for example, have high water content and a
freezing point of �2 to �3°C, while fish contain less
water, yet have a freezing point of about �1 to �2°C. The
difference is due to the high sugar and acid content in
fruits as compared with the low solute content of fish
meat. Ice formation occurs during freezing only after a
certain degree of supercooling (supercooling is the phe-
nomenon of reducing the temperature of a solution or
material below its freezing point without crystallization
occurring) has been achieved, and the formation of ice is
accompanied by a heating up of the supercooled product
close to the freezing point. In commercial practice, the
amount of supercooling is usually insignificant. 

As the products are progressively cooled below their
initial freezing point, more and more water will be turned
into ice and the residual solutions will become more and
more concentrated. If, at any time, the products are
heated, some of the ice will be turned to water that will
then dilute the residual solutions. The ratio of ice to resid-
ual solution in frozen foods is a function of temperature
and initial concentration of solutes. At a temperature
lower than �40°C, there is little or no measurable change
in the amount of ice presented in most frozen foods. The
percentage ratio of freezing (RF) of frozen foods is usu-
ally estimated as follows:

RF (%) � 100 � [(FT/temp. frozen food) � 100]

where RF represents the percentage ratio of freezing and
FT represents the freezing point of the frozen food.

B. ICE CRYSTAL SIZE

Once water has started to freeze, the rate of ice formation is
a function of the rate of heat removal, as well as of the rate
of diffusion of water from the surrounding solutions or gels
to the surface of the ice crystals. At slow rates of cooling
few crystallization centers are formed and the ice crystals
grow to a relatively large size. The water in the cell diffuses
through the cell wall, leaving the cells in a collapsed condi-
tion. Very large ice crystals (few crystals) can lead to
mechanical damage to the food product. The cells become
physically separated over relatively long distances. As the
freezing rate increases, the number of ice crystals increases
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while their size decreases. Many studies have been done on
the effects of size and location of ice crystals on the quality
of frozen food. It appears that, for most foods, the size and
distribution of ice crystals, encountered in commercial
practice, have relatively little effect on organoleptic quality.
However, very slow freezing results in undesirable effects
like “drip” on thawing, while very fast freezing may
improve the texture of some products.

C. DIMENSIONAL CHANGES

The volume change accompanying the conversion of pure
water into ice is about 9%. The volume change of foods as
a result of ice formation is less, about 6%, because only
part of the water present is frozen and because some foods
contain spaces. This volume change has to be taken into
account in equipment design. In very fast freezing (for
example, immersion of large items in liquid nitrogen), it
can lead to the build-up of excessive pressure inside the
product, causing breaking and shattering.

D. COMPLETION OF FREEZING

The freezing process is, for practical purposes, completed
when most of the freezable water at the thermal center of
the product has been converted into ice, which coincides
for most products with the temperature at the thermal cen-
ter becoming colder than �10°C. Removal of the product
from the freezing equipment before this point is reached
may result in slow freezing at the thermal center. It is
preferable to freeze the product until the equilibrium tem-
perature (average temperature) is �18°C or colder.

E. DESICCATION OF FROZEN FOODS

1. During Freezing

It is inevitable that a proportion of water of a product
without packaging will evaporate during freezing. The
faster the freezing, the smaller the amount of evaporated
water. If the product is enclosed in a water-vapor-proof
package before freezing, the moisture that escapes from
the packet will be nil, but when there is an air gap (on the
order of millimeters) between the surface of the product
and the internal surface of the package frost may be
deposited inside the package to the same extent as mois-
ture evaporates from the product.

For products frozen unpackaged, moisture loss varies
from 0.5 to 1.5% or more, depending on the temperature,
rate, and method of freezing, as well as the type of prod-
uct. The colder the air temperature, the less moisture the
air can absorb before it is saturated. Faster freezing meth-
ods lower the surface temperature of the product quickly to
a value where the rate of moisture evaporation or sublima-
tion is small. Where the surface of a product consists of a
moisture-resistant layer (skin of the fish or fat on beef, for

example), moisture losses are reduced in comparison with
products with cut surfaces (fish fillets, hamburger patties,
for example). Proper freezer design for a given product is,
therefore, an important factor in minimizing moisture loss
during freezing.

2. During Storage

Moisture loss during frozen storage is a more serious
problem because of the length of storage usually involved.
Tight-fitting water-vapor-proof packaging avoids all
apparent moisture loss. Many frozen foods, however, are
still stored unpackaged or packaged in water-vapor 
permeable materials. In these cases, moisture loss
depends on the average ambient temperature and the tem-
perature of the evaporator, as well as on the temperature
fluctuations occurring during storage, and increases with
increasing storage temperature, increasing frequency, and
amplitude of temperature fluctuations, and with increas-
ing difference between the storage temperature and the
lower temperature reached by the evaporator. It should be
noted that the saturated vapor pressure of frozen foods is
equal to that of pure ice at the same temperature.

If a water-vapor-proof packaging does not fit tightly
around the product, desiccation of the product still occurs,
but the water removed remains inside the package as frost.
The mechanism appears to be as follows:

a. The layer of air between product and packaging
is subject to temperature variations. As the out-
side temperature decreases, the temperature of
the inside surface of the packaging at a certain
moment drops below the product surface tem-
perature and ice on or in the product will sub-
lime and condense on the inside of the package.

b. When the ambient temperature increases, the
process is reversed. However, the water vapor
will condense on the product surface rather than
in the cellular structure from which it evaporated.

c. As the cooling-heating cycle recurs, the crys-
tals on the product surface tend to follow pack-
age temperature more closely than the mass of
the product, and this results in further sublima-
tion of ice from the product.

Frost in packages of frozen foods can amount to sev-
eral percent of the product weight. Because it leads to
ready access of oxygen into the product, frost formation
may, with some foods, increase quality deterioration.

The effects of temperature fluctuation depend on the
average storage temperature. At warmer storage tempera-
tures, a given temperature fluctuation results in a much
larger change in ice vapor pressure than at colder temper-
atures. As a result the effect of temperature fluctuations on
desiccation increases with a warmer storage temperature.
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Excessive drying, in addition to leading to undesirable
loss of weight, can accelerate oxidative changes by caus-
ing the loss of an added glaze, and also by causing the
removal of ice from the superficial parts of the frozen
products, thus allowing a free access of oxygen to the
internal tissues. Some parts of the surface of protein foods
may be highly desiccated and their structure even irre-
versibly deteriorated; light spots known as “freezer burn”
occur on the surface and the appearance of produce may
become unacceptable. Animal foods (fish, poultry, game)
in particular can be affected severely by freezer burn.

F. CHANGE IN ICE CRYSTAL SIZE IN

FROZEN FOODS DURING STORAGE

The changes in shape and size of the ice crystals in frozen
foods are caused by periodic variations in temperature
experienced during storage; the greater the amplitude of
these variations, the greater will be the changes.

G. THERMAL RADIATION IN FROZEN

FOOD STORAGE

Thermal radiation has a significant effect on frozen foods in
open display cabinets. In these, the top layer of packages
may reach a temperature up to 10°C warmer than the aver-
age cabinet temperature leading to quality losses. The tem-
perature of the packages in the top layer represents a thermal
equilibrium between the energy transferred by radiation and
the energy transferred by conduction and convection. The
effect of radiation depends on the emissivity of the radiating
surfaces, e.g., the package and the ceiling or walls.
(Emissivity characterizes the surface state as far as radiation
is concerned. Emissivity reaches a maximum equal to 1 in
the case of an ideally absorbing and emitting body (black
body) and is zero in the case of a perfect reflector; the latter
does not emit or absorb any radiative energy.) The important
radiation is that in the far infrared range (wavelength 8 to
10.10 m) and not that of visible light. A reflecting canopy
placed about the open area of the cabinet or packaging in
bright metallic foil reduces radiation energy gain markedly.
Bright metallic foil packaging may reduce product tempera-
ture at the top layer of display cabinets by as much as 6–8°C.

IV. PHYSICO-CHEMICAL ASPECTS OF
FREEZING

A. COMPOSITION AND PH CHANGES DURING

FREEZING

Freezing converts a large proportion of the water present in
foods into ice and hence makes the remaining solution more
concentrated in dissolved, colloidal, and suspended sub-
stances. This increased concentration causes a change in
acid-base equilibrium (pH) important in the stability of

many colloids and suspensions. Shifts in pH (usually
towards the acid side) of up to 1 pH unit have been observed
under these conditions.

A second result of this increased concentration is the
precipitation of salts and other compounds that are only
slightly soluble, such as phosphate. This can result in
drastic pH changes (up to 2 pH units) and changes the salt
composition of the aqueous solution in foods. These
changes often affect the physico-chemical systems in food
irreversibly. It has been shown, for example, that lactic
dehydrogenase, a muscle enzyme, and lipoproteins, an
important egg yolk constituent, are irreversibly damaged
by a pH decrease from 7 to 5 and by increased phosphate
concentration during freezing.

B. PHYSICO-CHEMICAL CHANGES IN FROZEN FOODS

Textural properties and the initiation and acceleration of
several biochemical reactions depend on the physical
chemistry of food constituents and hence are affected by
the physico-chemical changes brought about by freezing.
Loss of water binding properties, resulting in drip, is an
example of textural changes, while removal of enzymes
from cell particles, allowing them free access to substrates
in other parts of the cell, is an example of biochemical
reactions initiated and accelerated by freezing. Other
physico-chemical changes in frozen foods are actomyosin
changes in muscle, leading to toughening (fish) or dryness
(poultry), loss of turgor in fresh fruits and vegetables, and
gelation of egg yolk.

Many physico-chemical changes increase with
increased salt concentration in the unfrozen phase, but
will decrease with decreasing temperature as a result of
the lower mobility of the salt in the unfrozen phase and
the general effect of temperature on chemical reactions.
Consequently, physico-chemical changes are most dam-
aging in the range between the freezing point of a food
and about �10°C. It is important therefore to expose
frozen foods for as short a time as possible to this tem-
perature range, both during freezing and during thawing.

C. EFFECTS OF PREPARATION AND PACKAGING ON

FROZEN FISH

Product preparation and packaging significantly affect the
quality and shelf life of frozen fish. If not properly con-
trolled, these processes result in some deleterious effects
after prolonged storage.

1. Product Preparation

Product preparation, in particular, produces a consider-
able effect on shelf stability of frozen fish. Whole and
eviscerated fish have longer shelf stability than fillets,
while minces can usually only be stored for a much
shorter period of time. Crawford et al. (12–14) observed
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this difference during several studies using hake. Minced
blocks exhibited reduced quality and accelerated deterio-
ration during storage when compared to intact fillets. This
characteristic of minces, which is more apparent among
the gadoids, is probably due to the mincing action applied
to the fish flesh, which results in tissue damage and sub-
sequently more rapid deterioration. In addition, mixing of
red and white muscle during mincing may also result in
the dispersion of lipids and some of the enzymes present
in the red muscle, leading to greater susceptibility of the
minced tissue to deteriorative changes.

2. Packaging Materials and Methods

An efficient packaging system is essential to offset the
detrimental quality changes that occur during frozen stor-
age. Packaging materials and methods are obviously
designed not only to protect the product from microbial
and chemical contamination, dehydration, and physical
damage, but also to protect the environment from the
packaged product. Fish and seafood can leak gases or
unsightly fluids, which may have unpleasant odors.
Therefore, the choice of appropriate packaging materials
and methods for frozen fish is a critical factor in terms of
shelf-life extension.

Studies have shown that packaging systems affect the
quality and shelf stability of frozen fish. For instance,
vacuum packaging is well established as a method to pro-
vide an oxygen-free environment to minimize the prob-
lems associated with lipid oxidation and dehydration
during frozen storage.

Several studies have shown the effectiveness of this
method for frozen storage of some species of fish. For
example, it has been reported that frozen blocks of fillets
vacuum packed in moisture-proof films showed high
degrees of acceptance and desirable frozen characteristics
(12). Likewise, Santos and Regenstein (15) reported the
effectiveness of vacuum packaging for inhibiting lipid
oxidation in frozen mackerel fillets. Ahvenainen and
Malkki (16) examined the influence of packaging on
frozen herring fillets stored at different temperatures.
They found that vacuum-packed product covered with
metallized cardboard had a longer shelf life than a prod-
uct vacuum packed and stored without cardboard. Vacuum
packaging, on the other hand, need not be used if lipid
oxidation is not the limiting factor affecting the shelf life
of a product. Although the effect or absence of oxygen in
packages on some fish species must be considered, other
packaging methods such as glazing and the use of heat-
sealable packaging films should also be considered.
Pacific hake minced blocks stored in moisture-proof,
vapor-proof packaging films exhibited superior quality
over glazed samples (12). Likewise, Colokoglu and
Kundacki (17) observed frozen mullet packed in plastic
films with low permeability to oxygen and moisture to

have a longer shelf life than when unpacked in the glazed
form. However, it should be noted that glazing is still con-
sidered to be the cheapest means of protecting frozen fish
during storage and transport. Glazing provides a continu-
ous film or coating that adheres to the frozen product,
which retards moisture loss and the rate of oxidation.

Many different glazes are available, including (a) those
with inorganic salt solutions of disodium acid phosphate,
sodium carbonate, and calcium lactate, (b) alginate solu-
tion, otherwise known as the “Protan” glaze, (c) antioxi-
dants such as ascorbic and citric acids, glutamic acid, and
monosodium glutamate, and (d) other edible coatings such
as corn syrup solids (18). Ice glaze is particularly impor-
tant in handling frozen fish in developing countries. For
products intended for short-term storage, glazing can be
practically utilized as a viable alternative to storage with-
out a protective covering. For instance, Jadhav and Magar
(19) concluded that glazing was a cheaper alternative to
expensive packaging systems for glazed Indian mackerel
(Rastrelliger kanagurta) stored at �20°C. Glazed samples
had a shelf life of 6 months, while samples without a pro-
tective covering lasted only 3–4 months.

3. Effects of Freezing, Frozen Storage, and 
Thawing on Color, Appearance, and
Consumer Acceptance

One problem encountered during handling, freezing, and
storage of fish is the difficulty in retaining the color and
appearance of the meat. Changes in color and appearance
of fish occur even immediately after catch. Blood pig-
ments become noticeably discolored to various degrees
after some period of time. The natural oils in fish play an
important role in these color changes. The color of these
oils is produced by the colored pigments dissolved in
them which vary from one species to another. These pig-
ments are subjected to considerable oxidation when the
fish is frozen and stored. This then results in meat color
darkening to either dark brown or, in some cases, black.
This discoloration occurs especially when the fish is
stored for an extended period of time. Some fish, like
tuna, develop discoloration during frozen storage, report-
edly due to oxidation of myoglobin to met-myoglobin in
fish blood (20). Other species, such as salmon, swordfish,
and shark, also exhibit color changes during storage.
Salmon has a pink meat, but when subjected to oxidation
its color slowly fades and, in extreme cases, may com-
pletely disappear after prolonged storage. Swordfish, on
the other hand, develops green discoloration beneath its
skin during frozen storage which, according to Tauchiya
and Tatsukawa (21), is due to the development of sulf-
hemoglobin, a product of oxidation. Shark flesh also dis-
colors and occasionally develops off-odors during
storage, most probably as a result of the presence of high
amounts of trimethylamine oxide. Interestingly, these
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marked differences in the color and appearance of frozen
fish are quite noticeable in fish sold either as steaks or as
fillets, especially when cross-sectional cuts of the fish are
made, which permits a comparison of the color of the
exposed fish surface with that of the inner portion.

In shrimp, the rapid formation of black pigments,
widely known as “melanosis,” occurs within a few hours
after death and is enhanced by exposing the shrimp to air
(oxygen). It can occur within just 2–12 hours of exposure.
The oxidation reaction leading to the formation of these
black pigments can occur at 0°C; however, at �18°C, no
visible spots were detected at up to 3 months of storage
(22). Below this temperature, it is believed that melanosis
can still positively occur. It should be noted, however, that
although black spots do not necessarily make shrimp unfit
for human consumption, such discoloration is usually
associated with spoilage, resulting in a decrease in market
value. In other shellfish, such as crab and lobster, the
development of blue or black discoloration, otherwise
known as “blueing,” is one of the most troublesome prob-
lems. Blueing may occur after freezing or during frozen
storage, or it may appear after thawing and subsequent air
exposure or even shortly after cooking. Needless to say,
these changes in color and appearance of fish and shellfish
significantly affect consumer acceptance. When con-
sumers select frozen fish, if these products can be seen
through the packaging material used, the color and appear-
ance of the frozen product provide an indication as to its
degree of quality. As shown in Table 39.1, undesirable
appearance and discoloration of samples have been
observed in different frozen whole fish and fillets obtained
from Singapore supermarkets (23). Preventing such qual-
ity changes is of great commercial importance, since they

detract not only from the consumer acceptability of the
products but their shelf stability as well.

Thawing also influences the color and appearance of
frozen fish and, inevitably, its consumer acceptability.
Depending on the thawing technique used, discoloration
may occur in fish and other seafood. For instance, when
shrimp are thawed at temperatures higher than 0°C, black
discoloration or melanosis may occur. This is due to the
unnecessary exposure of the shrimp to air, leading to oxi-
dation. A phenomenon known as “shimi” occurs in
frozen-thawed fish meat. Shimi are the undesirable blood
spots observed in the belly portion of carp on thawing and
are also the distinguishable spots tainting frozen-thawed
tuna meat (24). The latter condition is probably due to the
blood vessels that remain in unbled tuna meat prior to
freezing. When thawed, these blood vessels produce
unsightly spots in the meat.

It is possible to determine if the product has been
properly thawed and then refrozen. This is particularly
noticeable in packaged frozen fish, where spaces on the
sides of the package may be filled with a frozen cloudy
liquid, known as thaw drip. Such muscle drip was origi-
nally attributed to the rupturing of cell walls caused by ice
crystal formation during freezing, resulting in excess drip
during thawing. However, it has been postulated that drip
or exudate formation is directly related to the capacity of
the fish protein to hold moisture (25). This unsightly exu-
date from fish muscle indicates, among other things, inap-
propriate handling, prolonged ice storage prior to
freezing, frozen storage at inappropriate cold-storage tem-
peratures, or improper thawing. If not properly controlled,
freezing, frozen storage, and thawing generally result in
quality changes in fish and seafood that in most cases ren-
der the product unacceptable to consumers.

4. Effects of Freezing, Frozen Storage, and
Thawing on Palatability Attributes

Changes in the texture, odor, and flavor of fish and
seafood affect their palatability. Fresh fish have a distinct
succulence and a delicate odor and flavor, which are char-
acteristic of the species. These attributes change notice-
ably when fish is frozen and stored for prolonged periods
of time. Interestingly, the changes that influence the
palatability of frozen fish and seafood can all be measured
organoleptically and, to some extent, chemically.

a. Change in texture
Frozen fish gradually loses its juiciness and succulence
after freezing and subsequent frozen storage. Such tex-
tural changes, reportedly caused by protein denaturation
(26–29), are more pronounced in some species of fish,
specifically the gadoids. In these species, the chemical
breakdown of TMAO to DMA and FA and the subsequent
cross-linking of FA to muscle protein (30) produce the
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TABLE 39.1
Characteristics of Some Frozen Fish Purchased in
Singapore Supermarkets

Fish Thawed-State Characteristics

Herring, whole Skin and meat show rusting
Mackerel, whole Surface dehydrated, skin and meat show 

rusting, spongelike meat
Mackerel, whole Rancid smell in skin and meat
Chinese Pompret, whole Dehydration at lower part of belly and fin
Chinese Pompret, whole Head and belly parts yellowish 

discolored, spongelike meat
White pompret, whole Skin and meat show rusting, spongelike 

meat
Jew fish, whole Slight rancid smell in skin
Lemon sole, whole Surface dehydrated, spoiled and rancid 

smell, spongelike meat
Haddock, fillet No smell, spongelike meat, cracks
Cod, fillet No smell, spongelike meat
Flounder, fillet No smell

Source: Ref. 23.



textural breakdown in the gadoids and result in a “cot-
tony” or “spongy” texture. Fish muscle that has under-
gone such changes tends to hold its free water loosely like
a sponge. When eaten, the fish muscle loses all its mois-
ture during the first bite, and subsequent chewing results
in a very dry and cottony texture.

In some species devoid of TMAO-degradation prod-
ucts, muscle fibers also tend to toughen and to become dry
during freezing and storage. This is particularly true for
most of the nongadoid species and for crab, shrimp, and
lobster when stored for prolonged periods. In contrast, the
effect of the thawing method on the texture of fish muscle
basically depends on the product form. For instance,
whole fish, when thawed, exhibits less textural change
than filleted fish, basically as a result of the presence of
the backbone, which serves as structural support for the
flesh. In terms of the effect of the thawing method, it has
been reported that microwave thawing results in higher
gel strength of minced samples, when compared to sam-
ples thawed under running water (20°C) and samples
thawed at room temperature (31). Consequently, the
extent of textural changes depends upon the species of
fish and upon the condition of handling, freezing, duration
of frozen storage, and the thawing method used.

Several methods have been developed to objectively
measure such textural changes, in addition to the gather-
ing of comparative data from sensory evaluations. From
texture analysis of minced fish, Borderias et al. (32) con-
cluded that hardness as measured by the Kramer Shear
cell and puncture (penetration) tests was highly correlated
with the sensorial perceived firmness of raw samples,
while a compression test was found to be a valuable tech-
nique for characterizing the cohesiveness and elasticity of
both raw and cooked fish minces.

Alterations in the texture of frozen fish fillets, on the
other hand, are difficult to measure objectively, mainly
due to the textural variability that exists within the fish fil-
lets, which is associated with the flakiness and the orien-
tation of the muscle fibers (33). Several attempts have
been made to determine the extent of textural changes in
fish fillet, including those tested using fish minces (32).
However, significant correlations were not obtained.

An instrumental method that may work on fish fillets
is the deformation test using the Instron Universal Testing
Machine equipped with a flat compression plate. As a
nondestructive test (34), it can potentially be modified to
conform to the irregular shape and the segmented struc-
tural orientation of fish fillets.

b. Changes in odor and flavor
Other important changes that affect the palatability of
frozen fish include changes in the flavor and odor of fish
and seafood. Fish are often described as having a “fishy”
odor and flavor. Although the term sounds unpleasant, it
can also be used to describe the pleasing taste and odor

characteristics of freshly caught fish. Such pleasant, palat-
able characteristics may be retained as long as the fish are
promptly and properly frozen, stored, and thawed.
However, the transformation of these attributes to
unpleasant and unacceptable traits occurs very rapidly in
some fish species, particularly the fatty fish species.

Changes in the delicate flavor of fish and seafood gen-
erally occur in three distinct phases during frozen storage:
(a) the gradual loss of flavor due to loss or decrease in
concentration of some flavor compounds (35, 36), (b) the
detection of neutral, bland, or flat flavor, and (c) the devel-
opment of off-flavors due to the presence of compounds
such as the acids and carbonyl compounds that are prod-
ucts of lipid oxidation. These phases, however, only apply
to those species with originally delicate, sweet, and meaty
flavors. Other species, such as hake, have an originally
bland flavor (35), but develop off-flavors during pro-
longed frozen storage.

Changes in odor occur in two phases: the loss of char-
acteristic odor and the development of off-odors, which
render the frozen product unacceptable. Generally, fish and
seafood initially have a fresh, seaweed odor, which can be
retained even after freezing and frozen storage. However,
gradually such odor is lost, and eventually an unpleasant
odor is given off, particularly when abused with inappro-
priate storage temperature. The development of unpleasant
odor is due either to lipid oxidation, a reaction more appar-
ent among the fatty fish species that results in the produc-
tion of a strong oily, blow oily, or rancid odor, or to the
degradation of TMAO, which leads to the production of an
unpleasant ammonia odor. Other species such as white
hake (Urophysus tenuis) initially give off weak odors of
sweet, boiled milk, but when frozen storage is extended,
hake assumes weak off-odors (often described as milk jug
odor) followed by a sour milk odor.

V. BIOCHEMICAL ASPECTS OF FREEZING

A. POST MORTEM GLYCOLYSIS AND LIPID

OXIDATION

Fish muscle obtains energy by hydrolyzing adenosine
triphosphate (ATP). At any one moment, its concentration
is relatively small. During life it is quickly re-synthesized
using the energy produced when glycogen is oxidized to
carbon dioxide and water. On death of the fish metabolism
in the muscle continues for some time. Post mortem gly-
colysis, however, is a relatively inefficient process and it
cannot maintain ATP at its in vivo level. Once ATP has
fallen to a critical concentration it can no longer prevent
the major proportion of the muscle actin and myosin from
cross-linking. This causes the loss of elasticity known as
rigor mortis and usually a slow irreversible contraction.
The continuing production of lactate and H� ions causes
the pH of the muscle to fall from its in vivo value of about
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7.2 to the so-called ultimate pH, which is usually about
5.5. A pH of 5.5 is near the isoelectric point of the muscle
proteins, at which they have minimum water holding
capacity and a consequent relatively high tendency to drip
on thawing. A higher ultimate pH, therefore, means a
greater water holding capacity than at a lower pH. The
quantity of glycogen present in the muscle at the moment
of slaughtering will clearly determine how far the pH will
fall during post mortem glycolysis. Like most chemical
reactions post mortem glycolysis is temperature depend-
ent. It is generally found that the lower the temperature at
which this process occurs, the slower is its rate. Thus if
the carcass is maintained at body temperature after death,
the rate of pH fall, of ATP depletion, and of rigor mortis
onset is fast. If, however, the muscle is chilled quickly,
these changes are slowed down and the water holding
capacity of the muscle remains relatively high.

There is no practical “cold shortening” problem with
fish properly chilled after catching. Fish muscle shows the
least shrinkage if held at about 0°C. At warmer tempera-
tures the shrinkage and weight loss are greater and they
may be quite substantial for a fillet removed from the
skeleton pre-rigor and kept at room temperature. One
qualitative difference between fish and meat is the gener-
ally lower glycogen content in fish than in meat animals
rested before death. Consequently, the post mortem fall of
pH in fish is smaller and the resistance against surface
bacterial growth less than in meat. In many fish species,
therefore, bacterial spoilage is an overwhelming factor.

The fat composition of fish differs markedly from that
of meat because fish fat contains a higher proportion of
polyunsaturated fatty acids. Although this factor may vary
with species and is also influenced by dietary fat intake, it
nevertheless implies that fish, in particular fatty fish, are
very prone to development of rancidity by auto-oxidation.
Such rancidity may even develop in fatty fish held before
freezing, but it is particularly during storage of frozen fish
that great care in packaging and the use of low tempera-
tures are necessary to preserve quality.

B. DENATURATION OF MUSCLE PROTEINS

The proteins of fish muscle differ from those of meat espe-
cially in their higher susceptibility to cold store damage.
Frozen storage of fish causes an increase of drip loss on
thawing, toughness, coarseness, and dryness on cooking,
and loss of the desired glossy pellicle on smoking. These
changes are highly associated with the so-called protein
denaturation caused by freezing and subsequent storage.
They are temperature dependent, with the maximum rate
of development being in the range �1 to �5°C. They are
considerably slowed down by colder storage temperatures.
Many techniques have been used to measure these
changes, such as extractable protein in salt solutions (ionic
strength 0.5–1.0) which has been most widely used. The

changes are mostly in the myofibrillar protein of fish mus-
cle. In general, the sarcoplasmic proteins seem to be more
stable on freezing and subsequent storage. This kind of
“protein denaturation” is associated with the reaction of
certain free fatty acids or their oxidized products on the
myofibrillar proteins. Recently it has been found that the
ultimate pH attained by fish can considerably affect tex-
ture. Thus, low pH in cod is associated with more pro-
nounced toughness and larger drip loss on thawing.

Drip loss, some changes in flavor and taste, and an
undesirable softening occur in freeze-thawed fish muscle.
When the frozen and thawed fish was cooked, the succu-
lence and water holding capacity greatly decreased and
some undesirable changes in texture such as toughness,
coarseness, and dryness occurred. Compared with unfrozen
fresh meat, the functional properties such as emulsifying
capacity, lipid binding properties, water holding or hydrat-
ing capacities and gel forming ability were lower in the
frozen stored fish muscle. Most of the studies indicated that
denaturation of muscle proteins plays a dominant role in the
quality changes of frozen stored fish muscle. The fish mus-
cle proteins have been found to be much less stable than
those of beef, pig, and poultry muscles (38). The amount of
extractable actomyosin decreased with the duration of stor-
age, while no significant change in sarcoplasmic proteins
was observed during frozen storage of cod and other fish
(36–38). Since the decrease in soluble actomyosin corre-
lated well with palatability scores, it was proposed that
denaturation of actomyosin is the major cause for the
decrease in eating quality of frozen fish. Although the
change in extractable actomyosin is regarded as the primary
criterion of freeze denaturation, it still must be noted that
extractability data cannot indicate precisely how much pro-
tein is denatured and how much is native. According to pre-
vious studies, results from electron microscopic analyses
(39), decreases in actomyosin peak (20s–30s) areas on
ultracentrifugal analysis (40, 41) and viscosity of soluble
actomyosin with duration of storage (41, 42) suggested the
aggregation of muscle proteins occurred during frozen stor-
age. In addition to aggregation, dissociation of f-acto-
myosin into f-actin and myosin also occurred. It appeared
that the dissociated F-actin, as thin filaments, became
entangled and aggregated and that the dissociated myosin
monomers folded into globular form. At advanced stages of
freeze denaturation, large masses with diffuse outlines were
frequently found, indicating the formation of aggregation
complex of actin and myosin (43).

ATPase activity of actomyosin and myosin, another
property of myosin related to its contractile function, also
decreased with the increase of frozen storage (40–42,
44–47). During frozen storage, changes in isolated acto-
myosin and myosin have been sought in the number
of –SH groups (40–42, 44–47), titratable acid groups (48),
and net charge (49), and in the salting-out profiles (50, 51).
Connell (52) attributed the insolubilization of frozen
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stored cod actomyosin to the denaturation of myosin rather
than actin. However, isolated carp actin denatured progres-
sively with myosin during frozen storage as demonstrated
by SDS-PAGE (53). During the initial frozen storage, it
appears that both myosin and actin undergo denaturation,
while denaturation of tropomyosin and troponin was
observed during elongated frozen storage (53).

Decreases in the solubility, viscosity, ATPase activity,
and number of SH groups of frozen stored rabbit, mack-
erel, milkfish, amberfish, tilapia, and trout were observed
(44–47, 54, 55). Although Connell (56) ascribed the intra-
molecular aggregation of muscle proteins to the formation
of non-covalent bonds (57) rather than to the formation of
disulfide bonds, the involvement of SH group in the denat-
uration of muscle proteins during frozen storage has been
emphasized by Buttkus (54, 55) and Jiang et al. (44–47).
From the studies thus far reported, the crosslinkage of
myosin is ascribed to the formation of disulfide bonds,
hydrophobic bonds and hydrogen bonds during frozen
storage. Free SH groups are firstly oxidized to disulfide
bonds. However, only a small decrease was found in the
number of free SH groups during frozen storage.
Therefore, the changes appear to be the result of rearrange-
ments of disulfide bonds from intra-molecular to intermol-
ecular through a sulfhydryl-disulfide interchange reaction. 

Myofibrils, a systematically organized complex of
myofibrillar proteins, undergo some structural changes
during frozen storage of fish. The most noticeable change
is the fusion of the myofibrils as illustrated by cell
fragility method (58, 59) and fragmentation into short
pieces at the Z-bands (60–63). More recently, studies have
been done on the denaturation of enzymes during frozen
storage (64, 65). Inactivation of enzymes with globular
molecule was considered to be due to the unfolding of
intra-molecular structure (66). 

Many hypotheses have been proposed to explain the
denaturation of muscle proteins (67–70). They include: 1)
the effect of inorganic salts concentrated into the liquid
phase of the frozen system; 2) water-activity relations; 3)
reactions with lipids; 4) reaction with formaldehyde
derived from trimethylamine (in fish); 5) auto-oxidation; 6)
surface effects at the solid-gas interface; 7) effects of heavy
metals; and 8) effects of other water-soluble proteins (such
as protease). Among these hypotheses, effects of lipids
(67–72), formaldehyde (73–77), and gas-solid interface of
myofibrillar proteins caused by free fatty acids and/or lipid
peroxides must occur during frozen storage. Jarenback and
Liljemark have shown by electron microscopy that, in mus-
cle frozen stored with added linoleic and linolenic
hydroperoxides, myosin became resistant to extraction with
salt solution (78). However, recent studies on isolated mus-
cle protein indicate that proteins undergo denaturation in
the absence of lipids, formaldehyde, heavy metals and
water-soluble proteins. Another popular view is the
so-called “salt-buffer hypothesis” which gives attention to

the effects of highly concentrated salt solution in the
unfrozen phase of frozen muscle proteins. The concentrated
salt solution may denature the proteins (67–72). 

One of the most prevalent chemical reactions to occur
in fish muscle during freezing and frozen storage is the
complex phenomenon of protein denaturation. It has been
postulated that the rupturing of different bonds in the
native conformation of proteins in frozen fish is followed
by side-by-side aggregation of myofibrillar proteins,
specifically myosin, brought about by the formation of
intermolecular cross-linkages (27, 79). It is also believed
that the significant decrease observed in the center-to-cen-
ter distance between the thick filaments of the A-band of
the sarcomere after prolonged frozen storage favors the
formation of cross-linkages between molecules and stiff-
ens the fibers (78). Such intermolecular cross-linkages
result in aggregation (30), which leads to the formation of
high-molecular-weight polymers (80, 81) and subsequent
denaturation of myosin during frozen storage.

Several relevant theories on protein denaturation in
relation to fish moisture and freezing damage have been
formulated. One theory worthy of note is that of protein
denaturation being affected by the freezing out of water.
The conformation of most native proteins has the
hydrophobic side chains buried inside the protein molecule.
However, some of these hydrophobic side chains are
exposed at the surface of the molecule itself. It has been
suggested that the water molecules arrange themselves
around these exposed hydrophobic side chain groups so as
to minimize the energy of the oil/water interface and, at the
same time, act as a highly organized barrier, which medi-
ates the hydrophobic/hydrophilic interactions between pro-
tein molecules (81). These water molecules form a network
of hydrogen bonds, which contribute to the stability of the
highly organized three-dimensional structure of the pro-
teins. As water molecules freeze out, they migrate to form
ice crystals, resulting in the disruption of the organized H-
bonding system that stabilizes the protein structure. As the
freezing process continues, the hydrophobic as well as the
hydrophilic regions of the protein molecules become
exposed to a new environment, which may allow the for-
mation of intermolecular cross-linkages (30), either within
the same protein molecule, causing deformation of the
three-dimensional structure of the protein, or between two
adjacent molecules, leading to protein-protein cross-links.

Freezing also concentrates solids, including mineral
salts and small organic molecules, within the remaining
unfrozen aqueous phase in the cell (82), which results in
changes in ionic strength and possibly pH, leading to the
denaturation of the protein molecule (83). Love (84) con-
sidered this concentrated salt in the unfrozen phase to be
the main protein denaturant in the frozen muscle system. If
proteins are denatured over time in the presence of concen-
trated solutes, it is reasonable to believe that longer expo-
sure of protein molecules to these denaturants (e.g., slow
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freezing) should be avoided. However, further work must
be conducted to determine the effect of the rate of freezing
on shelf life of frozen fish as related to the solute concen-
tration effect.

Several methods have been established to determine
the extent of protein denaturation during frozen storage of
fish and seafood. According to Jiang and Lee (85), protein
quality is more sensitively reflected by the enzymatic
activities in the muscles than by its extractability, since
small microstructural changes in protein molecules can
cause more alterations in the enzymatic activities than in
extractability. For example, the actomyosin Ca ATPase,
which measures the activity of myosin, can be used as an
index of protein quality. Since this ATPase is capable of
hydrolyzing the terminal end phosphate group of ATP to
give ADP (68), this particular enzymatic activity can be
determined by measuring changes in the amount of inor-
ganic phosphate present in the muscle. The loss of enzy-
matic activity reflects the extent of freeze damage and
alteration of the protein structure in the muscle system.
Connell (79) reported a loss in Ca ATPase activity in mus-
cle during frozen storage. In a more recent study using
mackerel, Jiang and Lee (85) observed a loss of ~66% of
the original Ca ATPase activity of actomyosin after 6
weeks of storage at –20°C.

Visual examination under a transmission or scanning
electron microscope is a powerful technique used in the
determination of textural changes in fish muscle due to
denaturation. The electron microscopic studies of
Matsumoto (30) were able to detect damage to the native
structure of the protein: aggregation and an entangled mass
were observed. However, results from this technique have
to be interpreted cautiously since the fixing processes of
tissue or any tissue section may create artifacts by altering
the ultrastructural images or by masking the microchanges
in the muscle tissue.

The extent of protein denaturation in frozen fish mus-
cle can also be determined by conducting several tests of
protein functionality. The physicochemical properties that
affect the behavior of protein molecules during processing
are defined as the functional properties of the fish myosys-
tem, which include protein homogenate solubility, emulsi-
fying and water-retention properties, gelation, and viscosity
(86). The most popular tests to determine the extent of pro-
tein denaturation during frozen storage of fish, in relation to
its functionality, are determination of the loss in solubility
or extractability of proteins and measurement of the water-
retention properties of the fish muscle system.

C. EFFECTS OF FREEZING, FROZEN STORAGE, AND

THAWING ON NUTRITIONAL VALUE

Considerable emphasis has been given to the influence of
freezing, frozen storage, and thawing on quality indices
such as appearance/color, texture, flavor, odor, and the

chemical reactions that accompany such organoleptic
changes. Less attention has been given to yet another use-
ful area, i.e., the influence of such treatments on the nutri-
tional value of frozen fish and seafood.

Put simply, considerable attention is given to sensor-
ial perceived attributes because if consumers reject a
frozen product on display, it is not purchased or eaten
regardless of its nutritional value. Conversely, if con-
sumers are attracted to a frozen product, they tend to buy
it whether it has the needed nutrients or not. However, as
the market shifts to the development and merchandising
of products to meet the demands of health-conscious con-
sumers, the nutritional value of frozen fish becomes of
great importance.

When fish and seafood are frozen, and subsequently
stored and thawed, protein denaturation occurs in muscle
tissues. As a result, formation of thaw drip becomes
apparent and consequently leads to the leaching out of
dissolved materials. Likewise, there is an increase in the
release of a watery “cook liquor” when the product is
heated. Such water losses result in the loss of water-solu-
ble proteins; however, such losses do not result in any
measurable decrease in the nutritive value of the protein
(87). However, such losses lower the proportion of sar-
coplasmic proteins in the fish tissue and may also lead to
a small loss of water-soluble vitamins and minerals.

Other quality changes, such as lipid oxidation, can
also influence the nutritional value of frozen products.
Oxidized fish lipids, such as lipid hydroperoxides, may
induce oxidative changes in sulfur-containing proteins,
producing significant nutritional losses (88).

D. EFFECTS OF FREEZING, FROZEN STORAGE, AND

THAWING ON INTRINSIC CHEMICAL REACTIONS

When frozen fish are subjected to excessively prolonged
cold storage at temperatures above –30°C, a series of
intrinsic chemical reactions occurs in fish tissues. These
reactions include protein denaturation, breakdown of
TMAO, and lipid oxidation.

1. Breakdown of Trimethylamine Oxide

Quite obviously, protein denaturation during frozen storage
produces extensive textural changes and deterioration in
fish. These changes are more pronounced in some species
of fish, specifically the gadoids, and are related to another
intrinsic chemical reaction, the breakdown of TMAO.

TMAO is commonly found in large quantities in
marine species of fish. It is believed that these species use
TMAO for osmoregulation (89). Among the marine
species, the elasmobranches contain more TMAO than the
teleosts. Among the teleosts, the gadoids have more TMAO
than the flatfish. Except for burbot, freshwater species have
a negligible amount of TMAO in their muscles, since they

39-12 Handbook of Food Science, Technology, and Engineering, Volume 1



do not take in TMAO in their diet beyond their bodies nutri-
tional requirements, and they promptly excrete any excess.

After death, TMAO is readily degraded to DMA and
FA through a series of reactions. This conversion of
TMAO to DMA and FA is typically observed in frozen
gadoid species such as cod, hake, haddock, whiting, red
hake, and pollock (7).

The presence of air (oxygen) affects DMA and FA
formation. It has been suggested that oxygen may actually
inhibit the reaction by interacting with metal ions, which
otherwise would accelerate the TMAO degradation (90).
Lundstrom et al. (91) observed that red hake (Urophysis
chuss) minces stored in the absence of oxygen showed
more rapid DMA and FA formation than red hake fillets
stored in air. Likewise, the presence of air (oxygen) in
packaged white hake (Urophysis tenuis) significantly pro-
longed the shelf life of the frozen samples (15).

TMAO degradation to DMA and FA was enhanced by
the presence of an endogenous enzyme (TMAOase) in the
fish tissues, as observed in cod muscles by Amano and
Yamada (92). They also found an enzyme in the pyloric
ceca of Alaskan pollock (Pollachius virens), which was
believed to cause DMA and FA formation in this species
(93). However, evidence also exists which demonstrates
that breakdown of TMAO to DMA and FA is nonenzymic
in nature (94, 95). The breakdown of TMAO, whether
enzymatically or nonenzymatically induced, is believed to
produce destabilization and aggregation of proteins.

TMAO has been postulated to be responsible for sta-
bilizing proteins against conformational changes and ther-
mal denaturation (96). However, the conversion of TMAO
to DMA and FA has been implicated in gadoid textural
problems during frozen storage (12, 97, 98).

It has been suggested that TMAO’s breakdown prod-
uct, FA, may produce cross-linking of muscle proteins
(30) due to its high reactivity: FA can covalently bond
with various functional groups of proteins, such as the
amino, imino, guanido, phenolic, imidazole, and indole
residues. This reaction induces both intra- and inter-
molecular cross-linkages of the molecules, thus producing
conformational changes.

However, textural changes may also occur during
frozen storage for fish species devoid of the TMAO-
enzyme system (99). Such textural changes must then be
attributed to another type of mechanism that does not
involve the cross-linking of protein molecules due to the
presence of FA. Gill et al. (99) reported that the presence
of FA in red hake resulted in the covalent cross-linking
of troponin and myosin light chains, forming high-
molecular-weight aggregates. However, when haddock, a
species that does not produce FA, was examined, the same
cross-linkages were not found at the molecular level,
although textural toughening was observed, but not as
pronounced as that in red hake. Based on these observa-
tions, they suggested that textural changes in haddock

were probably due to secondary bonds, such as hydrogen
or electrostatic bonds, and not due to FA cross-links.

Clearly, the presence of FA is not the only factor
involved in textural changes during frozen storage.
However, with certain species of fish, it appears to be of
primary importance.

To objectively determine the extent of textural deterio-
ration due to DMA and FA formation and subsequent reac-
tions, the measurement of DMA content is recommended.
Due to the equimolar formation of DMA and FA in fish
muscle and the observed high reactivity of FA, DMA con-
tent is routinely used as an index. Consequently, the DMA
test indirectly measures the FA value in fish muscle.
However, use of this test is limited to those species known
to produce DMA and FA during frozen storage.

2. LIPID OXIDATION

Another chemical reaction generally associated with qual-
ity changes during freezing, frozen storage, and thawing
is lipid oxidation. This phenomenon most commonly
occurs in fatty fish and is considered one of the major
causes of frozen shelf-life reduction.

Lipid oxidation results in the development of a condi-
tion described as “oxidative fat rancidity.” The extent of
oxidation in fish lipids varies with the quantity and the type
of lipids in the fish muscle, i.e., fatty species are more prone
to oxidation than lean species, and species with more
highly unsaturated fatty acids are less stable than the other
species. When oxidative rancidity progresses sufficiently, it
leads to the development of obvious off-taste and odor,
resulting in reduced shelf life.

Changes in fish lipids may be related to changes in
protein during frozen storage. Several reports indicate that
the unstable free radical intermediates formed during
autoxidation attack the protein molecules, leading to the
formation of protein free radicals (88). These protein free
radicals may cross-link with other proteins to form pro-
tein-protein aggregates and with lipids to form protein-
lipid aggregates (7). 

Another possible mechanism for reaction between oxi-
dized lipids and proteins occurs through stable oxidation
products such as malonaldehyde, propanal, and hexanal
(26), which covalently react with specific functional groups
on protein side chains, including the –SH group of cysteine,
the amino group of lysine, and the N-terminal amino group
of aspartic acid, tyrosine, methionine, and arginine (11).
Such interactions increase the hydrophobicity of proteins,
making them less water soluble. Free fatty acids (FFA)
formed during autoxidation produce indirect effects on tex-
tural degradation by promoting protein denaturation (86).
FFA are believed to bind myofibrillar proteins, specifically
actomyosin, rendering it unextractable (26, 29). According
to Sikorski et al. (29), when the hydrophobic sites of FFA
interact with protein molecules, the protein molecules

Freezing Seafood and Seafood Products: Principles and Applications 39-13



become surrounded with a more hydrophobic environment,
which subsequently results in a decrease in protein extract-
ability. This interaction may occur through hydrophilic and
hydrophobic forces (29).

Several techniques have been developed to assess the
extent of lipid oxidation in fish muscle. The most com-
mon techniques include (1) the peroxide value (PV) test,
which measures the amount of hydroperoxides or perox-
ides formed during autoxidation (this test provides only a
means for predicting the risk of rancidity development)
and (2) the thiobarbituric acid (TBA) test, which measures
the amount of malonaldehyde formed upon the decompo-
sition of hydroperoxides during the second stage of oxida-
tive rancidity. Other methods are also undoubtedly
available. Therefore, the choice of techniques depends on
several factors, such as the accuracy required and the
availability of equipment.

VI. MICROBIOLOGY

Most matters of animal and plant origin used as human
food are subject to microbiological attack as well as
chemical, biochemical, and physical changes. At room
temperatures the microbial attack is often so rapid that all
the other changes play only a minor role. Microorganisms
in all food raw material release enzymes into substrates
during their growth. Changes brought about by the activi-
ties of these microbial enzymes will alter the odor, flavor,
texture, and appearance of the product. Occasionally this
is advantageous but in general it causes deterioration and
spoilage. The purpose of preservation, however it is
accomplished, is to prolong the storage life of the partic-
ular food and this is done either by killing the microor-
ganisms or by inhibiting their activity and multiplication.

Freezing and subsequent storage will kill some of the
microorganisms present in the unfrozen material, but this
is a slow and variable process depending, in part, upon the
nature of the food. Thus freezing cannot be relied upon to
substantially reduce bacterial contamination present in the
foodstuff. The hygienic state of the product before freez-
ing is consequently all-important. Storage at temperatures
colder than �12°C inhibits microbial growth and there-
fore is one effective method of preserving food against
microbial spoilage.

Three aspects of microorganisms in frozen foods will
be considered.

A. THE RESISTANCE OF MICROORGANISMS

AGAINST FREEZING AND FROZEN STORAGE

Some pathogens are more resistant to freezing than are
ordinary spoilage organisms. A direct examination for
common or expected pathogens should therefore be car-
ried out. Most of the common pathogenic bacteria are
Gram-negative. This group is more sensitive to freezing,

frozen storage, and thawing than are the Gram-positive
spoilage organisms.

B. MULTIPLICATION OF MICROORGANISMS IN

FROZEN FOODS

Even when microbial growth is completely inhibited, the
frozen product can still deteriorate due to the activity of
the released microbial enzymes which can still catalyze
undesirable biochemical reactions in the food. When the
handling of fish before freezing is improper, there is the
danger that microorganisms may have released sufficient
enzymes and toxin to affect the quality of the frozen prod-
uct. For example, if lipases are produced before freezing,
they can cause marked hydrolysis of fats in fatty fish even
when stored at �30°C. If fish has been held at relatively
high temperatures before freezing, any pathogens present
could multiply and some may produce toxins. The latter
will survive freezing and constitute a health hazard. A
product destined for freezing should receive the same
degree of hygienic handling as that which is to be stored
at chill temperature.

Several psychrotrophic microorganisms can multiply
at freezing temperatures. In practice, bacterial growth
does not occur below temperatures of �10°C. This is
probably due to the increasing concentration of soluble
salts and organic compounds in the unfrozen water which
will decrease the water activity of this fraction. Only the
most drought-resistant microorganisms such as fungi and
yeasts can grow in these physiologically very dry sub-
strates and this is why these organisms are the ones which
are still capable of growing at temperatures colder than
those at which bacteria can grow. Yeasts are not reported
to multiply below �12°C and fungi not below �18°C. It
must, however, be noted that microbial growth is
extremely slow at these temperatures and, for practical
purposes, can be disregarded below �10°C. During any
long retention in the upper freezing range down to �10°C
yeasts or fungi may develop and form visible colonies on
the surface of the frozen substrate.

C. MICROBIOLOGY OF THAWED FOODS

On thawing, frozen foods will spoil almost at the same
rate as would be expected from unfrozen products with
the same microbial population maintained at similar tem-
peratures. Condensation of moisture on the surface of the
product should be avoided as during thawing it may cause
a speeding up of microbial growth.

Pathogenic organisms may grow and produce toxin in
food without rendering the food unpalatable. They will be
occasionally observed in any food even hygienically pre-
pared. Contamination even with small numbers of patho-
genic bacteria during preparation of foods for freezing
should therefore be avoided as far as practicable.
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Competition between different types of microorgan-
isms is important if food that will be further prepared after
thawing is stored in the thawed state before such prepara-
tion. A food lacking a normal flora of spoilage organisms
but contaminated with a few pathogens is more likely to
present a health hazard than the same food contaminated
to the same degree with normal spoilage flora. In the case
of frozen foods allowed to thaw slowly, the psy-
chrotrophic flora is likely to dominate and may so alter
the substrate as subsequently to inhibit or slow down the
multiplication of any pathogens present when thawing is
complete. Packaging exerts little effect on the spoilage
pattern; even vacuum packing causes a negligible increase
in the growth rate of anaerobes like Clostridium botu-
linum during storage after thawing.

D. EFFECTS OF FREEZING, FROZEN STORAGE, AND

THAWING ON MICROBIOLOGICAL QUALITY

AND SAFETY

It is readily apparent that spoilage changes in fresh fish
occur most commonly as a result of bacterial activity. The
species of bacteria vary according to storage temperature.
In fish stored in ice, Alteromonas, Achromobacter, and
Flavobacter spp. predominate. At temperatures between
35 and 55°C, Micrococcus and Bacillus spp. constitute the
main microflora. Some of these microorganisms produce
very active proteolytic enzymes, which produce odor, fla-
vor, and textural problems.

When fish and seafood are frozen, the microorganisms
present in their tissues are generally inactivated. Thus, dur-
ing frozen storage, microbiological changes in fish tissue are
usually minimal. Microorganisms not destroyed by the
freezing process generally do not grow and in some cases
die off slowly. Although some microorganisms survive stor-
age at very low temperatures, their activities are suppressed,
and bacterial numbers may be considerably reduced if rec-
ommended temperatures are maintained (100). The temper-
ature below which microbial growth is considered minimal
ranges from �10 to �12°C (101). Microorganisms, how-
ever, that survive and remain inactivated during frozen stor-
age resume growth when the fish is thawed and may then
lead to microbial spoilage of the thawed product.

Frozen fish are far from sterile and cannot therefore be
considered a microbiologically safe product. The micro-
bial activities in fish after thawing depend on the degree of
freshness of the raw material, the natural microflora in the
fish tissues, and the thawing technique utilized.

1. Stability of Frozen Products

The effects of various freezing conditions on quality and
shelf stability of frozen fish and seafood have received con-
siderable attention recently. Studies have dealt with either
the stability of the frozen product as related to storage 

temperature and fluctuation in storage temperature or the
effectiveness of food additives in providing shelf stability to
frozen products.

a. Effects of storage temperature
The apparent effects of storage temperature on shelf-life
stability of frozen fish are related to protein denaturation
and lipid oxidation. The effects of temperature on protein
denaturation have been comprehensively studied (37, 102).
Maximum denaturation is reported to occur at �4°C in cod
muscle (36), while changes in extractable proteins in had-
dock have been found to be greatest at �2 to �6°C (103).

The rate of lipid oxidation and the accumulation of
FFA were observed to increase with temperature (77). In
a study using various species of fish, it was observed that
maximum production of FFA due to enzymic activities of
lipases occurred at �12 to �14°C (104), while the maxi-
mum rate of lipid hydrolysis was detected at temperatures
just below freezing (105).

Storage at much lower temperatures can, therefore,
prolong the shelf life of frozen fish. For example, cod
stored at �160°C showed no detectable deterioration after
6 months of storage (77). Even at �65 and �50°C, frozen
samples exhibited very few changes after 9 months of
storage. Such observations also suggest that low storage
temperatures limit the problems associated with protein
denaturation and lipid oxidation during frozen storage.

Several studies have been conducted in an attempt to
determine the shelf life of frozen fish at different tempera-
tures and to establish storage temperatures that can minimize
quality deterioration in specific groups of fish. Poulter (106)
reported that Rastrelliger brachysoma (club mackerel) stored
at �10°C remained acceptable until the ninth month of stor-
age, whereas samples kept at �30°C were rejected after 12
months of storage. Scomber scombrus (Atlantic mackerel)
stored unwrapped at �18°C were rejected after 3 months of
storage, while samples at �26°C remained acceptable until
the sixth month of storage (107). Early rejection of fatty
species at relatively low temperatures is reportedly due to the
development of rancid flavor and odor. Several studies have
also reported the same dependence of shelf life for different
fish species on temperature (15, 108, 109).

Clearly, fish composition has an appreciable effect on
shelf-life stability of frozen fish. For instance, in a com-
prehensive study using different fish species, it was found
that fatty fish such as mackerel, salmon, herring, sprat,
and trout had a shelf life of 2–3 months at �18°C,
whereas lean fish such as cod, flounder, haddock, ocean
perch, and pollock exhibited storage stability of up to 4
months at the same storage temperature (110).

Based on several studies, it is recommended that those
species most susceptible to oxidative rancidity be stored at
very low temperatures (at least �29°C) while species less
susceptible to rancidity should be stored at temperatures
between �18 and �23°C (18). For species with textural
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problems due to the TMAO breakdown, the storage tem-
perature must be below �30°C.

b. Effects of fluctuations in temperature
Fluctuations in storage temperatures affect the shelf-life
stability of frozen products due to an increase in the size
of the ice crystals formed in fish tissues (26). With slight
increases in temperature, small ice crystals melt faster
than larger ones, so that when the temperature drops
again, the melted ice refreezes around the large ice crys-
tals, forming larger crystals. These large crystals acceler-
ate freezing damage, leading to shorter storage stability.

c. Use of food-grade additives
The effectiveness of different food-grade additives has
also received considerable attention recently. The most
commonly used types of additives for fish and seafoods
function either as antimicrobial agents or as antioxidants.

i. Antimicobial agents
Additives are commonly used in the food industry to pre-
vent the growth of bacteria, yeast, and molds. The selec-
tion of an antimicrobial agent or any combination of
agents is rather complicated, especially when dealing with
fish. The effectiveness of an antimicrobial agent depends
on several factors, such as the moisture content of the
product and the presence of other microbial inhibitors like
smoke and salt.

Several antimicrobial agents have been tested for fish-
ery products. For instance, the sorbic acid salt, potassium
sorbate (KS), has been found useful in extending the shelf
life of fresh fish. Studies have demonstrated that KS,
when applied as part of the ice, increased ice storage sta-
bility of red hake and salmon up to 28 and 24 days,
respectively (111, 112). KS, in combination with modi-
fied atmosphere packaging (MAP), was also determined
to be an effective method for prolonging the shelf life of
fresh whole and filleted haddock on ice (113).

The shelf life of fresh fish may also be extended under
refrigerated conditions with the use of Fish Plus, which
exhibits its preservative effect due to the combined action
of components such as citric acid, polyphophates, and
potassium sorbate. Citric acid lowers the muscle pH,
which consequently creates an optimum environment for
potassium sorbate to exhibit its antimicrobial effects.
Dipping in Fish Plus has been found to extend the shelf
life of lingcod on ice to as much as a week (114). Fish
Plus may also be used on frozen fish.

ii. Antioxidants
An antioxidant is a substance capable of delaying or
retarding the development of rancidity or other flavor
deterioration due to oxidation. It is normally used in con-
junction with freezing to reduce the rate of autoxidation
during frozen storage. Antioxidants delay the develop-
ment of rancidity by either interfering with the initiation
step of the free radical reaction or by interrupting the
propagation of the free radical chain reaction (115).

The kinetic of antioxidative action was considered to
be that antioxidants act as hydrogen donors or free radical
acceptors (AH) and react primarily with ROO· , not with
R· radicals.

ROO· � AH ———→ ROOH � A·

A low concentration of this chain-breaking antioxidant
(AH) can interfere with either chain or initiation, produc-
ing nonradical products:

A· � ROO· ———→
nonradical productsA· � A· —————→

Different versions of the antioxidant mechanism have
been suggested by different authors (100, 115).

Other antioxidants may function as metal-complexing
agents, which partly deactivate the trace metals, often
present as salts of fatty acid (100), which would otherwise
promote the oxidative reaction. Citric, phosphoric, ascor-
bic, and erythorbic (isoascorbic) acids are typical metal-
chelating agents.

Among these antioxidants, erythorbic acid was used
in studies by Kelleher et al. (116) and Licciardello et al.
(35) of shelf-life stability of frozen fish. This antioxidant
was emphasized due to encouraging results with the use
of its salt, sodium erythorbate, in retarding oxidation in
whiting, chub mackerel, and white bass fillets (35, 117,
118). Licciardello et al. (35) demonstrated the effective-
ness of erythorbic acid in the retardation of oxidative ran-
cidity in fillet blocks of Argentine hake stored at �18°C.

However, the use of erythorbic acid is limited to fish
species in which rancidity is the main problem. Kelleher
et al. (116) demonstrated the effect of this compound on
the frozen storage of red hake (Urophysis chuss), a gadoid
species, in which lipid oxidation is not the limiting factor
for shelf-life extension. They found that the rate of DMA
formation at �18°C in samples dipped in erythorbate
solution was significantly greatly than the rate in
untreated samples. Such effect of erythorbic acid on DMA
formation may be explained by the fact that this acid acts
as an alternative and preferred scavenger of oxygen, leav-
ing metal ions that would otherwise bind to oxygen and be
inactivated, available to catalyze the degradation of
TMAO to DMA and FA (119).

APPLICATIONS

I. HYGIENE IN THE PREPARATION OF
FROZEN SEAFOOD

Most foods and food products are susceptible to attack by
microorganisms and they are always contaminated by a
variety of such organisms present in the food production
chain. Foodstuffs are subjected to further contamination
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during preparation for freezing as a result of contact with
the hands of factory staff during preparation, packaging
and transport, and with air or water.

In view of the hazards to health and the effect of
microbial contamination on quality, every effort must be
made to reduce such contamination to a reasonable level
during the preparation of foodstuffs for freezing.
Throughout the world frozen foods have very seldom
been the cause of food poisoning incidents.

A. HUMAN CONTAMINATION

As pathogenic bacteria like Salmonella and Staphylococ-
cus frequently derive from human sources, it is of vital
importance that factory employees are aware of the basic
concepts of good personal hygiene: the need for frequent
washing and the wearing of clean clothes, overalls, hair
covering, etc. The use of rubber gloves and a protective
mask for the mouth may be desirable in some instances.
When gloves are worn they must be thoroughly cleaned and
inspected before use. Medical supervision is advisable and
in some cases should be made compulsory. Notices in lava-
tories should draw attention to personal hygiene, especially
the need for hand washing. Soaps, hand creams, or dips
containing antiseptic agents should be readily available.

B. BUILDINGS AND EQUIPMENT

Design of the building should ensure that both the build-
ings and drains are vermin proof. Interior walls, floors,
and ceilings should be finished with a non-flaking surface
capable of withstanding detergents and sanitizers. All cor-
ners should be rounded to facilitate cleaning. The building
should be large enough to house production equipment so
that all sides of the equipment are accessible for cleaning.

Entrance to the process area should be supplied with
adequate washing facilities with foot-operated taps.
Wood, which is almost impossible to sanitize, should not
be used in contact with food. All windows should be both
bird and fly proof.

Equipment usually becomes soiled with organic
residues, which act as carriers of microorganisms. It
should be designed and constructed to prevent hygienic
hazard and permit easy and thorough cleaning. All surfaces
should have a smooth, hard, waterproof finish. Cutting
boards should be of a hard material; plastic is preferable to
wood. Cleaning and disinfection of the food handling area,
including equipment and utensils, should be carried out at
frequent and regular intervals. Waste materials should be
frequently removed, in covered containers, from the work-
ing area during factory operation. Processes should be so
separated –– either in space or time –– as to avoid recont-
amination of products in which the “bacterial load has
already been reduced.” For cleaning purposes an ample
supply of potable water should be available. Chlorinated
water is effective both for in-plant use (when concentra-

tions of around 5 to 10 ppm are appropriate) and for sani-
tation of equipment and surfaces (when concentrations of
around 100 to 200 ppm are used) but this should be fol-
lowed by a rinse. Organic residues inactivate chlorine
which, therefore, should only be used to sterilize already
clean surfaces. Chlorine can be responsible for flavor loss
or taint (due to the formation of chloramines or chlorophe-
nols). Removal of the chlorine (by thiosulphate addition,
often combined with treatment in activated carbon towers)
is practiced, especially in ice cream producing plants.

C. CROSS-CONTAMINATION

During the preparation of food for freezing, all efforts
should be taken to avoid a build-up of an undesirable
microbial population. For some foods, handling should
take place at sub-ambient temperature in temperature-
regulated rooms, and where a heat treatment is a part of
the processing this should be so severe that most of the
microorganisms are killed. After heat treatment, the food
should be promptly cooled to avoid multiplication of the
surviving bacteria in the critical zone between 50 and
10°C. Cooling water, if used, should be chlorinated.

D. BACTERIOLOGICAL CONTROL

Proper organization of the various processes from the
hygienic point of view is essential and a constant watch
should be kept for lapses in hygiene. This should include
a bacteriological control of the various stages in the pro-
cessing line. Bacteriological methods are now available
that give a good estimate of the bacterial load of the raw
material and of food contact surfaces. Methods that give a
rapid result are especially useful, as they supply plant
management with information on the bacteriological state
of products actually under preparation.

The results of the examinations should be shown to
the factory staff in order to make them comprehend the
vital importance of hygiene in food production.
Preferably, courses in food hygiene should be held at reg-
ular intervals for employees. The aim should be to give
those engaged in food production a thorough understand-
ing of the hazard involved.

The above considerations concerning personal
hygiene, equipment, and preparation of foods also applies
to handling of frozen foods in catering establishments.
Thawing of frozen foods in these establishments should
be completed as quickly as possible, and any storage of
the food after thawing should be in a refrigerator.

II. PACKAGING

A. GENERAL REQUIREMENTS

Not only must packaging used for frozen foods meet 
all the requirements of normal packaging but it must
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also meet requirements of packaging suitable for food
such as:

● Chemical inertness and stability;
● Freedom from taint and odor;
● Freedom from toxic materials which may

migrate into the food;
● Impermeability, or nearly so, to water vapor

and other volatile constituents as well as to any
odors from the surroundings;

● Suitability for use in automatic packaging
systems;

● Suitable size and shape for display in retail
cabinets;

● Protection from bacterial contamination and
filth;

● Ease of opening; and 
● An attractive appearance.

In addition to these general requirements for food pack-
ages, frozen food packages should also:

● Be of such shape as to allow rapid freezing
except for I.Q.F. (Individually Quick Frozen);

● Permit volume expansion in the freezing process;
● Be impermeable to liquids and have good wet

strength and resistance to water and weak acid;
● Be able to withstand low temperatures, not

becoming excessively fragile at cold tempera-
tures encountered during the freezing process;

● Not adhere to the contents in the frozen condition;
● Have a high reflectivity to reduce heat gain by

radiation during display in retail cabinets;
● Be impervious to light as far as practicable; and
● Surround the product closely, leaving the mini-

mum of air entrapped, thus limiting sublima-
tion during storage.

B. PACKAGING MATERIALS

A wide variety of materials have been used in devising
packaging systems for various frozen foods, e.g., tinplate,
paper, paper-board with a wax or plastic coating, alu-
minum foil, plastic film, thermoformed plastics, and lam-
inated combinations of these materials.

Low permeability to water vapor is an important char-
acteristic of packaging materials for frozen foods. Table
39.2 compares the permeability of commercially available
packaging materials.

1. Paper-Board Packages

Paper-board package for foods is generally in the form of
folded cartons, either directly printed or provided with
printed wrappers on the outside and in some cases with

plastic coated liners. The following coating or laminating
materials are commonly used:

● Wax blends (paraffin and micro-crystalline
compositions);

● Plastics, e.g., polyethylene or polypropylene
(on one or both sides);

● Aluminum foil.

2. Wrappers and Bags

Materials most commonly used are: waxed paper; hot
melt or plastic coated paper; aluminum foil; coated cellu-
lose films such as MSAT (moisture-proof, scalable,
anchored, and transparent); and plastic films, such as
polyethylene (PE), polypropylene (PP), and polyvinyli-
dene chloride (PVDC) films. Also of importance are the
laminated materials built up from two or more of the
above-mentioned materials or other films. Common com-
binations are cellulose and PE films, sometimes with a
PVDC coating.

These materials are used as over wraps, liners, and as
single or double wall bags. The bags are either of the pre-
fabricated type or are formed from roll stock on a filling
machine.

Particularly important are shrink-wrap materials
because of their ability to adhere close to the product,
leaving few if any air pockets. Shrink-wrap bags require
evacuation of entrapped air before shrinking. Some of
these bags can withstand boiling water and, therefore, the
package can be used for end-cooking of the product
before serving. 

3. Wooden Boxes

Often used for fish, wooden boxes require an inner liner
or glaze on the product to guard against desiccation.
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TABLE 39.2
Water Vapor Permeability*

Transmission Rate at 38°C 
Film Type, 0.025 mm (1 mil) (100°F), 90% RH

Polyvinylchloride 120–190 g/m2.24 h
Polyamid (Nylon) 120g/m2.24h
Polyester (Mylar) 25 g/m2.24 h
Polyethylene, low density 19 g/m2.24 h
Polyethylene, high density 6g/m2.24h
Cellophane MST-type 5–23 g/m2.24 h
Polyvinylidene chloride (Saran) 1.5–5 g/m2.24 h

* The data given in this table refer to a test temperature of 38°C and the
ranking order between different materials in respect to water vapor per-
meability. Water vapor permeability of a good package should not
exceed about 0.2–0.5g/m2.24h at �20°C and 75% RH. The important
factor, however, is not just the water vapor permeability of the packag-
ing material, but that of the complete package.



4. Rigid Aluminum Foil Packaging

These packages, in the form of trays, dishes, and cups, are
generally covered with a crimped-on aluminum sheet or a
sheet of aluminum foil laminated to paper-board. Normally
used for prepared foods and pastries, etc., they allow rapid
heating of the product in the package before serving.

5. Semi-Rigid Plastic Packages

These are mostly manufactured from high density PE or
PP in the form of trays and plates, covered by a lid; as
with aluminum foil, these can also be used for prepared
foods requiring heating before serving, providing only
gentle heat, such as steaming, is employed.

6. Tin and Composite Containers

These are used mainly for frozen juices which often have
a mobile liquid phase even at cold store temperatures. A
more recent development is to use coated paper-board in
the body and aluminum for the ends, coupled with an easy
opening device.

7. Shipping Containers

These are normally manufactured from different materi-
als such as solid, corrugated fiber-board or vulcanized
fiber-board paper, and plastics. They are often good heat
insulators.

C. PACKAGING MACHINERY/PACKAGING SYSTEMS

An essential requirement of any package used in modern
industry is that it should form a part of a system which
enables the packages to be formed, filled, sealed, and han-
dled mechanically on an integrated packaging line.

1. Form-Fill-Seal Machines

These machines form pouch-shaped or tray-shaped pack-
ages from heat-scalable plastic films or laminates or plastic-
coated papers in roll form. The packages are formed and
filled in the machine simultaneously or consecutively; these
machines can work either in a vertical or a horizontal plane.

2. Cartoning System

These can be top filled, end filled, or side filled but irre-
spective of these differences each machine should per-
form the operations of erecting, filling, and sealing.

3. Shrink Film Wrapping Equipment

These machines apply shrink film materials from rolls
around a given number of consumer-sized packages to
form a unit, often replacing cases or boxes. After the appli-
cation of the film, mostly in the form of a sleeve wider than

the width of the contents, the unit is passed quickly
through a hot air oven which shrinks the film tightly
around the unit.

III. BULK PACKAGING

The practice of storing frozen food in bulk has increased
considerably for the following reasons:

● The economy of storage space thus achieved;
● The ability to separate an intricate labor-inten-

sive further processing packaging operation
from the essential processing and freezing oper-
ation carried out when the raw material is avail-
able;

● Flexibility in final package sizes of various
produces.

Bulk packaging is extensively applied to fruit and
vegetables and to a lesser extent to meat, fish and poultry.
Individually frozen products, the form of freezing partic-
ularly applied to vegetables, is most suitable for bulk stor-
age. Products may also be bulk frozen into blocks, this
method is used primarily for fish and meat.

After freezing, vegetables such as peas, corn, beans
and sprouts can be stored on site in silos holding one or
more hundreds of tons. Bins of corrugated board, metal or
timber construction, with polyethylene liners providing a
moisture vapor barrier and protection against dirt, can be
used for storage or shipping. Smaller containers may be
multi-wall paper sacks, corrugated boxes or fiber drums
provided with polyethylene liners. Storage temperatures
should be constant to prevent formation of clumps which
have to be removed during repacking. This operation nor-
mally consists of tipping the contents out of the bulk con-
tainer, breaking any clumps before passing the product
over a screen or through an air-cleaner to remove small
pieces prior to visual inspection and repacking, care being
exercised over the hygiene requirements of this operation.

Frozen-at-sea whole fish is frozen in blocks or indi-
vidually. In both cases, the fish, if not packaged, should be
glazed prior to storage to minimize desiccation. Some fish
is slabbed as skin-on fillets or made into blocks of skinned
and boned fish for later cutting; both packs should be car-
toned or bagged to minimize desiccation.

IV. FREEZING

Freezing is simply the crystallization of ice in muscle tis-
sue and includes the consecutive processes of nucleation
and growth. These processes are central to the effects of
different freezing rates and subsequent effects on meat
quality. Meat does not freeze immediately when its tem-
perature drops below the freezing point and the latent heat
(i.e., heat required during the phase change during crystal
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formation) has been removed. In other words there is a
degree of supercooling. The greater the supercooling, the
greater the number of nuclei formed. The number of
nuclei is greatest in the extracellular space, and they are
only formed within the cell when the rate of heat removal
is higher. As soon as the nuclei form, they begin to grow
by the accumulation of molecules at the solid/liquid inter-
face. However, the way they grow depends on the micro-
geometry and the temperature distribution ahead of the
freezing front, in a complex way, as a consequence of den-
drite formation with supercooling in front of the dendrite
growth. An important concept is characteristic freezing
time, which is a measure of the local freezing rate and is
defined as the time during which the point under consid-
eration decreases from –1°C (freezing commences) to
�7°C (when 80% of the water is frozen). The growth of
extracellular ice crystals also takes place at the expense of
intracellular water. This leads to partial dehydration of the
muscle fibers and subsequent distortion. At high charac-
teristic times (slow freezing), the ice crystals are larger
and the tissue distortion is greater.

The freezing process can rapidly minimize physical,
biochemical, and microbiological changes in the food.
This preservative effect is maintained by subsequent stor-
age of the frozen food at a sufficiently cold temperature.

A. FREEZING PROCESS

The freezing process can be divided into three stages:
Stage 1: Cooling down from the initial temperature of

the product to the temperature at which freezing begins. It
must be borne in mind that the act of placing a product in
a freezing apparatus does not render it “safe.” Time will
elapse before warm food passes out of the microbiologi-
cally hazardous temperature zone; this is particularly the
case if freezing is carried out in slowly moving air as in
the freezing of bulk products such as berries for subse-
quent jam manufacture. 

Stage 2: This step covers the formation of ice in the
products and extends from the initial freezing point to a
temperature about 5°C colder at the center of the product.
The major part of the freezable water will be converted to
ice and this quite small reduction in temperature is accom-
panied by a massive enthalpy change.

Stage 3: Cooling down to the ultimate temperature for
storage. When leaving the freezer, the frozen product will
have a non-uniform temperature distribution: warmer in the
center and coldest at the surfaces. Its average temperature
will correspond to the value reached when the temperature
of the product is allowed to equalize. In general, it is rec-
ommended to cool the product in the freezer to an equilib-
rium temperature of �18°C or colder. Product leaving the
freezer with a warmer temperature will be stored for some
time in relatively unfavorable conditions. Cooling down to
storage temperature may take days or weeks.

B. FREEZING TIME

The effective freezing time is determined not only by the
initial and final temperature of the product and its change
in enthalpy but also by the temperature of the heat trans-
fer medium. The dimensions (especially the thickness)
and shape of the product unit affect the overall heat trans-
fer, which includes the surface heat transfer coefficient α
and the heat conductivity λ characteristic of the product.
When freezing by air blast α depends on the air velocity
and the shape of the product. In an air blast freezer, the
rate of freezing increases with increasing air velocity to an
optimum value. The refrigeration load necessary to
remove the heat produced by the fans increases with the
cube of the air velocity; this factor should be taken into
consideration when designing air blast freezers. It is
important to direct the air circulation in such a way that
all the product is equally exposed to the air current. In
packaged food the packaging material presents a resist-
ance to the heat transfer, depending on its thickness and
conductivity. This resistance is increased considerably if
air is trapped between the package and the product.

The freezing time as a function of the thickness of fish
fillets in packages frozen in a plate freezer (α�200
kcal/m2.°C including the packaging) and in a blast freezer
with medium air velocity (α�20 kcal/m2.°C) with heat
removed from both sides of the package, is shown in
Figure 39.1(a) (120). This graph indicates that during
plate freezing the heat conductivity of the product is the
main factor determining freezing time; it also shows that
during air freezing the heat resistance of the surface
(including packaging material) plays a dominant role for
the product thickness encountered in practice.

Figure 39.1(b) (120) shows the freezing time for 450 g
fish fillet packs as a function of the overall heat transfer,
including the influence of some types of packages used in
contact freezing. This graph indicates that the type of pack-
aging alone may increase the freezing time in a plate freezer
by 2.5 times, and the surface heat transfer resistance by
some 4 times. The freezing of packaged foods takes longer
in an air blast freezer than in a plate freezer under compara-
ble conditions. In the freezing of packaged food, where the
λ-value is influenced by the air inside the package, the dif-
ference in freezing rate between plate and blast freezing
diminishes as does the influence of packaging material.

C. FREEZING RATE

Freezing must always be fast enough to minimize the
development of microbiological and enzymatic changes
in the product. A freezing process which occupies a mat-
ter of days will, in most cases, lead to deterioration in the
frozen foodstuffs.

In the past, the beneficial effect of very rapid freez-
ing on the quality of frozen foods has been overesti-
mated: within certain limits the rate of freezing does not
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materially affect the quality of most foods. This should
not be interpreted to mean that the rate of freezing has no
effect on the quality of frozen foods: most foods suffer
from being frozen very slowly; a few foods demand ultra-
rapid freezing. Fish and poultry seem to be more vulner-
able to very slow freezing than most other foods, and
meat (beef, pork, lamb) rather less. Strawberries and
beans have a better texture and water holding ability if
frozen ultra-rapidly while fruits and vegetables with a
higher starch content such as peas are not as sensitive to
freezing speed.

In commercial practice mean freezing rates vary
between 0.2 and 100cm/h; 0.2cm/h (slow freezing) for
bulk freezing in blast rooms, 0.5 to 3 cm/h (quick freez-
ing) for retail packages in air blast or plate freezers, 5 to
10 cm/h (rapid freezing) for individual quick freezing of
small-sized products, e.g., in a fluidized bed and 10 to 100
cm/h (ultra rapid freezing) by spraying with or immersion
in liquid gases. For freezing of retail packages freezing
rates faster than 0.5 cm/h and for I.Q.F. products rates
faster than 5 cm/h are considered satisfactory in most
cases. Only very susceptible foods (such as tomatoes)
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may be improved by increasing the freezing to above 10
cm/h. At these rates care should be taken to avoid crack-
ing. When freezing larger units, such as beef quarters,
with a mean freezing rate of 0.1 cm/h a freezing time of 3
to 5 days is unavoidable and times up to 5 days are quite
common.

The rate at which freezing takes place can be consid-
ered both at micro and macro levels. At the micro level,
freezing rate is described in terms of the speed with which
the freezing front moves through the freezing object. At
the macro level, the rate at which any given part of the
object is cooled determines the temperature profile for
that part, and thus has an important bearing on the bio-
chemistry and microbiology of that part.

The undesirable changes in meat during freezing are
associated with formation of large ice crystals in extracel-
lular locations, mechanical damage by the ice crystals to
cellular structures through distortion and volume changes,
and chemical damage arising from changes in concentra-
tions of solutes. The fastest freezing rates are associated
with the least damage (121). Differences in freezing rate
modify meat properties. Ice crystallization and its growth
in meat tissues are discussed by Calvell (122).

Freezing commences when the surface temperature of
the meat reaches its freezing temperature. A continuous
freezing front forms and proceeds from the exterior to the
interior. Extracellular water freezes more readily than
intracellular water because of its lower ionic and solute
concentration. Slower freezing favors the formation of
pure ice crystals and increases the concentration of solutes
in unfrozen solutions. Intracellular solutions are often
deficient in the nucleation sites necessary to form small
ice crystals. Such conditions favor the gradual movement
of water out of the muscle cells, resulting in a collection
of large extracellular ice crystals and a concentration of
intracellular solutes. Freezing damage arises from mas-
sive distortion and damage to cell membranes. Such
effects have implications during thawing as the large
extracellular ice crystals produce drip during thawing.
The structural changes that occur also obliterate the rec-
ognizable muscle structure.

Fast freezing results in small ice crystal formation in
both intracellular and extracellular compartments of the
muscle and very little translocation of water. Drip loss
during thawing is thus considerably reduced, and the
surface reflects more light than that of slowly frozen
meat. Consequently, the cut surface appearance is more
acceptable.

D. FREEZING METHODS AND EQUIPMENT

Freezing equipment may be divided into the following
main groups with regard to the medium of heat transfer: the
metal group includes plate freezers and air (gaseous
medium) blast freezers the liquid group includes immersion

freezers and the evaporating liquid group includes liquid
nitrogen and liquid fluorocarbon equipment.

While blast freezers are used for all kinds of products,
packed or unpacked, blocks or I.Q.F. products, the Plate
freezer and Immersion freezer accept only packaged prod-
uct, and evaporating liquid freezers are used only for
I.Q.F. products.

1. Plate Freezers

In a plate freezer the product is pressed by a hydraulic ram
between metal plates which have channels for the refrig-
erant. This arrangement gives very good heat transfer of
metal contact. This high thermal efficiency is reflected in
short freezing times, provided the product itself is a good
heat conductor, as is the case with fish fillets or chopped
spinach. It is important that the packets are well filled and
the metal trays that are used to carry the packets are not
distorted.

The advantage of good heat transfer at the surface is
gradually reduced with increasing thickness of the prod-
uct. For this reason the thickness is often limited to a max-
imum of 50 mm.

The pressure from the plates maintained throughout
the freezing process practically eliminates the “bulging”
that may occur in air blast tunnels; the frozen packets will
maintain their rectangular shape within close tolerances.

There are two main types of plate freezer: horizontal
plate freezers and vertical plate freezers.

a. Horizontal plate freezer
Usually this type has 15–20 plates (Figure 39.2). The
product is placed on metal trays, which are pushed in
between the plates manually. This calls for a high labor
content in the loading and unloading operation.

In order to obtain automatic operation of a horizontal
plate freezer, the whole battery of plates is movable up and
down in an elevator system. At the level of a loading con-
veyor the plates are separated. Packages which have been
accumulated on the conveyor are pushed in between these
plates, simultaneously discharging a row of frozen pack-
ages at the opposite end of the plates. This cycle is
repeated until all frozen packages have been replaced.
Then the space between the plates is closed and all plates
are indexed up.

b. Vertical plate freezer
The vertical plate freezer was developed mainly for freez-
ing fish at sea. It consists of a number of vertical freezing
plates forming partitions in a container with an open top.
The product is simply fed from the top. The frozen block
is discharged either to the side, upwards, or down through
the bottom. Usually this operation is mechanized; the dis-
charge of product often being assisted by a short hot gas
defrost period at the end of the freezing cycle and the use
of compressed air to force the product out.
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2. Air Blast Freezers

Some foods, mainly bulk products such as beef quarters
and fruits, for further processing are frozen in rooms with
or without forced air circulation. Unless the room has
been designed for freezing and equipped with suitable
coolers and fans the freezing rate is very slow, resulting in
an inferior quality for practically all products. If the room
is also used for storage of frozen products the temperature
of these products may rise considerably and the evapora-
tors may frost up so quickly that the total refrigeration
capacity is reduced below what is required to maintain the
temperature of the store.

Good commercial practice for freezing in air blast
uses include tunnel freezers, belt freezers, and fluidized
bed freezers.

a. Tunnel freezers
In tunnel freezers the product is placed on trays, which
stand in or pass through the tunnel in racks or trolleys one

behind the other or singly. An air space is left between the
trays.

The racks or trolleys are moved in and out of the
freezer by manual power or by a forklift truck (stationary
tunnels), pushed through the tunnel with a pushing mech-
anism (push-through tunnel) or are carried through by
driving equipment, chain drive, etc. (carrier freezer) or
slid through (sliding tray freezer). Tunnels are also used
for freezing hanging meat carcasses mostly carried on a
suspension conveyor.

Tunnel freezers are equipped with refrigeration coils
and fans which circulate the air over the product in a con-
trolled way (see Figure 39.3). Guide devices, properly
locating the trays of food, lead to uniform freezing.

Tunnel freezers are very flexible freezers. Products of
every size and shape, packaged or unpacked, can be
frozen in stationary and push-through tunnels. They are
used primarily for freezing packaged products. Unpacked
products tend to stick to the trays, which may cause
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FIGURE 39.2 Horizontal plate freezer. (1. Hydraulic cylinder, 2. Liquid separator, 3. Hot gas defrost, 4. Flexible hoses, 5. Link
bolts, 6. Freezing plate, 7. Guide, 8. Insulated cabinet, 9. Suction outlet, 10. Float valve, 11. Liquid inlet.)



weight losses and time-consuming handling in releasing,
cleaning, and transport of the trays. To obtain free flow
products, improved handling, and an increase in the freez-
ing rate, individual quick freezing (I.Q.F.) is preferred.

b. Belt freezers
Belt freezers are provided with a single belt (single-belt
freezers, see Figure 39.4) or with belts positioned above
each other which may run in the same or in opposite direc-
tions  to increase throughputs and to reduce floor space
(multi-belt-freezers) or as a spiral belt wound round a rota-
tion drum stacking up to 30 tiers of the belt above each
other (spiral-belt freezers). The belt, generally made of wire
mesh, remains inside the freezer so that ancillary equip-
ment for in and out feeding is necessary. Alternatively, the
belt is carried to the outside as in some spiral-belt freezers.
This arrangement has the advantage that the products can
be placed on the belt in the processing room, where the
operation can be supervised, before entering the freezer,
and the product will remain undisturbed until removed at

the outlet (Figure 39.4). The belt is supported by rails and
driven by passing around the rotating drum.

Modern belt freezers have vertical air flow so that the
air is forced through the product layer. In freezing small
products such as beans or cherries good contact with all
product particles is thus created. In single-belt freezers
with high air velocities the products may agitate. In all
belt freezers care should be taken to spread the product
uniformly across the total belt width to avoid “channel-
ing,” where the air stream bypasses the product.

Belt freezers are used mainly for freezing unpackaged
products, e.g., I.Q.F. products. They are especially suit-
able for foods that need careful handling.

c. Fluidized bed freezer
Fluidization occurs when particles of fairly uniform shape
and size are subjected to an upward air stream. At an air
velocity depending on the characteristics of the product,
the particles will float in the air stream, each one separated
from the other, but surrounded by air and free to move. In
this state the mass of particles behaves like a fluid. If the
product is contained in an inclined trough which is fed at
the higher end the fluidized mass moves towards the lower
end, as long as more product is added. The product is thus
frozen and simultaneously conveyed by air without the aid
of a mechanical conveyor (Figure 39.5).

The use of the fluidization principle has the following
advantages when compared with a belt freezer:

1. The product is always truly individually frozen
(I.Q.F.). This applies even to products with a ten-
dency to stick together, e.g. French style (sliced)
green beans, sliced carrots, and sliced cucumber.

2. Independence of fluctuations in load. If partly
loaded the air distribution will be the same as
for full load, i.e., no hazard of channeling. If
over-loaded no product flows onto the floor.

3. Reliability is improved when freezing wet
products because the deep fluidized bed can
accept products with more surplus water.

An important factor in the overall operation economy
of a blast freezer is the weight losses during freezing.
Improperly designed equipment will have losses of 5% or
more whilst a “well-designed” freezer normally operates
with only 0.5 to 1.5% loss for unpackaged products. Part of
the weight losses are dehydration losses, which require par-
ticular consideration. Weight loss is minimized by low air
temperatures and good heat transfer, i.e., high air velocities. 

A freezing tunnel that is intended for packaged prod-
ucts should not, without due consideration, be used for
thin unpackaged products, e.g., fillets of fish. The result
may be that the relation of coil surface to product surface
is put out of balance so that air temperature in the tunnel
rises with resulting high weight losses. The coil may not
be able to accommodate sufficient quantities of frost
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FIGURE 39.3 Sectional drawing of a push-through tunnel
freezer. (1. Trolleys with trays, 2. Reversing fans, 3. Air coolers,
4. System of baffles which allows adjustment of the air flow.)



which results in reduced heat transfer or reduced air flow,
both contributing to high weight losses.

It is important to note that in a vapor tight package con-
taining a product that is not homogeneous, e.g., beans or
broccoli, the heat transfer inside the package is carried out
by air. The heat transfer is very poor, because there is no air
circulation. The result is evaporation of moisture, which
actually may be greater than it would have been without the
package. This moisture remains as frost on the inside sur-
faces of the package, so that it is not usually recorded as a
weight loss. The influence on product quality is, of course,
the same whether the dehydration is recorded or not.

Higher velocities of air give better heat transfer.
However, it is not sufficient just to increase the fan power.
The most important factor is to direct the air circulation in

such a way that every product particle is efficiently and
equally exposed to the air current. It is also important to
study the conditions of the individual particles because a
close study may reveal surprisingly uneven air flows.

3. Immersion Freezer

For irregularly shaped products, e.g., chicken, the best heat
transfer is achieved in an immersion freezer. This consists
of a tank with a cooled freezing medium, e.g., a salt or
propylene glycol solution. The product is immersed in this
brine or sprayed while being conveyed through the tank.

Immersion freezers are most commonly used for sur-
face freezing of poultry to obtain a good color. The final
freezing is effected in a separate blast tunnel or cold store.
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FIGURE 39.4 Single belt freezer. 1. Insulated wall of the tunnel, 2. De-watering vibrator, 3. Loading hopper, 4. Belt drying system,
5. Variable speed belt (open mesh belt), 6. Product spreader, 7. Air agitation zone, 8. Evaporator, 9. High velocity air, 10. Variable air
flow fans, 11. Defrost water, 12. Refrigerant piping, 13. Belt speed changer, 14. Unloading hopper.

FIGURE 39.5 Fluidized bed freezer. (1. Unfrozen product conveyor, 2. Product trough, 3. Frozen product discharge, 4. Air coolers,
5. Fan.)



The latter alternative, however, involves quality hazards
because of slow freezing of the core.

The product must be protected by an absolutely tight,
high quality packaging material. The brine on the package
is washed off with water at the exit of the freezer.

4. Evaporating Liquid Freezers

Mainly two liquids or freezants are used: liquid nitrogen
(LN2) and liquid fluorocarbon freezant (LFF).

a. LN2 freezer
Liquid nitrogen at �196°C is sprayed onto a single belt
freezer. The nitrogen evaporates and is allowed to escape
to the atmosphere after the vapors have been used for pre-
cooling of the products (Figure 39.6).

The very high freezing rate results in improved tex-
tures, particularly in certain fruits and vegetables while
with other products there seems to be little quality advan-
tage compared with other freezing methods. LN2-freezing
may result in cracking of the product surface if sufficient
precautions are not taken.

Like immersion freezers LN2 freezers are often used
only for surface freezing. If final freezing is to be carried
out the LN2 consumption is of the order of 1.0–1.5 kg per
kg of product which makes the operation rather expensive.
In spite of this, the low investment and simple operation
make this method economical for certain productions,
especially in-line processes.

b. LFF system
The freezant is a specially purified dichlorodifluo-
romethane (fluorocarbon) which has a boiling point of
�30°C at atmospheric pressure. The equipment consists of
a container with openings at the top. The product is intro-
duced into the container and dropped into a flowing stream
of freezant (Figure 39.7). Owing to the extremely good heat

transfer the surface is frozen instantaneously so the product
may be stacked on the horizontal freezing belt, where it is
sprayed with freezant until finally frozen. A discharge con-
veyor brings the product up and out of the freezer. It is
claimed that fluorocarbon leaves only small residues in
most products. Experiments in this area are continuing.

On contact with product the freezant evaporates. The
vapors are recovered (with only a slight loss) by conden-
sation on the surfaces of the refrigerator, the latter remain-
ing in the container with only small losses to the
atmosphere. There is no measurable product weight loss
due to dehydration using this method.

V. STORAGE

If the quality of frozen food is to be maintained during its
storage life, the correct temperature must be selected for
the expected period of storage. During the storage period,
the following hazards to quality must be avoided:

1. A low relative humidity in the cold store.
2. Retention beyond the expected storage life.
3. Fluctuations in temperature (both during stor-

age and in the process of loading, unloading,
and dispatching vehicles).

4. Physical damage to the product or packaging
during the course of storage or handling.

5. Contamination of the product by foreign bodies
or vermin.

These hazards can be avoided by ensuring:

a. That the design of the cold store is appropriate
to the duty it will be required to perform, and is
such that these hazards are, to the greatest
extent possible, eliminated at the design stage.
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FIGURE 39.6 Liquid nitrogen freezer. (1. Belt, 2. Spraying nozzles, 3. Fans, 4. Inlet, 5. Outlet, 6. Nitrogen tank supply line, 7.
Regulating valve, 8. Temperature sensing unit, 9. Nitrogen gas exhauster.)



b. That operation methods, designed to avoid such
dangers, are laid down and strictly adhered to.

Small fluctuations in temperature are normal and un-
avoidable. They should, however, be kept at a minimum both
in amplitude and duration in order to minimize the amount of
weight loss by drying and in-package desiccation.

A. COLD STORE DESIGN

The general design of a cold store is determined by the
requirements for effective and safe handling of the mer-
chandise, and a suitable storage climate for the products.
The normal arrangement is that rooms are built side by side
between road and railway loading banks; thus, all rooms
can communicate directly with the loading banks and traf-
fic yards. Today cold stores are frequently built with pre-
fabricated concrete or steel structures. The insulation can be
placed on the outside or the inside of the structure. Internal
structure means that the insulation will form an unbroken
envelope around the building. The insulation is well pro-
tected by the structure, internal installations are easy to fix,
there is no hung insulated ceiling which can cause prob-
lems, and extensions are very simple to carry out.

It is essential that considerable thought should go into
the definition of the duties the cold store has to perform.
A clear statement has to be prepared of the maximum and
average daily activity expected to take place in the cold
store:

1. Quantity of each product to be received.
2. Temperature at which each product will be

received.

3. Maximum number of operatives and trucks
working in the cold store at any one time.

4. Number of anticipated door openings.
5. Maximum quantity to be out-loaded at any one

time.

These considerations must be taken into account when
calculating the maximum expected heat load. The temper-
ature difference between the surface area of the cooling
coils and the required room temperature should be as
small as possible and not more than about 6°C.

1. Frost Heave

Frost heave under cold stores is prevented by a special
under-floor heating system or a ventilated space under the
floor. The heating system may consist of an electrical mat
or a pipe grid cast into the sub-floor; glycol or oil is cir-
culated in the pipes. The liquid is often heated by surplus
heat from the refrigeration plant.

2. Insulation

The insulation represents a large percentage of the total cost
for a normal cold store. It is, therefore, very important that
it is designed from an economical point of view. However,
one must also consider that the insulation value has an
influence on the storage climate in that the transmission
losses mean dry heat is entering the cold room. The choice
of insulation system must be carried out carefully. The
vapor barrier on the warm side must be completely water
vapor tight, the insulation should contain no heat bridges,
and the internal cladding must be hard, hygienic, and give
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FIGURE 39.7 Liquid fluorocarbon freezer. (1. Product input conveyor, 2. Freezing conveyor, 3. Frozen product exit conveyor, 4.
I.Q.F. bath, 5. Spray nozzles, 6. Condenser.)



a pleasant appearance. Today most cold store insulations
are carried out with prefabricated panels, slabs of polyure-
thane foam, expanded polystyrene, mineral fiber, or cork.
Where special attention must be given to the risk of fire, the
insulation is combined with a special fire wall or the insu-
lation is carried out with fiber glass between special insula-
tion studs. The vapor barriers may consist of thin gauge
aluminum, galvanized steel sheets, or heavy gauge polyeth-
ylene sheets. The joints are sealed with special sealing
compounds. The internal cladding may be either profiled
plastic, laminated galvanized steel sheet, or aluminum
sheet. Good concrete kerbing and, in some cases, dunnage
battens protect the internal finish and ensure that the mer-
chandise is not stacked directly against the wall.

3. Refrigeration System

The refrigeration system must be designed with regard to
the requirements of the climatic conditions for the stored
merchandise. It must be adequate to allow for sufficient
safety on peak days and summer conditions. The air cool-
ers must be designed and located so that an even temper-
ature can be maintained throughout the cold store even
under severe conditions and without generating high air
velocities in the cold store. Large evaporator surfaces and
air distribution through air ducts or false ceilings will nor-
mally ensure this. Air ducts may be omitted if the cooling
surface is divided on several cooler units distributed in the
room so that the air velocity from the cooler fans is kept
at a moderate level.

The most common refrigeration system for large cold
stores is a two-stage compressor system with pump circu-
lation of the cold refrigerant to the air coolers. The most
common refrigerant is ammonia but halogenated hydro-
carbons have also been used in some cases. For small cold
stores a direct expansion, one-stage compressor system
using halogenated hydrocarbons is widely used. In order
to improve safety and make control easier and cheaper
most modern refrigeration plants are automated. The
degree of automation may vary but normally the room
temperature, compressor capacity, lubrication, cooling
water, defrosting, pumps, fans, current and voltage of the
main supplies, etc. are controlled and supervised by a cen-
tral control panel in the engine room.

4. Lighting

A cold store is a working place for fork lift drivers and oth-
ers concerned with the handling of the products. Thus the
lighting in the cold store must be good but at the same time
it must be remembered that the lighting is adding to the heat
load in a cold store. Lamps with a very high power/lighting
ratio should be used. Mercury lamps are superior from this
point of view and they are often used even if they can cause
a slight discoloring of meat products during long storage. A

normal cold store should have an average lighting of 100
lux at floor level and of 200 lux in break-up areas.

5. Layout

The layout of the storage space should be such as to reduce
to the maximum extent possible the ingress of warm air
and the exposure of product to atmospheric temperatures.
Where possible, product should be conveyed from factory
areas into cold store by means of conveyors in insulated
tunnels. There should be no facility for any accumulation
of product in ambient temperature. If the operation is a pal-
letized one, then palletization of the product should take
place in the cold store in an area set aside for this purpose.
Port doors should be provided so that the maximum
amount of traffic in and out is handled in this fashion and
the product is completely protected from temperature
changes during loading/unloading operations.

For safety reason, no glass should be allowed inside
the cold store in any unprotected position. Translucent
plastic visors should be placed around lamps or any other
essential glass.

6. Jacketed Stores

Jacketed stores allow storage at near 100% relative
humidity and at uniform and constant temperatures. These
conditions, which greatly reduce weight losses of unpack-
aged foods and frost formation inside packaged frozen
foods, are obtained by circulating the refrigerated air in a
jacket around the load space to absorb the heat conducted
through the insulation before it can enter the load space
(Figure 39.8). This technique also increases the life and
reduces the maintenance of the structure by preventing
condensation and frost formation in the insulation.

7. Equipment

In equipping the store care should be taken to choose
equipment which is suitable to the product being handled
and which minimizes the possibility of damage or con-
tamination; thus, timber pallets are suitable for properly
packed products but lightly packed semi-processed stock
may need a pallet constructed in metal or some similar
washable and less easily damaged material.

It is likely, for economy reasons, that the store will be
designed to maximize the use of height, and to this end
some means of support for the product must be provided,
e.g., racks, pallet posts, or pallet cages. The layout of pal-
lets in the cold store should be such that damage to the
products is minimized. Whilst accepting the need for
maximum utilization of space, gangways and turnings
should be wide enough for product to be moved without
damage, while space should be allowed between lanes of
pallets to permit the withdrawal or placing of a pallet
when the adjacent lanes are full.
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8. Operating Methods

It is important that everyone working in a cold store
always bear in mind the prime objective of minimizing the
exposure of products to ambient temperatures. Methods
of handling and routes should be laid down which do not
permit the product being placed in ambient temperature.

If it is not possible to load a vehicle by means of a port
door or some similar method which gives complete pro-
tection and the only alternative is to traverse a loading
bank, then the complete vehicle load should be assembled
inside the cold store and conveyed direct to the vehicle
without being placed on the loading bank. A similar pro-
cedure should apply in reverse for unloading. Doors
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FIGURE 39.8 Jacketed store. [1. Air coolers, 2. Fans, 3. Fresh air duct, 4. Air vent, 5a. Air ducts, 5b. Jacket, 6. Air cooler enclo-
sure, 7. Cooling orifice to antechamber, 8. Cold room. This type of jacketed store serves two purposes thanks to the two-speed fans:
(a). At the lower speed, the air only circulates in the jacket. This is the classic operation of jacketed stores (arrows marked thus). (b).
At the higher speed, the air enters the store through a system of movable vents which open via the effect of the increased air pressure.
Through this means, one can complete the cooling of foodstuffs which may have been subjected to warming up prior to being intro-
duced into the cold store (arrows marked thus).]



should never be left open other than when personnel or
goods are passing through them, and duration should be
as short as practicable.

VI. THAWING

Most frozen food processors find it necessary to thaw
stock of frozen material in some of their operations, and if
thawing is not carried out carefully, quality and yield can
suffer. This section sets out the broad principles involved
in the thawing techniques available, and indicates some of
the problem areas. Irrespective of the procedure involved,
heat energy must be supplied, most of it being required to
melt the ice in the food. About 300 kJ are required to thaw
1 kg of white fish from a starting temperature of �30°C.
The figure for fatty herrings is smaller, about 250 kJ,
because of the lower water content of herrings. Thawed
materials spoil in the same way as their unfrozen equiva-
lents and must be kept chilled until required; this can
often be achieved conveniently by removing the product
from the defroster just before thawing is complete so that
the product has its own small reserve of “cold.”

There are two principal groups of thawing methods:
those in which heat is conducted into the product from the
surface and those in which heat is generated within the
product. In the first group, heat is applied to the surface of
the product by exposing it to sources such as hot radiating
surfaces, warm air, warm water, heated metal plates, or
steam under vacuum. In the second group, heat is gener-
ated within the product by such means as electrical resist-
ance, dielectric, or microwave heating. Surface heating
methods are much more commonly used than are internal
heating methods.

A. SURFACE HEATING METHODS

When using surface heating methods, thawing time for a
product decreases with:

a. Decrease in physical size of the product;
b. Increase in thermal conductivity (or, more pre-

cisely thermal diffusivity) of the thawed product;
c. Increase in temperature difference between the

surface of the product and its surroundings;
d. Increase in the movement of the surrounding

medium relative to the product surface; and
e. Increase in humidity of the surroundings.

Since the thermal diffusivity of thawed product is less
than that of frozen, surface thawing methods suffer from
the inherent disadvantage that resistance to heat transfer
increases progressively once thawing has started.

All surface heating methods can take advantage of a
programmed temperature difference between the surface
and the surroundings; the temperature of the surroundings

is arranged to start high, and to decrease as the surface
warms up to a predetermined level, usually below the tem-
perature where bacterial activity or surface damage could
be a hazard to the quality of the food. Thawing times are
greatly increased if the product is encased in packaging
material. Thus packaging material should be removed
where possible.

B. STILL AIR THAWING

If thawing is conducted in still air, the air temperatures
should not exceed 20°C and facilities for supplying heat
to the room in which the product is laid out to thaw may
be required. Air temperatures greatly in excess of the
above should be avoided since the outer layer will warm
up and spoil before the center is completely thawed. A
typical block of sea frozen whole cod 9 cm thick will take
up to 20 h to thaw under these conditions. This time can
be reduced by separating the fish as soon as they can be
separated without damage. Single fish, 10 cm thick, will
take about 8 to 10 h to thaw.

1. Air Blast Thawing

A relative humidity of greater than 90% is advantageous
both in reducing weight loss or shrinkage and also in
obtaining a high level of heat transfer. Air velocities of 12-
18 m/min at a temperature of 6–8°C for 3–5 days or 100
m/min for 2–2.5 days are needed for packages of boneless
meat, whereas pork sides are normally thawed at 4–5°C
for 2–4 days. Air speeds of the order of about 300 meters
per minute at temperatures not exceeding 20°C with the
air fully saturated with moisture will thaw sea frozen fish
blocks 10 cm thick in 4 h. Higher air velocities at cool
temperatures lead to surface desiccation while any higher
temperature will lead to microbial growth on the heated
surface.

C. WATER THAWING

This method is not normally applicable to meat and with
fish there is a risk that fillets or cut surfaces will become
waterlogged and lose flavor but water thawing can be
used satisfactorily for frozen whole fish, even though
there may be a slight loss of pigments. Usually there is a
slight gain in weight, which is lost again when the fish is
filleted.

The temperature of the water being circulated around
the frozen fish or sprayed onto the fish should be no
warmer than 20°C and the water itself should flow at not
less than 30 cm per minute so as to obtain rapid thawing.
The thawing time for a block of whole cod 10 cm thick in
water at 20°C moving at about 120 cm per minute is sim-
ilar to that in an air blast defroster using humid air at the
same temperature, i.e., about 4 h. 
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When frozen fish blocks are thawed in still water,
water temperatures may, in the initial stages, marginally
exceed 20°C, but the thawing should be arranged so that
the fish surface temperature does not exceed 20°C. 

D. VACUUM THAWING

In this method the product lies on racks inside a container
from which the air has been evacuated. Water, usually at
about 18°C, is allowed to evaporate freely from heated
vessels inside the container. In the absence of air, transfer
of water vapor from a heated vessel to the product occurs
readily, the water vapor giving up its latent heat on con-
densation. The advocates of this method claim faster
thawing than other surface heating methods for products
less than about 10 cm thick.

E. DOUBLE CONTACT THAWING

Plate frozen raw material lends itself particularly to plate
thawing in an arrangement similar to that of a multi-plate
freezer, with a liquid circulating through the plates (at a
temperature not exceeding 20°C providing the necessary
heat. A 10 cm block of whole cod when thawed between
plates at 20°C for 5 h is ready for filleting 3.5 h later, mak-
ing a total of 8.5 h for complete thawing. Care must be
taken not to allow distortion of the blocks to occur during
cold storage since this will lead to poor contact with the
plates during thawing. Thawing fluid or semi-fluid food in
a vertical plate apparatus may be carried out using tem-
peratures as high as 40–50°C as long as the melted mate-
rial is allowed to run away from the plates continuously.

F. INTERNAL HEATING METHODS

Internal heating methods rely on the use of applied elec-
tric fields which cause movement of the electric charges
inherent in all products. The molecules of the product take
up this energy of movement and the food warms up. The
amount of heat generated in this way is strongly depend-
ent on the electrical characteristics of the product. Since
food is not usually homogeneous, there can be marked
variations in the rate of heating of different parts of the
food. Furthermore, for any particular component in the
food, the rate of heating usually increases as the product
thaws, making runaway heating a hazard. If these factors
can be accommodated, the great advantage to be gained is
extremely rapid, uniform thawing.

G. ELECTRICAL RESISTANCE THAWING

In this method, the product is sandwiched between elec-
trodes and an electric current is passed through the prod-
uct. Some preliminary warming is usually necessary to
achieve good electrical contact and a satisfactorily high
starting current. In practice this method has so far been

used for thawing blocks of fish fillets up to 5 cm thick and
weighing about 3 kg but it has not been found suitable for
thicker blocks of fillets, blocks of whole fish (except her-
ring), or single whole fish.

H. HIGH FREQUENCY THAWING

In the dielectric method, a high frequency electric field is
applied to electrodes astraddle the product, but not physi-
cally in contact with it. The commonly used frequencies
are either in the range 27 to 100 MHz (dielectric or high
frequency heating) or 915 to 2450 MHz (microwave heat-
ing, where the energy is directed at the product enclosed
in a chamber). The product must be reasonably homoge-
neous and regular in shape to achieve uniform heating. If
the block is not homogeneous, or is irregular in shape,
some parts may become overheated before the remainder
is thawed. It has been found that if irregular blocks of fish
are first immersed in water, thawing becomes uniform.
The time taken for a 10 cm block of whole cod is typically
just less than 1 h. Partial thawing by microwave is also
used, thereby increasing the capacity of the thawing
equipment. By going to the higher frequencies, the field
strength can be substantially increased and thawing time
reduced to a matter of minutes. Penetration into the food
mass decreases so that the thickest block of meat which
can be completely thawed at 2450 MHz is 3 to 4 cm.

In summary, freezing, frozen storage, and thawing
affect the quality and shelf stability of fish and seafood. If
kept under appropriate conditions, fish and seafood can be
stored in the frozen state for several months without
appreciable changes in quality. During frozen storage,
microbiological changes in fish and seafood are very min-
imal. On the other hand, a series of changes such as pro-
tein denaturation, lipid oxidation, texture deterioration,
loss of fresh odor and flavor, various enzymatically
induced reactions, loss of volatile constituents, nutritional
losses, and changes in moisture take place in fish and
seafood when subjected to excessively prolonged frozen
storage. Likewise, such changes may also occur in freeze-
thawed fish and seafood. Quantitative evaluation of the
influence of freezing, frozen storage, and thawing on fish
and seafood is rather complex. The different variables that
influence quality are related to one another. Therefore, it
becomes almost impossible to describe some quality
changes without actually discussing the other related
changes that occur in fish tissues.
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I. INTRODUCTION

Wine plays a major role in the economies of many
nations. The world’s annual wine production from about 8
million hectares of vineyards totals around 27 billion
litres (1). Shifting consumer preferences, globalisation
and other economic factors have forced an evolution of

the international wine industry from a “cottage industry”
of independent producers to global networks of con-
sumer-conscious enterprises (2,3).

An increasing gap between wine production and wine
consumption has given rise to an annual oversupply of
15–20% in the global market. There is a growing demand
for cost-effective production of wine with minimised



resource inputs, improved product quality, increased
health benefits and low environmental impact. It is widely
expected that advances in molecular biology and bioinfor-
matics will help equip the wine industry with the tools to
tailor grapevines and microbial starter strains, enhancing
wine quality, purity, uniqueness and diversity (1,2,4). 

Grape and wine research, fueled by greater under-
standing of basic cellular and molecular biology govern-
ing targeted traits and by considerations of future use,
promises to be a powerful dynamo of technological
progress in this increasingly market-oriented industry (2).
It is therefore crucial that basic and applied research not
be treated as separate ventures. Rather, grape and wine
research, both in problem selection and experimental
design, should be aimed at increasing fundamental under-
standing in a context responsive to the applied needs of
producers and consumers. 

This review passes familiar light through new prisms to
demonstrate that ignoring gene technology imperils the
international wine industry, despite the current vocal oppo-
sition to genetically modified organisms (GMOs) and prod-
ucts (1–5). This perspective is supported by examples of
genetically improved grapevine prototypes showing
increased productivity, efficiency, sustainability and envi-
ronmental friendliness, particularly with regard to
improved pest and disease control, water use efficiency and
grape quality. Examples of genetically tailored microbial
starter strains include those that could play a role in improv-
ing the fermentation, processing and preservation of wines,
as well as those with the capacity to enhance the whole-
someness and sensory quality of wine.

II. THE GENETIC IMPROVEMENT OF
GRAPEVINES FOR WINE
PRODUCTION

A. GRAPEVINE SPECIES AND CULTIVARS

Grapevine belongs to the genus Vitis, consisting of two
sub-genera, Euvitis and Muscadinia. The preferred wine
grape species, Vitis vinifera, originated in Europe and
consists of about 5000 cultivars (6). However, only a 
few select and ancient cultivars are relied on for commer-
cial wine production. As a result of the wine industry’s
reliance on established varietal names and predictable
wine styles to sell its products, there has not been a great
incentive to breed new V. vinifera cultivars. Nevertheless,
breeding programmes significantly impacted on the devel-
opment of rootstock varieties resistant to soil-borne pests
and pathogens, as well as to negative abiotic conditions
(7). Improvements to rootstock and scion cultivars ini-
tially relied largely on arbitrary selections of natural
mutations that enhanced cultivation or some aspect of
fruit and/or wine quality and were later followed by the
more directed, clonal selection schemes (5,8).

B. GENETIC FEATURES AND TECHNIQUES FOR THE

ANALYSIS AND DEVELOPMENT OF GRAPEVINES

A dramatic new day in plant improvement is dawning,
warmed by molecular biology, genetic transformation and
functional genomics. Several plant genomes have now
been fully sequenced, and though the accessibility of the
grapevine genome is restricted by size and complexity,
there are now intense multinational studies underway of
the Vitis genome.

A growing number of plant species are becoming
viable candidates for genetic transformation through
Agrobacterium-mediated and biolistic bombardment
technologies. The grapevine, however, has been resistant
to genetic transformation: difficulties include finding tis-
sue culture systems that can withstand the new tech-
niques and subsequent selection regimes (5,8,9).
Nevertheless, there are today a few grapevine scion and
rootstock cultivars of commercial importance that can be
genetically transformed with relatively little difficulty.
The emphasis is gradually shifting from developing the
technology to implementing it to generate useful plant
lines.

C. TARGETS FOR THE GENETIC IMPROVEMENT OF

GRAPEVINE VARIETIES

The genetic improvement of grapevine cannot occur in the
absence of knowledge of the fundamental processes sup-
porting the physiological responses to be altered. In the
early days of limited genetic resources, genes with known
functions were introduced into plant species in the hope of
developing improved phenotypes. This approach, although
problematic, demonstrated the value of adding application
to theory. It is an exciting time, as the plant sciences enter
a new era and the list of gene sequences, including those of
grapevine, grows and becomes available. Potential areas
for the genetic improvement of grapevine are discussed
below and summarised in Figure 40.1.

1. Improving Disease and Pest Resistance

As genetic engineering of crop plants evolves, its primary
focus remains upon enhanced disease tolerance. Single
genes can confer disease resistance in plants, making
individual gene transfers into plant genomes perhaps the
best approach to control fungal, viral, bacterial and insect
pathogens. Almost all of the approaches to enhanced dis-
ease tolerance in plants take advantage of the natural
interactions between host and pathogen (10). In the battle
for survival, host and pathogen evolve simultaneously,
making those interactions fluid and complex. 

There are currently two major approaches to manipu-
lating disease tolerance in plants. The first is introducing a
gene product with known anti-pathogen activity at high
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copies or in an inducible manner into the host to optimise
the plant’s innate defence responses. The other approach
relies upon pathogen-derived resistance (PDR): a
pathogen-derived gene is expressed inappropriately in
time, form or amount during the infection cycle, prevent-
ing the pathogen from maintaining infection. PDR is at the
root of most antiviral strategies and much of the activity in
the genetic transformation of grapevine varieties.

Transgenic grapevines have been generated for pro-
viding viral resistance (10); in most of these cases
expressing the virus coat protein achieved PDR. More
recently, resistance to virus infection has also been
achieved by expressing anti-sense to virus movement pro-
teins (11) and replicase proteins.

Various studies have examined the expression of
grapevine chitinases, β-1,3-glucanases, thaumatin-like pro-
teins and stillbene synthetic enzymes with regard to fungal
infection and grape ripening (12–14). Several of these
enzymes have been shown to possess antifungal activity
(15–18) and it has been demonstrated that in some cases,
transgenic expression of genes encoding the proteins leads
to increased resistance (18,19). Research has also shown
that transgenic expression of a detoxifying enzyme

enhances resistance to Eutypa lata (20). In addition, a gene
from the American wild grape species Muscadinia rotundi-
folia has been introgressed into a succession of pseudo back
crosses of V. vinifera. Using this strategy, resistance to
Oidium tuckerii (powdery mildew) has continued to segre-
gate as a single gene, thereby making the gene an important
candidate for the development of a transgenic method to
confer powdery mildew resistance in V. vinifera. 

Obtaining transgenic plants resistant to pathogenic
bacteria has been less successful; the expression of the
lytic peptide Shiva-1 has been reported (21), and induced
expression of several defence genes have been detected in
response to bacterial pathogens (13,22). 

We are witnessing the onset of a new era in plant cul-
tivation, as old problems are being addressed in new ways.
Transgenic grapevines expressing heterologous antiviral
and antifungal genes are currently undergoing field test-
ing, the first ‘prototypes’ of manipulated disease tolerance
in grapevine. The technology will undoubtedly become
more sophisticated, raising the possibilities of multiple
gene transfers and long-term and stable expression of
transgenes along with the use of highly specific inducible
regulatory sequences.
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The process of generating and analysing transgenic
plants has yielded considerable knowledge about the
nature of plant-pathogen interactions and the disease
resistance pathways that operate in plants. Model plants
transformed with the various targeted genes become
important resources when the nature of the manipulations
and their effect in planta are further analysed with state-
of-the-art technologies, such as transcriptomics, pro-
teomics and metabolomics (23). A range of Arabidopsis
thaliana mutants blocked in certain pathways of pathogen
defence also provide extremely valuable information
regarding the functions of genes (24). The disease path-
ways are now fairly well characterised and much empha-
sis is currently being placed on clarifying the trigger
systems of defence and the subsequent signal transduction
processes leading to the various forms of defence.

2. Improving Grapevine Cultivation

Genetic transformation technology carries with it the tan-
talising prospect of developing plant lines able to adapt to
adverse climatic conditions, enhanced by greater under-
standing of stress tolerance in plants and basic knowledge
of key aspects of plant growth and development. Ongoing
efforts to develop transgenic grapevines with improved
cultivation prospects are focussing on processes such as
carbon-partitioning, modes of sugar translocation, water
transport and the role of aquaporins, as well as the regula-
tion of these processes. These efforts also deal with
important limitations to cultivation such as drought and
salt stress, photo-damage and freezing tolerance (25).

To date, a transgenic grapevine expressing antifreeze
genes from Antarctic fish has been reported as a mecha-
nism to provide cold tolerance (25). However, plant stress
responses are complex pathways of interacting proteins
driven by a range of signals attenuated or amplified by
equally complex processes. This biological interaction is
more difficult to manipulate with single or even multiple
gene additions; knowledge of the control mechanisms and
alterations thereof might prove more feasible. With this
view, the accumulation of proline and polyamines are two
examples in grapevine that have been studied. The regula-
tion of key genes in these biosynthetic pathways is pro-
viding insight into their involvement in abiotic stress
(26,27). Furthermore, the expression of several stress
related genes has been shown to be activated during the
grape ripening (28,29).

Crop prediction is another area of attention. One of
the most difficult issues facing viticultural production is
the understanding and management of crop load and qual-
ity in the face of seasonal and environmental variation and
change in market demand. Most recently, a study of how
related genes in grapevine are organised and interact was
made possible by the identification of the genes involved
in flowering and fruitfulness in A. thaliana. For example,

the chimera that results in pinot meunier can be separated
into a conventional pinot and a mutant pinot form in
which fruitfulness is dramatically increased even in juve-
nile plants. This dramatic change is the result of a single
DNA base change in a single gene affecting vegetative
and floral development of the vine (30).

3. Improving Grape Quality

Winemakers want small grapes of specific colour and
ripeness as measured by the indicators of sugar, acids and
phenolics. Researchers are investigating the basic processes
of berry ripening and, particularly, ripening signals.
Grapevine, a non-climacteric fruit, is studied for the bio-
chemical, hormonal and environmental signals that influ-
ence ripening processes such as pigment production, sugar
accumulation, transport and the formation of aroma com-
ponents. The means of glucose/fructose accumulation dur-
ing ripening is coming to light with the identification and
analysis of grape berry genes encoding invertases and sugar
transporters (31). The expression of flavenoid biosynthetic
genes, responsible for colour development, coincide with
hexose accumulation in berries (32–34). The importance of
UDP glucose flavanoid-3-glucosyl transferase (UFGT) in
the control of berry colour has been highlighted by com-
parison of gene expression in red and white grapes (35,36),
and recent results indicate that Myb genes are involved in
regulating UFGT (37). A number of genes that influence
grape berry softening have also been isolated (38–40).
Auxin and abscisic acid (natural hormones regulating
growth and physiology) affect the expression of genes
involved in the ripening process and have been implicated
in the control of grape berry ripening (41). The aim of this
approach is to meet the quality parameters of grapes with
the formation of desirable or novel products by changing
the metabolic flux through the important biosynthetic path-
ways active in the ripening berry. 

To reach these goals grapevine biotechnology will
have to draw upon considerably more knowledge of the
underpinning processes as well as upon improvements in
transformation technology. Targeted gene insertion and
deletion technologies will make these and other innova-
tive prospects more feasible.

III. THE GENETIC IMPROVEMENT OF
WINE YEAST FOR ALCOHOLIC
FERMENTATION

A. YEAST SPECIES AND STRAINS

Saccharomyces cerevisiae is unquestionably the most
important yeast species in winemaking, but it competes
with many other species for dominance. The ubiquitous
fruit yeast, Hanseniaspora uvarum (anamorph Kloeckera
apiculata), is the most common yeast isolated from grapes,
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and many other non-Saccharomyces species are also pres-
ent in the initial stages of spontaneous alcoholic ferments.
As the ethanol concentration increases and other condi-
tions change, various yeasts prevail in sequence, until 
S. cerevisiae multiplies to be the dominant species (42).

Not surprisingly, in such a complex environment the
yeast ecology is highly variable and dependent on geo-
graphic location, viticulture and winemaking practices.
Over the last decade, the pace of microbial ecology research
has been accelerated by the application of molecular meth-
ods. A widely used rapid species identification method is
PCR-RFLP (polymerase chain reaction-derived restriction
fragment length polymorphism) of the ribosomal RNA
genes (43). Using this method highlights the unpredictabil-
ity of wine yeast ecology. In some wines for example, there
is an almost total absence of apiculate yeast (Hanseniaspora
sp.), yielding to Candida stellata, Metschnikowia pulcher-
rima or even S. cerevisiae during the initial stages of fer-
mentation (44). In other cases non-Saccharomyces species
persist to the end of fermentation (45). Molecular methods
have also begun to accent the role of other Saccharomyces
sensu stricto species, as well as interspecific hybrids of
Saccharomyces yeasts in vinification (46–48).

Recently developed molecular methods, in particular
mitochondrial DNA RFLP, have been used to analyse fer-
mentation ecology at the species as well as strain level. The
most unexpected finding is the number of strains of the
same species coexisting during fermentation, with some
wines showing over 100 different S. cerevisiae strains at the
end of fermentation (44,45). Other technologies such as
denaturing gradient gel electrophoresis (DGGE) have been
developed that no longer require the plating of yeast prior
to identification. Using this method new non-culturable
species have been discovered in wine (49).

Wines made from spontaneous ferments are often
described as more complex and fuller than inoculated
wines. It is common practice, nevertheless, in many winer-
ies to inoculate with a specific strain of S. cerevisiae, for
rapid fermentation and a more consistent product with a
reduced possibility of microbial spoilage. It also allows
winemakers to use preferred strains to produce wines of a
chosen style. With the future availability of yeast strains
that can improve multiple facets of the winemaking
process, the advantages offered to winemakers performing
inoculated ferments with both Saccharomyces and non-
Saccharomyces strains will expand.

B. GENETIC FEATURES AND TECHNIQUES FOR THE

ANALYSIS AND DEVELOPMENT OF WINE YEASTS

Several genetic methods are available for the improvement
of wine yeast. These include the selection of mutants with
the desired properties, the combination of traits by mating
and sporulation/dissection of S. cerevisiae strains, and the
use of protoplast fusion to introduce novel traits of other

species (1). Although these classic genetic methods have
been used successfully for the development of new strains,
they lack the precision and capability of gene cloning.

Specific characteristics of S. cerevisiae make it a
model experimental organism (50). S. cerevisiae multiplies
rapidly, shares many cellular regulatory mechanisms with
humans and has a stable haploid and diploid life cycle. It
has numerous suitable markers, plasmids and promoters for
the regulated expression of chosen genes and undergoes
efficient homologous recombination, permitting the precise
deletion of selected genes. The S. cerevisiae genome was
the first eukaryotic genome to be completely sequenced
and this, along with its facile genetics, has made it an excel-
lent research organism in the post-genomic era (51,52).

There have been major technical developments since
the complete S. cerevisiae DNA sequence was published.
Yeast deletion libraries are available in different mating
types and ploidy that possess a set of approximately 6000
yeasts strains, each with a different single gene deleted.
Phenotypic and chemical screens of these libraries make
clear the biological function of each of the 6000 genes
(53,54). The transcriptional response of each gene to dif-
ferent environmental conditions using microarrays is
identifying genes that are important to wine fermentation
[reviewed in (55)]. These conditions include the response
to ethanol, osmotic stress, high and low temperature, high
and low pH, copper, limited nitrogen and sugar, anaero-
bicity and progression into stationary phase (56–61).
Microarray experiments are also being used to compare
genome structure and gene expression in different
grapevine isolates and commercial wine yeast (62–64).
Proteomic approaches are being used in parallel to
uncover the post-transcriptional changes that occur in dif-
ferent environmental conditions and genetic backgrounds
in yeast (65). Of particular importance to wine is the
emergence of metabolomics (66,67), which attempts to
analyse all the metabolites produced by an organism in
response to environmental or genetic changes. This will
be fundamental to further understanding of how genetic
and environmental changes impact on flavour and aroma.

The opportunity now exists to exploit these research
findings and technological developments to produce
genetically improved wine yeast strains of great value to
the wine industry.

C. TARGETS FOR THE GENETIC IMPROVEMENT OF

WINE YEAST STRAINS

Molecular genetics in wine yeast is being used to improve
several aspects of winemaking, including fermentation per-
formance, processing efficiency, sensory attributes and wine
wholesomeness. These are summarised in Figure 40.2.
Many of these aspects have been described in recent reviews
(1,3,68), and the emphasis in this section is on current
advances in this area as detailed in the latest literature. 
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1. Improving Fermentation Performance

Sluggish and stuck ferments remain a major concern of the
wine industry. The wine environment is very stressful for
yeast and harsh conditions must be overcome to produce
high-quality wines (69). Like all living organisms, yeast
has mechanisms in place allowing it to respond quickly to
a changing environment. A general environmental stress
response (ESR) participates in a wide range of cellular
functions, including cell wall modification, fatty acid
metabolism, protein chaperone expression, DNA repair,
detoxification of reactive oxygen species and energy gen-
eration and storage (57). In addition to the general stress
response, specific strategies to combat distinct stresses are
essential for the survival of yeast in the fermenting grape
must environment.

a. Desiccation stress
The desiccation process, part of the production of active
dried yeast, challenges the wine yeast to a mixed stress that,
although not well defined, appears to share some properties
with freezing and osmotic stress. Several metabolites
increase the survival of S. cerevisiae cells exposed to phys-
ical or chemical stresses and have been implicated in the

efficiency of reactivating dried wine yeast starter cultures.
As a result, there is strong incentive to develop wine yeast
strains that accumulate these metabolites. 

Disabling the trehalose hydrolysis pathway, thereby
increasing cellular trehalose concentrations by deleting
the NTH1 or ATH1 (neutral and acidic trehalase) genes
has been shown to increase freezing and dehydration tol-
erance in a laboratory and commercial baker’s yeast
(70,71). The build-up of a second carbohydrate storage
molecule, glycogen, is thought to provide the yeast with a
readymade energy source upon reactivation of dried yeast.
It has been reported that a wine strain overexpressing the
GSY2 (glycogen synthase) gene accumulates glycogen
and has enhanced viability under glucose limitation con-
ditions (72). Overexpression of the AQY1 and AQY2
(aquaporin) genes also confers freeze tolerance upon both
laboratory and commercial baking strains (73). Whether
these changes prove to be an advantage to active dried
yeast remains to be determined. 

It has been shown that proline and charged amino
acids provide desiccation and freeze tolerance. Deletion
mutations in the PUT1 gene, encoding proline oxidase,
and a dominant mutation in the proline biosynthetic PRO1
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gene (γ-glutamyl kinase), increase intracellular proline
and show higher desiccation, freeze and/or osmo-toler-
ance (74,75). A deletion mutation in the arginine degrad-
ing enzyme CAR1 (arginase) increases arginine and
glutamic acid levels and provides freeze tolerance (71). 

b. Fermentation stress
The high concentration of sugar in grape juice imposes an
osmotic stress on yeast. As indicated above, proline and
trehalose accumulation both provide osmotolerance to
yeast. The main osmolyte in yeast, however, is glycerol.
In response to an osmotic stress, a MAPK cascade is acti-
vated and the two key genes in glycerol biosynthesis
GPD1 (glycerol-3-phosphate dehydrogenase) and GPP2
(glycerol-3-phosphatase) are rapidly and transiently
induced greater than 50-fold (61). Mutations in these
genes are osmosensitive whereas mutations that increase
their expression enhance osmotolerance (76). It has been
reported that commercial wine yeast strains overexpress-
ing either GPD1 or GPD2 have a slight growth advantage
at the beginning of fermentation (77,78). 

The primary cause of most sluggish and stuck fermen-
tations is a high concentration of ethanol, an effect that can
be augmented by a number of intrinsic and environmental
factors. The physiological basis of ethanol toxicity is com-
plex and not fully understood (59). A major target appears
to be cell membranes, in which ethanol increases mem-
brane fluidity and permeability, and impairs the transport
of sugars and amino acids. The modification of SUT1,
SUT2, PMA1 and PMA2 genes results in increased sterol
accumulation and ATPase activity, thereby increasing the
resistance to ethanol.

Zymocidal wild yeast may also inhibit the growth of
the inoculated wine yeast strain and contribute to sluggish
or stuck fermentation (79). Rapid progress in understand-
ing sensitivity to killer toxins is being made, encouraging
the development of broad-spectrum zymocidal resistance
in wine yeast (80–82). 

c. Utilisation of nutrients
Sugar uptake appears to limit complete sugar utilisation
during vinification and is strongly influenced by condi-
tions such as ethanol concentration and nitrogen availabil-
ity. The low affinity hexose transporter Hxt3p and high
affinity transporters Hxt6p and Hxt7p play particularly
important roles in wine fermentation (83). It is possible
that increased expression of these transporters will
decrease the occurrence of stuck fermentation. Two hexose
transporter homologues, Snf3p and Rgt2p, are required for
glucose sensing. Snf3 is specifically required for inducing
a number of HXT genes under low glucose conditions.
Dominant SNF3 mutants constitutively express hexose
transporters and are resistant to translational inhibition
upon glucose withdrawal (84,85), providing a potential
mechanism for wine yeast improvement.

Nitrogen is the nutrient most often limiting wine fer-
mentations; its deficiency can lead to cessation of fermen-
tation as well as to the production of off-flavours such as
hydrogen sulfide. A wine yeast strain carrying a mutation
in the URE2 gene, which represses expression of proline
transport and metabolic genes, increases the availability
of proline and arginine as nitrogen sources (86,87).
However, ure2∆ strains possess pleotropic phenotypes. A
more specific method may be to specifically target the
proline permease and utilisation proteins (encoded by the
PUT genes) (88). Global gene expression studies of wine
yeast growing under differing nitrogen conditions will be
important for identifying other genes that can improve
fermentation under limiting nitrogen conditions (56,58).

An alternative source of nitrogen in vinification is
from autolysis of the yeasts themselves (89). It is possible
that a subset of yeast could be targeted to lyse toward the
end of fermentation by adjusting the regulation of the cell
integrity pathway (90).

d. Control of indigenous microorganisms
Uncontrolled microbial growth can alter the chemical
composition of wine and detract from its sensory proper-
ties. The excessive use of chemical preservatives to control
the growth of unwanted microbes can affect the quality of
wine; it also faces increasing consumer resistance. As a
response, wine yeast starter cultures that express antimi-
crobial enzymes or peptides are being developed.

Wine yeast producing increased sulfur dioxide (SO2)
concentrations could be useful for suppressing the growth
of indigenous microbes, providing a means of reducing SO2

as an antimicrobial and antioxidation agent in wine.
Decreasing Met10p (sulfite reductase) and Met2p (serine
acetyl transferase) activity or increasing Met14p (adenosine
5� phosphosulfate kinase) activity leads to increased SO2

production and has been shown to provide flavour stability
to beer (91–93). Expression of hen-egg lysozyme or the
Aspergillus niger glucose oxidase gene (GOX1) in yeast
offers additional alternatives (94). The expression of GOX1
in a wine yeast resulted in the production of hydrogen per-
oxide that can lead to oxidation toxicity of bacteria (95).

An alternative method is the use of a wine yeast with
broad spectrum zymocidal activity. Whereas S. cerevisiae’s
zymocins have a narrow killing range, the zymocins of
Pichia anomala, Willopsis saturnus and Kluyveromyces lac-
tis have been shown to be active on many species common
in grape juice, including spoilage yeasts such as Dekkera
bruxellensis (96). Several of the zymocins have been cloned
in S. cerevisiae; the mechanisms of action are being estab-
lished (80,97). Although these zymocins are generally less
active at low pH, continuing advances in understanding the
pH dependence of protein stability should make it possible
to engineer more suitable zymocins for winemaking (98). 

The zymocin zygocin, produced by the salt-tolerant
yeast Zygosaccharomyces bailli, is also active against
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filamentous fungi (99). However, heterologous expression
in S. cerevisiae causes the yeast to commit suicide. Some
success in producing yeast that kill filamentous fungi by
attacking the cell wall has been achieved by expressing the
CTS1 chitinase and the EXG1 endoglucanase genes (100).
Although zymocidal yeasts have also been shown to be
active on bacteria, the focus in wine research has been on the
production of strains that secrete bacteriocins or bacteri-
olytic enzymes (e.g., lysozyme) to suppress growth of unde-
sirable bacteria. Secretion of the Pediococcus acidilactici
and Lactobacillus plantarum bacteriocins in S. cerevisiae
produced a yeast that killed sensitive bacteria (101,102).

2. Improving Wine Processing

Following alcoholic fermentation wine is further
processed to achieve clarity and physiochemical stability.
The fining and clarification processes often involve
expensive and laborious practices that generate large vol-
umes of lees for disposal. This causes wine loss and may
remove important aroma and flavour compounds from the
remaining wine. To minimise the impact of these practices
an increasing spectrum of commercial enzyme prepara-
tions are being added to grape must and wine. Generating
yeast that remove proteins and polysaccharides and
causes cells to flocculate offers an alternative strategy to
the addition of costly enzymes. 

a. Protein clarification
Heat-induced protein haze is caused by thaumatin-like
proteins and chitinases, which are pathogenesis-related
grape proteins (103). These proteins slowly denature and
aggregate, resulting in light dispersing particles forming
in wine. Under winemaking conditions, proteases have
been unsuccessful in degrading haze proteins (104).
However, a number of glycoproteins have been found to
visibly reduce haze formation in wine, including yeast
invertase (105) and two mannoproteins from S. cerevisiae
known as haze protection factors (HPF) (106).

b. Cell flocculation and flotation
Rapid settling of yeast is advantageous to post fermenta-
tion processing. Yeast flocculation, which entails an inter-
action between cell surface lectins and mannans, involves
many genes in S. cerevisiae (107). FLO1 has been the best
studied and shown to impart flocculation to beer and wine
strains (108,109). Given that the timing of flocculation is
important, FLO1 and FLO11 were expressed from the
HSP30 promoter, linking flocculation to a heat shock
towards the end of fermentation (110).

In sherry, the yeast trap carbon dioxide and float to the
surface forming a vellum. Several cell wall proteins have
been implicated in vellum formation but the process
appears complex and is likely to be multigenic (111). The
similarities between vellum and biofilm formation point
to Flo11p/Muc1p as a candidate gene in the process (112).

3. Improving Wine Sensory Attributes

The endless variety of wine flavours stems from complex
interactions among hundreds of metabolites. S. cerevisiae
accounts for the major changes between grape must and
wine, modifying the chemical, colour, mouth-feel and
flavour complexity of wine by assisting in the extraction
of compounds from solids present in grape must, modify-
ing grape derived molecules, and producing yeast metabo-
lites (113).

a. Grape derived flavours
(i) Polysaccharide degrading enzymes. Polysaccharide
degrading enzymes facilitate wine clarification and
increase juice yield; they can also lead to the release of
colour and flavour compounds trapped in the grape skins.
A wide variety of heterologous genes encoding polysac-
charide degrading enzymes have been expressed in 
S. cerevisiae (114). Pectin degradation was increased by
yeast co-expressing two bacterial pectinase genes, pectate
lyase from Erwinia chrysanthemi and polygalacturonase
from Erwinia carotovora (115), or the pectate lyase gene
from Fusarum solani (116). The overexpression of the
endopolygalacturonase-encoding gene (PGU1) from 
S. cerevisiae in a wine yeast strain resulted in a higher
concentration of terpenols (nerol and geraniol) in the
wines, which displayed sensory differences to wines made
with the parent yeast (117). 

A number of glucanase genes from bacteria, yeast and
filamentous fungi have been expressed, either on their
own or together in commercial wine strains (114). These
yeasts were able to degrade glucans effectively. Similarly,
a number of xylanases have been expressed in S. cere-
visiae. Although the levels of secreted enzymes are still
below the concentrations required for the effective
removal of polysaccharides, a degree of clarification has
already been achieved. Preliminary trials also indicate that
some of the modified yeast lead to the release of colour
and flavour compounds entrapped in the grape skins. 

(ii) Glycosidases. Yeast can increase wine flavour by
releasing terpenols present as non-volatile glycosides in
grapes. Expression of a β-1,4-endoglucanase gene from
the filamentous fungus Trichoderma longibrachiatum in a
wine yeast produced a wine with increased aroma inten-
sity (118). The impact on flavour release of co-expressing
three glucanase genes from S. cerevisiae (EXG1), Bacillus
subtilis (END1) and Butyrivibrio fibrisolvens (BEG1) in a
yeast remains to be determined (119). 

Yeast can influence the concentration of terpenols by
two other means: first, strains containing mutations in
ergosterol biosynthesis have been shown to produce
geraniol, citronelol and linalool (120), and second, it has
been shown that yeast are able to convert one terpenol into
another. As the terpenols have distinct aromas and sensory
thresholds, these biotransformations might have a signifi-
cant effect on wine sensory properties (121,122).
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(iii) Volatile thiols. A number of potent thiol com-
pounds have been shown to provide the basis for the vari-
etal aromas of Sauvignon Blanc and Scheurebe wines
(123), and are present in wines made from other cultivars.
The sulfur-containing volatiles are present as a cysteine
conjugate in grape juice and are released during fermen-
tation by the action of yeast. Release is strain dependent,
indicating that the concentrations of the thiols in wine can
be regulated by genetically modifying the yeast (124).

b. Yeast secondary metabolites
(i) Esters. The characteristic fruity aromas of wine are
caused mainly by the acetate esters of higher alcohols and
the C4-C10 ethyl esters. Overexpression of alcohol acetyl
transferase genes (ATF) has a marked affect on ester for-
mation (125–127). In wine, the concentrations of ethyl
acetate, iso-amyl acetate, and 2-phenylethyl acetate
increased as much as 10-fold, and the acetic acid concen-
tration decreased by more than half in an ATF1 overpro-
ducing strain (126). In saké strains, isoamyl acetate
(banana-like aroma) concentrations have been modified
by adjusting the ATF1/IAH2 (isoamyl acetate esterase)
balance (128). 

(ii) Alcohols. Higher alcohols can contribute posi-
tively to wine complexity, but at excessive levels are
regarded to have a negative influence on wine quality.
They are also important precursors to ester formation.
They are produced either anabolically or catabolically, by
the breakdown of branched chain amino acids (129). The
role of the anabolic pathway has been recently studied by
deleting the aminotransferase genes BAT1 and BAT2, the
mutations leading to a decreased formation of isobutanol,
isoamyl and active amyl alcohols (127,130). 

(iii) Low ethanol wine yeast. High ethanol can affect
the sensory properties of wine, giving it a perceived ‘hot-
ness’ as well as suppressing overall aroma and flavour.
Moreover, health-conscious consumers are demanding
lower alcohol content in wines. Diverting the flow of sugar
away from ethanol synthesis and into the glycerol pathway
has been achieved by overexpressing the glycerol phos-
phate dehydrogenase genes, GPD1 and GPD2, in wine
strains (77,78,131). Acetic acid (vinegar) concentrations in
these strains are increased to unacceptable levels. The
acetaldehyde dehydrogenase activity encoded by the ALD6
gene appears to be the main contributor to the oxidation of
acetaldehyde during fermentation (132). A laboratory yeast
overexpressing GPD2 and lacking ALD6 had the desired
effect of producing more glycerol and less ethanol, but
without the increase in acetic acid (133). A ‘metabolic
snapshot’ (67) of the glycerol overproducing ferments also
demonstrated how seemingly unrelated biochemical path-
ways can be modified by the change in a single gene (133). 

A second strategy used to decrease ethanol is the
expression of the A. niger glucose oxidase gene (GOX1)
into S. cerevisiae, resulting in a 2% decrease in ethanol

(95). The glucose in grape juice is thought to be converted
to D-glucono-δ-lactone and gluconic acid, and is thus not
available for conversion to ethanol. 

(iv) Sulfur metabolism. Due to its low sensory threshold,
the rotten egg aroma of hydrogen sulfide (H2S) is highly
undesirable in wine. Modification of genes required for sul-
fur metabolism leads to a significant decrease in hydrogen
sulfide production (134–136). In SSU1 overexpressing
strains, a plasma membrane protein specifically for the
efflux of sulfite from yeast (137), the sulfite is secreted prior
to reduction to sulfide (93). Increases in SSU1 expression
also confer SO2 resistance to S. cerevisiae strains. Many
wine yeast strains that show natural resistance to sulfide
have undergone chromosome translocation, positioning the
SSU1 gene downstream of a stronger promoter, and conse-
quently causing its increased expression (138).

(v) Malolactic fermentation. During malolactic fer-
mentation (conducted by certain species of lactic acid
bacteria) L-malic acid is decarboxylated to L-lactic acid,
which reduces wine acidity. S. cerevisiae is unable to
transport malic acid into the cell and is inefficient in
metabolising malic acid. The construction of a S. cere-
visiae strain which is able to deacidify wine has been suc-
cessfully demonstrated by expressing the malolactic gene
(mleS) from Lactococcus lactis and the malate permease
gene (mae1) from Schizosaccharomyces pombe (139).

In an attempt to redirect glucose carbon to lactic acid,
the lactate dehydrogenase-encoding genes from Lacto-
bacillus casei, the filamentous fungus Rhizopus oryzae
and bovine muscle were expressed in yeast. As much as
20% of the glucose was converted into lactic acid in these
strains (140,141).

(vi) Phenols. The decarboxylation of phenolic acids to
volatile phenols can make a positive contribution to wine
when present in appropriate concentrations. Although 
S. cerevisiae possesses a phenolic acid decarboxylase,
POF1 (PAD1), it displays low activity. Expressing the phe-
nolic acid decarboxylase or p-coumaric acid decarboxylase
from Bacillus subtilis and Lactobacillus plantarum, respec-
tively, gave an approximate twofold increase in volatile
phenol formation in a laboratory strain (142).

4. Improving Wine Wholesomeness

During the last few years it has become widely accepted
that wine contains protective compounds that when con-
sumed in moderate quantities reduce the likelihood of con-
tracting certain diseases. However, a number of unwanted
compounds are also present in wine. Generating improved
yeasts that produce the correct balance of these compounds
will be important for enhancing the health benefits of wine.

a. Resveratrol
Resveratrol, a polyphenolic phytoalexin found mainly in
grape skins, has been associated with a large number of
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health benefits, including the decreased risk of coronary
heart disease, cancer prevention and treatment, and neuro-
protection (60). Expression of the Candida molisciana
bgiN gene, encoding a β-glucosidase, showed an increase
in resveratrol in white wine. Release of glucose moieties
from the glucoside form of resveratrol was the suggested
mechanism (116). Also, yeast with altered phenyl-
propanoid metabolism, expressing the coenzyme A lyase
gene and the grape stillbene synthase gene (Vst1), can syn-
thesise resveratrol (143).

b. Ethyl carbamate
Ethyl carbamate, a suspected mammalian carcinogen,
is formed through the chemical reaction of ethanol and
citrulline, urea or carbamyl phosphate. In a saké strain
disrupted for the CAR1 arginase gene, no urea or ethyl
carbamate was produced (144).

c. Biogenic amines
Biogenic amines are neurotoxins that can trigger hypoten-
sion and migraines, lead to histamine toxicity and produce
carcinogenic nitrosamines (145). These biogenic amines
originate from decarboxylation of amino acids by bacte-
ria, including malolactic species (146,147). Wine yeast
strains that inhibit bacterial growth may offer a solution. 

IV. THE GENETIC IMPROVEMENT OF
WINE BACTERIA FOR MALOLACTIC
FERMENTATION

Malolactic fermentation (MLF), conducted by malolactic
bacteria, is an important step in the grape vinification
process, particularly in red wines. Most often MLF will
occur after the alcoholic fermentation; however, it is not
limited to this stage of winemaking. The role of MLF is
threefold: wine deacidification by the conversion of 
L-malic acid to the ‘softer’ L-lactic acid, microbial stabil-
ity and wine flavour modification.

This section will not elaborate on the biochemistry of
MLF. Rather it will discuss the bacteria involved in the
process, summarise the genetics of the malolactic bacteria
and postulate potential genes that could be manipulated in
order to improve the malolactic reaction, increase stress tol-
erance of the bacteria, and/or favourably alter the sensory
profile of the wine. The ability to genetically alter the mal-
olactic bacterial genome will depend upon the development
of a suitable genetic transfer system (transformation, con-
jugation or transduction), which currently is unavailable.

A. LACTIC ACID BACTERIA SPECIES AND STRAINS

The wine bacteria associated with MLF belong to the fam-
ily of lactic acid bacteria (LAB). This group of bacteria is
involved with the fermentation of a range of food products,
including milk, vegetables, meat and fruit, especially grapes.

The malolactic bacteria are encompassed in four genera,
Lactobacillus (Lb.), Leuconostoc (Lc.), Oenococcus (O.)
and Pediococcus (P.) from within the larger group of LAB.
The species in these genera can be characterised by their
ability to tolerate low pH, high ethanol concentration and by
their ability to grow in wine. Those most commonly associ-
ated with wine are Lb.brevis, Lb. plantarum, Lb. hilgardii,
Lc. mesenteroides, O. oeni, P. damnosus and P. pen-
tosaceus. Oenococcus oeni, formerly known as Leuconostoc
oenos (148), is the LAB species most commonly associated
with wine, as it is particularly well adapted to the harsh wine
environment (low pH, high ethanol content, low nutrients)
(149). For a more detailed description of LAB taxonomy the
reader is referred to several reviews [(150,151); Bergey’s
Manual of Determinative Bacteriology, 1986)].

Even though it is postulated that species of
Lactobacillus and to a lesser extent Pediococcus species
may conduct the deacidification reaction in spontaneous
MLF, species of these two genera are more likely to be
associated with spoilage of wine than with positive sen-
sory attributes.

B. GENETIC FEATURES AND TECHNIQUES FOR THE

ANALYSIS AND DEVELOPMENT OF LACTIC ACID

BACTERIA

The O. oeni genome has been sequenced in its entirety 
by two different groups (University of California, Davis
with the group of D. Mills and at ESBANA, Dijon, France
with the groups of J. Guzzo and A. Lonvaud-Funel). This
sequence information will greatly enhance the initial work
on the O. oeni genome (150–153) and add to the limited
number of genes that have been characterised. Though O.
oeni is an important organism in winemaking, knowledge
of its genetics is limited. The current lack of a genetic
transfer mechanism into O. oeni further hampers genetic
characterisation of this organism. 

Considerable research has been done on other LAB,
particularly those from the dairy industry. Substantial
work has been devoted to the genetics of Lactobacillus
sp. but to a lesser extent in Pediococcus sp. Numerous
vectors have been constructed to introduce modified
genes into Lactobacillus species and strains. These vec-
tors are designed to enable easy movement between
Gram-positive and Gram-negative organisms utilising
dual replicons (origin of replication) and antibiotic mark-
ers. Also available are temperature-sensitive features on a
few of these plasmids. Some of these plasmids/vectors
also function in Leuconostoc sp., which is the closest
LAB genus to Oenococcus. Many of these vectors may
be suitable for O. oeni. 

Another approach to improving industrially important
O. oeni strains is the use of a new technology known as
genome shuffling (154,155). This technique involves
using a classical strain improvement method to generate
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populations with subtle improvements. Next, these popu-
lations are shuffled by recursive pool-wise protoplast
fusions. Genome shuffling has been successfully applied
to improve acid tolerance in a poorly characterised indus-
trial Lactobacillus strain (156) and appears to be broadly
useful for the rapid development of tolerance and other
complex phenotypes in industrial organisms. 

C. TARGETS FOR THE GENETIC IMPROVEMENT OF

MALOLACTIC BACTERIAL STRAINS

Potential improvements to MLF by the genetic modification
of O. oeni are presented in Figure 40.3. It would be of obvi-
ous interest to construct an O. oeni strain which is able to
ward off potential competitors, improve its ability to cope
with the harsh wine environment, increase its efficiency in
the bioacidification of wine-conversion of malic acid to lac-
tic acid, and/or to provide mechanisms to improve the

organoleptic qualities of wine. Such an organism would not
necessarily possess all these attributes, but generating a
selection of improved O. oeni would be of great benefit to
the wine industry.

1. Improving Fermentation Performance

a. Adaptation to environmental stress
It has been demonstrated that O. oeni responds to various
environmental stresses, such as high alcohol, acid and sulfur
dioxide (SO2) concentrations, by producing heat shock and
stress proteins (hsp18, clpX and trxA) (157). The manipula-
tion of these genes could lead to improved tolerance of 
O. oeni to wines with conditions at the upper limit of O. oeni
tolerance. The elevated expression of these heat and stress
proteins may also aid the commercial production of O. oeni
for direct inoculation into wine, by better preparing the bac-
terial cells for the harsh wine environment.
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b. Improved efficiency of malate catabolism
The genes for malate metabolism have been cloned from
O. oeni and three genes mleR (regulator), mleA (enzyme)
and mleP (permease), have been identified (139). In order
for malate metabolism to be initiated and to proceed effi-
ciently in wine, a bacterial population density of at least
one million cells/mL is needed. To increase the conver-
sion efficiency of L-malate to L-lactate, it is necessary to
understand the regulation of mleA by mleR and determine
the rate limiting step for malate metabolism, especially
important at low cell density. A rapid adaptation of the 
O. oeni cell to its harsh wine environment may also ulti-
mately enhance the catabolism of L-malate.

2. Improving Wine Wholesomeness

a. Arginine/ethyl carbamate
The role that MLF plays in ethyl carbamate formation
remains unclear. Arginine, a quantitatively important
amino acid of grape must and wine, is a precursor to ethyl
carbamate. Lactic acid bacteria vary in their ability to
degrade arginine; experiments conducted in a synthetic
and a laboratory vinified wine demonstrated a correlation
between arginine degradation, citrulline production and
ethyl carbamate formation during MLF conducted by an
O. oeni and Lb. buchneri strain (158–160). The arginine
catabolism (arc) gene cluster of O. oeni (161) has been
cloned and characterised, thus providing a basis for manip-
ulating the arc genes and reducing the potential of ethyl
carbamate production. 

b. Biogenic amines
Biogenic amines have undesirable physiological effects
when consumed at high concentrations. The major bio-
genic amines in wine are histamine, phenylethylamine,
putrescine and tyramine (162–164). Their concentration is
lowest after alcoholic fermentation and increases variably
in most wines during MLF (165). Wine-associated LAB,
including O. oeni, have been shown to decarboxylate
amino acids to their corresponding amines (166). This
decarboxylation reaction is purported to favour growth
and survival in acidic media, since it induces an increase
in pH and can also provide energy to the LAB (167). LAB
vary in their ability to produce the various amines. 

The O. oeni histidine decarboxylase gene (hdc) has
been cloned and characterised (168). A PCR-based test
has also been developed for the detection of amino acid
decarboxylating genes in LAB (169). The manipulation of
the hdc gene in O. oeni strains with other desirable char-
acteristics would ensure that reduced concentrations of
histidine are present in wine.

c. Antimicrobial activity
The use of bacteriocin-producing LAB species/strains in
other food industries, especially the dairy industry, has
met with considerable success. A pediocin-producing 

Lb. plantarum strain was shown to efficiently combat 
the spoilage of cheese by Listeria monocytogenes (170).
Furthermore, the expression of pediocin PA-1 from
Pediococcus acidilactici or plantaricin 423 from Lb. plan-
tarum by the introduction of the respective genes into S.
cerevisiae has been shown to effectively eliminate LAB
from an alcoholic fermentation (101). A similar strategy
could be used to introduce the necessary genes into O. oeni.

3. Improving Wine Sensory Attributes

a. Diacetyl
One of the most important flavour compounds associated
with MLF is diacetyl (a diketone, 2,3-butanedione), which
can impart a ‘buttery’ or ‘butterscotch’ flavour to wine
(171–173). Diacetyl is principally formed during MLF by
the bacterial metabolism of citric acid. This diketone is also
an important flavour compound in the dairy industry, pro-
viding the characteristic ‘buttery’ flavour of many fer-
mented milk products.

The metabolism of diacetyl is well understood
(174–176) and the environmental factors that influence its
formation and degradation in wine have been established
(177–179). The diacetyl pathway has been amenable to
genetic manipulation, leading to overproduction of
diacetyl in Lactococcus lactis (180). With the inactivation
of the lactate dehydrogenase gene (ldh) in L. lactis, there
was an accompanying alteration to the metabolic flux,
eliminating lactic acid as a metabolic end product and pro-
ducing ethanol, formate and acetoin. Acetoin is a degrada-
tion product of diacetyl and is considered flavourless in
wine because of its high aroma threshold. The over-
expression of α-acetolactate synthase (ilvBN genes in L.
lactis) leads to an increased production of acetoin (the
reaction is driven towards acetoin and away from diacetyl),
whereas the inactivation of the aldB gene (encoding α-ace-
tolactate decarboxylase) resulted in an increased produc-
tion of α-acetolactate and diacetyl at the expense of
acetoin. The latter scenario is quite desirable in the dairy
industry. The analogous genes [alsS (α-acetolactate syn-
thase) and alsD (α-acetolactate decarboxylase)] have been
cloned and sequenced from O. oeni (181), providing a
means of altering diacetyl concentrations in wine. An alter-
native strategy would be to inactivate the citrate permease
gene (citP), thus removing the initial substrate for diacetyl.
Such a natural mutant of O. oeni has been isolated and is
commercially available (MT01, Lallemand). 

b. Glycosidases
Many potential aroma and flavour compounds are found
in grapes and wine as glycosidically bound aglycons
(monoterpenes, norisoprenoids, benzene derivatives and
aliphates). Though β-glucosidase activity has been
demonstrated in S. cerevisiae and O. oeni (182), both have
limited ability to release the disaccharide glycosides.
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Improving release of glycosides in O. oeni strains follow-
ing MLF using similar methods to those described in yeast
could lead to enhanced grape variety aroma in the wine.

c. Esterases
Various sensory studies pre and post MLF have shown that
the fruity qualities of a wine may be enhanced after MLF
(183,184). An improved understanding of the formation
and further metabolism of esters [acyl alcoholtransferase
(ester synthesising enzymes) and esterases (ester catabolis-
ing enzymes)] in O. oeni could lead to the enhancement of
specific, desirable esters.

d. Bitterness
Bitterness is a spoilage problem, primarily in red wine,
that can be associated with LAB, including O. oeni
strains. The fermentation of glycerol can lead to the for-
mation of acrolein, which when it reacts with phenolic
hydroxyl groups, results in wine bitterness. The manipu-
lation of the pathway of glycerol catabolism, for example
the glycerol dehydratase, may lead to reduced acrolein
formation.

The presence of certain peptides is also a potential
cause of bitterness in wine. Bitterness due to proteolytic
action and formation of short peptides has been studied
extensively in dairy LAB. There appears to be a minimal
proteolytic activity associated with O. oeni and the pep-
tide transport system of O. oeni is poorly understood. A
better understanding of potential bitter wine peptides and
their formation could reduce the occurrence of bitterness
in some wines.

e. Mouth-feel properties
Numerous MLF sensory studies and anecdotal evidence
point to changes in the texture and body of the wine fol-
lowing MLF, with reports indicating a fuller, richer,
longer aftertaste (183). The chemical changes contribut-
ing to these favourable mouth-feel properties are poorly
understood. The deacidification process itself contributes
substantially to changes in mouth-feel, with the conse-
quent increase of pH and decrease in titratable acidity. In
addition, the L-lactic acid feels softer than L-malic acid.
Other contributors to wine mouth-feel or taste perception
have been suggested, including polysaccharides, glycerol
and mannoproteins. The contribution of MLF in this area
remains to be studied. 

MLF has great potential to further enhance wine quali-
ties by retaining or altering the aroma/flavour profile of the
wine as well as by conferring microbial stability. However,
the genetics of O. oeni for all these processes are still not
well understood. With the availability of the complete 
O. oeni genome sequence, the development of an efficient
gene transfer system into O. oeni and the understanding of
the various pathways, ‘tailor-made’ O. oeni strains will
become possible. 

V. THE FUTURE OF GENETICALLY
IMPROVED GRAPEVINES, YEASTS AND
BACTERIA IN THE WINE INDUSTRY

Molecular genetic research has much to offer the wine
industry. It is a powerful technology for studying the reg-
ulation of pathways in grapevine, yeast and bacteria, thus
providing an understanding of how viticulture and wine-
making practices impact on grape and wine quality. In
some cases, especially yeast and bacteria, identifying the
important genes will provide non-GM improvement
strategies. Molecular techniques are also starting to dom-
inate systematics, simplifying Vitis varietal identification
and wine microbial ecological studies. 

This review has focused upon the use of molecular
techniques to produce GM grapevines and wine microbes
that can provide major advantages to the wine industry
and wine consumer. Several obstacles, however, must be
overcome before these techniques can be put to use. These
include scientific and technical issues, a number of regu-
latory and economic concerns and the public perception
of GM foods (5).

A. SCIENTIFIC AND TECHNICAL OBSTACLES

The bacterium Escherichia coli and plants such as Zea
mays and Arabidopsis thaliana have been used as experi-
mental model organisms for many decades, but the study of
important wine bacterial species and Vitis vinifera is much
more recent. Similarly, although laboratory strains of 
S. cerevisiae are easily manipulated, wine yeast have char-
acteristics such as homothallism, polyploidy, and the lack
of auxotrophic markers that make them more difficult to
manipulate. There is increasingly rapid progress, however,
in the molecular improvement of these organisms, and as
important genes continue to be identified, the potential for
use of GMOs in the wine industry will continue to expand.

B. REGULATORY, ECONOMIC AND POLITICAL

OBSTACLES

Most countries’ legislation and regulations applying to the
use of GMOs and the approval of GM foods are now
broadly similar and fall into two categories. The approach
exemplified by the regulations of the United States of
America takes the view that each case of a GMO needs to
be considered on its merit and there is no a priori reason
to assume that the use of GM plants and microbes is of
itself more risky than conventional methods of introgress-
ing new genes into organisms and products. The argu-
ments used in this approach are those of ‘substantial
equivalence’ and statutory approval usually requires sev-
eral obvious assurances, such as that there be no addi-
tional threat to human health or the environment. The
second approach is exemplified by the European Union’s
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regulatory system that takes the view that GM material
has an intrinsic level of risk beyond that accepted in non-
GM products. The regulations are framed around this phi-
losophy and the requirements to demonstrate the
properties of GMO-based material are substantially more
rigorous than those placed upon the introduction of food
material bred by conventional genetic means. 

While genetically improved grapevines, yeast and
bacteria need some form of economic protection, patents
covering many of the tools used in genetic engineering,
including the genes themselves, leave little ‘freedom to
operate’ (185). If commercialisation of GMOs is to be
viable, it is imperative that intellectual property issues be
addressed. 

There is also a belief that patents on genetically engi-
neered organisms give an unfair advantage to certain large
multinational producers, thereby concentrating economic
power in their hands. With the visibility of the anti-glob-
alisation movement and a surplus of wine in some coun-
tries, it is possible that the commercialisation of improved
GM wines could be misused to justify technical barriers to
free trade.

Bottle labelling is another hurdle. The marketing of
wine relies to a great extent on label integrity and prod-
uct identity, and it is hoped that wines exhibiting
improved flavour and colour characteristics will be able
to retain the established varietal names. It may also
become obligatory to label GM wines as such, and it is
not clear whether this will be detrimental to the sale of
these wines (186). For example, the European Union and
Japan have recently introduced new legislation such that
all food products with more than 0.9% and 0.5% GM
content, respectively, will have to be labelled as GM. Any
GM food product derived from GM ingredients but
whose presence is undetectable in the product will also
have to be labelled.

Much of the wine industry is bound by tradition and
regional culture, making it particularly unreceptive to
technological change. In addition, there is a concern that
GM wines will become standardised, and lose their mys-
tique and romanticism. Quite to the contrary, gene tech-
nology will allow winemakers to diversify their products
and provide even greater consumer choice.

C. PUBLIC PERCEPTION OBSTACLES

The public perception of GM foods has been, so far, that
the potential risks outweigh the benefits. Sensationalist
reporting has increased public fears of ‘Frankenfoods,’
which of course spread far more readily than good sense
or wise science. Ironically the potential advantages to
consumers and the environment are numerous, and
include a healthier and better product and agricultural sus-
tainability. To reverse negative perceptions it is essential
that scientists ensure the trust of the public by providing

balanced, understandable information on the safety and
environmental risks associated with GMOs (187).

It should be remembered that the improvement of foods
has been going on for many thousands of years, initially by
selection and later by selective breeding, and unwanted and
indeterminate changes have been routinely transferred
along with the desired modifications. These methods are
completely acceptable to consumers, if they are even aware
of them. Genetic engineering provides a more precise
means of bringing about the intended changes, which
together with recent developments in the field of
metabolomics, offers techniques to produce foods that
comply with the test of ‘substantial equivalence’ (188,189). 

Evaluating potential environmental risks of GMOs is
more difficult, and will have to be examined on a case-by-
case basis (190). Meanwhile, improvements in the tech-
nology continue to reduce the potential of risk (191).
Guidelines for the release of GMOs in most countries
require the absence of any selective advantage conferred
by the transgenic organism that could allow it to become
dominant in natural habitats. Again, improved molecular
techniques such as Real Time PCR should assist in evalu-
ating competitiveness (192,193). 

The nature of the modification will also influence con-
sumer acceptance. Whereas some modifications do not add
foreign DNA, others require the insertion of antibiotic or
herbicide resistant markers often considered undesirable.
Some genetic modifications cross species barriers; these
are more likely to generate debate and allow objectors to
pose religious and moral questions. 

In winemaking the yeast and bacteria are not present in
the final product, and the clarification of wine removes
nucleic acid, including that of the grapes. This should allay
consumer fears that they are ingesting modified DNA (194).

VI. CONCLUSIONS AND OUTLOOK

In many respects wine is no longer seen as a dietary bever-
age, but as a non-essential luxury product, offered to con-
sumers along with many other luxury products. The
international wine industry is obviously in business to attract
a fair proportion of the consumers’ disposable income in
competition with other luxury goods and services. To do so
it must offer products that exhibit desirable and pleasurable
characteristics to the consumer, continue reducing its impact
on the environment, and offer a competitive quality/price
ratio while remaining profitable for the producers. 

Competitors of the wine industry, e.g., producers of
other alcoholic beverages, do not hesitate to employ new
technology as it becomes available. Winemakers must
become more sophisticated about the application of new sci-
entific and technological knowledge while still respecting
the cultural roots and traditions associated with winemak-
ing. The ongoing research into the genetic improvement of
grapevines and wine microbes as outlined in this chapter
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provide the global wine sector with an enormous opportu-
nity to improve the quality/price ratio of wine by embracing
biotechnological innovations. 

In the medical world the uses of GM products are
accepted and widespread. In agriculture the uptake in the
field crop industries has been steadily increasing to the
degree that in 2002 almost 60 million hectares of GM
field crops were being grown worldwide. And this trend
toward greater acceptance is likely to continue. With the
rapid growing power of bioinformatics and the dawn of
the ‘omics’ era in molecular biology it is widely expected
that high quality information and ‘precision’ gene tech-
nology will increasingly allow grape and wine biotech-
nology to be harnessed for the good of the producer,
consumer and environment. That is why some optimists
even claim that genomics, transcriptomics, proteomics
plus metabolomics equal economics!

Reality looms in the form of agronomic, business,
regulatory and social hurdles currently blocking commer-
cial availability of GM grapes and wine. But the smart
money is saying that the benefits to the industry such as
minimised resource inputs, improved product quality,
increased health benefits and low environmental impact
will ultimately put gene technology in the winner’s circle. 
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I. INTRODUCTION
Foods are analyzed for chemical composition and charac-
teristics for a variety of reasons in the food industry,
including nutrition labeling and quality control (1–5). The
analyses may be performed continuously within the pro-
cessing line, or samples are collected and analyzed in the
quality control laboratory or sent to an outside analytical
laboratory. In the latter two cases, samples must be prop-
erly selected and prepared for analysis, then analyzed and
the data interpreted. Selecting the method of analysis
depends on a variety of factors, including the objective of
the testing, characteristics of the method and the food
products, and needed accuracy and precision. Out of
necessity, methods used during processing and on final
products are typically rapid, while more time-consuming

and accurate methods are specified to suppliers of raw
ingredients and used for nutrition labeling of the final
product. Whatever the method of analysis, data obtained
must be handled appropriately and interpreted as the basis
for decision-making. These basics of food analysis are
necessary whether the method being utilized is wet chem-
istry, spectroscopy, chromatography, or some other
method. 

II. WHY ANALYSES ARE DONE

Demands of consumers, strong competition within the
food industry, and government regulations and interna-
tional standards all contribute to the need for analysis of
food products and ingredients. 



A. CONSUMERS

Safety, quality, nutrition, and good value are all important
to consumers as they select their foods for purchase. It is
increasingly a challenge for the food industry to meet the
demands of consumers. Consumer interest in food safety
has increased the testing for allergens and pesticide
residues. Consumer concern about food materials that
have been genetically modified using biotechnology has
led to testing of foods and raw materials for such modifi-
cation. Consumer interest in the relationship between diet
and health has increased the importance of testing foods
to allow for certain nutrient content claims (e.g., low fat)
and health claims (e.g., dietary saturated fat and choles-
terol, and the risk of coronary heart disease) (1). 

B. FOOD INDUSTRY

To manage product quality, food companies must apply
analytical methods across the entire food supply chain,
from the raw ingredients to the final product (Table 41.1).

Analyzing various types of samples in the food process-
ing system can help answer questions critical to the suc-
cess of the business. Heavy emphasis is placed on the
quality of raw ingredients, which reduces the need for
extensive testing during processing and on the final
product. Responsibility for ingredient testing has been
shifted largely from the food companies to the ingredi-
ent suppliers. Most food companies have “select suppli-
ers” who are given detailed ingredient specifications.
These suppliers are asked to do the analytical testing and
provide a “certificate of analysis” to show compliance
with these specifications. Limited additional testing of
ingredients may be done upon receipt by the food com-
pany. In some cases, a food company arranges to receive
a small sample of the ingredient to check for particular
characteristics before accepting a large shipment of the
ingredient (1). 

C. GOVERNMENT REGULATIONS

Government regulations dictate certain types of analyses
(6). Three examples follow of food analysis required
based on federal regulations in the U.S. First, nutrition
labeling regulations in the U.S. are a major driver of the
analysis of foods (Table 41.2). Chemical analysis of
foods is required not only for the nutrition label itself,
but also for making nutrient content claims that charac-
terize the level of a nutrient (e.g., low fat, reduced
sodium, high calcium) or health claims (e.g., folate and
neural tube defects, soluble fiber from whole oats and
coronary heart disease). Second, the U.S. Food and Drug
Administration (FDA) has established standards of iden-
tity for certain food products. These standards often
include which ingredients a food must contain, the max-
imum levels for inexpensive ingredients (e.g., water), the
minimum levels for expensive ingredients (e.g., fat), and
recommended analytical methods to determine the chem-
ical composition. Table 41.3 summarizes food analysis-
related information from the standard of identity for
several food products. The recommended methods of
analysis specified in standards of identity are typically
from the Official Methods of Analysis of AOAC
International (formerly known as the Association of
Official Analytical Chemists, AOAC) (7). Third, grade
standards established by the U.S. Department of
Agriculture, while voluntary rather than mandatory, are
used often as quality control tools. These grade standards
classify products in a range from substandard to excellent
in quality. This information is useful both to consumers
(e.g., Grade A eggs) and to institutions (schools, hospi-
tals, military) that purchase foods. Grade standards often
include not only chemical composition characteristics
(e.g., soluble solids and titratable acidity distinguish
Grade A and B orange juice), but also sensory evaluation
and visual appearance.
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TABLE 41.1
Types of Samples Analyzed in a Quality Assurance
Program for Food Products

Sample Type Critical Questions

Raw materials Do they meet your specifications? 
Do they meet required legal specifications? 
Will a processing parameter have to be modified

because of any change in the composition of
raw materials?

Are the quality and composition the same as for
previous deliveries?

How does the material from a potential new sup-
plier compare to that from the current supplier?

Process Did a specific processing step result in a product
control of acceptable composition or characteristics?
samples Does a further processing step need to be modified

to obtain a final product of acceptable quality?
Finished Does it meet the legal requirements?

product What is the nutritive value, so that label informa-
tion can be developed? Or is the nutritive value
as specified on an existing label?

Does it meet product claim requirements (e.g.,
“low fat”)?

Will it be acceptable to the consumer? 
Will it have the appropriate shelf life?

Competitor’s What are its composition and characteristics?
sample How can we use this information to develop new

products?
Complaint How do the composition and characteristics of a

sample complaint sample submitted by a customer
differ from a sample with no problems?

From: SS Nielsen, ed. Food Analysis, 3rd ed. New York: Kluwer Academic,
2003 (Ref. 1).



D. INTERNATIONAL STANDARDS

Many food companies must meet not only the regulations
of individual governments, but also standards set by
international organizations. For example, standards pub-
lished in the Codex Alimentarius by the Codex
Alimentarius Commission are intended to facilitate inter-
national trade of foods, ensure fair business practices,
and protect the health of consumers. These standards
make necessary the analysis of raw agricultural com-
modities and processed food products being imported or
exported (6). 

III. WHERE ANALYSES ARE DONE 

The need continues for collecting samples from the pro-
cessing line for analysis in the quality control laboratory
or by an outside analytical laboratory, but there is increas-
ing interest in continuously monitoring the quality char-
acteristics of foods in line as they are being processed.
Such analysis better ensures the quality of the final prod-
uct and reduces the need for further testing of the final
product before distribution. Infrared spectroscopy, one of
the main tools used for this application (8), is described in
more detail in Chapter 43, Spectroscopy Basics. However,
briefly, infrared spectroscopy measures the absorption of
radiant energy, in the near- or mid-infrared region of the
electromagnetic spectrum, by molecules in foods. The fre-
quency of energy absorbed depends on the functional
groups of the molecules being measured, and the amount
of energy absorbed is related to the concentration of the
food constituent of interest. Other methods of analysis are
being used and further studied for on-line analysis appli-
cations.

Samples collected from the processing line may be
analyzed immediately using equipment stationed very
near the processing line (e.g., rapid moisture analyzer to
check moisture content of cereals; portable colorimeter to
check color). However, often samples collected from the
processing line are transported to an established quality
control laboratory where generally rapid methods are used
to test quality characteristics as part of the quality man-
agement plan. For less routine analysis and for nutrition
labeling tests, collected samples may be sent to outside
analytical laboratories. These analytical laboratories often
are certified laboratories with highly trained and experi-
enced personnel, and often are equipped with expensive
analytical instrumentation. For example, a typical quality
control laboratory would not be set up to do analyses for
dietary fiber or certain vitamins, but samples for these
analyses could be sent easily to an analytical laboratory. 

IV. STEPS IN ANALYSIS

Analysis of foods involves three main steps: 1) selecting
and preparing the sample, 2) performing the analysis, and
3) calculating and interpreting the results. 

Collecting the sample and preparing it for analysis,
which are covered in more detail in the next section, are
much more difficult and important than they would
appear. Non-homogeneity of food and ingredients, along
with uneven distribution of certain constituents, make
collecting a representative sample a challenge. Conditions
of sample preparation and the instability of certain food
constituents make it difficult to ensure that the composi-
tion and characteristics of the sample collected are identi-
cal to those of the sample subjected to the analytical
procedure.
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TABLE 41.2
Typical Methods Used for Nutrition Labeling Testsa

Item on Nutrition 
Label Typical Analysis

Calories Calculated from content of protein, total carbo-
hydrate (or total carbohydrate less the amount 
of insoluble dietary fiber), and total fat (4, 4,
and 9 calories per gram, respectively)

Calories from Fat Calculated from total fat (9 calories per gram)
Total Fat Extraction with petroleum or diethyl ether (e.g.,

Soxhlet or Goldfish methods), sometimes pre-
ceded by acid hydrolysis; Roese-Gottlieb or
Mojonnier methods; Babcock; sum of fatty 
acid content by gas chromatography 

Saturated Fat Gas chromatography 
Cholesterol Gas chromatography
Sodium Inductively coupled plasma-atomic emission

spectroscopy, Atomic absorption spectroscopy,
Mohr or Volhard titration, ion selective 
electrodes

Total Carbohydrate Calculated as % Total carbohydrate � 100% �
(% Moisture � % Protein � % Fat � % Ash)b

Dietary Fiber Gravimetric-enzymatic method
Sugars High performance liquid chromatography
Proteinc Kjeldahl, nitrogen combustion (Dumas)
Vitamin A High performance liquid chromatography
Vitamin C 2, 6-Dichloroindophenol titration,

microfluorometric assay
Calcium Inductively coupled plasma-atomic emission

spectroscopy, atomic absorption spectroscopy
Iron Inductively coupled plasma-atomic emission

spectroscopy, atomic absorption spectroscopy

aNutrition labeling regulations of the United States Nutrition Labeling
and Education Act of 1990.

bMoisture content may be determined by methods such as oven (e.g.,
forced draft oven, vacuum oven, rapid moisture analyzer), distillation,
or Karl Fischer titration. Ash content for the purpose of calculating total
carbohydrate content is usually done by dry ashing in a muffle furnace.

cProtein methods given are for determining content. If protein is
expressed as a percent of the Daily Value, protein quality must be deter-
mined by either the Protein Efficiency Ratio method (foods for infants
or children under four years of age) or the Protein Digestibility-
Corrected Amino Acid Score method (foods other than for infants).



Each food or ingredient component or characteristic
to be tested may require a unique assay. Descriptions of
wet chemistry, spectroscopy, chromatography, and other
methods for food analysis are given in subsequent chap-
ters. However, for any particular assay, the analyst doing
the assay needs to consult manuals, reference books, and
articles for details on the necessary chemicals, reagents,
equipment, and step-by-step instructions. It must be
stressed that glassware and other labware used must be
clean and equipment properly checked and calibrated. 

The results obtained from performing the assay of
food components and characteristics are utilized to make
decisions and take action. A later section of this chapter
deals in more detail with data handling and assessing its
reliability. The analytical data obtained can be evaluated
and integrated with other relevant information to address
food quality-related problems. Such data are critical not
only for quality assurance, but also in product formulation
and process design. 

V. SAMPLING AND SAMPLE PREPARATION

A. SAMPLE COLLECTION

Sample collection and sample reduction methods must be
developed to ensure a representative sample is being sub-
jected to analysis (9, 10). The choice of a sampling plan is
affected by four factors: 1) purpose of the inspection, 2)
nature of the product, 3) nature of the test method, and 4)
nature of the population being investigated (11). Sampling
plans are typically applied to heterogeneous (versus
homogeneous) populations, for which it is more difficult
to obtain a representative sample. Sampling plans are

designed to examine either attributes (i.e., to decide
acceptability based on whether the sample possesses a
certain characteristic, e.g., Clostridium botulinum) or
variables (i.e., to estimate the amount of a substance or
characteristic on a continuous scale, e.g., color). Variable
sampling generally requires a smaller sample size than
attribute sampling (12). 

Three types of sampling plans exist: 1) single (one
sample of a specified size, to allow accept/reject deci-
sions), 2) double (select two samples, then make
accept/reject decisions after testing one or both samples),
and 3) multiple (reject low-quality lots and accept high-
quality lots quickly; do further sampling of intermediate
quality lots). No sampling plan is free of risks. The two
types of risks associated with sampling are consumer risks
and vendor risks. The consumer risk is the probability of
accepting a poor quality product. The vendor risk is the
probability of rejecting an acceptable product. 

Sampling may be done manually by a person or con-
tinuously using some mechanical system. If operating
properly, the continuous sampling should be less prone to
human bias than is manual sampling. 

Ideally the sampling method is statistically sound.
However, sometimes nonprobability sampling is unavoid-
able. With such sampling, a representative sample of the
population cannot be collected. Preferably one can do
probability sampling, which has a statistically sound basis
to obtain a representative sample and eliminate human
error. Probability sampling ensures random samples, and
allows calculation of sampling error and the probability of
including any item of the population in the sample. 

Samples collected for analysis must be clearly labeled
in preparation for sample preparation and then analysis.
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TABLE 41.3
Chemical Composition Requirements of Some Foods and Ingredients with Standards of Identity

Section in AOAC METHOD2

21 CFR1 Food Product Requirement Number in 13th Ed. Number in 17th Ed. Name/Description

131.125 Nonfat dry milk Moisture � 5% by wt. 16.192 927.05 Vacuum oven
Milkfat � 1.5% by wt. 16.199–16.200 932.06A, 932.06B Roese-Gottlieb

145.110 Canned Soluble solids � 9%, expressed 22.024 932.14A Refractometer
applesauce as % sucrose, oBrix

168.20 Glucose syrup Total solids � 70%,mass/mass 31.2088–941.14A, 941.14B Vacuum oven, with 
(m/m) 31.209 diatomaceous earth

Reducing sugar � 20% m/m 31.220(a) 945.66(a) Lane-Eynon
(dextrose equivalent, dry weight 
basis)

Sulfated ash � 1% m/m, dry 31.216 945.63B Dry ashing
weight basis

Sulfur dioxide � 40 mg/kg 20.106–20.111 962.16A–963.20C Modified Monier-
Williams

1CFR, Code of Federal Regulations (2004).

2Official Methods of Analysis of the Association of Official Analytical Chemists (AOAC) International.



Samples collected for official or legal purposes must be
sealed to protect from tampering, and the chain of custody
must be clearly identified.

B. PREPARATION OF SAMPLES

The Official Methods of Analysis of AOAC International
(7) gives detailed instructions on preparation of specific
food samples for analysis, determined by the nature of the
food and the type of analysis to be done. Such instructions
include size of samples collected, particle size reduction,
and storage of samples. 

Samples that are too large in mass must be reduced.
The mass can be reduced by spreading the sample on a
clean surface, dividing into quarters, and collecting the
two opposite quarters. The process can be repeated until a
sample of manageable size is obtained. The method can
be adapted to liquids by using four containers (9). 

Grinding is used commonly to reduce particle size so
more homogenous samples can be obtained and samples
are suitable for analysis. Grinding procedures often spec-
ify the mesh size, meaning the number of openings per
linear inch of mesh. A 40-mesh size, meaning very small
particles, is used for assays that involve an extraction,
such as lipid analysis. A 20-mesh size gives larger parti-
cles used for moisture or total protein analyses. 

The various types of mills used for grinding differ in
their mode of action and appropriate applications. A com-
mon concern in grinding is the loss of moisture due to air
exposure or heating. Grinders are sometimes water cooled to
reduce heating, and samples are sometimes ground frozen. 

In addition to protecting samples from moisture loss
during grinding, it is necessary to handle and store sam-
ples in such a way as to avoid several other potential prob-
lems. Enzymes naturally present in foods can degrade the
food constituents to be analyzed. Enzyme action can be
slowed or stopped by freezing, heat denaturation, or other
means appropriate for the specific enzyme. Unsaturated
lipids and some vitamins and pigments are especially sen-
sitive to oxygen and light. This makes it necessary to store
some samples under nitrogen in the dark, or analyzed as
soon as possible after collection. Microbial growth in
samples prior to analysis can change the chemical com-
position. Freezing, drying, and chemical preservatives
may be used alone or in combination to prevent microbial
problems.

VI. SELECTING THE METHOD AND
DOING THE ASSAY

A. OBJECTIVE

The objective of the measurement is a major factor in
determining the choice of the method of analysis (1). For
example, time-consuming, accurate, official methods are

used for nutrition labeling purposes, while rapid, less
accurate methods are applicable for on-line measure-
ments. Well-equipped and well-staffed analytical labora-
tories are the best to utilize methods referred to as
reference, definitive, official, or primary. The manufactur-
ing floor in a food processing facility would more appro-
priately use rapid secondary or field methods. For
example, results from the secondary, rapid refractive
index method for sugar analysis used on the manufactur-
ing floor can be correlated to the primary method of high
performance liquid chromatography used in the analytical
laboratory. Likewise, moisture analysis data from a time-
consuming forced draft oven method can be related to that
of a moisture balance unit used in a pilot plant. 

B. CHARACTERISTICS

The characteristics described and questions raised in
Table 41.4 are useful in choosing a method of analysis for
a particular application. The characteristics related to
validity of the method (i.e., accuracy, precision, speci-
ficity, and sensitivity) are critical, and will be discussed
further in the next section on data handling. The time,
equipment, and personnel availability are major factors to
consider. A careful assessment of advantages and disad-
vantages of methods for particular applications makes it
easier to make an appropriate choice.

C. FOOD MATRIX

Some analytical methods are very robust and can be
applied to all food types, but most methods are not so
widely applicable (13, 14). The major chemical compo-
nents of a food, i.e., the food matrix, can affect the per-
formance of many analytical methods. Fat, protein, and
carbohydrate are the three major food components
expected to have the strongest effect on analytical method
performance. For example, the high fat or sugar content of
certain foods can cause interferences in some assays.
Extraction steps and digestion procedures can be necessary
and specific, depending on the food matrix. Because food
systems are quite complex and varied, one technique for
analysis of a particular component cannot be applied to all
foods. Rather, multiple techniques and procedures must be
considered for application to any particular food matrix.

D. OFFICIAL METHODS

The availability of official methods has made easier the
choice of methods for analyzing specific food compo-
nents and characteristics (1). Such official methods have
been carefully developed, standardized, and compiled by
several nonprofit scientific organizations. Official meth-
ods make it possible to compare results between different
laboratories that use the same procedure. These methods
also provide a way to evaluate new and more rapid assays. 
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AOAC International is a volunteer organization dedi-
cated to providing methods that perform with accuracy
and precision under usual laboratory conditions. Members
of AOAC International select published methods or
develop new methods, then collaboratively test the meth-
ods in their own laboratories. The program to validate
methods is carefully managed, with a specified number of
laboratories involved, samples per level of analyte, con-
trols, control samples, and the review process. If methods
are found acceptable, they are adopted as official methods
(initially as first action, and then as final action). Adopted
methods are published in the Official Methods of Analysis
(7), which is published about every four to five years and
contains methods appropriate for a wide range of products
and other materials (Table 41.5). New methods and revi-
sions to current methods are published in supplements to
the most recent edition of the book. 

Other books of official methods of analysis related to
foods and ingredients include the following:

1. Approved Methods of Analysis, published by
the American Association of Cereal Chemists
(AACC) (15); methods are mostly applicable to

cereal products (e.g., tests for physical dough
properties, baking quality, staleness/texture). 

2. Official Methods and Recommended Practices
published by the American Oil Chemists’
Society (AOCS) (16); methods are applicable
mostly to fat and oil analysis (e.g., vegetable
oil, oilseed by-products, detergents, lecithin). 

3. Standard Methods for the Examination of Dairy
Products, published by the American Public
Health Association (17); methods are applicable
to milk and dairy products; chemical methods
are for acidity, fat, lactose, moisture/solids,
added water.

4. Standard Methods for the Examination of
Water and Wastewater, published jointly by the
American Public Health Association, American
Water Works Association, and the Water
Environment Federation (18).

5. Food Chemicals Codex, published by the Food
and Nutrition Board of the National Research
Council/National Academy of Sciences (19);
contains methods for the analysis of food
additives.
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TABLE 41.4
Criteria for Choice of Food Analysis Methods

Characteristic Critical Questions Characteristic Critical Questions

Inherent properties
● Specificity/ Is the property being measured the same ● Equipment Is the method very sensitive to 

Selectivity as that claimed to be measured, and is it slight or moderate changes in
the only property being measured? the reagents?

Are there interferences? Do you have the appropriate 
What steps are being taken to ensure a equipment?

high degree of specificity? Are personnel competent to 
operate equipment?

● Precision What is the precision of the method? ● Cost What is the cost in terms of 
Is there within-batch, batch-to-batch, Usefulness equipment, reagents, and 

or day-to-day variation? personnel?
What step in the procedure contributes ● Time required How fast is it? How fast does 

the greatest variability? it need to be?
● Accuracy How does the new method compare in ● Reliability How reliable is it from the 

accuracy to the old or a standard method? ● Need standpoints of precision and 
What is the percent recovery? stability? 

Does it meet a need or better
meet a need?

Applicability of method Personnel Is any change in method worth
to laboratory the trouble of the change?

● Sample size How much sample is needed? ● Safety Are special precautions necessary?
Is it too large or too small to fit your needs? ● Procedures Who will prepare the written
Does it fit your equipment and/or glassware? description of the procedures 

and reagents?
● Reagents Can you properly prepare them? Who will do any required 

What equipment is needed? Are they calculations?
stable? For how long and under
what conditions?

From: SS Nielsen, ed. Food Analysis, 3rd ed. New York: Kluwer Academic, 2003 (Ref. 1).



E. CAUTIONS IN ANALYSIS

Basic guidelines for performing analytical methods
appropriately caution the analyst with regard to proper use
of blanks, sources of contamination, and other potential
sources of error (e.g., equipment, analyst technique) (20).
Problems with blanks, contamination, and other sources
of error greatly affect the accuracy and precision and
therefore the usefulness of data obtained.

A reagent blank is a sample that contains the reagents
used in the sample analysis, in the appropriate quantities, but
without any of the material being analyzed. For example, the
reagent blank in the phenol-sulfuric acid method for total
carbohydrate would contain sulfuric acid and phenol in the
appropriate quantities, but water in place of any carbohy-
drate-containing sample. That reagent blank would be used
to zero the spectrophotometer before reading the absorbance
of the carbohydrate-containing samples. Use of a reagent
blank is especially important in many mineral analyses to
account for any mineral contamination in the reagents. 

Contamination can be a source of error in many
assays, but is especially a problem when the quantities of
the compounds of interest in the food are very small. Such
is the case in mineral analysis, because mineral levels in

the food can be very low and since glassware and the
water used can contain significant quantities of minerals.
In the case of mineral analysis, any glassware used must
be acid washed and reagents must be of the highest ana-
lytical grade possible. 

Some of the sources of error in analytical methods are
often overlooked. Especially when faced with a set of
questionable data, the analyst or supervisor must do some
problem solving and identify the factors that contributed
to the problem. For example, one must ask if the sample
analyzed was representative of the sample as a whole, and
whether or not it may have been modified in composition
and characteristics during sample preparation. Did the
analyst follow in detail the analytical procedure? Was the
equipment properly standardized and used? Table 41.6
gives a partial list of sources of error that can cause data
gathered to be inaccurate and show low precision.

VII. VALIDITY OF METHOD

Validity of the data obtained using a specific analytical
method can be assessed in multiple ways. As a first
approach to evaluate the usefulness and validity of an ana-
lytical method being related to sensory characteristics,
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TABLE 41.5
Table of Contents of Official Methods of Analysis of AOAC International, 17th Edition (Ref. 7)

Chapter Title Chapter Title

1 Agriculture liming materials 26 Distilled liquors
2 Fertilizers 27 Malt beverages and brewing materials
3 Plants 28 Wines
4 Animal feed 29 Nonalcoholic beverages and concentrates
5 Drugs in feeds 30 Coffee and tea
6 Disinfectants 31 Cacao bean and its products
7 Pesticide formulations 32 Cereal foods
8 Hazardous substances 33 Dairy products
9 Metals and other elements at 

trace levels in foods 34 Eggs and egg products
10 Pesticide and industrial chemical 35 Fish and other marine products

residues
11 Waters; and salt 36 Flavors
12 Microchemical methods 37 Fruits and fruit products
13 Radioactivity 38 Gelatin, dessert preparations, and mixes
14 Veterinary analytical toxicology 39 Meat and meat products
15 Cosmetics 40 Nuts and nut products
16 Extraneous materials: isolation 41 Oils and fats
17 Microbiological methods 42 Vegetable products, processed
18 Drugs: Part I 43 Spices and other condiments
19 Drugs: Part II 44 Sugars and sugar products
20 Drugs: Part III 45 Vitamins and other nutrients
21 Drugs: Part IV 46 Color additives
22 Drugs: Part V 47 Food additives: Direct
23 Drugs and feed additives in 48 Food additives: Indirect

animal tissues
24 Forensic sciences 49 Natural toxins
25 Baking powders and baking chemicals 50 Infant formulas, baby foods, and enteral products



one should ask a very practical question. How do the dif-
ferences detected and the variability seen between sam-
ples by the analytical method compare to the detected
differences and acceptability to a consumer? Also, how
does the variability seen between samples by the analyti-
cal method compare to the variability of the specific char-
acteristic inherent in processing of the food (1)?

A common test of validity is assessing the inherent
characteristics of the method, including accuracy, preci-
sion, specificity, and sensitivity, as described in the next
section. Of major assistance in assessing accuracy is the
use of standard reference materials, which can be
obtained from various organizations (e.g., in the United
States from the National Institute of Standards and
Technology). Control samples internal to the laboratory
also can serve as a standard reference material. Such a
sample can be prepared by careful selection of an appro-
priate type of sample (i.e., closely matching the matrix of
the samples to be analyzed by a specific method). These
control samples should be gathered in a large quantity,

mixed and prepared to ensure homogeneity, then pack-
aged in small quantities and stored properly. The control
samples can be analyzed routinely when test samples are
analyzed. Besides standard reference materials, another
test of method accuracy is using check samples (21).
Organizations such as the AACC and AOCS offer check
sample services, providing test samples to evaluate
method reliability. Subscribing laboratories can check the
accuracy of their data for specific types of check samples
supplied, comparing their values against the statistical
norm for those same samples obtained from other sub-
scribing laboratories. 

VIII. RELIABILITY OF ANALYSIS AND
DATA HANDLING

A. ACCURACY AND PRECISION

Reliability of a method is judged largely on its accuracy
and precision (22–24). How close the experimental meas-
ure is to the correct or true value is referred to as accuracy.
How close replicate measures are indicates reproducibil-
ity, which is referred to as precision. Standard reference
materials or internal control samples are very useful in
assessing accuracy since they should provide the true
value. The percent relative error is the value commonly
used to assess accuracy, comparing the experimental
mean to the true value.

% Relative error � [(Experimental mean � True value)/
True value] � 100

Standard deviation (SD) measures the variability of the
experimental values (xi) around the mean (x ), and is the
initial value calculated to assess precision:

SD � (41.1)

With the mean and standard deviation, one can calculate
the coefficient of variation, which relates the size of the
standard deviation to the mean. This allows one to com-
pare the precision of multiple sets of data for which the
mean values differ.

Coefficient of Variation (CV) � � 100% (41.2)

Other useful terms associated with precision and accuracy
are confidence interval, standard error of the mean, and
relative deviation from the mean.

B. SPECIFICITY

The specificity of a method is how well the method
detects and measures the compound of interest, and only

SD
�
x�

���(x�i��x��)2�
��n
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TABLE 41.6
Sources of Laboratory Error

A. Sample Collection and Handling
1. Representative
2. Proper preparation
3. Stability (time, temperature, light, oxygen)
4. Identification throughout analysis

B. Analytical Errors
1. Sample and reagent measurements (weighing, pipetting)
2. Procedural steps (timing, mixing, order of reagents)
3. Range and sensitivity limitation

C. Reagents
1. Preparation; initial and periodic checking
2. Conditions of use (temperature, mixing)
3. Stability; storage conditions
4. Contamination

D. Instruments
1. Limitations
2. Operation
3. Routing checking

F. Calibration
1. Blanks
2. Linearity limits
3. Standards

G. Data Handling

H. Special Problems
1. Personal attitudes and techniques
2. Laboratory water



that compound. Some analytical methods are intended to
be nonspecific (e.g., lipid extraction with organic sol-
vents), and others very specific (e.g., enzyme test kit to
measure glucose). Both types of methods can be very use-
ful, when chosen appropriately for the particular applica-
tion (22).

C. SENSITIVITY AND DETECTION LIMIT

Sensitivity of a method describes how small of a change
can be made in the test material before we see a difference
in readout from an instrument. This term relates the size
of the change in the measuring device to the change in
concentration of the compound of interest. Detection
limit, a related but different term, describes the lowest
possible increment or amount that we can detect with
some degree of confidence. Below that lower limit, we
cannot be sure if something is present. If one is working
near the detection limit for a particular assay, it may be
possible to concentrate the sample (22). 

D. STANDARD CURVES

For analytical methods, two variables (e.g., concentration
and absorbance) are commonly related to one another
using a standard curve. The concentration of analyte in a
sample is determined by the response measured, which is
related to a known amount of standard. Usually a set of
standards is prepared at several concentrations, subjected
to the assay conditions, and the appropriate analytical
measure is taken (e.g., absorbance, volume of titrant,
chromatography peak area). Generally, the concentrations
of the standards (the independent variable) are plotted on
the x-axis, and the measured values (the dependent vari-
able) are plotted on the y-axis, to generate a standard
curve. The best-fit line of this relationship is mathemati-
cally determined using a mathematical procedure called
linear regression, and the equation of the line can be deter-
mined. The equation of a straight line is described by y �
mx � b, where y is the dependent variable, x is the inde-
pendent variable, m is the slope of the line, and b is where
the point on the line intercepts the y-axis (i.e., y-inter-
cept). Ideally all the data points for a standard curve
would fall exactly on a straight line, but various sources of
error limit this possibility. Values called the correlation
coefficient or coefficient of determination can be calcu-
lated to mathematically describe how well the data fit a
straight line. The equation of that line can be used to cal-
culate the concentration of an analyte of unknown con-
centration (x), once the measured value (y) for that sample
has been determined (22).

E. REPORTING RESULTS

Results from analytical methods are commonly reported
as a mean and the standard deviation (or some other 

measure of precision). To appropriately state the sensitiv-
ity of the assay and make the data meaningful, one must
report the value with the correct number of significant fig-
ures. Detailed guidelines exist to help determine the
appropriate number of significant figures to report. Rules
also exist for rounding off numbers. Generally for analyt-
ical procedures, extra numbers are carried forward in the
calculations, and the rounding is done on the final answer.
Finally, mathematical tests exist for rejecting data
obtained that do not match other data gathered. Rejecting
data, and therefore excluding them in the final data calcu-
lations, must be very carefully considered. It is not the
solution to a problem of consistently poor accuracy and
precision (22, 24).
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I. INTRODUCTION

The chemical composition of a food is of utmost importance
from many standpoints, including nutrition and health, tox-
icology and safety, and stability to microbiological, chemi-
cal or physical changes. Analysis of these food components

is required for regulatory purposes, to provide the data upon
which nutrition labels and health claims are based, and for
the information of health-conscious consumers. Food analy-
sis is also used to monitor the stability or, conversely, the
deterioration or reactivity of food components as a function
of processing or storage conditions throughout the food 



distribution chain, which can influence decisions to control
parameters for the purpose of quality assurance.

Foods are often characterized by the composition of
their chemical components. However, a wide range in the
precise levels of those constituents may in fact exist, due
to intrinsic biological variability, multiplicity of cultivars
and variants of each species, or as a result of geographical
location, environmental and seasonal influences, or from
the application of genetic engineering. Furthermore, the
chemical composition of foods may also be influenced by
natural or unintentional contaminants, by processing or
upon storage. This potentially wide range of composition
and characteristics leads to difficulty in defining the
chemical composition of foods, and to issues of validating
authenticity or detecting adulteration issues (1).

Given the fact that the constituents comprising foods
are very large, both in number and diversity, it is not sur-
prising that the analysis of the chemical composition of
foods also encompasses a wide scope as well as a large
number of techniques. Chapter 41 describes some key
considerations for selecting the most appropriate method,
including the objectives of the analysis, nature of the sam-
ple, and the available resources. The reported quantity of
a food component may depend on the method used for its
analysis. There is a need to develop standard specifica-
tions for food commodities, as well as more precise
nomenclature and detailed description and classification
of foods and their components (2), and identification of
key foods for food composition research (3). The use of
International Network of Food Data Systems (INFOODS)

tagnames has been proposed to provide clarity when
describing the new nutrient variables (4). Examples of
tagnames are described in Tables 42.1 A–D (5).

An overview of the chemical composition of foods
can be obtained by conducting proximate analysis, which
refers to the measurement of the major components of
food, namely moisture, minerals or “ash,” lipids, proteins,
and carbohydrates. However, even within this simplified
classification of food composition, the method of analysis
is influential and should be clearly stated when reporting
data, as illustrated in the tagnames for fat, protein, and
carbohydrate (Tables 42.1 B–D, respectively.). 

Further analysis of the composition is often conducted
to meet the requirements for nutritional labeling, such as the
contents of particular minerals and vitamins, cholesterol,
saturated, monounsaturated and polyunsaturated fatty acids,
simple sugars, and dietary fiber (6). Table 42.2 lists the
nutrients in the United States Department of Agriculture’s
National Nutrient Database (7), while Table 42.3 shows the
nutrients listed in the Canadian “Nutrition Facts Table Core
Nutrition Information” as well as the methods of analysis
used by the Canadian Food Inspection Agency (8).

More detailed analyses, usually preceded by fraction-
ation and purification steps, are available to determine the
precise nature of individual constituents. For example,
rapid advances in proteomics have enabled sequence
analysis of the multitudes of proteins naturally occurring
in a cell, including isoforms or variants that may differ
from each other by a single amino acid (9). Similarly,
sophisticated instrumental analyses have been developed
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TABLE 42.1A
Examples of INFOODS Tagnames Describing Moisture and Ash Contents and Energy Value of Foods

INFOODS Tagname Component Comments

<DM> Dry matter
<WATER> Water

Synonym: moisture
<ASH> Ash

Synonym: minerals
<ENER> Energy, method of determination The tagname should be used if it is not known whether the energy 

unknown value represents gross energy or total metabolizable energy. It 
Synonyms: kilojoules; kilocalories; should also be used if it is known that the energy value was 
calories; food energy calculated from the proximate components but the conversion 

factors used are unknown.
<ENERA> Energy, gross; determined by direct 

analysis using bomb calorimetry
Synonyms: kilojoules; kilocalories; 
Calories; food energy

<ENERC> Energy, total metabolizable; In addition to a value for the quantity of total metabolizable 
calculated from the energy-producing energy, includes a description or listing of the conversion factors 
food components. used to calculate this energy value from the proximate quantities.
Synonyms: kilojoules; kilocalories; 
calories; food energy

Source: Taken from “Tagnames for food components” on the INFOODS website at http://www.fao.org/infoods/tagnames_en.stm (accessed June 18,
2003), from Klensin et al. (5).



for the identification and quantitation of positional and
geometric isomers of fatty acids in lipids (10, 11), and the
nature of monosaccharide building blocks and their link-
ages in oligo- or polysaccharides (12).

It is beyond the scope of this chapter to describe all
these aspects of food analysis. This chapter will primarily
focus on methods for proximate analysis for the composi-
tion of major components of foods, and will briefly allude
to some of the other components that are part of the nutri-
tion facts listed on food labels in North America. An
overview will be given of the principles and considera-
tions behind official methods and some rapid methods of
analysis, and some of the recent trends in analysis of
chemical composition of foods will be explored. 

The reader is encouraged to consult two excellent text-
books by Nielsen (13) and Pomeranz and Meloan (14) for
more in-depth discussion on proximate analysis, and other
methods of food analysis, as well as the principles behind
some of the instrumental methods used in analysis.
Primary literature sources such as the Journal of Food
Composition and Analysis should be consulted for current
trends and issues of interest in the analysis of chemical
composition of foods. Detailed protocols for official meth-
ods of analysis have been compiled by various scientific
organizations (e.g., AOAC International, the American
Association of Cereal Chemists, the American Oil
Chemists’ Society, the International Dairy Federation),
government agencies (e.g., the Food and Drug
Administration in the United States, Health Canada and
the Canadian Food Inspection Agency in Canada), and
international bodies (e.g., the International Organization

for Standardization and the Codex Alimentarius
Commission). In addition to publications about methods
for analysis, most of these scientific organizations and
government agencies have useful information on analysis
of chemical composition of foods at their websites. As a
good starting point, the reader is encouraged to browse the
internet addresses provided in the chapters by Nielsen (15)
and Nielsen and Metzger (6). The Compendium of
Methods for Chemical Analysis of Foods on the Health
Canada website (http://www.hc-sc.gc.ca/food-aliment/cs-
ipc/fr-ra/e_chem_analysis_ foods.html) (16) is also a use-
ful resource. Global standards are coordinated by the
Codex Alimentarius Commission (for example, see refer-
ences 17–19), and detailed information such as standards,
the current meetings and deliberations of expert commit-
tees, etc. are described at its official website (http://www.
codexalimentarius.net/index_en.stm#) (20).

II. PROXIMATE ANALYSIS

Pomeranz and Meloan (14) defined proximate analysis as
“the determination of the major components (moisture, min-
erals, carbohydrates, lipids, and proteins).” The data from
proximate analysis are typically included in standard tables
of composition of foods, such as the U.S. Department of
Agriculture Nutrient Database for Standard Reference (7).
The following sections provide an overview on the methods
that may be used for determining each of the major compo-
nents in proximate analysis. Many of the methods cited here
are official methods of AOAC International (21; accessible
also on CD-ROM), and the reader is encouraged to refer to
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TABLE 42.1B
Examples of INFOODS Tagnames for Selected Food Components Related to Fat and Fatty Acids

INFOODS Tagname Component Comments

<FAT> Fat, total;
Synonym: total lipid 

<FATCE> Fat, total; derived by analysis using The Soxhlet method has often been used to analyze for total fat 
continuous extraction using continuous extraction. This method tends to underestimate

the total fat value of a food.
<FATRN> Fatty acids, total trans
<FASAT> Fatty acids, total saturated
<FACID> Fatty acids, total Two data items are required for tagname <FACID>: the total 
: quantity of fatty acids and identification of the conversion factor 

used to calculate this value from the quantity of total fat.
<FADT> Fatty acids, total double trans Some countries are planning actions to limit these acids (not 

single trans) from foods, e.g., chocolate.
<FAESS> Fatty acids, total essential This value is the sum of linoleic acid, linolenic acid, and 

arachidonic acid.
<FAFRE> Fatty acids, total free
<FAMS> Fatty acids, total monounsaturated
<FAPU> Fatty acids, total polyunsaturated
<FAPUN3> Fatty acids, total omega-3 polyunsaturated

Source: Taken from “Tagnames for food components” on the INFOODS website at http://www.fao.org/infoods/tagnames_en.stm (accessed June 18,
2003), from Klensin et al. (5).



these methods and the original references cited therein for
more detail. The reader is also referred to other chapters in
this handbook for descriptions of various spectroscopic
techniques and other instrumental methods of analysis, as
well as more detailed coverage of protein and fat analysis.

A. WATER (MOISTURE)

The moisture content of foods can range from 0 (e.g., for
granulated sugar or vegetable oil) to over 90% (e.g., in raw
watermelon or cucumbers) (22). The determination of the
water or moisture content of a food and, conversely, of the
dry matter or total solids (% solids � 100% � % mois-
ture), is important not only to provide a basis for express-
ing the content of the other components on a wet- or

dry-basis, but also as an important factor in food stability
and quality. Moisture assays can be one of the most impor-
tant analyses performed on a food product and yet one of
the most difficult in terms of obtaining adequate precision
and accuracy (22).

1. Overview of and Considerations for Moisture
Determination

Water may exist in foods in free form, as tightly adsorbed
water, or as chemically bound water of hydration. The per-
centage of water that is actually measured is dependent on
the method used for its analysis, and it is therefore important
to always state the exact methodology used when reporting
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TABLE 42.1C
Examples of INFOODS Tagnames Describing Protein and Nitrogen Contents of Foods

INFOODS Tagname Component Comments

<NNP> Nitrogen, non-protein
<NPRO> Nitrogen, protein
<NT> Nitrogen, total Determined by Kjeldahl method
<PRO-> Protein, total; method of The <PRO-> tagname should be used for a total protein value when 

determination unknown it is not known whether the value was the result of a direct analysis 
or whether it was calculated from total nitrogen, protein nitrogen,
or amino nitrogen. The <PRO-> tagname should also be used if it is 
known that the total protein value was calculated from one of the 
nitrogen components, but the conversion factor used in the 
calculation is unknown.

<PROA> Protein, total; determined by direct 
analysis

<PROCN> Protein, total; calculated from amino Two pieces of data are associated with the tagname <PROCNA>. 
nitrogen The first is the quantity of total protein and the second is the 

conversion factor used to calculate total protein from amino nitro-
gen. Note: The total protein found in food tables is rarely 
calculated from amino nitrogen. <PROCNT> is the appropriate 
tagname for total protein in most cases.

<PROCNP> Protein, total; calculated from Two pieces of data are associated with the tagname <PROCNP>. The 
protein nitrogen first is the quantity of total protein and the second is the conversion 

factor used to calculate total protein from protein nitrogen. 
Note: The total protein found in food tables is rarely calculated
from protein nitrogen. <PROCNT> is the appropriate tagname for
total protein in most cases.

<PROCNT> Protein, total; calculated from total Three pieces of data are associated with the tagname <PROCNT>. 
protein nitrogen The first is the quantity of total protein; the second is a keyword 

which identifies the source of the conversion factor used to 
calculate the total protein from total nitrogen; and the third is the 
actual conversion factor used. If possible, all three pieces of data
should be included with <PROCNT>. However, it is acceptable to 
include only the keyword or the conversion factor (rather than both)
with the total protein value if one or the other is unknown. If the 
conversion factor used was generated from a source other than one
of those identified by the available keywords, the conversion factor 
should be listed without any keyword information.

Source: taken from “Tagnames for food components” on the INFOODS website at http://www.fao.org/infoods/tagnames_en.stm (accessed June 18,
2003), from Klensin et al. (5).
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TABLE 42.1D
Examples of INFOODS Tagnames for Selected Food Components Related to Total Carbohydrate, Fibre, Starch,
and Sugars

INFOODS Tagname Component Comments

<CHO-> Carbohydrate, total; method of 
determination unknown

<CHOCDF> Carbohydrate, total; calculated by This value is calculated using the following formula: 100 g minus 
difference total grams of water, protein, fat, and ash

<CHOCSM> Carbohydrate, total; calculated by This value is the sum of the sugars, starches, oligosaccharides, and 
summation carbohydrate dietary fibre.

<CHOAVL> Carbohydrate, available This value includes the free sugars plus dextrins, starch, and glycogen.
<CHOAVLM> Carbohydrate, available; expressed in This value includes the free sugars plus dextrins, starch, and 

monosaccharide equivalents glycogen.
<FIBAD> Fibre; determined by acid detergent Includes cellulose, lignin, and some hemicelluloses

method
<FIBADC>. Fibre, acid detergent method, Clancy 

modification
<FIBC> Fibre, crude The crude fibre method of fibre analysis is obsolete
<FIBHEX> Hexoses in dietary fibre
<FIBINS> Fibre, water-insoluble Sum of insoluble components from the AOAC total dietary fibre 

method; includes primarily lignin, cellulose, and most of the 
hemicellulose 

Values for <FIBINS> may also be obtained by subtracting soluble 
fibre from total dietary fibre, i.e., by subtracting the value of 
<FIBSOL> from the value of <FIBTG>.

<FIBND> Fibre; determined by neutral detergent Includes lignin, cellulose, and insoluble hemicellulose
method

<FIBSOL> Fibre, water-soluble Sum of soluble components from the AOAC total dietary fibre 
method; includes primarily algal polysaccharides, gums, pectins,
and mucilages

<FIBTG> Fibre, total dietary; determined Sum of the water-soluble components and the water-insoluble 
gravimetrically by the AOAC total components of dietary fibre; can be calculated by adding the values 
dietary fibre method of <FIBSOL> and <FIBINS>; includes all non-starch 

polysaccharides and lignin
<FIBTS> Fibre, total dietary; sum of non-starch Sum of the polysaccharide components of dietary fibre measured 

polysaccharide components and sequentially on the same sample (for example, by using the 
lignin Southgate colorimetric procedure) plus lignin measured 

gravimetrically
<FIB-> Fibre; method of determination Note: Tagname <FIB-> is used to identify fibre values which 

unknown represent unknown fibre components or which were obtained by 
unknown methods. Additional tagnames for fibre may be created to 
identify fibre components or specific methods of analysis that are 
not currently addressed in this listing.

<STARCH> Starch, total The sum of all polysaccharides yielding glucose after hydrolysis 
with suitable enzymes; includes amylose, amylopectin, glycogen,
and dextrins

<STARCHM> Starch, total; expressed in The sum of all polysaccharides yielding glucose after hydrolysis 
monosaccharide equivalents with suitable enzymes; includes amylose, amylopectin, glycogen,

and dextrins.
<STARES> Starch, resistant 

Synonym: retrograded starch
<SUGAR> Sugars, total Sum of free monosaccharides and disaccharides.

Source: Taken from “Tagnames for food components” on the INFOODS website at http://www.fao.org/infoods/tagnames_en.stm (accessed June 18,
2003), from Klensin et al. (5).



moisture content. Methods for moisture determination
include oven drying, distillation, and titration, as well as
methods based on physical properties. Some of these meth-
ods are described in further detail in the following sections.

In addition to moisture content, water activity (aw) is
often measured and used as an indicator of the availability of
water in food for chemical or enzymatic reactions or micro-
biological growth. Water activity is defined as the ratio of the
partial pressure of water above a sample to the vapor pres-
sure of pure water at the same temperature, and is commonly
measured by sensors that measure the relative humidity of
the sample atmosphere after equilibration, or by a variation
of this method known as the chilled mirror technique (22). 

It is important to bear in mind that some foods are
prone to either gain moisture from or lose moisture to the

surrounding atmosphere, depending on the nature of the
food constituents, the relative humidity and temperature
of the environment, and other parameters such as surface
area. Detailed protocols for sampling and sample prepara-
tion have been described for different categories of foods
(21), and should be followed to ensure that representative
samples reflecting the composition of the food can be
obtained for the analysis.

2. Oven Drying Methods

The principle of moisture determination by oven drying is
based on evaporation of water from the sample, and cal-
culation of moisture based on loss in weight. Oven drying
methods are therefore considered as “indirect” methods,
since moisture is not actually determined per se.

While the theory behind moisture determination by
oven drying is simple, and routine simultaneous analysis
of multiple samples is possible, in practice many factors
must be considered. The amount of moisture removed
during oven drying is influenced by many variables,
including the time and temperature of drying, the type of
oven used, and the type of sample. 

Although the boiling point of pure water is 100°C, the
presence of solutes raises the boiling point. This boiling
point elevation continues throughout the drying process, as
the sample becomes increasingly concentrated upon the
removal of water. In theory, the higher the drying tempera-
ture, the more complete the moisture removal and the
shorter the time required. It has been reported that a tem-
perature of 250°C is required to obtain the true moisture
content, assuming no adsorbed water present at the temper-
ature in question (22). However, in practice, volatilization,
deterioration, and chemical reactions of the constituents
may occur at high temperatures, and it is prudent to use the
minimum temperature that will allow moisture removal at
an acceptable rate (14, 22). Drying in a vacuum oven may
be preferred for some food samples since the boiling point
is lower under vacuum, and the absence of air can minimize
oxidative reactions especially of high fat samples during
drying. 

Using vacuum ovens and forced draft or convection
ovens, the temperatures and times specified for various
products typically range from 70–130°C and 1–16 hours,
respectively. For example, the time-temperature combina-
tions are 1 h at 130�3°C for solids (total) and moisture in
flour (AOAC Official Method 925.10), 6 h at 70�1°C in
a vacuum oven for moisture in dried fruits (AOAC
Official Method 934.06), 16–18 h at 100–102°C in an air
oven or 2–4 h at ca 125°C in a mechanical convection or
gravity oven for moisture in meat (AOAC Official Method
950.46B(a) and (b)). More rapid drying, on the order of
minutes, can be accomplished using infrared or
microwave ovens for drying. Official methods stipulating
different temperature-time combinations or oven types for
the same food material have been approved for some
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TABLE 42.2
Nutrients Listed in the USDA National Nutrient
Database, Available Sorted Either by Food Description
or in Descending Order by Nutrient Content in Terms
of Common Household Measures 

Nutrient

Moisture
Protein
Fat
Energy (Calories)
Carbohydrate (by difference)
Total dietary fiber
Total sugar
Calcium
Iron
Magnesium
Phosphorus
Potassium
Sodium
Zinc
Copper
Manganese
Selenium
Vitamin A (IU)
Vitamin A (RAE)
Vitamin E (alpha-tocopherol)
Vitamin K (phylloquinone)
Vitamin C
Thiamin
Riboflavin
Niacin
Pantothenic acid
Vitamin B-6
Vitamin B-12
Dietary folate equivalents
Cholesterol
Total saturated fatty acids
Total monounsaturated fatty acids
Total polyunsaturated fatty acids

Source: USDA 2004 (7).
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TABLE 42.3
Methods of Analysis Used by the Canadian Food Inspection Agency for the Nutrition Facts Table Core Nutrition
Information

Nutrient Method Reference Technique

Calories Atwater Method Application of Atwater factors to fat, carbohydrate 
(Guide to Food Labelling and Advertising, and protein content
section 6.4.1)

Fat (Sum of fatty acids AOAC 996.06* Capillary Gas Chromatography using SP2560 
expressed as triglycerides) 100m � 0.25mm, 0.2µm film column

Fatty acids: AOAC 996.06* Capillary Gas Chromatography using SP2560 
Saturates (all fatty acids that 100m � 0.25mm, 0.2µm film column
contain no double bonds)
trans (unsaturated fatty acids 
that contain one or more 
isolated or non-conjugated 
double bonds in trans
configuration)

Cholesterol AOAC 994.10* Direct Saponification and Capillary Gas
Chromatography

Carbohydrate (mono- and di- By Difference (100-%ash-%moisture- Determination by applicable AOAC method for Ash,
saccharides � starch� %protein-%fat) Moisture, Protein, Fat
fibre�sugar alcohols� HPB FA-78**, available carbohydrate, in special Acid and enzymatic hydrolysis followed by redox 
polydextrose) cases titration

Fibre AOAC 992.16* (Mongeau) Gravimetric determination after defatting and enzymatic
or hydrolysis of protein and carbohydrate (starch).
AOAC 985.29* (Prosky) (as in Guide to Food (Results found non-compliant by Mongeau method

Labelling and Advertising 6.4.4.3) should be confirmed by Prosky method)
Sugars (all monosaccharides AOAC 980.13* (modified HPLC column and Aqueous food extraction followed by HPLC-RI

and disaccharides) mobile phase)
Protein AOAC 981.10* Nitrogen by Kjeldahl or Combustion

AOAC 993.13*
Vitamin A AOAC 992.04* HPLC determination of vitamin A with UV detection 

(retinol and derivatives and (Method A-12 (version 3.0) 1993**) Determination 
beta carotene expressed as of Vitamin A in milk, infant formula, and other
retinol equivalents, RE) complex food commodities. JAOAC. 76: 2, 1993

Method A-7** HPLC Determination of Vitamin A HPLC determination of vitamin A with UV detection
in margarine, milk, partially skimmed milk,
and skimmed milk. JAOAC 63: 4, 1980

Method LPFC-200** The fluorometric  Fluorometric determination of vitamin A
determination of Vitamin A in dairy
products. J. Dairy Sci. 55:1077 (1992)

Vitamin C HPLC-C1 (1992)** HPLC determination of vitamin C with 
(L-ascorbic acid Determination of vitamin C by HPLC. electrochemical detection
and L-dehydroascorbic References:
acid and their derivatives, 1) Pelletier, O., and Brassard, R. Determination of 
calculated as mg Vitamin C in food by manual and automated 
equivalents L-ascorbic methods. J. Food Sci., 42:1471–1477, 1977.
acid) 2) Behrens, W.A., and Madere, R. Ascorbic and 

Dehydroascorbic acid content of infant formula
J. Food Comp. Anal., 2: 48–52, 1989.

3) Behrens, W. A., and Madere, R. Ascorbic and 
dehydroascorbic acid contents of canned food and 
frozen concentrated orange juice. J. Food Comp. 
Anal., 3: 3–8, 1990.

4) Behrens, W. A., and Madere, R. A Highly 
sensitive high-performance liquid
chromatography method for the estimation of

Continued



foods, e.g., AOAC Official Methods 925.23, 990.19, and
990.20 for solids (total) in milk. The final choice of the
appropriate method may depend on factors such as the
need for speed, or further analyses using the dried mate-
rial, or the availability of equipment. In order to determine
the optimal temperature and time for drying of specific
food products or using new equipment not described in
the official methods published by scientific organizations,
analysts should conduct their own trials and establish the
appropriate conditions based on the resultant drying
curves.

Additional steps conducted prior to oven drying are
recommended for some types of samples. For example, a
two-stage drying process involving a steam bath for pre-
drying is frequently suggested for liquid products, while
air-drying and grinding are performed prior to oven dry-
ing for samples such as bread or grain. Since surface area
and porosity of the sample influence rate and efficiency of
drying, and since surface crust formation, or case harden-
ing, can impede moisture removal, sand or other inert
material may be added prior to drying of food materials
which have a tendency to lump together or to form a sur-
face crust, such as dehydrated fruits or other foods high in
sugar.

3. Distillation Methods

The moisture content of spices, nuts, oils and other food-
stuff with relatively low moisture content can be meas-
ured directly through distillation methods (e.g., AOAC
Official Methods 986.21 and 969.19 for spices and
cheese, respectively). Water is co-distilled with an immis-
cible solvent with a high boiling point; the distilled water
is condensed, collected, and measured in a collecting ves-
sel or trap. Since direct measurement of water is involved,
distillation methods can provide better accuracy and pre-
cision than oven drying methods based on weight loss,

especially for low-moisture samples. However, it should
be noted that samples are still exposed to high tempera-
tures during distillation, and therefore these methods are
not suitable for analysis of heat-sensitive foods. In addi-
tion, distillation techniques are not easily amenable to
routine testing of multiple samples.

4. Chemical Methods – Karl Fischer Titration

The Karl Fischer titration method is suitable for low-
moisture foods that are sensitive to decomposition or
volatilization under vacuum or high temperatures, such
as dried fruits and vegetables (AOAC Official Method
967.19), candies and chocolates (AOAC Official Method
977.10), roasted coffee beans, oils and fats (AOAC
Official Method 984.20). Several modifications of the
original Karl Fischer method, which was based on the
colorimetric detection of a stoichiometric reaction
involving the reduction of iodine by sulfur dioxide in the
presence of water, have been proposed over the years,
leading to the commercial availability of titration units
that automatically dispense the required proportions of
reagents and titrants for conductometric or coulometric
assay, and provide digital displays of the calculated mois-
ture content.

5. Physical Methods

Physical methods of moisture determination are based on
the measurement of various physical properties of food
samples, such as dielectric constant, conductivity, spe-
cific gravity or density, refractive index, freezing point,
or absorption of energy in the mid- or near-infrared spec-
trum, followed by comparison to the corresponding prop-
erties of standards with known moisture content (22). For
example, hydrometry using a calibrated lactometer is
applied to determine the total solids content of milk
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TABLE 42.3 (Continued)

Nutrient Method Reference Technique

ascorbic and dehydroascorbic acid in 
tissues, biological fluids, and foods. 
Analytical Biochemistry 165:102–107, 1987.

Iron LPFC-137 ** Preparation of samples by calcination to determine 
different elements by Atomic Absorption Flame 
Spectroscopy 

Calcium LPFC-137** Atomic Absorption Flame Spectroscopy
Sodium LPFC-125** Preparation of samples by aqueous extraction and 

A rapid method for the determination of sodium flame emission spectroscopy.
and potassium.

* Official Methods of Analysis of AOAC International (Ed. W. Horowitz., AOAC International, Gaithersburg, Maryland.

** LPFC are laboratory procedures available from the CFIA or Health Canada websites.

Source: Canadian Food Inspection Agency 2002 (8).



(AOAC Official Method 925.23B), while refractometry is
used to determine solids in syrups (AOAC Official
Method 932.14C). Near-infrared spectrophotometry is
used for water content in dried vegetables (AOAC
Official Method 967.19), while mid-infrared spec-
troscopy forms the basis for using IRMA (Infrared Milk
Analyzers) for proximate analysis of milk, including
solids, fat, lactose, and protein (AOAC Official Method
972.16).

Physical methods often provide rapid analysis of large
numbers of samples, but it is important to bear in mind
that the relationship between the measured physical prop-
erty and the moisture content of the specific food sample
must be known, either by reference to published tables of
standard composition for that food, or by construction of
standard curves by the analyst.

B. ASH

Ash is defined as the inorganic material remaining after
oxidation of organic matter, and is used to refer to the
total minerals in food. The ash content of unprocessed
fruits and vegetables typically ranges from about 0.4% in
raw tomatoes (23) to 4% in beans (14). Pure fats and oils
contain practically no minerals, while the ash content of
salted butter is about 2.1%. Similarly, fresh meat and
poultry contain about 1% ash, while dried and salted beef
may contain as high as 12% ash (14). Milling of wheat
yields white flour with 0.47% ash, or whole wheat flour
with 1.60% ash (7). The determination of ash content
may thus be used as an indicator of the extent of pro-
cessing of a food commodity, or of the addition of salt to
foods.

1. Overview of and Considerations for Ash
Determination

Minerals in foods may occur as complexes with other
minerals, or with macromolecules such as proteins. The
incineration or oxidation of organic matter during ashing
may result in volatilization of some minerals, or formation
of new complexes of other minerals, as summarized by
Pomeranz and Meloan (14). Both the amount and the
composition of ash that remains after incineration or oxi-
dation therefore depend on the nature of the food and the
method of ashing. This is an important consideration in
selection of the ashing method and conditions, especially
if further analysis of specific minerals (e.g., Ca, Zn, Fe,
and so on) is required (24).

Since minerals often constitute 1% or less of the total
wet weight of a food sample, it is critical that contamina-
tion of the food with metals or their salts be avoided.
Potential sources of trace metal contaminants include
glassware, grinders or metal blades used for sample
preparation, and the crucibles used to hold the samples
during ashing.

The two main methods of ashing, which are termed
dry ashing and wet ashing, are described in the following
sections.

2. Dry Ashing

Dry ashing involves the incineration of samples in a muf-
fle furnace at high temperatures ranging from 400–700°C
and typically around 525 or 550°C for 12–18 hours, until
a light gray or white powder remains (14). The residue
after incineration is weighed as a direct measure of the ash
content.

Some modifications of the basic dry ashing procedure
are required depending on the sample. High fat or moisture
content may cause smoking or spattering during ashing of
samples. Therefore, liquid samples may be pre-dried, and
fat from high fat samples should be extracted with a sol-
vent, prior to ashing. In most cases, dry ashing can be per-
formed using the solids remaining after oven-drying or
solvent extraction conducted for moisture or fat determi-
nation, respectively. A few drops of ashless olive oil may
be added to animal products, syrups, and spices, to allow
steam to escape as a crust is formed on the product (23).
Incomplete combustion, especially in high sugar samples,
is manifested by the appearance of black or carbon
residues in the ash, and requires re-suspension in water or
acid, followed by re-ashing (e.g., see AOAC Official
Method 900.02, for ash of sugars and syrups). Acceleration
of dry ashing may be achieved by the addition of an
ethanol solution of magnesium acetate. The magnesium
acetate method for ash content of flour (AOAC Official
Method 936.07) uses a temperature of 700°C for ashing,
compared to 550°C for the direct method (AOAC Official
Method 923.03). New microwave muffle furnaces with
temperatures reaching up to 1200°C can also reduce ash-
ing time to minutes instead of hours (23).

Dry ashing is simple in both theory and practice, and
simultaneous analysis of many samples is feasible.
However, as noted in the preceding section, the composi-
tion of the minerals in the residue is not usually identical to
that in the original food sample, and it is assumed that
losses due to volatilization or other causes are compensated
by gains due to formation of new complexes such as oxides.
Formation of fusion complexes between some minerals
means that the dry ash is not usually suitable for further
analysis of specific mineral content. To address this, a
method of dry ashing of different categories of foods for
determination of individual contents of Na, K, Ca, Mg, Fe,
Zn, Cu, and Mn was established by the Health Protection
Branch Laboratories of Health Canada (25). The protocol
involves dry ashing at 450°C for 16 hours, followed by
addition of water and nitric acid, evaporation to remove the
acid, and re-ashing at 375°C for another hour. Lanthanum
and cesium solutions are added as ionization suppressors,
to allow determination of Ca, Mg and Na, K, respectively.
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3. Wet Ashing

Wet ashing is also referred to as wet oxidation or wet
digestion. It involves the oxidation or digestion of organic
matter by heating in the presence of concentrated acids
such as nitric acid, sulfuric acid (usually with hydrogen
peroxide) or perchloric acid, either singly or in combina-
tion. A typical wet ashing procedure involves heating or
boiling of the sample with concentrated sulfuric and nitric
acids, at about 200°C, until white fumes from decompos-
ing sulfuric acid are observed; additional nitric acid is
then added, and boiling or ashing of the sample is contin-
ued until a clear or light yellow solution is obtained (23).

Due to the lower temperatures and shorter times
involved in wet ashing, less volatilization or fusion of min-
erals occurs, compared to dry ashing. The minerals usually
stay in solution after wet ashing, and further analysis of the
composition of individual minerals may be performed, for
example, using atomic absorption spectrophotometry or
inductively coupled plasma emission spectrophotometry.
Despite these advantages of wet ashing for specific min-
eral composition, wet ashing is not usually preferred over
dry ashing as the method for total ash content determina-
tion. This is because of the dangers of using corrosive
acids, especially perchloric acid which is potentially
explosive, specifically in the presence of undigested bio-
logical components, and the relatively limited number of
samples which can be analyzed at one time. Combination
dry-wet ashing methods have been proposed, for example,
for analysis of minerals in infant formula (AOAC Official
Method 985.35). Specially designed microwave ovens
have also been proposed for safer and quicker wet ashing
of sample, using either open-vessel or closed-vessel diges-
tion systems depending on the amount of sample and the
temperatures required for digestion (23).

C. FAT

The term “fat” is often used synonymously with “lipid” or
“oil” to represent food components that are insoluble in
water but are soluble in organic solvents (14). The fat con-
tent of foods varies widely, from less than 1% in many
fruits and vegetables, to almost 100% in lard, shortening,
or vegetable oils (7).

1. Overview of and Considerations for Fat
Determination

The methods for fat determination may be generally clas-
sified into (i) methods that involve solvent extraction of
fat from the food, followed by gravimetric, volumetric, or
other means of measurement of the fat, and (ii) instru-
mental methods that measure the fat content based on its
physical properties in the food, in comparison to
standards of known composition. Other methods involv-
ing extraction of fat without the use of solvents have also
been developed.

Methods using solvent extraction in fat analysis are
based on the functional definition of fats, as substances that
are insoluble in water but soluble in organic solvents.
However, this functional definition of fat does not give the
true picture of its heterogeneity in terms of chemical com-
position. Fat in foods consists primarily of highly non-polar
or hydrophobic molecules classified as triacylglycerols,
with smaller amounts of di- and mono-acylglycerols,
sterols, and the somewhat more polar molecules such as
phospholipids and sphingolipids. Minor components such
as fat-soluble vitamins, pigments, or hydrocarbons are also
included as “fat” when defined by the property of solubil-
ity, whereas free fatty acids, especially the shorter chain
fatty acids, may be water-soluble and therefore not included
as fat. 

In addition to heterogeneity in the type of molecule,
further diversity of fat composition exists as a function of
the chain length as well as saturation or degree of unsatura-
tion of the hydrocarbon chain of fatty acid constituents of
fats. Depending on the exact chemical composition, the con-
stituents of “fat” in a particular food sample may encompass
a wide range on the polarity scale. Consequently, the com-
position as well as the efficiency of extraction of these dif-
ferent components of fat from food are dependent on the
polarity of the solvent used for extraction. Furthermore, fats
in foods frequently occur in bound form, for example, as
non-covalent complexes with proteins or carbohydrates, or
as lipoproteins or glyco-lipids. Organic solvents do not usu-
ally extract the fat molecules in these bound forms, unless
they are released prior to extraction by pre-treatment with
mild acid, alkali, or enzymatic digestion. The fat content
determined by direct extraction with non-polar solvents is
usually termed “crude fat,” while that determined by
extraction after a pre-treatment may be referred to as
“total lipids.”

It is worth noting that the “total lipid (fat)” content
reported in the USDA Nutrient Database, and identified as
“nutrient 204,” was determined for most foods by gravi-
metric methods such as those using ether or chloroform-
methanol solvent extraction, or by acid hydrolysis (7).
However, “Nutrient 204 may not be identical to the fat
level declared on food labels under the Nutrition Labelling
and Education Act of 1990 (NLEA). Under NLEA, fat is
expressed as the amount of triglyceride that would produce
the analytically determined amount of lipid fatty acids”
(7). Similarly, the fat content reported in the “Nutrition
Facts Table Core Nutrition Information” on food labels in
Canada (Table 42.3) is also based on the sum of fatty acids,
expressed as triglycerides, analyzed by capillary gas chro-
matography (AOAC Official Method 996.06).

2. Solvent Extraction Methods

Solvent extraction may be continuous (e.g., the Goldfish
method), semi-continuous (e.g., the Soxhlet method for
cereals AOAC Official Method 920.39C), or discontinuous
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(e.g., Mojonnier method for milk fat AOAC Official
Method 989.05). 

In the continuous method of solvent extraction, evapo-
rating solvent from a boiling flask continuously condenses
onto the dried sample held in a thimble. The solvent, carry-
ing fat extracted as solvent drips through the sample, is col-
lected back in the boiling flask. After completion of
extraction, typically 4 hours to overnight (depending on the
rate of solvent dripping through the sample), the solvent is
evaporated from the extraction flask by air-drying
overnight followed by brief oven drying, and the fat
remaining in the flask is weighed. The semi-continuous sol-
vent extraction method is similar except the extraction
apparatus is constructed to allow solvent to remain with and
soak the sample for 5–10 minutes, prior to returning to the
boiling flask. In this manner, the sample is surrounded by
solvent, thus avoiding channeling of solvent and providing
for a more complete extraction of fat from the sample. For
this reason, the semi-continuous methods, particularly the
Soxhlet method, are often considered the standard methods
for fat analysis of dried samples (26, 27).

For efficient extraction by both the Goldfish and the
Soxhlet methods, it is important that samples are dried and
ground to small particle size to maximize the surface area
for extraction. Efficient extraction by organic solvents can
only be achieved on dry samples, due to the inability of the
organic solvents to penetrate the water phase of wet sam-
ples. Ethyl ether and petroleum ether are the most com-
monly used solvents for extraction by these methods. Ethyl
ether is slightly more polar than petroleum ether and is a bet-
ter solvent for fat. However, sample drying becomes essen-
tial to avoid extraction of non-fat components by ethyl ether;
in addition, ethyl ether has a tendency to form peroxides and
is more flammable than petroleum ether. Petroleum ether is
cheaper, less dangerous and preferred over ethyl ether if a
more selective solvent for hydrophobic lipids is desired (26). 

The Roese-Gottlieb and the Mojonnier methods
(AOAC Official Methods 905.02 and 989.05, respec-
tively) are official methods for analysis of fat in milk,
involving the release of bound fat by alkaline digestion
with ammonium hydroxide, addition of ethanol, followed
by sequential, discontinuous extraction of fat using ethyl
ether and petroleum ether. The extractions are repeated
three times and carried out in flasks designed to facilitate
decanting of the fat-containing organic solvent (top layer)
from the aqueous solution (bottom layer) during extrac-
tion. The fat-containing solvents from the repeated extrac-
tions are pooled, the solvent is removed by evaporation,
and the weight of the fat is measured to determine the fat
content. The Mojonnier method, using acid instead of
alkali pre-treatment, has been modified for determination
of fat content in flour (AOAC Official Method 922.06)
and pet food (AOAC Official Method 954.02).

As an alternative method to gravimetric measurement
(i.e., by weight), the measurement of refractive index has
been proposed as a method to determine fat that has been

extracted by solvent (14, 26). Fat is extracted using a dis-
continuous method with a solvent such as bromonaphtha-
lene, which has a refractive index that is different from the
fat to be extracted. The fat content is calculated by compar-
ing the refractive index measured for the solvent containing
the extracted fat, to the refractive index of solvent alone and
that of the standard fat. The refractive index method has
been reported to yield values of fat content comparable to
the crude fat content measured gravimetrically.

For all of the solvent extraction-based methods, the
content of fat analyzed depends on whether or not pre-
treatments such as addition of acid or alkali to release
bound fat have been performed, as well as the polarity of
solvent used for extraction. For example, the content of
“fat (crude) or ether extract in flour” (AOAC Official
Method 920.85) would be expected to differ from that of
“fat in flour – acid hydrolysis method” (AOAC Official
Method 922.06). Many researchers have reported that the
amounts of extracted lipid as well as non-lipid material
increase with the polarity of solvents used for extraction.
The binding of lipids to other molecules such as carbohy-
drates and proteins, and the differing abilities of solvent or
solvent mixtures to solubilize lipid classes has led to the
concept of “total lipid extract” and “extractable lipid”
(28). Even with ammonia pretreatment to release bound
lipids, the Roese-Gottlieb method was reported to grossly
underestimate the total lipid content of samples such as
chocolate powder, liquid milk, and eggs (28); this could
be due to the use of relatively non-polar solvents, ethyl
and petroleum ethers, for extraction after hydrolysis.
More polar solvent mixtures such as dichloromethane-
hexane (1:4) or acetone-hexane (1:4) have been suggested
to improve the efficiency of extraction from dry solid
samples using the Soxhlet method (28). For wet or liquid
samples, specific ratios of chloroform and methanol are
used in combination with water in the Bligh and Dyer
method (29) and in AOAC Official Method 983.23 for
determining “fat in foods” after enzymatic hydrolysis. In
a modified Bligh and Dyer procedure, methanol is
replaced by propan-2-ol, and chloroform is replaced by
cyclohexane, with a ratio of 11:8:10 for water:propan-2-
ol:cyclohexane; the modified procedure has the advantage
that the extracted lipid is in the top (cyclohexane) layer of
the extraction mixture, compared to the bottom layer
when chloroform is used (28).

3. Non-Solvent Separation Methods

The Babcock method for milk fat (AOAC Official
Methods 989.04 and 989.10) is the best-known example
of a non-solvent wet extraction or separation method for
fat analysis. Concentrated sulfuric acid (with specific
gravity of 1.82–1.83 at 20°C) is added to a specified
weight of milk sample in the Babcock bottle, digesting
protein and generating heat, and thus releasing bound fat
from the sample. The acid also functions to increase the
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density of the aqueous layer. Subsequent centrifugation at
55–60°C and addition of hot water at that temperature
cause the fat layer to float on top of the aqueous layer into
the calibrated neck of the Babcock bottle, where the per-
centage of fat content is read directly from the volumetri-
cally calibrated markings. 

The Babcock method has been adapted for determina-
tion of fat in other dairy products such as cream and cheese,
as well as for essential oil in flavor extracts (AOAC Official
Method 932.11) and fat in seafood (AOAC Official Method
964.12) (26). Similar to the Mojonnier method, the
Babcock method can be applied to wet or liquid as well as
dried samples, and includes a pre-treatment to release
bound fat. However, it should be noted that fat components
with high specific gravity, such as phospholipids, will not
float to the top layer and therefore will not be included in
the volumetric measurement for fat after centrifugation.

4. Instrumental Methods and Comparison to
Standard Solvent Extraction Method

An automated turbidimetric method (AOAC Official
Method 969.16) has been developed to determine fat in
milk. In this method, EDTA is added to dilute the sample
and to eliminate turbidity due to the casein protein.
Homogenization is then used to form uniform fat glob-
ules, which may then be determined by measurement of
turbidity, which is related to fat content through compari-
son to a standard curve. 

Fat content of foods can also be analyzed using vari-
ous other instrumental methods measuring such properties
as density, nuclear magnetic resonance, x-ray absorption,
dielectric constant, or infrared spectra (26). The differ-
ences in these properties between fat molecules and other
food components form the basis for relating the measure-
ment of these properties to the fat content. These methods
are usually rapid and do not require extraction of fat from
the food prior to analysis. However, it is important to 
construct standard curves for the specific food being ana-
lyzed, in order to determine the quantitative relationship
between the particular physical property being measured
by the instrumental method, and the fat content of stan-
dards with known composition, usually determined by sol-
vent extraction methods such as the Soxhlet method.

Vogt et al. (27) compared four rapid methods to the
standard Soxhlet extraction method for fat measurement in
fish herring. The four methods were (i) the Torry Fatmeter
based on dielectric properties of water, and intercorrelations
between fish water and fat contents; (ii) microwave drying
and calculation of fat from water content; (iii) near-infrared
reflectance (NIR) spectroscopy with partial least-squares
regression analysis; and (iv) fexIKA Soxhlet solvent extrac-
tion instrument modified to include filtration under reduced
pressure. The NIR method gave the best prediction of the
standard method (Soxhlet), while other methods gave lower
fat content values. However, the NIR instrument is relatively

expensive. In comparison, the microwave method is low
cost, requiring only a microwave oven, and the Torry meter
is moderately priced. The Soxhlet and fexIKA were also
both considered to have the disadvantages of being time-
consuming and requiring solvents.

D. PROTEIN

Proteins are macromolecules composed of amino acids
linked together through amide or peptide bonds to form
polypeptide chains, which can range in molecular mass
from a few thousand to over a million daltons. Proteins 
contribute to the nutritional value as well as textural and
sensory properties of foods, and they also perform struc-
tural and biologically important functions. The protein con-
tent of foods ranges from less than 1–2% in fruits and
vegetables, to 20–30% in meat, legumes, and dairy
products (30).

1. Overview of and Considerations for Protein
Determination

The most common official method for determination of
protein content in food is based on measurement of total
nitrogen content using the Kjeldahl method, followed by
multiplication by a conversion factor to calculate the pro-
tein content. The Dumas (nitrogen combustion) method is
also based on the principle of nitrogen determination and
conversion to protein content. A number of other methods,
mostly colorimetric or spectroscopic methods, are based
on quantifying either the peptide bonds or particular side
chains of the amino acid residues, and may be useful as
rapid methods for quality control or research. These latter
methods require calibration of the measured property,
such as absorbance or color intensity, using standards of
known composition, usually determined by nitrogen
analysis, or sometimes by gravimetric analysis. 

Many factors can affect the accuracy of analyzing
protein content in food through measurement of its nitro-
gen content. Proteins are composed of amino acids whose
chemical structures include hydrogen, carbon, nitrogen,
oxygen, and sulfur atoms. Of these elements, nitrogen is
considered most distinctive for proteins in comparison to
other components considered in proximate analysis, since
each of the twenty amino acid building blocks contains a
nitrogen-containing amino (or imino) group. However,
the side chains of these amino acids differ greatly, ranging
from hydrocarbon chains containing primarily carbon and
hydrogen atoms, to aromatic groups and polar or ionic
groups that also contain sulfur, oxygen, or nitrogen atoms.
Since proteins contain different combinations of the
amino acids, each of which contains a different percent-
age of nitrogen in its chemical structure, the percentage of
nitrogen can vary greatly between different proteins. Use
of the correct conversion factor is required if an accurate
estimation of protein is to be expected.
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A nitrogen-to-protein conversion factor of 6.25 is
commonly used to calculate the protein content of a food
from the nitrogen content determined by Kjeldahl or com-
bustion methods. This factor assumes an average of 16%
(� 100 / 6.25) nitrogen content in proteins, i.e., 16 grams
of nitrogen per 100 grams of protein. However, depending
on the amino acid composition of the particular protein,
the actual conversion factor may deviate from 6.25. For
example, the conversion factors are 6.38, 5.70, and 6.25
for dairy products, wheat, and almonds, respectively (30),
and 4.74, 5.3, 4.38, and 5.7 for chocolate and cocoa,
coffee, mushrooms, and yeast, respectively (7). The con-
version factor and source of information for the factor
should be stated in listing protein content, as illustrated by
some of the tagnames listed in Table 42.1C.

The presence of non-protein nitrogen in foods is
another important consideration that may affect the accu-
racy of protein determination that is based on nitrogen
measurement. Foods may contain varying levels of free
amino acids or small peptides, ammonium salts, urea, uric
acid, vitamins, amino sugars, nucleic acids, phospholipids
or other constituents that contain nitrogen in their chemi-
cal structure. If unaccounted for, the contribution of nitro-
gen from these non-protein nitrogen sources will result in
an over-estimation of protein content. Methods have
therefore been established, using trichloroacetic acid or
other protein precipitant, to enable distinction between
protein and non-protein nitrogen. For example, AOAC
Official Methods 991.20, 991.21, 991.22, and 991.23
describe methods for milk total nitrogen, non-protein
nitrogen, protein nitrogen by direct method, and protein
nitrogen by indirect method, respectively.

Due to the long period of time to perform Kjeldahl
analysis and the necessity to determine the difference
between non-protein nitrogen and total protein nitrogen,
spectrophotometric or colorimetric methods for total pro-
teins are commonly used as rapid methods suitable for
research or quality control. However, there are potential
interferences and other considerations that must be kept in
mind when using these rapid methods (30–32).

An overview of the main methods for protein analysis
based on total nitrogen analysis, and spectrophotometric,
colorimetric, or other instrumental methods for protein
analysis, are described in the following sections. For more
details, the reader should refer to the chapter on protein
analysis in this Handbook, and to an excellent book on
this topic written recently by Owusu-Apenten (31).

2. Methods for Total Nitrogen Analysis

In the Kjeldahl method for total nitrogen analysis, the pro-
tein and other organic molecules in foods are digested by
concentrated sulfuric acid in the presence of catalysts. The
nitrogen is present in the acid digest in the form of ammo-
nium sulfate, and may be analyzed either by an acid-base
titration of the nitrogen after neutralization and distillation

of the resulting ammonia, or by other techniques includ-
ing nesslerization or colorimetric reaction with a phenol
hypochlorite reagent (30). The Kjeldahl method is
described in AOAC Official Method 920.87 for protein
(total) in flour or AOAC Official Methods 928.08 and
981.10 for nitrogen or crude protein, respectively, in meat.
Various modifications of the original method have been
proposed over the years, implementing copper as an alter-
native catalyst to mercury (AOAC Official Methods
984.13 and 2001.11), semi-automation or automation
(AOAC Official Methods 976.05, 967.06, and 990.02),
and analysis of microgram quantities of nitrogen (AOAC
Official Method 960.52).

In the Dumas (also known as nitrogen combustion or
pyrolysis) method, the samples are subjected to very high
temperatures up to 1000°C. Nitrogen that is freed by
pyrolysis and subsequent combustion at high temperature
in pure oxygen, is then quantitated by gas chromatogra-
phy and thermal conductivity. Official methods based on
combustion have been established, for example, for ani-
mal feed, meats, cereal grains and oilseeds, and fertilizers
(AOAC Official Methods 990.03, 992.15, 992.23, and
993.13, respectively).

Both the Kjeldahl and the combustion methods deter-
mine total nitrogen, so the correct nitrogen-to-protein
conversion factor and the contribution of non-protein
nitrogen to the total nitrogen content must be considered
for an accurate determination of protein content. The ana-
lyte is referred to as “crude” protein in the AOAC Official
Methods, when total nitrogen is determined without cor-
recting for non-protein nitrogen. Combustion methods
have the advantages of speed of analysis, and avoidance
of corrosive and toxic reagents, compared to the Kjeldahl
method, but the expenses of the equipment and high-
purity oxygen must be considered.

3. Spectrophotometric Methods

Aromatic amino acids (tryptophan, tyrosine, and phenyl-
alanine) and peptide bonds absorb electromagnetic radia-
tion in the ultraviolet (uv) region near 257–280 nm and
190–205 nm, respectively (33). The intensity of uv
absorbance can be related to the content of those groups
and, therefore, to the protein content of a solution. 

Spectrophotometric methods are simple in principle,
but only applicable to samples that are non-turbid solu-
tions of relatively pure protein composition. Since the
content of aromatic amino acids differs between proteins,
and since the extinction coefficient and wavelength of
maximum absorbance are characteristic for each of the
three aromatic amino acid types, this method for protein
analysis requires standard curves or tables, such as those
compiled by Fasman (33), relating the absorbance at a
particular wavelength to the concentration of the specific
protein. The uv absorbance of the peptide bond is less
dependent on the nature of the amino acid side chains.
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However, the absorbance of ultraviolet radiation in this
wavelength region by other food components, such as
organic acids, nucleic acids, triacylglycerols, etc., may
result in considerable interference and inaccuracy in relat-
ing the absorbance directly to protein content in complex
foodstuff. 

4. Colorimetric Methods

A number of colorimetric methods have been established for
determination of protein content, based on the development
of color upon reaction with either the peptide bonds or with
particular functional groups of the proteins. Colorimetric
methods based on reaction with peptide bonds, such as the
biuret, Lowry, and bicinchoninic acid (BCA) methods, show
relatively low protein-to-protein variability in the relation-
ship between colorimetric intensity (absorbance) and con-
centration for different proteins. Protein-to-protein
variability is much greater for methods that are based on
reaction with specific functional groups on the amino acid
side chains, since the amino acid composition of the protein
as well as the protein content will affect the resulting colori-
metric response. The Bradford or Coomassie Brilliant Blue
method is presently the most common example of the latter
class of methods, although Acid Orange 12 and Amido
Black 10B were established as official dye-binding methods
for protein in milk in 1967 and 1975 (AOAC Official
Methods 967.12 and 975.17, respectively).

The Bradford method is based on a change in the
wavelength and intensity of absorbance (color) of the
reagent dye Coomassie Brilliant Blue G-250, when it is
bound to proteins, particularly at basic amino acid side
chains and enhanced by hydrophobic interactions. The
biuret method is based on the development of a blue color
upon complex formation of cupric ions with peptide bonds
in alkaline solution, while the Lowry method combines
the biuret reaction with reduction of the Folin-Ciocalteau
phenol reagent by tyrosine and tryptophan residues in pro-
teins, and the BCA method involves the reduction of
cupric to cuprous ions by peptide bonds under alkaline
solution, followed by development of a purplish color
upon formation of cuprous ion complexes with the BCA
reagent. The absorbance is read at 595, 540, 700, or 
562 nm for the Bradford, biuret, Lowry, and BCA reac-
tions, respectively, and the protein content is determined
using a standard curve. As noted above, due to protein-to-
protein variability, the selection of the appropriate protein
for the standard curve is important, especially in the case
of the Bradford method. The Bradford, Lowry, and BCA
methods have greater sensitivity and lower limit of detec-
tion than the biuret reaction. Selection of the most appro-
priate method depends on considerations with regard to
potential interferences from other constituents in the sam-
ple, availability of the appropriate protein standard for cal-
ibration, and the sensitivity that is required (30, 31).

5. Infrared Spectroscopy

Infrared spectroscopy may be used to determine the pro-
tein content of foods by relating the absorption of infrared
radiation at wavelengths assigned to the peptide bond of
proteins. This technique is rapid, may be applied to solid
as well as liquid samples in the presence of other food
constituents, and is not affected by non-protein nitrogen
or amino acid composition. However, calibration must be
conducted using standard curves relating the infrared
absorption to protein content. Examples of mid-infrared
and near-infrared spectroscopy for protein content include
the official methods for protein (crude) in forages (AOAC
Official Method 989.03) and for protein in milk (AOAC
Official Method 972.16).

E. CARBOHYDRATE

Carbohydrates in foods include monosaccharides (partic-
ularly D-glucose and D-fructose), disaccharides 
(e.g., sucrose, lactose, maltose), higher oligosaccharides
(e.g., raffinose, stachyose and fructo-oligosaccharides)
and polysaccharides (e.g., starch, food gums and hydro-
colloids, pectin, hemicellulose, cellulose) (34, 35). The
sugar alcohols, such as sorbitol, mannitol, xylitol, lactitol,
and maltitol, are also considered as carbohydrates (34).
Carbohydrates are important from a nutritional point of
view, whereby metabolic energy is provided by digestible
carbohydrates including simple sugars (monosaccharides,
starch) while dietary fiber is obtained from the indi-
gestible fraction. Polysaccharides also play a crucial role
in textural properties of foods, while mono- and disaccha-
rides may take part in reactions such as Maillard brown-
ing or caramelization, thereby imparting characteristic
flavor and color to foods.

The total carbohydrate content of foods ranges from
negligible (e.g., in chicken breast meat) to over 80% (e.g.,
in honey and breakfast cereals such as corn flakes) (35).

1. Methods and Considerations for Total
Carbohydrate Determination

In proximate analysis for nutrition labeling, the total
carbohydrate content of a food is usually calculated by
subtracting the weights of moisture, ash, total fat, and
crude protein from the total weight of the food (8, 35).
When alcohol is present, it is also subtracted from the
total weight in the calculation of carbohydrate by differ-
ence (7). It should be noted that protein calculated from
total nitrogen, which may contain non-protein nitrogen, is
used in determining carbohydrate by difference (7).

Although the calculation of carbohydrates by “differ-
ence” has a long history of usage as the method for deter-
mining total carbohydrates reported in food tables or
nutrition labels, there are several problems with this
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approach (34). Firstly, it includes a number of non-carbo-
hydrate components such as lignin, organic acids, tannins,
waxes, and some Maillard browning products. Secondly,
it incorporates the sum of all of the analytical errors from
determination of the other analytes in proximate analysis.
Thirdly, a single value for “total carbohydrates” is not
very informative with regard to nutritional value, as it fails
to distinguish between the distinct physiological proper-
ties of different classes of carbohydrates (34).

The phenol-sulfuric acid method may also be used to
estimate total carbohydrates (35). Heating of carbohy-
drates in the presence of strong acids produces furan
derivatives and their polymers, which condense with var-
ious phenolic substances, including phenol itself, to yield
a yellow-orange color. The absorbance at 490–500 nm is
related to the concentration of carbohydrate using a stan-
dard curve. Although the phenol-sulfuric acid method is
applicable to different classes of carbohydrates from
monosaccharides to polysaccharides, the relationship
between absorbance and concentration, and even the
wavelength of maximum color intensity, are dependent on
the chemical composition of the carbohydrates.
Therefore, accuracy is dependent on selecting the appro-
priate reference carbohydrate or carbohydrate mixtures to
prepare the standard curve, which is a difficult task in
reality since most foods are composed of complex mix-
tures of carbohydrates. Incorporation of additional sample
purification steps such as selective precipitation may be
helpful to address this problem (e.g., AOAC Official
Method 988.12E for dextran in raw cane sugar).

Finally, rather than calculating total carbohydrates by
“difference,” or by chemical methods for total carbohydrate
determination such as the phenol-sulfuric acid method, an
alternative approach involves the direct measurement of the
individual components, which are then combined to give a
value for total carbohydrates (34). In addition to informa-
tion on total carbohydrate content, the various classes or
sub-classes of the individual components may be reported,
such as total simple sugars, starch, dietary fiber, etc. Mono-
and disaccharides may be analyzed specifically by
enzymes, gas-liquid chromatography (GLC), or high per-
formance liquid chromatography (HPLC). Polyols and
oligosaccharides are also usually determined by GLC or
HPLC methods. Starch analysis is based on enzymatic
degradation, followed by determination of the liberated
glucose. Non-starch polysaccharide-analysis involves
removal of starch enzymatic hydrolysis products and other
low-molecular-weight carbohydrates, followed by hydroly-
sis of the non-starch polysaccharides to its monomeric con-
stituents for analyisis. Although a number of methods have
been established in the past for determination of crude fiber,
acid-detergent fiber, neutral detergent fiber, etc. (e.g., see
Table 42.1D), it is recommended that dietary fiber be deter-
mined by the enzymatic-gravimetric methods of Prosky
and co-workers or Lee and co-workers, or the enzymatic

chemical methods, such as that of Englyst and co-workers
(34). Examples of the enzymatic-gravimetric method are
AOAC Official Methods 985.29, 991.42, 991.43, and
993.19, for determining insoluble, soluble, and total dietary
fiber. 

III. OTHER COMPONENTS 

As shown in Tables 42.2 and 42.3, in addition to conduct-
ing proximate analysis for the major food components
described in Section II, further analysis is required to pro-
vide information on nutrition labels in the United States
and Canada, respectively, and similar regulatory require-
ments are found in many countries internationally. This
additional information includes the energy or caloric con-
tent, the contents of subclasses of fatty acids and carbohy-
drates, and the contents of a number of other components
that may be minor in quantity but are of major importance
as nutrients.

The specific methods recommended for analysis may
vary between different countries. International standards
are described in the FAO/WHO Codex Alimentarius
Methods of Analysis and Sampling (19). The list of meth-
ods used by the Canadian Food Inspection Agency or
CFIA (Table 42.3) to verify nutritional information is
illustrative of the use of a combination of sources for the
methods. As stated at the CFIA website: “The methods of
analysis recommended are those published in the most
recent version of the ‘Official Methods of Analysis of
AOAC International’ wherever possible. Other collabora-
tively studied methods such as those published by the
American Oil Chemists’ Society, American Association of
Cereal Chemists, ISO, etc. would also be considered
appropriate. In house or journal methods with adequate
method validation data are another possible option for
method selection” (8). More detailed information on some
of these methods is described in various chapters in this
Handbook, including those on gas chromatography,
HPLC, and mass spectrometry.

IV. TRENDS IN FOOD COMPOSITION
ANALYSIS

Some of the trends in the analysis of chemical composition
of food, with regard to methods validation, components
analyzed, and new techniques, are outlined in the follow-
ing sections.

A. VALIDATION OF METHODS OF ANALYSIS AND

VALIDITY OF FOOD COMPOSITION DATA

Nutrient values in food composition databases may be col-
lected from various sources of information generated by
chemical analysis of food samples, by calculations, or by

Analysis of the Chemical Composition of Foods 42-15



expert estimation or “imputation” (36). Furthermore, the
analytical data may be obtained from chemical analysis of
food samples from the food industry, from government
agencies, from the scientific literature, or by analytical lab-
oratories that may or may not be ISO-accredited. Since the
data are gleaned from various sources and may be of
uneven quality and detail of supporting documentation, it
is crucial to assess whether or not the data are in fact reli-
able for inclusion in databases (36). For example, the
USDA Nutrient Data Laboratory has been working to
establish software for data acquisition, compilation, and
dissemination, as well as to facilitate the evaluation of ana-
lytical data quality based on five categories – sampling
plan, number of samples, sample handling, analytical
method, and analytical quality control, leading to a com-
bined rating represented by a quality index and confidence
code (36). 

There is a continuing need for reliable analytical
methods that can be used to determine compliance with
national regulations as well as international requirements
in all areas of food quality and safety. Some form of val-
idation procedure must be used to determine the reliabil-
ity of a method. The Codex Alimentarius Commission,
for example, requires that in order for a method of analy-
sis to be included in a Codex commodity standard, cer-
tain method performance information should be
available. This includes specificity, accuracy, precision
(repeatability, reproducibility), limit of detection, sensi-
tivity, applicability, and practicability, as appropriate.
However, “It is not practical or necessary to require that
all analytical methods used for food control purposes be
assessed at the ideal level … Limiting factors for com-
pleting ideal multi-laboratory validation studies include
high costs, lack of sufficient expert laboratories available
and willing to participate in such studies, and overall time
constraints” (20).

A joint FAO/IAEA expert consultation on “Validation
of Analytical Methods for Food Control” was held in
Vienna, December 2–4, 1997, to review existing schemes
for validation of international methods, to identify
requirements for validation of methods for analysis of vet-
erinary drug and pesticide residues, food additives, and
environmental contaminants in food, and to recommend
alternative approaches which would be practical, cost
effective, and considerate of time and human resource
constraints (18). Although a collaborative study con-
ducted according to generally accepted international pro-
tocols is always the preferred validation procedure, in
some cases it is not feasible to do so. In these circum-
stances, the evaluations may be done in one laboratory,
provided they are conducted according to five principles
addressing competence and third party review of the test-
ing laboratory, appropriate criteria assessment of the ana-
lytical method, careful documentation in an expert
validation report, and evidence of transferability (18).

B. THE IMPACT OF HEALTH ISSUES ON ANALYSIS

OF CHEMICAL COMPOSITION

Increasing numbers of reports on the associations between
consumption of certain foods or nutrients with improved
health or reduced risk of disease, have led to an explosion
of literature on food composition information on these
nutrients, nutraceuticals, and functional foods. However,
the validity of the measurements for specific bioactive
analytes has not been adequately assessed in many cases.
There is a need to apply the quality indices for methods
validation described in Section IV.A., and to initiate an
informatics approach to developing nutrient databases for
these components. Recent trends in this direction include
the initiation of a flavonoid database (37) and databases
for several bioactive food components including
carotenoids, six classes of flavonoids, omega-3 fatty
acids, and plant sterols (38). 

Increasing interest in the physiological roles of
dietary fiber and resistant starch has also led to a renewed
need to assess the methods for their determination.
Resistant starch is considered to be that starch which
resists digestion and absorption in the small intestine and
escapes into the colon, where it may be fermented by bac-
terial microflora. The enzymatic-gravimetric and enzy-
matic-chemical methods for dietary fiber analysis include
protocols for determining the content of resistant starch
(35), but it has been reported that some data on resistant
starch have only estimated retrograded amylose, which is
only one of the 3 or 4 components of resistant starch in the
diet (34). Similarly, data on dietary fibre intake around the
world are difficult to compare because of methodology
differences (34). In fact, a debate is ongoing at the present
time on what should be included in the definition of
dietary fiber. At the heart of the controversy is the issue of
whether total fiber should be classified into dietary fiber
(i.e. sources of fiber that are intrinsic or intact in plants)
versus functional fiber (i.e., fiber that has been isolated
and then incorporated as an ingredient in food products),
with associated concerns of how these two classes of fiber
might be analytically distinguished (39, 40). 

C. TRENDS IN METHODOLOGY FOR FOOD

ANALYSIS

There is a continuing need to explore the possibilities and
limitations of rapid methods for analysis of food, and of
equipment that will enable their successful application for
quality control (41, 42). As reviewed by Iban̂ez and
Cifuentes (43) in an excellent article, there have been many
advances in applying new analytical techniques in food sci-
ence, with an increasing focus on sophisticated techniques.
These include nuclear magnetic resonance, capillary elec-
trophoresis, mass spectrometry, and infrared spectroscopy,
as well as coupled techniques and new approaches to sample
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preparation (43), mass spectrometry, and hyphenated mass-
spectrometry techniques (44, 45) and the vibrational spec-
troscopic techniques of near-infrared, mid-infrared, and
Raman spectroscopy (46). Other recent trends include the
increased application of enzymes as indicators of food qual-
ity, biosensors, immunochemical techniques, DNA probes,
the polymerase chain reaction (PCR), rapid methods for
microbio-logical analysis, and authentication of foods using
isotopic methods (1, 43). There has also been great interest
in methods for the detection of genetically modified foods.
For example, Dahinden et al. (47) described the application
of real-time PCR technology for quantification of the genet-
ically modified organism (GMO) content of soybean
(Roundup Ready soybean-RRSoybean) or corn (Bt176,
Bt11, Mon810, and T25), and for demonstrating the ampli-
fication capacity of DNA from corn (invertase) and soybean
(lectin).

V. CONCLUSIONS

This chapter has provided an outline of the basic principles
and considerations for proximate analysis of food, and
briefly described the analysis of other constituents that are
of interest from the viewpoint of nutrition and health. A
multitude of techniques based on different principles are
available or being developed for the analysis of the chem-
ical composition of foods. Due to the diversity and hetero-
geneity of these food constituents, and the dependence of
the measured content of each constituent on the method
used for its analysis, it is imperative that reports on food
composition be accompanied by sufficient description of
the analytical methods used for obtaining those data, and
that these methods have been validated by officially recog-
nized associations. Only then can the data on chemical
composition of food analyzed by different sources or agen-
cies be meaningfully compared, interpreted, and applied.
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I. INTRODUCTION TO SPECTROSCOPY

Spectroscopy is the study of the interaction of matter with
electromagnetic radiation by absorption, emission, or
scattering. Spectroscopic techniques are invaluable for
obtaining both structural and quantitative information
about atoms and molecules, and are used extensively in
the analysis of foods and individual components. 

Electromagnetic radiation has a dual nature and acts
as if it is a particle (a photon) travelling through space
with the characteristics of a wave, with oscillating electric
and magnetic fields (Figure 43.1)(1). The energy of the
radiation, E, is directly related to the frequency, v (the
number of oscillations per second), by Planck’s constant
(h � 6.63 � 10�34 J-s),

E � h v (43.1)

The frequency, v, is inversely related to the wavelength,
λ, by

v � c/λ (43.2)

where c is the velocity of the radiation. The frequency of
radiation is determined by the source, and does not change
as the wave propagates through different media. However,
the velocity, and therefore the wavelength, is affected by
the medium. Wavelength is inversely related to energy, so
ultraviolet radiation with short wavelengths has more
energy than visible light. It should be noted that only
those wavelengths that are visible to our eye, from about
400 to 800 nm, are referred to as light. Radiation is the
general term used for electromagnetic radiation that
ranges from cosmic rays with wavelengths of 10–12 m, to
radio waves with wavelengths of 104 m. 

The charged particles of matter, the nucleus and
the electrons, can interact with specific wavelengths of
radiation, and the energy from the radiation can be trans-
ferred to, or absorbed by, the material. This absorption of
energy excites the atom or molecule from a lower energy
state (often the ground state at room temperature) to a
higher energy state, and is observed as an absorption spec-
trum. Alternatively, the emission of radiation when the
atom or molecule moves from a higher energy state to a
lower, more stable, energy state can be monitored as an
emission spectrum. There are a limited number of discrete
energy levels that a particular atom or molecule can
achieve, based on its structure. Therefore, only wave-
lengths of radiation with the precise amount of energy
that exists between two different energy states can be
absorbed or emitted. This allows atoms and molecules to
be identified by their unique absorption or emission
spectra.

The absorption and emission spectra of atoms are less
complicated than those of molecules. Atoms can undergo
electronic energy transitions, in which electrons (usually
valence electrons) move to higher or lower energy states.
Electronic transitions associated with excitation of valence
electrons can occur with the energy of ultraviolet or visi-
ble radiation. Molecules also undergo electronic transi-
tions, but have rotational and vibrational motions as well.
For each electronic state, there are several rotational states,
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FIGURE 43.1 The characteristics of electromagnetic radiation,
with electric and magnetic fields perpendicular to each other.



and for each rotational state, there are several vibrational
states (Figure 43.2). Vibrational motion occurs from the
bending or stretching of bonds between nuclei. The energy
required for vibrational motions is much smaller than for
electronic transitions, and vibrational transitions are typi-
cally excited by infrared radiation. Rotational motion
arises from movement of a molecule about its axes or cen-
ter of gravity. Transitions between rotational states require
even less energy than vibrational transitions, and can occur
with the energy found in the far infrared to microwave
regions of the electromagnetic spectrum. 

In addition to absorption and emission, radiation can
also be re-directed through scattering, reflection, or rota-
tion due to its interaction with matter. This can occur with
or without the transfer of energy, and therefore after inter-
acting with a sample, the radiation may have a different or
the same wavelength as the original radiation. 

While many forms of spectroscopy are based on the
interaction of electrons with electromagnetic radiation,
the interaction of nuclei with radiation can also be
detected under certain conditions. The nuclei of many
elements have magnetic properties, and when they are
placed in a strong external magnetic field, they will
populate different magnetic states. If the nuclei are
then exposed to radiation of an appropriate frequency,
they will absorb the radiation and undergo transitions
between magnetic states. The energy difference between
these magnetic states varies with the strength of the
external magnetic field and the chemical environment,
but occurs in the radiowave region of the electromagnetic
spectrum. 

A summary of the spectroscopic techniques that will be
explored in this chapter is given in Table 43.1. Spectroscopic
techniques of fluorescence, infrared, and mass spectroscopy
are discussed in other chapters of this book. 

II. ULTRAVIOLET-VISIBLE
SPECTROPHOTOMETRY

A. INTRODUCTION

Spectrophotometry is based on the ability of valence elec-
trons of molecules to absorb specific frequencies of radi-
ation, from the ultraviolet range (200 to 400 nm) through
the visible range (400 to 800 nm). The absorption of the
radiation can be detected using a spectrophotometer and
will yield an absorption spectrum. Spectrophotometry can
be used to obtain qualitative information regarding the
compounds that are present in a sample extract, but it is
not possible to obtain detailed structural information. In
molecules, there are simultaneous transitions between dif-
ferent vibrational, rotational and electronic states, result-
ing in rather broad absorption bands. Spectrophotometry
is more commonly used to quantitate the amount of a
compound in solution. It is an extremely versatile tech-
nique, and spectrophotometric methods of detection and
quantitation have been developed for hundreds of com-
pounds. The technique can also be used to detect enzyme
activity, and spectrophotometric detectors are commonly
used for high performance liquid chromatography
(HPLC). Some selected applications of spectrophotome-
try in food science are given in Table 43.2.
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B. PRINCIPLES

The energy associated with ultraviolet and visible wave-
lengths of radiation varies from about 150 to 36 kcal mole–1

(15). Energy of this magnitude corresponds to the energy
differences between electronic states of valence electrons of
molecules. Therefore, electromagnetic radiation in this
region absorbed by molecules can promote valence elec-
trons to an excited orbital. The types of electronic transitions
that occur with absorption of ultraviolet and visible radiation
include sigma bonding (associated with single bonds) to
sigma antibonding orbitals (σ-σ*), non-bonding electrons to
sigma antibonding orbitals (n-σ*), or more commonly, pi
bonding orbitals (formed by parallel overlap of p-orbitals) to
pi antibonding orbitals (π-π*) and non-bonding electrons to
pi antibonding orbitals (n-π*). The σ-σ* and n-σ* transi-
tions require higher amounts of energy, and therefore

usually involve absorption of ultraviolet radiation below 200
nm. These transitions cannot be monitored in commonly
used instruments. A π-π* transition occurs with a carbon
double bond and n-π* transition requires a nitro or carbonyl
group with a non-bonded electron as well as a double bond.
The π-π* and n-π* transitions occur readily with the energy
available in the ultraviolet and visible spectrum. Molecules
in which these types of electron transitions occur are
referred to as chromophores, from chroma, the Greek word
for color, and phoros meaning producer. Many food col-
orants have these types of bonds, and therefore are capable
of absorbing visible light, giving color to our foods. Some
typical chromophoric groups are given in Table 43.3. An
auxochrome is a compound that does not exhibit absorption
itself, but alters the wavelength or the intensity of absorption
of a chromophore. If a longer wavelength of radiation is
absorbed, it is termed a bathochromic or red shift, while a
shift to shorter wavelengths is referred to as a hypsochromic
or blue shift. 

In addition to excitation of valence electrons, absorp-
tion of radiation by a molecule can result in charge trans-
fer reactions involving the movement of an electron from
one atom to another. As well, transition metals, with
unfilled d- or f-orbitals, can also absorb radiation in the
ultraviolet-visible region of the spectrum, corresponding
to transitions between different d- or f-electronic states.
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TABLE 43.1
Selected Characteristics of Some Spectroscopic Techniques

Spectroscopic Technique Interacting Radiation Transition Interaction

Near Ultra-Violet Spectroscopy 200–400 nm Valence electrons of molecules Absorption
Visible Spectroscopy 400–800 nm Valence electrons of molecules Absorption
Tristimulus Colorimetry 400–800 nm — Reflection
Atomic Absorption Spectroscopy 160–900 nm Valence electrons of atoms Absorption
Atomic Emission Spectroscopy 160–900 nm Valence electrons of atoms Emission
Polarimetry/ 

Optical Rotary Dispersion 200–800 nm Circularly Polarized Valence electrons of molecules Rotation
Circular Dichroism 170–700 nm Circularly Polarized Valence electrons of molecules Absorption
Nuclear Magnetic Resonance Radiowaves � 1 mm Nuclear spin transitions Absorption and Emission

TABLE 43.2
Selected Applications of Spectrophotometry 

Application Reference

Quantitation of chlorogenic acid in potatoes 2
Determination of protein and fat in milk 3
Determination of paraquat in food and other samples 4
Determination of sulfite in foods using HPLC 5

and ultraviolet spectrophotometric detection
Ultraviolet spectra to assess oxidative stability of corn oils 6
Determination of vitamin C by visible spectrophotometry 7

after derivatization with Folin reagent
Determination of histamine in fish meal using 8

visible spectrophotometry
Determination of transglutaminase activity 9
Determination of allicin and alliinase activity 10
Derivative spectrophotometry to determine two 11

food dyes simultaneously.
Derivative spectrophotometry for determination 12

of o- or p-nitrophenol, as a marker for some pesticides
Derivative spectrophotometry to determine tryptophan 13

in proteins
Estimation of specific growth rates and lag times of 14

microbial cultures under different conditions

TABLE 43.3
Some Chromophoric Groups 

Chemical Group Structure Transition

Acetylenic - C ≡ C - π-π*
Amide - CONH2 π-π*, n-π*
Carbonyl - C � O π-π*, n-π*
Carboxylate - COO� π-π*, n-π*
Ester -COOR π-π*, n-π*
Ethylenic - C � C - π-π*
Nitro - NO2 π-π*, n-π*
Oxime - C � N - π-π*, n-π*

Source: Ref. 15.



To obtain the absorption spectrum of a sample, a
beam of radiation is passed through the sample, and the
power of the incident beam, Po, is compared to the power
of the radiation passing through the sample, P, the trans-
mitted beam (Figure 43.3). The power of the transmitted
beam will be reduced from the incident beam due to
reflection at the cuvette and sample interfaces, scattering
within the sample, and absorption by the analyte. The
transmittance of the sample, T, is the ratio of the radiant
power transmitted by a sample to the power of the inci-
dent beam,

T � P/Po (43.3) 

Transmittance values range from 0 to 1, or from 0–100%
for percent transmission. There is a logarithmic relation-
ship between transmission and concentration of a com-
pound that makes it inconvenient to relate the two.
Therefore, another term, absorbance, A, is used, defined as 

A � log (1/T) �� logT (43.4) 

The relationship between transmission and absorbance
with concentration can be seen in Figure 43.4. 

It was established, independently by Bouguer in 1729
and Lambert in 1760, that absorbance was directly pro-
portional to the thickness of a sample, when concentration
was constant, while Beer in 1852 determined that if the
sample thickness was constant, the absorbance was pro-
portional to concentration (15). These observations are
combined to derive what is commonly referred to as the
Beer-Lambert Law, or simply Beer’s law, as

A � a . d . c (43.5) 

where a is absorptivity, a proportionality constant for a
molecule at a specific wavelength, d is the sample path-
length, and c is the concentration of absorbing molecules.

The units of absorptivity vary, but reflect the units for con-
centration and sample pathlength. Molar absorptivity, or
the molar extinction coefficient, ε, has units of M�1cm�1,
while it is typical to give absorptivity constants of some
compounds, such as proteins, in terms of a 1% solution at
a specified wavelength and a 1 cm pathlength. 

Beer’s law is used in all absorptive spectroscopies, but
is only valid if the following conditions are met: (1) the
incident radiation is monochromatic, composed of a single
frequency, since each wavelength will have its own absorp-
tivity; (2) the solution is dilute enough that molecules
absorbing the radiation act independently of each other; (3)
the absorbing sample does not scatter or reflect the incident
radiation (some unavoidable effects may be compensated
by using a reference cell that contains all the sample com-
ponents except the analyte); and (4) the absorption occurs
in a uniform solution. Beer’s law can also be applied to
mixtures of molecules, as long as the components of the
mixture do not chemically or physically interact.
Therefore, absorbance of a mixture is additive, as follows,

Acompounds 1�ι � ε1dc1 � ε2dc2 � …. � d Σειcι (43.6)

C. EQUIPMENT

The basic elements of a spectrophotometer consist of a
radiation source, a wavelength isolator, a sample con-
tainer, and a detector.

1. Radiation Source

An ideal radiation source will produce stable, uniform, high
intensity radiant energy over the wavelength spectrum
of interest. A tungsten filament (or tungsten-halogen)
lamp can be used from 320 nm into the infrared region to
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FIGURE 43.3 Attenuation of a beam of radiation by reflection
at the cuvette and sample interfaces, scattering by particulates,
and absorption by the analyte.
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2500 nm, but cannot be used in the ultraviolet region. The
most common type of lamp for the ultraviolet region is a
deuterium electrical discharge lamp with a quartz envelope,
which can operate from about 180 to 370 nm. 

2. Wavelength Isolator

A wavelength isolation device is an essential component
of a spectrophotometer that enhances the selectivity of the
analysis and the sensitivity of the instrument by eliminat-
ing most of the radiation that is not absorbed by the sam-
ple. The benefit of selecting radiation with a narrow range
of wavelengths can be explained by the following exam-
ple. Assume that a radiation source provides a constant 10
units of energy at every nm from 350 to 449 nm. A sam-
ple placed in the radiation beam absorbs 5 units of energy
but only at 400 nm. If no wavelength isolation is used, the
spectrophotometer must detect the difference between no
sample (1000 units of radiation) and the sample (995
units), a 0.5% difference. However, if a crude wavelength
isolation device is used which restricts the incident radia-
tion to 10 nm around the wavelength of interest, 395–404
nm, the difference between the blank and the sample is
now 100 versus 95 units of radiation. This is a difference
of 5%, resulting in a 10-fold increase in sensitivity. A sec-
ond important reason for using a wavelength isolation
device is to enhance the selectivity of the analysis. If the
radiation incident on the sample has a wide range of
wavelengths, the observed absorption may be due to the
interaction not only of the analyte of interest at the
expected wavelength, but also from a contaminant which
absorbs at another wavelength. 

Using filters that only transmit radiation of certain
wavelengths is one of the oldest methods of wavelength
selection. Filters, however, have low selectivity and trans-
mit relatively wide ranges of radiation. It is more common
to use a monochromator, with a diffraction grating or a
prism to separate wavelengths of radiation and focus them
on the sample. The monochromator has an entrance slit to
allow radiation to enter. The radiation is collected on a
concave mirror and can be reflected to a prism or diffrac-
tion grating, which physically separates the different
wavelengths of radiation. The diffraction grating is a
reflective surface with 1200 to 1400 etched grooves per
millimeter. The individual wavelengths of radiation are
then reflected from another concave mirror to a focal
plane aligned with the exit slit. By adjusting the exit slit,
the desired wavelength of radiation is passed through the
slit and can interact with the sample. In practice, it is not
possible to select a single wavelength of radiation, but
rather a narrow bandwidth of radiation, centered on the
wavelength of interest, is obtained. Many instruments
allow the entrance and exit slit widths to be varied, which
affects the bandwidth of radiation selected. While a nar-
rower exit slit results in a narrower bandwidth, the radiant

power will be decreased. Usually, absorbance peaks in the
ultraviolet-visible region are fairly broad, so a relatively
wide bandwidth will give good results, and has the added
advantage of giving a better signal to noise ratio. 

3. Sample Holder

The sample holders used for spectrophotometric measure-
ments are cuvettes. These are often sold in matched pairs
that can be used in a dual beam spectrophotometer.
Commonly used cuvettes have a pathlength of 1 cm, and
may be constructed to hold either 4.5 or 1.5 mL volumes.
Specialized cells are also available, with pathlengths vary-
ing from 1 mm to 10 cm, and volumes ranging from a few
microliters to greater than 30 milliliters. Since the cuvette
becomes part of the path that the radiation follows, it is
critical that it does not contribute significantly to the
absorption at the wavelengths of interest. The materials
used for cuvettes vary depending on the wavelength of
radiation that must be detected. For visible spectroscopy in
the range from 340 nm to 800 nm, glass, quartz, poly-
styrene, or methacrylate cuvettes may be used. The poly-
styrene and methacrylate materials will give 75–90%
transmission at the lower end of this range. For the ultravi-
olet region, only quartz or fused silica cuvettes must be
used, as the other materials are opaque to ultraviolet radi-
ation. It is important that the cuvette surface is free from
scratches, material deposits, or other imperfections that
can cause scattering or absorption of the incident radiation.
Glass, quartz, or silica cuvettes can be cleaned periodically
using 5M nitric acid or special detergents, designed to
remove biological deposits, followed by rinsing with copi-
ous amounts of distilled-deionized, or reverse osmosis
water. Ultrasonic baths for cleaning are not recommended
by some manufacturers, as the cuvette may crack if it res-
onates with the bath frequency. Only lens paper or a soft
cloth should be used to wipe the outer surface of the
cuvette, as other papers with wood fibers can scratch the
surface. The advantage of the plastic cuvettes is that they
are inexpensive enough for single use, and therefore, main-
tenance is not an issue. An alternative to using cuvettes is
to carry out analyses in microplates containing 96 wells.
The absorbance of each well is obtained using a spec-
trophotometric reader designed specifically for such
plates. Using this format, multiple assays can be per-
formed quickly, with significant savings of precious sam-
ples or reagents since the volume of each well is only a few
hundred microliters. However, the pathlength, and there-
fore the absorbance of the sample, varies with the total vol-
ume used for the assay and must be determined. 

4. Detector

The radiation that is transmitted through a sample is quan-
tified by conversion to an electrical signal by a detector. A
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common type of detector is a photomultiplier tube. The
photomultiplier tube is made up of a photoemissive cath-
ode, coated with an easily ionized material, and several
dynodes in a vacuum. A voltage of 400 to 2500 V exists
between the cathode and the anode. When a photon strikes
the cathode, electrons are ejected and strike the first dynode
and release multiple secondary electrons. These accelerate
toward the next dynode, which again multiplies the elec-
trons released in a cascade, with an eventual gain of 104 to
107. These gains are very useful in detecting low levels of
radiation. The amplified electrical signal can be displayed
on an analogue meter, through the position of a needle on a
meter, or converted to a digital signal and manipulated by a
computer and displayed on a numerical read-out. 

5. Dispersive Instruments: Single-Beam and
Double-Beam Optics

In a single-beam spectrophotometer, the radiation follows a
path through a single cuvette to a detector. This type of
instrument is calibrated for 0% T by completely blocking
all radiation from the detector, and 100% T using a refer-
ence sample that, ideally, contains all the components
except the analyte. Because the calibration for 0 and 100%
T is carried out independent of the sample readings, ran-
dom fluctuations in lamp intensity, electrical power, and
drift over time may introduce error into the sample read-
ings. Repeated calibrations can be used to compensate for
instrumental drift over time.

A double-beam spectrophotometer has a design
advantage over a single beam instrument in that the radi-
ation emitted by the source is split into two beams of
equal intensity (Figure 43.5). This can be accomplished
by a rotating sector mirror (chopper), which rapidly
focuses the radiation beam sequentially through the sam-
ple cell, and then the reference cell, as it rotates. A single
detector can receive alternating signals from the sample
and the reference cells or there may be separate detectors
for the sample and reference. With either approach, any
minor fluctuations or drift in the radiation will affect the
reference and sample beam identically, and can be
ignored. A disadvantage of the double beam configuration
is that the power of the incident radiation on the sample is
decreased by splitting the beam, and therefore, the signal
to noise ratio may be lower than with single-beam optics.

6. Diode Array Instruments

Diode array spectrophotometers have a very different
design from dispersive instruments (Figure 43.6). In this
type of instrument, the radiation covering all the wave-
lengths of interest is collimated, passed through the sam-
ple, and then separated into its component wavelengths
using a fixed grating. The radiation is then projected onto
hundreds of diodes that are present on a silicon chip,

termed the diode array. Each diode acts as a capacitor, and
creates an electrical discharge proportional to the incident
radiation. A photodiode is generally made up of a semi-
conductor and a capacitor to charge the semiconductor. As
radiation hits the semiconductor, electrons flow through
it, thereby lowering the charge on the capacitor. The inten-
sity of radiation of the sample is proportional to the
amount of charge needed to recharge the capacitor at pre-
determined intervals. This type of instrument allows an
absorption spectrum to be obtained in less than a second,
since each diode collects radiation at its unique wave-
length at the same time; therefore, one of the major advan-
tages of this type of instrument is the rapid analysis. 

D. QUANTITATION

Quantitation is the most common use for spectrophoto-
metry, and is typically carried out using a standard curve. A
solution with a known concentration of the analyte is used
to make up a series of dilutions. Then a plot of absorbance
versus concentration at the appropriate wavelength is made.
The slope of this plot can be used to determine the extinc-
tion coefficient of the compound. Alternatively, by knowing
the extinction coefficient of the compound in the solvent, it
is possible to calculate the concentration, using Beer’s law,
relating the concentration of an analyte in solution to the
amount of absorbance of radiation. 
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Care should be given to the selection of an appropri-
ate reference sample. As noted above, the ideal reference
sample contains all the sample components except the
analyte. However, in practice, distilled water or even air is
sometimes used to establish 100% transmission, which
can cause erroneous absorbance measurements. If the
refractive index of the reference and sample are not close,
different amounts of reflective radiation loss will occur at
the cuvette window. This failure to match the refractive
index of the sample and reference can result in a shift of
the baseline, with apparently greater than 100% transmis-
sion in the sample. 

While many spectrophotometers are reported to give
linear responses to 3 absorbance units, linearity of
absorbance for any compound must be confirmed experi-
mentally. At high concentrations of the analyte, one of the
assumptions of Beer’s law, the independence of the
absorbing species, may not hold. At high concentrations,
the analyte may interact with itself or other molecules,
which can alter the absorption spectrum. As well, the
design of the spectrophotometer dictates that the most
accurate data will be obtained from absorbance values in
the range from about 0.2–0.8 absorbance units. When
sample concentration is very high, most of the radiation
incident to the sample is absorbed, leaving only a small
percentage traveling to the detector. Therefore, even a
small error in determining the transmitted radiation power
yields a large relative error, when compared to how much
radiation is being detected. When the sample concentra-
tion is very low, on the other hand, most of the radiation
falls on the detector. Again, a small error in radiation
power at the detector translates into a large relative error
in the amount of radiation absorbed by the sample. 

Detection limits in spectrophotometry depend on the
absorptivity of the compound being measured. A com-
pound with a molar extinction coefficient of 104 to 105

M�1cm�1 can be detected in the micromolar concentration
range. The wavelength of maximum absorbance (or mini-
mum transmission) is the best to use for the analysis. This
wavelength will yield the greatest sensitivity, with the
greatest changes in absorbance as concentration changes.
The accuracy and precision of a spectrophotometric assay
depends on instrumental limitations, control over physical
and chemical variables such as temperature, pH, and
reagent purity, and operator skill. 

In some analyses, the spectrum of the analyte of inter-
est cannot be completely separated from interfering mate-
rials in the sample, or the baseline is shifted. In these cases,
it may be beneficial to use the first, second, or higher order
derivative for qualitative and quantitative analysis of
absorption spectra (16). The derivatives can be easily cal-
culated from the absorption spectra with the computers
and programs that are standard with many modern instru-
ments. The first derivative of a single peak spectrum is 
a plot of the gradient dA/d λ versus wavelength, with a

minimum that occurs at the λmax and a maximum. The con-
centration of the analyte is proportional to the distance
between these. The second derivative is d2A/d λ2 versus
wavelength, and has two maxima with a minimum
between them at the λmax. The derivative spectra feature
sharp bands, compared to the broader bands of the original
spectra, which can enhance detection of minor spectral
features. If Beer’s law is valid for the original spectrum,
then the derivative can be used for quantitation as

dn A / d λn � dn ε / d λn dc (43.7)

Another quantitative application of spectrophotometry is
to determine reaction rates, rather than absolute
absorbances. The rate of change in absorbance is deter-
mined just after mixing all the sample components and
well before equilibrium is established. The concentration
of the analyte is then proportional to the slope of
absorbance as a function of time. Such procedures may be
used for determining enzymatic activity. It should be
noted that reaction rates can be very dependent on chem-
ical and physical aspects of the reaction, such as pH and
temperature, and these factors must be carefully con-
trolled to obtain meaningful results.

Ultraviolet-visible absorption spectra can be used to
qualitatively identify the presence of molecular species,
by comparing the spectrum of an unknown with a library
of possible compounds, or simply observing a character-
istic absorption peak. Absorption is proportional to con-
centration, but spectra obtained at different concentrations
can differ due to variations in absorptivity at different
wavelengths, making comparisons difficult. 

E. SAMPLE PREPARATION

Clear solutions are required for spectrophotometry. If the
analyte is in a suspension with some turbidity, rather than
a clear solution, then a significant amount of radiation will
be scattered, rather than absorbed, violating one of the
assumptions of the Beer-Lambert law. A wide variety of
solvents with various additives can be used to enhance
solubility of the analyte of interest. The only limitation is
that the solvent and additives must not themselves exhibit
a significant amount of absorption in the region where the
analyte will be monitored. All common solvents are suit-
able for use in the visible range of the spectrum, while
fewer are transparent at the lower end of the ultraviolet
range (Table 43.4). For optimal results, the absorbance of
the cuvette and solvent should be no more than 0.05
absorbance units.

Turbid suspensions are deliberately used for some spe-
cific applications, not involving absorption. Microbial cell
growth curves can be determined by monitoring the
decrease in transmission of radiation through a sample
caused by scattering of radiation, and with a standard
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curve, microbial cell density in a solution can be estimated.
Alternatively, an increase in transmission, as a result of a
decrease in the scattering of radiation, of a bacterial sus-
pension can be used as a qualitative indication of cell lysis. 

III. TRISTIMULUS COLORIMETRY

A. INTRODUCTION

Tristimulus colorimetry is the measurement of the per-
ceived color of objects, based on the reflection of visible
light from an object. Three components influence col-
orimetry readings: the radiant energy spectrum of the light
source impinging on the object, the characteristics of the
object itself, and the sensitivity of the detector, the human
eye (17). A change to any of these three interacting com-
ponents usually results in a change of perceived color.
Color is not a strictly physical characteristic of an object,
but is a psychophysical characteristic, since it depends on
human perception of light reflected from an object. There
are many factors that influence color perception by an
individual including the light source, the viewing angle,
the background, the size of the object, surface texture,
particle size, number of receptors in the eye, and even
aging or yellowing of the lens in the eye. These factors,
and the ability of the human eye to distinguish subtle
color differences, make reproducible color description
and color difference estimation by people very difficult.
Instruments have been developed that standardize the
radiation source, the viewing conditions, and the detector,
so that reproducible color parameters can be obtained.
This allows color to be unambiguously defined for an
object, and color differences between objects to be meas-
ured. Colorimetry can be used to establish color standards
or color tolerances that are used for quality assessment, to
determine the effects of physical and chemical conditions
on the color of a sample, and to establish color parameters

that can be used as rapid and non-destructive indices of
other components in the sample, for example, the amount
of a pigment in a sample or the loss of a reactive compo-
nent. Applications of tristimulus colorimetry to foods are
given in Table 43.5.

B. PRINCIPLES

Colorimetry has the ultimate objective of being able to
provide color coordinates that will enable different people
to describe and visualize a color unambiguously. This is
most easily achieved with a uniform color space, so that
the distance between two colors in three-dimensional
space correlates with their visual color difference.
Numerous color appearance models, or color space mod-
els have been developed, and one well-recognized system
is the CIE1 L*, a*, b* system, which provides a reason-
ably uniform color space (Figure 43.7). The L* value rep-
resents lightness and ranges from 0 (black) to 100 (white),
the a* value represents red to green (positive to negative
values), and the b* value represents blue to yellow (posi-
tive to negative values). These values can be manipulated
to yield the hue and chroma of the object. Hue is the name
given to a color, such as red, blue, or yellow, while
chroma is the saturation, or intensity of the color, relative
to a white object viewed under similar illumination. The
absolute value of a* and b* values indicates the chroma of
the object, and can be defined as 

Chroma � (a*2 � b*2)0.5 (43.8)

while the hue is the angle defined by a point in color space
joined to the origin and the positive a* axis. Hue can be
calculated in positive degrees as 

Hue � tan�1 (b*/a*) (43.9)
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TABLE 43.4
Ultraviolet Absorption Cut-Off of Some Solvents

Solvent Ultraviolet Cut-Off (nm)

Acetonitrile 190
Cyclohexane 210
Ethane 210
Hexane 210
Methanol 210
Water 210
Glycerol 220
Ethyl ether 220
Chloroform 245
Ethyl acetate 260
Carbon tetrachloride 265
Benzene 280
Acetone 330

TABLE 43.5
Selected Applications of Tristimulus Colorimetry 

Application Reference

Optimization of color stability of cured hams, 18
determined from tristimulus color parameters

Tristimulus colorimetry to assess the color of honey 19
Tristimulus colorimetry to assess color changes in 20

an oil in water emulsion due to Ostwald ripening
Tristimulus colorimetry to assess whitening ability 21

of dairy products and coffee whiteners
Tristimulus colorimetry to assess relationship between 22

color and flavor of roasted peanuts

1 CIE, the International Commission on Illumination abbreviated from
its French title Commission Internationale de l’Eclairage, is an interna-
tional organization for research and exchange of information on matters
relating to the science and art of lighting.



C. EQUIPMENT

Tristimulus colorimeters use a light source with a defined
energy spectrum, standardized illumination and viewing
conditions, and sensors that simulate the way the human
eye perceives color. While different instruments use dif-
ferent color appearance models, values from each model
can be interconverted using appropriate equations.
Tristimulus refers to the concept that most colors can be
matched by addition of different amounts of the three pri-
mary color lights—red, green, and blue. The components
of a tristimulus colorimeter include a light source, a sam-
ple holder, a set of filters, and a detector (Figure 43.8).

1. Light Source

The light source has a significant effect on the perceived
color of an object, since the reflected light is dependent on
the intensity of the incident light. It is a common experience
to observe that the color of an object differs when viewed
under different lighting conditions. There are two light
sources that are commonly used in tristimulus colorimeters,
Illuminant A and D65. Each is defined by the CIE.
Illuminant A represents incandescent illumination. D65
mimics daylight, and is characterized by a correlated color
temperature of 6500 K. The correlated color temperature of
an illuminant is derived from the concept of a black body
radiator, a theoretical light source, in which the quantity
and wavelengths of energy emitted increase with the
absolute temperature. Therefore, as correlated color tem-
perature increases, the emitted radiation becomes more
intense, with more blue (shorter) wavelengths. Although
D65 is a commonly used illuminant, there are other D illu-
minates used in colorimeters with different correlated color
temperatures. 

The angle that the light illuminates the object, coupled
with the angle that the reflected light is viewed will also
influence the perceived color. Therefore, the CIE has
defined two sets of geometries for illumination and view-
ing that are commonly used in tristimulus colorimeters. In
the first set, the sample is illuminated from all angles,
using a sphere light source, and viewed at 0° to the sur-
face. Alternatively, the sample can be illuminated at 0°,
and the reflected light collected from all angles. Both of
these configurations will yield the same tristimulus values.
The second set of geometries includes illumination at 45°
and viewing at 0° (shown in Figure 43.8), or alternatively,
illumination at 0° and viewing at 45°. Again, both config-
urations will yield the same result. This design eliminates
all components of gloss from the color parameters. 

2. Filters and Detector

The filters used in a tristimulus colorimeter mimic the
color sensitivity of an average person, based on the spec-
tral responsiveness of the three types of cones in the
human eye. The response curves are known as the stan-
dard observer curves. The concept can be understood as
the amounts of red, green, and blue primary lights that are
needed to match the colors of an equal energy spectrum
by a person with average color vision. However, for cal-
culation purposes, the red, blue, and green primary colors
are mathematically converted to X, Y, and Z primaries, as
some yellow hues cannot be matched by adding red,
green, and blue light. Tristimulus colorimeters may use
four filters, rather than three, for the same reason.
Phototubes that monitor the light transmitted through each
filter are used for detection.

An alternative system to the use of filters is a scanning
spectrocolorimeter that uses a monochromator, coupled
with diodes for detection. The reflectance data for every 5
or 10 nm are multiplied by the color-matching function of
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the standard observer curves, and then integrated across
the spectrum to yield values for the color appearance
model used by the instrument. 

The specification of absolute color of an object
requires careful calibration of the light source and detec-
tors of a tristimulus colorimeter, and it is difficult to obtain
identical readings between two different instruments.
However, very reproducible results can be obtained from
determinations of color differences between two objects,
and this is a more common and reliable application of a
colorimeter. It is important to remember that some color
differences, measured instrumentally, may not be distin-
guished visually. Therefore, instrumental results must
always be related to human perception. 

D. SAMPLE PREPARATION

The ideal material for determining surface color is uniform
in color, flat, smooth and does not exhibit gloss; however,
few food materials have all of these characteristics.
Therefore, the characteristics of each sample must be con-
sidered to obtain useful color information. Color measure-
ments may be obtained on liquid, solid, or powder samples,
and may require very little preparation prior to analysis.
The main objective is to evaluate a sample as it would be
normally viewed. Color parameters will vary with depth,
surface characteristics, and particle size of the sample.
Smaller particles will cause more scattering of light, and be
perceived as brighter but less colorful than the same mate-
rial with larger particles. Since color may vary within the
sample, on the top or bottom, or depending on orientation,
it may be appropriate to take several instrumental readings,
turning or moving the sample between readings. The aver-
age color parameter can then be calculated. For translucent
or transparent samples, a consistent sample depth must be
used since color will change with the sample thickness. As
well, some light may be transmitted through translucent or
transparent samples, and therefore it is necessary to use a
consistent background such as a white plate, and to avoid
stray light that might be transmitted through the sides of
the container holding the sample. 

IV. ATOMIC ABSORPTION
SPECTROSCOPY

A. INTRODUCTION

Atomic absorption spectroscopy (AAS) is a technique used
to detect or quantitate the presence of elements, usually
metals, at the sub part per million concentration. It can be
used to detect elements in almost any solid, liquid, or
gaseous sample, although most samples are converted into
homogeneous solutions prior to analysis. Usually, only a
single element is quantitated in each analysis. AAS is based
on the absorption of radiation by ground state atoms, rather

than molecules, but obeys the same general principles
described for spectrophotometry. Two common types of
AAS are flame AAS, and graphite furnace or electrother-
mal AAS. These methods differ in the way that ground state
atoms are produced. Some applications of AAS to deter-
mine metals in food samples are given in Table 43.6.

B. PRINCIPLES

There are two key steps involved in AAS (27,28). The first
step is the production of free atoms of the analyte from the
sample material, produced by heating the sample using
either a flame or a furnace. During heating of a sample, the
solvent is evaporated, water of hydration is removed, oxides
may be produced, and finally free atoms of the metal are
generated. The second step is the excitation of the atoms to
a higher electronic energy state, mediated by the absorption
of radiation by the valence electrons. The energy associated
with the absorbed radiation corresponds to the difference in
energy between the ground state and an excited state of the
valence electrons, and is characteristic of each atom. There
are multiple excited states that an atom can achieve, and
therefore the absorbance spectrum of an atom is composed
of several absorption lines. However, the resonance transi-
tion state, from ground state to the first excited state, is the
most intense and therefore used most often as it offers the
best sensitivity. Alternative resonances may be used if there
is interference at the wavelength of the first excited state.
Absorption lines for the different elements occur in the
wavelength range from about 160 to 900 nm. The lines of
the atomic absorption spectrum are very narrow compared
to the absorption spectrum of a molecule obtained in the
ultraviolet and visible range because there are no vibrational
or rotational transitions for free atoms. 

C. EQUIPMENT

1. Flame Atomic Absorption Spectroscopy

The basic components of a flame AAS are the radiation
source, flame atom cell with a burner, sample introduction
system, monochromator, and the detection system (Figure
43.9). A computer is usually used for control of the instru-
ment, and manipulation of the data.
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TABLE 43.6
Selected Applications of Atomic Absorption
Spectroscopy (AAS) 

Application Reference

Flame AAS to determine Cd, Cu, and Pb in samples 23
Graphite furnace AAS determination of vanadium in foods 24
Graphite furnace AAS determination of Pb in wine 25
Flame AAS simultaneous determination of Cu, Zn, Fe, 26

and Mn, or Na, K, Ca, and Mg



a. Radiation source
The most common radiation source is the hollow cathode
lamp (HCL), where the cathode is composed of the same
metal as the analyte of interest. The HCL contains a glass
envelope with a silica window for use in the ultraviolet
spectrum. The glass envelope is filled with an inert gas such
as neon or argon, at a low pressure between 1 to 5 torr. A
voltage applied between the anode (positively charged) and
the metal cathode causes the gas to ionize at the anode. The
positive ions are accelerated toward the cathode, strike it,
and cause some of the metal ions from the cathode to be
released in an excited state. The excited ions produce an
intense spectrum of radiation, characteristic of the metal
when they return to the ground state. These metal atoms
then diffuse back to the cathode or deposit on the glass
envelope. Therefore, the HCL emits very narrow spectral
lines of radiation, some of which are identical to the absorp-
tion lines of the analyte (Figure 43.10). The spectral width
of atomic absorption lines is about 10�5 nm. There is some
broadening of these lines to about 0.001–0.005 nm, but
even these ‘broader’ absorption lines are much narrower
than the resolution limits of the conventional spectral wave
band selector. Therefore, the specific emission lines of the
HCL eliminate a large background signal, and inherent loss
of sensitivity, that would result from using a broad spec-
trum radiation source with a monochromator.

Typically, single element lamps are used but there are
some multi-element lamps that can generate the absorption
spectra of several metals simultaneously. However, usually
one element is more volatile than the others, and tends to
cover the surface of the other metals, reducing the intensity
of radiation from these elements. The advantage of these
multi-element lamps is that a single sample may be used to
quantitate several elements, which is more time- and cost-
efficient. An example of a multi-element lamp is the calcium
and magnesium HCL, which has been used extensively for
analysis of dairy products, plant extracts, and other samples.

b. Flame atom cell
The flame atom cell is where the sample is converted into
free atoms by heating in a flame held in the burner. The
flame therefore acts as the sample holder. A typical flame
uses air as the oxidant and acetylene as the fuel. The ratio
of oxidant and fuel can be varied to produce an oxidizing
or reducing flame, which is optimized for each element.
This flame is hot enough (~2500 K) to dissociate mole-
cules of the sample into atoms for approximately 50 of the
elements. However, there are approximately 10 to 20 ele-
ments that require a hotter flame, obtained using nitrous
oxide-acetylene flame (~3200 K). These include elements
that form very stable oxides such as aluminum, barium,
and boron, and others such as lanthanum, the rare earth
metals, molybdenum, silicon, and vanadium (29). A rela-
tively long flame, several centimeters in length, is used to
maximize the pathlength of the sample, and the amount of
radiation absorbed by the atoms. 

c. Sample introduction system
The sample is usually introduced into the flame as a fine
mist with an ideal droplet size of 2 to 6 µm. The system
should introduce the sample reproducibly, with no interfer-
ences, and no cross contamination between samples.
Pneumatic nebulizers are the most common method of sam-
ple introduction. A jet of compressed air aspirates and neb-
ulizes the solution. In a concentric nebulizer, the oxidant gas
surrounds the sample as it emerges from a capillary tube,
causing reduced pressure at the tip, and a suction of the sam-
ple solution from the container. The high velocity of the
sample as it exits from the capillary tube creates a pressure
reduction that causes the drop to break into a fine mist.
Larger aerosol droplets are removed through a drain tube as
the sample passes through an expansion chamber, and the
remaining sample is mixed with the gases. Typically only 5
to 10% of the sample is nebulized and flows to the burner.
Ultrasonic nebulizers, using high frequency sound between
0.1 to 10 MHz, have also been developed. These have a
higher efficiency (~30%) than the pneumatic systems and
can generate homogeneous aerosols with droplets smaller
than 5 µm. They also allow the aerosol generation rate and
gas flow rate to be varied independently. Because the sam-
ple is fed into the flame in a steady stream, a steady state sig-
nal is produced for each sample, depending on the flow rate.
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d. Monochromator and detector
The monochromator is used to isolate the wavelength of
interest. However, the inherent selectivity of the hollow
cathode lamp means that only a low resolution monochro-
mator is needed. A typical monochromator is composed of
entrance and exit slits, and a prism, or gratings, similar to
that used for a spectrophotometer. There has been some
development of more complex optical systems for multi-
element sensing. A photomultiplier tube, similar to those
used in spectrophotometry, can be used for detection.

2. Graphite Furnace Atomic Absorption
Spectroscopy

Furnace AAS differs from flame AAS in the way that
atoms are generated and the sample is introduced into the
system. Most designs are based on a heated graphite atom-
izer, commercially developed by the Perkin-Elmer
Corporation. This system is a graphite tube, 50 mm long
with a 10 mm diameter, heated by electrical resistance. An
inert gas such as argon or nitrogen flows through the tube
at a constant rate, and the system is enclosed in a water
jacket. Discrete microlitre volumes of sample are deposited
through an injection port onto a platform in the center of
the tube, and are heated in three stages by applying a vari-
able current. In the first stage, the solvent is evaporated,
then the sample matrix is ashed, and finally the elements
are atomized. The atom cloud then absorbs radiation from
the HCL, and a single signal peak is produced from each
sample application. Samples can be manually introduced to
the graphite tube with micropipettes, but automatic sample
introduction is also used. The technique requires from 2 to
200 µl volume, or a few milligrams of solid sample. While
the technique is attractive because of the enhanced sensi-
tivity and the small sample size, it is much more difficult to
obtain reproducible results than with flame AAS. Furnace
AAS is more prone to physical and chemical interferences
that require more complex procedures to correct. As well,
the instrumentation is more complex than flame AAS and
requires more skill to operate and maintain. 

D. QUANTITATION

Quantitation is achieved with a standard curve, where the
relationship between signal intensity and the known con-
centration of analyte is determined. Usually, at least four
concentrations of the analyte and a blank are used to estab-
lish the standard curve. The concentration of the unknown
sample must fall within the upper and lower limits of the
standard curve. The accuracy of the results will decrease,
however, if atomization of analyte occurs differently in the
standard solution compared to the samples. In cases where
the matrix of the unknown cannot be matched with the stan-
dards, the method of standard addition may be used to com-
pensate for interferences in the analysis. The signal from an
unknown is determined, and then increasing amounts of the

standard are added to the sample, and the signal is deter-
mined for each addition. The concentration of the original
sample can then be determined by back extrapolation. 

Flame atomic absorption produces a steady-state sig-
nal, depending on how rapidly the sample is introduced
into the flame, and has a detection limit of 100 ppb for
many elements. Graphite furnace AAS can have detection
limits 10 to 100 times lower than flame AAS, achieving
sub-ppb detection, and produces a transient signal, similar
to a chromatographic peak. Therefore, peak area (recom-
mended for more accurate results) or peak height may be
used for quantitation. 

E. SAMPLE PREPARATION

Almost any solid, liquid, or gas sample can be analyzed
by AAS, with the appropriate pre-treatment to obtain a
homogeneous solution. Liquid samples may be used
directly, sometimes only with dilution to an appropriate
metal concentration range. For flame AAS, solid samples
are dissolved, or digested using a wet or dry ashing pro-
cedure, prior to analysis. Care must be taken to avoid
losses of volatile metals during dry ashing. Solid samples
may be analyzed directly by graphite furnace AAS.
Metals can be extracted from a gas sample by passing the
gas through a scrubber, followed by solvent extraction.
Solvents and chemicals used to prepare the samples may
be a source of contamination, so ultra-pure reagents
should be used, and possible contamination must be
accounted for by analyzing a blank. The actual measure-
ment of a prepared sample may take approximately 10
seconds for flame AAS or 2 minutes for furnace AAS.

During AAS, there can be chemical or physical fac-
tors inherent in the sample that interfere with or enhance
the production of atoms, causing errors in quantitation. A
well-documented case of reduction in volatility occurs
with calcium in the presence of phosphate. When these
two metals are present together, calcium phosphate forms,
reducing the atomization of calcium compared to that
achieved from calcium chloride. Releasing agents, or ion-
ization suppressors, are added to samples with this prob-
lem, to minimize interferences caused by incomplete or
slow breakdown of a molecule to atoms or the formation
of ions. Lanthanum and strontium are examples of release
agents that release calcium from phosphate interference.
Formation of complexes that enhance volatility are less
common, although fluoride may have this effect. 

V. ATOMIC EMISSION SPECTROSCOPY

A. INTRODUCTION

Atomic emission spectroscopy (AES) is used for the qual-
itative and quantitative analysis of metals, similar to
atomic absorption spectrophotometry. While there are
some common features between the two techniques, there
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are also important differences. Both techniques require
the formation of atoms, followed by their excitation to a
higher energy state. However, AES monitors the specific
wavelengths of radiation emitted by excited atoms or ions,
as the excited electrons fall back to lower states.
Therefore, the sample itself creates the radiation signal in
AES, and an external lamp is not required. Because a spe-
cific radiation source is not required, multiple elements
can be detected in a single AES analysis. Examples of the
application of AES to detect elements in food samples are
given in Table 43.7.

B. PRINCIPLES

AES uses thermal energy to form free atoms from a sam-
ple matrix, and to promote valence electrons of the atoms
into an excited state (28). When the electrons fall back to
the ground state, the excess energy is emitted as radiation
that can be detected and quantified. Similar to AAS, emis-
sion lines occur from about 160 to 900 nm, and are typi-
cally very narrow. Each ion or atom will emit a distinct set
of spectral lines dependent on the electron structure of the
material and the permitted energy states of the electrons
that are used for identification. Qualitative analysis can be
achieved by monitoring the presence of a spectral line
with intensity greater than the background. The intensity
of the spectral line is proportional to the concentration of
the element, allowing for quantitative analysis. 

The emission spectral lines are more complicated than
the absorption spectral lines. With atomic absorption, the
electronic transitions are usually from the ground state to

the first excited state (the resonance transitions), while in
atomic emission, more intermediate transitions are
detected. However, because of the very narrow and charac-
teristic emission lines from the gas-phase atoms, each ele-
ment can be detected relatively free of interferences from
other elements. Most elements exhibit several spectral
lines that have reasonably similar sensitivities. Therefore,
if one spectral line exhibits interference, an alternative may
be chosen. There are several commonly used variations of
atomic emission spectroscopy, depending on the energy
source used to excite the samples, including flame AES
(also termed flame photometry), arc/spark AES, and induc-
tively coupled plasma (ICP) AES. 

C. EQUIPMENT

The instrument used for AES requires an energy source to
atomize and excite the analyte, a sample nebulizer and
introduction system, a monochromator to select the emis-
sion wavelengths, a detector to record the radiation inten-
sity, and data manipulation/readout device. Therefore,
except for the radiation source (the HCL), the components
are similar to those of an atomic absorption spectrometer
(Figure 43.9), and some instruments can be used for both
techniques. The liquid sample is aspirated into the energy
source, using pneumatic or ultrasonic nebulizers, similar
to those used for AAS. As previously described, only a
small percentage of the sample reaches the energy source
while the rest is lost through droplet condensation. In the
energy source, the solvent is evaporated, the sample
matrix (if present) is ashed, and the analyte is atomized
and electronically excited. The emitted photons are passed
through a narrow entrance slit, dispersed using a mono- or
poly-chromator, and detected with a photomultiplier. The
energy sources and the specific characteristics and appli-
cations of the different types of AES are described below.

1. Flame Atomic Emission Spectroscopy

Some of the flames used for flame AES include air-hydro-
gen (~2300 K), oxygen-hydrogen (~3000 K), and oxygen-
acetylene (~3400 K). The flame must supply enough
energy to atomize the analyte and to excite the atoms to
higher energy states. The alkali metals and alkali earth
metals (sodium, potassium, lithium, cesium, calcium,
strontium, and barium) are easily excited and amenable to
analysis by flame AES. The flame provides relatively low
amounts of energy, however, and may result in low inten-
sities of radiation for other metals that require more
energy to reach higher excited states. Still, there are more
than 70 elements, and some metal oxides, that can be
detected and quantitated using flame AES. In theory,
using a hotter flame should produce a stronger emission,
but this is not always the case since atoms may ionize at
higher temperatures. Ionization creates new spectral emis-
sion lines, reducing the intensity of the atomic lines.
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TABLE 43.7
Selected Applications of Atomic Emission
Spectroscopy (AES)

Application Reference

Trace element (Ca, Cu, Fe, Mg, Mn, Zn, K, Na) food 30
composition data for 32 different fruits by flame AAS
and flame atomic emission spectroscopy

Selenoamino acids determined in garlic, onion, and 31
broccoli using gas chromatography with atomic
emission detection

ICP-AES to determine Al, As, B, Ba, Ca, Cd, Co, Cr, 32
Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Se, Sr, Tl,
V, and Zn contents of food samples

ICP-AES of nickel, iron and copper in margarine 33
samples

Simultaneous ICP-MS determination of 34 trace 34
elements in the wines (Li, Be, Mg, Al, P, Cl, Ca, Ti,
V, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Mo,
Ag, Cd, Sb, I, Cs, Ba, La, Ce, Tl, Pb, Bi, Th, and U)

Double focusing ICP-MS analysis of Sr, Cd, Hg, and 35
Pb, and Na, Al, Ca, Mg, Cr, Mn, Fe, Ni, Cu, Zn,
and Se in milk whey



Because of the low energy flame, resonance spectral lines,
arising from the transition between the first excited state
and the ground state, are used for quantitation. However,
at high concentrations, these spectral lines can self-absorb
(i.e., atomic absorption occurs), causing a reduction in
intensity and making it difficult to obtain reliable results.
In addition, corrections to background emissions must be
made for organic solvents which will yield spectral lines
from products of complete or incomplete oxidation, and
from the combustion fuel of the flame itself. 

2. Arc/Spark Atomic Emission Spectroscopy

This type of AES utilizes an electrical discharge to excite
the sample of interest. These sources can achieve temper-
atures of 4000 to 6000 K. Arc/spark emission spec-
troscopy has several advantages over flame AES. It is
more universal in its application in that the higher tem-
perature source can excite most elements, and therefore
most metals can be analyzed. As well, the greater energy
used in excitation causes transition beyond the first
excited state, and allows transitions between two upper
excited states to be used for analysis. This can improve
quantitation since the number of atoms in the upper
excited states is relatively low; therefore there is little self-
absorption of these spectral lines, and a linear response
between concentration and line intensity can often be
obtained. Arc/spark AES is 10 to 1000 times more sensi-
tive than flame AES. However, intense spectral lines that
can cause interference can be produced from materials in
the air near the electrical discharge.

3. Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) 

A plasma is an ionized gas that is neutral in charge. A
plasma can be created starting with a stream of gas (typi-
cally argon) that flows through an open tube surrounded
by a metal coil, such as copper. The coil transfers power
from the radio frequency generator, acting as an inducer,
and therefore the source is referred to as an inductively
coupled plasma (ICP). The coil sets up an oscillating elec-
tromagnetic field. A few charged argon ions are intro-
duced by an igniting device, and are caught in the
oscillating field. These ions move rapidly with the field,
generating more ions and free electrons from collisions
with gas atoms. These secondary ions, in turn, create even
more ions and free electrons, resulting in the plasma.
Another stream of argon is used to carry the aerosol sam-
ple from the nebulizer into the plasma. The aerosol must
be dried to remove the large amounts of solvent that
would cool or extinguish the plasma. This is accom-
plished by passing the sample through a heated tube, and
then a cooled condenser. When the atoms of the sample
are introduced into the plasma, they collide with rapidly
moving gas ions, become excited, and then relax to a

lower energy state, emitting distinct spectral lines. The
plasma source is extremely hot—estimates range from
6500 to 10,000 K—and therefore it is capable of breaking
virtually all chemical bonds in the sample, resulting in
independent ions and atoms. The method has high sensi-
tivity since a large proportion of most elements will be
excited, with little self-absorption and little chemical
interference. Linearity can be achieved over four to six
orders of magnitude. There are two configurations, radial
and axial, for collecting radiation from the plasma. In the
radial configuration, radiation is collected from the side of
the plasma, across a narrow emitting central channel. An
axial configuration views the plasma end-on. This config-
uration increases the pathlength of the sample, and
increases the detection limits 5 to 10 times. 

4. Detection Systems

An advantage of AES over AAS is that multiple elements
can be detected in a single analysis. There have been sev-
eral different detection systems designed to accommodate
this characteristic (36). 

a. Sequential spectrometers
Sequential instruments are the least expensive and most
flexible types of emission spectrometers. Most include a
single photomultiplier tube that receives wavelengths of
emitted radiation in sequential order from a monochroma-
tor. This configuration is good to use when the metals to
be determined, their concentration, and the sample matri-
ces vary. The major disadvantages of the sequential
instruments are the relatively long analysis times, since
only one element may be determined at a time, and the
greater sample volume required. 

Two methods are used to obtain reproducible wave-
length selection with this type of instrument. One
approach is to rely on the analyte to produce the largest
spectral line near the expected wavelength. This can result
in selection of an erroneous line if an interfering element
is present at relatively high concentrations. Alternatively,
a known spectral line, such as the carbon line at 193 nm,
can be used for reference, and the wavelength of interest
is identified as a predefined number of steps from the ref-
erence. This method is less likely to lead to selection of
the wrong spectral line, but increases analysis time. 

b. Simultaneous spectrometers
Simultaneous spectrometers use multiple detectors, with
one or more photomultiplier tubes for each analyte of
interest, so that the instrument is configured for a set num-
ber of analytes, with known interferences. The radiation
of different wavelengths emitted by the sample is dis-
persed through a monochromator onto the detectors.
Because detectors and grating are stationary, there is no
need for a peak search routine. Matrix-dependent interfer-
ences can be overcome by installing multiple detectors for
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a single element, and selecting the one that is most sensi-
tive and interference free. The major disadvantage of
these instruments is the lack of flexibility, as they are con-
figured for specific spectral lines of analytes, and the
installation of additional detectors after the instrument has
been configured can be expensive. 

c. Solid-state array detector spectrometers
To overcome the limitation of both the sequential and
simultaneous instruments, charge-injection device (CID)
or charge-coupled device (CCD) detectors have been
introduced to give very high sensitivity and resolution.
These detectors can monitor 250,000 or 5,000 spectral
lines simultaneously, respectively. These instruments with
a CID or CCD can be obtained for the same price as an
instrument with a simultaneous configuration and 25 pho-
tomultiplier detectors, and therefore are likely to be the
configuration of choice. 

d. ICP-AES mass spectrometry
Mass spectrometry can be used in conjunction with ICP to
detect the atoms and ions, rather than using the radiation
they emit (28). The atoms and ions are produced by the
plasma as previously described, extracted from the center
channel of the plasma, and separated and detected using
mass spectrometry, by their mass to charge ratio. The
technique is extremely sensitive, with detection at the part
per trillion level, and may require a clean room environ-
ment to eliminate background interferences. It is the only
atomic absorption/emission technique that can separate
and quantitate isotopes, but it is by far the most expensive
type of AES. 

D. QUANTITATION

AES can be used quantitatively, using a standard curve or
by the method of standard addition, as described for AAS;
however, careful calibration is required to obtain accurate
results. Many different experimental variables affect the
intensity of radiation emitted, including spectral line over-
lap from elements in the samples that cannot always be
avoided. In these cases, correction factors are calculated,
using pure solutions of each component.

Matrix effects are common for flame and arc/spark
AES. If the matrix is more volatile than the analytes, it
will cause the signal from the elements to be released over
a longer time and with a lower intensity. Ideally, the
matrix of the sample and the standards should be identi-
cal. If there are substantial differences in the matrix
between the samples and standards, background correc-
tion must be used. 

It is difficult to compare the different atomic absorp-
tion or atomic emission techniques for sensitivity and
detection limits, since factors such as the equipment con-
figuration, slit width, the sample matrix, and the spectral
line used influence the signal obtained. For a particular

analysis, a literature search can be carried out to deter-
mine the best method. However, some general compar-
isons of the techniques can be made. Flame AES can
detect elements at sub-ppm levels, while arc/spark-AES
and ICP-AES have detection limits that are 10 to 1000
times lower, at sub-ppb to several hundred ppb. As men-
tioned above, ICP-AES mass spectroscopy has a detection
limit that is several orders of magnitude lower than this,
often at ppt to the sub-ppt level. In relationship to atomic
absorption techniques, ICP-AES is between that of flame
and furnace atomic absorption spectrophotometry, with
flame AAS being the least sensitive method of detection. 

E. SAMPLE PREPARATION

Sample preparation for AES is similar to that required for
AAS. Only liquid samples can be applied to AES, and
therefore solid samples must be solubilized in an appro-
priate solvent, and may require wet or dry ashing. 

VI. POLARIMETRY 

A. INTRODUCTION

Anisotropic materials, those that have a lack of symmetry
in their molecular or crystalline structure, and non-
racemic samples, those containing unequal concentrations
of enantiomers of a chiral molecule, have the ability to
rotate a plane of polarized radiation. Such substances are
said to have optical activity. The measurement of the rota-
tion of plane polarized radiation by an optically active
material is called polarimetry. Polarimetry is a non-
destructive technique that can be used for studying the
structure of anisotropic materials, for checking the con-
centration and purity of chiral mixtures in solutions, and
as an aid in identifying unknown compounds. Chemical or
enzymatic reactions may be monitored by the change in
optical rotation over time. The technique is used exten-
sively for the analysis of carbohydrates in the sugar refin-
ing industry. Some selected applications of polarimetry in
food science are given in Table 43.8. 

B. PRINCIPLES

Linearly or plane polarized radiation is made up of equal
intensities of left- and right-circularly polarized radiation
(40). Optical rotation occurs because the electrical compo-
nent of left- and right-circularly polarized radiation interact
with the asymmetric centers of chiral molecules, differ-
ently. This differential interaction causes the two circularly
polarized components to travel at different velocities.
Therefore, they are not in phase when they exit the sample,
and exhibit an overall rotation. Optical rotation occurs for
both visible and ultraviolet radiation. The rotation is said to
be dextrorotatory (d) if the radiation is rotated clockwise
when viewed by an observer looking toward the radiation
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source, and the enantiomer is given the (+) designation.
Similarly, the enantiomer that rotates radiation to the left,
or counterclockwise, is called the levorotatory (l) or the (�)
enantiomer. It should be noted that the direction that polar-
ized light will be rotated by a chiral compound cannot be
predicted by its stereochemistry (designated R or S), and
must be determined experimentally.

C. EQUIPMENT

The simplest polarimeter consists of a monochromatic
radiation source, a polarizer, a sample cell, a second
polarizer, which is called the analyzer, and a radiation
detector (Figure 43.11). The analyzer is oriented 90° to
the polarizer so that no radiation reaches the detector.
When an optically active substance is present in the beam,
it rotates the polarization of the radiation reaching the
analyzer so that there is a component that reaches the
detector. The angle that the analyzer must be rotated to
regain the minimum detector signal is the optical rotation. 

D. QUANTITATION

The amount of optical rotation depends on the number of
optically active species, through which the radiation
passes, and is therefore dependent on both the sample
pathlength and the analyte concentration. Specific rota-
tion, [α], accounts for these factors, and is defined as:

[α] λ � α / (l . d) (43.10)

where α is the measured optical rotation in degrees, l is the
sample pathlength in decimeters, and d is the density if the
sample is a pure liquid, or the concentration if the sample is
a solution. In either case, the units of d are g/cm3. As well,
optical rotation depends on the wavelength of radiation, λ,

and the temperature, t, so both are specified. A sodium lamp
that has a spectral emission D-line at 589 nm is often used
as a monochromatic source, and the specific rotation is des-
ignated as [α] D to denote this. It can be noted that the spe-
cific rotation, [α] λ, and the measured optical rotation, α, of
Equation 43.10 are analogous to the absorptivity, a, and the
absorbance, A, respectively, of the Beer-Lambert law
(Equation 43.5). Therefore, similar to spectrophotometry,
the concentration of an analyte can be determined knowing
the specific rotation of the compound, and determining the
optical rotation at the specified wavelength and tempera-
ture. Alternatively, a standard curve relating optical rotation
to concentration of a standard compound may be used for
quantitation. 

The optical rotatory dispersion (ORD) is the optical
rotation as a function of wavelength. It is recorded using a
spectropolarimeter, which has a broad-spectrum radiation
source and a scanning monochromator. This technique has
largely been replaced by circular dichroism spectroscopy.
Additional information on ORD may be found in (40).

E. SAMPLE PREPARATION

Samples must be liquids or dissolved in an appropriate
solvent for analysis by a polarimeter. The solvent used
must be specified since it will affect the specific rotation
of the analyte. 

VII. CIRCULAR DICHROISM
SPECTROSCOPY

A. INTRODUCTION

Circular dichroism (CD) can be observed when optically
active matter both absorbs and rotates left- and right-
handed circular polarized radiation slightly differently (40).
If the left- and right-circularly polarized radiation has the
same amplitude and wavelength, the resultant radiation is
observed as plane polarized radiation. However, when the
plane polarized radiation passes through a sample that
absorbs the two circularly polarized components to differ-
ent extents, the radiation rotates along an ellipsoid path
(Figure 43.12). The difference in the left- and right-handed
absorbance, A(l)- A(r), is very small and will cause an ellip-
ticity of the radiation, ψ, of a few 1/100ths to 1/10ths of a
degree. This small ellipticity can be measured accurately,
and recorded as a function of wavelength to yield a CD
spectrum. CD spectroscopy can be a more informative
method than ultraviolet-visible spectrophotometry since it
reflects not only the absorption of radiation, but also the
chiral centers of the analyte through features termed Cotton
bands. CD spectroscopy can be used to establish the stere-
ochemistry of a chiral molecule or confirm chiral purity,
and is very useful for obtaining information about the sec-
ondary structure of chiral macromolecules such as proteins,
peptides, polysaccharides, and nucleic acids. For example,
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FIGURE 43.11 A schematic representation of a polarimeter.

TABLE 43.8
Selected Applications of Polarimetry 

Application Reference

Polarimetry in sugar analysis 37
Polarimetry as a quantitative tool for the determination 38

of collagen content of isinglass finings
Laser-based polarimetry for the detection of gentamicin 39

analogues separated by reverse phase ion pair
chromatography in whole milk



each of the three basic secondary structures of a polypep-
tide chain (helix, sheet, and coil) shows a characteristic CD
spectrum from about 180 to 260 nm (41). Therefore, the
spectrum of a protein will be the sum of the helix, sheet,
and coil components, and can be deconvoluted to yield the
proportion of the protein that is in each secondary structure.
Examples of the application of CD spectroscopy in food
analysis are given in Table 43.9.

B. PRINCIPLES

The CD spectrum is recorded in radians of ellipticity, ψ,
as a function of wavelength, and can be expressed as 

ψ =[2.303c . d(εL� εR)] (43.11)

where c is the concentration in mol/l, d is the optical path-
length in cm, εL and εR are the molar absorptivity coeffi-
cients of the sample for the left and right hand circularly
polarized radiation at each wavelength. It is more conven-
ient to convert ellipticity from radians to degrees, as

θ � ψ(360/2π) � [32.09c . d(εL� εR)] (43.12)

Molar ellipticity, [θ], can then be calculated to obtain an
intrinsic quantity, as

[θ] � (θ . M)/(l . c� . 100) (43.13)

where M is the molecular weight, l is the pathlength in
decimeters, and c� is the analyte concentration in g/ml. For
work with proteins, ellipticity is normalized to a mean
residue ellipticity, [θ]p with units of degree cm2/decimol
residue, to allow comparison between samples, calculated as

[θ]p= (θ . M)/(10 . c . d . nr) (43.14)

where nr is the number of residues in the protein. 

C. EQUIPMENT

The components of a CD spectropolarimeter include a
radiation source, a monochromator, a polarizer and modu-
lator, a sample holder, and a detector (Figure 43.13). The
radiation from the monochromator is first linearly polar-
ized and then passed through a dynamic quarter wave plate
that modulates it into left- and right-circularly polarized
forms that pass through the sample. One type of quarter
wave plate is an isotropic (uniform) crystal that is made to
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FIGURE 43.12 A. A sample that is not optically active does not preferentially interact or absorb left (EL) or right (ER) circularly
polarized radiation. The radiation leaving the material is linearly polarized, with no rotation and ellipticity (EO). B. The preferential
interaction of one type of circularly polarized radiation passing through an optically active sample will cause a rotation in the detected
radiation of α. C. The preferential absorption of one type of circularly polarized radiation will cause the transmitted radiation to fol-
low an ellipse, with an ellipticity of ψ.

TABLE 43.9
Selected Applications of Circular Dichroism (CD)
Spectroscopy 

Application Reference

Conformation of wheat glutenin subunits under 42
different chemical conditions

CD analysis of the effect of heating on 43
beta-lactoglobulin A, B, and C 

CD characterization of anthocyanin polymerization 44
in wine liquid chromatographic fractions

CD analysis of ketoses, and application of the method 45
to enzymatic hydrolysis and isomerization reactions,
and chemical hydrolysis



be anisotropic through the application of an alternating
current at high voltage. The signal intensity obtained in
CD spectroscopy is small, and therefore the incident power
of the radiation source must be high, and a 500 W xenon
lamp is often used. As well, oxygen must be removed from
the instrument by purging with pure nitrogen to eliminate
the production of ozone that would interfere with
absorbance at the lower wavelengths, since CD spectra are
recorded from ~170 nm. 

D. SAMPLE PREPARATION

The requirements for a compound to be amenable to CD
spectroscopy are that it must have ultraviolet or visible
absorption bands and be optically active. It should be
remembered that a molecule that is chiral may not be opti-
cally active if it is present as a racemic mixture. As well,
samples that are not optically active may be derivatized
with a chiral material prior to analysis. The detection lim-
its for CD spectroscopy can be around the ppm range.
Unfolded protein and particulate matter act as scattering
particles, and add significant noise to the CD spectrum.
Therefore, passing sample solutions through a 0.45 to
0.2 µm filter may improve the signal to noise ratio.

The CD spectrum of a protein can typically be obtained
using 20 to 50 µl of a 0.1 to 0.5 mg/ml protein in a low ionic
strength buffer (5 to 10 mM), in a cuvette with a 0.1 to
1.0 mm pathlength. Protein concentration has a significant
effect on the spectrum, and therefore accurate determina-
tion of protein concentration is required. Any compound
that absorbs in the region of interest (190 to 250 nm), such
as chloride ions, should be avoided, and only additives in
the minimum concentration essential to maintaining the
solubility of the protein should be present in the sample. 

VIII. NUCLEAR MAGNETIC RESONANCE
(NMR) SPECTROSCOPY

A. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is one
of the most powerful, non-destructive analytical tools. It

uses low energy radio frequency radiation to induce tran-
sitions between different nuclear spin states of a sample in
a magnetic field. A single type of nuclei (e.g., 1H, 13C, or
31P) is observed in one analysis. The most common nuclei
detected are protons, which have a high natural abun-
dance, and high inherent sensitivity, and carbon-13, which
has a low natural abundance (~1.1% of naturally occur-
ring carbon) and a low sensitivity. However, other nuclei
of potential interest in food systems, such as 14N, 23Na,
and 43Ca, can also be detected. The utility of NMR spec-
troscopy arises because the same nuclei in different chem-
ical environments experience slightly different magnetic
fields. This causes spin state transitions for the same
nuclei in different functional groups to occur at slightly
different resonance frequencies. NMR spectroscopy can
be used for determining the detailed structural features of
molecules, quantitative measurement of sample compo-
nents, and for two- and three-dimensional imaging of
solid materials (46). Some selected applications of NMR
spectroscopy in food science are given in Table 43.10.
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FIGURE 43.13 A schematic representation of a circular dichro-
ism spectrometer.

TABLE 43.10
Selected Applications of Nuclear Magnetic
Resonance (NMR) Spectroscopy 

Application Reference

High resolution 1H-NMR and MRI to monitor 47
water-soluble and salt-soluble extracts from
fish muscle during frozen storage

High resolution 1H-NMR to determine the solution 48
structure of Escherichia coli heat-stable
enterotoxin b

High resolution 1H- and 13C-NMR spectroscopy 49
analysis and characterization of carrageenan samples

Low resolution 1H-NMR to determine crystallization 50
kinetics of trehalose and trehalose-salt solutions

High resolution 2H-NMR and 17O-NMR to study water 51
mobility in multicomponent model media

Solid-state 13C cross-polarization, magic-angle spinning 52
NMR to study the effect of post mortem changes on
the quality of pork

Cross-polarization, magic angle spinning NMR to study 53
glucose rotational mobility under different conditions

Site-specific natural isotope fractionation-NMR 54
(SNIF-NMR) method of detection of maple syrup
adulteration by beet or cane sugar addition

MRI to monitor lipid migration in chocolate 55
confectionery

MRI to quantify extent of mixing in a non-reacting 56
2-component system

MRI to monitor the effects of compression on the 57
structure of tomato

MRI used to validation thermal processing in food 58
manufacture

23Na-MRI to monitor the migration of sodium ions 59
into pork during brining



B. PRINCIPLES

Nuclei with an odd number of protons, neutrons, or both
will have an intrinsic nuclear angular momentum or
nuclear spin (60). This causes the nucleus to have mag-
netic characteristics including a magnetic moment and a
magnetic dipole. When such a nucleus is placed in a static
magnetic field, Bo, the nuclear spin can align in the same
direction as the external field, in a low energy state, or in
the opposite direction as the external magnetic field, in a
less favorable high energy state (Figure 43.14). The dif-
ference in energy (∆E) between the two states increases
with the strength of the magnetic field. When the nuclei
are exposed to radio frequency radiation that has the same
energy as the difference between the two states, they will
absorb it and the population of the high energy state will
increase slightly, by only a few nuclei for every 105 nuclei.
This small excess of nuclei in the higher energy state
accounts for the relatively low sensitivity of NMR com-
pared to some other spectroscopic techniques. The fre-
quency of radiation that causes the transition is referred to
as the chemical shift, δ, and is expressed in parts per mil-
lion (ppm), calculated relative to a reference signal as

δ � [v signal � vreference / vreference] � 106 (43.15)

Using chemical shift allows spectra obtained from instru-
ments with different magnetic strengths to be compared
directly. After absorbing energy, nuclei re-emit the radio
frequency radiation and return to the lower energy state in
a process termed relaxation. There are two types of relax-
ation, spin-lattice (T1) that involves energy exchange with
the environment, and spin-spin relaxation (T2) that
involves energy exchange between similar molecules. The
relaxation times are a characteristic of the chemical and
physical environment of the nuclei. 

There are several parameters of the NMR spectrum that
can yield information about the sample. Different chemical
structures can be inferred from specific chemical shifts.
Characteristic splitting patterns of the NMR signals known
as spin-spin coupling that occur from interactions between
nuclei close to each other and the size of the splitting, the J
coupling constant, are also indicative of specific structures.
The area under the NMR signal peaks is proportional to the
number of nuclei causing the signal. As well, the relaxation
times, T1 and T2, have been used to determine the mobility
and physical state of sample components.

Low resolution NMR spectroscopy utilizes magnets
with a field strength up to ~2.0 tesla (85 MHz)2. An advan-
tage of this technique is the relatively low cost of the equip-
ment, since the magnet strength is low and the magnetic
field does not need to be extremely uniform. Low resolution

NMR spectroscopy can be used to determine the proportion
of the sample that is moisture or lipid, the physical state of
a component, and to follow chemical reactions such as crys-
tallization, gel formation, or protein denaturation. It is not
possible to obtain detailed structural information using low
resolution NMR spectroscopy, as spin-spin coupling and the
coupling constants may not be well resolved.

High resolution techniques use magnets of 2.3 to 21
tesla (100 to 900 MHz), with high magnetic field homo-
geneity. The more powerful the magnet, the greater the res-
olution between resonance signals. High resolution
techniques are used to yield detailed structural information
about molecules, and while not routine, it is possible to carry
out structural analysis of macromolecules that are greater
than 100 kDa (61). High resolution NMR spectroscopy has
an advantage over other structure-determining techniques
such as x-ray crystallography as the molecule can be ana-
lyzed in a more natural state, without the need for crystal-
lization. High resolution NMR spectroscopy has also been
used to detect sample adulteration by a technique known as
site specific natural isotope fractionation (SNIF) that deter-
mines isotope ratios in specific chemical structures. 

An extension of NMR spectroscopy is magnetic reso-
nance imaging (MRI) (62). MRI yields two- and three-
dimensional images of the internal structure of objects,
using proton resonances. Linear radio frequency gradients
are applied to the sample, in addition to the static magnetic
field, Bo. This makes the resonance frequency of a nucleus
dependent on its location in the gradient, and a position-
dependent spectrum is obtained. By applying linear radio
frequency gradients in several directions, an image based
on proton density within a sample is obtained. MRI can be
used to understand heat and mass transfer in a sample,
water mobility, food stability, and processes such as ripen-
ing, drying, crystallization, and gelation.

C. EQUIPMENT

The basic components of a NMR spectrometer are a magnet
and shim coils, the probe, the radio frequency receiver, and
a computer (Figure 43.15). The magnet can be the most
expensive component, and produces the principal magnetic
field. Magnets greater than 4.7 tesla (200 MHz) are sur-
rounded by liquid helium and liquid nitrogen to maintain the
super-conducting conditions. There may be a number of
shim coils to modify the magnetic field around the sample
so that it is very homogenous, a requirement to obtain high
resolution. The NMR probe is positioned in the shim coils,
and generates the radio frequency radiation that causes the
nuclear spin transitions. Radio frequency coils also act as the
receiver to detect the relaxation signals from the sample.
The sample is positioned within the radio frequency coil of
the probe and is spun to minimize heterogeneity in the sam-
ple and the magnetic field. A computer is an integral part of
NMR spectrometers, and controls the settings of the com-
ponents, and data storage and manipulation. 

43-20 Handbook of Food Science, Technology, and Engineering, Volume 1

2 Although magnet strength is measured in tesla, it is common to refer to
instruments in terms of the resonance frequency for a proton at the spec-
ified magnet strength, expressed in MHz.



Fourier transform spectrometers are the most
common type of instrument. They emit a short pulse of
radiation over a broad range of frequencies, so that the
spin state of all the nuclei of interest (i.e., all the protons
in a sample) is altered. All of the resulting relaxation sig-
nals are also received at the same time, and can be sepa-
rated mathematically yielding the NMR spectrum. An
alternate approach is the continuous wave instrument that
emits the range of radio frequencies sequentially, and also
received the signal sequentially. Therefore, data collection
with a continuous wave instrument takes a significantly
longer time.

D. SAMPLE PREPARATION

Solutions and solid samples may be analyzed by high res-
olution NMR spectroscopy. Pure samples are dissolved in
an appropriate solvent (usually one in which all the

hydrogens have been replaced with deuterium) to yield a
homogeneous solution and filtered to remove particulate
matter that will affect resolution. With the application of
more powerful magnets, the resolution between the reso-
nances increases and the amount of sample required for
analyses decreases. A few micrograms to milligrams of
sample may be required, depending on the instrument,
and the molecular weight of the analyte. The ideal solid
for high resolution NMR spectroscopy is a uniform pow-
der compacted into a sample holder, that is subjected to
‘magic-angle spinning’—a 54.44° angle between the sam-
ple spinning axis and the external magnetic field that is
used to improve signal resolution. 

For low resolution NMR applications, samples can
be analyzed without extraction or solubilization because
radio frequencies can penetrate solid materials. The
sample must only be manipulated to fit in a sample
tube. Therefore, valuable information relating to the
intrinsic structure and composition of a sample can be
determined based on the relaxation parameters, T1 and T2.
Large samples with no modification can be monitored
by MRI, the only limitation being the size of the probe
cavity.

IX. CONCLUSION

This chapter has briefly highlighted the essential features
of some commonly used spectroscopic techniques and
provided examples of how each technique can be applied
to food-related analyses. These techniques are fundamen-
tal analytical tools that have allowed us to better
understand the individual components of food and
foods as complex systems. They have played a key role
in the maintenance of food quality and safety.
Improvements in instrumentation and advances in the
application of these techniques will continue to provide
food scientists with more sensitive and informative
methods of analysis.
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FIGURE 43.14 A schematic illustration of nuclei with a magnetic moment in the absence or presence of an applied magnetic field.
The energy difference between the magnetic states of the nuclei (∆E) is related to the strength of the magnetic field, and is a function
of the radiation frequency (v) and Planck’s constant (h).
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FIGURE 43.15 A schematic representation of a nuclear mag-
netic resonance spectrometer.
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I. INTRODUCTION

Infrared (IR) and Raman spectroscopy provide detailed
information about both the composition of foods and the
molecular structure and the functionality of the compo-
nents in food systems. Both techniques are based on
molecular interactions with electromagnetic radiation that
result in transitions between the vibrational energy levels
of the ground electronic energy state of the molecule, cor-
responding to the excitation of various stretching and
bending vibrations. However, the nature of these interac-
tions is fundamentally different in these two types of
vibrational spectroscopy, and hence they are regarded as
complementary techniques. In general terms, as well as
specifically in regard to applications to food systems, IR
spectroscopy has found much more extensive use than
Raman spectroscopy owing to the greater simplicity and

lower cost of the instrumentation as well as the greater
utility of IR spectroscopy as a quantitative analysis tool.
On the other hand, Raman spectroscopy offers certain
advantages in relation to sample handling, the study of
aqueous systems, and possibilities for on-line process
monitoring. Thus, the selection of IR or Raman spec-
troscopy, or the combined use of both techniques, depends
on the nature of the application. Near-infrared (NIR) spec-
troscopy combines the sample-handling advantages of
Raman spectroscopy with the powerful multicomponent
analysis capabilities of IR spectroscopy and thus has
found widespread application for quality control and
process monitoring in the food industry for several
decades. However, by comparison with (mid-) IR and
Raman spectra, NIR spectra are fairly uninformative, and
NIR analysis is largely based on statistical treatment of
the spectral data. Entire books have been devoted to NIR

44-1

44 Infrared and Raman Spectroscopy 
in Food Science

Ashraf A. Ismail, Robert Cocciardi, Pedro Alvarez, and Jacqueline Sedman
Department of Food Science and Agricultural Chemistry, McGill University

CONTENTS

I. Introduction............................................................................................................................................................44-1
II. Fundamental Principles of IR and Raman Spectroscopy......................................................................................44-2

III. Instrumentation ......................................................................................................................................................44-3
A. Infrared Spectroscopy ....................................................................................................................................44-3
B. Raman Spectroscopy......................................................................................................................................44-4

IV. Sampling Methods ................................................................................................................................................44-5
A. Infrared Spectroscopy ....................................................................................................................................44-5

1. Transmission Mode ................................................................................................................................44-5
2. Attenuated Total Reflectance..................................................................................................................44-6

B. Raman Spectroscopy......................................................................................................................................44-7
V. IR and Raman Spectroscopy of Food Components and Foods ............................................................................44-7

A. IR and Raman Spectroscopy of Food Proteins..............................................................................................44-9
B. Analysis of Foods by FTIR and Raman Spectroscopy................................................................................44-12

1. Milk and Dairy Products ......................................................................................................................44-12
2. Beverages ..............................................................................................................................................44-13
3. Edible Oil Analysis ..............................................................................................................................44-14
4. Syrups and Semi-Solids........................................................................................................................44-16
5. Solids ....................................................................................................................................................44-16

References ....................................................................................................................................................................44-17



44-2 Handbook of Food Science, Technology, and Engineering, Volume 1

analysis of foods (1, 2) and NIR spectroscopy will not be
considered in this chapter. 

In the following sections, the principles of IR and
Raman spectroscopy and the instrumentation and sample-
handling techniques employed to acquire spectra will be
briefly described. The utility of these two techniques for
investigations of the individual components of food sys-
tems will then be illustrated by considering the informa-
tion that can be extracted from the IR and Raman spectra
of food proteins. Finally, a survey of the applications of IR
and Raman spectroscopy in the analysis of foods will be
presented. 

II. FUNDAMENTAL PRINCIPLES OF IR
AND RAMAN SPECTROSCOPY

IR and Raman spectroscopy are both based on the excita-
tion of molecular vibrations by interaction with electro-
magnetic radiation. A nonlinear molecule made up of 
N atoms possesses 3N – 6 vibrational modes, each of
which has a specific frequency; the number of vibrational
modes is reduced by one in the case of linear molecules.
The factors determining the frequencies of molecular
vibrations can be illustrated by considering the simplest
case, a diatomic model AB, which has a single vibrational
mode involving the stretching of the bond linking atoms A
and B. The frequency at which this bond vibrates can be 
calculated from the model of a harmonic oscillator,
whereby the restoring force (F) on the bond is given by
Hooke’s law:

F ��kx (44.1)

where k is the force constant of the bond and x is the dis-
placement from the equilibrium internuclear distance.
Under this approximation, the vibrational frequency, ν, is
given by

ν � (1/2π)(k/µ)1/2 (44.2)

where µ is the reduced mass of the system, as defined by
the following equation:

µ � mA
. mB / (mA � mB) (44.3)

where mA and mB are the individual atomic masses of A
and B. By convention, vibrational frequencies are given in
wavenumbers ( v� � ν/c, where c is the speed of light),
expressed in units of reciprocal centimeters (cm�1), rather
than in units of frequency (s�1), although in older litera-
ture, band positions are often reported in units of wave-
length (λ), i.e., microns (µ). The frequencies of molecular
vibrations fall primarily in the mid-IR region of the elec-
tromagnetic spectrum (4000–400 cm�1; 2.5–25 µm). 

The quantum-mechanical treatment of molecular
vibrations leads to modifications of the harmonic oscilla-
tor model as the vibrational energy levels are quantized:

E � (v � 1/2)hν (44.4)

where v is the vibrational quantum number, h is Planck’s
constant, and ν is the fundamental vibrational frequency.
The quantum-mechanical theory predicts that at room
temperature, only transitions from the ground-state vibra-
tional level (v � 0) to the first excited vibrational level
(v � 1) will occur; however, experimentally this is not the
case as weak overtone bands, corresponding to transitions
to higher energy levels, can be observed, especially in the
NIR spectral region. 

IR spectroscopy is based on the measurement of
molecular absorption of IR radiation of frequencies that
match those of the molecular vibrations. However, all of a
molecule’s vibrational modes do not give rise to IR absorp-
tion bands because a vibration will only be IR-active if it
results in a change in the dipole moment of the molecule.
For example, the stretching vibration of a homonuclear
diatomic molecule, such as N2 or O2, is not IR-active
because the equal displacement of the two atoms from the
center of mass does not change the dipole moment of the
molecule. However, this is no longer the case when the two
atoms in the diatomic molecule have different masses, and
hence the stretching vibrations of molecules such as CO
are IR-active. Similarly, the symmetric stretching vibration
of the CO2 molecule illustrated in Figure 44.1 is IR-inac-
tive because of the molecule’s linear geometry while the
corresponding vibration of a nonlinear triatomic molecule
such as H2O is IR-active, as are the asymmetric stretching
vibrations of both linear and nonlinear triatomics.

Raman spectroscopy is based on the inelastic scatter-
ing of light by the molecules in a sample rather than their
absorption of IR radiation. When a sample is irradiated
with light, most of the photons are elastically scattered; that
is, the wavelength of the scattered photons is unchanged.
However, a small fraction (~1 in 106 photons) will show a
shift in wavelength from that of the incident light. This
phenomenon was theoretically predicted by Adolf G.
Smekal in 1923 but was first observed experimentally by
Sir Chandrasekhara V. Raman in 1928 and hence is called

xz

z z z

O OC O OC O OC

FIGURE 44.1 The symmetric stretch of the CO2 molecule is a
Raman-active but not an IR-active vibration because it results in
a change in the molecule’s polarizability but does not involve a
change in its dipole moment.



the Raman effect. Detection of the inelastically scattered
photons requires that the sample be irradiated with mono-
chromatic (i.e., single-wavelength) light. Furthermore,
since the Raman effect is very weak, an intense monochro-
matic light source is required. For these reasons, Raman
spectroscopy only became practicable in the 1960s with the
development of lasers and highly sensitive photon-count-
ing devices, such as photomultiplier tubes. 

In Raman spectroscopy, a sample is irradiated with a
laser line of frequency v� 0, and the intensity of the scat-
tered light as a function of frequency is then measured,
yielding a Raman spectrum (Figure 44.2). Although most
of the elastically scattered light is filtered out prior to
reaching the detector, the spectrum is still predominated
by a broad signal centered at the frequency of the incident
light (referred to as the Rayleigh line). The remainder of
the spectrum is composed of much weaker bands at lower
frequencies, v� 0 � v� i (referred to as Stokes lines). The fre-
quency shifts v� 0 � v� i (referred to as Raman shifts) are
independent of  v� 0, the frequency emitted by the excitation
source, and correspond to the vibrational frequencies of
the molecules in the sample. Even weaker bands occur at
higher frequency, v� 0 � v� i (referred to as anti-Stokes
lines). The Stokes and anti-Stokes lines are equally dis-
placed from the Rayleigh line; however, the anti-Stokes
lines are rarely observed owing to their very low intensity. 

For a molecular vibration to be Raman-active (i.e.,
show a Raman effect), it must result in changes in the
polarizability of the molecule, which is represented by an
ellipsoid, and therefore must result in changes in the shape
of the electron density cloud around the molecule. For

example, as illustrated in Figure 44.1, in the symmetric
stretching vibration of CO2 the shape of the electron cloud
is different between the minimum and maximum internu-
clear distances. Therefore, the polarizability of the mole-
cule changes during the vibration and this vibrational
mode is Raman-active. In the asymmetric stretch, the
change in the polarizability ellipsoid as one of the bonds
extends is cancelled by the opposite change due to the
compression of the other bond, and hence there is no over-
all change in polarizability and the asymmetric stretch is
Raman-inactive. 

It is important to note that the criteria (referred to as
“selection rules”) for an IR-active vibration (i.e., a change
in the dipole moment of the molecule) and a Raman-
active vibration (i.e., a change in the polarizability of the
molecule) are different. In fact, for any molecule that pos-
sesses a center of symmetry (such as the CO2 molecule
considered above), vibrations that are IR-active are
Raman-inactive, and vice versa. In general, vibrations that
give rise to weak IR bands often produce intense Raman
bands, and vice versa. Hence, IR and Raman spectroscopy
are complementary techniques, and it is usually necessary
to apply both types of vibrational spectroscopy to obtain
the full spectral profile of a sample. 

III. INSTRUMENTATION

A. INFRARED SPECTROSCOPY

IR spectrometers essentially consist of a broad-band source
of IR radiation, a means for resolving the IR radiation into
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its component wavelengths, and a detector. Generally
speaking, an IR spectrum of a sample can be represented
mathematically by the following equation:

T( v�) � I( v�)/ I0( v�) (44.5)

where T is defined as transmittance, I is the intensity of IR
radiation reaching the detector when it passes through the
sample, I0 is the intensity of IR radiation reaching the detec-
tor with no sample in the beam, and v� is the wavenumber
of the radiation. Usually, transmittance is converted to
absorbance (A) using the following relationship:

A ��log T (44.6)

In the early years of IR spectroscopy, prisms were used to
resolve IR radiation from the source into its component
wavelengths but they were subsequently replaced by dif-
fraction gratings. In the 1970s, the field of IR spec-
troscopy was revolutionized when these dispersive IR
spectrometers began to be replaced by Fourier transform
infrared (FTIR) spectrometers. FTIR spectroscopy is
based on interferometry and makes use of a beamsplitter
to divide the IR radiation into two beams, with one beam
being directed to a fixed mirror and the other to a moving
mirror (Figure 44.3). When these two beams are reflected
back to the beamsplitter and recombine, they undergo
constructive and destructive interference due to the path
difference between the two mirrors, yielding an interfero-
gram. The path difference, known as retardation δ, is pro-
portional to time t because the moving mirror travels at a
constant velocity, v, i.e., δ = 2vt. Through the use of a fast
Fourier transform (FFT) algorithm, the time domain inter-
ferogram, I(δ), is converted into the frequency domain,
I(v�), according to the following relationship:

I(δ) � 0.5H(v�)I( v�)cos2πv�δ (44.7)

where H( v�) is a single wavenumber-dependent correction
factor that accounts for instrumental characteristics. The

interferogram decoded into the frequency domain is in the
form of an energy curve called a single-beam spectrum
(Figure 44.4). The ratio of the single-beam spectrum of
the sample against a background single-beam spectrum
recorded with no sample in the optical path results in a
transmittance spectrum, in accordance with Equation 
[44.5], which is then normally converted into an
absorbance spectrum by carrying out the mathematical
transformation represented by Equation [44.6]. 

FTIR spectrometers have several advantages over
conventional dispersive IR instruments, including a dra-
matic improvement in the signal-to-noise ratio (S/N)
obtained by multiplexing (simultaneous detection of all
frequencies), reduction in scan time, and higher energy
throughput. Another important advantage is the excellent
wavelength reproducibility of FTIR spectrometers, owing
to the use of an internal reference laser, which allows
spectral data manipulations such as spectral subtraction,
addition, and ratioing to be performed with a very high
degree of accuracy. The advancement of FTIR spec-
troscopy has been greatly assisted by the availability of
increasingly powerful personal computers, which have
facilitated the use of sophisticated software packages for
both qualitative and quantitative applications. 

B. RAMAN SPECTROSCOPY

The design of traditional dispersive Raman spectrometers
differs markedly from that of IR instruments. However,
FT-Raman spectrometers, which have become increas-
ingly common in recent years, are similar in design to
FTIR spectrometers, and combined FTIR/FT-Raman sys-
tems are available from most major FTIR vendors. In dis-
persive Raman spectroscopy, the source is a high-power
laser emitting visible radiation at several discrete frequen-
cies, with filters being employed to select a single laser
line; commonly employed laser lines are the 488.0-nm
(blue) and 514.5-nm (green) lines of an argon-ion laser.
After this monochromatic radiation impinges on the sam-
ple, a portion of the scattered radiation is directed to a
monochromator to resolve it into its component frequen-
cies and then to a photomultiplier tube. The resulting sig-
nal as a function of frequency is plotted as intensity versus
Raman shift, yielding a Raman spectrum. 

The major drawbacks of traditional Raman spectrom-
eters originate with the use of high-power visible lasers as
excitation sources. Samples that are susceptible to either
thermal or photochemical degradation may be destroyed
by the laser radiation, although various experimental
approaches can be taken to minimize such damage.
However, a more pervasive problem is the fluorescence
that results when species present in the sample are elec-
tronically excited by the visible laser radiation. Because
the Raman effect is weaker than fluorescence by many
orders of magnitude, even the fluorescence from a trace
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FIGURE 44.3 Schematic diagram of a Michelson interferom-
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two IR beams recombine at the beamsplitter and are directed to
the sample and the detector.



impurity can completely mask the Raman spectrum of the
sample. In the past, this phenomenon severely restricted
the scope of Raman spectroscopy, particularly in relation
to samples of biological origin. However, it has been sub-
stantially alleviated by the use of laser excitation lines in
the NIR instead of the visible region of the electromag-
netic spectrum, such as the 1064-nm line emitted by
neodymium-doped yttrium aluminum garnet (Nd:YAG)
lasers. Because the use of NIR lasers as excitation sources
in conventional dispersive Raman spectrometers is not
technically feasible, this option only became practicable
with the development of FT-Raman spectrometers (3),
which, like FTIR spectrometers, are based on interferom-
etry. In fact, FTIR spectrometers can be modified to
acquire Raman spectra by incorporating a Nd:YAG laser
and using beamsplitters and detectors appropriate for the
NIR region. The availability of these dual-purpose instru-
ments has greatly facilitated comprehensive vibrational
spectroscopic studies, although their high cost remains a
disadvantage. 

IV. SAMPLING METHODS

A. INFRARED SPECTROSCOPY

Infrared sample-handling accessories include transmis-
sion cells, attenuated total reflectance (ATR) accessories
(both multiple- and single-bounce crystals and fiber-optic
probes), as well as diffuse reflectance infrared Fourier

transform (DRIFT) and photoacoustic spectroscopy
(PAS). The latter two techniques, reviewed previously (4),
will not be considered here, as they have had limited
application in mid-IR food analysis, although DRIFT is
widely used in NIR food analysis. 

1. Transmission Mode

The transmission mode is the most common and oldest
mode of IR sample analysis. The sample is placed in the
optical path of the IR beam, and the amount of light trans-
mitted through the sample is inversely proportional to the
sample thickness, which can vary from meters for gas sam-
ples to microns for condensed-phase samples. The spectra
of liquids and solutions are recorded in a transmission cell,
composed of two optical windows separated by a spacer
that determines the pathlength. The optical windows com-
monly employed are polished salt crystals (e.g., NaCl or
KBr), because all materials containing covalent bonds,
including glass, do not transmit IR radiation. There are also
severe restrictions on the pathlength that can be employed
because of the limited energy available from IR sources.
For instance, aqueous solutions are typically measured in
cells having pathlengths of 15–40 µm, owing to the intense
absorption of IR radiation by water; beyond this thickness,
virtually no IR radiation reaches the detector. 

Transmission cells can be demountable or sealed, and
the use of flow-through cells such as that shown in Figure
44.5 facilitates sample handling. Sealed transmission cells

Infrared and Raman Spectroscopy In Food Science 44-5

(A)

(B)V
ol

ts

1100 1050 1000 950 900 4000 3000 2000 1000

FFT

Data points

A
rb

itr
ar

y 
un

its

Io

I

Wavenumber (cm−1)

Wavenumber (cm−1)

−log(I/Io)
(C)

4000 3500 3000 2500 2000 1500 1000 500

0.4

0.8

1.2

1.6

2.0

2.4
A

bs
or

ba
nc

e

FIGURE 44.4 (A) Interferogram recorded with no sample in the path of the IR beam; (B) interferogram recorded with a thin film
of polyethylene (PE) placed in the path of the IR beam. Fourier transformation of the interferogram A and B by a fast Fourier trans-
form (FFT) algorithm yields, respectively, the open-beam spectrum (I0) and the single-beam spectrum (I) of PE. (C) Absorbance spec-
trum of PE obtained by the mathematical transformation shown on the figure.



are preferred for quantitative analysis because a constant
pathlength is required to obtain reproducible results.
However, if a demountable cell is used because the sample
is too viscous to inject or pump through a sealed cell, or the
cell cannot be effectively cleaned between samples by sim-
ply rinsing with a solvent or detergent solution, an internal
standard with a distinct absorption band can be introduced
into the sample to compensate for pathlength variations.

In the case of solid samples, light scattering effects
are a problem when particle dimensions are comparable to
or exceed the wavelengths of mid-IR radiation and, as
such, particles must be ground to <3 µm prior to analysis.
The sample can then be diluted with KBr, KCl, or NaCl
and pressed to form a pellet. An alternative procedure for
analyzing solid samples is to make a liquid dispersion
using oils, such as mineral oil (Nujol) or paraffin oil. Both
the pellet and the dispersion method have the disadvan-
tage of destroying the sample.

2. Attenuated Total Reflectance 

The restrictions on sample thickness and particle size
imposed by the nature of transmission measurements rep-
resent major sample-handling limitations. Attenuated total
reflectance (ATR) spectroscopy, developed in the 1960s,
provides a more versatile sample-handling approach. ATR
spectroscopy is based on total internal reflection of the IR
beam in an ATR crystal, which is made of a high-refrac-
tive-index material and serves as an internal reflection
element (IRE). Total internal reflection gives rise to an
evanescent wave that emerges from the surface of the ATR
crystal at each point of internal reflection and decays as it
propagates away from the surface (Figure 44.6). The

evanescent wave is attenuated by the absorption of the IR
radiation by species on or near the surface of the ATR
crystal, and measurement of this attenuation as a function
of wavenumber yields the IR spectrum of a sample placed
on the surface of the ATR crystal. 

The effective pathlength of an ATR accessory is cal-
culated by multiplying the number of internal reflections
by the depth of penetration (dp), which is defined as the
distance at which the intensity of the evanescent wave
decays to 1/e of its value at the surface as given by the fol-
lowing equation:

dp � λ/{2πn1[sin2θ � (n2/n1)
2]1/2} (44.8)

where λ is the wavelength of IR radiation, n1 is the refrac-
tive index of the IRE material, n2 is the refractive index of
the sample, and θ is the angle at which the IR radiation
strikes the ATR crystal. Owing to the variation of the
depth of penetration as a function of wavelength, the rel-
ative intensities of the bands in an ATR spectrum will dif-
fer from those in a conventional transmission spectrum,
but this effect can be corrected for mathematically. 

For a typical ATR accessory, the effective pathlength
ranges from a few microns at the high-wavenumber end of
the IR spectrum to several tens of microns at the low-
wavenumber end. Thus, the ATR technique provides an
inherently short effective pathlength without any physical
restriction on the sample thickness, such that samples can
be simply poured or spread on the surface of the ATR crys-
tal and then wiped off after analysis. In addition, particle
size in solid samples is not a concern as, unlike transmis-
sion spectra, ATR spectra are not affected by light scatter-
ing, and even the spectra of opaque samples can be
recorded. The ATR technique is particularly advantageous
for analyzing aqueous solutions, because the pathlength is
sufficiently short and the common IRE materials (e.g., ger-
manium and ZnSe) are water-insoluble, unlike most of the
materials suitable for use as transmission cell windows. 

The evident advantages of the ATR sample-handling
technique are accompanied by certain disadvantages. The
inherently short effective pathlength limits sensitivity. In
addition, because the depth of penetration is on the micron
scale, any surface contamination on the ATR crystal will
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FIGURE 44.6 Schematic of a horizontal multiple-bounce
attenuated total reflectance (MB-ATR) accessory.



make a major contribution to the spectrum. Furthermore, a
spectrum representative of the entire sample will be
obtained only if the sample is homogeneous on this scale.
In the case of powdered and solid samples, intimate con-
tact between the sample and the ATR crystal is required,
and although various clamping devices are available to
press the sample against the ATR crystal, it can be difficult
to obtain reproducible spectra. Another drawback that lim-
its the utility of ATR spectroscopy is the need for precise
temperature control, because the depth of penetration is
dependent on the refractive indices of the IRE material and
the sample, which in turn are dependent on temperature. 

Many of the disadvantages described can be alleviated
by employing a single-bounce (SB-ATR) accessory
because of the much smaller dimensions of the ATR crys-
tal as compared to those in multiple-bounce (MB-ATR)
accessories (Figure 44.7). Although such accessories were
rarely employed in the past owing to their very short
effective pathlengths, which severely limited sensitivity,
improvements in the optical design of SB-ATR acces-
sories in recent years have compensated for this limita-
tion. Because of the small surface area of the ATR crystal,
precise temperature control and good optical contact
between solid samples and the crystal (particularly with
diamond IREs, which can withstand a strong clamping
force) can be more readily achieved than with MB-ATR
accessories. In addition, only very small amounts of sam-
ple are required to cover the ATR crystal (e.g., for liquid
samples, <50 µL), and thus cross-contamination between
samples can be virtually eliminated by wiping the crystal
with the next sample prior to applying it onto the crystal
to record its spectrum, provided that the samples are mis-
cible with each other. These advantages make this type of
accessory very promising for quantitative analysis of
foods, although potential applications are restricted by the
short effective pathlength and hence limited sensitivity.

B. RAMAN SPECTROSCOPY

In terms of sample handling, Raman spectroscopy is a
much more versatile and flexible method than IR spec-
troscopy because it does not suffer from restrictions on
sample thickness (or pathlength), the need for specialized
sample-handling accessories, or problems caused by light
scattering. Thus, Raman spectra can be recorded directly
from solid samples, even if opaque, with no sample prepa-
ration, and samples can be contained in ordinary glass
vials. Thin glass capillaries are ideal for recording Raman

spectra of solids or liquids because the laser is a highly
focused energy source, allowing spectra to be obtained
from samples as small as 100 µm in diameter. The main
sample-handling difficulty encountered in Raman spec-
troscopy is excessive heating of the sample if an intense
visible laser is employed as an excitation source. To alle-
viate this problem, the laser beam may be defocused, or
various accessories that are available to prevent heating of
the sample may be employed; these range from devices
that continuously rotate the sample, which can effectively
reduce sample heating in the case of fluid samples, to
expensive helium-cooled cryostats, which may be
required to prevent burning in the case of thermally unsta-
ble solids. The need for such measures has been reduced,
however, with the use of NIR lasers in FT-Raman 
spectroscopy.

V. IR AND RAMAN SPECTROSCOPY OF
FOOD COMPONENTS AND FOODS

The vibrational spectra of foods are the superposition of
the spectra of all the individual components present and
are thus generally very complex. The IR spectra of aque-
ous systems are dominated by the intense absorptions of
water (Figure 44.8A), which can obscure the spectral fea-
tures of other components in broad regions of the spec-
trum, as illustrated by the transmission spectrum of milk
in Figure 44.8B. Although the spectral contributions of
water can be removed digitally by spectral subtraction
(Figure 44.8C), information cannot be obtained from
regions of intense IR absorption by water except when
very short pathlengths are employed; this limitation is
often addressed by taking advantage of the inherently
short effective pathlengths of ATR accessories (Figure
44.9). This difficulty is absent in Raman spectroscopy
because water is a weak Raman scatterer. 
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The other major components of foods—fats, proteins,
and carbohydrates—give rise to strong bands in both IR
and Raman spectra. Although many of the bands due to
these individual components overlap with each other, fats,
proteins, and carbohydrates each have certain characteris-
tic bands that arise from particular functional groups. The
band positions and assignments of some of the major
bands of these components are summarized in Table 44.1.
However, it should be noted that vibrational frequencies
are sensitive to electrical effects, steric effects, the nature,
size, and electronegativity of neighboring atoms, phase
changes, hydrogen bonding, and solvent polarity. Although
this sensitivity may complicate spectral interpretation, it
also contributes to the high information content of vibra-
tional spectra. Thus, IR and Raman spectroscopy are valu-
able techniques for the characterization of materials in
terms of their chemical composition, detailed investiga-
tions of molecular structure and bonding, and studies of
the interactions of molecules with their environment.
Furthermore, IR and Raman spectra of substances serve 
as their “fingerprints,” allowing for the identification of

substances with a high degree of specificity by comparison
of their spectra with those in a spectral database or
“library.”

The powerful qualitative analysis capabilities of
vibrational spectroscopy can be applied to complex sam-
ples, such as foods, for purposes of classification and
authentication. For such applications, multivariate analy-
sis techniques such as principal component analysis
(PCA) are commonly used to reduce the dimensionality of
the spectral data (5). Because an FTIR or FT-Raman spec-
trum is produced by Fourier transformation of an interfer-
ogram, as described in Section III.A, the spectra
inherently consist of digital data. The dimensionality of
the data depends on the spacing between data points,
which is a function of the instrument resolution at which
the spectra were collected and the level of zero filling
employed in the calculation of the Fourier transform. For
example, the FTIR spectra of condensed-phase samples
are typically collected at 4-cm�1 resolution between 4000
and 400 cm�1 and thus, with one level of zero filling, each
spectrum contains ~1800 data points. Each of these data
points is a variable that contains the absorbance at a par-
ticular wavenumber, but many of these variables are
highly correlated since (a) the inherent width of the bands
is usually much greater than the resolution so that a given
band contributes to several contiguous data points and (b)
any given species present in the sample usually has multi-
ple bands and the intensities of these bands thus change
collinearly as a function of change in concentration. By
using PCA, most of the variation in the data can be
described by a few orthogonal principal components
(PCs), or latent variables, which are linear combinations
of the original variables. The data are characterized by
scores, which are projections of the spectra onto each PC,
and loadings, which represent the contributions of the
variables to each PC. Cluster analysis based on PCA
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TABLE 44.1
Selected Vibrational Bands of Major Food Componentsa

Food Component(s) Frequency (cm��1) Band Assignment(s)

Water, carbohydrates 3600–3200 O-H stretching vibration; strong water IR absorption band
Fats 3012–3004 C-H stretching of cis double bonds
Fats, carbohydrates, and proteins 3000–2800 C-H stretching of CH2 and CH3 groups
Fats 1745–1725 C=O stretching, ester linkages in triacylglycerols
Proteins 1700–1600 Amide I band, peptide linkages of proteins
Fatsb 1678–1665 C=C stretching of trans double bonds
Fats 1662–1648 C=C stretching of cis double bonds
Water 1650 H-O-H bending vibration; strong IR absorption band
Proteins 1560–1520 Amide II band, peptide linkages of proteins
Proteins 1300–1190 Amide III band, peptide linkages of proteins
Carbohydrates 1250–800 C-O stretching and C-O-H bending vibrations
Fatsb 971–965 C=C-H bending of isolated trans double bonds

a Compiled from a review of the literature.
b Predominantly hydrogenated fats and oils.



scores may then be performed to group samples according
to their degree of spectral similarity, which in turn reflects
their degree of compositional similarity. Alternatively,
with the application of supervised pattern recognition
techniques (e.g., discriminant analysis), the PCA scores
may be employed to assign samples to particular classes
for purposes of authentication. The capability of distin-
guishing between different classes of samples on the basis
of differences in their vibrational spectra has led to inves-
tigations of the potential utility of IR and Raman spec-
troscopy as a means of detecting adulteration of foods.

Both IR and Raman spectroscopy can also be employed
for quantitative analysis. However, although Raman scatter-
ing intensity is directly related to concentration, quantitative
analysis by Raman spectroscopy has generally been
regarded as problematic, and relatively few applications in
the area of food analysis have been reported. On the other
hand, the scope of reported applications of quantitative IR
spectroscopy in food analysis has increased substantially in
recent years owing to the advantages of FTIR spectrometers
and the new sample handling technologies available com-
bined with the development of a range of sophisticated mul-
tivariate analysis methods. As in other types of absorption
spectroscopy, IR quantitative analysis is based on the linear
relationship between absorbance and concentration, as
expressed by the Bouguer-Beer-Lambert law, commonly
known as Beer’s law:

Aν � ενbc (44.9)

where Aν is the absorbance measured at frequency ν, εν is
the absorption coefficient of the absorbing species at the
same frequency, b is the pathlength of the cell, and c is the
concentration of the absorbing species. Therefore, a cali-
bration curve can be developed by relating changes in
absorbance to changes in concentration of a species at a
fixed pathlength. It is important to note that IR spec-
troscopy is a secondary method of analysis, so the develop-
ment of a calibration requires a set of standards of known
composition, prepared gravimetrically or analyzed by a pri-
mary reference method. Once a calibration has been devel-
oped, it can be used to predict the concentrations of
unknowns, provided that the spectra of the unknowns are
recorded under the same conditions as the calibration stan-
dards and the spectra of the standards are representative of
those of the unknowns in the spectral region(s) employed
for quantitation. IR spectroscopy can also be employed to
directly predict various physical properties and quality
attributes of samples, provided that they are dependent on
the chemical composition of the substance. 

Although simple in theory, implementation of quantita-
tive IR spectroscopy can be complicated by underlying
absorptions due to other components as well as inter- and
intramolecular interactions. However, these effects can usu-
ally be modeled by the application of multivariate analysis

methods, such as multiple linear regression (MLR), partial-
least-squares regression (PLS), or principal component
regression (PCR). A full discussion of the mathematical
basis of these multivariate analysis methods is available
elsewhere (6) and is beyond the scope of this chapter. 

A detailed review of IR and Raman spectroscopic
studies of the major components of foods has recently
been published (7). Thus, in the following section, the
information that can be extracted from the IR and Raman
spectra of individual food components will be illustrated
by considering only a single class of food components,
namely, proteins. In the subsequent section, reported
applications of IR and Raman spectroscopy in the qualita-
tive and quantitative analysis of various types of foods
will be surveyed. This section will highlight the most sig-
nificant research findings and practical applications and
will focus mainly on IR spectroscopy, owing to its more
widespread use in food analysis as well as the much larger
amount of research activity in this area. However, certain
specific applications for which Raman spectroscopy is
particularly well suited will also be discussed. 

A. IR AND RAMAN SPECTROSCOPY OF FOOD

PROTEINS

IR and Raman spectroscopy have found extensive applica-
tion in the study of proteins and are particularly useful tech-
niques for the elucidation of protein secondary structure.
The spectra of polypeptides and proteins exhibit nine amide
bands that represent different vibrations of the peptide link-
age. The wavenumber positions of these bands and their
vibrational assignments are listed in Table 44.2 (8).
Obtaining information pertaining to protein secondary
structure from IR and Raman spectra is based on empirical
correlations between the wavenumbers of certain of these
bands and the various conformations adopted by the
polypeptide chain. The amide I band (in the range of
1700–1600 cm�1) is the most frequently employed in IR
spectroscopy, and characteristic amide I band positions have
been identified for α-helices, 310-helices, parallel or antipar-
allel β-sheets, turns, and unordered or irregular structures
(Table 44.3). Using these band assignments, secondary
structures of proteins can be deduced, although it is gener-
ally advisable to confirm the results with a second technique
such as circular dichroism. The amide III band (in the range
of 1300–1190 cm�1) can similarly be employed for the esti-
mation of the relative proportions of the secondary-structure
components. However, in some cases, the amide III band
can be overlapped by bands due to side-chain vibrations of
particular amino acid residues—or absorptions from other
biomolecules present, for example, in a food matrix—and
consequently one must be cautious when assigning bands in
this region. In IR spectra, the amide III band is much weaker
than the amide I band and hence is much less frequently
employed in secondary-structure investigations. However,
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both the amide I and amide III bands are commonly
employed in Raman spectroscopy (Table 44.4) (9), as their
Raman intensities are comparable.

The IR spectra of proteins are most commonly
recorded in aqueous solution in a transmission cell,
although ATR accessories have also been employed to
study the spectra of protein films and powdered samples
(Figure 44.10). The Raman spectra of proteins can also be
recorded in aqueous solution but the spectra obtained
from solid samples are generally of much higher quality
and exhibit sharper bands (Figure 44.11). For IR studies
involving examination of the secondary-structure-sensi-
tive amide I band, proteins are commonly dissolved in
D2O because H2O has a strong band in the amide I region.
Since D2O has no absorptions that overlap with the amide
I band (which, by convention, is termed the amide I� band
when D2O is the solvent), the use of D2O solutions allows
the protein absorptions to be observed without the need

for subtraction of the spectrum of the solvent. More
importantly, it also makes it permissible to use much
longer pathlengths (40–80 µm vs. 10 µm for aqueous
solutions), thereby yielding a higher signal-to-noise ratio.
An additional advantage of dissolving proteins in D2O is
the resulting ability to study the rate at which the hydro-
gens of the amide groups exchange with the D2O solvent
due to the ~100-cm�1 shift of the amide II band (from
1560–1520 to 1460–1420 cm�1) that occurs upon H-D
exchange. This rate is indicative of the compactness of the
protein since amide groups exposed to the solvent
undergo H-D exchange faster than those in the interior of
the protein. Thus, increases in the rate of H-D exchange as
a result of variations in physicochemical parameters such
as pH, temperature, and pressure can be interpreted in
terms of the extent of protein unfolding. 

Because of the inherent overlap between the amide I�
band components of the various conformations of the
polypeptide backbone, computational band-narrowing
techniques such as Fourier self-deconvolution (FSD) and
derivative spectroscopy are routinely employed. It should
be noted that caution must be exercised in applying these
techniques because they can distort the shapes of the
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TABLE 44.2
Amide Bands of Proteinsa

Designation Nature of Vibration

A N-H stretching
B N-H stretching
I 80% C=O stretching; 10% C-N stretching; 

10% N-H bending
II 60% N-H bending; 40% C-N stretching 
III 30% C-N stretching; 30% N-H bending; 

10% C=O stretching; 10% O=C=N bending; 
20% other

IV 60% O=C-N bending; 60% other
V N-H bending
VI C=O bending
VII C-N torsion

a Adapted from Ref. 8.

TABLE 44.3
Approximate Positions (cm��1) of Amide I’ Band
Components in IR Spectra of Proteinsa

Secondary-Structure Component Frequency (cm��1) 

Antiparallel β-sheet (intra- or intermolecular) 1695–1675 
Loops and turns 1674–1662
α-Helix 1659–1646 
Unordered structure (random coil) 1645–1641 
310-Helix 1639–1637 
Intramolecular parallel or antiparallel β-sheetb 1636–1625
Intermolecular antiparallel β-sheetc 1624–1614 

a Compiled from a review of the literature. The band positions are for pro-
teins in D2O solution (by convention, termed amide I’ band components).
b Assigned to antiparallel β-sheet structure when it is accompanied by a
high-wavenumber component (1695–1675 cm�1); otherwise assigned to
parallel (or extended) β-sheet structure.
c Indicative of protein aggregation.

TABLE 44.4
Approximate Positions (cm��1) of Amide I and Amide
III Band Components in Raman Spectra of Proteinsa

Secondary Structure 
Component Amide I (cm��1) Amide III (cm��1)

α-Helix 1660–16 1300–1275
β-Sheet 1680–1665 1240–1230
Unordered structure 1670–1660 1260–1240

(random coil)

a Adapted from Ref. 9.
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between the sample and the ATR crystal.



bands and can also decrease the signal-to-noise ratio (11).
Furthermore, the relative band intensities in derivative
spectra are affected by the inherent widths of the bands,
whereas deconvolution has the advantage of preserving
the true relative band intensities (11). On the other hand,
the results of deconvolution depend strongly on the values
of the adjustable deconvolution parameters and are thus
more subject to artifacts. For example, as illustrated in
Figure 44.12, the selection of inappropriate deconvolution
parameters that result in “overdeconvolution” amplifies
the spectral noise, which may lead to spurious peaks.
Similarly, atmospheric water vapor gives rise to very
weak narrow peaks in the amide I region of IR spectra that
can also be misinterpreted as amide I� band components
in deconvolved spectra. The latter pitfall is best avoided
by thoroughly purging the spectrometer, including the
optical compartment, with dry air or nitrogen. Other pos-
sible sources of artifacts are absorptions of buffers or con-
taminants in the protein solution (12). 

Additional information about protein structure can be
obtained from bands due to side-chain vibrations of amino
acid residues, such as aspartic acid, glutamic acid, tyro-
sine, and tryptophan. For example, the ratio of the inten-
sities of the Raman bands of tyrosine at 850 and 830
cm�1, attributed to ring-breathing and out-of-plane bend-
ing vibrations, respectively, provides the following infor-
mation about the polarity of the microenvironment of
tyrosine residues (13):

● High I850/I830 (>2.5): Tyr acts as H-bond acceptor
● Low I850/I830 (<0.5): Tyr acts as H-bond donor
● I850/I830 ~ 1: Tyr is exposed to an aqueous envi-

ronment (i.e., Tyr near or at the protein surface) 

Raman spectroscopy is also a very useful tool for prob-
ing the formation and rupture of disulfide linkages because
the S-S and S-H stretching vibrations can be clearly dis-
cerned in the Raman spectra of proteins. The FT-Raman
spectra of the amino acids L-cysteine and L-cystine are
presented in Figure 44.13 and show, respectively, a band at
2552 cm�1 assigned to the S-H stretching vibration and a
band at 498 cm�1 assigned to the S-S stretching vibration.
In the Raman spectra of proteins, these bands are shifted to
2580–2550 and 550–500 cm�1, respectively (14). The cor-
responding IR bands are not readily discernible, making
Raman spectroscopy the technique of choice for the obser-
vation of disulfide linkages and examination of thiol-disul-
fide exchange. For example, in Figure 44.11, the higher
content of disulfide linkages in α-lactalbumin as compared
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to β-lactoglobulin is evident from the stronger intensity of
the v(S-S) band at ~ 505 cm�1.

Although many of the proteins that have been studied
by FTIR and Raman spectroscopy may be categorized as
food proteins, such as whey, soy, and egg proteins, the
majority of these studies have not been specifically con-
cerned with the behavior of the proteins as food compo-
nents. However, some detailed investigations of food
proteins have been conducted to gain a better understand-
ing of protein stability and structure-functionality rela-
tionships, with the overall objective of obtaining
information that can assist the food industry in making
more effective use of food proteins (7). Figure 44.14
shows an example from our studies on the thermal denat-
uration of whey proteins by variable-temperature FTIR
spectroscopy (15–18). The spectra in the amide I region
(Figure 44.14A) were recorded during heating of a 7%
(w/v) solution of β-lactoglobulin in D2O in a temperature-
controlled transmission cell from 25 to 95°C and have
been deconvolved by Fourier self-deconvolution. A plot of
the changes in intensity of several of the amide I� band
components as a function of temperature is shown in
Figure 44.14B. The decreases in band intensity at 1648
(�) and 1635 cm�1 (•), assigned to α-helical and
intramolecular β-sheet structures, respectively, and
indicative of protein denaturation, occur prior to a sharp
increase in the band intensity at 1618 cm�1 (�), assigned
to intermolecular β-sheet formation and characteristic of
protein aggregation. Similar experiments have been per-
formed with the use of a diamond-anvil high-pressure IR
cell to monitor denaturation of whey proteins under con-
ditions of applied hydrostatic pressure, similar to those
utilized in high-pressure processing, and provided infor-
mation on the nature of the differences between thermal
and pressure-induced denaturation (19, 20). In addition,

multivariate analysis techniques have been employed to
correlate FTIR spectral changes observed as a function of
changes in physicochemical parameters, such as pH, ionic
strength, temperature, and pressure, with rheological data
collected under the same conditions (7). Such studies pro-
vide a better understanding of the structural changes at the
molecular level that govern rheological behavior. 

B. ANALYSIS OF FOODS BY FTIR AND RAMAN

SPECTROSCOPY

1. Milk and Dairy Products

To date, the utility of IR spectroscopy in the quantitative
analysis of foods has been most clearly exemplified by
milk analysis. The determination of fat, protein, and lac-
tose in milk by IR spectroscopy is an official method of
the Association of Official Analytical Chemists (AOAC)
and is used extensively as a basis for milk payment, dairy
herd recording, and routine quality control in the dairy
industry. High-volume automated instruments allow for

44-12 Handbook of Food Science, Technology, and Engineering, Volume 1

Raman shift (cm−1)

3500 3000 2500 2000 1500 1000 500

49
8,

 S
-S

25
52

, S
-H

(A)

(B)

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)

0

4

8

12

0

4

8

12

FIGURE 44.13 FT-Raman spectra of L-cysteine (A) and 
L-cystine (B). The spectra were recorded from solid samples in
1-mm glass capillaries, with 1064-nm excitation (Nd:YAG laser).
Laser power was 500 mW; 1024 co-added scans were collected
at 8-cm�1 spectral resolution.

(A)

1700 1680 1660 1640 1620

Wavenumber (cm−1)

A
bs

0.0

0.4

0.8

1.2

1.6

2.0

16
92

16
84 16

77 16
61

16
48

16
35

16
23

16
18

(B)

20

0

20

40

60

100

80

40 60 80 100

Temperature (°C)

%
 A

bs
. c

ha
ng

e

FIGURE 44.14 (A) Spectral overlay plot of the deconvolved
amide I� band in the FTIR spectrum of β-lactoglobulin (7% w/v)
as a function of increasing temperature (25–95°C). FSD param-
eters: w = 27 and k = 2.4. (B) Plot of changes in intensity at 1648
(�), 1635 (•), and 1618 cm�1 (�) as a function of increasing
temperature.



the analysis of 100–500 samples per hour. Dispersive
spectrometers and subsequently filter-based instruments
were originally employed in commercial IR milk analyz-
ers, but FTIR milk analyzers are now on the market (21).
The accepted IR milk analysis methodology employs a
37-µm CaF2 transmission flow cell, which is kept at a
constant temperature (40 ± 0.1°C) to obtain reliable, sta-
ble, and accurate measurements. Typically, IR milk ana-
lyzers incorporate a high-pressure (150–200 kPa)
homogenizer to reduce the size of the fat globules to 
<1 µm to avoid light scattering effects. The pressure is
maintained in the system throughout the analysis to avoid
formation of air bubbles in the cell, and the cell is flushed
with the next sample at extremely high velocity (30 m/s),
eliminating the need for rinsing of the cell. Whereas filter-
based IR milk analyzers were restricted to the analysis of
fat, protein, and lactose, because the filters employed
were specifically selected for the measurement of these
components, commercial FTIR milk analyzers can be cal-
ibrated to measure other components in a wide range of
dairy products, such as infant formula, ice cream, yogurt,
and whey and whey concentrates (21). 

In transmission measurements of dairy products, light
scattering by fat globules must be eliminated in order to
obtain quantitative analytical results. In the case of fluid
products, this requirement can be addressed, albeit at
some cost, by the use of high-pressure homogenizers, as
described above. Because ATR measurements are not
affected by light scattering, ATR accessories would
appear ideal for the analysis of dairy products, including
non-fluid products such as butter and cheese. However,
the presence of fat globules in dairy products is, in fact,
highly problematic because it results in sample inhomo-
geneity on the scale of the depth of penetration, which is
in the order of a few microns or less, and thus the spec-
trum obtained is not truly representative of the sample
composition. In a study of the effect of fat globule size in
cream on ATR/FTIR measurements, a nonlinear relation-
ship was found between absorbance at 1744 cm�1 (com-
monly used as a measurement peak for fat) and fat content
over the range of 0–48% (by volume) (22). The authors of
this study proposed the use of a nonlinear calibration
curve for samples having fat globules > 1 µm. In a study
of assessing the feasibility of employing ATR/FTIR spec-
troscopy for fat, protein, and moisture determination in
cheese (23), large variations in the ATR/FTIR spectra of
replicate samples taken from the center of a cheese were
observed owing to both variations in the diameter of the
fat globules and inhomogeneous distribution of fat within
the cheese. Based on the fairly poor accuracy of PLS cal-
ibrations that were developed for the determination of fat,
protein, and moisture contents, the authors concluded that
the utility of the ATR/FTIR method for the analysis of
cheese was quite limited but might be improved by
homogenization of the samples prior to analysis; however,

this requirement would significantly complicate the pro-
cedure. Another approach to overcoming the problem was
employed in the development of a rapid FTIR quality con-
trol method for fat and moisture determination in butter
employing an ATR sample-handling accessory (24).
Samples were dissolved in 1-propanol and warmed to
40°C, thereby solubilizing the fat without causing separa-
tion of an aqueous phase, and applied to a heated ATR
crystal (40°C) for spectral recording. A calibration was
developed by employing gravimetrically prepared mix-
tures of anhydrous butterfat and water in 1-propanol as
calibration standards. Analysis of 20 butter samples by
this ATR/FTIR method yielded good agreement with ref-
erence values obtained by the Mojonnier method (24). 

The speed of FTIR analysis (typically, <2 min/sam-
ple) is particularly advantageous in a processing environ-
ment since it allows the manufacturing process to be
monitored and adjusted as it proceeds. A method for the
simultaneous determination of sucrose, lactose, total
solids, and fat in chocolate milk by FTIR spectroscopy for
use in a production environment has been described (25).
An ATR/FTIR method for fat and solids determination
was developed for quality control purposes during manu-
facture of sweetened condensed milk (26). The ATR sam-
ple-handling technique is highly suitable for this type of
viscous product, which would be very difficult to handle
if a transmission cell were used, and highly reproducible
results were obtained when samples were homogenized at
65°C prior to ATR/FTIR analysis. More recently, an SB-
ATR/FTIR method has been developed for monitoring
enzymatic hydrolysis of lactose during the production of
lactose-reduced milk (27). 

2. Beverages

Aside from milk analysis, numerous FTIR methods for the
analysis of different types of beverages have been devel-
oped. Determination of sucrose, glucose, fructose, and total
sugars in juices and soft drinks by ATR/FTIR spectroscopy
was investigated by Rambla and co-workers (28, 29).
Sinnaeve et al. analyzed apple juice using a 16-µm tem-
perature-controlled transmission cell and successfully
quantified malic acid, total sugars, glucose, fructose,
sucrose, and specific gravity (30). Flow injection analysis
coupled with transmission FTIR spectroscopy was used in
the determination of sucrose in fruit juices (orange juice,
apple juice, and sports drink) (31). Acetate buffer was used
as the carrier solvent, and samples were passed through an
enzyme reactor containing β-fructosidase prior to FTIR
spectral acquisition. In another study, flow injection analy-
sis/FTIR spectroscopy was employed to quantify malic
acid, tartaric acid, and citric acid in juices and soft drinks
using pH modulation to eliminate matrix effects (32). In a
flow injection analysis/FTIR method for the determination
of caffeine in soft drinks, caffeine was extracted by passing
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the samples through a solid-phase extraction column (C18),
using chloroform as the eluent (33). A rapid ATR/FTIR
method was developed for the determination of caffeine in
soft drinks without extraction (34). This method allowed
caffeine quantitation in soft drinks at levels as low as 
0.5 mg/100 mL and was found to produce results similar
to, but slightly higher on average than, those obtained from
the conventional ultraviolet (UV) method. 

Various publications have described methods for
ethanol determination in distilled liquors, wines, and beers.
Dilution of beverages having ethanol contents of >15%
(v/v) is often required for analysis in a transmission cell,
but this step can be eliminated when an ATR accessory is
employed (35). The use of ATR fiber-optic probes in the
quantitation of alcohol in liqueurs has been reported (36). 

Recently, commercial FTIR wine analyzers, employ-
ing a flow-through transmission cell similar to that incor-
porated in FTIR milk analyzers, have been marketed
(21). Patz et al employed an FTIR wine analyzer to ana-
lyze for alcohol, tartaric acid, malic acid, lactic acid, total
acidity, pH, volatile acidity, reducing sugars, fructose,
glucose, total SO2, total phenols, and glycerol (37). The
calibration and test sets comprised 165 wine samples,
preanalyzed by standard methods; because the concentra-
tion ranges for glycerol and volatile acidity in these sam-
ples were too narrow, standards prepared in water were
added to the calibration set. The authors reported that
results were acceptable for all parameters except total
SO2 and total phenols. Comparable results were obtained
with a standard benchtop FTIR spectrometer equipped
with an SB-ATR accessory in a similar study conducted
by the McGill IR Group to demonstrate the feasibility of
employing SB-ATR/FTIR spectroscopy for the routine
analysis of distilled liquors and wines (27). Dubernet and
Dubernet used a commercial FTIR wine analyzer to ana-
lyze for alcohol, reducing sugars, total acidity, pH, malic
acid, tartaric acid, lactic acid, total phenols, volatile acid-
ity, CO2, glycerol, gluconic acid, and saccharose content
in 200,000 wine samples (38). These authors reported
that not all wines could be analyzed accurately using the
same calibration due to matrix effects and therefore
developed separate calibrations for dry and sweet wines
as well as for wine musts. Because calibration develop-
ment may require the accurate analysis of several hun-
dred representative wines for multiple components,
which is clearly a major undertaking, an alternative
approach based on synthetically prepared mixtures of the
major components present in wine has been investigated
(39). It was demonstrated that the preparation of large
numbers of calibration standards that are often required
for multivariate calibration and the acquisition of their
spectra may be automated by sequential injection, a form
of flow injection analysis. However, when calibrations
based on model solutions of nine common components as
a substitute for preanalyzed wines were applied to the

analysis of wine samples, only limited agreement was
obtained between the IR-predicted values for organic
acids and sugars and results obtained by high-pressure
liquid chromatography (HPLC) (39). 

In a different type of application related to wine pro-
duction, SB-ATR/FTIR spectroscopy in combination with
PCA and cluster analysis was used to discriminate
between phenolic extracts of different wine cultivars (40).
Phenolic extracts were obtained by solid-phase extraction
of the wine samples and subsequent elution of the phenols
with methanol. Only 1 µL of the methanolic extract was
required to cover the SB-ATR crystal and the methanol
was allowed to evaporate prior to spectral recording.
Almost complete discrimination of all cultivars investi-
gated was achieved. SB-ATR/FTIR spectroscopy was also
used in the analysis of white wine polysaccharide extracts
to identify the type of wine-making process employed
(must clarification versus maceration) based on the poly-
saccharides present (41). 

3. Edible Oil Analysis 

In the past decade, a large amount of work has been done
on both FTIR and FT-Raman analyses of edible fats and
oils. These included the development of both qualitative
applications, involving the characterization and classifica-
tion of oils, and numerous examples of quantitative analy-
sis applications. The literature in this area has been
surveyed in a recent review (42), and only selected appli-
cations will be highlighted in this section. 

Typical FTIR and FT-Raman spectra of an edible oil
are presented in Figure 44.15. The FTIR spectra of edible
oils and premelted fats in their neat form can be recorded
with the use of either a heated transmission flow cell or a
heated ATR accessory, making these types of samples
fairly ideal from a sample-handling perspective. On the
other hand, dispersive Raman spectroscopy is generally
unsuitable for the analysis of edible oils owing to back-
ground fluorescence arising from colored components
present in oils. However, with the recent advent of FT-
Raman instrumentation employing NIR excitation
sources, the problem of background fluorescence has
largely been eliminated, as can be seen from the high
quality of the FT-Raman spectrum in Figure 44.15, and
thus the potential for practical implementation of Raman
analysis of fats and oils has been greatly enhanced.

The most noteworthy application of IR spectroscopy
in the analysis of fats and oils is the determination of iso-
lated trans isomers, which is an official method of the
AOAC, the American Oil Chemists’ Society (AOCS), and
IUPAC. In the original IR trans analysis method, which
was developed over 50 years ago with dispersive IR spec-
trometers, samples were dissolved in carbon disulfide
before recording their spectra in a fixed-pathlength trans-
mission cell (43). This dilution procedure was necessary
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because the analysis of oils in their neat form would
require a cell pathlength of 10 µm or less due to the high
absorptivity of the major absorption bands. With the devel-
opment of FTIR spectrometers, however, it became possi-
ble to employ transmission cells with somewhat longer
pathlengths (25–100 µm) or ATR accessories for the analy-
sis of oils in their neat form. In 1996, Mossoba 
et al. described a rapid and simple ATR method for the
determination of isolated trans isomers at levels down to
1% (44), and this method was subsequently adopted as an
official method by both the AOAC and the AOCS. The use
of an SB-ATR accessory for this analysis is advantageous
because the small surface area of the ATR crystal allows
for more precise temperature control and minimizes sam-
ple cross-contamination (45). Furthermore, the small vol-
ume of sample required (<50 µL) is advantageous in the
analysis of fats extracted from foods, especially low-fat
food products. This sample-handling technique was
employed for the determination of trans content in hydro-
genated vegetable oils in a collaborative study (46). The
relative standard deviation between five labs was 1.62%
for a sample having a trans content of 39.12% and 18.97%
for a sample having a trans content of 1.95%. The rela-
tively high error at low trans levels is attributable to the
poor signal-to-noise ratio resulting from the very short
effective pathlength of the SB-ATR accessory. Another
factor limiting the accuracy of the method is the need for a
trans-free reference oil that closely matches the fatty acid
composition of the sample. If an appropriate reference oil
is not available, as generally would be the case in the
analysis of fats extracted from foods, the accuracy of the
method may be poor, particularly at low trans levels (47). 

The McGill IR Group extended the SB-ATR method
for trans analysis to allow simultaneous determination of
iodine value (IV), a measure of total unsaturation (45).
Calibration models for the prediction of both IV and 
trans content were developed using PLS regression and a

calibration set consisting of 9 pure triacylglycerols. Good
agreement was obtained between the results obtained by
gas chromatography (GC), the FTIR/PLS method, and the
AOCS FTIR method for trans analysis and between a GC
method and the FTIR/PLS method for IV determination
(45). Much better precision and accuracy were achieved
with the SB-ATR accessory than in previous work with an
MB-ATR accessory (48). The McGill IR Group has also
done extensive work on edible oil analysis using the cus-
tom-designed transmission flow-through cell shown in
Figure 44.5, heated to 80°C to avoid fat crystallization dur-
ing analysis (49). Methods have been developed for the
determination of trans and cis content (50), free fatty acids
(51), solid fat index (52), iodine value (53), saponification
number (53), anisidine value (54), and peroxide value (PV)
(55). While most of these methods are based on the spec-
tral features of neat fats and oils, the PV method employs
the stoichiometric reaction of triphenylphosphine with
hydroperoxides to produce triphenylphosphine oxide,
which has a strong absorption band at 542 cm�1 that is
used for PV quantitation. Ruiz et al. automated this
method through the application of flow injection analysis
to allow on-line PV analysis, without the need for manual
sample manipulation (56). 

The complementary nature of IR and Raman spec-
troscopy is well illustrated by the spectra of edible fats and
oils. By comparison of the spectra in Figure 44.15, it may be
noted that the relative band intensities in the IR and Raman
spectra differ markedly. Of particular significance in relation
to the measurement of unsaturation is the 1700–1600 cm�1

region, in which strong C=C stretching absorptions are the
dominant features in the Raman spectra of unsaturated oils
whereas the corresponding bands in IR spectra are
extremely weak. Because the C=C stretching absorptions of
cis and trans double bonds are observed at different
wavenumbers (1656 and 1670 cm�1, respectively), Raman
spectroscopy allows for the determination of both the degree
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and type of unsaturation (57, 58). Thus, the potential utility
of Raman spectroscopy, in conjunction with fiber optics, to
monitor hydrogenation processes has been suggested (59).
Raman spectroscopy has also been reported to provide
information about the relative proportions of saturated,
monounsaturated, and polyunsaturated fatty acids in a vari-
ety of fats and oils of both plant and animal origin (60). 

As reviewed in Ref. 42, there have also been many
studies during the past decade on the classification of edi-
ble oils by vibrational spectroscopy. Although the spectra
of most pure fats and oils appear fairly similar visually, they
reflect the differences in fatty acid composition that exist
among different types of fats and oils. Thus, with the use of
chemometric techniques such as PCA and discriminant
analysis, different types of oils can be distinguished on the
basis of differences in their IR or Raman spectra. The pow-
erful capabilities of these techniques are exemplified by the
successful use of FTIR spectroscopy, in conjunction with
discriminant analysis, to differentiate between extra virgin
and refined olive oils, despite the strong similarities
between the spectra of these two types of oils (61). In
another study, SB-ATR/FTIR spectroscopy was employed
to detect adulteration of sunflower oil in olive oil down to a
level of 20 mL/L of extra virgin olive oil (62). Similarly,
Raman spectroscopy was shown to allow for the detection
of adulteration of virgin olive oil with hazelnut oil, a very
chemically similar oil type, at levels down to 5% (63).
These examples are illustrative of fairly extensive research
that has demonstrated the potential utility of FTIR and
Raman spectroscopy for the authentication of edible oils. 

Another important qualitative analysis application
involves the dynamic monitoring of oil oxidation by FTIR
spectroscopy to evaluate the oxidative stability of oils. For
example, by monitoring the FTIR spectra of a thin film of
oil spread on the heated surface of an ATR sample-han-
dling accessory (64, 65) or on a polymer film (66) and
subtracting the fresh oil spectrum (t = 0) from those taken
subsequently over time, the resulting differential spectra
reveal subtle spectral changes that can be employed to
track changes in oxidation via “indicator bands” such as
the cis, isolated and conjugated trans, hydroperoxide, and
aldehyde absorptions. This approach allows one to
develop a “dynamic” oxidation profile (peak height vs.
time) based on these indicator bands and evaluate the rel-
ative stability of oils in a simple and rapid manner. 

4. Syrups and Semi-Solids

ATR/FTIR spectroscopy is particularly useful for the
quantitative analysis of viscous samples that cannot be eas-
ily introduced into a sealed transmission cell. The potential
utility of ATR/FTIR spectroscopy for continuous on-line
process monitoring of the conversion of corn starch to corn
syrup has been demonstrated (67). Another study used a
ZnSe ATR accessory to determine dry substance (glucose,

maltose, and fructose) in glucose syrups after sample dilu-
tion (1 g/2 mL) (68). Determination of fruit content and
detection of adulteration in strawberry jam by ATR/FTIR
spectroscopy was investigated (69) but the accuracy of the
method was limited by the overlapping of the 1725 cm�1

band used for fruit quantitation with the strong water
absorption band at ~1650 cm�1. In a later study, 36 jam
samples were classified by ATR/FTIR spectroscopy
according to their fruit content as “strawberry” or “non-
strawberry,” with a correct classification rate of 91% (70).
In a similar but much larger study, 95% of over 1000 fruit
puree samples were correctly classified as “raspberry” or
“nonraspberry,” and it was shown that adulteration with
sucrose or with apple and plum could be detected at levels
of 4% (w/w) and 20% (w/w), respectively (71). The detec-
tion of inverted cane sugar adulteration in honey (72) and
beet and cane sugar adulteration in maple syrups (73) by
ATR/FTIR spectroscopy has also been reported. 

5. Solids

Classification and detection of adulteration of solid food
products by ATR/FTIR spectroscopy has been investi-
gated. Instant coffee samples were dissolved in distilled
water at 50°C at a concentration of 30% (w/v) and applied
onto the surface of a horizontal ATR accessory (74).
Spectra were recorded immediately to avoid settling out
of a small insoluble fraction. Discrimination of Arabica
and Robusta instant coffees was achieved by applying lin-
ear discriminant analysis (LDA) to the scores obtained by
PCA of the spectral data, and the composition of Arabica
and Robusta blends was determined by multivariate
analysis. A similar methodology was employed for the
detection of adulteration of instant coffees with glucose,
fructose, and xylose, and the carbohydrate profile was
also successfully quantified (75). The capability to distin-
guish between minced chicken, pork and turkey meats as
well as fresh and frozen-thawed samples by ATR/FTIR
spectroscopy has also been described (76).

For quantitative analysis of solid samples, IR transmis-
sion measurements are unsuitable owing to light scattering
effects whereas an ATR/FTIR spectrum may not be fully
representative of the sample owing to inhomogeneity on the
scale of the depth of penetration associated with ATR
measurements. In a study of protein-starch mixtures (77),
samples were prepared by mixing dry gluten and starch or
casein and starch and then adding a gram of water per gram
of sample to produce wet mixtures, which varied in consis-
tency from a moist powder at high starch content to an elas-
tic mass at high gluten content. These samples were spread
evenly on the ATR crystal to ensure uniform coverage and
a constant pressure was applied to achieve good optical
contact between the ATR crystal and the sample. However,
poor reproducibility was obtained, especially for the
casein-starch mixtures due to large particle size of casein. 
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In general, IR quantitative analysis of solid food prod-
ucts with the use of transmission or ATR sample-handling
techniques requires some prior sample preparation. For
example, quantitative analysis of sugar powders (glucose,
fructose, sucrose) by ATR/FTIR spectroscopy was per-
formed by impregnating the powders with an organic sol-
vent (acetone), thereby forming a film on the surface of the
ATR crystal after evaporation of the acetone (78).
Determination of total fat and protein in meat by FTIR
spectroscopy was carried out on meat samples prepared by
suspension in 0.1N NaOH solution at 67°C and homoge-
nized using a high-pressure valve homogenizer, prior to
injection into a 37-µm CaF2 heated (65°C) flow-through
cell (79). Total fat determination in food products by trans-
mission FTIR spectroscopy has been performed by
extracting the fat in a chloroform/methanol (2:1) solvent
(80) or 1-propanol (81). 

The need for such sample preparation steps can poten-
tially be eliminated through the use of alternative sample-
handling techniques. One technique that has been
investigated is photoacoustic (PAS) spectroscopy, which
is based on the detection of IR absorption by using sound
(82, 83). However, PAS has poor S/N relative to transmis-
sion and ATR techniques because the efficiency of energy
transfer (absorbance to sound) is poor, and thus it is a rel-
atively insensitive technique. In addition, water vapor
gives rise to strong photoacoustic signals, requiring that
the sample be very dry during analysis. Finally, the pho-
toacoustic signal is dependent on several factors, such as
incident energy, absorption coefficient, surface morphol-
ogy, and thermal diffusivity, which, in part, are sample
dependent. Accordingly, PAS does not appear to have
general applicability for quantitative food analysis.

Raman spectroscopy is better suited to the analysis of
solid samples than IR spectroscopy. In the area of food
analysis, this suitability is best illustrated by various stud-
ies on modified starches, in which the degrees of acetyla-
tion and succinylation were determined from the
FT-Raman spectra of solid samples contained in glass
capillary tubes (84). However, no examples of the use of
Raman spectroscopy in the analysis of processed foods
have been reported.

REFERENCES

1. P Williams, K Norris. Near-Infrared Technology in the
Agricultural and Food Industries, 2nd ed. St. Paul, MN:
American Association of Cereal Chemists, 2001. 

2. BG Osborne, T Fearn, PH Hindle. Practical NIR
Spectroscopy with Applications in Food and Beverage
Analysis. Harlow, Essex: Longman, 1993.

3. T Hirschfeld, B Chase. FT-Raman spectroscopy:
Development and justification. Appl Spectrosc
40:133–137, 1986. 

4. PB Coleman, ed. Practical Sampling Techniques for
Infrared Analysis. Boca Raton, FL: CRC Press, 2003.

5. IT Jolliffe. Principal Component Analysis. New York:
Springer, 1986.

6. H Martens, T Naes. Multivariate Calibration, 2nd ed.
Chichester, U.K.: John Wiley & Sons, 1989.

7. ECY Li-Chan, AA Ismail, J Sedman, FR van de Voort.
Vibrational spectroscopy of food and food products. In:
JM Chalmers, PR Griffiths, eds. Handbook of
Vibrational Spectroscopy. New York: John Wiley &
Sons, 2002, Vol 5, pp 3629–3662.

8. B Stuart. Biological Applications of Infrared
Spectroscopy. Chichester, U.K.: John Wiley & Sons,
1997.

9. PR Carey. Biochemical Applications of Raman and
Resonance Raman Spectroscopies. New York:
Academic Press, 1982.

10. M Nonaka, ECY Li-Chan, S Nakai. Raman spectro-
scopic study of thermally induced gelation of whey pro-
teins. J Agric Food Chem 41:1176–1181, 1993. 

11. WK Surewicz, HH Mantsch. New insight into protein
secondary structure from resolution-enhanced infrared
spectra. Biochim Biophys Acta 952:115–130, 1988. 

12. WK Surewicz, HH Mantsch, D Chapman. Determination
of protein secondary structure by Fourier transform
infrared spectroscopy: A critical assessment. Biochemistry
32:389–394, 1993. 

13. MN Siamwiza, RC Lord, MC Chen, T Takamatsu, I
Harada, H Matsuura, T Shimanouchi. Interpretation of
the doublet at 850 and 830 cm�1 in the Raman spectra
of tyrosyl residues in proteins and certain model com-
pounds. Biochemistry 14:4870–4876, 1975. 

14. ECY Li-Chan. The applications of Raman spectroscopy in
food science. Trends Food Sci Technol 7:361–370, 1996.

15. JI Boye, AA Ismail, I Alli. Effect of physico-chemical
factors on the secondary structure of β-lactoglobulin. J
Dairy Res 63:97–109, 1996.

16. JI Boye, I Alli, AA Ismail. Interactions involved in the
gelation of bovine serum albumin. J Agric Food Chem
44:996–1004, 1996.

17. JI Boye, I Alli, AA Ismail. Use of differential scanning
calorimetry and infrared spectroscopy in the study of
thermal and structural stability of α-lactalbumin. J
Agric Food Chem 45:1116–1125, 1997.

18. JI Boye, CY Ma, AA Ismail, VR Harwalkar, M Kalab.
Molecular and microstructural studies of thermal denat-
uration and gelation of β-lactoglobulins A and B. J
Agric Food Chem 45:1608–1618, 1997. 

19. T Hosseini-Nia, AA Ismail, S Kubow. Pressure-induced
conformational changes of β-lactoglobulin by variable-
pressure Fourier transform infrared spectroscopy. J
Agric Food Chem 47:4537–4542, 1999.

20. T Hosseini-Nia, AA Ismail, S Kubow. Effect of high
hydrostatic pressure on the secondary structures of BSA
and apo- and holo-α-lactalbumin employing Fourier
transform tnfrared spectroscopy. J Food Sci 67:1341–
1347, 2002. 

21. SK Andersen, PW Hansen, HV Andersen. Vibrational
spectroscopy in the analysis of dairy products and wine.
In: JM Chalmers, PR Griffiths, eds. Handbook of
Vibrational Spectroscopy. New York: John Wiley &
Sons, 2002, Vol 5, pp 1–10.

Infrared and Raman Spectroscopy In Food Science 44-17



22. EK Kemsley, GP Appleton, RH Wilson. Quantitative
analysis of emulsions using attenuated total reflectance
(ATR). Spectrochim Acta A 50:1235–1242, 1994.

23. DH McQueen, RH Wilson, A Kinnunen, EP Jensen.
Comparison of two infrared spectroscopic methods for
cheese analysis. Talanta 42:2007–2015, 1995.

24. FR van de Voort, J Sedman, G Emo. A rapid FTIR qual-
ity control method for fat and moisture determination in
butter. Food Res Int 25:193–198, 1992.

25. RA Cocciardi, AA Ismail, FR van de Voort, J Sedman.
A rapid Fourier transform infrared quality control
method for the determination of lactose, sucrose, fat and
total solids in chocolate milk. Milchwissenschaft
57(2):90–93, 2002.

26. N Nathier-Dufour, J Sedman, FR van de Voort. A rapid
ATR/FTIR quality control method for the determination
of fat and solids in sweetened condensed milk.
Milchwissenschaft 50:462–466, 1995.

27. RA Cocciardi, AA Ismail, FR van de Voort. Monitoring
of lactose hydrolysis in milk by single-bounce attenuated
total reflectance Fourier transform infrared spectroscopy.
Milchwissenschaft 59:403–407, 2004. 

28. FJ Rambla, S Garrigues, N Ferrer, M de la Guardia.
Simple partial least squares-attenuated total reflectance
Fourier transform infrared spectrometric method for the
determination of sugars in fruit juices and soft drinks
using aqueous standards. Analyst 123:277–281, 1998.

29. S Garrigues, FJ Rambla, M de la Guardia. Comparative
study of reflectance cells for PLS-FTIR determination
of sugars in soft drinks. Fresenius J Anal Chem
362:137–140, 1998.

30. G Sinnaeve, P Dardenne, R Agneessens, M Lateur, A
Hallet. Quantitative analysis of raw apple juices using
near infrared, Fourier-transform near infrared and
Fourier-transform infrared instruments: A comparison
of their analytical performances. J Near Infrared
Spectrosc 5:1–17, 1997.

31. R Kellner, B Lendl, I Wells, PJ Worsfold. Comparison
of univariate and multivariate strategies for the determi-
nation of sucrose in fruit juices by automated flow injec-
tion analysis with Fourier transform infrared detection.
Appl Spectrosc 51:227–235, 1997.

32. MJ Ayora-Cañada, B Lendl. Sheath-flow Fourier trans-
form infrared spectrometry for the simultaneous deter-
mination of citric, malic and tartaric acids in soft drinks.
Anal Chim Acta 417:41–50, 2000.

33. Y Daghbouche, S Garrigues, MT Vidal, M de la
Guardia. Flow injection Fourier transform infrared
determination of caffeine in soft drinks. Anal Chem
69:1086–1091, 1997.

34. MM Paradkar, J Irudayaraj. Rapid determination of caf-
feine content in soft drinks using FTIR-ATR spec-
troscopy. Food Chem 78:261–266, 2002.

35. RA Cocciardi, AA Ismail, J Sedman. Investigation of
the potential utility of single-bounce attenuated total
reflectance Fourier transform infrared spectroscopy in
the analysis of distilled liquors and wines. J Agric Food
Chem 53:2803–2809, 2005.

36. EK Kemsley, RH Wilson, PS Belton. Potential of Fourier
transform infrared spectroscopy and fiber optics for
process control. J Agric Food Chem 40:435–438, 1992.

37. CD Patz, A David, K Thente, P Kurbel, H Dietrich.
Wine analysis with FTIR spectrometry. Vitic Enol Sci
54(2–3):80–87, 1999.

38. M Dubernet, M Dubernet. Utilisation de l’analyse
infrarouge à transformée de Fourier pour l’analyse
oenologique de routine. Rev Fr Oenol 18:10–13, 2000.

39. R Schindler, R Vonach, B Lendl, R Kellner. A rapid
automated method for wine analysis based upon
sequential injection (SI)-FTIR spectrometry. Fresenius J
Anal Chem 362:130–136, 1998.

40. A Edelmann, J Diewok, KC Schuster, B Lendl. Rapid
method for the discrimination of red wine cultivars
based on mid-infrared spectroscopy of phenolic wine
extracts. J Agric Food Chem 49:1139–1145, 2001.

41. MA Coimbra, F Goncalves, AS Barros, I Delgadillo.
Fourier transform infrared spectroscopy and chemomet-
ric analysis of white wine polysaccharide extracts. J
Agric Food Chem 50:3405–3411, 2002. 

42. FR van de Voort, J Sedman, T Russin. Lipid analysis by
vibrational spectroscopy. Eur Lipid Sci Technol
103:815–826, 2001. 

43. D Firestone, P LaBouliere. Determination of isolated
trans isomers by infrared spectrophotometry. J Am Oil
Chem Soc 48:437–443, 1965.

44. MM Mossoba, MP Yurawecz, RE McDonald. Rapid
determination of the total trans content of neat hydro-
genated oils by attenuated total reflection spectroscopy.
J Am Oil Chem Soc 73:1003–1009, 1996.

45. J Sedman, FR van de Voort, AA Ismail. Simultaneous
determination of iodine value and trans content of fats
and oils by single-bounce horizontal attenuated total
reflectance Fourier transform infrared spectroscopy. J
Am Oil Chem Soc 77:399–403, 2000.

46. M Adam, M Chew, S Wasserman, A McCollum, RE
McDonald, MM Mossoba. Determination of trans fatty
acids in hydrogenated vegetable oils by attenuated total
reflection infrared spectroscopy: Two limited collabora-
tive studies. J Am Oil Chem Soc 75:353–358, 1998.

47. LH Ali, G Angyal, CM Weaver, JI Rader, MM Mossoba.
Determination of total trans fatty acids in foods:
Comparison of capillary-column gas chromatography and
single-bounce horizontal attenuated total reflection infrared
spectroscopy. J Am Oil Chem Soc 73:1699–1705, 1996. 

48. FR van de Voort, J Sedman, G Emo, AA Ismail. Rapid and
direct iodine value and saponification number determina-
tion of fats and oils by attenuated total reflectance/Fourier
transform infrared spectroscopy. J Am Oil Chem Soc
69:1118–1123, 1992.

49. J Sedman, FR van de Voort, AA Ismail. Application of
Fourier transform infrared spectroscopy in edible oil
analysis In: RE McDonald, MM Mossoba, eds. New
Techniques and Applications in Lipid Analysis.
Champaign, IL: AOCS Press, 1997, pp 283–324.

50. FR van de Voort, AA Ismail, J Sedman. A rapid, auto-
mated method for the determination of cis and trans
content of fats and oils by Fourier transform infrared
spectroscopy. J Am Oil Chem Soc 72:873–880, 1995.

51. AA Ismail, FR van de Voort, G Emo, J Sedman. Rapid
quantitative determination of free fatty acids in fats and
oils by Fourier transform infrared spectroscopy. J Am
Oil Chem Soc 70:335–341, 1993.

44-18 Handbook of Food Science, Technology, and Engineering, Volume 1



52. FR van de Voort, KP Memon, J Sedman, AA Ismail.
Determination of solid fat index by Fourier transform
infrared spectroscopy. J Am Oil Chem Soc 73:411–416,
1996.

53. J Sedman, FR van de Voort, AA Ismail, P Maes.
Industrial validation of Fourier transform infrared trans
and iodine value analyses of fats and oils. J Am Oil
Chem Soc 75:33–39, 1998.

54. J Dubois, FR van de Voort, J Sedman, AA Ismail, HR
Ramaswamy. Quantitative Fourier transform infrared
analysis for anisidine value and aldehydes in thermally
stressed oils. J Am Oil Chem Soc 73:787–794, 1996.

55. Kangming Ma, FR van de Voort, J Sedman, AA Ismail.
Stoichiometric determination of hydroperoxides in fats
and oils by Fourier transform infrared spectroscopy. J
Am Oil Chem Soc 74:897–906, 1997.

56. A Ruiz, MJ Ayora-Cañada, B Lendl. A rapid method for
peroxide value determination in edible oils based on
flow analysis with Fourier transform infrared spectro-
scopic detection. Analyst 126:242–246, 2001.

57. GF Bailey, RJ Horvat. Raman spectroscopic analysis of
the cis/trans isomer isomer composition of edible veg-
etable oils. J Am Oil Chem Soc 49:494–498, 1972.

58. H Sadeghi-Jorabchi, PJ Hendra, RH Wilson, PS Belton.
Determination of the total unsaturation in oils and mar-
garines by Fourier transform Raman spectroscopy. J Am
Oil Chem Soc 67:483–486, 1990.

59. GL Johnson, RM Machado, KG Freidl, ML Achenbach,
PF Clark, SK Reidy. Evaluation of Raman spectroscopy
for determining cis and trans isomers in partially hydro-
genated soybean oil. Org Process Res Dev 6:637–644,
2002.

60. V Baeten, P Hourant, MT Morales, R Aparicio. Oil and
fat classification by FT-Raman spectroscopy. J Agric
Food Chem 46:2638–2646, 1998.

61. YW Lai, EK Kemsley, RH Wilson. Potential of Fourier
transform infrared spectroscopy for the authentication
of vegetable oils. J Agric Food Chem 42:1154–1159,
1994.

62. A Tay, H Singh, SS Krishnan, JP Gore. Authentication of
olive oil adulterated with vegetable oils using Fourier
transform infrared spectroscopy. Lebensm-Wiss Technol
35:99–103, 2002.

63. EC Lopez-Diez, G Bianchi, R Goodacre. Rapid quanti-
tative assessment of the adulteration of virgin olive oils
with hazelnut oils using Raman spectroscopy and
chemometrics. J Agric Food Chem 51:6145–6150, 2003.

64. FR van de Voort, AA Ismail, J Sedman, G Emo.
Monitoring the oxidation of edible oils by FTIR spec-
troscopy. J Am Oil Chem Soc 71:243–253, 1994. 

65. J Sedman, AA Ismail, A Nicodemo, S Kubow, FR van
de Voort. Application of FTIR/ATR differential spec-
troscopy for monitoring oil oxidation and antioxidant
efficiency. In: F Shahidi, ed. Natural Antioxidants.
Champaign, IL: AOCS Press, 1996, pp 358–378.

66. TA Russin, FR van de Voort, J Sedman. Novel method
for rapid monitoring of lipid oxidation by FTIR spec-
troscopy using disposable IR cards. J Am Oil Chem Soc
80:635–641, 2003.

67. MP Fuller, MC Gary, Z Stanek. An FTIR liquid ana-
lyzer. Am Lab 22:58–69, 1990.

68. F De Lene Mirouze, JC Boulou, N Dupuy, M Meurens,
JP Huvenne, P Legrand. Quantitative analysis of glucose
syrups by ATR/FT-IR spectroscopy. Appl Spectrosc
47:1187–1191, 1993.

69. RH Wilson, PT Slack, GP Appleton, L Sun, PS Belton.
Determination of the fruit content of jam using Fourier
transform infrared spectroscopy. Food Chem 47:303–308,
1993.

70. M Defernez, RH Wilson. Mid-infrared spectroscopy
and chemometrics for determining the type of fruit used
in jam. J Sci Food Agric 67:461–467, 1995.

71. EK Kemsley, JK Holland, M Defernez, RH Wilson.
Detection of adulteration of raspberry purees using
infrared spectroscopy and chemometrics. J Agric Food
Chem 44:3864–3870, 1996.

72. S Sivakesava, J Irudayaraj. Prediction of inverted cane
sugar adulteration of honey by Fourier transform
infrared spectroscopy. J Food Sci 66:972–978, 2001.

73. MM Paradkar, S Sivakesava, J Irudayaraj.
Discrimination and classification of adulterants in
maple syrup with the use of infrared spectroscopic tech-
niques. J Sci Food Agric 82:497–504, 2002.

74. R Briandet, EK Kemsley, RH Wilson. Discrimination of
Arabica and Robusta in instant coffee by Fourier trans-
form infrared spectroscopy and chemometrics. J Agric
Food Chem 44:170–174, 1996.

75. R Briandet, EK Kemsley, RH Wilson. Approaches to
adulteration detection in instant coffees using infrared
spectroscopy and chemometrics. J Sci Food Agric
71:359–366, 1996.

76. O Al-Jowder, EK Kemsley, RH Wilson. Mid-infrared
spectroscopy and authenticity problems in selected
meats: a feasibility study. Food Chem 59:195–201, 1997.

77. PS Belton, AM Saffa, RH Wilson. Use of Fourier trans-
form infrared spectroscopy for quantitative analysis: A
comparative study of different detection methods.
Analyst 112:1117–1120, 1987.

78. N Dupuy, M Meurens, B Sombret, P Legrand, JP
Huvenne. Multivariate determination of sugar powders
by attenuated total reflectance infrared spectroscopy.
Appl Spectrosc 47:452–457, 1993.

79. B Dion, M Ruzbie, FR van de Voort, AA Ismail, JS
Blais. Determination of protein and fat in meat by trans-
mission Fourier transform infrared spectrometry.
Analyst 119:1765–1771, 1994.

80. DA Cronin, K McKenzie. A rapid method for the deter-
mination of fat in foodstuffs by infrared spectrometry.
Food Chem 35:39–49, 1990.

81. FR van de Voort, J Sedman, AA Ismail. A rapid FTIR
quality-control method for determining fat and moisture
in high-fat products. Food Chem 48:213–221, 1993.

82. CNG Scotter. Non-destructive spectroscopic techniques
for the measurement of food quality. Trends Food Sci
Technol 8:285–291, 1997.

83. DH McQueen, RH Wilson, A Kinnunen. Near- and mid-
infrared photoacoustic analysis of principal components
of foodstuffs. Trends Anal Chem 14:482–492, 1995.

84. DL Phillips, J Xing, CK Chong, H Liu, H Corke.
Determination of the degree of succinylation in diverse
modified starches by Raman spectroscopy. J Agric Food
Chem 48:5105–5108, 2000.

Infrared and Raman Spectroscopy In Food Science 44-19





I. INTRODUCTION

Gas chromatography (GC) has been widely used in vari-
ous applications involving the qualitative and quantitative
analyses of foods (1) for several decades. In order to
improve food safety and quality, GC techniques and meth-
ods have been developed and evaluated for many diverse
applications. GC has been an excellent tool for the sepa-
ration and determination of trace level, thermally stable,
volatile organic analytes in complex food matrices.

Many food matrices are analyzed by GC in order to
determine nutritional and palatability needs, check food
adulteration, engineer novel food products, or meet
process-control, quality assurance, food labeling, or other

requirements. The widely different components include
natural constituents, contaminants, and additives of foods,
as well as products that arise from natural reactions and/or
industrial processing. Food constituents are primarily
water, lipids, proteins, carbohydrates, vitamins, and min-
erals, and components such as fatty acids, sterols, alco-
hols, aroma components, and off-flavors, are determined
by GC. Contaminants in food products include residues of
pesticides, veterinary drugs, and industrial pollutants
(such as polyhalogenated hydrocarbons and polycyclic
aromatic hydrocarbons), as well as toxins from spoilage,
vegetative bacteria, endospores, or fungi (mycotoxins).
Additives usually consist of components that are added to
food products (such as preservatives, colors, or flavors).
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Auto-oxidation and food processing (for example, frying,
catalytic hydrogenation, or irradiation) also lead to the pro-
duction of components (such as cyclic or trans fatty acids,
histamine, urethane, nitrosamines, or 2-alkylcyclobu-
tanones irradiation markers) that can be identified by GC. 

In the past decade, GC advances have been achieved
including the development and/or optimization of GC
instrumentation components (injectors, detectors) and of
portable, miniaturized, high-speed GC systems in which
retention times are very short due to high flow rates, short
and narrow bore columns, low film thickness, increased
diffusivity of a solute in the gas phase, and faster temper-
ature programming. GC detectors with greater selectivity
and sensitivity such as mass spectrometers (MS), pulsed
flame photometric detectors, and halogen specific detec-
tors proved to be advantageous in food-analysis applica-
tions. Fast-GC/MS analyses (1) have been carried out by
using micro-bore columns with time-of-flight (TOF)-MS
(2–4), low pressure (LP)-GC/MS (5–7), and supersonic
molecular beam (SBM)-MS (8–10).

In this chapter, three different areas of research
selected from a large field of issues related to food analy-
sis by GC techniques are addressed. The sections describe
the instrumentation and applications of fast-GC to the
study of food contaminants, the application of high reso-
lution (HR) GC to the analysis of polyhalogenated con-
taminants in foods, and the GC analysis of foodborne
bacterial lipids. Reasons for selecting fast-GC include its
future potential in the analysis of many GC-amenable
food additives and contaminants. Polyhalogenated aro-
matic compound determination in foods provides an
excellent example of the continued application of gas
chromatography to one of the most intractable analytical
problems with food analysis. Without the advances in col-
umn design, both size and phase, the isomer specific
analysis of PCDD/Fs and PCBs would be a much longer
and more difficult process. Finally, GC-based methodolo-
gies are important analytical chemical tools that have been
used increasingly for the speciation of microorganisms.

II. FAST GAS CHROMATOGRAPHY AND
FOOD ANALYSIS

A major breakthrough in gas chromatography occurred in
1957 with the introduction of open tubular columns (11).
This was followed in 1962 by an infamous demonstration
of very fast gas chromatography (12). Utilizing a 120 cm
� 0.035 mm squalene-coated column, H2 carrier gas, and
a hammer to depress the syringe, Desty and coworkers
(12) obtained near-baseline separation of 15 hydrocarbons
and isomers in under 2 s. In addition to such demonstra-
tions of very fast analysis times, early work in open tubu-
lar columns also led to the development of columns with
extremely high plate numbers (106). In spite of these early

breakthroughs, open tubular columns were not rapidly
accepted for chromatographic analysis. Small sample
capacity, fragile, rigid glass capillaries, difficulty of incor-
poration into existing instruments and irreproducible
column characteristics, attributed to slowing the imple-
mentation of open tubular columns. It was not until the
late 1970s that the introduction of fused silica columns
(13) and improvements in GC instrumentation led to the
wider use of capillary columns. 

The greater use of capillary columns was not accompa-
nied by a large reduction in analysis time or sudden interest
in fast chromatography. Instead, the greater efficiency of
capillary columns was used to analyze and separate increas-
ingly more complex mixtures. To ease in the transfer of
methods from packed columns, developers chose capillary
columns with large diameters, thick films, and excessive
lengths. The concept of “killing it with plates” (14) and
“over separating” (15) are often used to describe these early
methods. Indeed, many of these methods became official or
standard methods and the “over separation” still persists.
Recently, with the increased cost of analysis, the interest in
process control and the desire to develop rapid field-
deployable test methods for environmental and security
monitoring, there has been a renewed interest in rapid gas
chromatographic analyses. The availability of fast chro-
matographic instrumentation (16) and method translation
software will undoubtedly expand the use of the technique.

The terminology “fast gas chromatography” can be
extremely subjective. If an analysis normally takes 70
minutes, then a 40-minute run time could be considered
“fast.” Dagan and Amirav first attempted to quantify the
terminology used for Fast, Very Fast, and Ultra-Fast Gas
Chromatography by identifying a “speed enhancement
factor” (SEF) (17). SEF, the product of column length
reduction factor and carrier gas linear velocity increase,
constitutes a reduction factor in the flow time of the car-
rier gas compared to conventional GC. Dagan and Amirav
defined a 30-m narrow bore column with a 1 ml/min gas
flow rate (34 cm/s helium linear velocity) as the reference
conditions for conventional GC-MS. Although SEF is
quantitative in nature we find the classifications based on
peak widths and total analysis time introduced by van
Duersen et al. (1) to be more useful. According to the clas-
sification, “fast GC” separations happen in minutes and
have peak widths of several seconds. “Very fast GC”
describes seconds range separation with 30–200 ms peak
widths and “ultra fast GC” is sub-second separations with
5–30 ms peak widths. Hinshaw (18) also “quantified”
analysis speed by dividing methods into four levels based
on relative speed, column dimensions, and inlet pressures.
Hinshaw used the terminology of conventional, rapid,
high-speed and very-high-speed for levels 1 through 4,
respectively. This discussion will apply the van Duersen
criteria for describing applications and will primarily
focus on fast GC and the application in food analysis.



A. CHROMATOGRAPHIC THEORY

Prior to reviewing the practical aspects of fast gas chro-
matography, a brief review pertaining to resolution and
efficiency in chromatographic separation is in order. It
should be noted that the following discussion is a brief
summary and is not intended as a thorough discussion of
chromatographic theory. For the interested reader more
in-depth and complete discussions of the equations and
theory relating to sample introduction, speed of separation
and detection in gas chromatographic analysis can be
found in a number of sources (14,19–22). 

In chromatographic analysis the goal is to separate
the analytes of interest, denoted as the “critical pair,” and
to do so in the shortest amount of time. By definition,
when the pair is separated, all of the peaks in the chro-
matogram will also be separated. The degree of separa-
tion is called the resolution (Rs), which is commonly
defined by

Rs � (45.1)

where ∆tR is the difference in retention time between a
critical pair and σc is the standard deviation of chromato-
graphic peak broadening. Baseline separation is achieved
when peaks of equal size show a resolution of �1.5; how-
ever a resolution of � 1.0 is often sufficient. The number
of theoretical plates required to produce a given resolution
is expressed as:

N � 16RS
2� �

2

� �
2

(45.2)

where k is the solute capacity factor of the second eluting
peak of the critical pair and α is the relative retention or
selectivity factor for the two components.

Once resolution of the critical pair is achieved, the
time for the chromatographic separation is minimized.
The run time can be determined by the column length (L),
average linear gas velocity (µ�), and the solute capacity
factor (k) of the last eluting peak using the following
equation:

tR � (L /µ�)(1 � k) (45.3)

where tR is the retention time of the last eluting com-
pound. Equation 45.3 exhibits the relationship between
analysis time, column length, and linear gas velocity, but
is more instructive when written in terms of the number of
theoretical plates (N ) and the height equivalent to a theo-
retical plate (H).

tR � N(H/µ�)(1 � k) (45.4)

Equation 45.4 demonstrates the direct relationship
between run time, plate number, and plate height. By

combining equations 45.2 and 45.4 the relationship
between analysis time and resolution becomes evident:

tR � 16RS
2� �

2

(45.5)

B. REDUCTION OF CHROMATOGRAPHIC ANALYSIS

TIME

Using narrow bore columns is one of the easiest and most
common methods for reducing the analysis time, while
maintaining resolution. Schutjes et al. (23), although not
the first to utilize narrow bore columns, derived the expres-
sions relating a decrease in column diameter to a decrease
in analysis time. They also experimentally confirmed the
relationships for isothermal and temperature programmed
conditions using 30 and 50 µm diameter columns. Klee
and Blumberg (13) report nearly a 10-fold increase in “rel-
ative speed” by reducing the column diameter from 530 to
100 µm, while keeping “separation power equivalent.”
These studies demonstrated that decreasing column diam-
eter effectively increases the number of plates per unit
length of column (24). However, there are practical limits
to the column diameter, Schutjes et al. (23) used 30 and 50
µm columns in their studies; however, due to potential
problems with sample capacity, inlet pressure limitations,
and maintaining injection efficiency it has been recom-
mended that columns with diameters � 100 µm (13) and
�180 µm (24) be used in routine analysis.

Along with reducing column diameter, the choice of
carrier gas can also impact speed of analysis, without
decreasing resolution. By switching from helium to hydro-
gen as a carrier a 30% reduction in analysis time can be
achieved, while switching from nitrogen gives a �3-fold
reduction in analysis time (25). Finally, reduced outlet pres-
sures through vacuum-outlet conditions have also been
shown to be a useful method for decreasing analysis time at
constant resolution (26). However, under certain conditions
Cramers et al. (26) did report a 12.5% reduction in column
efficiency when using vacuum outlet conditions. Although
vacuum outlet conditions are only applicable when utilizing
mass spectrometric detectors, an understanding of the
effects of high pressure drops is important when developing
fast chromatographic methods. A thorough study of the
effect of high pressure drop commonly seen in fast chro-
matography, performed by Blumberg (27–29) and summa-
rized by Klee and Blumberg (13), shows the complex
relationship of pressure drop, column efficiency, analysis
speed, column length and diameter, and film thickness.

A number of methods are available to the analyst for
shortening analysis time through a reduction in resolution.
Many of these, shortening column length (30), adjusting
carrier gas velocity, and increasing temperature program
rates (30), are familiar options during traditional method
development. However, as was mentioned previously,

H
�µ�

(1 � k)3

�
k2

α
�α � 1

α
�α � 1

1 � k
�

k

∆tR
�
4σc
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many of the current “official” methods are over separated,
and some estimates suggest that up to 75% of the chro-
matogram contains no useful information (14). Even if that
value overstates the extent of “lost time,” the analyst should
not overlook the ability to gain analysis speed through the
optimization of resolution reducing parameters (14,19–21).

The reduction of peak widths and separation times
achieved in fast chromatography begin to place stringent
requirements on other instrumental parameters, often
referred to as “extra-column sources.” The Golay model
(10), assumes that band broadening occurs only in the col-
umn, which is an accurate assumption when describing sys-
tems with long columns and low linear gas velocity.
However, given the short column and/or high gas velocity in
fast chromatography, this assumption is not always valid
(20). Therefore, “extra-column sources” in general, and
sample introduction specifically, can become an extremely
important part of the analysis. The need to introduce the
sample, without overloading the column or introducing band
broadening, is critical to maintaining fast, highly resolved
chromatograms. For fast chromatography conventional
split/splitless injectors can be utilized, although the ratio or
timing must be adjusted to avoid overloading column capac-
ity (13). A number of other sample introduction systems
have been developed for use in fast, very fast, and ultra-fast
GC (21,22,31–33). The best method of introduction depends
on the application of the chromatographic method.

As with sample introduction, sample detection mecha-
nisms must maintain chromatographic efficiency by limit-
ing band broadening. Additionally, detectors must have a
sampling frequency fast enough to provide 15–20 data
points across a peak (22). Many of the commonly used
detectors including electron capture (EC), photoionization
(PI), and thermal conductivity (TC), are sufficiently fast,
but traditionally have large dead volumes, which leads to
band broadening. The use of make-up gas to offset the large
detector volume and limit band broadening leads to a loss
of sensitivity with EC, PI, and TC detection (21). Small vol-
ume cells have been utilized to reduce band broadening and
limit or eliminate the need for make-up gas (22). The use of
mass-flow-sensitive detectors such as flame ionization,
photometric, and thermionic detectors offer satisfactory
data acquisition and sensitivity for use in fast GC (21).
Along with the selection of a detection mechanism that has
adequate sensitivity and maintains chromatographic effi-
ciency, it is also beneficial to choose a selective detector
that does not respond to co-extracted matrix components.
Such selectivity will assist in shortening analysis time by
reducing the need for increased chromatographic resolu-
tion. Perhaps the most common example is the use of mass
spectrometric detectors to separate compounds not fully
resolved by the chromatographic system (34). Wu and
coworkers (35) utilized an element selective detector to
assist in decreasing analysis time in their method.
Additionally, Mastovska et al. (36) described the benefits in

using a flame photometric detector compared to FID when
analyzing for organophosphate pesticides in wheat.

Column selectivity changes can also be used to alter the
analysis and subsequently gain speed. The choice of sta-
tionary phase can have a profound effect on elution order
and elution time. Additional changes in temperature rates,
gas velocity, or column length can then be used to further
increase analysis speed. An extension of the use of a selec-
tive stationary phase is the use of two columns (GC � GC)
with different retention properties (14). Unfortunately, spe-
cialized instruments, data systems, and experience are
required to utilize these methods.

C. APPLICATIONS OF FAST CHROMATOGRAPHY

In general, our interest in fast chromatography is not con-
centrated on a specific sub-discipline of the technique, but
is in the overall potential benefits offered by the methods.
As in any laboratory, the ability to analyze more samples
in less time would represent a significant cost and time
savings. Conversely, the shortened analysis time would
enable us to investigate more samples in a given time
period, allowing for a greater cross section of the food sup-
ply to undergo analysis. We are also intrigued by the appli-
cation of fast chromatography to rapid field sampling.
Such instrumentation would be useful in greater monitor-
ing of the food supply, or in assisting manufacturers with
process control as part of additional QA/QC procedures.

Although there has been an improvement in instrumen-
tation and methods development associated with fast GC,
food analysis can pose difficult challenges. Fortunately, the
increase in interest in fast GC has produced a number of
recent promising publications, which have application in our
area of research. The research of Chen and coworkers (37)
on the residual solvents is related to the work performed in
our laboratories analyzing food and food packaging for
volatile compounds (38–40). They were able to shorten the
analysis of 40 organic solvents from 45 to less than 5 min-
utes using a short, narrow bore capillary column. Additional
decreases in time were realized, by implementing tempera-
ture and pressure programming and limiting the list of ana-
lytes. Sample introduction was carried out by headspace
analysis and direct injection. Although both showed accept-
able reproducibility, the impact of the rapid method and
sample introduction on detection limits was not evaluated. 

Wang and Burleson (41) reported the development of a
fast GC method used in the analysis of pyrolysis products
from synthetic polymers. Pyrolysis GC has been shown to
be useful in identifying low level additives in synthetic poly-
mers (42) and a fast GC method could be useful in our
analysis of polymer packaging materials (43,44). Wang and
Burleson successfully transferred the traditional method to a
fast GC, achieving a 10-fold increase in analysis speed. They
also investigated the effect of head pressure and/or oven
temperature on analysis time in conventional GC. Their
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findings indicate that pyrolysis-fast GC is a useful method
for analyzing synthetic polymers in short time periods.

Although the applications mentioned above have
direct implications in the analysis of food and food pack-
aging, they do not represent the same challenges often
encountered with direct food analysis. Food is an
extremely complex matrix, with a variety of interferences,
often at concentrations significantly higher than the ana-
lyte of interest. Therefore, the ability to analyze foods by
fast GC represents a particular challenge. Reed and
coworkers (45) used a 5 m � 330 µm column, combined
with fast temperature programming, to analyze for 2,6-di-
(tert-butyl)-4-methylphenol (BHT) in chewing gum,
breakfast cereal, and granola bars. Realizing that the
extraction of BHT is often the rate limiting step in these
analyses, Reed et al. utilized microwave assisted extrac-
tion (MAE) to further increase the overall processing time
(45). Chromatographic analysis of each of the three sam-
ple matrices was completed in about 3 minutes with
acceptable resolution and reproducibility reported for all
samples. 

Sandra and David (46) reported a fast gas chromato-
graphic method for the determination of polychlorinated
biphenyls (PCBs) in food matrices, and the fatty acid com-
position (as fatty acid methyl esters, FAME). The method
was developed in response to the need to analyze a large
number of samples (4000) in as short a time as possible.
Initial development and validation was carried out in side-
by-side studies using the official method. For the PCB
method a shorter, narrow bore column was implemented to
achieve a 4-fold increase in analysis speed without sacrific-
ing resolution. Sandra and David (46) also applied a splitless
injection to the fast GC, improving the limits of detection. It
should be noted that the splitless liner was replaced after
every 100 samples. A shorter, narrow bore column was also
used for the FAME analysis and it also produced a reduced
analysis time. This study was extremely successful at
demonstrating the utility of fast GC; additionally, it repre-
sents one of the most extensive uses of fast GC that has been
reported to date. 

Lloyd and Grimm (35) increased the temperature pro-
gram rates in order to increase analysis speed for sugars and
FAMEs in food. For the sugar analysis they report a �7-fold
increase in speed, but do note a loss in chromatographic res-
olution. Such a loss in resolution is to be expected when
using temperature program rates as the driving force behind
faster separations (22). However, the resolution of the fast
separation was still acceptable for this analysis. The FAME
analysis showed an increase in speed similar to the sugar
analysis; however, separation of several of the compounds
was incomplete. The mass selective detector did help distin-
guish co-eluted analytes, except in the case of positional
(cis, trans) isomers. Lloyd and Grimm concluded that fast
GC was successful in reducing analysis time, but had reser-
vations about the loss of resolution. 

Mastovsak et al. (36) evaluated the impact of reduc-
ing column length and temperature program rates in their
analysis of 15 organophosphate pesticides in wheat. They
also compared the performance of conventional and fast
GC with flash GC, a commercially available resistive
heating device. By reducing the column length from 30 to
5 m, increasing their temperature program rate, but main-
taining column diameter and film thickness, Mastovsak
and coworkers were able to reduce their analysis time 
10-fold. Splitless injections with different splitless timing
were used for the conventional, fast, and flash analysis.
The researchers found that the narrower peak widths pro-
duced in flash GC experiments produced better detection
limits, despite the smaller quantities of analyte being
introduced to the column. The comparison of fast GC and
flash GC methods showed similar run times, but the flash
GC produced better retention time reproducibility.
Additionally, the flash GC runs had faster cooling rates,
leading to faster overall analysis times. The only draw-
back of the fast and flash GC was the loss of some reso-
lution and subsequent coelution of analytes. However,
some of the lost resolution could be attributed to the less
selective stationary phase used for the flash GC analysis.

D. METHOD TRANSLATION SOFTWARE

In creating methods for fast GC, the analyst has two choices;
either redevelop the entire method or translate the method
from traditional chromatography. Klee and Blumberg (13)
offer an in-depth discussion of principles and practices of
method translation. Method translation is often the easier of
the two choices, especially if retention indices or “finger-
print” patterns need to be retained. To assist in the transfer,
it is helpful to use method translation software, which is cur-
rently available on Agilent Technologies’ internet site
(www.chem.agilent.com/cag/servsup/usersoft/main.html#m
xlator). A number of researchers (24,47) have evaluated the
software’s capabilities. David et al. (47) utilized the method
translation software in transferring analysis of essential oils,
bacterial fatty acids, and other complex mixtures from tradi-
tional to fast gas chromatography. By using a shorter, nar-
row bore column, and switching to hydrogen carrier gas
they were able to analyze nutmeg and lemon oils in �13
min, a 6-fold decrease in analysis time. Additionally, the
shorter analysis exhibited comparable retention indices and
peak area ratios as the longer runs, allowing the “fingerprint
pattern” of the separations to be maintained. Wool and
Decker (24), by implementing a shorter, narrow bore col-
umn and using hydrogen as the carrier gas, observed a 50%
reduction in time for analysis of 22 pesticides. Their con-
clusion was that “Method Translator should be a standard
tool for analysts interested in speeding up the analyses done
in their laboratories.”

Fast gas chromatography is not a new concept, but 
the research and use appear to be undergoing a recent
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renaissance. This renewed interest is probably due to a num-
ber of factors, including cost of analysis, interest in field
sampling, and availability of adequate instrumentation.
Whatever the reasons it is clear from past and recent publi-
cations that there are real benefits in developing fast gas
chromatographic methods. These benefits will apply to labo-
ratory sampling, process control, and field sampling, and will
have an impact on the analysis of food and food packaging.

III. HIGH RESOLUTION GC AND THE
ANALYSIS OF CONTAMINANTS IN
FOODS

A. SCOPE OF THE PROBLEM

This discussion will not be a review of the more than 25-year
history of research involving high resolution gas chromato-
graphy (HRGC) and its application to the analysis of poly-
halogenated contaminants. Rather than be a review, this
treatment will examine the current approaches and future
directions. The poly-halogenated contaminants of great
interest in foods fall into several classes based on their car-
bon skeleton. A common feature of all the classes is the large
number of isomers with similar physical and chemical prop-
erties, while conversely possessing widely varying effects
on biological systems. These compounds exhibit very simi-
lar chemical properties to the analyst needing to detect and
identify them, but nevertheless the individual isomers must
be identified to determine their potential importance to a
biological system. Table 45.1 lists some classes of poly-
halogenated aromatic contaminant studied as a result of food
contamination incidences or occupational exposures.

Table 45.2 provides a list of some of these classes along
with a few chemical properties and their toxic equivalency
factors (TEFs) values where known. Estimated toxicities
often vary by many orders of magnitude for chemicals with
fairly similar boiling points, melting points, vapor pres-
sures, and octanol/water partitioning coefficients. 

B. HRGC COLUMN STATIONARY PHASES

During the past 20 years, high resolution capillary GC
columns have become the standard approach to separation
difficulties presented by complex mixtures of polyhalo-
genated contaminants. Greater toxicological understand-
ing of these chemicals has required increasing amounts of
analytical data that report isomer-specific quantifications
of these compounds in foods. Column lengths used in
these procedures are typically at least 50 m, but most
often 60 m, in length. PCDD/Fs provide a good example
of separation difficulties with these compound classes. No
single column could effectively separate all the isomers
with largest TEFs from all others. 

Ryan et al. (48) published the separations of all 136
tetrachloro- to octachloro-PCDD/Fs on nine different sta-
tionary phases and reported retention times on all the nine
column phases. The column stationary phases covered a
range of polarity from purely non-polar methyl silicone and
the widely used 95% methyl, 5% phenyl polysiloxane 
(DB-5, RTX-5, equivalent, etc.) to the most polar 90% bis-
cyanopropyl/ 10% 1:1 phenyl/ cyanopropyl polysiloxane
(SP-2331) and 100% biscyanopropyl (CP-Sil-88) and the
more recently introduced SB-smectic liquid crystalline
methyl (80%) diphenyl carboxylic ester (20%) phase. Polar
phases generally separated more of the 2,3,7,8-substituted
isomers with the fewer numbers of congeners co-eluting,
especially with 2,3,4,7,8-PeCDF and 2,3,7,8-TCDF, while
leaving some HxCDFs or HxCDDs unresolved. Columns
containing DB- 210 (50% methyl/ 50% trifluropropyl poly-
siloxane) or DB-225 (50% cyanopropylphenyl/50% methyl
polysiloxane) equivalent phases are used for resolving 
the multiple co-elutions with 2,3,7,8-TCDF found on 
non-polar columns, but also produce co-elutions with
2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, and certain HxCDFs
such that they must be used with a second, usually non-
polar, column.

Two medium polarity columns tested produced separa-
tions comparable or better to some more polar phases. A
DB-17 column (50% phenyl/ 50% methyl polysiloxane)
separated 2,3,7,8-TCDF completely and separated most
other 2,3,7,8-substituted congeners except 1 isomer co-elut-
ing with 2,3,7,8-TCDD, 1,2,3,7,8-PeCDF, and an incom-
plete separation of 1,2,3,6,7,8-HxCDF. An OV-17 column
still contained an isomer co-eluting with 2,3,7,8-TCDF and
with 1,2,3,7,8-PeCDD, while producing more complete
separation for HxCDFs. While some column phases per-
formed much better than others, a combination of at least
two columns was needed to identify all isomers of the
2,3,7,8-chlorine substituted dibenzo-p-dioxin and –furan
isomers in complex mixtures. The polar phases provide
separation for all but a few of the 12 2,3,7,8-substituted
tetrachloro-hexachloro-DD/Fs, but require hour-long GC
run times leaving significant overlaps between chlorina-
tion levels. Often the performance of these polar phases
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TABLE 45.1
Classes for Poly-Halogenated Aromatic Compounds,
Synthetically and Environmentally Derived
Contaminants

Possible
Chemical Class Range(X) Congeners

Polychlorinated dibenzo-p-dioxins (PCDDs) 1–8(Cl) 75
Polychlorinated dibenzofurans (PCDFs) 1–8(Cl) 135
Polychlorinated naphthalenes (PCNs) 1–8(Cl) 75
Polychlorinated biphenyls (PCBs) 1–10(Cl) 209
Polybrominated biphenyls (PBBs) 1–10(Br) 209
Polybrominated diphenylethers (PBDEs) 1–10(Br) 209
Polychlorinated diphenylethers (PCDEs) 1–10(Cl) 209
Polybrominated dibenzo-p-dioxins (PBDDs) 1–8(Br) 75
Polybrominated dibenzofurans (PBDFs) 1–8(Br) 135



will deteriorate faster than non-polar ones which signifi-
cantly alter the quality of the separation and increase
maintenance time and costs. Some phases have been
marketed specifically to produce a near-complete separa-
tion of the critical 12 2,3,7,8-substituted tetrachloro-
through hexachloro-DD/Fs. The “DB-Dioxin” separates

all 2,3,7,8-substituted congeners except for 1,2,3,4,7,8-
HxCDF, although some congeners were not 100%
resolved from other isomers. 

Fraisse et al. (49) reported an improved separation using
a non-polar phase initially developed for low bleed require-
ments of ion trap mass spectrometers. The “DB-5ms” phase
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TABLE 45.2
Some Physical Properties for Poly-Halogenated Pollutants and Associated TEFs 

Class or Member MP a BP a VP log(Kow) TEF b

Polychlorinated Dibenzo-p-Dioxins (PCDDs)
2,3,7,8-TetraCDD 305 412.2 1.4E–09 6.2–7.3 1
1,2,7,8-TetraCDD – – – – 0
1,2,3,7,8-PentaCDD 240 – – 6.8 1
1,2,3,4,7,8-HexaCDD – – – – 0.1
1,2,3,6,7,8-HexaCDD 285–286 – – 7.6 0.1
1,2,3,7,8,9-HexaCDD 243–244 – – 7.6 0.1
1,2,3,4,6,7,8-HeptaCDD – – – – 0.01
1,2,3,4,6,8,9-HeptaCDD 140 – – – 0
1,2,3,4,6,7,8,9-OctaCDD 150 – – – 0.0001
Polychlorinated Dibenzofurans (PCDFs)
2,3,7,8-TetraCDF 219–228 – 0.000002 5.8 0.1
2,3,4,8-TetraCDF – – – – 0
1,2,3,7,8-PentaCDF 225–227 – – – 0.05
2,3,4,7,8-PentaCDF 168–170 – 0.0000011 – 0.5
1,2,3,4,7,8-HexaCDF 226–227 – – – 0.1
2,3,4,6,7,8-HexaCDF – – – – 0.1
1,2,3,4,6,7,8-HeptaCDF 236–237 – – – 0.01
1,2,3,4,7,8,9-HeptaCDF – – – – 0.01
1,2,3,4,6,8,9-HeptaCDF – – – – 0
1,2,3,4,6,7,8,9-OctaCDF – – – – 0.0001
Polychlorinated Biphenyls (PCBs) 
Arochlor 1254 or 1260 – 275–420 7.7E–05 d 6.8 –
3,3�,4,4�-TetraCB – – 1.1E–05 d – 0.0005
3,3�,4,4�,5-PentaCB – – 2.1E–06 d – 0.1
3,3�,4,4�,5,5�-HexaCB – – 4.0E–07 d – 0.01
2,3,3�,4,4�-PentaCB – – 5.3E–06 d – 0.0001
2,3�,4,4,�5-PentaCB – – 7.2E–06 d – 0.0001
2,3,4,4�,5-PentaCB – – 3.3E–05 d – 0.0005
2�,3,4,4�,5-PentaCB – – 6.8E–06 d – 0.0001
2,3,3�,4,4�,5-HexaCB – – 5.5E–06 d – 0.0005
2,3,3�,4,4�,5�-HexaCB – – 1.0E–06 d – 0.0005
2,3�,4,4�,5,5�-HexaCB – – 1.4E–06 d – 0.00001
2,3,3�,4,4�,5,5�-HeptaCB – – 1.08E–06 d – 0.0001
2,2�,3,3�,4,4�,5-HeptaCB – – 2.8E–06 d – 0.0001
2,2�,3,4,4�,5,5�-HeptaCB – – 3.8E–06 d – 0.00001
Polychlorinated Naphthalenes (PCNs)
1,2,3,5,6,7/1,2,3,4,6,7-HexaCN – 234/205 – – 0.002(EROD) c

1,2,3,4,5,7/1,2,3,5,6,8-HexaCN – – – – 0.0002(EROD) c

1,2,3,5,7,8-HexaCN – 148 – – 0.002(EROD) c

1,2,4,5,6,8-HexaCN – 153 – 0 0.000007(EROD) c

1,2,3,4,5,6,7-HeptaCN – – – – 0.003(EROD) c

a Ahlborg et al. (1994) (Ref. 94).
b EPA Study (1992) (Ref. 95).
c Hanberg et al. (1990) (Ref. 96).
d Holmes et al. (1993) (Ref. 97).
MP � melting point; BP � boiling point; VP � vapor pressure; Kow � octanol/water partitioning coefficient; TEF � toxic equivalency factor.



used the same composition (95% methyl-5% phenyl poly-
siloxane) as a DB-5 or RTX-5 equivalent phase, but with
phenyl groups pendant on as well as inserted as aryl inclu-
sions in the polysiloxane chain. The resulting phase could
easily separate 2,3,7,8-TCDD and 2,3,7,8-TCDF from the
other 21 or 37 isomers, respectively, compared with an ordi-
nary DB-5 which could not resolve 2,3,7,8-TCDF from 5
other isomers and produced only a slight separation of
2,3,7,8-TCDD from several closely eluting isomers. In addi-
tion, all the hexachlorinated isomers were also separated,
except for a poor separation of 1,2,3,7,8,9-HxCDF, com-
pared with separating only 4 of the 7 congeners on DB-5.
The 1,2,3,7,8-PeCDD was still resolved well enough, but
not to baseline as with DB-5. This column effects a separa-
tion for PCDD/Fs from food extracts with near-complete
isomer specificity with a very durable high temperature col-
umn. There are almost no circumstances (e.g., an old DB-5
ms column measuring high levels of TCDF in a shellfish
sample containing all TCDF isomers or where the cleanup
was poor) where a second or alternative column is necessary
for food analysis in a regulatory setting.

Isomer-specific PCB methods have recently focused
on the unique GC separation and mass spectrometry deter-
mination of the PCB congeners with established TEFs (see
Table 45.2). Frequently, the PCBs are fractionated before
GC separations are attempted using non-polar columns
(DB-5 equivalent, etc.). The separations greatly simplify
the task of the GC so that a single non-polar capillary col-
umn with high durability can separate the remaining con-
geners. PCB congeners with no orthochlorine substitutions
are isolated for analysis with the dioxins. Other PCB con-
geners are analyzed separately or further fractionated by
the number of orthochlorine substitutions (e.g., mono-
orthochloro and di-orthochloro-). Some methods attempt
to determine all of the PCB congeners with TEFs with a
single GC injection. EPA 1668 Rev. A has the purpose of
separating PCBs 77, 81, 105, 114, 118, 123, 126, 156, 157,
167, 169, 189 from all other congeners in an environmen-
tal sample using an SPB-octyl column (Supelco 2-4218).
This method requires retention time of decachlorobiphenyl
to be greater than 55 minutes (quite long) and analyzes
PCB 156 and 157 as a summed peak. The combination of
the SPB octyl column and a DB-1 is reported in the
method to uniquely separate 180 PCB congeners. Garrett
et al. (50) reported that the SPB octyl column produced
high bleed, producing unstable retention times within a
few days. Some new columns could not meet the specifi-
cations of EPA 1668 Rev. A. An RTX-5 sil MS column was
suggested as an alternative. Covaci et al. (98) reports sep-
arating PCBs in human adipose using a 50 m � 0.22 mm
id HT-8 column made with 8% phenyl methyl silicone and
dicarbaclosododecarborane that SGE has claimed will sep-
arate 192 of the 209 PCB congeners at least partially.

The separation and retention behavior of all 72 poly-
chlorinated napthalenes isomers was investigated on six

different HRGC columns phases by Järnberg et al. (51).
No column could separate all congeners at any chlorina-
tion level from dichloro- to hexachloro-. A pair of hexa-
chloronapthalene isomers (1,2,3,5,6,7 and 1,2,3,4,6,7)
known to strongly bioaccumulate, were not separated on
any phase. More recently, a complete separation of all 14
pentachloro- and 10 hexachloronapthalene isomers was
demonstrated using a proprietary column phase made by
Restek that used per-methylated β-cyclodextrin (52). 

C. HRGC COLUMN DIMENSIONS

The efficient separation of isomeric mixtures has required
relatively long columns (50 m or 60 m). Some better sep-
arations are accomplished on polar stationary phases with
lower temperature maxima, further slowing the elution of
highly chlorinated congeners. Hayward et al. (53,54)
demonstrated that a shorter and narrower “minibore” 40
m � 0.18 mm ID DB-5 ms column could produce nearly
identical separations as the wider and longer 60 m
columns in 40 min and was durable enough for analysis of
large numbers of food samples for PCDD/Fs.
MacPherson et al. (55) optimized the conditions for
PCDD/Fs, coplanar PCBs, and chlorinated pesticides on
40 m � 0.18 mm and 20 m � 0.1 mm DB-5 columns by
adjusting temperatures ramps and using higher inlet pres-
sures enabling comparable separations and quantifications
using either 60 m, 40 m, or 20 m DB-5 columns. On 20 m
columns, PCDD/Fs were eluted in as little as 14 min. This
same approach using 20 m columns and fast temperature
ramps was applied to a mixture of 56 PCBs and to PAH
mixtures (56). Microbore columns have also been tested
in dual column applications for determining target PCB
congeners and dioxins in the same GC run. MacPherson
et al. (57) recently reported the sequential acquisition by
HRMS of mono-ortho PCBs (PCBs 105, 118, 156 etc.)
eluting from a 20 m � 0.1 mm ID column while PCDD/Fs
and non-ortho-PCBs 77, 81, 126, and 169 were being sep-
arated on a 40 m � 0.18 mm ID column in the same GC
injected immediately after the injection on the 20 m col-
umn of the PCB fraction. This way separate PCB fractions
could be determined with the same acquisition and into
the same data file for processing. Worrall et al. (58) used
a similar approach, but delay the injection of the PCDD/F
containing fraction on the 40 m column for 2.4 min to
help avoid co-determination of chlorinated diphenylethers
that would be present in the mono-ortho PCB fraction
eluting on the 20 m column. 

Dimandja et al. (59) demonstrated a very fast separation
of 38 PCBs found in human serum in 5 min using a short 
15 m column using time-of-flight (TOF) mass spectrometry
for detection. The high spectral acquisition rates inherent in
TOF have been used to reduce the time of separations on
standard sized columns allowing simultaneous PCB and
pesticide determinations in as little as 9.5 min (60).
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D. MULTI-DIMENSIONAL GC (GC2)

Multidimensional GC or GC2 refers to the separation of
chemicals using two or more independent migrations for a
chemical during the same fixed distance (GC) experiment.
Multidimensional separations increase the capacity and res-
olution of a given GC system. The concepts for multidi-
mensional separations are aptly described by Giddings
(61). Liu and Phillips (62) reported achieving two-dimen-
sional gas chromatography through use of an on-column
thermal modulator system. A narrow bore column of stan-
dard length (20 m) is connected through the modulator
(short section of column rapidly heated and cooled) to a
short (~0.5 m) microbore column that produces a second
fast separation of components pulsed to it by modulator
from the first column. Two dimensional gas chro-
matograms could be generated on complex mixes of hydro-
carbons using this system. The same approach was reported
for pesticides in human serum by Liu et al. (63). Rapid sep-
arations of pesticides, PCBs or PCDD/Fs require fast mass
spectral acquisition of a TOF instrument for mass spectro-
metric detection. More recent work has focused on robust
modulator designs. Vreuls et al. (64) compared the per-
formance of 4 modulator systems and report separating 91
PCB congeners and all 17 2,3,7,8-PCDD/Fs with the
GCxGC/microECD with an ultimate goal of using TOF for
the determination of PCBs and dioxins. 

IV. APPLICATION OF GC TO THE
IDENTIFICATION OF FOODBORNE
BACTERIA

Among the U.S. population, it is estimated that millions
contract foodborne illnesses each year (65). Currently, there
is active surveillance for laboratory-diagnosed cases of 10
foodborne diseases resulting from infection with
Campylobacter, Escherichia coli O157, Listeria monocyto-
genes, Salmonella, Shigella, Vibrio spp., Yersinia enteroco-
litica, Cryptosporidium parvum, Cyclospora cayetanensis,
and hemolytic uremic syndrome (HUS) (66). Since
September 2001, there has been an additional need to iden-
tify select agents such as toxins (botulinum toxin and
staphylococcal enterotoxin), chemical agents (sarin nerve
gas and mustard gas), viruses, and particularly pathogenic
bacteria including Bacillus anthracis, variolla (small pox),
Clostridium botulinum, and C. perfringens (67). This
requirement has led to a sudden surge in demand for rou-
tine rapid tests as well as fast and accurate microbiological
assays and analytical methodologies for bacterial identifi-
cation.

The most common techniques used for identifying bac-
teria include polymerase chain reaction (PCR), immunoas-
say biochemical reaction tests, and classical microscopy
(67). Analytical chemical methods such as infrared spec-
troscopy (IR) (68–71), mass spectrometry (MS) (71,72), and

gas chromatography (GC) (72–80) have been also used
increasingly for bacterial speciation in research laboratories.

A. GAS CHROMATOGRAPHY AND CELLULAR

MEMBRANE COMPONENTS

Early reports demonstrating that GC analysis of cellular
fatty acid could be used successfully to identify bacteria
were published in the 1960s (74,75). Whole bacterial cells
are usually treated with sodium hydroxide and alcohol to
cause hydrolysis and release of cellular membrane fatty
acids. Sodium salts are formed and subsequently esteri-
fied. The resulting mixture of volatile fatty acid methyl
esters (FAMEs) are separated by GC, identified and quan-
tified. Derivatization increases volatility and improves
chromatographic resolution. It was later recognized that
further application of sophisticated multivariate statistical
analyses to GC fatty acid profiles would facilitate the
identification of microorganisms (75,76). The resulting
new chemotaxonomy (75,76) based on multivariate statis-
tical strategies such as principal component analysis dif-
fered from traditional microbial taxonomy that did not
involve any statistical treatment. 

The structures and names of cellular fatty acids
are often complex (80). The structures of fatty acids
can vary widely and include saturated, unsaturated, and
branched fatty acids as well as those with hydroxy
groups (e.g., 3-OH-C14:0) and rings. Branched fatty
acids include the iso series, (CH3)2CH(CH2)aCOOH,
and the antiso series, CH3CH2CH(CH3)(CH2)bCOOH
or CH3(CH2)cCH(CH3)(CH2)dCOOH with branching at
a carbon in the middle of the fatty acid chain. Using
a simplified nomenclature, examples include iso-C15:0,
antiso-C15:0, and 10-Me-C19:0. An example of a fatty acid
with a saturated 3-membered cyclopropane ring would be
cis-11,12-methy- lene-octadecanoic acid (C19:0cyc11,12).

The primary source of cellular fatty acids is the lipid
component of the cell membranes (including phospho-
lipids) or the lipid A component of lipopolysaccharides in
Gram-negative bacteria and lipoteichoic acid in Gram-
positive bacteria (77). Most bacteria synthesize fatty acids
with chain lengths having between 10 and 19 carbon
atoms, and those with highest frequency are fatty acids
with 16 to 18 carbons. Distinctive properties that allow
identification of various microorganisms originate from
differences in fatty acid composition, a characteristic that
includes fatty acid distribution and quantity. Branched
structures predominate in some Gram-positive bacteria,
while cyclopropane-containing fatty acids and hydroxy
fatty acids are often characteristic of lipopolysaccharides
of Gram-negative bacteria. Gram-negative bacteria tend to
have a greater proportion of saturated and monounsatu-
rated fatty acids with an even number of carbon atoms
than Gram-positive bacteria. The latter usually have a
larger proportion of saturated branched-chain fatty acids
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with an odd number of carbon atoms and low levels of sat-
urated straight-chain fatty acids.

With the advent of long fused silica capillary
columns, the application of GC to the determination of
cellular FAMEs has become more widely used since the
1980s. An automated commercial system, Microbial
Identification System (MIS) (79), that applies a GC pro-
cedure with flame ionization detection (FID) and multi-
variate analysis to the profiling of fatty acids ranging in
length from 9 to 20 carbon atoms has been used increas-
ingly by research, government, and commercial laborato-
ries because it offers a FAME database for more than
2000 bacteria. The generally recommended GC-FID pro-
cedure (79) is outlined below. GC procedures have been
widely used to identify bacterial species and strains pri-
marily from clinical, environmental, plant, and soil, but
only to a limited extent from food matrices (80).

A full understanding of this chemical type of bacter-
ial identification requires that analysts and researchers in
different disciplines collaborate and/or acquire expertise
in all three microbiological (bacterial growth), chemi-
cal/analytical (GC), and biometric/chemometric (multi-
variate analysis) techniques.

B. MICROBIOLOGICAL, GC-FID, AND

MULTIVARIATE PROCEDURES

The analytical chemistry of bacterial identification
depends on the comparison of the chemical composition
of whole cells or their constituents (such as lipids or car-
bohydrates) that exhibit differences in microbiological
characteristics. For the analysis to be reproducible, the
various species and strains must be grown strictly under
identical conditions to minimize variability. 

Before any “fingerprinting” procedures can be used 
to analyze bacterial samples, the microorganisms must 
be cultured in order to produce sufficient biomass 
(ca. 40 mg) (79) for GC-FID analysis. 

The accurate identification of unknown bacteria
using a particular FAME database requires the use of
microbiological conditions identical to those used to cre-
ate that database. These conditions are primarily the tem-
perature used in the cultivation of bacteria, the age of the
culture, and the nature of the growth medium (79). It has
been well documented (81) that differences in these fac-
tors will lead to large variations in the lipid content and
composition of bacteria. Most aerobic bacteria are grown
on trypticase soy broth agar (TSBA) medium that con-
sists of 30 g trypticase soy broth and 15 g agar. Other
common media are also used for aerobic bacteria and
depend on the nature of the organism investigated. A tem-
perature of 28°C would allow the growth of a wide range
of microorganisms on TSBA. For anaerobic bacteria,
agar cultures are grown at 35°C on brain heart infusion
(BHI) with supplements. To minimize variability due to

age, broth cultures are harvested at a given turbidity, and
plate cultures are grown for 24 (aerobes) or 48 hours
(anaerobes). Longer incubation times may be used for
slow-growing bacteria. Approximately 40 mg of the bac-
terial cells are needed per test sample. For plate cultures,
the physiological age is usually standardized by selecting
a particular sector from a quadrant-streaked plate.
Bacterial colonies are harvested with a 4-mm loop (or
spatula) from the third quadrant. For a slow-growing
organism, other quadrants may be used. Oftentimes,
more than one quadrant must be harvested to collect as
much as 40 mg. The weighed cells are placed in a culture
tube with a teflon-lined screw cap and their membranes
are prepared for GC analysis.

The preparation of FAMEs from cellular membranes
for GC analysis involves several steps that include
saponification, methylation, and extraction (79,80).
Lipids from approximately 40 mg (79) of bacterial cells
are first saponified with 1 mL of a sodium hydroxide
(NaOH) solution prepared from 45 mg NaOH, 150 mL
H2O, and 150 mL methanol. Tubes containing bacterial
cells and NaOH solution are securely capped, vortexed
for 5–10 sec, heated in a boiling water bath for approx-
imately 5 min, vortexed for 5–10 sec again, and returned
to the water bath for 25 min. The tubes are allowed to
cool down to room temperature and the fatty acids are
methylated with 2 mL of an acidic methanol stock
solution prepared from 6N HCl (325 mL) and methanol
(275 mL). The tubes are vortexed for 5–10 sec,
recapped, carefully heated at 80°C 	 1°C for 10 	 1
min, and rapidly cooled. The resulting FAMEs are
poorly soluble in the aqueous phase and are extracted
with 3 ml of a 1:1 solution of hexane:tert-butyl ether by
gently shaking the tubes for 10 min. The lower aqueous
phase is pipetted out and discarded. Sample clean up
consists of washing the remaining organic phase with 3
mL NaOH solution prepared from 10.8 g NaOH in 900
mL H2O. This is carried out by gently shaking the
recapped tubes for 5 min. Two-thirds of the top organic
phase is pipetted into a GC vial that is capped and saved
for subsequent GC analysis.

The remaining analytical steps include computer-con-
trolled automation (79). A GC autosampler allows test
samples to be chromatographed unattended. GC separa-
tion is usually carried out on a 25-m and 0.2-mm-ID
phenyl methyl silicone fused silica capillary column. A
temperature program that consists of ramping the temper-
ature from 170°C to 270°C at 5°C/min is followed. GC
peaks are electronically integrated and fatty acid compo-
sition data are stored. GC-FID profiles of FAME test sam-
ples are compared to those in the MIDI commercial
databases and analyzed by proprietary pattern recognition
algorithms. Multivariate algorithms apply statistical tech-
niques to reduce the dimensionality of multivariate data
while preserving most of the variance (82).
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C. APPLICATION OF GC-FID METHODOLOGY TO

FOODBORNE PATHOGENS

While the vast majority of GC studies involve the identi-
fication of clinical, environmental, and other microor-
ganisms (83–86), there is a paucity of publications on 
the analysis of fatty acid GC profiles of foodborne
pathogens (87). 

In a validation study (87), the performance of the 
GC-FID-based MIS was compared to four other commer-
cially available automated microbial identification sys-
tems. These four microbial identification systems are
based on substrate utilization and bacterial growth; these
processes lead to changes in pH, which in turn trigger
changes in the color of indicators. All five systems were
evaluated for their ability to identify six of the most com-
mon foodborne pathogens. The sensitivities, specificities,
and repeatabilities of the MIS, the MicroScan WalkAway
40 system (Dade Diagnostics Corp., Mississauga, Ontario,
Canada), the MicroLog system (Biolog, Inc., Hayward,
CA), the VITEK system (bioMerieux Vitek, Hazelwood,
MO), and the Replianalyzer system (Oxoid Inc., Nepean,
Ontario, Canada) were tested by identifying food isolates
of Bacillus cereus, Campylobacter jejuni, Listeria mono-
cytogenes, Staphylococcus aureus, Salmonella spp., and
verotoxigenic Escherichia coli (VTEC).

In the GC validation study by Odumeru et al. (87), 40
reference positive isolates (RPIs) and 40 reference nega-
tive isolates (RNIs) of these six microorganisms were
used. Of the 40 RPIs, 35 were obtained from food samples
and 5 from the American Type Culture Collection
(ATCC). Of the 40 RNIs, 5 were ATCC strains, and 35
were cultured from food, clinical, or environmental sam-
ples and consisted of laboratory isolates that were related
to but not identical to the bacteria of interest; RNIs
showed similarities regarding their biochemical reactions
and Gram staining results to those of the microorganism
of interest. Sensitivity was defined in this study as the
proportion of the RPIs that were correctly identified with
an acceptable identification confidence level specified by
the system’s manufacturer. Specificity was determined by
the proportion of RNIs that were not identified as the
pathogen of interest with an acceptable confidence rating.
Repeatability tests consisted of performing replicate
analyses for 20 randomly selected ATCC strains and lab-
oratory isolates from the RPIs and RNIs. Repeatability of
identification was defined as the proportion of replicate
analyses that generated the same result at similar confi-
dence levels.

Odumeru et al. (87) reported that the sensitivities of
the five systems used for the identification of microor-
ganisms ranged from 42.5 to 100%. In particular, the
sensitivity of the MIS was 90% for Listeria spp., 47.5%
for S. aureus, 55% for B. cereus, 72.5% for C. jejuni,
85% for Salmonella spp., and 52% for E. coli. The

authors attributed the lower sensitivities found for some
of these pathogens with the MIS to the fact that they
were based on fatty acid composition while the reference
systems for these species were based on biochemical
reactions. The specificities were usually close to 100%;
those of the MIS were 100% for Listeria spp., 100% for
S. aureus, 97.5% for B. cereus, 32.5% for C. jejuni,
100% for Salmonella spp., and 97.5% for E. coli. The
repeatabilities of the MIS for the identification of test
organisms were generally lower (30 to 90%) than those
of the remaining four systems (60–100%). The repeata-
bility of the MIS for RPIs was 30% for Listeria monocy-
togenes, 60% for S. aureus, 90% for B. cereus, 90% for
C. jejuni, 90% for Salmonella spp., and 70% for E. coli,
while the repeatability of the MIS for RNIs was 55% for
Listeria monocytogenes, 90% for S. aureus, 80% for B.
cereus, 75% for C. jejuni, 65% for Salmonella spp., and
65% for E. coli. According to Odumeru et al. (87), the
selection of an automated system for the identification of
foodborne bacteria depends on many factors including
the nature of the available range of organisms in the sys-
tem’s database and the ability of the system to correctly
identify the pathogen of interest. 

In a GC-FID application study (88), the sources of
Bacillus cereus in pasteurized milk were investigated. The
MIS was used to determine the incidence and distribution
of B. cereus vegetative cells and spores in raw and pas-
teurized milk. The presence of B. cereus in pasteurized
milk is a concern for the dairy industry because it may
lead to off-flavors, sweet curdling, and even outbreaks of
food poisoning. B. cereus is a Gram-positive, spore-form-
ing microorganism that can produce toxins in pasteurized
milk at refrigeration temperatures. In pasteurized milk, B.
cereus may originate from spores that are present in the
raw milk or from the dairy plant environment.

In the study by Lin et al. (88), a total of 232 milk sam-
ples from sampling points along milk processing lines and
122 environmental swabs were collected in two dairy
plants over several months. The fatty acid composition of
each B. cereus isolate was determined by GC-FID. Using
MIS, a database of B. cereus FAME profiles for 229 B.
cereus isolates from milk samples and environmental
swabs was created and used to determine the relationships
between B. cereus isolate test samples. 

Less than 10% of samples were positive for B. cereus
vegetative cells in raw milk. The average B. cereus count
in positive samples was less than 50 cfu per ml after
enrichment at 8°C for 3 days. The incidence of B. cereus
spores in raw milk samples was measured by the presence
of B. cereus in heat-treated (75°C for 20 min) milk and
was found to be very high. Of the heat-treated raw milk
samples, more than 80% were found to contain B. cereus,
and the average B. cereus count in positive samples was
more than 1.1 � 105 cfu per ml after enrichment at 8°C
for 14 days.
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In pasteurized milk the incidence of B. cereus was
high. After enrichment at 8°C for 14 days, 76–94% of
these samples were contaminated with B. cereus and the
average count reached 3.7 � 105 cfu per ml. Of the final
products (pasteurized milk in cartons or plastic bags)
more than 90% contained B. cereus and the average count
reached 5.5 � 106 cfu per ml after enrichment. Most
B. cereus isolates obtained from the pasteurized milk and
final products belonged to the same sub-groups as the
B. cereus strains germinated from spores in raw milk.
Therefore, the authors (88) concluded that B. cereus
spores in raw milk were the major source of B. cereus
contamination in pasteurized milk. 

The environmental swabs contained no B. cereus veg-
etative cells after enrichment at 8°C for 14 days. However,
the heat-treated swabs had a low incidence (5%) of 
B. cereus, and the positive ones had a low average count
for B. cereus of 30 cfu per ml after enrichment at 8°C for
14 days. According to Lin et al. (88), the presence of 
B. cereus in environmental swabs suggested that the dairy
plant environment was a potential minor source of 
B. cereus in pasteurized milk.

Sundhein et al. (89) studied the contamination and
spoilage of cold-stored chicken carcasses by Pseudomonas
species. The shelflife of fish, red meat, and poultry in air is
limited due to the presence of psychrotrophic pseudomon-
ads that cause the formation of slime and production of off-
odors. GC-FID traces of cellular FAMEs were analyzed by
the MIS and used as an effective complementary technique
to carbon source assimilation tests for the identification of
pseudomonads from fresh and chill-stored chicken car-
casses. Hundreds of bacterial strains were isolated from 18
chicken carcasses and based on results of carbon assimila-
tion tests they were assigned to one of 17 defined groups of
chicken pseudomonads. Isolates that had carbon assimila-
tion patterns that could not be matched to any known
species exhibited FAME profiles that corresponded to 
P. fluorescens, P. lundensis or P. fragi. The P. fluorescens
biovars had greater levels of cis 9–16:1 (21–37%) and cis
9–18:1 (10–19%) relative to those of 17:0 cyclo (1–17%)
and 19:0 cyclo (0–1%), while the opposite was found for 
P. lundensis and P. fragi. The authors concluded that none
of the species was dominant and that the relative incidence 
of the various species may vary with flock or even individ-
ual birds.

D. OPTIMIZATION OF ANALYTICAL

METHODOLOGIES

In research facilities, scientists have introduced minor
refinements or major modifications to GC-FID analytical
procedures, have added to existing commercial databases
or created their own databases, and have applied and com-
pared different analytical methodologies and pattern
recognition algorithms. 

A major drawback of using GC-based methods for
fatty acid profiling is the requirement of laborious fatty
acid derivatization procedures. To eliminate this manual
step, researchers have used supercritical fluid derivatiza-
tion/extraction and GC-MS (90), in situ thermal hydroly-
sis methylation (THM)-GC-MS (91), and in situ
THM-MS (72) for the determination of cellular FAMEs.
With in situ THM-MS, the 60-min extraction/methylation
and the 20-min GC separation steps are eliminated, and
this approach may potentially be amenable to rapid, sin-
gle-step, automated analysis (72).

Muller et al. (86) used trimethylsulfonium hydroxide
(TMSH) pyrolysis to complement the MIS procedure for
the identification of FAMEs. This optimized TMSH proce-
dure was used to transesterify bound fatty acids in phos-
pholipids and triacylglycerol molecules to FAMEs in a
rapid single step that can be carried out at room tempera-
ture. This reaction also released secondary alcohols and, for
mycobacteria, mycolic acid cleavage products with chain
lengths of C22 to C26 that were also amenable to GC-FID
analysis. A pyrolysis-GC-atomic emission procedure (92)
has also been used for identification of microorganisms.

Alternatively, the carbohydrate composition of bacte-
rial cell hydrolysates may be analyzed by using a fully
automated alditol acetate derivatization procedure and
GC-MS and GC-MS-MS (78).

Selective detectors that require sophisticated instru-
mentation such as GC-MS/MS have provided high speci-
ficity and sensitivity in detecting trace amounts of
chemical markers from clinical and environmental bacte-
rial samples (78). However, the profiling of cellular fatty
acids from vegetative cells and spores by GC-FID has
been a more widely used analytical procedure (88,93). No
single technique is suitable for all applications, and the
full potential of analytical microbiological methodologies
has yet to be reached.
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I. INTRODUCTION

Thin-layer chromatography (TLC) is a well-established and
widely used separation technique. Most undergraduate stu-
dents of chemistry or food science used TLC as a primitive
separation tool, which does not need more than small pieces
of TLC plates, a glass jar and some solvents. TLC has
evolved from a simple separation method of the past into an
instrumental technique that offers automation, reproducibil-
ity and accurate quantification for a wide variety of applica-
tions [1]. The use of modern 10*10 cm TLC plates with
narrow particle size distribution is called high performance
thin layer chromatography (HPTLC), to distinguish the
method from the use of traditional 20 � 20 cm TLC plates.

Numerous applications of TLC in the areas of food
analysis, especially food composition, artificial additives,
and contaminants have been reported. An excellent
overview of modern thin layer chromatography is given by
C. F. Poole [1,2], Sz. Nyiredy [3], J. Sherma and B. Fried
[4], and also by N. Grinberg [5]. TLC analysis methods of
agricultural products, foods, beverages, and plant con-
stituents is comprehensively reviewed by J. Sherma for the
period 1995–2000 [6].

There is strong competition among the different sepa-
ration systems in food analysis. Widely used are GC (gas

chromatography), IC (ion chromatography), and CE (cap-
illary electrophoreses). HPLC (high performance liquid
chromatography), which is often called the direct com-
petitor of TLC [7], is especially common. The question
here is not whether we need TLC beside HPLC but
whether it is necessary to discuss how far thin-layer chro-
matography can be employed as a pilot technique. It is
important to determine to what extent TLC can be used
for optimization of separation selectivity. New develop-
ments show that TLC is not obsolete but has its niche in
separation science and that niche is even still expanding.
In this sense TLC and HPLC are competitors (S. Ebel
from [7]).

II. THEORY OF TLC

HPLC and TLC separations are similar because nearly
identical stationary and mobile phases are used. In HPLC
reversed phase separations are preferred whereas in TLC
the normal phase conditions dominate (the mobile phase
is more lipophilic than the stationary phase). TLC has
often been used as a pilot method for HPLC because TLC
with various mobile phases can be performed much faster.
Thin-layer chromatography in general has the advantage
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of higher sample throughput by performing separation in
parallel. TLC can handle cruder extracts than column
techniques because the separation medium is used only
once. The experience of the analyst is important in TLC
separations because some steps have to be performed by
hand. HPLC, in contrast, is fully automated with regard to
the sample application, separation, and detection. But
nevertheless, pre-cleaning of the analyte is mostly done
by hand.

There are principal differences in TLC compared to
commonly used column techniques like HPLC, GC, CE,
or IC. In all the column techniques mobile and station-
ary phases have to be in equilibrium conditions before
samples are injected. In TLC the sample is applied on
the dry plate before the solvent contact starts the separa-
tion. It is worth noting that the solvent used in TLC is
not identical with the mobile phase of the separation.
The mobile phase arises from the equilibrium formation
between solvent and TLC plate. When a plate is
immersed under capillary flow-controlled conditions in
a tank containing a few milliliters of the solvent, the dis-
tance moved by the solvent front zf is related to time by
the following equation:

zf � �χ�t� (46.1)

χ � 2k0db cosδ (46.2)

t � separation time
χ � velocity constant
k0 � permeability constant
db � particle diameter
γ � surface tension
η � viscosity of the solvent
δ � contact angle

To increase layer efficiency, high performance thin
layer plates have been commercially available since the
mid-1970s. The layers of these plates consist of fine parti-
cles with a very narrow particle distribution [8]. Assuming
a narrow particle-size distribution, the velocity constant
increases linearly with the average particle size. For
coarse-particle layers of TLC plates the solvent front
velocity is greater than for HPTLC layers. The velocity of
the solvent front depends linearly on the ratio of surface
tension and viscosity of the mobile phase. Although for sil-
ica gel layers the contact angle of all common solvents is
close to zero, for reversed-phase layers containing bonded
lipophilic groups the contact angle of the solvent increases
rapidly with increasing water content of the mobile phase
and cos(δ) will become very small, even zero. In this case
the solvent is virtually unable to ascend the plate surface.

The nature of the sorbents, which is fixed as a layer of
100 µm to 250 µm thickness on glass, aluminum, or plastic
plates, crucially influences the kind of separation. In TLC

mainly strong polar sorbents like silica gel or Al2O3 are
used. These sorbents have active centers, where sample mol-
ecules can be reversibly fixed. During the separation, an
equilibrium is established between sample molecules, active
centers of the stationary phase, and the solvent. If molecules
remain primary in the stationary phase, they will move less
than molecules staying mainly in the mobile phase.

The definition of the relative spot movement in com-
parison to the movement of the solvent front is given by
the following formula:

Rf � (46.3)

Rf � retardation factor
zS � movement distance of the sample spot
zf � movement distance of the solvent front
z0 � difference between starting position of solvent and spot

Two extreme situations are possible. If the sample
does not pass into the mobile phase, it will not move. The
Rf -value of this sample will be Rf � 0. If the sample stays
constantly in the mobile phase, it will move with the sol-
vent front and will not have any interchange with the sta-
tionary phase. In this case the Rf-value will be 1. It is
obvious that a sample spending the same time adsorbed at
the stationary phase as dissolved in the mobile phase will
show an Rf -value of 0.5. If k is the equilibrium factor
(often call the capacity factor), which represents the dis-
tribution probability between stationary and mobile
phase, the expression (1) is valid.

Rf � � (46.4)

ms � mass of sample in the stationary phase
mm � mass of sample in the mobile phase

k � capacity factor
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FIGURE 46.1 Separation of a dye mixture (CAMAG dye III,
Switzerland) with densitogram (left).



If a sample stays at the point of application, obviously
no separation can have taken place. The same situation is
valid when all samples move with the solvent front. A
sample separation is only possible if the samples change
phases to different extents. In formulas, the appropriate k-
values of substances must be different for them to sepa-
rate. Chromatography is a separation technique where
molecules can be separated because of their distinctive
attraction to mobile and stationary phase. During the time
of separation, all molecules in the mobile phase show a
randomized diffusion movement. This diffusion causes a
gaussian shaped peak with the variance σS. Diffusion
effects are responsible for peak-broadening, which can be
described with the following expression:

N� � � �
2

� NRf� (46.5)

σS � variance of the sample spot (peak width)
N� � number of measurable plates
N � number of theoretical plates

Rf� � average Rf -value of all separated substances

The number of theoretical plates (N) is be corrected
by an averaged Rf-value of all separated spots, because
not all sample spots will, like in column separations, move
over the same distance. The product of the theoretical
plates number and the averaged Rf -value of all separated
substances is a measure for layer efficiency. The basic evi-
dence of the formula is that the squared quotient of the
passed distance and the peak width is a constant value for
all separated spots.

The baseline width (WB) of a peak is virtually the spot
diameter and this is easy to measure on the plate. In con-
trast, the peak width at half peak height in a densitogram
is much easier to determine than the baseline peak width.
The baseline width of a chromatographic peak can be
assumed as WB � 4σS and the peak width at half peak

height (W1/2) is W1/2 = 2.354σS. For this, the chromato-
graphic law can be expressed as follows:

N� � 16� �
2

� 5.545� �
2

(46.6)

WB � baseline peak width
W1/2 � peak width at half peak height

N� � number of measurable plates

It is worth mentioning that increasing separation dis-
tances are gained proportional to the square root of time.
To double the separation distance it needs four-fold time!
Unfortunately, diffusion is a matter of time and will
increase over-proportionally with increasing distance.
This is a definite disadvantage of TLC in comparison to
column techniques, where the flow velocity is constant.
This disadvantage of planar chromatography strongly
affects the separation of two substances. The resolution
(RS) of two neighbourhood peaks is defined as the dis-
tance between both peak maximums and the averaged
baseline width of the peaks.

RS � � 2 (46.7)

The resolution can be expressed in terms of capacity fac-
tors, the number of effective plates, and the Rf -value.

RS � �N���(1 � Rf 2)� � 1� (46.8)

N�(1 � Rf 2)
2 � number of effective plates

Rf 2 � retardation factor of peak 2
k1, k2 � capacity factors of peak 1 and peak 2

The change in resolution of two closely migrated spots
as a function of different Rf values is shown in Figure 46.3.
Resolution increases only by square root of measurable
plate number, which is a measure of layer quality and 

k1
�
k2

1
�
4

zS2 � zS1
��
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zS2 � zS1
��
�
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2
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�
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�σS
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efficiency. The influence of peak position on resolution is
the opposite behavior to that of the layer quality. At larger
values of Rf 2 the term (1 � Rf 2) decreases and in the case
of Rf 2 � 1 the resolution will become zero [9]. This is rea-
sonable and agrees with the statement that phase changes
are essential for separation. Figure 46.3 indicates that a
resolution optimum of two closely migrating peaks can be
observed at a Rf value of 0.33.

In summary, the selectivity (k1/k2�1) can easily be
increased by a factor of 10 or even 50 by solvent/sorbent
changes, while it is difficult to change the layer quality
factor �N�� by more than 2–3. Therefore, for resolution
enhancement it is most rewarding to invest time in solvent
optimization and to a lesser extent in sorbent optimization
and least in the improvement of layer quality [10].

If the separation system is perfectly chosen, baseline
separation of the desired substance can be done even on a
few centimeters. In Figure 46.4 the separation of caffeine
is shown, separated over a distance of only 11 mm.
Samples from coffee, tea, or even strong sugar-containing
beverages can be applied without further cleaning steps
directly on the plate, after removal of CO2.

The separation power of TLC or HPTLC plates is nor-
mally not sufficient to separate more than ten spots in one
run. For the separation of more complicated mixtures,
more than one solvent system must be used. However, the
planar chromatographic separation power can be
increased if a two-dimensional separation mode is used.
Several AOAC (Association of Official Analytical
Chemistry) methods, for instance, recommend a two-
dimensional separation of aflatoxin samples to avoid
overlapping spots [80]. For a two-dimensional HPTLC
separation, samples have to be spotted at all four edges of
a 10 � 10 cm HPTLC plate and four standards are also
spotted on each of the four plate sides exactly between the

sample spots. After simultaneous development from both
plate sides to a distance of 45 mm the plate is dried and,
after a turn of 90°, developed once again to a distance of
45 mm by use of a different mobile phase. The separation
in two directions using different mobile phases extends
the TLC separation power dramatically. A separation of a
dye mixture in two dimensions is plotted in Figure 46.5.

In Figure 46.5 a dye mixture consisting of six dyes is
shown, which can be separated only by two-dimensional
separation using different solvent phases. One spot in the
two-dimensional separation is not in a rectangular posi-
tion between the two single separations. This indicates a
compound, which changed its chemical property during
the separation. Two-dimensional developments can be
beneficially used to check sample decomposition during
the separation.

III. STATIONARY PHASES

TLC and HPLC plates are commercially available as 
pre-coated layers supported on glass, plastic sheets, or
aluminum foil. The classic TLC plates are 20 � 20 cm in
size whereas the modern HPTLC plates are smaller (10 �
10 cm or 10 � 20 cm). Compared with TLC, HPTLC-
phases provide better separation efficiency, faster separa-
tions over shorter distances, and lower detection limits. In
Table 46.1 the parameters of both plate types are listed.

The choice of the layer and the development solvent
depends on the nature of the sample. In general, more than
75% of all HPTLC separations are done using silica gel as
the stationary phase [5]. Silica gel, silica, or kiesel gel are
various names for a polycondensation product of orthosili-
cic acid. It is prepared from silica solution by precipitation
with acids. The improvements of HPTLC-plates are still
under development. Macherey-Nagel company (Düren,
Germany) developed especially hard and waterproof silica
gel plates. These materials are commercially available
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under the labels DurasilR and Nano-DurasilR. Merck
(Darmstadt, Germany) sells HPTLC-plates with regular,
ball-like particles under the name LiChrospherR. The com-
pany claims a shorter developing time and better resolution
in comparison to irregular articles. The use of Al2O3 as a
stationary phase is restricted to mainly pesticide separa-
tions. Aluminia and silica gel plates form typical normal
phase adsorption systems in retaining substances by active
centers of the stationary phase.

Cellulose phases are more often used as aluminia,
especially for amino acid separations and basic reacting
substances like nucleotides. Polyamides as stationary
phases are not often used. This very interesting material is
well suited for the separation of acid-reacting substances
like phenols, nucleotides, or dansyl derivatives. Bonded
phases, based on silica gel, are becoming increasingly
important in food analysis. These sorbents are typical for
reversed phase separations. HPTLC is mostly performed
on chemical bonded C-18, C-8, C-2, C-NH2, C-CN, and
C-CHOHCH2OH (diol phase) material. Cellulose and
chemical bonded stationary phases are typical materials
for distribution chromatography.

The flexibility of planar chromatography is a conse-
quence of the absence of restrictions on the choices of
mobile and stationary phases. Usually, TLC and HPTLC
plates are obtained from commercial suppliers, but home-
made layers are recommended for special purposes. Plates
containing silver ions, for example, are able to separate
compounds differing only in the position of one double
bond [12]. The plates are difficult to store and are made by
hand, mostly for research purposes. Other customers pre-
fer home-made plates.

Although TLC is an inexpensive separation method,
industrial produced plates must be purchased or may not be
available everywhere. In developing countries cost and

availability might be strong reasons to be independent of
plate suppliers. A versatile TLC-layer can be made by mix-
ing 27 g of corn starch with 3 g gypsum in 20 mL water and
10 mL ethanol. Nada Perišić-Janjić et al. [13] published the
determination of organic acids like malic acid, citric acid,
tartaric acid, and ascorbic acid in fruit juice using the 
solvent mix ethanol-n-butanol-water-conc. ammonia
(40+30+15+15) in combination with the TLC-layer just
described. A separation of amino acids with the solvent sys-
tem 2-propanol-formic acid-water (40+2+10) is also possi-
ble as well as the separation of fat-soluble vitamins. For the
separation of vitamin E and D2 a solvent system containing
acetone-conc. acetic acid (3+2) was used. Fructose, glu-
cose, sucrose, and galacturonic acid are perfectly separated
with the solvent system n-propanol-benzylalcohol-water-
formic acid-dioxan-benzene (10+27+5+4+10+20) and
anthocyanins from fresh cherries and cherry juice were sep-
arated on this unconventional layer using n-butanol-glacial
acid-water-benzene (30+20+10+0.5).

IV. MOBILE PHASES

In planar chromatography the mobile phase is not
restricted to a special kind of solvent. This makes it pos-
sible to separate a wide range of different analytes using
only a single plate layer. In HPLC solvents are restricted
to substances with low absorption values because analyte
and mobile phase both have to pass the on-line detector. In
planar chromatography even strong light absorbing sol-
vents can be used because the mobile phase is removed
before plate scanning. Nevertheless carcinogenic sub-
stances should be avoided. In the older literature (and
even modern methods) benzene is often recommended as
a solvent, but in this case toluene should be used.

Sometimes it is necessary to use chlorinated sub-
stances like chloroform or CH2Cl2. The leftover solvents
should be collected separately to protect the environment.
The mobile phase in planar chromatography is commonly
chosen by trial and error, guided by literature descriptions
of similar separations. On the basis of a sufficient sub-
stance movement in the Rf -range between 0.2 and 0.8,
fine-tuning of the mobile phase should be done using dif-
ferent solvent mixtures with nearly the same solvent
strengths (P�). The solvent strengths of a mixture can be
calculated as the sum of the appropriate solvent strengths
of the different mixture shares. A change in selectivity can
be achieved if solvents with various selectivity parameters
(xe, xd, xn) are used. In Table 46.2 the most important sol-
vents for planar chromatography are listed.

To create a new solvent system, one solvent should be
tested from at least each selectivity class. While the veloc-
ity of the solvent front depends linearly on the ratio of sur-
face tension and viscosity, this quotient should also be
taken into account. Small values indicate fast separations,
little peak diffusion, and therefore narrow peaks.
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TABLE 46.1
Comparison of Conventional TLC and Modern
HPTLC Parameters

Parameter TLC HPTLC

Plate size (cm) 20�20 10�10
Layer thickness (µm) 100–250 100
Particle size (µm) 20 5–15
Sample volume (µl) 1–5 0.1–5
Application distance from

plate side (mm) 10–15 5–10
Solvent migration

distance (cm) 6–15 3–7
Starting spot diameter (mm) 3–6 1–1.5
Time of development (min) 30–200 3–20
Detection limits in

remission (ng) 10–50 5–50
Fluorescence (pg) 500–1000 20–100



Sample Pre-Treatments, Application and Plate
Development. In food analysis a pre-treatment step
prior to separation is usually necessary. The pre-cleaned
analyte is then applied on the plate, separated, and either
visually detected or scanned by use of appropriate items.
The determination of α-solanine and α-chaconine in pota-
toes is a typical example of a complete HPTLC determi-
nation. Solanines are toxic substances because they
inhibit cholinesterases and cause gastrointestinal necrosis.
An undamaged potato tuber contains 20–150 mg/Kg total
solanines. Exposure to light or mechanical damage can
increase the content. A routine analytical method to deter-
mine solanines is useful [14].

For preparation of potato samples 2 g dehydrated
potatoes were extracted with three 15 mL portions of boil-
ing methanol-acetic acid (95+5). The solution is filtered
and evaporated under vacuum. The residue is dissolved in

4 mL methanol-acetic acid (99+1). In modern methods
very often pre-columns, containing a stationary phase, are
used in pre-cleaning. The analyte is accumulated on the
stationary phase, cleaned by washing with appropriate
solvents, and eluted by a solvent with high solvent
strength. This pre-treatment increases the analyte concen-
tration and removes contamination.

The sample application for qualitative purposes is
mostly done by use of glass capillaries. If the same cap-
illary is used, even quantitative measurements are possi-
ble. Glass capillaries in the size 0.5 µm, 1.0 µm, 2.0 µm,
and 5.0 mm are commercially available. The disadvan-
tage of this kind of application is the rather large spot
diameter of the starting spots, which restrict the chro-
matographic resolution. For better resolution an auto-
mated application item should be used which is able to
bring the sample bandwise on the plate. If a band length
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TABLE 46.2
Solvent Parameters for Different Solvents (the Values in Brackets Refer to RP Conditions; the Polarity Index (P ’)
Refers to the Rf -Value, Whereas (xe, xd , xn ) Influences the Selectivity of a Separation (+ γ/η[m/s]))

Solvent P’-Value xe xd xn Group γγ/ηη(25°)+

n-Hexane 0.1 – – – 0 56
n-Pentane 0.1 – – – 0 67
Cyclohexane 0.2 – – – 0 28
Dibuthylether 2.1 0.44 0.18 0.38 I 91
Diisopropylether 2.4 0.48 0.14 0.38 I 91
Toluol 2.4 0.25 0.28 0.47 VII 48
Triethylamin 1.9 0.56 0.12 0.32 I 52
Methyl-t-Butylether 2.7 0.49 0.14 0.37 I 72
Diethylether 2.8 0.53 0.13 0.34 I 71
Methylenchlorid 3.1 0.29 0.18 0.53 V 62
1,1-Dichlorethane 3.5 0.30 0.21 0.49 V 41
2-Propanol 3.9 0.55 0.19 0.27 II 8.7
n-Butanol 3.9 0.56 0.19 0.25 II 8.3
THF 4.0 (4.4) 0.38 0.20 0.42 III 56
1-Propanol 4.0 0.54 0.19 0.27 II 11
t-Butanol 4.1 0.56 0.20 0.24 II 7.3
CHCl3 4.1 0.25 0.41 0.34 VIII 47
Ethanol 4.3 (3.6) 0.52 0.19 0.29 II 19
Ethylacetat 4.4 0.34 0.23 0.43 VIa 52
Methylethylketon 4.7 0.35 0.22 0.43 VIa 57
Dioxan 4.8 0.36 0.24 0.40 VIa 26
Chinolin 5.0 0.41 0.23 0.36 III 26
Aceton 5.1 (3.4) 0.35 0.23 0.42 VIa 74
Methanol 5.1 (3.0) 0.48 0.22 0.31 II 38
Pyridin 5.3 0.41 0.22 0.36 III 39
Methoxyethanol 5.5 0.38 0.24 0.38 III 18
Acetonitril 5.8 (3.1) 0.31 0.27 0.42 VIb 75
Acetic acid 6.0 0.39 0.31 0.30 IV 21
DMF 6.4 0.39 0.21 0.40 III 40
Ethylenglycol 6.9 0.43 0.29 0.28 IV 2.3
DMSO 7.2 0.39 0.23 0.39 III 2.4
Formamid 9.6 0.37 0.33 0.30 IV 17
Water 10.2 (0.0) 0.37 0.37 0.25 VIII 73



of 7 mm is chosen, even 20 µl analyte can be applied on
an HPTLC-plate. In general, an automated application is
recommended if low measurement uncertainties are
desired. Prior to separation the plates should be pre-
washed by development at best with the mobile phase. In
the case of solanine separation, the authors recommend
pre-washing with methanol, pre-equilibration with the
separation solvent for 1 h in a twin-trough chamber, and
development up to a distance of 85 mm [14]. The separa-
tion conditions are very important, especially with
respect to the vapor phase to obtain reproductive results
[10]. The use of vapor dry chambers without mobile
phase pre-equilibration should be avoided, and therefore
the use of twin chamber or a linear chamber is recom-
mended. The linear chamber for sandwich developments
(Figure 46.6) is ready to use without time-consuming
pre-equilibration because the very small vapor volume, in
contrast to trough chambers, is responsible for reliable
development conditions. If TLC plates are to be used, the
separation distance should not be above 15 cm. For
HPTLC-plates the separation optimum is 4.5 cm.

After solanine separation the plate is dried and dipped
in a modified Carr-Price reagent containing 70 g antimony
(III) chloride in 280 mL acetic acid-CH2Cl2 (1+3). After
dipping the plate is subsequently heated for 5 min at
105°C [14]. One of the most important advantages of pla-
nar chromatography is the huge number of different stain-
ing systems [15], which makes planar chromatography
very specific. The Carr-Price system, for example, reacts
most specifically and sensitivly with the double bond of
steroids. If staining is recommended, the plate should be
automatically dipped for a defined time instead of spray-
ing with reagent because sprayed plates are useless for
quantification purposes.

The solanine peaks are quantified by densitometric
reflectance measurement at 507 nm. The range of linearity
for α-solanine is 100–2000 ng per spot. The limit of detec-
tion (LOD) is 50 ng and the limit of quantification (LOQ)
is 100 ng. The LOD is the smallest quantity of the target
substance that can be detected as peak, but not precisely
quantified in the sample. The LOQ is the smallest quantity
of the target substance in the sample that can be assayed
under experimental conditions with well-defined precision
and accuracy. The analytical precision is determined by

measuring the repeatability at different concentrations.
The repeatability for 5 determinations within 3 days for
500 ng α-solanine is 3.2%. Accuracy is a measure of
agreement between a conventionally accepted value or a
reference value and a mean experimental value. The
extraction recovery for 900 ng α-solanine is calculated to
98.9% [14]. All these data are necessary to present a com-
plete TLC or HPTLC method in food analysis.

Separations without complicated pre-cleaning steps
are superior to those which need a lot of practical work
prior to detection. The application of “dirty” samples on
the separation medium is only possible in planar chro-
matography because disposable plates are used. This is a
real advantage in comparison to HPLC because the pre-
cleaning is simplified and the overall precision can be
increased. C. F. Pool and co-workers [16] describe an ele-
gant method to quantify vanillin in chocolate. Although
chocolate is a difficult matrix it is only necessary to
extract 5–8 g chocolate with 15 ml 70% ethanol in an
ultrasonic bath for 15 minutes. After extraction the sample
is centrifuged and separated on silica gel HPTLC-plates
with chloroform-ethyl acetate-1-propanol (94+2+4) to a
distance of 6 cm. Quantification is done by remission
measurements at 280 nm.

V. DENSITOMETRIC MEASUREMENTS

In situ densitometry offers a simple way of quantifying by
measuring the optical density of the separated spots
directly on the plate [17]. During densitometric measure-
ments the illuminating light is either absorbed or scat-
tered. Only the scattered light is reflected from the plate
and this light provides the desired information. This
reflected light is called remission light. Quantitative eval-
uation of thin-layer chromatograms by optical methods is
based on a differential measurement of light, emerging
from the sample-free and sample-containing zones of the
plate, although the relationship between detector response
and sample concentration is not simple [18–20]. At first
approximation a parallel light beam with the intensity I is
used for illuminating the HPTLC-plate. To get a lamp-
independent spectrum it is recommended to use the quo-
tient of the sample spectrum and the spectrum of the clean
HPTLC-plate. Usually the remission values (Irem) are 
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FIGURE 46.6 Sketch of a linear chamber. 1. HPTLC plate; 2. counterplate used only for sandwich development; 3. troughs for elu-
ents; 4. glass strip to regulate eluent flow; 5. covering glass plate. (Reproduced with permission from CAMAG, Switzerland.)



calculated from the measurement values of the HPTLC-
track divided by reference values (I0).

R(λ) � (46.9)

R(λ) � corrected remission light spectrum 
Irem(λ) � remission light spectrum
I0 (λ) � reference spectrum

The proper choice of the reference spectrum I 0(λ) is a
very effective method for baseline corrections. A conven-
ient way to transform remission data into mass-dependant
signals is to use the folowing formula:

A(Irem,λ) ��lnR(λ) (46.10)

The logarithm expression sets all intensities smaller than
I0 to positive values. Theoretical predictions indicate that
the Kubelka/Munk-equation is the only transformation
formula which shows linearity between the remission data
and the sample mass (m) [11].

KM(Irem,λ) � � const.m (46.11)

In principle, all light absorbing substances are detectable
because a modern diode-array TLC-scanner covers the

range from 200 nm to 1100 nm. In Figure 46.7 a typical
contour-plot of a dye mixture is shown, which comprises
450 single spectra, evaluated with Equation (46.10). Within
less than 1 minute the diode-array scanner measures the
track over the distance of 45 mm in the wavelength range
of 200 to 600 nm with a spatial resolution of 0.1 mm.

There are numerous examples for in situ densitometric
determination in food matrices. For example, the quantifi-
cation of methyl and propyl parabens, benzoic acid, and sor-
bic acid at 228 nm and 254 nm are published in [21]. Fruit
juices and jams are extracted and separated on silica gel
TLC-plates, using the solvent mix ethanol-NH3 aqueous-
ethyl acetate-acetone (1+3+3+28) for the parabens and ethyl
acetate-acetic acid-hexane (1+4+16) for both acids. The
AOAC Official Method Polycyclic Aromatic Hydrocarbons
(PAHs) and Benzo[a]pyrene in Food, describes a PAH sep-
aration using isooctane on cellulose plates. After separation
the spots have to be scraped out and measured externally in
UV [22]. In contrast, a modern TLC-scanner can separate
16 PAHs in one run, using the different absorption maxima
of the PAHs spectra for quantification. Even spots not sepa-
rated on the plate can be quantified, because spots can be
spectrally distinguished [20].

The Kubelka/Munk equation is the only theoretically
founded expression describing all remission processes. If
a substance absorbs more light than the clean part of a

(1 � R(λ))2

��
2R(λ)

Irem(λ)
�
I0(λ)
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plate, the comparison of sample and reference spectrum
using Equation (46.10) or (46.11) can be used for quan-
tification purposes. If the spot emits more light than the
reference, the sample shows fluorescence. The fluores-
cence spectrum is derived from sample and reference spec-
trum using either Equation (46.11) or Equation (46.12).

F(Irem,λ) � [Irem(λ) � I0(λ)]/1000 (46.12)

Quinine is a fluorescent compound which emits light
which was absorbed below 380 nm. In Figure 46.8 the den-
sitogram of a beverage sample, applied undiluted on a sil-
ica gel HPTLC-plate, is plotted. The mobile phase (the
same as shown in Figure 46.4) cannot separate quinine
completely from sugars. The absorption densitogram
(lower plot in Figure 46.8, evaluated using Equation
(46.10) shows an irregular baseline and the quinine signal
cannot be used for quantitative determination. If the same
data set is evaluated using Equation (46.12) (upper plot in
Figure 46.8), the quinine peak can be easily integrated [11].

The AOAC Official Method No. 969.27 [23] describes
the separation of the non-nutritive sweeteners calcium
cyclamate, sodium saccharin, and dulcine in non-alco-
holic beverages on silica-gel plates using n-butanol-alco-
hol-NH3-H2O (40+4+1+9). Saccharin (Rf = 0.5) shows
fluorescence at shortwave UV and can be quantified using
the fluorescence mode of a diode-array scanner. In the
AOAC method, color reagents for cyclamat and dulcine
are recommended. These substances are detectable by
direct remission measurements.

TLC scanners for in situ remission measurements are
modern computer-controlled, high-sensitivity instruments
that measure absorption and fluorescence. Modern diode-
array TLC scanners are able to measure simultaneously at
different wavelengths. They allow quick peak identification
and peak purity investigation, using the registered spectra.
Furthermore, the simultaneous registration at different
wavelengths opens the way for chemo metric evaluations,

like peak purity monitoring, to improve accuracy and relia-
bility in HPTLC analysis. Diode-array scanners make fluo-
rescent measurements possible without use of edge-filters
or other facilities. Even a separate run for fluorescent meas-
urements is not necessary, because the required information
can be extracted from the remission data [11, 17–20].

VI. SUGAR ANALYSIS AND SEPARATION
OF DYES AND FOOD LIPIDS

Planar chromatography offers a wide range of different
reagents for specific staining of analytes. The recom-
mended handling of mostly hazard reagents eliminated
many TLC methods from official method collections. To
avoid plate dipping with mostly hazard reagents, specific
plate coatings can be used for staining purposes. In the
past, sugars had to be transformed into colored products
by use of 4-aminobenzoic acid in glacial acetic or similar
reagents [24]. The AOAC official method for glucose in
honey or fructose starch sirup in honey recommends sugar
detection by spraying with aniline/diphenylamine reagent
after separation with n-butanol-acetic acid-water (2+1+1)
on silica gel [25, 26]. In modern HPTLC amino phases are
used for sugar separation [27, 28]. The separation is pos-
sible by using CH3CN-H2O solvent systems. After separa-
tion the amino plates are placed at 150°C for 15 minutes.
All carbonyl-group containing substances will react with
the NH2-group to form colored, strong fluorescent prod-
ucts. Sample pre-treatments usaully are not necessary. In
Figure 46.9 the separation of the artificial sweeter
Sucralose® after amino plate derivation is shown. The
detection limit is 10 ng/spot of Sucralose® [29], which is
a typical value for what is termed thermochemical activa-
tion in sugar analysis.

Dye separation is one of the basic TLC applications
because no scanner and staining reagent are necessary.
Companies like CAMAG sell dye mixtures to check the
layer quality of TLC and HPTLC plates. In [30] a rapid
clean-up procedure for FD&C color additives in foods by
use of reverse phase C18 cartidges is given. The color
additives are separated on silica gel G TLC plates with 
n-butanol-methyl ethyl ketone-NH4OH-H2O (5+3+1+1).
Similar systems are used to quantify colours from non-
alcoholic and alcoholic beverages [31] and from raw
sausages [32]. Detection of natural pigments from red
pepper, paprika, and tomato is performed by using differ-
ent hexane-aceton solvents or by using a mixture of
CH2Cl2-ethyl ether (9+1) on silica gel [33].

Beside dyes, food lipids are a classic field of TLC
analysis. A review of planar chromatography separations
of food lipids is given in [34]. An AOAC official method
describes the separation of some fatty acids in oils and
fats. Erucic acid, cetolic acid, and trans-isomers of
docosenoic acid are converted to methyl ester and sepa-
rated by use of silver impregnated silica gel TLC plates.
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The development of the plates is performed at �22°C
with toluene-n-hexane (9+1) as mobile phase [35]. For
spot visualization the plate is dipped in sulfuric acid-
ethanol-hexane (1+35+64) for 2 seconds and then heated
to 110°C for 45 min. This treatment turns lipids into fluo-
rescent compounds [36]. Animal fat in vegetable fats and
oil is identified by analyzing cholesterol with ether-petrol-
ether (1+1) on silical gel. In the AOAC official method,
cholesterol is scraped off at Rf : 0.2–0.3 and quantified 
by use of GC [37]. Charring with 50% sulfuric acid can be
used to visualize cholesterol as well as all carbon-
containing substances [38]. In this sense sulfuric acid acts
as a universal detector in planar chromatography. To visu-
alize oils and fats, plates are often sprayed (or dipped) in
2�7�-dichlorofluorescein reagent (0.5 g/L in 50% aqueous
methanol), because the fluorescence in a lipophilic sur-
rounding is mostly enhanced. This can either be used to
visualize fats with fluorescing substances, or to enhance
fluorescent intensity by dipping in non-polar reagents like
Triton-X or parafine.

VII. DRUGS IN FOOD AND FEED

TLC or HPTLC methods are widely used in the screening
of drugs in food and feed. The following examples show
that in planar chromatography quantification can be done
without a special column pre-cleaning. Coccidostats like
aklomide or buquinolate are incorporated in the broiler
feed as additives to prevent coccidiosis in poultry. To
check the legal limits of aklomide in feeds [39] the sample
is extracted with methanol and separated on a silica gel G
TLC plate in ether [39]. The plate is sprayed with 1 ml

20% TiCl3 to 25 ml p-(dimethyl-amino)cinnamaldehyde
(DMC) (0.1 g in 100 ml 1.0 N HCl) solution. Aklomide
forms reddish pink spots. Buquinolate can be identified
after extraction from feeds with CHCl3, concentrated and
separated by TLC with CHCl3 as mobile phase.
Busquinolate shows fluorescence under short wavelength
UV light with excitation at 265 nm and emission wave-
length at 375 nm (Rf : 0.4–0.6) [40]. For quantification pur-
poses the busquinolate TLC zone is transferred to a vial,
extracted with 80% alcohol and measured with a spec-
trophotofluorometer [40]. The busquinolate fluorescence
makes the method very specific.

Invermectin is a highly potent antiparasitic drug that
is active at extremely low dosage against a wide variety of
nematodes and arthropod parasites. The drug is widely
used for antiparasitic control in cattle, horses, sheep, and
swine. An HPTLC method using UV detection after reac-
tion with acetic anhydride in pyridine was able to detect 5
µg/Kg in cattle blood or plasma [41]. With an improved
derivative step (fluoroacetic anhydride instead of acetic
anhydride) and a separation on silica gel HPTLC Si60
plates using CHCl3-ethyl acetate (75+25) as the solvent, a
visual fluorescence detection of the drug in liver, muscle,
and fat as low as 5 µg/Kg was achieved [41]. AOAC meth-
ods in particular, often prefer visual detection to keep the
method simple. For qualification the spot color and 
Rf -values are accepted as sufficient. Quantification is
done by comparison of sample and standard spot intensity
or zone transfer to spectrometric devices. By use of a
diode-array scanner, food and feed additives can be easily
identified and quantified using in situ measured UV/vis-
spectra in combination with spectral libraries. Time-con-
suming transfer steps can be avoided. If fluorescence
signals can be used, HPTLC methods are very specific
and show detection limits comparable to HPLC.

There are several official AOAC methods for sulfon-
amide residues in animal tissues. The screening method
for sulfabromomethazine, sulfadimethoxine, sulfamet-
hazine, sulfapyridine, sulfaquinoxaline, and sulfathiazole
recommends a tissue extraction with ethyl acetate after
addition of sulfapyridine as internal standard and a
cleanup step by seperating organic and aqueous solvents.
Spotting zones on silica gel TLC-plates are focused by
developing 1 cm in ethanol followed by 2 developments,
6 cm and 12 cm, in CHCl3-tert-Butanol (8+2).
Compounds are derived by dipping the plate in fluo-
rescamine solution (25 mg fluorescame in 250 ml ace-
tone) and scanned in UV [42]. To identify sulfamethazine
the plate is sprayed with 1% sodium nitrite, dried at
100°C, and sprayed with NEDA (0.4% 1-naphthyl-ethyl-
endimine in methanol) to form pink spots [43]. The
AOAC method for trisulfapyrimidines determination in
drugs recommends separation with CHCl3-methanol-
NH4OH (30+12+1) on silica gel. The substances are
located under shortwave UV [44]. A simple HPTLC
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method to quantify thiamphenicol in bovine plasma has
been published by P. Corti. Different phases like NH2,
CN-, and Si60 plates are used to increase determination
specificity. A detection limit of 180 µg/Kg thiamphenicol
is achieved whereas the HPLC detection limit is calcu-
lated to 70 µg/Kg [45].

The multiclass and multiresidue qualitative detection of
chloramphenicol, nitrofuran, and sulfonamide residues in
animal muscle was published by J.-P. Abjean [46]. The
identification is done with the help of a specific reaction
either with pyridine to identify nitrofurans or with fluo-
rescamine to identify chloramphenicol and sulfonamides.
Furans appear as blue spots on Si60 plates and were visually
quantified. The limit used by the U.S. Food and Drug
Administration for enforcement purposes for nitrofurans in
1989 was 100 µg/Kg. The expected limit of sensitivity with
the method described is 1 µg/Kg [46]. The HPTLC method
allows screening of residues in food with a sample through-
put of about 20 samples per analyst per day without requir-
ing expensive apparatus.

The identification and determination of oxytetracy-
cline, tiamulin, lincomycin, and spectinomycin in veteri-
nary preparations separated by two solvent systems is
described in [47]. After separation on TLC silica gel alu-
minum sheets the absorption spectra of the separated sub-
stances were recorded by densitometry. The spots are
visualized with Ehrlich’s reagent (1 g 4-dimethy-
laminobenzaldehyde in 36% HCl-ethanol, 25+75) or 16%
sulfuric acid and heated at 105°C for 10 min. The stained
spots were scanned again to confirm the identification.
Quantitative analysis achieved quantification limits per
spot of 40 ng for tiamulin, 200 ng for lincomycin, 280 ng
for oxytetracycline, 500 ng for spectinomycin, and 630 ng
for oxytetracycline [47]. All antibiotic determination
methods mentioned use specific post-separation reactions,
which can be easily performed on the plate. Nearly all
compounds can be identified using the Rf -values in com-
bination with appropriate staining reactions. Hundreds of
different staining reactions have been published and all
act as specific TLC detectors [15].

Most specific is the use of enzymes for detection 
purposes. Oxytetracycline and chlortetracycline hydro-
chloride are antibiotics incorporated into feeds, either 
individually or in combination with other drugs, at con-
centrations ranging from 10 mg/Kg to 500 mg/Kg [48]. 
P. K. Markakis developed a simple, reliable, and precise
TLC method for both these tetracyclines in animal feeds in
the presence of other drugs. He used HPTLC Si60 plates and
CHCl3-methanol (10+1) as the developing solvent. After
separation the appropriate HPTLC-zones were scraped out
and the material was incubated for 11 h at 30°C in the pres-
ence of Bacillus subtilis. A detection limit of 0.625 mg/Kg
for chlortetracycline hydrochloride and 1.25 mg/Kg for
oxytetracycline was achieved, using the diameter of
Bacillus subtilis inhibition zones for quantification [48].

The combination of TLC and very specific biology
detection shows the great flexibility of planar chromato-
graphic methods; nevertheless, scraping the TLC plate
and incubation are time-consuming preparation steps that
are difficult to automate. Much more elegant is the paper
by H. E. Hauck [49] where an in situ bioautography of
antibiotics is presented. Methanolic extracts of foods and
feeding stuffs are subjected to HPTLC plates und sepa-
rated using different solvents. After separation the plate is
dipped in a bacteria culture (Bacillus subtilis) and incu-
bated at room temperature for 19 h. The plate is sprayed
with a tetrazonium salt as a reagent to detect active bacte-
ria as purple color. The inhibition zones are recorded with
a video system. Detection limits down to 100 µg/Kg were
obtained [49]. This kind of detection is useful not on spe-
cial compounds but on special attributes, for example,
antibiotic quality. Attribute identification is also used to
identify free radical scavenger capacity (RSC) of food-
stuff [50]. Extracts of samples were separated on silica gel
plates and after separation the plates were stained with a
methanolic solution of 2,2-diphenyl-1-picrylhydrazyl rad-
ical. Dots of separated foodstuff extracts with RSC turn
yellow, with color intensity depending on the RSC com-
pounds present in the extract. This test is sensitive enough
to detect differences of RSC between varieties and brands
of water- or methanol-soluble products [50].

VIII. PESTICIDES

Attribute analysis is particularly useful for pesticides which
inhibit the enzyme cholinesterase. This is the case for all
organophosphates and carbamates [51]. For quantification,
pre-cleaned samples were separated on Si60 HPTLC plates
using tetrahydofurane-hexane (7+25) as a solvent. The
plates were dipped in a solution containing cholinesterase,
1-naphthyl acetate, and Fast Blue salt B. If the enzyme is
not inhibited, it will cleave the acetate to 1-naphthyl phenol.
The substance will react on the plate surface with Fast Blue
salt B to form a violet color. The inhibition spots of
organophosphates and carbamates become visible as white
zones on a violet background. The spots can be quantified
by reflectance spectrometry at 535 nm. Detection limits for
different substances were in the range of 13–800 pg per
spot [51].

The AOAC standard test to detect organochlorine pes-
ticide contaminations like aldrin, DDT, dieldrin, chlor-
dane, strobane, and toxaphen [52] recommends n-hexane
as the solvent and silica gel as the stationary phase. The
stationary phase is either mixed with AgNO3 or dipped in
0.1% aqueous AgNO3 after separation. When the plate is
radiated with shortwave UV in the presence of chlorine
substances, AgCl will be formed, which reacts with light
to elementary silver. Reduced silver forms black spots,
which can be used for a very sensitive chlorine pesticide
screening.
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For determination of carbaryl pesticide residues in
apple and spinach the samples are extracted with CH2Cl2

and separated on Al2O3 TLC plates with aceton-benzene
(1+4) [53]. The plate is sprayed with 1.0 N alcoholic
KOH and then with a solution of diethylene glycol-alco-
hol solution (1+9) with p-nitrobenzene-diazonium fluob-
orate (25 mg/100 mL). The diazonium salt forms blue
spots in the R f -range between 0.52–0.6. For semi-quanti-
tative estimation size and intensity of sample and stan-
dard spots have to be compared. For the determination of
biphenyl pesticide residues in citrus fruits [54] no deriva-
tion step is necessary. Biphenyl is extracted from blended
peel or pulp by steam liquid-liquid extraction. The extract
is separated on a silica gel TLC plate with heptane.
Viewed under UV light, biphenyl appears as a blue spot
on a yellow background.

TLC or HPTLC is in general well suited to separate a
few compounds from a complicated matrix. The resolu-
tion in TLC becomes maximal for Rf -values around 0.3.
If a special phase system separates substances in the opti-
mal Rf -range of 0.1 and 0.8, only compounds with k-val-
ues between 9 and 0.25 will move (4). This is a very
narrow polarity window. All other substances outside this
window will stay at the point of application or will move
with the solvent front. Therefore, only few substances of
similar polarity can be separated in one run. But in sam-
ples like water or food, pesticides of a wide polarity range
can be present. To cover a wide range of polarity a special
gradient mode, the automated multiple development
(AMD) technique, can be exploited using a great variety
of solvents [54, 55]. The principle of AMD is simple. The
TLC plate is developed at first only over a very short dis-
tance using a solvent of great elution strengths to move all
substances. After plate drying another separation step
takes place, but now the solvent strength is slightly
reduced whereas the separation distance is slightly
increased. During the first separation cycle all substances
of the sample will move because the highest elution power
of the solvent is working. When the solvent front reaches
a sample spot the sample will be concentrated in a narrow
band because the molecules in the sample zone start their
upward moving earlier than those in the upper part of the
spot. During every cycle the zones will be concentrated to
a narrow band if the substances are moving. Between the
developments the solvent is completely removed from the
developing chamber and the plate is dried under vacuum.
For the next development the layer is conditioned with the
vapor phase of the next solvent. Cycle for cycle, the sol-
vent strength is reduced and more and more substances
will remain at their plate positions. At the end of the last
cycle only the compound with the largest mobility will
move. Usually the number of cycles is between 10 and 40
for a separation distance of not more than 8 cm. All the
steps in AMD are computer controlled and fully auto-
mated. A development of 40 cycles needs between 2 and

4 h. The AMD technique brings substances of a large
polarity range to move and compresses substances in very
narrow zones. This technique, like all gradient develop-
ments, increases the chromatographic resolution dramati-
cally. It should be mentioned that a commercially
available AMD system is able to separate more than 40
samples in parallel.

The AMD technique is especially suited for pesticide
monitoring because several pesticides can be simultane-
ously determined in the same sample [55–57]. An
overview of AMD methods for the determination of
pyrethrin and pyrethroid pesticide residues in crops,
foods, and environmental matrices is given by Z.-M. Chen
[57]. The combination of AMD and diode-array TLC-
scanner is a powerful tool especially for pesticide moni-
toring because the photodiode array technique
substantiates the analytical result by providing spectral
confirmation for the appropriate substances.

IX. MYCOTOXINS

Mycotoxins are fungal metabolites, which are of great
concern as toxic contaminants in food and feeds. Among a
number of other techniques, planar chromatography is still
very popular in the determination of certain mycotoxins.
Sample preparation is necessary and is mostly an extrac-
tion step to clean up the sample and to concentrate the
mycotoxins is proposed. In general, TLC can cope better
with more crude extracts than HPLC where the clean-up
step is more important to save the column. An important
feature of TLC is its off-line operating principle. For
instance, Leming Lin et al. [58] employed two develop-
ment systems for the determination of zeraleone and pat-
ulin in maize. In the first step the lipids in the sample were
isolated, and the second development is used to separate
the mycotoxins. For mycotoxin visualization on plate two
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different methods are frequently applied: the examination
under UV light if the mycotoxins show naturally fluores-
cence and the spraying or dipping with chemical reagents
that produce colored or fluorescent products. The spot col-
ors and the Rf -values in combination with in situ meas-
ured spectra are used for mycotoxin identification. The
natural fluorescence of aflatoxins, citrinin, and ochratoxin
A makes its identification much more certain. A review
from 1998 sums up more than 10 different mycotoxin
TLC methods compared with other techniques [59]. The
high sample throughput of TLC and HPTLC makes it the
most cost-effective analytical technique for mycotoxins
screening routine. A drawback of TLC in comparison with
HPLC is its untapped potential for automation.

Ochratoxin A is a mycotoxin with nephrotoxic,
carcenogenic, teratogenic, and immunosuppressive prop-
erties. A review of chromatographic methods for determi-
nation of ochratoxin A is given by H. Valenta [60]. The
official AOAC method for ochratoxin determination in
barley [61] recommends silica gel plates and the solvent
mix benzene-methanol-acetic acid (18+1+1) [61]. The
solvent system toluene-ethyl acetate-formic acid (5+4+1)
can be used as well [62]. The blue-green fluorescence of
the ochratoxin A, brought out by long-wave UV light, is
used for detection. For densitometric fluorescence meas-
urements an exication wavelength range from 310–340
nm and an emission range from 440–475 nm should be
used. A detection limit of 25 µg/Kg rice is achieved [63,
64], whereas the quantification limit for HPLC is 0.2 µ/Kg
[61, 63, 64].

A review of the chromatographic determination of pat-
ulin in fruits and fruit juices is given by G. S. Shepard [65].
Patulin has no teratogenic or carcenogenic effects but
shows embryo toxicity accompanied by maternal toxicity.
The official AOAC method of patulin determination in
apple juice [66] is that the juice is extracted with ethyl
acetate and cleaned up on silica gel column. The silica gel
TLC plate is developed with toluene-ethyl acetate-90%-
formic acid (5�4�1) and sprayed with 3-methyl-2-ben-
zothiazolinone hydrazone-HCl solution (0.5 g in 100 ml
H2O) before the plate is heated for 15 min to 130°. Patulin
appears as yellow brown spots at R f 0.5 with a detection
limit of 20 µg/L whereas HPLC methods show a detection
limit of 0.5 µg/L [67] and a quantification limit of 5 µg/Kg
[64]. The quantification limit for patulin in HPTLC is
50 µg/Kg [64].

The AOAC official method for zearalenone in [68] corn
recommends CHCl3-acetone (9+1) as the mobile phase for
separation on a Si60 HPTLC plate with a quantification limit
of 100 µg/Kg and an overall recovery of 97% [64, 67–69].
The appropriate HPLC quantification limit is 35 µg/Kg [64].
The separation of deoxynivalenol (DON) in wheat on silica
gel 60 TLC plates with the mobile phase CHCl3-acetone-
isopropanol (8+1+1) is published in [70]. The developed
plates have to be sprayed with AlCL3 solution and heated 

7 min to 120° to see blue fluorescent spots under long-wave
UV at Rf 0.6. The detection limit is 37.5 mg/Kg for TLC
[71] and 20 µg/Kg for HPLC [72]. Using toluene-ethyl
acetate-formic acid (6+3+1) nephrotoxic citrinin and ochra-
toxin A can be separated and viewed under UV [73].
Citrinin can be separated from patulin and aflatoxin B1, B2,
G1, and G2 in one run, using oxalic acid impregnated silica
gel TLC plates. A limit of detection of 35 µg/Kg for citrin is
achievable [74].

Fumonisins B1, B2, and B3 were isolated in 1988 from
corn and have been associated with cases of leucoen-
cephalomalacea in equines, pulmonary oedema in swine,
and hepatic cancer in rats [75]. A great majority of reports
on fumonisin determinations use fluorescent derivatives
for sensitive detection [76]. Using an immunoaffinity col-
umn for extract purification and an RP-18 HPTLC plate
with 4% aqueous KCL-methanol (2+3) as the mobile
phase, a fluorescamine derivation detection limit of 2 ng
per spot is achievable [74]. This is an overall detection
limit of 100 µg/Kg. The appropriate detection limit for
HPLC is 10 to 500 µg/Kg [75].

Aflatoxins are considered to play an important role in
the high incidence of human hepatocellular carcinoma in
certain areas of the world [77]. There are official AOAC
methods for aflatoxins in peanut products, corn, milk and
cheese, liver, green coffee, and cotton seed. Mostly these
methods refer to the TLC separation method for peanuts
and peanut products using silica gel TLC plates and the
solvent mixture acetone-CHCl3 (9+1) [78]. Due to the nat-
ural fluorescence of all aflatoxins the overall detection
limit for TLC methods is 5 µg/Kg [79] or better [80]. The
HPLC overall detection limit for all four aflatoxins is pub-
lished as better than 1 µg/Kg [59]. Quantification limits
for aflatoxin B1 are specified with 5 µg/Kg in corn [64] in
comparison to 3 µg/Kg (in corn also) for HPLC [66]. Dell
et al. [81] reports that for the aflatoxin determination in
peanut butter the TLC method was more precise than
HPLC. Tosch et al. compared TLC and HPLC methods
and showed that TLC appeared to be equivalent to HPLC
[82] with respect to precision, accuracy, sensitivity, recov-
ery, and linearity of response.

One of the major advantages of TLC analysis is the
simplicity of the separation step, which makes the method
very cost effective. If densitometric quantifications are rec-
ommended, costs will arise. An interesting method to keep
the analytical costs in densitometry low has been published
by E. Anklam et al. [83, 84]. A simplified densitometer for
the detection of aflotoxins was developed using a low-cost
UV-light emitting diode (UV-LED) with a peak emission
wavelength of 370 nm [83]. The resulting signal was fur-
ther amplified by means of a commonly used operational
amplifier integrated circuit and directly converted into a
digital signal with a simple analogue-digital converter. The
signal was recorded at the signal port (RS232) of a portable
PC and processed with a widely used spreadsheet program.
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The same working group developed a modified com-
puter scanner by substitution of the scanner light tube
with a black light tube and additional inclusion of a UV-
filter. The modified scanner in combination with a per-
sonal computer can be used to determine aflatoxins at low
nanogram levels, which, when used in combination with
an appropriate TLC method, enables monitoring of the
compounds in food and feed at the levels stipulated in
European legislation [84]. Both systems are available for
less than 2000 Euro and both methods can be expanded in
combination with the appropriate TLC system to all
mycotoxins that show long-wave UV fluorescence.

TLC is a well-established, easy-to-perform, fast, rou-
tine, cost-effective, and suitable method for analysis of a
wide range of mycotoxins [59]. TLC will continue to play
an important role in mycotoxin analysis because of the
worldwide requirement for fungal metabolite control.
Mycotoxins occurring in a matrix are usually very low
quantity levels and the analysis method must be very sen-
sitive. In general, all mycotoxin TLC methods show
detection limits or quantification limits 10-fold higher
than HPLC values. Nevertheless the FDA regulatory level
for aflatoxin in human food and for feed for immature
livestock is 20 µg/Kg. The appropriate value for deoxyni-
valenol is 1000 µg/Kg. HPTLC is able to check these lev-
els in feed and food as well as HPLC. The advantage of
HPTLC methods has been described by B. Renger [85].
An assay and purity testing of phospholipids HPTLC is
only 38% of the HPLC costs, a value that can surely be
adapted to TLC food analysis.

X. FUTURE OF PLANAR
CHROMATOGRAPHY

What is the future of TLC and HPTLC? First of all, TLC
methods that are able to check official regulatory levels
without using technical equipment will of course remain
in use. This simple and inexpensive way of doing analysis
is too effective to discontinue. It must also be kept in mind
that not all countries have or will have the resources to
check official regulatory levels using expensive methods
like HPLC. A low-cost flat-bed scanner in combination
with a personal computer for documentation and quantifi-
cation purposes will be used. HPTLC methods are strong
in screening and will play an increasing role in the field of
pesticides and drug monitoring in feed and food. The
combination of AMD and diode-array scanner technol-
ogy, using spectral libraries for sample identification and
checking of regulatory levels, will increase in importance.
The quantification ability of HPLC will be used for the
determination of critical analyts like sugars, the quantifi-
cation of which can be easily performed by NH2 layers.
The simple pre-cleanings of caffeine, quinine, and
sucralose® in beverages or vanillin in chocolate will
probably be used for quantification purposes to keep the

overall standard deviation low. All in all, TLC and HPLC
methods will find niches where the chromatography is
more cost-effective than other methods or the perform-
ance is so outstanding that no other assays will show com-
parable results.
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I. GENERAL

According to the IUPAC definition (1) chromatography
is a physical method of separation in which the compo-
nents to be separated are distributed between two phases,
one of which is stationary (the stationary phase) 
while the other (the mobile phase) moves in a definite
direction.

The mobile phase is a fluid which percolates through or
along the stationary bed. Chromatography is a differential
migration technique where the flux of solutes to separate is
perpendicular to the deplacement of the mobile phase (2).

Three types of fluid are in current use: liquid, gas, or
supercritical. Chromatography is named principally by
the nature of the fluid. We can distinguish liquid, gas, or
supercritical fluid chromatography.

The stationary phase may be a solid or a liquid. The
combination of mobile and stationary phases unambigu-
ously names the chromatographic mode.

Mobile phase Gas Liquid Supercritical
Stationary Liquid Liquid Liquid
Phase Solid Solid Solid

Gas-liquid chromatography (GC) and liquid-solid
chromatography are by far the most popular types. A spe-
cial type of stationary phase consists of bonding chemical
moieties onto a solid surface by covalent bonds. It is a
bonded phase. Liquid chromatography with alkyl (or any
other) bonded phases is considered liquid-solid. Use of
liquid-liquid chromatography is rapidly declining and
reports on the technique in recent years are scarce.

According to the nature of the stationary phase a chro-
matographic mode is often named by the chemical species
which governs the retention mechanism.

We can thus distinguish in liquid chromatography (LC):

Adsorption chromatography, often referred to as 
normal phase mode (NP)

Reversed phase chromatography (on alkyl bonded
silica) (RP)

Ion chromatography (IC)
Affinity chromatography
Size exclusion chromatography (SEC)
Chiral chromatography
Micellar liquid chromatography

High performance liquid chromatography (HPLC) is
a well-established method in modern analysis. The
method is simple, robust, and applicable to the majority of
components to be analyzed. Low efficiency and small
peak capacity are of HPLC when complex mixtures have
to be separated. In contrast to GC the diffusion coeficient
of the analytes is small and that is the biggest obstacle to
efficient separations.

II. BASIC CHROMATOGRAPHIC
INSTRUMENTATION

The heart of the separation is the column. Solutes are
injected onto the column where they partition between the
mobile and the stationary phase. When a solute is flowing
off the column it is eluted.

Typically a chromatograph is depicted as follows:
Solutes to separate are placed in an injector, they are

driven to the separation column; when they elute, they are
monitored by a detector.

There are two ways to perform chromatography: analytical
mode and preparative mode. We shall only consider the
analytical mode in which solutes are infinitely diluted.

X. Validation ............................................................................................................................................................47-36
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Molecules of solute which do not interact with sta-
tionary phase are not retained. Molecules of solute that
can partition between both phases are retained. Detection
and recording of separated solutes yield a chromatogram
(Figure 47.1). On the chart solutes appear as peaks, the
shape of which is nearly gaussian.

III. DEFINITIONS

The column volume is Vcol; the volume of the stationary
phase inside the column is Vs; the volume of the mobile
phase is VM, which can be divided in extraparticular vol-
ume Ve and intraparticular volume Vi according to the
type of the packing; and the porosity is ε � VM / Vcol.

tM is the mobile phase hold-up time; this is not the same
as the retention time of the unretained solute, written as t0.
In fact, t0 and tM are not equal (especially in packed
columns) and the nature of the unretained (or inert) 
solute should be mentioned in any reported experimental
conditions. tRi is the retention time of the solute i.

The volume of the mobile phase required to elute an
unretained solute is called V0.

t0 �

where F is the mobile phase flow rate. F � uo ε S where uo

is the linear velocity of the liquid; ε is the porosity; and S is
the cross section of the column. t0 � L/uo. Similarly, VRi is
the retention volume of solute i.

The mobile phase must flow through the column. In
packed columns Darcy’s law (3) is written 

u0 � B0dp
2 ∆P /η L

B0 is the permeability of the column packed with particles
of average size dp; ∆P is the pressure difference between
inlet and outlet of the column; η is the viscosity of the
mobile phase; and L is the column length.

The retention factor is

ki � � �

where d0, dR are retention distances measured on the
recording chart.

The retention factor is also equal to the ratio of
amounts of a sample component in the stationary and
mobile phases, respectively, at equilibrium.

k �

k� K(Vs/VM) where K is the partition coefficient and
Vs/VM is the phase ratio.

The adjusted retention time is t�Ri � tRi � t0 and k �
t�Ri/t0. Similarly,

V�Ri � VRi � V0

d�Ri � dRi � d0

Number of solute molecules in stationary phase
�����

number of solute molecules in mobile phase

(dRi � d0)
��

d0

(VRi � V0)
��

V0

(tRi � t0)
�

t0

V0
�
F
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In analytical mode, peaks are presumed to be gaussian
and retention parameters are taken at maximum peak
heights.

When peaks are not truly gaussian, it is necessary to
use statistical moments. The zero moment

M0 � �a

b

h(t) . dt

where h(t) is the peak height at time t yields the peak area.
The first moment M1 � (1/M0) �

a

b
t . h(t) . dt expresses

the true retention time as it corresponds to the elution time
of the center of gravity of the peak.

M2 � peak variance

M3 � peak skew

When two consecutive (i, j) gaussian peaks are close, the 

resolution is Rs � 2 (trj � tri)/(ωi � ωj)

ω is the peak width in time units (see Figure 47.2).
When peaks are gaussian ω � 4σ (σ is the standard

deviation).
When two peaks are well resolved then Rs � 1.25

(see Figure 47.2).
Resolution can be written Rs � (�N�/4�)(∆u/u�) where

∆u is the difference in velocity between two solutes i and
j, u� is the average velocity, and N is the efficiency.

Assymetry is determined by the A/B ratio (Figure
47.3).

Selectivity a is defined as α � kj/ki. In this way
α � 1; when α � 1 no separation occurs.

When solutes are late-eluting it is convenient to use
gradient elution. The gradient retention factor is 

k* � tGF/∆%BVMS

where tG is the gradient time in min, F is the flow-rate in
ml/min, ∆%B is the gradient range (e.g., ∆%B � 0.80 for

a 20–100% gradient), VM is the column volume in ml, and
S is a constant for a given compound (see below).

Sharp peaks are indicative of the efficiency of the
chromatographic process since the variance is small.
Efficiency is also called plate number.

N � � �
2

� � �
2

� � �
2

When peaks are gaussian N � 16(tR/ω)2:

N � 5.54� �
2

δ is the peak width at mid-height. When peak tailing
occurs, it is convenient to use the Dorsey-Foley equation
(4) from an exponentially modified gaussian equation.

The area of a gaussian peak is a function of its stan-
dard deviation and peak height according to the equation

A � �2�π�σ�h�p�, hp is the peak height

From N � � �
2

and rearranging 

N �

The plate height H is the column length divided by the
plate number N � L/H 

Number of effective plates Neff � 16� �
2

The above equations can be combined. If k� �
and assuming peaks are close enough,

Rs �
�N�
�
4

k�
�
1 � k�

α � 1
�α�1

(ki � kj)
�

2

t�R
�ω

2π(hptr)
2

�
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tR
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A slightly different equation is written as

N � 16 Rs� �
2

� �
2

The equation permits us to determine the number of plates
required to achieve the separation between two solutes of
retention factors ki and kj, respectively, with a given Rs.

There are three factors in this equation which together
determine the chromatographic resolution. The overall
resolution is affected (assuming that the column length L
is constant) by the selectivity term (α/α�1), the retention
term factor (k/1�k), and the plate height H. Larger k val-
ues may lead to an increase in resolution at the expense of
longer run times and wider bands. It is best to set k values
between 1 and 6. The resolution power is the number of
plates necessary to separate two solutes of relative reten-
tion α with a resolution Rs.

α � [1 � 4Rs/ �N�.1��k/k]�1

The height equivalent to a theoretical plate (HETP) is
dependent on the flow rate of the mobile phase. A slightly
different equation from the well-known Van Deemter
Equation (5) is valid in LC, the Knox Equation (6).

h � Aν1/3 � B/ν � Cν

where h is the reduced plate height h � H/dp; ν is the
reduced velocity, ν � u0dp/Dm where Dm is the diffusion
coefficient of the solute in the mobile phase; and dp is the
average particle diameter.

The peak capacity is the number of peaks which can
be observed on a chromatogram with baseline resolution 

(sometimes with unit resolution) assuming the constant N.

np � 1 � log

In this equation tRz is the retention time of the last eluted
solute. tr1 is the retention time of the first eluted solute.

Capacity of a column is the maximum amount of
sample that can be injected into a column before signifi-
cant peak distortion occurs.

Peak distortion is measured by either peak skew or by
asymmetry factor.

IV. INSTRUMENTATION

Despite the trend towards miniaturization, most instru-
ments are “conventional.” A scheme of a LC instrument is
displayed in Figure 47.4.

It consists of:

Solvent reservoirs
A solvent delivery system
An injection device
The column
A detector
A data acquisition system.

A. SOLVENT RESERVOIRS

Solvent reservoirs are usually made of glass. They should
be equipped with degassing device. Degassing with
helium is usually performed but it may form slugs of
helium in the tubing.

tRz
�
tr1

�N�
�
4

1 � k�
�

k�

α
�
α � 1
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Solvents are mixed in a mixing chamber. To account
for the desired composition solenoid valves are actuated.
Solvents should be HPLC grade. Careful attention should
be paid to water and preparation of buffers.

B. SOLVENT DELIVERY SYSTEM

Reciprocating pumps are almost exclusively utilized with
conventional columns. They exhibit large column back pres-
sure compensation abilities, flow rates in the 0.1–10.0 ml
range with high precision. Precise control of flow rate is of
primary importance to ensure reproducibility of retention
times. In some cases titanium or ceramic head pumps ensure
biocompatibility. With open tubular columns, split flow
techniques are probably best. Flow splitting devices are
based on the microflow processor concept.

At present, most commercially available pumping
units for conventional HPLC are the single or multihead
reciprocating piston type. There is a trend towards very
high pressures (up to 1200 bar) but that is achieved by
modifying a commercially available pump.

Requirements for solvent delivery systems are as fol-
lows:

Flow rate stability
Flow rate accuracy (usually ± 0.3%)
Flow rate reproducibility
Large flow rate range (from 0.1 to 10 ml/min in
HPLC)

Compatibility with any liquid
Standing with high pressures

In capillary LC, syringe-style, positive-displacement,
continuous delivery design delivers solvent at the low-
microliter flow rates that are optimal for micro-LC-MS
but eluent compressibility and mixing of microflows are
serious drawbacks.

1. Gradient Formation

Increasing the solvent strength permits us to achieve elu-
tion of highly retained solutes. Moreover, optimization
procedures such as Drylab G make use of two gradients.

Two methods can generate binary solvent gradients:
low pressure mixing or high pressure mixing. Some man-
ufacturers display both. In the low mixing method, two
solvent reservoirs and one single pump are used. In high
pressure mixing mode two pumps separately deliver the
required volumes of solvents.

The most critical points are the electronic control
units and the mixing chamber.

Linear or curved shape gradients are possible but linear
gradients are used by the vast majority of chromatographers.
There is obviously a time delay between the solvent compo-
sition programmed and the actual composition at the col-
umn inlet due to the dwell volumes. Gradient delay and
rounding are observed. Blank runs are carried out with the
injector directly connected to a UV detector. Mobile phase
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A is UV transparent and mobile phase B contains a slight
proportion of UV absorbing solvent (1% acetone in
methanol, for example). The gradient is performed and the
delay time is determined. This is of primary importance to
obtain reliable retention times.

Gradient delay volume is the volume between the start
of the gradient and the top of the column.

Gradient delay time is the time elapsed between the start
of the gradient and the time it reaches the top of the column.

C. COLUMN

Most commercially available columns are 4.6 mm inside
diameter P (i.d.). They are made of stainless steel and the
inner wall of the tubing is electropolished. Stainless steel
tubing is easily machined and compression fittings can be
affixed readily to ensure high pressure seals. Among the
alternatives are polytetrafluoroethylene (PTFE)-lined
stainless steel, polyetheretherketone (PEEK), hasteloy,
and titanium. Metal-free systems are desirable for ion
chromatography and the analysis of trace metals by ion
exchange. Variable lengths are available (10-cm-long
columns are most popular). Columns or cartridges can be
serially connected to increase the plate number. Columns
are packed with 3 µm or 5 µm particles either spherical or
irregular shaped. Particles are either porous or non-
porous. Silicagel is still the mainstay base material for
most HPLC packings. Silicagel is rigid, provides excel-
lent efficiency, is reasonably priced, and can be function-
alized by virtue of the reactive silanols (SiOH). Most
commercial silica-based analytical HPLC materials are
made of ultra-pure monodisperse silica. In a porous parti-
cle solutes transfer from the moving mobile phase outside
the particle into the stagnant mobile phase within the
pores to interact with the stationary phase. The slow rate
of mass transfer into and out of the porous particles is a
major source of band broadening. The non-porous pack-
ings are less and less in use due to the limited sample
capacity; on the one hand the thin layer allows faster mass
transfer; on the other hand, the back pressures are high.
Superficially porous packings (e.g., Poroshell from
Agilent) are recommended for large biomolecules.
Polymeric materials are used by approximately 15–20%
of liquid chromatographers. Similar to silicagel, poly-
meric packings are also available with a variety of particle
diameters. Polystyrene-divinylbenzene (PS-DVB) is the
most popular with polymethacrylates. The PS-DVB poly-
mers have a wide pH range, high cross-linking, withstand
average pressure, and have no silanols to interact with the
basic compounds. Conversely, the efficiency provided
cannot compare with silica-based material since the rate
of mass transfer is slower.

Copolymers of organofunctional silanes and tetrae-
thoxysilane are a new means to synthesize of HPLC
packings.

Zirconia provides some interesting features since it can
be produced in monodisperse porous spherical particles,
withstand a pH of 14, and has no silanols. However, it
exhibits hard Lewis acid sites and consequently has a strong
affinity towards Lewis bases (hydroxyls, phosphate). To
overcome this drawback the analyst must use a competing
anion or, even better, a polymer-coated, zirconia-based sta-
tionary phase.

Manufacturers provide a test chromatogram and
ensure reproducibility from batch to batch.

An increase in column performances can be achieved
by increasing the column permeability. The use of mono-
lithic columns is a convenient way to overcome the draw-
back of the back pressure generated by small particles
(see Darcy’s equation above). Moreover, in the search for
new stationary phase configurations with enhanced mass-
transfer properties, the concept of monolithic stationary
phases was established in which the separation medium
consists of a continuous rod that has no interstitial volume
but only internal porosity consisting of micro- and
nanopores. Four approaches have been utilized to prepare
continuous beds: polymerization of an organic monomer
with additives, formation of a silica-based network using
a sol-gel process, fusing the porous particulate packing
material in a capillary by a sintering process, and organic
hybrid materials. Polymer-based monolithic chromato-
graphic supports are usually prepared by the in situ poly-
merization of suitable monomers and porogens within a
tube that acts as a mold. Polymer monoliths are
Polystyrene-divinyl benzene, polyacrylamide, or poly-
methacrylate (7–9). Silica-based monoliths were pio-
neered by Nakanishi and coworkers (10–12). Silica-based
monolithic columns were released in 2000 by Merck.
They consist of a single rod of silica-based material
embedded in a PEEK tubing (13, 14). The new sorbent
material consists of monolithic cylindrically shaped rods
of highly porous metal-free silica. The defined homoge-
neous bimodal pore structure, produced during the manu-
facturing process, means that the columns possess a
unique combination of a large internal surface area, over
which quick chemical adsorption can take place, together
with a significantly higher total porosity. 

The pressure drop is dramatically decreased and longer
columns can be used. These monolithic columns possess
about 15% higher porosity as compared to particulate ones.
Monolithic columns are 10 cm long and can be connected in
series.

To reduce solvent consumption, there is a trend
towards microcolumns, minicolumns, or true capillary
columns.

Columns which exhibit internal diameter in the range
0.5–1.0 mm are called microcolumns (they were formerly
called microbore). Good efficient microcolumns can be
produced at the present time because the packing proce-
dure has been optimized.
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Capillary LC columns are of 10–500 µm internal
diameter. It seems that 50 µm i.d. packed with 8 µm par-
ticles exhibit the best performances.

From theoretical papers published in the 1980s, open
tubular columns in LC can only match performances of
packed columns if the diameter of the column is of the
same order of magnitude of the particle diameter in conven-
tional columns. This conclusion has led to nanoscale LC
with 5–11 µm i.d. open tubular columns which are used in
research laboratories but not yet available for routine use.

The current trend of lab on a chip will result in new
packing materials. Packing a stationary phase in
microchannels looks impossible but microfabrication by
ablation is promising (15).

Guard columns (1 cm long) must be connected to the
analytical column to increase the lifetime, especially when
dealing with complex samples. Guard columns, which fit
between the injector and the analytical column, collect
debris and stongly retained components. Two types of
guard columns are available: those that are separate with
their own holders and those that are integrated with the
analytical column. A recent improvement is the use of
guard discs that can be replaced periodically.

D. INJECTION

For manual and automated injection, the majority of the
injection systems consist of injection valves. Sample loops
are usually 10 µL for injection with a conventional column.
In LC the analyst can increase the volume of injection with-
out disturbing the separation efficiency. Conversely, the
analyst must prevent any mass overloading. If so, partition
of the solute is not performed in the linear portion of the
isotherm with the consequence of peak tailing.
Autosamplers are time-saving devices; design and associ-
ated problems were thoroughly discussed by Dolan (16,17).

E. DETECTORS

Some requirements of a LC detector are that it be of such a
design that the separated components are not remixed while
passing through the detector cell; have a low drift and noise
level; have a fast response time; have a wide dynamic range;
be relatively insensitive to changes in mobile phase flow
rates and temperature; and be easy to operate and reliable.

There are three different types of detector noise:
short-term noise, long-term noise, and drift.

1. Photometric Detectors

They rely on Beer’s law. The Beer Lambert law is
expressed as 
where 

A � ε . l . c
ε � molar absorptivity of the solute 
l � path length through the sample
c � concentration of solute

A � absorbance

a. UV-VIS
These detectors measure changes in absorbance of light in
the 190–350 nm region or 350–700 nm region.

Basic instrumentation includes a mercury lamp with
strong emission lines at 254, 313, and 365 nm, cadmium at
229 and 326 nm, and zinc at 308 nm. Deuterium and xenon
lamps exhibit a continuum in the 190–360 nm region
which requires the use of a monochromator. A filter or
grating is used to select a specific wavelength for meas-
urement. Cut-off filters pass all wavelengths of light above
or below a given wavelength. Band-pass filters pass light
in a narrow range (e.g., 5 nm). In the single beam mode,
the energy from the source lamp passes through the sam-
ple flow cell to a photocell via some wavelength selection
device. The double beam system is preferred.

The flow cell is typically 8 µL with a 10-mm path length.
The photodiode array (see below) is currently the best

sensor.
According to Beer’s law, the higher the path length,

the higher the transmitted light. For that purpose most
cells are Z shaped.

With capillaries such as LC capillaries or CE capillar-
ies there is only limited path length. A free portion of cap-
illary is brought into the light path of a UV absorbance
detector. When the aperture of the source is adjusted to the
inside diameter of the capillary the effective light path is

leff � 1/2πr

where r is the radius of the capillary.
To improve the transmitted light a ball is placed after

the capillary to focus the beams.
The limit of detection is highly dependent on the

molar absortivity of the solutes ε (see Beer’s law). UV-
VIS detectors must be checked for wavelength accuracy,
absorption accuracy, scattered light, and spectral resolu-
tion. Derivative spectra are obtained by differentiating the
absorbance (A) spectra of the sample with respect to
wavelength.

First, second, or higher-order derivatives may be gen-
erated. All the derivatives emphasize the features of the
original spectra by enhancing small changes in slope.

Derivative spectra are generated optically, electroni-
cally, or mathematically. The usual optical method utilizes
the wavelength modulation technique where wavelength
of incident radiation is rapidly modulated over a narrow
wavelength range. Electrically, derivatives are performed
by analog resistance capacitance devices. Mathematical
methods are obviously the best performing. The Savitsky
Golay algorithm generates derivatives with a variable
degree of smoothing.

Derivatives are used to 

Enhance spectral differences
Enhance resolution 
Selective substraction.

A photodiode array (PDA) is shown in Figure 47.5.
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The detection of structurally similar impurities eluting
simultaneously with the analytes of interest is a problem.
The analyst must detect the existence of peaks of interest,
determine the extent of their purity, and confirm their
identity.

Photodiode operation relies on the photovoltaic effect.
In the typical photodiode there are two components of
semiconductor called P and N. P is a very pure silicon
with low levels of three valent impurities such as boron or
gallium. Each impurity atom can accept an electron from
the valence bonds, giving rise to a hole that can take part
in the electrical conduction process and an immobile neg-
atively charged impurity ion. Since the hole is positively
charged such a material is a P (positive) silicon crystal. If
the impurity added is a pentavalent atom (As) the atoms
behave as donors of electrons that can move through the
entire silicon crystal. It is thus a N (negative) type. A pho-
ton of wavelength less than 1.1 nm is able to break a cova-
lent bond between the silicon atoms. The free electron
formed is free to move with the missing electron in the
broken valence bond which induces electrical conduction
by repeated replacement. The PDA detector passes the
total light through the flow cell and disperses it with a dif-
fraction grating. The dispersed light is measured by an
array of photosensitive diodes. The array of photodiodes
is scanned by the microprocessor (16 times a second is
usual). The reading for each diode is summed and aver-
aged. A PDA detector can simultaneously measure the
absorbance of all wavelength versus time. The amount of
data storage is a key feature in PDA. A run can easily take
several megabytes of data storage. The dynamic range is
usually 0.5 mAU–2.0 AU. Each pixel spans 1.25 nm.

Noise is around � or � 1.5*10�5 absorbance units (AU)
with a 2 sec time constant.

Peak purity is based on the proprietary spectral con-
trast algorithm which converts spectral data into vectors
that are used to compare spectra mathematically. This
comparison is expressed as a purity angle. The purity
angle is derived from the combined spectral contrast
angles between the peak apex spectrum and all other
spectra within that peak. To determine peak purity, the
purity angle is compared to the purity threshold. For a
pure peak the purity angle will be less than the purity
threshold.

Spectral deconvolution techniques are used when two
peaks co-elute.

Identification of peaks is performed by comparison
with spectra contained in a library of standards.

b. Fluorescence detection
The quantum yield φ is a fundamental molecular property
that describes the ratio of a number of photons emitted to
the number of photons absorbed.

φ �

kf is the rate constant for fluorescence emission. Σkd is the
sum of the rate constants for all the nonradiative processes
which can depopulate S1.

The signal intensity If is given by Beer’s law:

If � Io(1 � e εlC)φk

kf
�
kf � Σkd
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When sample absorbance is small this expression is
reduced to

If � I0
. 2 . 3 . ε . l . C . φk

k is the instrumental efficiency for collecting the fluores-
cence emission. Io is the intensity of the incident radiation.

Fluorescence emission provides more selectivity and
increased sensitivity compared to UV absorption. Attomole
detection is possible. Xenon lamps are far superior to Hg
lamps or D2 lamps as light sources. Selection of excitation
or emission wavelength is done by a monochromator.

Laser-induced fluorescence is in current use. Various
lasers are utilized (He-Cd diode, Argon ion). The diode laser
seems the best choice. Due to the highly collimating nature
of lasers most scattering sources are eliminated. Increased
detection is carried out with pre- or post-column derivatiza-
tion. A three-dimensional spectrofluorometer incorporating
a charge-coupled-device has been described (18) that made
possible the collection of fluorescence excitation-emission
intensity data of polycyclic aromatic hydrocarbons in a flow
stream in 0.05 s with ng/milliter limits of detection. 

Chiroptical detection provides additional qualitative
and quantitative information for photometric detection
since only chiral compounds are monitored. A detector
provides both the differential absorbance of the circular
dichroism and the absorbance of the UV mode simultane-
ously as a function of time (19).

c. Chemiluminescence method
Oxidative combustion of nitrogen-containing compounds
produce nitric oxide. Nitric acid when in contact with
ozone produces a metastable nitrogen dioxide molecule

NO � O3 NO2* � O2

which relaxes to a stable state by emitting at a wavelength
of 700–900 nm

NO*2 NO2 � hν

Chemiluminescence is used for specific detection of 
nitrogen.

d. Derivatization
Many solutes do not exhibit UV absorption or fluores-
cence; they can be converted into UV absorbing or fluo-
rescent derivatives by pre- or post-column derivatization.
When precolumn derivatization is carried out the chro-
matographic system is obviously different fom the one
selected for the non-derivatized solutes. A large volume of
literature deals with post-column reactions. They can be
carried out in coils, in packed bed reactors, or by photol-
ysis. The main requirement is not the completion of the
reaction but the reproducibility. Reaction vessels should
not produce excessive band broadening. Table 47.1 dis-
plays some derivatizing reagents for the fluorescence
labeling of functional groups.

2. Electrochemical Detection

a. Conductivity
The detection method is based on the application of an
alternative voltage E to the cell electrodes. The cell cur-
rent is directly proportional to the conductance G of the
solution between the electrodes by Ohm’s law.

G � �

The measured conductivity is the sum of individual
contribution to the total conductivity of all the ions in
solution. Kohlrausch’s law states that

k �

Ci is the concentration of each ion i, and λ0
i is the limiting

equivalent conductivity which is the contribution of an ion
to the total conductivity divided by its concentration
extrapolated to infinite dilution.

Kohlrausch’s law is only valid in dilute solutions
(chromatography or electrophoresis). The magnitude of
the signal is greatest for small high mobility ions with a
multiple charge such as sulphate. The conductivity detec-
tor was the breakthrough in ion chromatography (IC).

Early IC systems detected ions eluted by strong elu-
ents from high capacity ion exchange columns by meas-
uring changes in conductivity. To achieve reasonable
sensitivity, it was necessary to suppress the conductivity
of eluent prior to detection in order to enhance the over-
all conductance of the analyte and lower the background
conductance of the eluent. This was achieved by a “sup-
pressor” column in which counter ions were exchanged
with H� or OH�. Due to excessive band-broadening col-
umn suppressors are no longer in use. Membrane based
devices are utilized. The membrane suppressor incorpo-
rates two semi-permeable ion exchange membranes
sandwiched between sets of screens. The eluent passes
through a central chamber. Regenerant flows in a
counter-current direction over the outer surfaces of the
membranes providing constant regeneration. Electrolysis
of water produces hydrogen or hydroxide ions required
for regeneration. There is no contamination with carbon-
ate (Figure 47.6).

In conductivity detectors the change in conductivity
∆k depends on the concentration of the injected ion (A)
and its equivalent ionic conductivity λA compared with
that of the eluent ion λE.

∆k � (A) . (λA � λE)

Conductivity detectors usually operate at 10 kHz; scale
ranges are 0.01 to 5000 µS in 12 steps.

Σiλ0
iCi

�
1000

i
�
E

1
�
k
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b. Amperometric
Electrochemical detection is a concentration-sensitive
technique. In amperometric mode compounds undergo
oxidation or reduction reaction through the loss or gain,
respectively, of electrons at the working electrode surface.
The working electrode is kept at the constant potential
against a reference electrode. The electrical current from
the electrons passed to or from the electrode is recorded

and is proportional to the concentration of the analyte
present.

A thin layer cell is displayed in Figure 47.7.
A thin gasket with a slot cut in the middle is sand-

wiched between two blocks: one contains the working elec-
trode, the other contains the counter electrode. The slot in
the gasket forms the thin layer channel. The reference elec-
trode is placed downstream from the working electrode.
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TABLE 47.1
Derivatizing Reagents for the Fluorescence Labeling of Functional Groups

Reagent Abbreviation Functional Group

Aminoethyl-4-dimethylaminonaphthalene DANE Carboxyl
4-(Aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole ABD-F Thiol
Ammonium-7-fluorobenzo-2-oxa-1,3,diazole-4-sulfonate SBD-F Thiol
Anthracene isocyanate AIC (Amine), hydroxyl
9-Anthryldiazomethane ADAM Carboxyl (and other acidic groups)
Bimane, monobromo- mBBr Thiol
Bimane, dibromo- bBBr Thiol
Bimane, monobromotrimethylammonio- qBBr Thiol
4-Bromo-methyl-7-acetoxycoumarin Br-Mac See Br-Mmc
4-Bromo-methyl-7-methoxycoumarin Br-Mmc Carboxyl,imide, phenol, thiol
N-Chloro-5-dimethylaminonaphthalene-1-sulfonamide NCDA Amine (prim., sec.), thiol
9-(Chlormethyl)anthracene 9-CIMA See Br-Mmc
7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole NBD-Cl Amino (prim., sec.), phenol
2-p-Chlorosulfophenyl-3-phenylindone DIS-Cl Amino acids, amino sugars
9,10-Diaminophenanthrene 9,10-DAP Carboxyl
2,6-Diaminopyridine-Cu2+ 2,6-DAP-Cu Amines (prim. aromatic)
4-Diazomethyl-7-methoxycoumarin DMC See ADAM
5-Di-n-butylaminonaphthalene-1-sulfonyl chloride Bns-Cl See Dns-Cl
Dicyclohexylcarbodiimide DCC Carboxyl
N,N�-Dicyclohexyl-O-(7-methoxycoumarin-4-yl)methylisourea DCCl Carboxyl
N,N�-Diisopropyl-O-(7-methoxycoumarin-4-yl)methylisourea DlCl Carboxyl
4-Dimethylaminoazobenzene-4�-sulfonylchloride Dbs-Cl See Dns-Cl
N-(7-Dimethylaminoazobenzene-4�-methyl-3-coumarinylmaleimide DACM Thiol
5-Dimethylaminonaphthalene-1-sulfonyl-aziridine Dns-aziridine Thiol
5-Dimethylaminonaphthalene-1-sulfonylchloride Dns-Cl Amino (prim., sec., tert.), (hydroxyl),

imidazole, phenol, thiol
5-Dimethylaminonaphthalene-1-sulfonyl-hydrazine Dns-hydrazine Carbonyl
4-Dimethylamino-1-napthoylinitrile DMA-NN Hydroxyl
9,10-Dimethoxyanthracene-2-sulfonate DAS Amine (sec., tert.)
2,2�-Dithiobis (1-aminonaphthalene) DTAN Aromatic aldehydes
1-Ethoxy-4-(dichloro-s-triazinyl)naphthalene EDTN Amine, hydroxyl (prim.)
9-Fluorenyl-methylchloroformate FMOCCl Amine (prim., sec.)
7-Fluoro-4-nitrobenzo-2-oxa-1,3-diazole NBD-F Amine (prim., sec.), phenol, thiol
4�-Hydrazino-2-stilbazole –– α-Oxo acids
4-Hydroxymethyl-7-methoxycoumarine Hy-Mmc Carboxyl
4-(6-Methylbenzothiazol-2-yl)-phenyl-isocyanate Mbp Amine (prim., sec.), hydroxyl
N-Methyl-1-naphthalenemethylamine –– Isocyanates (aliphatic, aromatic)
1,2-Naphthoylenebenzimidazole-6-sulfonyl chloride NBl-SO2Cl See Dns-Cl
2-Naphthylchloroformate NCF Amine (tert.)
Naphthyl isocyanate NlC (Amine), hydroxyl
Ninhydrin –– Amine (prim.)
4-Phenylspiro(furan-2(3H), 1�-phthalan)-3,3�-dione (fluorescamine) Flur Amine (prim., sec.), hydroxyl, (thiol)
o-Phthaldialdehyde (o-phthalaldehyde) OPA Amine (prim., sec.), thiol
N-(1-Pyrene)maleimide PM Thiol

(Reproduced from Journal of Planar Chromatogarphy. With permission.)



The thin layer design produces high mobile phase linear
velocity which in turn produces high signal magnitude.

The intensity of the current is

i � f . n . F . u1/2 . C . D2/3 . A

n � the number of electrons
F � the Faraday constant
u � the linear velocity of the mobile phase
C � the analyte concentration
D � the diffusion coefficient of the solute
A � the electrode surface
f � the geometrical constant of the cell

The quality of the sample clean-up procedure often
determines the detection limits. The instability of the ref-
erence electrode is the source of voltage noise.

A parallel dual electrode may be used for a number of
reasons.

i. With one electrode at a positive and one elec-
trode at a negative potential, oxidizable and
reducible compounds can be detected in one
single chromatographic run.

ii. When two solutes with different redox potentials
co-elute from the column, the potential of one
electrode can be selected such that only the most
easily oxidized (or reduced) compound is
detected while on the other electrode both 
compounds are converted. The concentration of
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the second compound is evaluated by subtraction
of the signal.

Series dual electrodes are set up in that one electrode
is in oxidative and the other is in reductive mode. The
downstream electrode measures the products of the
upstream electrode. The second electrode only responds
to compounds which are converted reversibly. The redox
product is more selectively detected.

Voltammetric analysis is performed by scanning the
potential or by applying triangular potential wave form to
the electrode. Co-eluting peaks are distinguished if their
voltagrams are significantly different.

3. Refractive Index Detector (RI)

This is one of very few universal detectors available. An
RI detector monitors both the eluent and the analyte. The
output reflects the difference in refractive index between
a sample flow cell and a reference flow cell. The meas-
ured RI response is determined by the volume fraction of
the analyte in the flow cell (x) and the volume fraction of
the eluent in the other flow cell (1 � x).

η � η2 � v1 (η1 � η2)

where

v1 � volume fraction of the analyte
η1 � refractive index of pure analyte
η2 � refractive index of pure solvent (contained

in a reference cell)
η � refractive index of solution in sample cell.

RI signal � KRI
. dn/dc . C

where KRI is an instrument constant, dn/dc is the refractive
index increment, and C, the concentration.

There are four types of RI detectors.

– The deflection type is by far the most popular; it
relies on Snell’s law which governs the angles of
incidence and refraction at an interface:

η1 sin θ1 � η2 sin θ2

where θ1 is the angle of the beam with respect to the nor-
mal of the interface in the medium with RI of η1.

– The eflection type according to Fresnel’s law of
reflection; measurement of ∆n is a measure of
change in reflectivity

– The interference type (utilized in capillary LC)
– The Christiansen effect type

The refractive index is very sensitive to temperature
and pressure. For that reason the reference and the meas-
urement cell are close since the difference in temperature

between them is critical. Specifications of a RI detector
are: refractive index range, linearity range, cell volume,
maximum pressure in cell, and temperature control.

. 10�4 � 0.67 for water
� 6.84 for dichloromethane

. 105 � 1.53 for water
� 6.84 for dichloromethane

He/Ne laser-based RI detection has been developed for
nanoscale LC.

4. Light Scattering Detector

The principle of operation is a three-step process. The
effluent of the LC column is vaporized in a nebulizer by
means of a gas. The droplets pass through a drift tube at a
temperature of 40–50°C, and the only particles left are 
the analyte and the solvent impurities. A laser (typically 
1 mV He/Ne) irradiates the particles, and the scattered light
is collected by a glass rod and transmitted to a photomulti-
plier tube (Figure 47.8). The light measured is proportional
to the amount of sample in the light scattering chamber.

Parameters affecting the response are particle size,
degree of nebulization (most critical), and nature of the
solvent. When an LSD detector is used to detect thermally
labile compounds the temperature used to evaporate the
mobile phase is critical. If the temperature is too high, the
compounds of interest can be thermally decomposed and
reduce the sensitivity of the assay. The temperature range
of the nebulizer is 40°–220°. The design of the evapora-
tion tube is critical. The amount of scattered light depends
strongly on the molar absorptivity of the solute. The light-
scattering detector is universal detector but not a mass
detector. Its response is nonlinear and the calibration
curve is log-log. It can easily be used with a gradient. The
benefits are low temperature evaporation of the mobile
phase, and gradients can be used since the mobile phase is
removed. The detector is suited for lipids and sugars. The
signal of a light-scattering detector is proportional to the
molecular weight of polymers.

V. HYPHENATION

Combining a chromatographic separation system on-line
with a spectroscopic detector in order to obtain structural
information on the analytes present in a sample has become
the most important approach for the identification or confir-
mation of identity of target and unknown chemical species.
In most instances, such hyphenation can be accomplished
by using commercially available instruments. For most
trace-level analytical problems the LC-MS combination is
the accepted approach. However, more information is
retrieved from concatenation of LC-MS with FTIR or NMR.

dη
�
dp

dη
�
dt
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The LC-UV-NMR-MS (hypernation) is the best example
(Figure 47.9).

A. LC-MS

The mass spectrometer is becoming the detector of choice
for many LC methods. In this case it is important in RPLC
to select buffers that are MS-compatible such as 0.1% tri-
fluoroacetic acid (pH � 1.9) and ammonium formate for
applications at higher pH values.

Interfaces have been developed to solve the problem
of handling high LC flow rates (1 mL/min) and the high
vacuum required by mass spectrometers.

The mass spectrometer is a mass flow sensitive detec-
tor. The enrichment factor is the ratio of the analyte 
concentration in the MS flow and that in the LC flow. The
transfer yield is 

Y � Qm/Ql

Qm is the amount of solute transferred in MS and Ql is the
amount of solute from LC column.

LC is not nearly as compatible with MS as in GC.
Hyphenating LC and MS requires overcoming some

difficulties.

– Conventional packed columns are operated at
1 mL/min; to overcome this drawback microbore
columns are more and more frequently utilized.

– LC separations make use of non-volatile mobile 
phases and very often buffer solutions.

– Ionization of non-volatile or thermally labile
solutes is difficult. However, difficulties have
been overcome and LC-MS has become a robust
and routinely applicable tool in environmental
laboratories.

Electrospray (ESI), atmospheric pressure chemical
ionization (APCI), and atmospheric-pressure photoioniza-
tion (APPI) are today the ionization techniques enabling
robust interfacing of LC to (tandem) MS. Nowadays LC-
MS-MS instruments are marketed within the chromato-
graphic community as a laboratory workhouse requiring
only basic knowledge about mass spectrometry from the
analyst. A wide variety of atmospheric pressure ionization
(API) source designs are available from the instrument
manufacturers.

1. Ionization

a. Electrospray ionization(ESI)
A typical LC-MS with ESI interface is displayed in Figure
47.10. In ESI the ionization occurs in the liquid phase (in
the spray) where ions might already be present or are cre-
ated by application of a high electrical potential (3–5kV)
to the sprayer tip. Evaporation of the liquid is assisted by
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pneumatic pressure and by heat. Orthogonal spray orien-
tation keeps the capillary and ion optics cleaner. The stan-
dard ESI sources cover the range from 0.1 to 2 mLmin�1

and are therefore compatible with the average flow rate 
(1 mL/min) from 4.6 mm i.d. columns. ESI is a soft tech-
nique well suited to thermally labile molecules. The draw-
back is the occurrence of matrix effects. ESI is
concentration dependent. A great deal of effort is focused
on miniaturization of the system. 

Two mechanisms have been proposed for the forma-
tion of ions by electrosray. The first is ion evaporation,
which results in analyte ion desorption from a droplet due
to high-field strength generated by charged droplets
(20,21) The other relies on Rayleigh fissions to form very
small charged droplets followed by solvent evaporation to
result in a gas phase analyte ion (22). One characteristic
of ESI instrumentation is the large pressure differential
which is necessary for the combination of ionization at
atmospheric pressure with the low pressures required for
mass analysis and ion detection. The pressure differential
is usually achieved either with a sampling cone/skimmer
or capillary/skimmer arrangements. As the gas expands
through the sampling cone into the lower pressure region,
it forms a supersonic jet. The position of the skimmer in
the source relative to the cone or capillary is extremely

important for ensuring minimal ion losses in this region.
Potentials applied between the skimmer and the cone/cap-
illary serve both to focus the ion beam through the 
skimmer orifice and to accelerate ions through the inter-
mediate pressure region.

Most manufactured electrospray interfaces attempt to
negate the effects of the charged residues by using off-axis
nebulizers, have an arrangement of off-axis skimmers or
skimmer capillary sampling orifices, or use a shield in
front of the sampling orifice. The disadvantage of ESI is its
low tolerance to buffer salts. Nano ESI is more and more
in use in protein analysis.

b. Sonic spray ionization (SSI)
In this technique (Figure 47.11), a sample solution is
sprayed from a sample introduction capillary by a high
speed nitrogen gas flow that is coaxial to the capillary, and
ions of the chemical in the solution as well as charged
droplets are produced at room temperature and atmos-
pheric pressure. An electric field is applied to the solution
in the capillary to increase the charge density of produced
droplets, so that multiply charged ions are produced. The
most important feature of SSI is that it does not require a
heated nebulizer or the application of a high voltage to the
sprayer. The range of solution flow rates in SSI is under
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0.2 mL/min; SSI is useful for semi-micro LC-MS but not
well suited for conventional flow rates of 1mL/min.

c. Atmospheric pressure chemical ionization
(APCI)

Atmospheric pressure chemical ionization (APCI) is a
three-step process: the liquid flow from the LC is sprayed
and rapidly evaporated by a coaxial nitrogen stream and
heating the nebulizer to high temperature (350°–500°).

Additional ionization is achieved by means of a corona
discharge (3–6 keV) producing primary ions (N2

� and O2
�

in positive mode). Interface consists of a concentric 
pneumatic nebulizer and a heated large-diameter, quartz
tube. The primary ions react immediately with the solvent
molecules of the mobile phase with the formation of
reagent ions (e.g., H3O

�, CH3OH2
� in positive mode).

The reagent ions react (e.g., proton transfer) with solute
molecules yielding [M�H]� in positive ion mode or
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[M�H]� in negative ion mode. Processes are separated in
APCI which allows the use of some unfavorable solvents.
Ionization occurs in the gas phase whereas it occurs in the
liquid phase in ESI. APCI is mass dependent and less
prone to matrix effects. APCI can withstand high flow
rates but miniaturization is more difficult than with ESI.

d. Atmospheric-pressure photoionization (APPI)
Photoionization is induced by means of a xenon lamp 
(10 eV). A dopant species, with the ionization potential of
<10 eV, such as toluene, is utilized. Covaporized dopant
molecules are ionized by UV radiation. Photoions thus pro-
duced initiate ion molecule reactions with the solute mole-
cules, yielding [M�H]� and M� by proton transfer or
charge transfer. The solvents in the mobile phase must have
a ionization potential >10 eV to prevent ionization from the
xenon lamp with a resulting increase in background signal.

e. Maldi
Matrix-assisted laser desorption ionization (MALDI) 
is well suited for macromolecules such as peptides, proteins,
oligosaccharides, and oligonucleotides. In a Maldi experi-
ment a proper organic matrix (e.g., glycerol) is required for
mixing with the analyte in a ratio typically 500/1. The mix-
ture is dried and inserted in a MS. A laser beam will desorb
and ionize the matrix species, thus ionizing the analyte.
Most Maldi-MS systems are based on time of flight (TOF)
mass analyzers. Ions produced by the laser beam are
extracted from the source and expelled to the flight tube.

B. MASS ANALYZERS

The resolving power of a mass spectrometer is a measure
of its ability to distinguish between two neighboring
masses. Resolution is ∆amu/amu (atomic mass unit).
Spectrometers easily perform resolutions of 50,000 (i.e.,
distinguish ∆amu � 0.01 when M � 500). Resolution is
often written in ppm, ∆amu *106 /M.

The quadrupole mass filter consists of four parallel
hyperbolic rods in a square array (Figure 47.12). The
inside radius (field radius) is equal to the smallest radius
curvature of the hyperbola. Diagonally opposite rods are
electrically connected to radio frequency/direct current
voltages. For a given radio frequency/current voltage
ratio, only ions of a dedicated m/z value are transmitted
to the filter and reach the detector. Ions with a different
m/z ratio are deflected away from the principal axis and
strike the rods. To scan the mass spectrum, the frequency
of the radio frequency voltage and the ratio of the ac/dc
voltages are held constant while the magnitudes of ac and
dc voltages are varied. The transmitted ions of m/z are
then linearly dependent on the voltage applied to the
quadrupole producing m/z scale which is linear with
time. A triple quadrupole instrument uses two quadrupole
MS analyzers for the actual MS experiments and a third

quadrupole in RF mode which transmits all incoming
ions from MS1 to MS2. 

For quadrupole mass spectrometers, selected ion
monitoring (SIM) yields significantly enhanced detection
limits compared with scanning MS operation because of
the greater dwell time for signal acquisition at each
selected m/z values.

Ionization steps and ion separation are space separated
in a quadrupole system whereas they are time spaced in ion
traps. An ion trap (Figure 47.13) is a linear quadrupole
bent to a close loop. Typically, three electrodes are a com-
mon design of an ion trap: a ring electrode and two end cap
electrodes. The outer rods form a ring and the inner rod is
reduced to a mathematical point in the center of the trap.
End electrodes exhibit a hole in their center to allow for
introduction of ions and ejection of these ions towards the
detecting device. A radio frequency is applied to the ring
electrode and consequently, a quadrupole field is produced
which traps ions. Each ion is submitted to an oscillating
motion, the amplitude of which depends on the RF and the
m/z ratio. Ions of different masses are stored together in
the trap and released one at a time by scanning the applied
voltages. They can be ejected through the end caps and
detected by applying a RF voltage with a frequency corre-
sponding to the characteristic frequency of the ion moving
through the ion trap or by scanning the amplitude of the
applied RF voltage. With a reduced pressure of gas
(He)(10�3 torr) the motion of ions in the trap is dampened
and the ions move closely around the center of the trap. Ion
traps are a powerful tool in elucidating fragmentation
mechanisms since it allows stepwise and controlled frag-
mentation in multistage MS. Ion traps are small benchtop
instruments.

Linear two-dimensional ion traps are now commer-
cially available (23). 

1. Time of Flight

A scheme is displayed below:

A small number of ions is extracted from the source in
a few µseconds, accelerated with few kV, and directed to a
tube. The process can be repeated 100,000 times per second.
Kinetic energy is similar for every ion and ions with higher
velocities (light ions) will reach the end of the tube before
heavy ions. Instruments have two tubes with a mirror in the
middle and resolution may reach 5000. A schematic dia-
gram of an instrument is displayed in Figure 47.14.
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In a tube L the time of flight t is connected to the
velocity v 

t � L/v

Ions get a kinetic energy Ek � 1/2 mv2 �2V where
V is the voltage, then t � L[m/2Vz]1/2. The time of flight
is proportional to the square root of the ion mass which
allows discrimination according to the m/z ratio.

As an example, if 300V are used to accelerate the ions
in the flight tube, an ion with m/z � 1000 needs about 200
µs to reach the detector.

The hybrid quadrupole time of flight mass spectrometer
(Q-TOF) was introduced as a mass spectrometer capable of
tandem MS with particular emphasis on its applicability for
protein and peptide analysis. Key components of the instru-
ment are the quadrupole, hexapole collision cell, and the
reflectron-TOF analyzer. In normal mode, the quadrupole
region and hexapole collision cell, are operated in a non-
mass discriminative wide-band pass mode allowing all ions

to pass unperturbated in the pusher of the TOF analyzer.
Like all TOF analyzers, the m/z measurement is based on
the amount of time required for an ion to travel the distance
from the source of entry (pusher on a Q-TOF) to the multi-
channel plate (MCP) detector. The signal detected by the
MCP is integrated over an unspecified period of time and
each integrated spectrum is written to disk.

The electronics of the detector must record the complete
mass spectrum within the flight time of the ions 
(1–100 µs range) with peak widths in the ns range. This is
possible since high scan rate (up to 20,000 scans/s) allows
for the detection of narrow chromatographic peaks. There is
virtually no limit on mass range and no ion loss. The use of
time-dependent accelerating fields can improve the resolu-
tion of TOF instruments. The technique involves the intro-
duction of an appropriate time-delay between the ion
formation and ion acceleration. During this time, ions dis-
perse with their individual kinetic energies. Since the accel-
erating potential varies linearly with the position of the ions
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in the source region, ions with the same m/z ratio but differ-
ent positions are accelerated through different acceleration
voltages. In this way, correction for the initial ion velocity
distribution is achieved.

TOF-MS has to a large extent replaced high resolution
double-focusing magnetic sector instruments for LC-MS
applications. With the fast acquisition capacity of the TOF
instrument (�10 spectra/sec), the effluents from four
HPLC columns are continuously electrosprayed. 

C. ICP-MS

Inductively coupled plasma mass spectrometry is highly
selective in ultra-trace-level metal detection technique.
Interfacing HPLC to ICP-MS can be achieved with rela-
tive ease by means of a length of PEEK tubing connecting
the HPLC column to the nebulizer of the ICP-MS. Perfor-
mances are strongly dependent on the type of nebulizer
utilized as the sample introduction device. HPLC-isotope
dilution-ICPMS offers considerable potential for specia-
tion studies.

D. NMR

On-line coupling of HPLC with nuclear magnetic resonance
spectroscopy (NMR) has proved useful for a wide range of
applications. The shortcoming of suppression of eluent 

signals can be circumvented by use of a capillary separation
technique. Capillary concentration techniques are important
to take advantage of the miniaturized rf coils. In this mode
detection cells with internal volumes in the nanoliter scale
and miniaturized probe heads have been developed by Albert
and colleagues in Tübingen (24). The system can be used in
either HPLC, CE, or CEC and consists of a capillary inserted
into a 2.5 or 2.0 mm NMR microprobe equipped with a
Helmholtz coil. In experiments a capillary tube of 315 µm
can create a detection volume of 900 nL. The flow rate of the
capillary HPLC-NMR can be adjusted to 3 µL/min with the
help of a T piece inserted between the HPLC pump and the
capillary device. The polyimide coating was removed over
the length of the NMR coil directly after the outlet frit of the
capillary packing. In another design the packed capillary LC
column is placed directly below the cryomagnet. With the
help of a transfer capillary (400*50 µm) the eluate is trans-
ferred to the detection capillary with an internal diameter of
180 µm. The NMR detection volume is thus 200 nL. For
example, assignment of vitamin E structures is possible.

VI. PERFORMANCES

The HETP equation with packed columns has been
devised by Knox (6) and is written in reduced variables:

h � A ν1/3 � B/ν� Cν
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where A stands for the anisotropy of flow rate, B is the
molecular diffusion, and C is the mass transfer term. With
good columns A � 1, B � 2, and C is around 0.01. h is the
reduced plate height (h/dp with packed columns, h/dc in
open tubular columns), and ν is the reduced velocity
ν�udp/Dm. Small particles yield HETP curves with negli-
gible C term. In this mode, HETP does not vary too much
when flow rates are increasing beyond the minimum but
back pressures dramatically increase. It must be pointed
out that the Van Deemter equation H � A � B/u � Cu
applies with monolithic columns.

The pressure used to pack a column can have a dramatic
effect on the performance characteristics of the column.

Recorded peak width is the sum of column and extra-
column contributions to band spreading. The instrument
contribution comes from the injector, connecting tubings,
column frits, detector, and data-handling. Since residence
times of the solute in all these parts are independent, vari-
ances are additive and thus:

σ2 � σ2
injector � σ2

column � σ2
detector � σ2

connecting tubes

� σ2
column � σ2

extra column

There are two methods to obtain the extra column band
broadening of the chromatographic system: a linear
extrapolation method using σ2

peak as a function of reten-
tion time; and a zero length column method where the col-
umn is removed from the system and replaced by a
capillary. 

In the linear extrapolation Nth � (tr/σcolumn)
2; hence

σ2
column � tr

2/Nth.
A plot of σ2

peak versus tr
2 will be linear with a slope

determined by Nth and an intercept value on the vertical 
σ2

peak axis representing σ2
extra column.

Column performance is expressed as the number of
theoretical plates per unit of time, N/t or per meter N/m or
by separation impedance, E � ∆Pto/N

2η where ∆P is the
pressure drop, to the retention time of the inert solute, N
the plate count, and η the mobile phase velocity. N is
around 100,000 plates/m. A new monolith column can
produce 38,000 plates/25 cm.

Recently, temperature has attracted attention from
LC chromatographers since the eluent viscosity is
reduced. The contribution of temperature to the retention
is mainly given by the enthalpy term of the Van’t Hoff
equation

Lnk ��∆H/RT � ∆S/R � logβ

where ∆H is the enthalpy change associated with the
transfer of the solutes between phases, ∆S is the corre-
sponding entropy change, R is the molar gas constant, T
is the absolute temperature, and β is the phase ratio of the
column. Plots of Lnk versus 1/T are usually called Van’t

Hoff plots and the slope of the curve yields ∆H. Most
studies are related to reverse phase systems. When dealing
with small solutes that experience hydrophobic interac-
tions, lower selectivity is observed with elevated temper-
atures. Solutes with basic groups or ionizable compounds
experience increased selectivity at high mobile phase pHs.
In the Knox equation the A term is not affected by tem-
perature, the C term is reduced, but the B term increases.
The stability of silica-based C18 stationary phases is
questionable over 80°C but PS-DVB are resistant up to
220°C. It must be pointed out that the dielectric constant
of water is reduced at elevated temperatures giving it
some characteristics of an organic solvent. A discussion
on temperature effects can be found in (25).

Zhu et al. (26, 27) studied the combined effects of sol-
vent gradients and temperature.

VII. OPTIMIZATION

When dealing with complex samples column switching is
the method of choice to focus on solutes of interest. The
method is rather simple; it uses two columns packed with
different supports but the compatibility of eluent with the
two phases is not straightforward.

The best chromatogram is the one which provides the
complete resolution (Rs � 1.25) of all solutes in a mini-
mum time. The large number of chromatographic param-
eters and the relationships between them rules out the
possibility of empirical optimization by trial and error.
Many methods have been developed to optimize parame-
ters of interest. These methods were reviewed by Siouffi
(28). The analyst either selects a response function (most
often the resolution Rs) or tries to predict retention. There
are roughly two types of approaches: the chemometrics
approach and methods based on models. Because most
useful variables in RPLC reside in the mobile phase, they
are generally referred to as mobile phase optimization.

Full or fractional factorial designs are useful for
screening the effects of a large number of parameters. One
does not need to know the retention mechanism. Data
from a Central Composite Design can be evaluated and
plotted as a response surface which provides a graphical
representation of the data over the range of the key param-
eters to study. It allows us to check the influence of a
parameter but it is not predictive. Experimental retention
data can be used to train an artificial neural network to
enable it to predict the effects of changes in experimental
variables. 

Softwares and method development in LC separations
are readily and widely available. Such products rely on
the input of two or more pilot runs to calibrate a retention
model. The Drylab computer simulation approach is
widespread (29–31). The retention data of two initial gra-
dient runs are used to adjust the steepness and the range
of the gradient. In Chromsword from Galushko (32), a
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molecule must be translated into volume fragments and
bond dipoles

Lnk � a(ΣVi)2/3 � b(ΣGe . sjH2O)

where Vi are the increments of the partial molar volumes
of fragments in water, Ge . sjH2O are the increments of
energy of interaction of bond dipoles with water, and a, b,
and c are the parameters of the RP system and the column
(polarity, column ratio, etc.).

Baczek et al. (33) performed a comparison of the two
softwares. The Prisma optimization model was developed
by Nyiredy (34) for the purpose of TLC optimization and
was extended to HPLC. It is a three-dimensional geomet-
rical design which correlates the solvent strength with the
selectivity of the mobile phase. A software package called
Virtual Column enables simulation and optimization of
ion chromatography separations (35).

The linear Solvation Energy Relationship advocated
by Abraham (36) and extensively studied by Carr and
Poole (37,38) relies on the following equation

Lnk � LnK0 � rR2 � vVx � sπ2
H � aΣα2

H � bΣβ2
H

where R2 is an excess molar refraction of the analyte, Vx

is its molar volume (in cm3 . mol�1/100) according to the
MacGowan algorithm, π2

H is the solute dipolarity/polariz-
ability descriptor, Σα2

H is the analytes ability to donate
hydrogen bonds, Σβ2

H is the measure of hydrogen bond
accepting capability. Lnk0, r, s, a, and b are fitting coeffi-
cients which reflect the difference in specific bulk prop-
erty between the mobile and stationary phases. The
solvation parameter model is a useful tool for evidencing
the contribution of defined intermolecular interactions to
retention of neutral molecules (or polar but not ionized
molecules) in chromatographic systems. The retention
process is the sum of the differential interactions of a
solute with the mobile phase and the stationary phase.

In general, the solute size and the basicity are the most
important solute descriptors governing retention.

VIII. DIFFERENT MODES OF LC

A. ADSORPTION OR NPLC (NORMAL PHASE

LIQUID CHROMATOGRAPHY)

In this mode the stationary phase is polar. Since only sil-
icagel and alumina were utilized at the beginning of liq-
uid chromatography and hydrophobic alkyl bonded
phases were developed later, this mode is called normal
phase.

Stationary phases: Bare silicagel and alumina are
declining but bare silica is still widely used in thin layer
chromatography. Polar bonded phases are now widely used.

Synthesis of bonded silica is performed either by sur-
face modification or bulk modification.

Diol phase Si�O�Si�(CH2)3�O�CH2�CH
(OH)� CH2OH

is very similar to bare silica but less retentive.

Si�O�Si�(CH2)3NH2

– Amino phase
acts by the lone pair of electrons on the nitrogen atom.

– Cyano phase Si�O�Si�(CH2)3CN
is less polar and has been advocated in some optimization
procedures as the unique phase since it may be used with
any solvent.

Other polar phases are available but less often advo-
cated.

Mobile phases: Theoretically any solvent is convenient.
Extensive work has been carried out on adsorption the-

ory and retention mechanism since the pioneering work of
Snyder (39). In this chromatographic mode physical
adsorption of solute occurs. That means weak interactions
with the stationary phase. Adsorption of the solutes occurs
via donor acceptor mechanism (hydrogen bonding, charge
transfer, etc.). According to Snyder’s displacement model
a solute S takes place of n molecules of previously
adsorbed mobile phase solvent molecules M.

nMS � Sm⇔K
Ss � nMm

The subscripts s and m refer to stationary phase and
mobile phase, respectively.

K �

From this starting equilibrium the Snyder-Soczewinski
equation (40) yields the retention equation

Ln k �Ln � α (ε0 � S0 As) � Σ secondary effects

VaW is the volume of solvent forming a monolayer cov-
erage on the absorbent surface.

VaW
�
Vm

(Mm)n

�
(Ms)

n

(S)s
�
(S)m
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When a solute is strongly adsorbed, eluent must
exhibit a strong affinity towards the stationary phase to dis-
place the solute. ε0 represents the dimensionless energy of
solvent adsorption. Ranking ε0 gives a scale of adsorption
strength. It is obvious that n alkanes exhibit weak affinity
towards polar stationary phases. Conversely, silicagel and
alumina are hygroscopic and exhibit strong affinity
towards water. Ranking ε0 constitutes the eluotropic
strength scale (Table 47.2).

Fine retention tuning is somewhat difficult with a single
solvent. Mixtures of solvents most often constitute the elu-
ent. Binary mixtures are a blend of apolar diluent (A) and
polar modifier (B). Direct calculation of the eluting strength
is possible through a formula derived by Snyder (39). The
plot of ε0 versus % of B is displayed in Figure 47.15. These
plots are readily available in most manufacturers’ softwares.
Three (or more) solvent mixtures as eluent are difficult to
handle and reproduce. With a binary mixture retention is
given by

Ln k � Ct � n Ln (XB)

where XB is the molar fraction of modifier B and Ct is a
constant.

Continuous increase of XB is gradient elution (see 
below).

Normal phase chromatography is well adapted to sep-
aration of polar or moderately polar compounds. NPLC is
well suited for the separation of structural isomers. 

B. REVERSED PHASE LC (RPLC)

In this mode the stationary phase is hydrophobic (apolar)
and to maximize the difference between the nature of both
stationary and mobile phases, the former is hydrophobic,
the latter is highly polar. Retention in RPLC is described
in terms of free energy change

∆G° �RT Log K � Log ϕ

Log K ��∆H°/RT � ∆S°/R � log ϕ

where T is the absolute temperature, R is the gas constant,
ϕ is the phase ratio, and ∆H° and ∆S°are enthalpy and
entropy, respectively, associated with the transfer of a
solute from an aqueous mobile phase to a non-polar sta-
tionary phase.
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TABLE 47.2
Eluotropic Series for Different Adsorbents

Solvent Strength Parameter

Solvent Alumina Silica Carbon Aminopropyl Cyanopropyl Diol

Pentane 0.00 0.00
Hexane 0.01 0.01 0.13–0.17
Carbon tetrachloride 0.17 0.11 0.069
1-Chlorobutane 0.26 0.20 0.09–0.14
Benzene 0.32 0.25 0.20–0.22
Methyl-tert. butyl ether 0.48 0.11–0.124 0.049–0.085 0.071
Chloroform 0.36 0.26 0.12–0.20 0.13–0.14 0.106 0.097
Dichloromethane 0.40 0.30 0.14–0.17 0.13 0.120 0.096
Acetone 0.58 0.53 0.14
Tetrahydrofurane 0.51 0.53 0.09–0.14 0.11
Dioxane 0.61 0.51 0.14–0.17
Ethyl acetate 0.60 0.48 0.04–0.09 0.113
Acetonitrile 0.55 0.52 0.01–0.04
Pyridine 0.70
Methanol 0.95 0.70 0.00 0.24

Buffering Ranges

Buffer pKa Range

Phosphate 201 1.1–3.1
7.2 6.2–8.2

Acetate 4.8 3.8–5.8
Citrate 3.1 2.1–4.1

4.7 3.7–5.7
5.4 4.4–6.4



Stationary phases: More than 600 reversed phase columns
are commercially available and every year new phases are
released (see the annual review in LC-GC magazine). Most
are silica bonded of the C8 or C18 type. 

In spite of many shortcomings silica backbone is still the
material of choice and is considered as unsurpassed by
other inorganic oxides such as zirconia or polymers, e.g.,
polystyrene/divinyl benzene. Hydrophilic solutes are more
retained on porous graphite packings than on C18 bonded
silica. Small, monodisperse, spherical particles are
available in a variety of particle diameters (1.5–10.0 µm)
and pore sizes (60–4000 Å). Differences exist between type
of silica, type of ligand, end capping, bonding density,
residual silanols, etc. Selection of the proper packing
among the available types from manufacturers is not
simple. The overall retention behavior of packed columns
depends on the physico-chemical properties of the silica
(specific surface area, packing density), the chemical
surface properties (type and concentration of surface
silanols, surface concentration of metal oxides), the
bonding procedure (whether mono, di, or tri alkoxy or

chlorosilanes have been used), the surface concentration of
bonded groups achieved, and end capping or not. In many
cases the manu-facturer’s description is insufficient to
characterize the stationary phases. 29Si and 13C NMR
provide information on ligand attachment to substrate
surface.

From the carbon content, %C and the specific surface
area Sp the surface concentration (Sco) of the bonded
phase is 

Sco � %C/(100nC*12Sp)(1�%C/100*Ml-1/nC*12)

Where nC is the number of carbon atoms (typically 8 or
18), Ml is the molecular mass of the ligand. Bonding den-
sity is expressed as µmoles/m2. Silicagel has a maximum
silanol density of 8.0 µmoles/m2 but only part of them can
react. With stationary phases with alkyl group surface con-
centrations below 3.8 µmoles/m2, silanophilic interactions
contribute to retention producing asymmetric peak shapes
of basic solutes. At surface coverages of 4.24 µmoles/m2, ca
85% of the silanol groups are blocked. To ensure that the
minimum silanols are remaining manufacturers perform a
further reaction with a small size silane (e.g., Trimethyl
chloro silane). This is called end capping. Another proce-
dure is to shield silanols with t-butyl groups, for example.

RP phases should be tested for

Efficiency expressed by N/m (plates per meter)
Hydrophobic properties
Steric selectivity
Silanophilic properties
Metal content

The majority of column characterization procedures
can be divided into empirical methods, thermodynamically
based methods, and model-based methods. A good chro-
matographic method for the characterization of a RP pack-
ing should attempt to measure several parameters. Many
tests have been descibed in the literature. In Engelhardt’s
test (41), toluene, ethylbenzene, phenol, benzoic acid, ani-
line, NN-dimethylaniline, and p-ethylaniline are injected in
methanol/water (49/51) eluent; the retention of toluene and
ethylbenzene are measures of the hydrophobicity of a pack-
ing while the retention and the tailing factor of the bases are
measures of the silanophilic interaction. Hydrophobic pro-
perties depend on the level of the surface coverage.

Hydrophobicity, which is usually considered as the
ratio of the retention factors of successive homologues
(e.g., pentylbenzene/butylbenzene), is a good guide to the
carbon content of the column. The measured hydropho-
bicity is dependent on the mobile phase composition and
temperature of the column (42).

All tests give good agreement on the hydrophobic
retention, which is proportional to the carbon content per
unit column volume, whereas hydrophobic selectivity, i.e.,
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separation potential of two analytes differing for one
methylene group, hardly shows differences between the
various column types. Manufacturers who provide carbon
content should also provide the specific surface area. In
Tanaka’s test (43) the analyst is able to measure the
hydrophobic retentivity of the packing, the steric selectiv-
ity, the hydrogen bonding, and the ion exchange properties
of the packing. Shape selectivity of RPLC phases refers to
the ability of a packing to discriminate between conforma-
tional differences between molecules; however, it must be
kept in mind that the majority of the evaluation methods
for HPLC columns have been developed specifically for
narrow pore phases using small molecular probes. Silanol
activity is checked from the peak shape of benzylamine
and phenol. Kele and Guiochon (44) extensively published
on the reproducibility and performances of RP phases.
Claessens (45) published a review of RP phases’ charac-
terization. McCalley (46) evaluated the performance of RP
columns for the analysis of basic compounds.

Stationary phases especially developed for the analysis
of basic compounds are phases in which the ionic interac-
tion between basic analytes and silanols are minimized. In
this mode various approaches of stationary phase manufac-
turing have been described: high purity silica, end capping
procedures, polymer encapsulation, shielding of silanols,
bidentate, or surface-modified silica. Polar-embedded
phases provide good peak shapes of basic analytes and good
compatibility towards highly aqueous mobile phases. To
overcome the contamination by metal traces, silica is pre-
pared by a sol-gel method which does not guarantee metal-
free silica. It has been observed that basic analytes exhibit
variable retention on RP packings; there may be partial or
total exclusion effects giving rise to detrimental loss of res-
olution. At pH 7, which is often used to increase the reten-
tion of hydrophilic bases, poor peak shapes are obtained on
many phases. The properties of RP columns also substan-
tially depend on the actual eluent pH; addition of organic
modifier to an aqueous buffer causes a shift which can be as
high as one pH unit in the actual pH of the eluent. According
to Neue (47), the pH needs to be controlled to better than
0.01 units, the mobile phase composition to better than 0.1%
and the temperature to better than 0.1% if one wants to get
reliable data on the batch to batch reproducibility of a pack-
ing. Classification and ranking of RP phases can be per-
formed through principal component analysis (48). 

Silica bonded phases are not stable over the whole pH
range; low pH (�2) or high pH (�9) may damage the
siloxane bond, and phosphate buffers lead to fast degrada-
tion. To overcome this drawback polymeric phases of the
polystyrene divinylbenzene (PS-DVB) type have been
developed. With a high degree of cross linking they are
mechanically stable and can withstand high pressures.
Porous glassy carbons (PGC) are pH stable as well but the
number of published separations with this support is small
compared to silica bonded supports.

On these hydrophobic supports, hydrophilic solutes
are not retained and by consequence water is the weakest
eluent. The eluotropic strength is thus exactly the reverse
of the one observed in NPLC.

Mobile phases are typically water � organic modifier
mixtures. Methanol, acetonitrile, and tetrahydrofuran
(THF) are the usual organic modifiers.

The mechanism of retention has been a matter of dis-
pute. The volume of “definitive” papers on the topic is
impressive. Partition mechanism is generally accepted but
some deviations from this mechanism may be observed. A
low organic modifier content causes the collapse of the
bonded chains that are brought together by the intermole-
cular C18 dispersive interactions while they tend to
exclude water. A high organic modifier content induces
the rupture of the C18 intermolecular interactions via chain
solvation by the modifier and the formation of a brush-
like structure.

Two features are important in RPLC. In an homolo-
gous series (n-alkanols, saturated fatty acids, etc.) linear
plots of Ln k versus carbon number of the solutes are
observed. Increasing the volume percentage of organic
modifier in the mobile phases decreases retention accord-
ing to

Ln k � a � bφ � cφ2

where φ is the volume percentage of the modifier in a
binary mixture water-organic modifier.

Curvature of the quadratic plot of Ln k versus φ is
highly dependent on the nature of the solute (Figure
47.16). In a more or less limited range of the volume %,
the above equation can be written as

Ln k � Ln kw � Sφ

where Ln kw is the retention with pure water as mobile
phase. Values of kw are obtained by extrapolation to φ � 0.

S is the slope of the regression and is characteristic of
the solute.

Discrepancy can occur when methanol, acetonitrile,
or tetrahydrofurane (THF) is used as a modifier. kw has
often been considered the hydrophobicity of the solute. It
comes from the correlation plot of Ln kw versus Log P
octanol-water. Like correlation plots, some discrepancies
can occur, depending on the number of solutes in the plot
and correlation coefficient values.

Slope (S) of the Ln kw versus φ plot is typical of the
solute considered. When considering, for example, two
solutes, two situations can occur: either the two solutes
have the same S, and in this case, selectivity remains con-
stant whatever the φ value, or the two solutes exhibit S1 and
S2 values which means that slope are different and conse-
quently there exists a φ value where no separation occurs.
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Beyond this value the order of retention is reversed. Peak
crossover occurs when scanning the φ values range.

Selection of organic modifier is often achieved
through trial and error. Experienced chromatographers are
well aware of solute-solvent interactions. Snyder (49) has
provided a useful selectivity triangle of solvent where
dipole-dipole, proton donor, and proton acceptor interac-
tions are the three apices (Figure 47.17). Solvents are
gathered in eight groups. Solvents in a single group
exhibit similar interactions. When considering the trian-
gle, it is obvious that acetonitrile and methanol, for exam-
ple, will interact differently. When solutes are eluted
according to the sole hydrophobicity (for example, an
homologous n alkanol series) use of either methanol or
acetonitrile does not change the order of retention.
Conversely, when very different chemical species are sep-
arated use of methanol or acetonitrile will yield different
retention and selectivities and reversal of retention order
is possible. In the same way chloroform and
dichloromethane (two modifiers very often advocated in
NPLC) may yield different retentions. A discussion on
solvent classification has been published by Siouffi (50).

Gradient elution is performed when solutes are
strongly retained. To decrease the tr of these late eluting
peaks modifier (stronger eluent) is incrased. From the
above linear equation a linear increase in φ will result in a
linear decrease in Ln k. This is called LSS (linear solvent
strength).

The general approach is based on the solution of the
basic differential equation dV�k . dVo where dV is the
differential increase in the volume of mobile phase that
has passed through the column, dVo is a differential
fraction of the column hold up Vo, and k is the retention
factor that is assumed constant during the migration of the
solute band by an infinitely small distance corresponding
to dVo. In binary gradients a “weaker” eluent (or diluent)
A is associated with a “strong” eluent B. In linear
gradient ϕ� a � bt where a is the initial concentration ϕ
of the solvent B in the mobile phase at the start of the gra-
dient, and b is the steepness (slope) of the gradient per
time or per volume unit of the eluate. Snyder (51) and
Jandera (52) extensively published on gradient and
derived equations which can be used for optimization of
separation.
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Gradient runs can be used to predict either isocratic or
gradient separations. First, software was developed for RP
separations. The model has been extended to other types.
The selection of initial instrument parameters and separation
mode are left to the user. Binary systems were first pro-
posed. Extension to ternary mobile phase in RPLC permits
a fine selectivity tuning.

RP phases allow a wide range of separation. They are
well suited for polar organic solutes soluble in water. A

rule of thumb is that retention order is similar to solubil-
ity in water or water modifier mixture. Apolar solutes
such as polycyclic aromatic hydrocarbons are well sepa-
rated on C18 phases according to their hydrophobicity. 

In micellar liquid chromatography the mobile phase
consists of surfactants at concentrations above their critical
micelle concentration (CMC) in an aqueous solvent with an
alkyl bonded phase. Micelles act as a mobile phase modi-
fier. Retention behavior is controlled by solute partitioning
from the bulk solvent into micelles and into the stationary
phase as well as on direct transfer from the micelles in the
mobile phase into the stationary phase. Reference (53)
gives a broad overview of the method.

C. IONIZABLE SOLUTES

Separation of ionic or ionogenic solutes can be performed
with three fundamental methods: ion pair formation, ion
exchange, and ion exclusion.

a). Assume a weak acid AH. The dissociation equilibrium is

AH ⇔ A� � H� with the dissociation constant kA

At low pH in a buffered solution only AH exists. Separation
with a RP system is thus possible provided that the acid is
not too strong. Alkyl sulfonic acids, for example, may
exhibit very low pKA. Separation of acids in RP occurs
according to the degree of hydrophobicity. Knowledge of
the analyte pKa can greatly assist in achieving a desired
mobile phase pH. A requirement is that the buffer should be
soluble in the amount of the organic modifier. This is par-
ticularly relevant in the case of gradient methods especially
with methanol and phosphate buffer. For UV detection, the
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Classificaiton of solvent selectivity according to 
snyder
Group Designation Solvents

I Aliphatic ethers, mehtyl t-butyl ether,
tetramethylguanidine,
hexamethyl phosphoric acid amide 
(trialkylamines)

II Aliphatic alcohols, methanol
III Pyridine derivatives, tetrahydrofuran,

amides (except formamide),
glycol ethers, sulfoxides 

IV Glycols, benzyl alcohol, acetic acid,
formamide

V Ethylene chloride
VI a) Tricresyl phosphate, aliphatic ketones 

and esters, dioxane, polyesters
b) Sulfones, nitriles, acetonitrile,

propylene carbonate 
VII Aromatic hydrocarbons, toluene,

halosubstituted aromatic hydrocarbons,
nitro compounds, methylene chloride,
aromatic ethers

VIII Fluoroalcohols, m-cresol, water,
(chloroform)



buffer must be sufficiently transparent at the wavelength
selected. LC-MS confers its own set of considerations
regarding buffer concentration, buffer volatility, and ioniza-
tion suppression. Ammonium acetate is better suited for
LC-MS. Table 47.3 displays some characteristics of com-
mon buffers. Conversely, if pH solution is raised, A� and
H� are the only existing species. A� can be chro-
matographed on an anion exchanger. Another method is ion
pairing or ion interaction.

b). Ion pairing
In this technique a reversed phase column (most often
RP8) is utilized with a mobile phase consisting of an aque-
ous organic mixture to which an ion pairing agent is added.

An ion pairing agent may form with analyte an ion pair
with increased lipophilicity and consequently is retained on
the RP stationary phase. Since the ion pairing agent is con-
tinuously fed onto the column it is most often advocated
that the ion pairing agent induces a dynamic modification
of the surface of the RP stationary phase. The lipophilic
part of the ion pairing agent coats the surface, leaving the
ionic part to interact with counter ions.

Retention can occur via

i. Retention of the ion pair formed between the
cations (or the anions) of the analyte and
the anion (or the cation) of the ion pairing
agent. The ion pair itself is adsorbed onto the
stationary phase.

ii. The analyte is retained through an ion pair
complex formed with an amphiphilic ion previ-
ously absorbed onto the surface of the
hydrophobic material.

iii. The analyte is retained through ion exchange
reactions with the adsorbed pair reagent.

Retention increases as concentration of the ion pairing
agent increases but decreases beyond a certain concentra-
tion; pH is a key parameter.

Ion pair reagents are most often either nitrogen (�) or
sulfonate (�) species, e.g., cetyl trimethyl ammonium bro-
mide, diamino dodecane, tributyl ammonium chloride,
cetyl pyridinium chloride; sodium dodecyl sulfate, Chap:3-
[(3 cholamidoproyl) dimethyl ammonio]-1propane sul-
fonate, Tris: tris-(hydroxymethyl) aminomethane.

c). Ion chromatography (IC)
IC is the modern version of the well-known ion exchange
chromatography. IC is able to separate any ion when the
appropriate column is utilized: bromide, chloride, fluoride,
nitrite, phosphate, sulphate, etc. It is able to speciate oxida-
tion states of several metals such as Fe(II) and Fe(III). The
challenge to IC comes from capillary electrophoresis.

Instrumentation required for IC simply comprises a
metal-free HPLC system and conductivity detection. Since
conductivity is a common property of ions this method is
universal and quite sensitive.

In IC both mobile and stationary phases are ionic.

a. Ion exchange
Principle of operation: ion exchangers are insoluble solid
materials which contain exchangeable cations or anions.
These ions can be exchanged for a stoechiometrically
equivalent amount of other ions present in an electrolyte
solution.

Exchange reactions are written as (for example, in
cation exchange)

RH� � Na� ⇔ RNa� � H�

R is the matrix of ion exchanger.
The thermodynamic equilibrium constant is

KH�
Na� �

Assume E� is a monovalent element cation, and Mn� is a
sample metal ion

R–nE�� Mn� ⇔ R–Mn�� nE�

KE/M �

At low loading of sample ions, the term (E��R) is equal
to the exchanger capacity Q.

KD �

is proportional to k, the retention factor

and

k � KE/M
.

More generally,

Ln kA � . Ln KA/E � . Ln � Ln Ln(Em
y)

Ln k � Constant� Log (Em
y)

kA is the retention factor for a solute Ax

KA/E is the ion exchange coefficient for solute A
and eluent E
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TABLE 47.3
Buffering Ranges

Buffer pKa Range

Phosphate 2.1 1.1–3.1
7.2 6.2–8.2

Acetate 4.8 3.8–5.8
Citrate 3.1 2.1–4.1

4.7 3.7–5.7
5.4 4.4–6.4



Q is the ion exchange capacity of the stationary
phase

W is the weight of the stationary phase used in
the column 

VM is the volume of mobile phase
x is the charge of the solute anion
Em

y is the concentration of the element ion in the
mobile phase.

In IC low capacity ion exchange columns are utilized.
Eluents are in the range 1–10 mmol.
Stationary Phases. In ion exchange we can distinguish

SCX: strong cation exchangers (functional group
SO3

�); in the H� form they represent “solid” acids.
WCX: weak cation exchangers (functional group
COO�)
SAX: strong anion exchangers or strong base
(functional group alkanol quaternary amine)
WAX: weak anion exchanger (functional group
amino)

Amphoteric ion exchangers contain anionic and
cationic exchange sites.

Chelating ion exchange groups are: iminodiacetate, 8-
hydroxyquinolinol, β diketone, triphenyl methane dyes,
carbamates, EDTA, PAR [(4–2 pyridyl-azo)resorcinol].
New packings are compiled in the annual review which
appears in LC/GC magazine.

Base materials

i. The majority of stationary phases are agglomer-
ated or pellicular materials consisting of a mono-
layer of charged latex particles which are
electrostatically attached to a functionalized
internal core particle. Polystyrene Divinylben-
zene (PS-DVB) with different degrees of cross
linking is the substrate. Particle diameters are
typically in the range of 5–25 µm while adsorbed
latex particles are 0.1 µm. This material exhibits
very good pH stability and excellent mass trans-
fer properties. For example, analysis of oligosac-
charides from honey is performed at pH 11–12. 

ii. Microporous methacrylate-based materials are
mainly used for anion exchange because of
their resistance to high pH eluents.

iii. Silica-based materials are produced by grafting
organic moieties according to the procedure
utilized in producing reversed phase silica:
aminopropyl bonded silica or functionalized
silicas such as sulphonate are available. An
advantage of silica-based materials is the low
probability of secondary interactions between
the solute ions and the silica substrate. Use of

Silica-based materials is rapidly declining due
to their poor hydrolytic stability.

iv. Electrostatic agglomerated films on ultra-wide-
pore substrates (1000–3000 A) have been
widely used. Wide pores accomodate a coating
of ion exchange colloid on the interior or exte-
rior surfaces. Another means of producing base
material is the polymer coating of silica mate-
rial. A layer of polybutadiene-maleic acid
(PBDMA) is deposited on silica and then cross
linked by peroxide-initiated radical chain 
reaction. 

Mobile phases
Any ion in solution can be used that can compete with

the analyte for the fixed ions on the stationary phase. In
anion analysis hydroxyde eluents have distinct advantages
over the carbonate eluents. These advantages include a
wider linear working range for analyte conductivity,
increased sensitivity, and the capacity to effectively elute
highly retained ionic analytes using gradient capabilities.
Conversely, carbonate is a divalent anion that possesses
strong pushing properties in comparison to hydroxide elu-
ents. In the EG 40TM eluent generator from Dionex, deion-
ized water is pumped through the KOH generation
chamber and a DC current is applied between the anode
and the cathode of the cartridge (Figure 47.18). Under the
applied field, the electrolysis of water occurs while hydro-
nium ions generated at the anode displace K� ions in the
electrolyte reservoir. The displaced K� ions migrate
across the ion exchange connector into the KOH genera-
tion chamber and combine with OH� ions generated at
the cathode to produce a KOH solution.

Factors influencing retention and selectivity are:
hydration enthalpy, hydration entropy, polarizability,
charge, and size and structure of both eluent and solute
ions. Concentration of eluent ion (or ionic strength) and
pH also play important roles.

A secondary equilibrium occurs according to the nature
of the sorbent matrix. Hydrophobic interaction markedly
influences retention (a typical example is the well-known
aminoacid sequence on cation exchanger which does not
follow the pKa sequence). With inorganic ions the perchlo-
rate (ClO4

�) effect is also well established. Non-ionic elu-
ent modifiers are often used to change the ion exchange
affinity of hydrophobic ions.
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Gradient elution starts with an eluent of low ionic
strength for the resolution of the most weakly retained
species. The dependence of the analyte retention on the
eluent concentration is a straight line with slope given by
the ratio of charges of analyte and eluent. Column switch-
ing permits the separation of both inorganic and organic
anions in one run. Simultaneous analysis of ions is possi-
ble; column switching is configured for anion analysis in
column A and cation analysis in column B.

Separation selectivity depends on the degree of elec-
trostatic forces. With a SCX phase the binding force
decreases with decreasing diameter.

H�	Li�	Na�	NH4�	K�	Ag�	Be2�	Mg2�

	Ca2�	Sr2�	Ba2�

With SAX material a selectivity series with respect to
binding force also exists:

F�	OH�	CH3COO�	Cl�NO2
�	CN�	NO3

�	SO4
2�

b. Ion exclusion
Ion exclusion relies upon Donnan equilibrium. The main
parameter in this mode is the electrostatic interaction of
the solute with the charged functional groups on the sur-
face of the stationary phase.

The stationary phase can be considered as a charged
membrane separating the flowing mobile phase from the
static, occluded mobile phase trapped in the pores of the
exchanger. Ionic solutes are rejected because of their inabil-
ity to penetrate inside the pores and so are eluted at the void
volume of the column. Conversely, non-ionic substances
may partition between the occluded liquid phase and the
flowing mobile phase. The degree of partition determines
the extent of the retention. Sample anions are excluded

from the resin phase by the fixed charges of the sulfonate
groups of the cation exchange resin.

Separations by ion exclusion are usually performed
on a cation exchange column with a PS-DVB resin. The
solute retention volume is

VR � Vo � KD
. Vi

where
Vo is the interstitial volume of eluent (eluent out-

side the resin beads)
Vi is the occluded volume within the resin beads
KD is the distribution constant of the solute

When a very large solute or ion cannot enter the station-
ary phase KD is 0; when the solute is free to enter KD � 1.

The range of retention volumes is rather small and
consequently, ion exclusion columns are rather long.

Acids are found to elute in decreasing order of their
acid dissociation constants; the stronger acids elute first.

D. CHIRAL STATIONARY PHASES

The food and beverage industry is becoming increasingly
concerned with the analysis of enantiomers which can
affect flavor, fragrance, age, and even the adulteration of
products. Most efforts have been directed towards resolu-
tion of amino acids either native or derivatized.

In chiral chromatography, an enantioselective molecule
(selector) is either immobilized on a surface support as a sta-
tionary phase or present as an additive to the mobile phase.

When a chiral selector is used as the stationary phase,
the primary retention mechanism is complexation with the
surface immobilized chiral selector. For 1:1 solute-selector
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complexation, the equilibrium constant (Kcomp) is related
to the retention factor k by

Kcomp � �

where [solute-selector], [solute], and [selector] represent the
equilibrium concentrations of solute selector, free solute,
free selector and respectively, and ϕ is the phase ratio.

Enantioselective ligand exchange chromatography
was suggested by Davankov et al. (54) in the late 1960s
for the resolution of racemic compounds into stereoiso-
mers of amino acids, amino alcohols, and diamines. Such
molecules exhibit a pair of heteroatoms which can form
labile chelate type coordination complexes with Cu(II),
Zn (II), or Ni(II). A chiral bidentate ligand such as
hydroxyproline was attached to a support. Copper (II) was
added to the mobile phase and coordinated with both the
chiral selector on the stationary phase and the free amino
acids in solution, to form a transient diastereomeric com-
plex. This approach is limited to specific chiral molecules
which can coordinate with the copper (II).

A discussion of the mixed-ligand ternary complexes
between the chiral selector and the enantiomers to be sep-
arated can be found in Ref. 55.

The only commercially successful chiral stationary
phase for thin layer chromatography is based on the lig-
and exchange approach (56).

The use of cyclodextrins as chiral selectors has grown
rapidly in recent years. Cyclodextrins are cyclic oligosac-
charides composed of D-glucose units connected through
the 1 and 4 positions by α linkages (Figure 47.19). Those
containing 6, 7, and 8 glucose units (i.e., α cyclodextrin, β
cyclodextrin, γ cyclodextrin) are most common and avail-
able commercially. Cyclodextrins are usually described and
depicted as toroidal molecules (conical cylindrical); they
exhibit a relatively hydrophobic cavity in the middle and a
relatively hydrophilic surface on the outside. They can form
host-guest complexes with a variety of molecules. Since the
internal cavity of the cyclodextrin tends to be more
hydrophobic than either its exterior most non-polar or
weakly polar molecules can penetrate and reside in the cav-
ity. Cyclodextrins can be used as a mobile phase additive but
the selectivity of covalently bonded cyclodextrins on a sup-
port is larger. There are many commercially available
“cyclodextrin” stationary phases. Various moieties are uti-
lized to functionalize the cyclodextrins and a huge amount
of literature is available on the topic. Commercially avail-
able cyclodextrin derivatives are: acetylated, hydroxypropy-
lether, naphtylethyl carbamate, or 3,5 diphenyl carbamate.
The various moieties used to functionalize cyclodextrins can
alter the enantioselectivity. It is possible to suppress the
inclusion complexation by using a non-hydrogen bonding,
polar organic solvent such as acetonitrile as the main com-
ponent of the mobile phase. The acetonitrile occupies the
cyclodextrin cavity and enhances hydrogen bonding

between the hydroxyl groups on the cyclodextrin and any
hydrogen bonding groups on the chiral analyte.

Macrocyclic glycopeptide antibiotics are multimodal as
they can be used in the reverse phase mode, normal phase
mode, or polar organic mode. The most successful are
avoparcin, teicoplanin, ristocetin A, or vancomycin. They
exhibit an aglycon “basket” made of fused macrocyclic
rings and pendant carbohyhydrate moieties (Figure 47.20).
Vancomycin and teicoplanin are the the most interesting.
Teicoplanin, for example, (Mw1877) exhibits 2
 stere-
ogenic centers; it has a hydrophobic acyl side chain attached
to a 2-amino-2-deoxy-β-D-glycopyranosyl moiety. Teico-
planin has been used successfully in a number of applica-
tions (57); it can be used with no buffer in the mobile phase
which greatly facilitates the LC/MS. 

Protein LC columns have the least capacity of any
chiral stationary phases. α1-acid glycoprotein, (AGP),
ovomucoid, human serum albumin (HSA), or bovine
serum albumin (BSA) are used in the reversed phase
mode with aqueous buffers or hydro-organic solvents.
HSA-based columns usually present the problem of a sig-
nificant variation of the chromatographic performances,
depending not only on the immobilization procedure but
also on the origin of the anchored protein. Recombinant
HSA can overcome the problem. AGP is one of the most
used protein phases to separate enantiomeric amines.
Reversal of elution order is not unusual in RPLC when
working with protein-based enantioselective columns.

Historically, cellulose or starch components were the
first to be used as chromatographic chiral selectors.

k
��ϕ[selector]

[solute-selector]
��[solute] [selector]
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FIGURE 47.19 Schematic of the various cyclodextrins.
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Cellulose and amylose are the most accessible naturally
occurring optically active polymers. These polysaccharides
themselves show chiral recognition, but do not afford prac-
tical chiral stationary phases. Their derivatization brings
about practically useful CSPs. Cellulose esters or phenyl-
carbamates, amylose phenylcarbamates are not covalently
attached to the support, but rather are coated on wide pore
silica that has first been silanized. Polysaccharide-derived
CSPs supported on silica are classically prepared by reac-
tion of the polysaccharide with a benzoyl chloride or a
phenyl isocyanate in homogeneous conditions; these deriv-
atives are coated from a solution onto a macroporous
γ-aminopropylsilica matrix by evaporation of the solvent.
They have good capacity in the normal phase mode. Among
the various kinds of cellulose esters, cellulose tribenzoate
and its derivatives show high chiral recognition abilities
when adsorbed onto macroporous silica. The optical resolv-
ing ability of the benzoate or carbamate derivatives are
dependent on the substituents on the phenyl group (58).

Francotte (59) has demonstrated that many polymeric
chains are involved in the chiral recognition mechanism.
The supramolecular effect depends on the dissolution sol-
vent which predetermines the geometry of chiral centers. A
compilation of enantiomer separation by such phases can be
found in Reference 60.

Pirkle and coworkers (61) first employed the concept of
reciprocity of chiral recognition in designing effective chiral
selectors. The reciprocity of chiral recognition states that if
a chiral stationary phase (CSP) derived from an optically
pure compound A can discriminate each isomer of com-
pound B, then a CSP derived from an optically pure B may
discriminate each enantiomer of compound A. Many CSP
were synthesized. Some contain either a π acid or π base
moiety (or even both). However, simultaneous interactions
must be present, too (hydrogen bonding, dipolar interac-
tions).

Molecular imprinted polymers (MIPs) can selectively
recognize the template molecule used in the imprinting
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process. In molecular imprinting, monomers, such as
methacrylic acid and styrene, are first assembled around
the template molecule. This arrangement of monomers is
fixed on polymerization. After polymerization, the poly-
mer is dried, ground, and sieved, the linker bond is chem-
ically cleaved, and the templates are freed from the
polymer matrix, leaving cavities that are complementary
to the template in shape and spatial configuration. For a
review, see Reference 62. 

Chirbase provides comprehensive structural, experi-
mental, and bibliographic information on successful or
unsuccessful chiral separations which have been obtained
on CSPs. Data mining and pattern recognition with a deci-
sion tree leads to a more rational choice of the CSP or of
the mobile phase to a given CSP (63).

E. SIZE EXCLUSION

In this mode, the stationary phase is a porous solid sup-
port, the mobile phase is the most eluting one e.g. porous
silica and water. All molecules are eluted in the void vol-
ume. Large molecules cannot enter the pores and travel in
the external volume only, they are excluded; small mole-
cules can penetrate into the pores and they travel through
both external and internal volumes; by consequence their
velocity is lower than the one of large molecules. The rel-
evant retention parameter is the radius of gyration of the
molecule which can be obtained by light scattering detec-
tion at several angles. Since there is no partition, the
entropy is of paramount importance and the column tem-
perature should be thoroughly controlled. The column set
is calibrated using a series of polymer standards to deter-
mine a relationship between logM and the retention time
of the standards. Calibration is typically performed using
well-characterized standards (polystyrene, dextrans). 

For any polymer, Hv � M[η] where Hv is the hydro-
dynamic volume, M is the molecular weight (Mw), and
[η] is intrinsic viscosity. The intrinsic viscosity is the
value of the reduced specific viscosity at infinite dilution
[η] � lim c→0 ηsp/c. The Mark Houwink equation relates
intrinsic viscosity and molecular weight for a given poly-
mer/solvent combination.

[η] �K Mα where K and α are the Mark Houwink
constants.

A triple detection (differential refractometry, vis-
cosimetry, and light scattering detector) is often used
which yields an accurate response and allows the deter-
mination of branching distribution of polyolefins, for
example.

The number-average Mn, the weight-average Mw,
molecular mass values, and polydispersity are defined by 

Mn � ΣniMi/ni

Mw � ΣniM
2/niMi

Polydispersity � Mw/Mn where ni represents the number
of oligomer molecules having a mass of Mi, Mn is the
number-average molecular mass, and Mw is the weight-
average molecular mass.

IX. SAMPLE PREPARATION

A sample preparation step is often necessary to isolate the
components of interest from a sample matrix. Sample
preparation is often the major source of error in analytical
procedures as practitioners are often required by law to
use traditional methods.

Ideal sample preparation technique should be simple,
solvent free, efficient, and inexpensive. EPA method
3600C gives general guidance on the selection of clean-up
methods that are appropriate for various target analytes.

A sample pretreatment will:

i. Improve accuracy
ii. Improve detectability

iii. Improve selectivity by removal of interfering
matrix

A result is reproducible if the sample to be analyzed
is fully representative of the material to be tested. That
means that the samples taken can be equated with the
entire batch.

We can distinguish off-line and on-line procedures.

A. LYOPHILIZATION

Relatively large samples containing water-soluble ana-
lytes are frozen in a dry ice-acetone bath or in liquid nitro-
gen. Subsequently, the frozen samples are placed in the
freeze dryer where water is removed by vacuum sublima-
tion. After freeze drying, the residues can be dissolved in
a suitable organic solvent.

B. ULTRAFILTRATION

Ultrafiltration involves the use of specialized membranes
that allow rapid and gentle concentration or removal of
molecules based on their molecular weight. Ultrafiltration
membranes consist of a very thin and dense layer on top of
a macroporous support that has progressively larger open
spaces on the downstream side of the membrane.
Substances that pass through the membrane will also pass
easily through the macroporous support. Concentration can
be accomplished because molecules smaller than the
molecular weight cut-off of the membrane flow through.
Molecules larger than the membrane cut-off will be
retained on the sample side of the membrane.
Performances are affected by pressure. As the pressure
increases so does the flow rate but there is a resistance from
the concentrated layer on the surface of the membrane.
This phenomenon is called concentration polarization.
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Membranes are usually made out of cellulose or poly-
sulfone.

Porosity of membrane determines the size of mole-
cules concentrated. In the supported liquid membrane
device analytes are extracted in a flow system from an
aqueous sample through a hydrophobic membrane liquid
into a second aqueous solution. The impregnated mem-
brane is clamped between two circular PTFE blocks. Two
types of transport mechanisms across the membrane are in
use: pH gradient or ion pairing formation.

C. DIALYSIS

Dialysis is a method used to separate molecules through a
semi-permeable membrane separating two chambers. The
concentration gradient of the components across the
membrane drives the separation. Dialysis is used for
removal of excess low-molecular-weight solutes. Analytes
small enough to diffuse through the pores of the mem-
brane are collected.

Microdialysis probes are implanted into the area of
interest and slowly perfused with a solution usually
matching the fluid outside. The probe is equipped with a
membrane through which substances pass due to the con-
centration gradient. It can be coupled on line to liquid
chromatography (HPLC), capillary electrophoresis (CE),
or mass spectrometry.

The flux through a dialysis membrane is described by
Fick’s law:

I ��D . A/τ*dc/dx

where
I is the flux (mol/s)
D is the solute diffusion coefficient (m2/s)
A is the membrane area (m2) τ: is the

tortuosity of the membrane
dc/dx is the concentration gradient across

the membrane mol/m4

D is obtained from the Stocke Einstein equation,

D � k . T / 6π η r

k is the Boltzmann’s constant
T is the absolute temperature (oK)
η is the viscosity of the medium
r is  the radius of the molecule 

The smaller the molecule, the larger the diffusion
coefficient and the higher the flux. The relative recovery
or the dialysis factor is the ratio of the dialysate (analyte
in the outgoing liquid) to the concentration outside the
membrane.

There are three modes of conducting a microdialysis
experiment:

Perfusion and stirring are continuous over the
monitoring period

Perfusion is carried out only during sampling but
the stirring is maintained
Perfusion and stirring are carried out during sam-
pling only

D. LIQUID/LIQUID EXTRACTION (LLE)

This sample pretreatment is mainly devoted to organic
compounds which can be removed from an aqueous solu-
tion by extracting them into a water-immiscible solvent.
Chelation or ion pairing between large and poorly
hydrated ions and chelating agent may form neutral com-
pounds which can be extracted by organic solvents.

When two immiscible solvents are placed in contact,
any substance soluble in both of them will distribute or
partition between the two phases in a definite proportion.
According to the Nernst partition isotherm, the following
relationship for a solute partitioning between two phases
a and b is

� Kd Kd is the partition coefficient

(A)a ⇔ (A)b very often (A)aq ⇔ (A)org

It assumes that no significant solute-solute interactions or
strong specific solute-solvent interaction occurs. The Kd

value is constant when the distributing substance does not
chemically react in either phase and temperature is kept con-
stant.

The fraction extracted R is related to Kd by

� KdV/1 � KdV

Co and Cw represent the solute concentration in organic
(o) and water (w) phases, respectively. Vo and Vw are vol-
umes of organic and aqueous phases V� Vo / Vw.

It is possible to increase the extent of extraction with
a given Kd by increasing the phase volume ratio. When
performing micro LLE the analyst works with an extreme
ratio of extracting solvent/extracted liquid (for example,
1/800). Another way is to carry out a second and a third
extraction. After n extractions the final concentration of
the compound in the aqueous phase is

Cwn � Cw� �
An extraction process is more efficient if it is performed
with several small portions of solvents.

Solubility increases as the values of solubility param-
eter δ of the solute and the solvent are close.

Ln Kd � [(δs � δi)
2 � (δj � δs)

2]
V�s
�
RT

Vwn

��
VW � KdV0

CoVo
��
CoVo � CwVw

(A)a
�
(A)b
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V�s is the molar volume of the distributing solute, δs is its
solubility parameter, and δi and δj are the solubility
parameters of the pair of immiscible solvents.

It must be kept in mind that some species may exist
under different forms in aqueous media. An acid, for
example, must be written in this form:

HA ⇔ A� � H�

Kd � �

Pow is the partition coefficient of a solute between octanol
and water. It is a common measure of hydrophobicity. The
usual measurement for Log Pow is the shake flask method
where a compound is shaken in an octanol-water mixture.
After equilibrium the concentration is measured in one or
both phases. Reversed phase HPLC has also been exten-
sively used. Correlation plots of Log Pow against retention
time or capacity factors are drawn.

High values of Log Pow give guidelines for extraction.
The single drop extraction is a micro LLE method in

which a single drop of organic solvent is contained at the
end of a PTFE rod. The procedure is as follows: 2 micro-
liters of organic solvent are drawn into a microsyringe; the
needle of the microsyringe is passed through the sample
via valve and immersed in the aqueous sample; the
syringe plunger is depressed to expose the solvent to
the sample; the drop is drawn back into the syringe; and
the needle is removed from the sample vial. Usually the
needle is inserted into the hot injector of a GC instrument
(64).

Microporous membrane liquid-liquid extraction
(MMLLE) is a continuous liquid-liquid extraction pro-
ceeding via a hydrophobic membrane. The microporous
membrane is sandwiched between two immiscible liquid
phases: one aqueous and the other an organic solvent. The

membrane is wetted with a suitable organic solvent that
fills the pores of the membrane. The mass transfer process
takes place between the two phases via the pores of the
membrane (65).

E. SOLID-PHASE EXTRACTION (SPE)

This is the most widely used method. Analytes (mainly
organics) are trapped by a suitable sorbent by passing
through a plastic cartridge containing an appropriate sup-
port. A selective organic solvent is used to wash out the
target analytes. SPE is rapid and relies upon chromato-
graphic retention and Log Pow. It can be easily auto-
mated. Off-line procedures are inexpensive. On-line
devices are readily available from many companies. 

1. Off-Line Methods

A typical SPE cartridge is displayed in Figure 47.21.
Sorbents are very similar to the liquid chromatogra-

phy stationary phase. The analyst can take advantage of:

i. Non-polar interactions (hydrophobic): typically
octadecyl modified silica, polystyrene, -divinyl
benzene copolymers, or carbon-based sorbent.

ii. Polar interactions through hydrogen bond, for
example. In this mode sorbents are: bare silica,
polar-bonded silica, or polyamide.

iii. Ion exchange: benzene sulphonic acid (cation
exchange) quaternary amine (anion exchange).

iv. Immuno sorbents: the lack of selective sorbents
to trap organic analytes in water is certainly the
most significant weakness of the SPE technique. 

The most popular format is the cartridge filled with 40–60
µm dp packing materials. The most second popular format
is the disk which allows higher flow rates without chan-
neling effects. One format devoted to high throughput

(HA)0
��
(HA)aq � (A�)aq

(HA)0
�
(HA)w
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applications is the 96 well plate format (Figure 47.21)
designed to fit automated plate handling systems.

The SPE technique procedure is as follows: condi-
tioning, sample application, washing, and elution.

The adsorbent must be wetted. With bare silica no prob-
lem generally occurs but problems may occur with
hydrophobic sorbents. In this case adsorbent must be treated
with a suitable solvent. Methanol is preferred for most
applications; however, other solvents which are miscible
with water such as isopropanol, tetrahydrofuran, or acetoni-
trile are convenient as well. Conditioning is achieved with
about 2–3 column volumes of solvent. Then 1–2 column
volumes of the sample solvent are poured through the col-
umn. After this step the phase must not run dry. After
adsorption of the sample molecules the phase may run dry
through either a water jet pump or flushing with inert gas.

Elution is then performed with a strong solvent to
elute with the lowest possible volume.

Capacity is the quantity of sample molecules retained
per unit quantity of adsorbent. Capacity depends on solute
size. It lies in the range of 4 to 60 mg/g of packing.

Breakthrough of solutes occurs when they are no
longer retained by the sorbent. Overloading beyond the
sorbent capacity may also lead to breakthrough of ana-
lytes. The breakthrough volume can be measured from the
breakthrough curve obtained by monitoring the signal of
the effluent from the extraction column (Figure 47.22).

Vb is usually defined at 1% of the initial absorbance
and corresponds to the sample volume that can be handled
without breakthrough.

Vr is the retention volume of the analyte.
Vm is defined at 99% of the initial absorbance.
The method is time consuming. Another method is pro-

posed: a small volume spiked with a trace concentration
(µg/L) level of all the analytes is percolated through the car-
tridge and peak areas are recorded. The first volume is
selected so that breakthrough does not occur for any solute.
The sample volume is then increased and the concentration
decreased in order to have a constant amount of analytes in
the percolated samples. In this mode peak areas remain 

constant. The breakthrough volume of an analyte is calcu-
lated when the peak area begins to decrease and the corre-
sponding recovery can be also calculated by dividing the
peak area obtained for the sample volume by the constant
peak area obtained for sample volumes before break-
through.

Prediction of breakthrough volume is important for
selecting a convenient sorbent and consequently the
amount of sorbent (66).

i. Hydrophobic sorbents: n alkyl silicas are by far
the most utilized. A large number of applications
on such sorbents has been published. The draw-
backs (as with every bonded silica) are the poor
stability in very acidic or basic media, the 
relatively low capacity for polar solutes, and the
low recovery of basic analytes.

From liquid chromatography we know that in
reversed phase mode 

Ln k � Ln kw � S φ
or Ln k � Ln kw � bφ � aφ2

where φ is the organic modifier volume percent
in the binary mobile phase (water/modifier).

Ln kw can be estimated by a graphical
extrapolation to zero modifier content. Ln kw

represents the hypothetical capacity factor of
the solute with pure water as eluent. Since Ln
kw is very often correlated with Log P octanol/
water, it is often taken as a hydrophobicity con-
stant. Values of Ln kw may be as high as 3–4
which means that large sample volumes with
trace amount of solutes can be handled.

Styrene Divinyl Benzene copolymers (PS-
DVB), either porous or rigid, are stable over the
whole pH range. Calculated Ln kw values on
these sorbents are higher than those on C18.
Consequently, moderately polar compounds
which are not retained by C18 silica are more
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readily concentrated on these sorbents. Carbon-
based sorbents are gaining acceptance since the
availability of porous graphitic carbon. Data
obtained with this support demonstrate that it
exhibits high retention for apolar compounds but
some differences with PS-DVB and C18 bonded
silica are observed. Hydrophilic-lipophilic poly-
mers do not require equilibration prior to extrac-
tion of the analytes.

Selection of eluting solvent is performed
through knowledge of eluting strength ε0 of the
solvent in the chromatographic mode.

ii. Use of polar adsorbents is less advocated.
Behavior of solutes is well understood since a lot
of chromatographic data can be retrieved from
TLC (thin layer chromatography) experiments.
Flash chromatography is often a new version of
silica-based cartridges. Flash chromatography is
utilized for laboratory-scale separation. The
apparatus is a sintered funnel partially filled with
the sorbent (mostly bare silica or reverse phase
silica). The mixture of compounds to be purified
is adsorbed on the top of the sorbent and the fun-
nel is connected to a flask under vacuum. The
vacuum is maintained while the solvent is added
to the surface of the column. The solvent is
sucked through and collected in the flask. 

iii. By pH adjusting many solutes can be ionized
(e.g., carboxylic acids) and trapped on ion
exchangers. Owing to pH stability resins are
widely used. The drawback comes from high
amounts of inorganic ions which easily over-
load the capacity of the sorbent. SPE products
of the mixed mode type are gaining acceptance.
Most of them are a mixture of hydrophobic and
ion exchange materials.

iv. Classical SPE sorbents suffer from a lack of
selectivity. Many compounds present in the sam-
ple and belonging to the same range of polarity
as the target analytes are co-extracted, thus mak-
ing difficult the determination of analytes of
interest. A biological approach consists of devel-
oping antibodies against a target molecule.
These antibodies are immobilized onto a solid
phase to produce an immunosorbent. The most
common approach involves covalent bonding of
the antibodies onto activated silica or sepharose.
Another method is the sol-gel one, which con-
sists of encapsulating antibodies in the pores of
a hydrophilic glass matrix. As usual, there are
two procedures: off-line and on-line. Main
requirements are cross reactivity (affinity
towards compounds with a structure similar to
the antigen), capacity (defined as the total num-
ber of immobilized active antibodies), and
extraction recovery. It is now possible to produce

antibodies against some target compounds
including some small molecules such as 
pesticides. For example an immunosorbent
made with polyclonal anti-isoproturon antibod-
ies covalently bound to a silica sorbent is able to
concentrate several phenylureas. Due to the high
selectivity, phenylureas can be detected at 0.1
µg/L level in waste waters (67).

2. On-Line Methods

On-line coupling SPE to either LC or GC is easily per-
formed. In the simplest way a precolumn is placed in the
sample loop position of a six port switching valve. After
conditioning, sample application, and cleaning via a low-
cost pump the precolumn is coupled to an analytical col-
umn by switching the valve into the inject position. The
solutes of interest are directly eluted from the precolumn
to the analytical column by an appropriate mobile phase.

The sequence can be fully automated, for example, in
the Prospekt system (69).

F. SOLID-PHASE MICRO EXTRACTION (SPME)

This process uses a 1 cm length of focused silica fiber,
coated on the outer surface with a stationary phase and
bonded to a stainless steel plunger holder that looks like a
modified microliter syringe (68). The fused silica fiber
can be drawn into a hollow needle by using the plunger. In
the first process, the coated fiber is exposed to the sample
and the target analytes are extracted from the sample
matrix into the coating. The fiber is then transferred to an
instrument for desorption (Figure 47.23). Miniaturized
SPE devices were recently designed by Millipore. These
Zip TipsTM are used with Maldi –TOF.

G. CLEAN-UP

Extracts obtained from either LLE or SPE contain analytes
and other compounds which may interfere in the chromato-
graphic separation. A clean-up is required. The most widely
used is fractionation by LC. Extract is loaded onto a chro-
matographic column packed with an appropriate sorbent
(silica, alumina, florisil, bonded silica), and step elution
with solvents is carried out. Each fraction is collected and
submitted to chromatography. Derivatization prior to frac-
tionation is sometimes performed. 

Coupling two sorbents in SPE procedure, for example,
hydrophobic sorbent and ion exchange in series, is efficient.

A chart on sample preparation is available upon
request from LC-GC International.

X. VALIDATION

Evaluation and validation of analytical methods and
laboratory procedures are of paramount importance since
the quality of produced chemical information must be
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acknowledged by the customer as the end user of this infor-
mation. A recognition of quality demands is achieved
through accreditation or certification based on international
quality standards as issued for example by ISO or OECD.
The ideal validated method for food control was defined by
the FAO, Food and Nutrition Paper 68, Validation of
Analytical Methods for Food Control, Report of
FAO/IAEA Expert Consultation FAO/UN Rome, 1998.
The ideal validated method is one that has progressed fully
through a collaborative study in accordance with interna-
tionally harmonized protocols for the design, conduct, and
interpretation of method performance studies. This usually
requires a study design involving a miniumum of five test
materials, the participation of eight laboratories reporting
valid data, and most often includes blind replicates or split
levels to assess within laboratory repeatability parameters.

Validation begins at the vendor’s site, in the structural
validation stage. During this stage, the analytical instru-
ment and software are developed, designed, and produced
according to Good Laboratory Practice (GLP) and/or the
International Organization for Standardization (ISO) guide-
lines. The FDA has published draft guideline 21 CFR Part
11, which focuses on software validation of computer sys-
tems (Draft Guidance for Industry: 21 CFR Part 11

Electronic Records; Electronic Signatures, Validation, U.S.
Food and Drug administration, August 2001.

21 CFR Part11 has specific requirements that involve
back-up and recovery of chromatographic data.

Calibration is a set of operations that establish, under
specified conditions, the relationship between values of
quantities indicated by a measuring instrument or measur-
ing system, or values represented by a material measure or
a reference material and corresponding values realized by
standards. Calibration constitutes the link between mate-
rials and analyzed samples that is necessary for traceabil-
ity of analytical results.

A. DETECTION

Dynamic range is that range of concentrations of the test
substance over which a change in concentration produces
a change in detector signal.

The lower limit of the dynamic range is defined as
the concentration producing a detector output signal
equal to a specified multiple of the detector short-term
noise level.

The upper limit of the dynamic range is the concen-
tration at the point where the slope of the curve obtained
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by plotting detector response as a function of concentra-
tion becomes zero.

Linear range is that range of concentrations over
which the sensitivity (S) is constant to within a defined
tolerance (Figure 47.24).

Limit of detection (LOD) is defined as the lowest con-
centration of an analyte in a sample, below which the ana-
lytical method cannot reliably detect a response.

A widely used detection limit technique is the 3 σ
approach which is mandated for EPA testing. The standard
deviation in concentration units is calculated by computing
the standard deviation of blank replicates (�7) and dividing
by the slope of the calibration curve. The number is multi-
plied by the appropriate value of the Student’s t for the cho-
sen α and for n�1 degrees of freedom. The method used to
determine LOD should be documented and defined.

Limit of quantification (LOQ) is the smallest quantity
of compound to be determined in given experimental con-
ditions with defined reliability and accuracy. A signal to
noise ratio of ten is adequate.

Limit of detection � (3Sx/y)/b

Limit of quantification � (10Sx/y)/b

where b � slope of best fit regression line and Sx/y �
estimate of residual standard deviation.

Both LOD and LOQ are affected by chromatographic
conditions. Peak height is proportional to the solute con-
centration in the sample and to the injected volume. If one
wants to improve the plate count of the column he or she
may lose sensitivity.

Detector’s noise is short-term noise in the maximum
amplitude of response for all random variations of the
detector signal of a frequency greater than 1 cycle per
minute. Long-term noise is similar to short-term noise
except that the frequency range is between 6 and 60 cycles

per hour. Drift is the measure of the amplitude of the devi-
ation of detector response within 1 hour.

B. REPEATABILITY (ISO 3534)

Qualitative means the closeness of agreement between the
results obtained by the same method on identical test
material under the same conditions (same operator), same
laboratory, same apparatus, and short interval of time
(same day).

Quantitative is the value below which the absolute dif-
ference between two single test results obtained under the
above conditions may be accepted to lie with a specified
probability (usually 95%).

It is generally assessed by a minimum of nine determi-
nations over the prescribed range for the procedure, e.g., at
three concentrations, three replicates each, or by a minimum
of six determinations at 100% of the test concentration.

C. REPRODUCIBILITY (ISO 3531)

Reproducibility expresses the precision between laborato-
ries.

Qualitative means the closeness of agreement between
individual results obtained with the same method on iden-
tical test material but under different conditions (different
operators, different apparatus, different times, interday).

Quantitative is the value below which the absolute dif-
ference between two single test results on individual
material obtained by operators in different laboratories
using the standardized test method may be expected to lie
within a specific probability (usually 95%).

D. SELECTIVITY

Selectivity is a measure of the extent to which the method
is able to determine a particular compound in the matrices
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without interference from matrix components. Specificity
is often used instead of selectivity.

E. LINEARITY

Linearity of analytical procedure it is the ability of the
method to elicit test results that are directly proportional
to analyte concentration (or mass) within a given range.

The analyst must determine:

– linear slope
– y intercept
– correlation coefficient
– relative standard deviation
– normalized intercept/slope.

F. ACCURACY

Accuracy measures the difference between the true value
and the mean value obtained from repeated analysis.
Accuracy can be assessed by analyzing a sample of
known concentration (reference material) and comparing
the measured value to the true value. One can compare
test results from the new method with results from an
existing method. Another procedure is to spike the analyte
in blank matrices or to perform standard additions.
Analysis of variance (ANOVA) estimates the within run
precision and the between run precision.

G. PRECISION

Precision is the measure of the degree of repeatability of
an analytical method under normal operation and is nor-
mally expressed as the percent relative standard deviation
(RSD) for a statistically significant number of samples.

H. RELIABILITY

Reliability means the probability that the results lie in the
interval defined by two selected limits. It gives a rigorous
method for evaluating the correctness of a method of
analysis in relation to two limits for error.

I. RUGGEDNESS

Ruggedness is the capacity of an analytical method to pro-
duce accurate data in spite of small changes in experimen-
tal conditions (for example, small flow-rate variations in
HPLC). The robustness of the method is evaluated by vary-
ing method parameters such as percent of organic modi-
fier, pH of the buffer, column temperature, flow rate, etc.

J. EXTRACTION RECOVERY

Percentage recovery of the extraction is determined by
comparing the detector response of an extracted sample
with that of a directly injected standard.

K. INTERNAL STANDARD

Mostly used in chromatography and capillary electrophore-
sis, the internal standard monitors the behavior of sample
solutes to be analyzed and quantitatively determined.

Internal standard must fulfill some requirements:

– It must exhibit retention behavior similar to the
solutes.

– It must exhibit chemical functionalities and
structure similar to the solute.

– If a derivatization step is involved in the method,
the same reaction must be applied to the internal
standard.

– If a sample pretreatment is required, it is better to
submit the internal standard to the sample pre-
treatment and check recovery.

Analysis procedure
A standard solution contains the sample and the inter-

nal standard at concentrations CT and CE, respectively.

mT � CT*VT � KT
. AT

mE � CE*VE � KE
. AE

VT, VE are the injected volume of the sample and the inter-
nal standard. KT is the response coefficient of the sample
and AT the peak area. KE is the response coefficient and
AE the peak area of the internal standard. Usually VT � VE

The concentration ratio is kept constant whatever the
injection volume. A sample solution contains the sub-
stance to quality at concentration CX. Internal standard is
added at the same CE concentration as in the previous
standard solution. We thus can write:

mX � CX
. Vinj � KX

. AX

mE � CE
. Vinj � KE

. A�E

A�E ≠ AE since two injections are performed. Vinj is con-
stant.

� �

�

then

� �

� . �

CX � CT
. . if CE is kept constant

AX
�
A�E

AE
�
AT

KX
�
KE

AX
�
AT

CT
�
CE

CX
�
CE

KX
�
KE

CT
. AE

�
CE

. AT

CX
�
CE

KT
�
KE

KX
�
KE

AX
�
A�E

KX
�
KE

CX
�
CE
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It is necessary to check the detector response. Standard
solutions are prepared.

C1T � CE A1T � A�E

C2T � CE A2T � A
E

C3T � CE A3T � A
�E

Sample solution CX � CE AE � AE

XI. CONCLUSIONS

The large volume of available literature on HPLC is highly
indicative of the wide use of the technique. Columns are
being constantly improved and are highly reproducible.
Progress in instrumentation is based on the hyphenation
with mass spectrometry which can be considered as the
detector. Looking for a separation, one is 99% sure that it
has been carried out previously. The drawback is that the
published separation generally does not fit the analyst’s
purpose since it has been performed on standards or another
matrix, but it is of great help. Analysts should not forget
that selectivity is cheaper to achieve than efficiency.

The reader can find more information on chromatog-
raphy in Refs. 70 to 73; on mass spectrometry in Refs. 74
to 77; and on sample preparation in Refs. 78 and 79.

ABBREVIATIONS AND ACRONYMS

% Percent (parts per hundred)
A Absorbance (A � log [1/T])
AAS Atomic absorption spectrometry
ACN Acetonitrile
amu Atomic mass unit
APCI Atmospheric pressure chemical ionization
API Atmospheric pressure ionization
AU Absorbance units
AUFS Absorbance units full scale
CCD Charge-coupled device
CE Capillary electrophoresis
CEC Capillary electrochromatography
CL Chemiluminescence
CLND Chemiluminescent nitrogen detection
CMC Critical micelle concentration
CSP Chiral stationary phase
DAD Diode-array detection
ESI Electrospray ionization
FTIR Fourier transform infrared
GC Gas chromatography
GLP Good laboratory practice
HETP Height equivalent to a theoretical plate
HPLC High performance liquid chromatography
IC Ion chromatography

ICP Inductively coupled plasma
IEC Ion-exchange chromatography
IR Infrared
IS Internal standard
ISO International Organization for

Standardization
LDR Linear dynamic range
LIF Laser-induced fluorescence
LIFD Laser-induced fluorescence detection
LLE Liquid liquid extraction
LSC Liquid-solid chromatography
LSD Light scattering detector
LSS Linear solvent strength
MALDI Matrix assisted laser desorption ionization
MCP Multi channel plate
MIP Molecular imprinted polymer
MMLLE Micro membrane liquid liquid extraction
MS Mass spectrometer or

mass spectroscopy
MW Molecular weight (also mol wt, M)
NMR Nuclear magnetic resonance
NP Normal phase
NPC Normal phase chromatography
PDA-UV Photodiode-array UV
PS-DVB Polystyrene-divinylbenzene
Q-TOF Quadrupole time of flight
RI Refractive index
RP Reversed phase
RP-HPLC Reversed-phase high performance liquid

chromatography
SAX Strong anion exchanger
SCX trong cation exchanger
SIM Selected ion monitoring
SPE Solid-phase extraction
SPME Solid-phase microextraction
SSI Sonic spray ionization
TLC Thin layer chromatography
TOF Time of flight
UV Ultraviolet
UV-VIS Ultraviolet-visible
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Mass spectrometry (MS) is a powerful modern analytical
technique which provides detailed structural information
for molecules. This capability, and the fact that it easily
interfaces with commonly used chromatographic
techniques, makes it a very useful tool for food analysis.
MS can be used to characterize food composition or to
monitor adulteration of foods by residues or other
extraneous substances. A recent review by Careri et al.
[1] is an excellent reference that demonstrates the wide
scope of MS in the analysis of food, including the analy-
sis of natural and xenobiotic substances as well as metals
in food products. An earlier review by Careri 
et al. [2] described the use of LC/MS for residue analysis
in food.

This chapter is not meant to be an exhaustive list of all
references pertaining to the use of MS for food analysis,
but rather is intended to further illustrate the many differ-
ent applications in which MS has been used to character-
ize food. First, the types of modern instruments and
experiments that may be used to perform MS on food
samples are briefly described. An overview of how MS
has been used to determine the natural components of
food is followed by a description of the use of MS to
determine residue level contaminants such as pesticides,
animal drugs, mycotoxins, and packaging materials in
foods. Further illustration of how MS has been used to
study foods for a variety of purposes is given using exam-
ples of specific commodities (bovine milk and berries).
Finally, some of the emerging trends in the analysis of
food by MS are discussed. 

I. MASS SPECTROMETRY (MS):
INSTRUMENTS AND TECHNIQUES

The MS experiment consists of forming ions, separating
those ions based on differences in their mass/charge (m/z)
ratio, and detecting (counting) the number of ions at each
m/z value. Although MS has changed dramatically in the
past few decades, this basic process applies to modern
techniques as well as those performed with more tradi-
tional MS instruments. A complete review of the funda-
mentals of MS theory is beyond the scope of this chapter,
but many such resources are available [3, 4]. 

MS is an important modern analytical technique for
the analysis of food because of the type of detailed infor-
mation that is obtained. Traditionally, using an electron
impact (EI) ion source, the analyte is introduced in the gas
phase into an evacuated chamber and is bombarded with
an electron beam of 70 eV. As a result of this interaction,
the compound loses an electron and becomes a positively
charged radical cation. In addition, the amount of energy
used is generally enough to break bonds in the molecule
and provide ionized fragments. The resulting fingerprint
of ions at different m/z values with varying intensities can
be used to determine a probable identity of the original
analyte. This process of interpreting mass spectra to
deduce molecular structure from EI experiments has been
well studied and described [5]. 

In addition to collision with a high energy electron
beam, there are many other methods of ionizing com-
pounds so that they can be analyzed by MS. For example,

* The opinions expressed are those of the author and do not necessarily reflect the official views of the U.S. FDA.



positive ion chemical ionization (CI) transfers a proton
from an ionized reagent gas, such as methane or isobu-
tane, to an analyte with higher proton affinity to form a
protonated (ionized) compound. Alternatively, a highly
electronegative compound can capture thermalized
(slower) electrons to form a negative ion when a reagent
gas is present in the ion source. Desorption from high
energy sources such as a lasers, fast atoms, high fields,
etc. can also be used to form and eject ions from solids or
liquids into the lower pressure region of an MS instru-
ment. Matrix assisted laser desorption ionization
(MALDI) has become a very popular method for intro-
ducing large biomolecules such as proteins into a mass
spectrometer and has helped revolutionize the study of
these compounds in many biological applications. 

The introduction of two interfaces, electrospray ion-
ization and atmospheric pressure chemical ionization, has
allowed LC/MS to become widely used and commercially
available. In electrospray ionization (ESI) the effluent
from an LC is sprayed, usually pneumatically assisted
with nitrogen gas, into a high electric field (3–5 kV) at
atmospheric pressure. This process creates a stream of
charged droplets that become smaller as they are acceler-
ated into the field. Charged particles in the solution are
ejected as the droplets evaporate or are released when the
droplets explode as the surface forces become too high.
The ionized molecules can then be sampled and acceler-
ated through small orifices into a high vacuum region of
the instrument where they can be separated and detected.
One advantage of ESI is that multiply charged ions can be
formed (e.g., on proteins with multiple sites available for
protonation). This allows compounds with very high
molecular weight to be analyzed with MS instruments uti-
lizing traditional mass range (m/z 1000–2000) ion separa-
tors. With atmospheric pressure chemical ionization
(APCI), the LC effluent is again sprayed into an atmos-
pheric pressure chamber with nitrogen gas. However, in
this case the LC mobile phase (water, methanol, etc.) is
vaporized and ionized by a corona discharge. The ionized
mobile phase can then act as a chemical ionization reagent
gas and perform proton transfer reactions with the analyte
to generate charged molecules. The bulk of the mobile
phase must then be thermally vaporized before entering
the lower pressure region of the MS instrument. 

In contrast to electron ionization, the alternative ion-
ization methods of CI, ESI, and APCI are relatively soft
(low energy) ionization techniques. Therefore, not as
many fragment ions are formed by the breaking of chem-
ical bonds during these processes. As a result, the mass
spectrum obtained may only consist of one peak, the pro-
tonated (or deprotonated) molecular ion. While these data
give valuable information regarding the molecular weight
of an analyte, structural ions are not available. For this
reason, tandem MS or “MS/MS” is often used in conjunc-
tion with these ionization techniques to yield additional 

structural details. In the MS/MS experiment, one ion is
isolated from all other ions, and a secondary energy
source (such as bombardment with energized argon or
helium gas) is introduced to break that ion into fragment
ions. A second stage of ion separation is then performed
to yield another mass spectrum consisting of only ions
created from the collision induced dissociation of the ini-
tial parent ion. This secondary spectrum is referred to as a
product ion spectrum and contains more information
regarding fragments of the original molecule. For exam-
ple, one common MS/MS instrument used is the triple
quadrupole. After an ion is formed and introduced into the
MS, it can be isolated from others using a quadrupole ion
filter. A second quadrupole, which uses only RF fre-
quency, acts as a collision cell, where the ion is impacted
with argon. The third quadrupole can then be used to sep-
arate ions formed in the collision cell. This instrument can
be used in other modes, but this is a common method to
obtain structural information for a specific analyte. An ion
trap separation device can also be used to obtain informa-
tion-rich product ion spectra from molecular ions created
from soft ionization techniques. 

Mass spectrometers can be programmed to optimize
for selectivity, specificity and sensitivity for any given
compound. For example, when looking for a specific ana-
lyte in a complex mixture, an MS method can be pro-
grammed to scan for only one ion or set of ions (selected
ion monitoring, or SIM). With an MS/MS instrument,
specific ion transitions or parent-product ion pairs can be
acquired (selective or multiple reaction monitoring, SRM
or MRM). These techniques can greatly improve detec-
tion and confirmation limits for residues in food. Another
valuable MS experiment that has been used in food analy-
sis, for component characterization as well as residue
analysis, is the measurement of the exact mass of mole-
cules of interest using high resolution instruments. Time-
of-flight analyzers have been used to obtain exact mass
information for large biomolecules; these are often cou-
pled to a MALDI MS source. 

The commodities included for consideration under the
category of food analysis represent a wide variety of com-
plex matrices of plant and animal origin. In order to ana-
lyze a specific compound in a food product by MS,
extensive sample preparation and analyte isolation is often
required. Examples of some of the approaches used to
accomplish this are liquid-liquid extraction, solid-phase
extraction, and immunoaffinity techniques. The goal of
these procedures is to remove as many matrix components
as possible, while concentrating the analyte of interest.
Often there is a trade-off between maximum recovery of
the residue and the time and effort required to perform the
analysis. This becomes more of an issue as requirements
for high sample throughput increases. 

Regardless of the sample preparation and extraction
procedures used, a chromatographic separation step is
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usually applied prior to MS analysis when analyzing com-
ponents or residues in food. If the compounds of interest
are sufficiently volatile and thermally stable, GC/MS is the
preferred technique. Electron ionization is the most com-
mon MS technique used with GC because it gives struc-
turally rich spectra. Chemical ionization with either
positive or negative ion detection, is also possible with
GC/MS. The most common LC/MS methods involve the
use of a reverse-phase LC system interfaced to an electro-
spray or APCI MS source. Tandem MS can then be used to
obtain additional structural ions. Often many compounds
of interest in food analysis can be ionized using either ESI
or APCI, and the best interface for each analyte may have
to be determined empirically. Helpful resources detailing
many more of the practical aspects for implementation of
successful LC/MS analyses are also available [4]. 

II. MS ANALYSIS FOR DETERMINATION
OF FOOD COMPOSITION 

MS has been used to characterize the natural composition of
food products. Specifically, this can be used to describe the
profile of major components in a food product, to differen-
tiate between similar products, or to measure small amounts
of naturally occurring substances which are believed to be
either beneficial or deleterious. The type of MS analysis
used for the characterization of food components depends
on the nature of the analytes. Many of the articles cited
below are reviews and should serve as a guide to the reader
looking for a specific type of analysis or food product. 

Several reviews cover MS analysis of major compo-
nents in foods including proteins and peptides [6, 7]. The
analysis of peptides and proteins requires the use of tech-
nique that is designed for large non-volatile molecules
such as electrospray ionization or MALDI. MS can be
used in protein studies to characterize conformational
changes or post-translational modifications such as glyco-
sylation or phosphorylation. The information obtained by
MS can then be used to help determine how these factors
affect food qualities such as flavor, texture and nutritional
value. The effect of processing (pasteurization, hydroly-
sis, etc.) on the structure and function of food proteins can
also be examined using MS techniques. Analyses of the
proteins associated with milk (casein, whey components
lactalbumin and lactoglobulin), cereal (globulins, albu-
mins, glutenins, prolamins), and eggs (ovalbumin, conal-
bumin, lyzosyme) have been performed using MS. One
study characterized the different gluten proteins that are
unique to various grains (wheat, rye, barley and oats) in
cereal mixtures using MALDI time-of-flight (TOF) MS
[8]. A few studies of meat proteins have been performed
using MS. In one report, LC/MS using electrospray was
used to study the polypeptides from whole and ground
meat and how that profile changed during storage of the
meat products [9]. 

The analysis of fatty foods (lipids, oils, fatty acids,
etc.) can be accomplished using either GC/MS or LC/MS
methods. In one study, GC/MS was used to determine the
types and amounts of free fatty acids produced in the
ripening of ewe milk cheese [10]. In this study, solid
phase microextraction (SPME) was used to extract the
fatty acids from the food matrix and the amount of
butanoic, hexanoic, octanoic and decanoic acids were
measured at part-per-million levels using GC/MS.
Alternatively, a direct infusion electrospray MS method
was developed to study different nut and vegetable oils
and to determine if additional (adulterant) oils were added
to olive oil [11]. Razzazi-Fazeli et al. [12] published a
determination of cholesterol oxides in processed foods
such as butter, lard, and egg powder using LC/MS with
APCI and selected ion monitoring. 

Characterizing the carbohydrate composition in food
is also important. These compounds are difficult to ana-
lyze using traditional methods as they are nonvolatile,
thermally unstable, and generally do not have a strong UV
chromophore. In one food application, the saccharide pro-
files of caramel from different sources were evaluated
using GC/MS after forming trimethylsilyl derivatives.
Specific compounds were identified as possible indicators
of the authenticity of the caramel product [13]. The car-
bohydrates found in human milk have been studied after
derivatization with 2-aminoacridone using MALDI-TOF
and electrospray MS, in addition to spectrofluorimetry
[14]. The changes that occur to carbohydrates after pro-
cessing can also by studied by MS methods. For instance,
the starch components in treated potato starch were ana-
lyzed using anion exchange chromatography coupled to
electrospray MS after enzymatic hydrolysis of the starch
polymer [15]. In addition to studying carbohydrate pro-
files, MS is often used to characterize compounds such as
peptides or flavonoids that may also include one or more
sugar molecules. 

Minor components of food products can also be char-
acterized by MS analysis. Flavor and fragrance compo-
nents tend to be inherently volatile and thermally stable
organic compounds such as ketones, aldehydes, alcohols,
and terpenes. GC/MS is the preferred MS analysis tech-
nique for these compounds. Isolation from the food prod-
uct is often accomplished by head-space sampling
techniques such as purge and trap or solid phase micro
extraction methods [16, 17]. Examples of how these MS
techniques are used in flavor analysis for specific food
commodities, bovine milk and berries, are illustrated later
in this chapter. 

Recently there has been a great deal of interest in
minor components of foods that may have high nutritional
or nutraceutical value. Vitamins such as tocopherols and
folates can be measured in food using MS techniques. For
example, a method to determine alpha-tocopherol in
infant foods (milk and cereal) was developed using
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LC/MS (single quadrupole) with an APCI interface [18].
Deuterium- labeled tocopherol was used as an internal
standard and detection limits of 2.5 ng/mL were achieved.
A LC/fluorescence method for folic acid and 5-methyl-
tetrahydrofolic acid in a variety of foods was validated
using a complementary electrospray LC/MS method [19]. 

Flavanoids, including anthocyanins, may have benefi-
cial antioxidant properties. The identification and quan-
tification of these compounds in different foods is an
important aspect of the research to determine the effects
these chemicals may have on human health. There are
many recent examples of how MS is being used in this
emerging area of food analysis including the characteriza-
tion of anthocyanins in food using LC/MS and capillary
electrophoresis [20]. The oxidative phenolic compounds
in artichokes have been characterized using electrospray
LC/MS [21]. Flavonoid glycosides, such as kaempferol
glucoside and others, were studied in almonds [22] using
MALDI-TOF MS and in tomatoes using electrospray
LC/MS/MS [23]. The distribution of anthocyanins,
flavonols, and carbohydrates in different layers of red
onion was also studied using electrospray LC/MS [24]. 

Some minor components in food products are thought
to be deleterious and the characterization of these is also
important. For example, the health effects of acrylamide
residues that can be formed in various fried and baked
foods have recently been questioned and can be monitored
by LC/MS/MS [25]. Another area of interest is the pres-
ence of known cancer causing agents such as polycyclic
aromatic hydrocarbons (PAHs) and heterocyclic aromatic
amines that may occur in food treated in certain ways, such
as frying or smoking. These compounds can also be mon-
itored using MS analysis [26]. In one study, polyaromatic
hydrocarbons in liquid smoke flavorings were analyzed by
GC/MS, and a higher proportion of lower molecular
weight PAHs were found; benzo(a)pyrene was present in a
few samples, but at fairly low concentrations [27]. The
determination of heterocyclic amines in lyophilized meat
extracts was performed using LC/MS with an APCI source
and ion trap MS/MS detection. Low part-per-billion levels
could be detected [28]. Volatile nitrosamines in dry
sausages were also monitored using an APCI LC/MS/MS
method [29]. 

III. MS ANALYSIS IN THE DETECTION OF
CONTAMINANTS AND RESIDUES 
IN FOOD

MS in also used to detect, measure, and identify foreign
compounds such as pesticide or drug residues and envi-
ronmental contaminants in food products. Several types of
experiments can be performed when using MS to analyze
food commodities for residues including screening, deter-
minative or confirmatory analyses. Historically MS, often

in conjunction with GC or LC, has been used for confir-
matory analysis to positively identify a residue of con-
cern. Mass spectrometry is the ideal tool to confirm the
identity of a residue due to its inherent sensitivity and
selectivity. There are established guidelines that define
how closely the mass spectrum of an unknown or suspect
residue must match that of a standard in order to be con-
sidered confirmed [30, 31]. MS methods can also be used
to quantitate the amount of residue present. Traditionally,
this has been more widespread with GC/MS, but is
becoming more standard practice with LC/MS as well
[32]. Care must be taken to use appropriate internal stan-
dards. If available, isotopically labeled analogues are the
preferred internal standard because their response and
fragmentation will most closely match that the analyte of
interest. Because of its universal nature, MS can also be a
powerful tool for screening for multiresidues or even mul-
ticlass residues in food analysis, and this application is
becoming more common as MS is used more routinely. 

Antibiotics are the most common type of drugs given
to food animals. These are given both therapeutically and
subtherapeutically to prevent disease and increase feed
efficiency. The possibility of drug residues remaining in
the edible product and the potential human health prob-
lems associated with exposure to these residues is a con-
cern with widespread drug use in food animals. Mass
spectrometry is commonly used to analyze antibiotic
residues in foods [33, 34]. MS was traditionally used as a
confirmatory analysis method to identify illegal residues
in food. Many of the drugs of concern are polar non-
volatile compounds, so while it used to be more common
to analyze derivatized residues by GC/MS, many recent
reports utilize LC/MS methods. There are many examples
of this including beta-lactam and sulfonamides residues in
milk [35, 36], tetracycline residues in various foods [37],
and fluoroquinolones and phenicols in aquacultured prod-
ucts [38], as well as many others. In addition to antibi-
otics, other animal drugs such as hormones can be
monitored by MS. An example is a method that uses
GC/MS not only to confirm, but also to quantitate ana-
bolic steroids in bovine muscle tissue [39]. An upcoming
trend is to use the universal response of the mass spec-
trometer, along with the capability of LC/MS/MS to pro-
vide diagnostic information, to screen for many types of
residues with a generic extraction procedure [38, 40]. 

There is a long record of using MS for the determina-
tion and identification of pesticide residues in food prod-
ucts, especially in produce commodities. Historically
pesticide residues could be monitored by GC/MS analysis
only after extensive sample preparation using large sample
sizes and liquid-liquid extraction procedures. Because
many pesticides are volatile and thermally stable GC/MS is
still the technique of choice for many of these compounds.
The use of time-dependent selected ion monitoring GC/MS
programs allows for the screening, determination and 
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confirmation of a large number of pesticides from a single
analysis. This technique has been used to determine pesti-
cides containing nitrogen, sulfur, or oxygen in a variety of
foods [41]. Alternatively, the analysis of pesticides using
GC/MS/MS with an ion trap detector to obtain product ion
spectra can yield a very selective and sensitive method for
a large number of compounds [42]. A new trend in the
analysis of pesticides by GC/MS is the use of more rapid
extraction methods. One report describes the use of auto-
mated solid phase extraction to isolate organochlorine and
pyrethroid residues from a variety of fruits for analysis by
GC with electron capture and confirmation by GC/MS [43].
In another example solid phase micro extraction (SPME)
coupled directly to GC/MS has been used for the analysis
of chlorpropham in potatoes and amitraz in honey at ppb
levels [44]. Another innovation in this area is to use low-
pressure fast GC coupled to MS for pesticide analysis [45].
In this approach a shorter, wider bore GC column with a
thicker film was operated at fast flow rates and low pressure
allowing for faster analysis, increased injection sample size
and reduced thermal degradation. 

Some classes of pesticides are not as amenable to
GC/MS due to limitations of volatility or thermal stability,
and LC/MS may be the technique of choice for these ana-
lytes [46]. For example, the determination of aldicarb and
its metabolites in various food extracts has been reported
using LC-APCI [47]. Carbamates are another class of pes-
ticides that can be best analyzed by LC/MS. One report
describes the isolation of thirteen carbamates from
orange, grape, onion and tomatoes by matrix solid-phase
dispersion with analysis by LC/MS [48]. These authors
determined that both electrospray and APCI were suitable
for the analysis of these compounds with similar sensitiv-
ity (ppb) and structural information obtained. 

Dioxins are a class of compounds that create a partic-
ular analytical challenge. Formed as breakdown products
from industrial chemicals, these compounds are extremely
toxic and have a very long residence time in the environ-
ment. Because of this, the potential of very low, yet possi-
bly still toxic, amounts of dioxins entering the food supply
is a real concern. Analytical methods must therefore be
able to detect part-per-trillion (and sub-ppt) amounts of
these compounds in a wide variety of environmental and
food matrices. Another challenge is that dioxins exist in
many similar forms, or congeners. These compounds may
have closely related molecular structure but different toxi-
cological properties. Historically, extensive extraction
methods (Soxlet, multi-stage column chromatography,
etc.) using relatively large sample sizes were coupled with
GC/MS detection [49]. The MS instruments used may
need to have high enough resolution to distinguish
between compounds with the same nominal molecular
weight. Magnetic sector or high-resolution ion trap instru-
ments typically have been employed for this purpose.
Recently some of the newer MS techniques have been

applied to dioxin analysis including the use of time-of-
flight instruments and isotopic dilution quantitation [50]. 

The formation of mycotoxins is a prevalent problem
in foods such as grains and peanuts. The use of MS, espe-
cially LC/MS, has allowed for much more efficient mon-
itoring of these toxins. For example, the analysis of
aflatoxin can be performed with great sensitivity and
selectivity by LC/MS. One recent reference describes the
use of MS to identify individual peanuts with high levels
of aflatoxin in a processing stream by dipping the nuts
into an extraction fluid and analyzing the fluid by MS/MS
[51]. Other methods describe the optimized LC/MS APCI
conditions for the determination of A-trichothecene
mycotoxins in grains such as oats, maize, barley and
wheat [52]. Mycotoxins can also occur in fruits and their
juice products. LCMS and GC/MS have been used for the
analysis of the mycotoxins alternariol and patulin in
apples and other fruit [53, 54]. 

Several acute human illnesses can result from the con-
sumption of shellfish containing marine toxins including
diarrhetic shellfish poisoning, amnesic shellfish poisoning
and azaspiracid poisoning. Diarrhetic shellfish poisoning
is caused by compounds such as okadaic acid, dinoph-
ysistoxin, pectenotoxin, yessotoxin, dinophysistoxins,
among others. MS has played an important role in the
analysis of these compounds, as well as the initial charac-
terization of newly discovered compounds [55, 56].
Domoic acid is a toxin which causes amnesic symptoms.
Determination and confirmation of this compound can
also be achieved using LC/MS methodology [57]. A series
of related toxins, the azaspiracids, can also results in
human illness after consumption of affected shellfish.
These compounds have been characterized by electro-
spray LC/MS using an ion trap instrument and a method
to quantitate the azaspiracids in mussel tissues has been
developed [58, 59]. 

A recent concern involving packaged food products
is that potentially harmful substances from the packag-
ing material may migrate into the food and be consumed.
MS can be used to characterize possible contaminants
from processing or packaging materials or the degrada-
tion of those substances. For example the amount of
styrene or styrene oxide or other volatile organic com-
pounds from polystyrene containers and the factors
affecting the rate of migration into the food commodity
using GC/MS have been reported [60]. Plasticizers in
food have also been determined by GC/MS with ion trap
detection [61]. Bisphenols, which are breakdown prod-
ucts from canned food coating material, have been meas-
ured in a wide range of different canned foods including
soup, fruit, infant formula, and meat products using
GC/MS methods [62]. 

The potential threat for adulteration of food by delib-
erate tampering, either at the manufacturing facility, the
retail outlet, or by individual consumers, has always been
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a concern and has become more so in recent years. MS
can be a very valuable tool for determining what foreign
compound may have been added to a product, as well as
the possible source of the contamination. Due to the sen-
sitive nature of this work and possible legal and regulatory
implication, there are not many references on this subject
in the published literature. A few references include the
determination of a rodenticide in consumer products [63]
and the identification of cocaine in fruit (and syringes
found at the same location) in a supermarket tampering
case [64]. 

IV. SPECIFIC APPLICATIONS OF MS IN
FOOD ANALYSIS

The use of MS to analyze two common food commodi-
ties, bovine milk and berries, is examined in more detail.
The major components of bovine milk have been charac-
terized by MS methods. The triacylglycerols in milk have
been characterized by LC/MS using APCI as well as by
GC/MS [65] after initial prefractionation using both TLC
and gel permeation chromatography. LC/MS alone could
not resolve the complicated mixture of triacylglycerols,
and interpretation was difficult because many compounds
shared common fragment ions. Fractions of the mixture
were separated using either TLC or gel permeation and
subsequent analysis of these portions was used to identify
individual triacylglyceraols. GC/MS was also performed
on the majority of the fractions and yielded complemen-
tary data to assist in the identification of individual com-
ponents. Using these techniques, 120 triacylglycerols
were identified. The whey proteins derived from milk
have also been better described using LC/MS with an
electrospray interface and time-of-flight MS detection
[66]. This study found that the principle proteins in whey
(lactalbumin and lactaglobulins ) can be extensively mod-
ified by glycosylation and oxidation upon processing. 

The more volatile compounds in foods or beverages
often determine their flavor. The use of SPME coupled to
GC/MS has become the method of choice to sample the
volatile compounds present in milk [67, 68]. For a more
rapid analysis, the GC column can be omitted and the com-
pounds can be analyzed directly by electron impact MS. In
this case, a short fused silica transfer line can take the place
of an analytical GC column. The MS then acts as an “elec-
tronic nose” and pattern recognition techniques are required
to distinguish significant differences in milk samples [69]. 

Phytoestrogens, which include isoflavones, lignans,
and coumestans, are a class of compounds that are often a
minor naturally occurring component of milk. These com-
pounds can potentially act as endrocrine disruptors and
are passed into bovine milk from injestion of compounds
present in animal feed. A method was developed to ana-
lyze phytoestrogens in milk using LC/MS/MS [70]. An
electrospray interface (using both positive and negative

ionization) was used along with a triple quadrupole MS
operated in the selected reaction monitoring mode.
Identification limits for these compounds using this
method was determined to be less than 1 µg/L. Analysis of
milk samples confirmed the presence of the hydroxylated
isolflavones genistein and daidzein and also higher
amounts of the metabolite equol. 

Potential residual compounds that could be present in
milk include industrial compounds, mycotoxins, pesticides
and animal drugs. Examples of industrial chemicals that
have been analyzed in milk using MS include polycyclic
aromatic hydrocarbons [71] and polychlorinated biphenyls
[72]. Cyclopiazonic acid is a mycotoxin produced by
Aspergillus and Penicillium genuses in milk. This com-
pound has been analyzed using negative ion electrospray
LC/MS with ion trap detection [73]. The authors were able
to quantitate over three orders of magnitude with a detec-
tion limit of 5 ng/mL. Twenty milk samples were analyzed
for cyclopiazonic acid by this method, and three of those
samples were found to be contaminated at detectable levels. 

Multiresidue methods for pesticide residues in milk
have been developed. A method for detection, quantita-
tion, and confirmation of over 100 pesticides using GC
with ion trap MS/MS was developed and applied to sev-
eral different types of foods including milk [42]. The
advantage of using the ion trap as a detector, in this
method or any other application, is the ability to achieve
additional selectivity and sensitivity. This is demonstrated
in this method by the ability to obtain very clean traces for
individual compounds using specific individual acquisi-
tion parameters in very complex food matrices. Another
method developed more specifically for milk uses GC/MS
(single quadrupole detection) as well as GC with flame
photometric detection to quantitate several classes of pes-
ticides including organophosphorous compounds,
organochlorine compounds, methylcarbamates, as well as
others [74]. Residues were confirmed using high-resolu-
tion GC/MS and GC/MS-MS with a hybrid magnetic sec-
tor/quadrupole instrument. 

Residues of animal drugs can be a potential problem
in bovine milk because dairy cows may be treated for ill-
ness such as mastisis or respiratory disease. Some drugs
are approved for treatment of affected dairy cattle, but
they may result in violative residues if appropriate drugs,
dosages, and withdrawal times are not used. Antibiotics
are the most common drug residues found in milk, and
MS has been used extensively to monitor for these
residues. MS methods for residues in milk include sulfon-
amides [36, 75], tetracyclines [76], penicillins and related
compounds [35, 77], aminoglycosides [78], and many
others [33]. Other types of animal drugs that can be ana-
lyzed for in milk by MS methods include anthelmintics
such as bendazoles [79].

Berries are another type of food product that have
been extensively analyzed and characterized using MS
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methods. One primary focus of analytical methods using
berries as a matrix is understanding which chemical com-
pounds give the fruit the best flavor and odor characteris-
tics. A thorough study of the volatile components that
define the aroma and flavor characteristics of strawberries
has been reported [80]. This method employed SPME
headspace analysis combined with thermal desorption
GC/MS to identify and quantitate 23 different com-
pounds. Statistical techniques were then utilized to clas-
sify and compare the different varieties of berries. GC/MS
with headspace sampling was also used in a study [81]
that compared the aroma components, primarily aliphatic
esters, of strawberries grown in different conditions. 

Another aspect of berry chemistry that has received a
great deal of attention is the presence of anthocyanins, pro-
cyanidins, and flavanols in these fruits. These compounds
are thought to have potential beneficial value due to their
antioxidant properties. The flavonal components quercetin,
myricetin and kaempferol were studied in 25 berries includ-
ing cranberries, currants, whortleberries, blueberries and
strawberries [82]. A LC/UV method was used to quantitate
the amounts of those compounds in the various berries and
electrospray LC/MS along with diode array data were used
to identify the various compounds. In another study, an MS
method using MALDI-TOF was compared to a traditional
LC method to measure the amount of anthocyanin in blue-
berries [83]. While both techniques gave comparable profile
results, the MS method was faster and also provided confir-
matory information, although the LC method provided bet-
ter information on isomeric compounds. 

The chemical residues in berries that are of most con-
cern are pesticide residues. One report describes the
analysis of organochlorine and chlorobenzene pesticide
residues in strawberries using GC/MS [84]. The residues
were extracted from the fruit using the novel techniques
accelerated solvent extraction, SPME, or stir bar sorptive
extraction. Detection limits of 1–10 µg/kg were reported.
This method was used to monitor contamination of straw-
berries in an industrial region. Another paper also reports
on the use of SPME in conjunction with GC/MS (using
selected ion monitoring) for a wide variety of pesticides
and fungicides in strawberries [85]. In an alternative
approach, capillary electrophoresis using an electrospray
interface and selected ion monitoring was used to measure
the fungicides procymidone and thiabendazole in straw-
berries as well as other fruits [86]. A survey of consumer
samples using this method found that these residues are
present in real samples more than 50% of the time. 

V. EMERGING TRENDS IN THE MS
ANALYSIS OF FOODS

MS should remain an important analytical tool in the
characterization of food, and the application of new tech-
nologies will continue to expand. The flexibility of the

new MS/MS instruments will allow multi-component
methods to be developed with performance (in terms of
sensitivity and selectivity) that was previously only possi-
ble for single compounds. Just as the advent of practical
and commercially available LC/MS/MS instruments has
had a great effect on food analysis, the introduction of
time-of-flight and other high resolution instruments will
also have a great impact. The use of exact mass measure-
ments to identify and confirm food components or
residues should increase. 

Innovations from other areas of analytical chemistry
and biology can be borrowed and adapted for food analy-
sis. For example, the advances made in the area of drug
discovery in terms of rapid throughput of compounds
(multiplexing, robotics, etc.) should lead to the ability to
screen a large number of food samples using some of the
same technological advances. The use of MS, as well as
other means of structural elucidation, to study a wide vari-
ety of proteins has exploded in recent years, giving rise to
the whole field of proteomics. Researchers in this area are
applying their knowledge to a wide variety of biological
systems and disease mechanisms. The same analytical
techniques should be able to be applied to food matrices
as well, leading to better ways to distinguish species or
varieties of commodities. Identification of bacterial food
pathogens using MS is already an area of increasing
development [87]. 

In the future, MS will likely become a valuable tool in
determining not only what components are present in any
given food, but also what role a particular compound may
play in the food’s esthetic quality, nutritional value, and
perhaps even in its ability to mitigate or prevent disease. 
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I. INTRODUCTION

There is considerable demand in the food industry for
analytical methods to quantitatively measure various com-
ponents in raw materials and finished food products, and
to monitor physicochemical changes during and after food
processing. This chapter describes a number of classical
and newly developed methods for food analysis not cov-
ered in other chapters. These techniques have wide appli-
cation in the food industry due to their simplicity and
potential applications to a wide variety of food materials.

II. POTENTIOMETRY

Potentiometry is one of the two main categories of elec-
troanalytical techniques, being classified as voltammetry
at zero current. The basic principle of potentiometry
involves the use of an electrolytic cell composed of two
electrodes dipped into a test solution. A voltage (electro-
motive force, EMF) develops, which is related to the ionic
concentration of the solution. This EMF is measured
under conditions such that an infinitesimal current (10�12

amperes or less) is drawn during measurement. Hence, the
classification voltammetry at zero current is used in
potentiometry. When an appreciable current is drawn,
changes in solution concentration surrounding the elec-
trodes will be produced, and the measured potential cor-
responds to a system different from the original. In
addition, irreversible changes may occur in either of the
two electrodes.

A. ELECTRODE POTENTIAL

When an electrode is placed in a solution, it tends to send
ions into the solution (electrolytic solution pressure),
reacting with the electrode (activity). These two factors,
the electrode pressure and the activity of the solution ions,
combine to produce an electrode potential. At a given
external pressure and temperature, the potential is a con-
stant characteristic of the metal in solution.

The pH meter is a good example of a potentiometer.
pH is defined as the logarithm of the reciprocal of hydro-
gen ion concentration. It may also be defined as the 
negative logarithm of the molar concentration of hydro-
gen ions. The four major parts of the pH meter system 

are: (1) reference electrode, (2) indicator electrode (pH
sensitive), (3) voltmeter or amplifier that is capable of
measuring small EMF differences in a circuit of very high
resistance, and (4) the sample being analyzed.

Hydrogen ion concentration (activity) is determined
by the voltage developed between the two electrodes. 
The Nernst equation relates the electrode response to the
activity:

E � E° � 2.3 logA

Where E � actual electrode potential; E° � a constant, the
sum of several potentials in the system; R � universal gas
constant, 8.313 joules/degree/g mole; F � Faraday con-
stant, 96,490 coulombs per g equivalent; T � absolute
temperature (Kelvin); N = charge of the ion; and A �
activity of the ion being measured.

At 25°C, the relationship of 2.3RT/F can be calculated
as:

� 0.0591 volts

Thus, the voltage produced by the electrode system fol-
lows a linear function of the pH, with the electrode poten-
tial being �60 millivolts for each change of one pH unit.
At neutrality (pH 7), the electrode potential is zero milli-
volt. The above relationship of millivolt versus pH exists
only at 25°C.

B. REFERENCE ELECTRODES

1. Standard Hydrogen Electrode

The universally adopted primary standard reference elec-
trode is the standard hydrogen electrode (SHE). It consists
of a platinum wire or foil coated with platinum black,
immersed in a hypothetical solution of unit hydrogen ion
activity and in equilibrium with hydrogen gas at unit par-
tial pressure. The potential of this standard electrode by
convention is defined as zero millivolt at all temperatures.
The standard hydrogen electrode is the international stan-
dard, but is seldom used for routine work because more
convenient electrodes and reliable calibration buffers are
available.

23 � 8 316 � 298
��

96,490

RT
�
NF
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2. Saturated Calomel Electrode

The saturated calomel electrode is the most common ref-
erence electrode. It is based on the following reversible
reaction:

Hg2Cl2 � 2e� � 2Hg � 2Cl�

Thus, the potential is dependent upon the chloride ion
concentration, which is easily regulated by the use of sat-
urated KCl solution in the electrode. A calomel reference
electrode has three principal parts: (1) a platinum wire
covered with a solution of calomel (Hg 2Cl2), (2) a filling
solution (saturated KCl), and (3) a permeable junction
through which the filling solution slowly migrates into the
sample being measured. Junctions are made of ceramic
material or fibrous material. A sleeve junction may also be
used. Because these junctions tend to clog up, causing a
slow, unstable response and inaccurate results, one elec-
trode manufacturer has introduced a free-flowing junction
wherein electrolyte flowing from a cartridge is introduced
at each measurement. The calomel electrode is unstable
above 80°C or in strongly basic samples (pH >9), and
should be replaced by a silver-silver chloride electrode.

3. Silver-Silver Chloride Electrode

The silver-silver chloride electrode is very reproducible
and is based on the reversible reaction:

AgCl (s) � e� � Ag(s) � Cl�

The internal element is a silver-coated platinum wire with
the surface silver being converted to silver chloride by
hydrolysis in hydrochloric acid. The filling solution is a
mixture of 4 M KCl saturated with AgCl used to prevent
the AgCl surface of the internal element from dissolving.
The permeable junction is usually of the porous ceramic
type. Due to the relative insolubility of AgCl, this electrode
tends to clog more readily than the calomel reference elec-
trode. However, it is possible to obtain a double-junction
electrode in which a separate inner body holds the
Ag/AgCl internal element, electrolyte, and ceramic junc-
tion. An outer body containing a second electrolyte and
junction isolates the inner body from the sample.

C. INDICATOR ELECTRODES

The indicator electrode most commonly used in measur-
ing pH is referred to as the glass electrode. Prior to its
development, the hydrogen electrode and the quinhydrone
electrode were used. The history of the glass electrode
goes back to 1875, when it was suggested by Lord Kelvin
that glass was an electrical conductor. The glass electrode
potential was discovered 30 years later when it was
observed that a thin glass membrane placed between two

aqueous solutions exhibited a potential sensitive to
changes in acidity. Subsequently, the reaction was shown
to be dependent upon hydrogen ion concentration. These
observations were of great importance in the development
of the pH meter.

The glass electrode has three principal parts: (1) a sil-
ver-silver chloride electrode with a mercury connection
needed as a lead to the potentiometer, (2) a buffer solution
consisting of 0.01N HCl, 0.09N KCl, and acetate buffer
used to maintain a constant pH, and (3) a small pH–sensi-
tive glass membrane whose potential varies with the pH of
the test solution. Conventional glass electrodes are suitable
for measuring pH in the range of 1–9. These electrodes are
sensitive to higher pH, especially in the presence of
sodium ions. Thus, modern glass electrodes developed are
usable over the entire pH range of 0–14, and feature a very
low sodium ion error, typically <0.01 pH unit at 25°C.  

D. ION-SELECTIVE ELECTRODES

The glass electrode is generally considered useful only in
measuring pH, but if the composition of the glass mem-
brane is changed, this type of electrode can be quite sen-
sitive for detecting other cations. In recent years, much
attention has been given to this potential. Many electrodes
have been developed for the direct measurement of vari-
ous cations and anions, such as bromide, calcium, chlo-
ride, fluoride, potassium, sodium, and sulfide. There are
even electrodes available for measuring dissolved gases,
such as ammonia and carbon dioxide. While some of
these methods are limited in their application due to inter-
ference from other ions, the problem can be overcome by
pH adjustment, reduction of the interfering ions, and
removal of these ions by complexing or precipitation.

Varying the composition of the glass in a glass electrode
is one means of changing the sensitivity of the glass mem-
brane to different ions. For example, an electrode membrane
containing 71% SiO2, 11% Na2O, and 18% Al2O3 is sensi-
tive to potassium.

1. Precipitate Impregnated Membrane Electrodes

According to Rechnitz (1), the success of glass mem-
branes as cation-selective electrodes rests largely on the
fact that the hydrated glass lattice contains anionic ‘sites’
that are attractive to cations of appropriate charge-to-size
ratio. It is quite easy to construct ion-exchange mem-
branes that permit exchange of either cations or anions;
the difficulty is that these membranes show insufficient
selectivity among anions and cations of a given charge to
be satisfactorily used as practical electrodes. The problem
is to find an anion-exchange material that displays appre-
ciable selectivity among anions of the same charge, and
also possesses suitable properties to permit its processing
into a membrane electrode. In this case silicone rubber has
been found to be the most effective material.
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An inert, semi-flexible matrix (silicone rubber) is
used to hold an active precipitate phase (AgI for an iodide
electrode) in place. Such membranes are called heteroge-
neous or precipitate impregnated membranes. Fisher and
Babcock (2) used radioactive tracer materials to show that
the electrode potential is determined by the electrical
charge on the surface of the inorganic precipitate parti-
cles, and that the current is carried by the transport of the
counter ions through the membrane. The main advantage
of membrane type electrodes over the older metal-metal
halide electrodes is their insensitivity to redox interfer-
ences and surface poisoning. Electrodes sensitive to chlo-
ride, bromide, iodide, sulfide, sulfate, phosphate, and
hydroxide ions have been developed.

2. Solid-State Electrodes

The active membrane portion of a solid-state electrode con-
sists of a single inorganic crystal doped with a rare earth.
For example, the Orion fluoride electrode is crystalline lan-
thanum fluoride that has been doped with europium to
lower its electrical resistance and to facilitate ionic charge
transport. This electrode has approximately tenfold higher
selectivity for fluoride than hydroxide, and at least 1000-
fold higher selectivity for fluoride over chloride, bromide,
iodide, hydrogen carbonate, nitrate, sulfate, and monohy-
drogen phosphate. The fluoride electrode does not require
pre-conditioning or soaking prior to use. Solid-state elec-
trodes are available for detecting the anions Cl�, Br�, I�,
and S2�, and the cations Cd2+, Co2+, Pb 2+, and As3+.

3. Liquid-Liquid Membrane Electrodes

The range of selective ion-exchange materials could be
greatly extended if such materials could be used in elec-
trodes in their liquid state. Liquid ion-exchange materials
that possess high selectivity for specific ions may be tai-
lored by appropriate chemical adjustment of the
exchanger on the molecular level. The main problems hin-
dering the development of successful liquid-liquid elec-
trodes are mechanical. It is necessary, for example, that
the liquid ion-exchanger be in electrolytic contact with the
sample solution, yet actual mixing of the liquid phases
must be minimal. Electrodes of this type are available for
Ca2�, Mg2�, Cu2�, Cl�, ClO3

�, and NO3
�.

E. ENZYME ELECTRODES

Enzyme electrodes are used to determine certain uncharged
molecules. This type of electrode contains an enzyme that
can convert the molecule to be measured into an ion that
can be detected with a conventional electrode. For example,
urea can be determined by coating the end of an ammonium
ion electrode with uricase imbedded in a gel. As urea in a
sample penetrates the gel, it reacts with the enzyme, which
converts part of the urea to ammonia. The ammonia, in the

presence of water, becomes ammonium ion which is then
detected by an ammonium ion electrode.

An enzyme electrode can be prepared by placing a
piece of nylon stocking over the end of an electrode. A
thin film of polyacrylamide gel containing the specific
enzyme is polymerized onto this network. The gel is then
covered with a film of clear plastic such as Saran wrap.
Both the stocking and plastic membrane can be held in
place with a rubber band placed around the neck of the
electrode.

F. APPLICATIONS

The measurement of pH has many uses in the food indus-
try. The safety of many foods is pH-dependent, and the
desired flavor of a food is often determined by the [H+]
concentration. Thus, pH measurements are routinely con-
ducted in both the laboratory and the processing plant.

The chloride and fluoride contents in several types of
cheese have been determined by potentiometric titration
with silver using ion-selective electrodes (3). The chloride
and calcium contents of milk fats were measured by
potentiometric titration to detect adulteration (4). A
portable meter was developed by Dracheva (5) to deter-
mine nitrate in fruits and vegetables.

D-Fructose dehydrogenase was immobilized on an
electrode and used for the selective determination of fruc-
tose (6). Glucose oxidase was immobilized on an elec-
trode surface and found to be sufficiently fast and reliable
to determine sucrose in flow injection systems (7). Sugar
beet pulp precipitated with acetone was examined and
found to be a suitable biocatalytic layer for a tyrosine tis-
sue-based membrane electrode (8).

III. RADIOACTIVITY AND COUNTING
TECHNIQUES

A. RADIOACTIVITY AND HIGH-ENERGY PARTICLES

Radioactivity is a general term applied to the emission of
high energy particles (e.g., alpha and beta particles) and
electromagnetic radiation emanating from the unstable and
excited nuclei of atoms. The main advantage of radioana-
lytical methods is their high sensitivity, allowing determi-
nations to the nanogram (10�9g), pictogram (10�12), and
sometimes fantogram (10�15) range. These methods have
high specificity and can be used to determine most inor-
ganic elements including trace elements, and organic com-
pounds such as amino acids, fatty acids, vitamins, and
hormones.

Alpha particles are helium nuclei moving at high
speeds (on the average, 1 � 107 cm/min) emitted from
unstable nuclei having large atomic numbers. All alpha
particles from a given isotope have the same energy,
nearly identical penetration ranges which are very short,
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and produce about 25,000 ion pairs/cm while they last.
Beta particles are distinguishable from simple electrons
only by the fact that they originate in the nucleus and are
usually moving at high speed. A beta spectrum is contin-
uous, having energies varying from a few thousand elec-
tron-volts to several million electron-volts. An average
beta particle produces about 60 ion pairs/cm.

Following nuclear transformation, the formed nucleus
is often found in an excited state. When the excited
nucleus falls back to its ground state, electromagnetic
radiations called gamma rays are emitted. Many equations
have been developed to describe the various parts of the
radioactive process, but the most widely used is the half-
life equation:

t1/2 � 0.693/λ

where λ is the radioactive decay constant (sec�1). If A is
the count rate and A0 is the number of counts at zero time
then the above equation becomes:

A � A0 exp (�0.693 t /t½)

B. COUNTING DEVICES

Although the radiations mentioned previously have high
energies in bulk, individually the energies are not suffi-
cient, by a factor of about one million, to permit direct
observation and measurement. Detection and measure-
ments are therefore done indirectly by utilizing the effects
of interactions produced by these radiations as they tra-
verse matters.

1. Geiger–Muller Counter

The Geiger–Muller (GM) counter or tube is very sensitive
to alpha and beta particles (98% efficient) compared to
gamma rays (2% efficient). The GM counter is relatively
inexpensive and simple to operate, but it does not dis-
criminate between the types of radiation and it has a finite
lifetime. It is being steadily replaced by proportional and
scintillation counters.

When a ray of radiation comes through the mica win-
dow of a GM tube and strikes an argon atom, the argon
atom is ionized to produce a positive argon ion and an elec-
tron. The positive ion moves toward the cathode at a speed
about 1000 times slower than the movement of the electron
toward the anode. The electron, attracted by the high poten-
tial of the anode, is rapidly accelerated. It has sufficient
energy that when it collides with an argon atom another ion
and electron can be produced. The two electrons accelerat-
ing toward the anode produce 4, then 8, and 16, etc. elec-
trons. The net result is called the Townsend avalanche.
Thousands of electrons can reach the anode and a small
current is produced and the pulse signal is measured.

In addition, some of the electrons striking the anode
may have high enough energy to knock electrons from the
anode. These electrons will immediately be re-attracted to
the anode and they in turn can knock other electrons
loose. This is known as photon spread. The total time it
takes for this signal to build up is known as the rise time
(tr) and is usually 2–5 µsec in duration.

While electrons are moving toward the anode, the
positive ions move slowly toward the cathode as a positive
space charge. If they strike the cathode with their full
energy, more photoelectrons will be generated, more than
the tube can handle. The net result is that the counter will
burn out. Something is needed to dissipate this energy and
from photon spread. Molecules, with their many energy
levels, are used for this purpose, and ethanol and chlorine
are the favorites. The ionized argon atoms will transfer
their energy to these molecules which may form ions or
free radicals or simply absorb the energy. The energy is so
spread out that the cathode has little affinity for these par-
ticles, and no photoelectrons are thus produced. Since
there is a limit to the amount of quenching gas that can be
added to this type of counter, the counter will only work
as long as quenching gas is present.

What happens if a second ray of radiation enters the
counter before the first ray has completed its reaction? If
the second ray ionizes an argon atom at a point between
the cathode and the positive space charge, then the elec-
tron produced will not “see” the anode but will combine
with the argon ion instead. The net result is that the ray of
radiation was not counted.

2. Proportional Counters

Geiger–Muller tubes are limited to about 15,000 counts
per minute (cpm) because of their long dead time. If the
voltage applied to the anode of a GM tube is reduced to a
value at which the anode can collect electrons but not pro-
duces photon spread, the output pulse is proportional to
the energy of the initial ionization, since the number of
secondary electrons now depends only on the number of
primary ion pairs produced initially. A device operated in
this manner is called proportional counter.

The dead times of proportional counters are very
short, of the order of 1 µsec, and they can therefore count
up to 200,000 cpm. The pulse signal is much weaker than
that with a GM tube and better amplification system is
needed. It is not possible to make a proportional counter
out of a GM tube by simply lowering the anode voltage.

Proportional counters can operate at atmospheric
pressure, so the quenching gas can be added continuously.
Hence, a proportional counter can count indefinitely.
Proportional counters are very good for detecting alpha
and beta particles, and because of their ionization effi-
ciency, these counters can easily distinguish the two types
of particles.
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3. Scintillation Counters

The basic principle behind the operation of the scintilla-
tion counter is that an energetic particle incident upon a
luminescent material (a phosphor) excites the material,
and the photons created in the process of de-excitation are
collected at the photocathode of the photomultiplier tube
causing the ejection of electrons. The electrons ejected are
then led to impinge upon other electrodes, each approxi-
mately 100V higher in potential than the previous one.
During acceleration from dynode to dynode, more elec-
trons are ejected and a large amplification is obtained.

It would be expected that the greater the energy of the
incident particle, the greater the number of electrons is pro-
duced. Thus the scintillation counter could be used to meas-
ure the energy of the particle. In a scintillation counter,
advantage is not taken of the proportional properties of the
scintillation process. However, a scintillation spectrometer
uses these proportional characteristics to good advantage.

The liquid scintillation counter is particularly conven-
ient for the counting of beta emitters with very low energy,
such as tritium, carbon-14, and sulfur-35. The pulses of
light emitted by the scintillating solution (caused by the
particles in the radioactive decay process) are observed
with a photomultiplier tube and counted. It is common
practice to cool the photomultipliers to lower their noise,
caused in part by thermal emission from the photocathode.

4. Semiconductor Detectors

Germanium, a semi-conducting material, can be made
sensitive to gamma radiation by placing small amounts of
an impurity, such as lithium, into the germanium crystal
structure. When a gamma ray interacts in the crystal, an
electrical charge is produced. The charge is collected and
amplified to produce a voltage pulse whose height is pro-
portional to the amount of energy deposited in the crystal
by the gamma ray.

A single crystal of semiconductor material, such as
silicon or germanium, will not make a suitable counter
because of the direct current in the crystal. Random vari-
ations of this current may produce pulses similar to the
radiation-induced pulses. To reduce this current, a p-n
(positive-negative) junction in reverse bias is used.

C. APPLICATIONS

Radioactivity techniques are widely applied in the food
industry due to their high sensitivity. A wide variety of
food components can be detected and quantified. Positron
lifetime spectroscopy has been used to study the structural
changes of water in the presence of dissolved sugar mole-
cules such as sucrose, D-glucose, and D-fructose (9).
Proton-induced X-ray and radioisotope-induced X-ray 
fluorescence methods were used to determine trace ele-
ments in beef, mutton, and chicken (10). Radioactivity

tracing of anthocyanins has been carried out in food and
beverages (e.g., red wine) where products are difficult to
isolate and analyze (11). Variations in cell wall polysac-
charides of ready-to-use grated carrots after treatment with
ionizing gamma radiation and CaCl2 were demonstrated
(12). Calcium did not modify the polysaccharide composi-
tion or the effects of the ionizing radiation. The gamma
radiolysis of phenylalanine in aqueous solution has been
studied as a model for the formation of o-tyrosine in irra-
diated food containing phenylalanine (13). Several meth-
ods have been developed to detect irradiated foods,
including the thermoluminescence technique which
appears to originate from mineral contamination in food
materials which have a natural thermoluminescence (14).

IV. ENZYMATIC METHODS

Enzymes are protein molecules that catalyze various
metabolic reactions in living organisms (15). Enzymes are
capable of very high specificity and reactivity under phys-
iological conditions. Enzymatic analysis is the measure-
ment of compounds with the aid of added enzymes or the
measurement of endogenous enzyme activity to give an
indication of the state of a biological system including
foods. The fact that enzyme catalysis can take place under
relatively mild conditions allows for the measurement of
unstable compounds not amenable to some other tech-
niques. In addition, the specificity of enzyme reactions
can allow for measurement of components in complex
mixtures without the need of complicated and expensive
chromatographic separation.

A. ENZYME KINETICS

Enzymes are biological catalysts which increase the rate
(velocity) of a thermodynamic reaction. An enzyme does
not modify the equilibrium constant of the reaction and is
not consumed in the reaction. To measure the rate of an
enzyme-catalyzed reaction, the enzyme is mixed with the
substrate under specified conditions (pH, temperature,
ionic strength, etc.) and the reaction is monitored by
measuring the disappearance of the substrate. An enzyme-
catalyzed reaction is represented as:

S � E � ES → P � E

where S = substrate, E = enzyme, ES = enzyme-substrate
complex and P = product. The formation of the enzyme-
substrate complex is very rapid (in millisecond scale) and
is not normally seen in the laboratory. The time course of
an enzyme-catalyzed reaction is illustrated in Figure 49.1
(15). The brief time in which the enzyme-substrate com-
plex is formed is called the pre-steady state period. The
slope of the linear portion of the curve following the pre-
steady state period gives the initial velocity (V0).
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The rate of the enzyme-catalyzed reactions depends on
the concentration of both the enzyme and the substrate. With
a fixed enzyme concentration, increasing substrate concen-
tration will result in increased velocity. As the substrate con-
centration increases further, increase in velocity slows, and
at very high substrate concentration, the maximum velocity
(Vmax) of the reaction is reached and no further velocity
increase is noted. The substrate concentration at which one-
half Vmax is observed is defined as the Michaelis constant or
Km which is an important characteristic of an enzyme. It is
an indication of the relative binding affinity of the enzyme
for a particular substrate. The lower the Km, the greater is the
affinity of the enzyme for the substrate.

The Michaelis-Menten equation is derived from a
simplified enzyme-catalyzed reaction as:

E � S � ES → E � P

where k1, k�1, k2 are reaction rate constants.

B. MEASUREMENT OF ENZYME ACTIVITY

A wide variety of methods is available to follow enzyme
reactions, including spectrophotometry, fluorimetry,
manometric methods, titration, and isotope and viscosity
measurements. The review by Whitaker (16) provides a
comprehensive guide to enzyme methods applicable to
foods.

C. APPLICATIONS

There are several applications of enzyme analyses in food
science and technology. In several instances, enzyme
activity is a useful measure for adequate processing of a
food product. For example, peroxidase activity is used as
a measure of adequacy of blanching of vegetable prod-
ucts. Enzyme activity assays are also used by the food

technologists to assess potency of enzyme preparations
used as processing aids.

Enzymatic analysis is currently being used more often
in the determinations of various substrates and enzymes in
food products, such as beverages, milk (lactose), fats
(cholesterol), and meats (pyrophosphates, creatine, creati-
nine, gluconate). A few examples of enzymatic analysis of
food components are shown.

1. Sulfite

Sulfite is a food additive that can be measured by several
techniques, including titration, gas chromatography, and
colorimetric analysis. Sulfite can also be specifically oxi-
dized to sulfate by the commercially available enzyme
sulfite oxidase (SO). The H2O2 product can be measured
by several methods, including the use of the enzyme
NADH-peroxidase. The reactions are shown as follow:

SO3
� � O2 � H2O

SO→ SO4
� � H2O2

H2O2 � NADH � H�→ 2H2O � NAD�

The amount of sulfite in the system is equal to the NADH
oxidized, which is determined by the decrease in absorbance
at 340 nm. Ascorbic acid can interfere with the assay but can
be removed by using ascorbic acid oxidase (17).

2. Glucose

Glucose in food can be measured by a colorimetric method
using glucose oxidase and peroxidase (18). Glucose is
preferentially oxidized by glucose oxidase to produce glu-
conolactone and hydrogen peroxide. In the presence of
peroxidase, hydrogen peroxide and o-dianisidine react to
produce a yellow colored dye that absorbs at 420 nm:

β-D-glucose � O2 −−→ δ-gluconolactone � H2O2

H2O2 � o-dianisidine peroxidase→ H2O � oxidized dye (colored)

3. Starch/Dextrin

Starch and dextrin contents in food can be determined by
enzymatic hydrolysis using amyloglucosidase, an enzyme
that cleaves α-1,4 and α-1,6 bonds of starch, glycogen
and dextrins, liberating glucose. The glucose formed can
be subsequently determined enzymatically.

V. SEROLOGY, IMMUNOCHEMISTRY AND
IMMUNOELECTROPHORESIS

Immunology is both a fundamental medical science and a
technology. As a technology it has engendered the devel-
opment of a whole ensemble of techniques based on the
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antigen-antibody (Ag-Ab) reaction, categorized under the
term immunochemistry. These techniques have been
highly developed in other domains of biology to seek,
identify, quantify, and even purify various molecules or
associations of molecules (such as microorganisms) using
antibodies.

A. ANTIGENS AND ANTIBODIES

An antigen is any substance that, when introduced into a
living organism, is susceptible to inducing the production
of antibodies that are able to recognize it. Antigens can be
molecules (proteins, polysaccharides, etc.) or associations
of molecules (viruses, bacteria, etc.). All antigenic mole-
cules are constituted of an assortment of determinants or
antigenic sites called epitopes, each possessing a molecu-
lar component that is recognized by an antibody. A given
antigen can have several identical or different epitopes,
with the latter introducing a set of different antibodies.
Thus, microorganisms that possess a variety of antigens
contain a large number of epitopes.

Antibodies are substances produced by an animal in
response to the introduction of a foreign substance (anti-
gen). They react specifically with the antigens that induced
their formation. These antibodies (or immunoglobulins)
are produced by the B lymphocytes and are present in the
blood. There are five classes of immunoglobulins, IgG,
IgM, IgA, IgD, and IgE. Immunoglobulins are composed
of a pair of long polypeptide heavy chains and a pair of
short polypeptide light chains. Both inter- and intra-chain
disulfide bonds are present. The heavy chains of different
immunoglobulin classes differ chemically, while the light
chains are of two types, kappa (K) and lambda (λ). All
immunoglobulin classes contain either type of light chain.
Each immunoglobulin molecule, therefore, consists of a
pair of heavy chains specific for its class and a pair of
either kappa or lambda light chains (Figure 49.2) (15).

All immunoglobulin molecules have a constant car-
boxyl-terminal end and a variable amino-terminal end.
The amino-terminal end is the “antibody active site” or
the “antigen combining site” with an amino acid sequence
that varies to correspond with the configuration of chal-
lenging antigens. The specificity of antibodies formed in
response to an antigen varies. Although antibodies gener-
ally react only with the antigen used, cross reactions due
to structural similarities between antigens may occur. For
example, antibodies to horse serum protein also react with
donkey serum protein, and ovalbumin from duck eggs
also reacts with antibodies to hen egg albumin. Serum
albumins of different mammalian species are antigeni-
cally similar, though not identical. The more closely
related any two species are, the greater the serological
likeness of their corresponding proteins. 

The structure of antibodies resembles a “Y” consti-
tuted of four polypeptide chains (Figure 49.2) (15). Each

branch of the “V” shaped section (or Fab fragment) carries
an active site that is complementary to an epitope. Thus,
each antibody molecule can bind to two antigenic mole-
cules with identical epitopes. The tail of the “Y” (or the Fc

fragment) does not directly participate in binding with the
antigen, but can fix to specific cells and activates the com-
plement. Each lymphocyte descendant produces only one
type of antibody that recognizes only one type of epitope.

1. Polyclonal Antibodies

After injecting an animal with antigen, antibodies appear
fairly rapidly in its blood, and their concentration increases
to a maximum and then decreases, constituting the primary
response. When the same antigen is then re-injected
(booster injection), antibody production is accelerated to
higher levels and diminishes more slowly than the first
time, constituting the secondary response. This production
can be maintained at a relatively high level by re-injecting
the antigen at regular intervals. Rabbit is often chosen, but
other animals (mice, goats, sheep, etc.) can also be used.
Immunization protocols are varied, and the injection can
be intravenously (when working with bacteria), intramus-
cularly, or subcutaneously with the antigen preferably in
suspensions (or emulsions) rather than in solution. The
quantity of antigen injected (a few µg to a few mg) depends
on the nature of the antigen, the animal, and its size.

2. Monoclonal Antibodies

Even if the antigen used to inoculate the animal is pure,
the immunoserum collected is composed of a mixture of
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antibodies directed against different epitopes. A more
recent development involves obtaining a cellular clone
that produces only one antibody with a well-defined
specificity, known as monoclonal antibody. Kohler and
Milstein in 1975 first developed the techniques for the
production of monoclonal antibody.

B. IMMUNODIFFUSION

Several methods based on specific precipitation of antigen
and antibody in agarose gels have been developed (19),
and are called immunodiffusion. Single diffusion is a
technique in which only one of the two reactants (gener-
ally the antigens) migrates in the agarose gel, and double
diffusion techniques involve both components migrating
simultaneously toward each other. The precipitate forms
at a location where the concentrations of the two reactants
reach equivalence, leaving a limited precipitation zone for
each antigen.

1. Tube Precipitin Test

Qudin (20) devised a method by which complex antigen-
antibody systems could be analyzed by allowing them to
react in a capillary tube filled with agar. The antibody
solution is mixed with warm agar, which is then allowed
to harden in the tube. When an antigen solution is added,
the antigen reacts with the antibody, forming a precipita-
tion zone. The number of such zones is less than or equal
to the number of independent precipitation systems (i.e.,
antigen-antibody reactions) present in the mixture.

2. Single Radial Diffusion

Mancini (21) developed this method, in which agarose
containing the antibody is poured onto a transparent plate.
The antigen solutions are deposited in circular wells cut in
the gel. The antigens diffuse around the well and form a
precipitation ring or halo, and the square root of the inner
diameter is proportional to their concentrations. The quan-
tity of antigen contained in the unknown sample is deter-
mined by comparing with a range of reference values. The
sensitivity threshold is about 3 µg/ml.

3. Double-Diffusion

The double-diffusion method was developed by
Ouchterlony (22). It permits both antigen and antibody to
diffuse into an agar-filled glass dish that initially contains
neither reagents. A few drops each of antigen and anti-
body solutions are placed separately in small wells in the
agar. Antigen and antibody diffuse toward each other at a
rate related to their concentrations and their diffusion
coefficients. A precipitate line is formed where an antigen
interacts with its antibody. Because of differences in dif-
fusion rates, the lines are distinctly separated. The clean

separation of lines on these Ouchterlony plates makes it
possible to distinguish more reactions than with Qudin
tubes. Consequently the plates are more useful in studying
complex systems. The line of precipitation formed by an
individual reaction can be identified if either the antigen
or the antibody is available in relatively pure form.

C. IMMUNOENZYMOLOGY

The technique of immunoenzymology was first applied to
histochemistry and only assumed its present form as
ELISA (Enzyme Linked Immunosorbent Assay) in 1971
simultaneously in France, Sweden, and Holland. The
most commonly used enzyme markers are catalase, glu-
cose oxidase, β-galactosidase, alkaline phosphatase, and
peroxidase. The enzymatic reaction that allows detection
is in the last step of the procedure. The technique involves
the addition of a substrate which produces a colored prod-
uct that can be read visually, or by a simple adapted col-
orimeter when micro-titration plates are used. The diverse
substrates that can be used depend on the enzymes. The
most common substrates for peroxidase are orthophenyl-
diamine (OPD) and 2,2�-di (ethyl 3-benzothiazoline-sul-
fonic-6) acid (BTSA) coupled to H2O2. With certain
enzymes, substrates that produce fluorescent or lumines-
cent products can also be used to increase sensitivity, but
special measuring devices are required.

ELISA is a heterogeneous assay requiring washing
between each step to remove unbound reagents. Widely
used enzyme labels include alkaline phosphatase, glucose
oxidase, and horseradish peroxidase. These enzymes cat-
alyze reactions that cause substrates to degrade, forming
colored products that can be read visually or spectropho-
tometrically. Depending on the format, either antibody or
antigen is adsorbed onto a solid phase, which can be poly-
styrene tubes, polystyrene microtiter wells, or membranes
(nitrocellulose and nylon) (23).

D. IMMUNOELECTROPHORESIS

To improve the resolution and interpretation of the dou-
ble-diffusion method, immunoelectrophoresis was devel-
oped by Grabar (24).

1. Classical Immunoelectrophoresis

Classical immunoelectrophoresis (25) is performed in two
steps. First, there is a classical electrophoresis of the anti-
gen mixture deposited in wells, in which the antigens are
separated into small spots as a function of their charge.
Customarily, two runs are done in parallel on the same
gel, one with the sample mixture, and the other with a
standard for comparison (Figure 49.3) (26). Then there is
a double diffusion, in which antibodies placed in a central
groove between the antigen spots migrate toward the anti-
gens. This produces one or more precipitation lines
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depending on whether each electrophoretically separated
antigen spot is pure, or is constituted of several antigens
that have the same charge. This method is sensitive, repro-
ducible and qualitative in nature (26).

2. Rocket Immunoelectrophoresis

Rocket immunoelectrophoresis is a quantitative technique
directly derived from radial immunodiffusion by applying
an electric current to the gel (27). The antibodies are dis-
tributed evenly throughout the gel, and the sample (anti-
gen) is placed in a small well at one end. As the antigen
moves toward the positive electrode, it diffuses outward
and reacts with the antibody, forming a precipitate.
During migration, the antigen meets more antibodies, but
since the antigen is now less concentrated, it will diffuse
slower and the line of precipitate is less far away from the
center of migration. Eventually, all antigens will have
moved forward and reacted, and the resulting shape looks
like a rocket (Figure 49.4) (26). The length or the area of
the rocket is measured and correlated with standards for
quantification.

3. Crossed Immunoelectrophoresis

Crossed immunoelectrophoresis is a two-dimensional
separation technique (28, 29). The antigen mixture placed
in the well is subjected to simple electrophoresis. The gel
band is cut out and placed on a plate, and agarose gel con-
taining antibodies is poured. A second electrophoresis is
run perpendicularly to the first. The antigen migrates in
the second gel, and produces one or several lines or peaks.
This technique is more sensitive than simple immuno-
electrophoresis.

E. APPLICATIONS

The application of immunochemical methods in food
analysis has been reviewed by Hitchcock (30). Sinnell and
Mentz (31) described the use of electroimmunodiffusion
methods for quantitative determination of non-meat pro-
teins added to meat products. Kurth and Shaw (32)
reviewed the identification of the species of origin of meat
by immunochemical methods. Griffith et al. (33) recom-
mended the use of a commercial ELISA system to meas-
ure levels of soya protein in meat. The presence of the
major food allergen ovomucoid in human milk was studied

using ELISA (34). ELISA-based methodologies were
applied to detect and quantify allergenic proteins in
peanut, soy, egg, milk, tree nuts, and crustacea (35).

VI. NUCLEIC ACID-BASED METHODS

Nucleic acids are high-molecular-weight macromolecules
that form the genetic material of all living organisms. Two
types of nucleic acids are generally encountered, deoxyri-
bonucleic acid (DNA) and ribonucleic acid (RNA). DNA
serves as the repository for genetic information for both
prokaryotes and eukaryotes. RNA serves a functional role
in the conversion of genetic information into cellular pro-
teins, and in the case of some viruses RNA serves as the
genetic material as well.

Nucleic acids can be considered polymers of
deoxyribo- or ribonucleotides. Each nucleotide unit is
composed of a nitrogenous heterocyclic base, a sugar
residue, and a phosphate group. The heterocyclic bases
are either six-membered pyrimidine rings or nine-mem-
bered purine rings. Two types of purines and two types of
pyrimidines are found in nucleic acids. Both DNA and
RNA contain the purines adenine and guanine. DNA con-
tains the pyrimidines cytosine and thymine, whereas RNA
contains the pyrimidines cytosine and uracil. The hetero-
cyclic bases are linked to the sugar via an N-glycosyl
bond. The resulting compound is called a nucleoside. The
nucleoside units in nucleic acids are joined through the 3�-
hydroxyl group of one sugar and the 5�-hydroxyl group of
the next sugar via a phosphodiester bond. This 3�-5� inter-
nucleotide bond is found in both DNA and RNA. The
double-helix model of DNA structure was first deduced in
1953 by James Watson and Francis Crick.
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A. BASIC METHODOLOGY

One of the landmark events in molecular biology was the
development in 1975 by Edwin Southern of a DNA:DNA
hybridization technique (36). This technique can detect
rare DNA sequences in complex populations of DNA frag-
ments generated by restriction enzymes. Nucleic acid
strands having complementary base sequences can form
double-stranded helices. The process of duplex formation
is generally referred to as nucleic acid hybridization.
Hybridization can occur between single strands of DNA
and RNA or between complementary strands of DNA and
RNA. Hybridization also includes the formation of com-
plexes between single-stranded nucleic acids and comple-
mentary oligonucleotides. These reactions can be carried
out in solution or with the nucleic acid immobilized on
solid matrices such as nitrocellulose, nylon, or gels.
Hybridization in solution is used to study the sequence
complexity of cellular or viral DNA. Radioactively labeled
nucleic acid probes (37) or probes capable of being tagged
with fluorescent antibodies are used to search for and iden-
tify nucleic acid sequences (38). In this case the immobi-
lized nucleic acid on nitrocellulose is bathed in a solution
containing the probe.

1. Southern Analysis

Southern analysis is among the most powerful methods
for DNA analysis. The first step in Southern analysis is
the electrophoresis of DNA. DNA fragments digested
with restriction enzymes are fractionated on agarose gels
(0.7% to 1%) no more than 6 mm thick to allow for effi-
cient transfer of the separated DNA to the filter mem-
brane. The total amount of DNA loaded per lane of gel is
dependent upon the relative abundance of the target
sequence that is probed during hybridization.

Prior to transfer, the DNA is usually fragmented into
smaller pieces and then denatured. This process can be
divided into depurination, denaturation, and neutralization
steps. The DNA is then transferred to the membrane using
one of several methods: capillary, vacuum-assisted, pres-
sure-assisted, or electrophoretic transfer. The DNA is then
hrybridized with a probe.

2. Northern Analysis

Northern analysis involves a three-stage process: gel elec-
trophoresis, gel blotting and hybridization to a labeled
probe. Gel electrophoresis separates molecules of RNA
on the basis of their size and conformation. Molecular size
is the main determinant of migration speed, with smaller
molecules moving through the matrix faster than larger
molecules. Compact molecules also migrate faster than
extended molecules of the same size. However, since
RNA aggregation may occur, it is necessary to use dena-
turing gels to determine the actual size of RNA in the

absence of conformational factors, aggregation, and nicks
in the RNA. The choice of denaturing conditions depends
on the nature of the gel and electrophoretic conditions.
Formaldehyde is perhaps the most commonly used denat-
urant. A fact worthy of consideration during experimental
design is that nonlinear RNA migrates more slowly than
would be expected from its size since it cannot pass
through the pores as easily as linear RNA.

The blotting of gels onto membranes can be achieved by
capillary action or by electrophoresis. Nucleic acid trans-
ferred to a membrane is fixed into position by baking or UV
crosslinking to the membrane. Subsequent hybridization of
DNA probes to the bound RNA is carried out under strin-
gent conditions to ensure that only complementary
sequences hybridize.

B. POLYMERASE CHAIN REACTION

The polymerase chain reaction (PCR) was discovered in
1983 by Kary Mullis. PCR is an in vitro method for the
enzymatic synthesis of specific DNA sequences, using
two oligonucleotide primers that hybridize to opposite
strands and flank the region of interest in the target DNA.
The standard PCR has three steps defined by temperature:
denaturation, annealing and primer extension. The first
step, denaturation, occurs when the reaction mixture is
heated to 92–96°C. At this temperature the template DNA
is single-stranded and the enzyme Taq (thermostable
DNA polymerase isolated from Thermus aquaticus) has
no measurable synthetic activity and is not denatured by
the near-boiling temperature. Successful amplification is
dependent upon complete denaturation of the template
DNA during this step.

The middle step of the PCR cycle results in the
annealing of the oligonucleotide primers to the template
DNA. The temperature for this step varies from 45°C to
65°C depending upon the homology of the primers for the
target sequence as well as the base composition of the
oligonucleotide. The primers hybridize to their target
sequences at an annealing rate several orders of magni-
tude faster than the target DNA duplex can reform. The
ideal temperature for annealing oligonucleotides to the
target template is 2–5°C below the melting temperature
(Tm) for the primers. If the two primers used for a reaction
have different Tm, this 2–5°C rule applies for the one with
the lower Tm.

The final step is the primer-dependent DNA synthesis
by the Taq polymerase. This portion of the cycle is carried
out at 72°C. The thermal activation of Taq is complemented
by the use of Tris buffers since Taq has a broad pH opti-
mum, with maximum activity at pH 7.3. The pH of the Tris
buffer drops from 8.3 at room temperature to 7.3 at 72°C.
The increase in temperature leads to maximum enzyme
activity. The published rate of DNA synthesis by this highly
processive enzyme 72°C is 60 nucleotides per second (39).
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A repetitive series of cycles involving template denat-
uration, primer annealing, and extension of the annealed
primers by DNA polymerase results in the exponential
accumulation of a specific fragment whose termini are
defined by the 5� ends of the primers. Because the primer
extension products synthesized in one cycle can serve as a
template in the next, the number of target DNA copies
approximately doubles at every cycle. The simplest detec-
tion method of amplified product is the standard agarose
ethidium bromide stained gel electrophoresis.

C. APPLICATIONS

Due to recent advances in these nucleic acid-based tech-
niques, numerous food applications have been developed.
DNA probes offer an exciting new approach to the highly
specific detection of cells in any given environment such
as microorganisms in foods. The concept of hybridization
and DNA probes, as well as potential applications, have
been reviewed (40, 41). The rapid development of
biotechnology enables the launching of products and
ingredients derived from genetically modified organisms
(GMOs) into the food market. Information availability
and transparency are essential for the acceptance of these
new products by the consumers. A key factor in this issue
is the availability of methods to distinguish between GM
foods and their traditional counterparts. PCR has been
found to be the method of choice for the detection of
GMOs in food. PCR methods for the detection of GMOs
were developed that can be used for screening purposes
and for specific detection of glyphosate–tolerant soybean
and insect-resistant maize in foods (42).
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Part D
Food Microbiology





I. INTRODUCTION: MICROORGANISMS
IN FOODS

Microbiology is the study of living organisms that are so
small that they can only be observed with the aid of a
powerful microscope. In food microbiology, the organ-
isms of concern are usually classified as bacteria, fungi
(yeasts and molds), viruses, and parasitic protozoa.
Bacteria are single-celled microorganisms found in nearly
all environments. Bacterial cells are often classified by
their outward appearance, including their size, shape, and
arrangement.

Some bacteria have the ability to form spores. Spores
can typically withstand adverse environmental conditions

better than the vegetative form of the bacteria. For example,
spores can be highly resistant to boiling water or chemical
sanitizers. Bacterial spores are not a means of reproduction.
Fungi include organisms as small as a single cell or as large
as a mushroom. True fungi produce large masses of fila-
mentous hyphae that form a mycelium. Yeasts, along with
bacteria, reproduce by fission. Other fungi typically repro-
duce by spores carried on fruiting structures. Viruses are
extremely small parasites. They require living cells of
plants, animals, or bacteria for growth. The virus is mainly
a packet of genetic material which must be reproduced by
the host cells. Protozoa are single-celled organisms that can
cause disease in humans and animals. Their cell structure is
more complex than that of bacteria.

50-1

50 Microbiology of Food Systems

Joseph D. Eifert, Fletcher M. Arritt III, and David Kang
Department of Food Science and Technology, Virginia Polytechnic
Institute and State University

CONTENTS

I. Introduction: Microorganisms in Foods ............................................................................................................50-1
II. History of Food Microbiology ..........................................................................................................................50-2

III. Sources of Contamination: Animal, Plant, Processing, Food Handlers ............................................................50-2
IV. Microbial Growth ..............................................................................................................................................50-3
V. Microbial Inactivation, Survival, and Death ......................................................................................................50-4

VI. Detection of Microorganisms ............................................................................................................................50-4
A. Sampling from Foods or the Environment ................................................................................................50-4
B. Isolation and Identification ........................................................................................................................50-5
C. Enumeration ................................................................................................................................................50-6

1. Plate Counts for Viable Cells ..............................................................................................................50-6
2. Total Cell Counts ................................................................................................................................50-6
3. Most Probable Number (MPN) Methods ............................................................................................50-7

D. Indicator Organisms....................................................................................................................................50-7
VII. Food Safety ........................................................................................................................................................50-7

VIII. Spoilage by Microorganisms ..............................................................................................................................50-8
IX. Food Preservation ..............................................................................................................................................50-8

A. Antimicrobials and Preservatives................................................................................................................50-9
B. Low Temperature Preservation ..................................................................................................................50-9
C. High Temperature Preservation ................................................................................................................50-10
D. Radiation Preservation ..............................................................................................................................50-10
E. Drying Preservation ..................................................................................................................................50-10
F. Modified Atmosphere Packaging..............................................................................................................50-10
G. Other Processes for Food Preservation ....................................................................................................50-11

X. Fermentation ....................................................................................................................................................50-11
XI. Other Uses of Microorganisms in Food Production and Processing ..............................................................50-12

References ....................................................................................................................................................................50-12



50-2 Handbook of Food Science, Technology, and Engineering, Volume 1

The presence of microorganisms in foods may have
adverse or beneficial effects. Some microorganisms may
hasten the spoilage of foods, thereby reducing sensory
quality and shelf-life. Other organisms may be patho-
genic, or could cause human illness. Some species of bac-
teria, yeast, and molds can be used to ferment foods or to
produce desirable changes in quality, especially in taste
and texture. These organisms can be intentionally used to
process a wide variety of plant or animal foods.

II. HISTORY OF FOOD MICROBIOLOGY

Microorganisms have always been closely related to food
and food systems. Authorities believe that approximately
8,000 to 10,000 years ago, humans began to have problems
associated with food poisoning and food spoilage. The
importance of one’s ability to produce and preserve food
was recognized early. Both livestock and salt had monetary
value and could be compared to today’s currency. Wealth
and social status in many cases was based upon the amount
of success one had at producing in times of plenty and pre-
serving what could not be consumed immediately for
times of hardship. Many early religious laws prohibiting
the consumption of “impure” or “unclean” foods were
based on hygiene, and were similarly seen in countries not
conforming to the same religious beliefs.

The first individual to describe microorganisms was
Kircher in 1658 who reported “worms” that were unde-
tectable to the naked eye on several decomposing items.
Shortly thereafter the theory of spontaneous generation,
later known as abiogenisis, became widely accepted. In
1683, Leeuwenhoek’s superior knowledge of lens design
allowed him to be the first to observe and record yeast cells
using a primitive microscope. Spallanzani sought to dis-
prove spontaneous generation in 1765 when his beef broth
did not spoil after being boiled in a sealed container for an
hour. Critics, however, disagreed, believing his process was
void of oxygen, a vital ingredient to spontaneous genera-
tion. In 1785, the French government offered a prize to any-
one who could develop a practical method to preserve food.
In 1809, Nicholas Appert was successful by preserving
meats that had been boiled in water in corked glass bottles.
At the time, he was unaware of the microbiological logic
behind this process. Louis Pasteur, however, was the first to
understand the role of microorganisms in food. He was
most noted for his heat pasteurization process to destroy
deleterious organisms in beer and wine. Pasteur’s process
was later commercialized in 1867. He also proved that
microorganisms caused souring milk. Some other examples
of important dates in food microbiology history include:

1825 - U.S. patent issued for food preservation in tin
cans.

1840 - Fresh fruit and fish were first canned.
1857 - Milk identified as a vector for typhoid fever.

1874 - Use of ice for transport of meat at sea was
widespread.

1880 - Milk pasteurization began in Germany.
1888 - Salmonella enteriditis isolated from meat in a

food poisoning outbreak.
1895 - First bacteriological study of canning.
1906 - U.S. Congress passed the Federal Food and

Drug Act.
1928 - Controlled atmosphere was commercially

used for storage of apples.
1929 - Frozen foods introduced into retail markets.
1967 - United States was the first to design a com-

mercial irradiation facility.
1976 - In California infant botulism was identified.
1981 - First outbreak of foodborne listeriosis

occurred in the U.S.
1986 - The first diagnosis of Bovine Spongiform

Encephalopathy (BSE).

III. SOURCES OF CONTAMINATION:
ANIMAL, PLANT, PROCESSING, FOOD
HANDLERS

Foods or their ingredients may harbor a wide variety of
microorganisms. Some of these microorganisms may be a
part of the natural microbiota of raw foods of plant and
animal origin, while others may be introduced during
production, processing, and preparation for consumption.
Microbial contamination refers to the presence or added
presence of pathogenic or spoilage microorganisms that
were not originally present in or on the food. Microbial
cross-contamination refers to the situation where microor-
ganisms are transferred from one surface or food to
another food or food contact surface.

Raw and processed foods can be contaminated with
many types of bacteria, yeast, or molds prior to consump-
tion. Contamination may occur during all steps of food
processing. These steps may include: harvest, slaughter,
transportation, processing, packaging, storage, and prepa-
ration for consumption. Prior to crop harvest or food ani-
mal slaughter, raw agricultural commodities may become
contaminated with pathogenic and spoilage organisms
from soil, irrigation water, animal feces, insects, manure,
and wild or domestic animals. During transport and pro-
cessing, foods can be contaminated by harvesting and
transport equipment. Furthermore, contamination by sort-
ing, packing, cutting, packaging, or other further process-
ing equipment may occur. Also, process water, air or dust,
and worker contact may further contaminate food prod-
ucts. Processed or packaged foods can become contami-
nated by food handlers, including foodservice and retail
employees and consumers. Cross-contamination of raw
and ready-to-eat foods can occur due to improper sanita-
tion of food contact surfaces or equipment or when 



raw and ready-to-eat foods are poorly separated during
preparation.

Prevention of contamination or cross-contamination
by unwanted microorganisms is a critical element for
ensuring the safety and quality of raw and processed
foods. At the farm level, biosecurity programs can
enhance prevention of microbial contamination. At the
processing level food manufacturers can practice regular
cleaning and sanitizing of equipment and facilities.
Cleaning requires removing visible soil or food residue
from equipment, utensils, floors, and walls. Subsequent
sanitizing must reduce the number of microorganisms to a
very low or safe level. Also, good employee hygiene prac-
tices such as handwashing, protective clothing, and pro-
hibiting food and drink consumption in work areas can
limit opportunities for microbial contamination of foods
and ingredients. During food preparation, workers or 
consumers should frequently wash their hands and work
surfaces. Hands or utensils should not touch raw food
prior to ready-to-eat food without washing. Food contact
surfaces and utensils must be regularly cleaned and 
sanitized.

IV. MICROBIAL GROWTH

Microorganisms can grow and reproduce at different rates
over time. When bacteria are in a rapid growth phase they
may be able to double their population in just 20–30 min-
utes. Prior to achieving a rapid or exponential growth rate,
organisms may need time to adjust to their environment.
During food processing, microbes may need time to adjust
to changing conditions of acidity, temperature, oxygen
level, nutrient levels, or available moisture. The population
of bacteria may only marginally increase during the time
that the organisms are adjusting to a new environment.
After this lag phase of growth, the bacteria may enter into
a rapid growth phase that greatly increases their numbers.
Eventually the growth rate will slow as a key nutrient
becomes exhausted or environmental conditions act to
limit growth. When the population or the growth rate is
plotted against time, a sigmoid or s-shaped curve often
expresses how the growth changes over time. In these plots,
a lag phase is followed by a (exponential) growth phase, a
stationary phase, and a die-off phase (Figure 50.1).

Microorganism growth rates are influenced by many
environmental factors. Similar to other living organisms,
they need water and nutrients to grow. Temperature is also
a very important factor affecting microbial growth. The
time that microorganisms need to grow and reproduce can
vary greatly depending on the environmental temperature.
Other important factors affecting growth include pH,
atmospheric gas concentrations, and available water for
growth.

Water is necessary for growth, but microbes cannot
grow in pure water. While all foods contain some water,

some of this water is not available to the bacteria. Often the
water in foods is bound with some of the molecules of the
food such as the proteins, fats, and carbohydrates. The
bound water may not be accessible to microorganisms to
use for growth. Water activity, or aw, is a measure of the
water available to microorganisms in foods. Water activity is
measured on a scale of zero to one (pure water). For growth,
most bacteria require a aw of at least 0.90. Yeasts and molds
can tolerate a lower water activity, perhaps as low as 0.7. A
water activity of less than 0.85 in food will suppress the
growth of organisms of public health significance.

Microorganisms can generally grow over a wide
range of temperatures, but their growth rate at different
temperatures can vary greatly. Organisms grow fastest at
an optimal temperature. The optimum growth temperature
for most organisms is near room temperature or body tem-
perature (25–35°C). However, microorganisms may still
be able to grow over a temperature range of 10–45°C.
Foodborne microorganisms can survive temperatures of
0°C, but typically will not grow at this temperature.

Acidity can be measured with the pH scale where 0 is
strongly acidic, 7 is neutral, and 14 is strongly basic. Many
bacteria multiply more rapidly when the pH of their sur-
roundings is near neutral, but may be able to grow when
the pH ranges from 4 to 9. Yeasts and molds are more tol-
erant of low pH (high acidity) than bacteria. Many foods
have a pH value between 4 and 7 which favors the growth
of most pathogenic and spoilage microorganisms. As
microorganisms reproduce, their metabolic by-products
may alter the pH of their surroundings.

Just as microbial temperature and pH requirements
can vary, microbial oxygen requirements can also differ
greatly. Bacteria that require oxygen for growth are com-
monly called aerobes. Anaerobic bacteria do not grow in
the presence of oxygen, but can grow in vacuum-packed
foods. Some organisms can grow with or without oxygen
and are referred to as facultative anaerobes. Finally, some
organisms grow favorably under a low oxygen atmos-
phere. These microaerophiles grow optimally when the
oxygen concentration in the atmosphere is 5–10%
whereas the concentration in air is 18–20%.
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V. MICROBIAL INACTIVATION, SURVIVAL,
AND DEATH

Often a correlation exists between the rate and amount of
treatment applied during the preserving process and the rate
of microbial inactivation, survival, and death. In using heat
processing to preserve foods, the temperature denatures
proteins, which destroys enzyme activity and enzyme-
controlled metabolism in microorganisms. The rate of
microbial inactivation follows the first order reaction, by
which when the product is heated to a temperature that is
high enough to destroy contaminates, the same percentage
die in a given time interval regardless of the numbers pres-
ent initially. This is known as the logarithmic order of death
and is described by a death rate curve (Figure 50.2).
Microbial inactivation, survival, and death rate of the
microorganism can be extrapolated from this curve.

The decimal reduction time, also known as the 
D-value, is defined as the time in minutes to achieve a 
1�log10 reduction in a specific microorganism at a spe-
cific temperature in a specific growth medium. D-values
are variables for different microbial species and a higher
D-value indicates greater heat resistance. Since microbial
destruction occurs logarithmically, it is theoretically
impossible to destroy all cells. The heating process there-
fore aims to reduce the number of surviving microorgan-
isms by a pre-determined amount, depending on the type
of microorganisms that is expected to contaminate the raw
product. Usually, foods are processed to ensure at least a
12D reduction for Clostridium botulinum in low acid
foods. This organism is targeted due to its importance in
the food industry as well as its spore-forming abilities.

If the destruction of microorganisms is determined by
temperature, cells die more rapidly at higher tempera-
tures. The z-value characterizes the change in temperature
required to achieve a 1�log10 change in the D-value. This

gives an indication of the temperature dependency of the
heat resistance of an organism. Most heat-resistant spores
have a z-value of 10°C.

The thermal death time (F-value) is used as a basis of
comparing heat sterilization techniques. The F-value is
defined as the equivalency in minutes at a given tempera-
ture, of all things considered, with respect to its capacity
to destroy spores or vegetative cells of a particular organ-
ism. It can also be considered as the time needed to reduce
the microbial numbers by a multiple of the D-value. When
plotted, it is a bell-shaped curve, which is affected by
product type, container size, container shape, and method
of load of the unit for heat process. F � D (log n1 � log
n2), where n1 � initial number of microorganisms and
n2 � final number of microorganisms.

VI. DETECTION OF MICROORGANISMS

Food microbiologists examine foods for the presence,
types, and numbers of microorganisms and/or their prod-
ucts. Sampling techniques as well as the enumeration of
the affected food product or surface are crucial in obtain-
ing an accurate analysis. In spite of its importance, the
enumeration methods used commonly permit only the
estimation of microorganisms in a food product or their
surrounding environment. Although some analytical
methods are more sensitive and more rapid than others,
every method has certain inherent limitations associated
with its use.

A. SAMPLING FROM FOODS OR THE

ENVIRONMENT

Many methods exist for sampling the environment of the
food plant as well as the foods and air for the presence and
relative numbers of microorganisms. Some commonly
used methods are described below.

1. Gravimetric and volumetric sampling: Defined
portions of food or water samples can be col-
lected and analyzed by numerous microbiolog-
ical methods. For liquids a volumetric sample
of 10–100 mL is typically analyzed. For solids,
a gravimetric or weighed sample of approxi-
mately 10–50 grams is analyzed. Solid foods
may need to be diluted with one of several
aqueous solutions during an analysis. In these
cases, microbial concentrations can be reported
as “per volume of diluent.”

2. Swab sampling: Swabbing is the oldest and
most prevalently used method for the microbi-
ologic surface examination not only in the food
and dairy industries but also in hospitals and
restaurants. With this method, surface areas can
be sampled corresponding to the size of the 
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surface with the use of a sterile template. A
moistened swab is used to thoroughly rub the
exposed surface. After exposure, the swab is
returned to its holder containing a suitable dilu-
ent which can contain selective media and neu-
tralizers for sanitation chemicals, if necessary.
After proper dislodging from the swab, the
organisms are then examined by enumeration
or qualitative analysis. The swab method is 
best suited for flexible, uneven, and heavily
contaminated surfaces. The ease of removal 
of the microorganism is dependent on the tex-
ture of the surface and the nature and type of
flora.

3. Contact plate: The replicate organism direct
agar contact (RODAC) method consists of a
raised agar surface on the petri plate. When the
plate is inverted, the agar surface makes direct
contact with the surface. Once exposed, the
plate is then covered, incubated, and enumer-
ated for viable colonies. With this method,
foods surfaces as well as environmental sur-
faces can be examined. In testing a surface that
may have been cleaned with certain com-
pounds, it may be necessary to add a neutralizer
in the medium. This method, however, is not
effective for enumerating heavily contaminated
surfaces.

4. Air sampling: Numerous methods exist for the
sampling of air in food plants for the presence
and relative numbers of the microorganism. The
most commonly used methods are impingement
in liquids, impaction on solid surfaces, and sedi-
mentation. Impingers are advantageous in that 
a specific quantity of air can be sampled.
Filtration, centrifugation, electrostatic precipita-
tion, and thermal precipitation may be used in air
sampling. The simplest of air sampling tech-
niques is to open pre-poured petri dishes for spe-
cific periods of time in the area to be assessed.
The results obtained are influenced by size of
particles and speed and direction of air flow.

B. ISOLATION AND IDENTIFICATION

Isolation and identification of microorganisms can be as
simple as performing isolation streaks for a colony and
gram stains to much more sophisticated procedures using
immunologic assays, chemical assays, and physical
assays. Many microbiological analytical methods require
that samples be immersed into an enrichment media to
encourage growth of the target organism and to discour-
age growth of other naturally occurring organisms.
Subsequent transfers to other microbiological media are
used to purify food extract and isolate specific bacterial

species. Additional confirmatory tests can be used to iden-
tify microbial species and biotypes. Selection and use of
any microbiological methods should depend on resources
available, analysis time, cost, sensitivity, specificity, tech-
nical expertise required, etc. In this chapter, it is not pos-
sible to go into detail about all of the procedures that may
be used to identify microorganisms in foods. Some of
these methods are briefly described below.

1. Nucleic acid (DNA) probes: DNA probes have
been prepared for a number of foodborne
microorganisms such as salmonellae, listeriae,
staphylococcal enterotoxins, Clostridium per-
fringens enterotoxin, Entamoeba histolytica,
and enterotoxigenic E. coli. A DNA probe,
which is usually labeled with a radioisotope,
consists of the DNA sequence of an organism
of interest that can be used to detect homolo-
gous DNA or RNA sequences. The probe DNA
must hybridize with that of the strain to be
sought. Ideally, the DNA sequence that con-
tains the genes that code for a specific contam-
inant is used.

2. PCR: An increasingly popular and highly reli-
able method for identification is DNA amplifi-
cation – polymerase chain reaction (PCR)
method. This method is a powerful, rapid sys-
tem for detecting the presence of foodborne
pathogens. This technique, performed in a very
clean work environment, employs thermostable
DNA polymerase and 5� and 3� specified
oligonucleotide primers. It enables amplifica-
tion of a single molecule of DNA to 107 mole-
cules after a series of amplification cycles,
typically from 20 to 50. The amplified DNA is
then detected by use of either agarose gels or
Southern hybridization employing a radiola-
beled probe. Most PCR reagents now come in
kit form.

3. Immunoassays: These methods are based on
the interaction of antibodies, and consist of a
wide range of rapid detection methods that are
relatively simple to detect and identify contam-
inants associated with food products. Many 
are readily available in kits. Examples of
immunoassays used in the food industry
include the use of fluorescent antibodies,
immunoaffinity columns, enrichment serology,
enzyme-linked immunosorbent assay (ELISA),
radioimmunoassay, and hemaggultination. The
technique of radioimmunoassay (RIA) consists
of adding a radioactive label to an antigen,
allowing the antigen to react with its specific
antibody, and measuring the amount of antigen
that combined with the antibody by the use of a
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counter to measure radioactivity. Using this
method, detection and identification of bacter-
ial cells can be achieved. RIA is used for
identifying and enumerating staphylococcal
enterotoxins, V. cholerae that produce cholera
toxin, aflatoxins, and other mycotoxins.
Multibacterial species can be detected in one
operation when mixtures of homologous anti-
bodies are used. The RIA method can also be
used to identify biological hazards such as
endotoxins and paralytic shellfish toxins in
foods examined.

The ELISA method is similar to that of the RIA but
rather than employing a radioactive isotope, it uses an
enzyme coupled to antigen. A typical ELISA is performed
with a solid phase (e.g., beads, test wells, or dipstick)
coated with antigen and incubated with antiserum.
Following incubation and washing, an enzyme-labeled
preparation of anti-immunoglobulin is added. After gentle
washing, the amount of enzyme remaining in the tube or
microtiter well is measured colorimetrically. The color
change reveals the presence or absence of the contaminant
as well as estimation on enumeration. There are many
variations of ELISA.

C. ENUMERATION

Many procedures exist for estimating a microbial popula-
tion. Ideally, the method used should be accurate, rapid,
inexpensive, and standardized. Methods should be
selected based on the use of the information that is
obtained. Examples of systems used in estimating the
number of microorganisms in foods are listed in Table
50.1. The basic methods used in quantitative analysis
include standard plate counts (SPC) for viable cells, the
most probable number (MPN) method as a statistical
determination of viable cells, dye-reduction techniques to
estimate numbers of viable cells that possess reducing
capacities, and direct microscopic count (DMC) for both
viable and non-viable cells.

1. Plate Counts for Viable Cells

The most widely used and basic technique used for enu-
meration of microorganisms is the standard plate count
(SPC). It is relatively simple and consists of plating
appropriate dilutions by transferring an aliquot for either
pour plating (pouring molten agar onto plate) or spread
plating (evenly transferring the aliquot onto a hardened
agar surface). The plates are incubated at an appropriate
temperature/time and the colonies are enumerated. Use of
spiral plates and use of selective media in the agar further
enhance this procedure. SPC is considered one of the most
precise methods for determining microorganisms such as
bacteria and yeast that will grow in an agar medium.

2. Total Cell Counts

Some methods do not differentiate between viable and
non-viable cells, giving total cell counts. These methods
are appropriate for use when evaluating the microbial con-
tent of a food and/or evaluating the number of body cells
in milk such as the detection for mastitis in cows. The
value of total cell counts is limited to samples with high
cell loads. Total cell counts are useful in determining the
quality of pasteurization and recontamination of foods,
and are a rapid method to estimate the bacterial load.
Examples of total cell counts are direct microscopic count
(DMC), spectrophotometric assay, and electronic particle
count. In DMC, a suspension of the sample is stained and
observed using a counting chamber or spread over a pre-
scribed area on a glass slide and the number of cells cal-
culated per area. Using this method, cell morphology can
be seen and it lends itself to fluorescent probes for
improved efficiency. However, since it is a microscopic
analysis, it is fatiguing to the analyst, and food particles
are not always distinguishable from the bacteria.

A rapid method to estimate total cell count is the spec-
trophotometric analysis. A suspended sample is analyzed
by a spectrophotometer, where a light of a specified wave-
length is passed through the sample. The amount of
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TABLE 50.1
Systems Used in Enumeration of Microorganisms in
Foods

Direct microscopic count (DMC) Electrical
Breed clump count Conductance
Electronic particle count Impedance
Howard mold counts Capacitance

Voltage drop 
Pour plate Spectrophotometric (optical density)
Spread plate Adenosine triphosphate (ATP)

Spiral plate Reductase tests 
Drop plate Easicult-TTC
Plate loop Immuno-affinity columns

Roll tube Respiration rates
Oval tube Limulus amoebocyte lysate (LAL)
Burri strip/slant Chemical indicators 
Restriction fragment length (decomposition products) 

polymorphism (RFLP)
Little plate pH
Tube dilution Agar droplets
Most probable number Millipore sampler
Membrane filter Bactoscan

Hydrophobic grid (HGMF) Microcalorimetry
Direct epifluorescent filter Flow cytometry

technique (DEFT) Gas chromatography
Microcolony-DEFT Radioimmunoassay (RIA)

Agar droplets Thermostable nuclease
Microtiter-Spot plate Fluorescent antibody
Dry rehydratable film Enzyme-linked immunosorbent 

Petri film assay (ELISA)



absorbance and percentage of transmittance of the light
can then be correlated to an estimated cell count. However,
using this method, no selectivity is made to the microor-
ganism or debris in the sample such as food particles.
Clumping of cells may also lead to a miscued estimation.
Due to the various size of contaminates, adjustments 
may have to be made to the readings as well as the wave-
length used.

Many more methods exist for the enumeration of
viable organisms in foods. Most of the basic systems for
enumeration of viable organisms are based on the plate
count or the tube dilution method. Selective media or
environmental conditions are often used if a specific con-
taminant is targeted. More advanced assays for rapid
analysis are based on the metabolic activity of the con-
taminant on given substrates, measurements of growth
response, or the immunologic responses to the micro-
organism.

Use of nitrocellulose or hydrophobic grid membranes
to filter the sample solution through pores that retain bac-
teria or mycobacterium (usually 0.45 µm) but allow for
the suspension to flow through is especially suited for
assays when the microbial count of the sample is expected
to be relatively low. Following the collection of the con-
taminant upon filtering a given volume, the membrane is
placed on a hardened growth media and incubated at an
appropriate temperature. To improve microbial yield and
decrease background particles on the filter such as food
and sediments, use of prefilters, surfactants and enzymes,
and stains are incorporated into the assay. Analysis of the
samples can be made after 2–4 hours with a microscope
or 24–48 hours similarly to plate counts after incubation.

3. Most Probable Number (MPN) Methods

To estimate a low concentration of organisms in a sample,
the most probable number (MPN) method can be used.
Several tubes are prepared from consecutive ten-fold sam-
ple dilutions and recorded as either positive or negative
for growth. In some instances, MPN is easier and simpler
to perform than the plate count. It is particularly useful for
samples with only a few organisms and can be used to
detect organisms in samples larger than 1 g. The relation-
ship between positive and negative tubes has been deter-
mined mathematically and tables have been developed for
convenient estimations of cell concentrations.

The adenosine triphosphate (ATP) bioluminescence
measurement system is relatively simple and rapid, with its
results being reliable and acceptable for food and water
analysis. The method for determining ATP is based on the
reaction of luciferin and luciferase, which when reacted
with ATP in the presence of magnesium ions causes a light
emission. By using a photometer to measure the light emis-
sion when bacterial ATP reacts with the luciferin-luciferase
system, quantitative analysis is made of the microbial load.

Limitation to the analysis is that, since the luciferin-
luciferase system accounts for all ATP in the sample, non-
bacteria ATP must be removed prior to analysis.

D. INDICATOR ORGANISMS

The first use of indicator organisms probably occurred in
1892, when Schardinger tested water for E. coli in search
of Salmonella typhi. He theorized that, while it is difficult
to detect S. typhi in a water supply, the presence of E. coli
would indicate that there might have been contamination
from sewage and that Salmonella or other coliforms might
be present. Certain criteria are used to determine the value
of an indicator organism in instances where specific
pathogens such as fecal coliforms are targeted. Exclusive
association with contamination and specificity with the
pathogen should be seen. The usual source of the indica-
tor and the significance of it should be known. The indi-
cator should not be present as a natural contaminant of the
material being analyzed. Moreover, detection, differentia-
tion from background microorganisms, and enumeration
of the indicator should be rapid and accurate. It is also
beneficial if a standardized test for detection and enumer-
ation exists. In using indicator organisms to determine
product quality or shelf life, it is ideal that the indicator
organism used possess qualities such as: presence and
detection in all foods to assess quality growth and num-
bers have a direct correlation with product quality (in
spoilage, the indicator organisms can be a natural con-
taminant of the material being analyzed) detection; and
enumeration should be relatively easy, quick, and distin-
guishable from background microorganisms; growth of
indicator microorganisms are not affected adversely by
other components of the food flora.

VII. FOOD SAFETY

Ensuring safe food is an important public health priority
for our nation. An estimated 76 million illnesses, 323,914
hospitalizations, and 5,194 deaths are attributable to food-
borne illness in the United States each year. The estimated
cost of foodborne illness is $10–$83 billion annually. For
some consumers, foodborne illness results only in mild,
temporary discomfort or lost time from work or other
daily activity. For others, especially pre-school age chil-
dren, older adults, and those with impaired immune sys-
tems, foodborne illness may have serious long-term
consequences or may even be life threatening. The risk of
foodborne illness is of increasing concern due to changes
in the global market, aging of our population, increasing
numbers of immunocompromised and immunosuppressed
individuals, and changes in food production practices.

Numerous biological agents other than bacteria are
known to cause foodborne illness. Many of these organ-
isms or substances, such as the toxins produced by some
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fungi, were identified and confirmed as a causative agent
of foodborne illness several decades ago. Others, espe-
cially prions and some of the parasitic protozoa, have only
been studied during the past 20 years. The etiology of
foodborne disease outbreaks is changing and can be a sub-
ject of great debate. The majority of illnesses or deaths
due to food consumption are grossly underreported world-
wide. The ability to link particular food sources, and food
production, processing and preparation practices to food-
borne illness is a challenge for epidemiologists. In the
U.S., fewer than 1 in 1,000 estimated cases of foodborne
illness are confirmed. Bacteria are the causative agents in
approximately half of the confirmed cases of foodborne
illness in the U.S. The remainder are attributed primarily
to viruses or to other chemical agents or parasites. In the
future, we should expect the proportion of confirmed
cases and outbreaks of foodborne illness to increase as
improved diagnostic tools are developed and surveillance
for foodborne diseases improves.

Over the past two decades, microbiological food safety
has received greater attention from regulatory authorities,
researchers, public health officials, and consumers. We are
continually learning more about the sources of microbial
foodborne safety problems and how to prevent them. For
several reasons, we may discover new food safety prob-
lems that may shift our current priorities for control of
microbial foodborne illnesses. For example, we may be
able to more easily detect and quantify microbial disease
agents due to advances in laboratory methodologies. Also,
we may discover new or emerging pathogenic organisms.
Many microbial species have been shown to become more
or less virulent over time. And, increased global food trade
and international travel can lead to rapid transmission of
foodborne pathogens around the world.

VIII. SPOILAGE BY MICROORGANISMS

Many species of microorganisms are known to cause
spoilage of some foods. Spoiled foods are generally con-
sidered unacceptable to eat because of a poor odor, flavor,
texture or appearance. Microbiological food spoilage
occurs when the growth of bacteria, yeast, or mold leads
to the production of microbial metabolic byproducts
which make the food product unacceptable to eat.

The shelf life of a food refers to its useful storage life.
At the end of shelf life, foods may be perceived as signif-
icantly different or unacceptably different from fresh
quality. In foods, the shelf life of a perishable item is
greatly affected by the initial microbial load present.
Generally, if a food contains a large population of
spoilage organisms, it will have a shorter shelf life than
the same food containing fewer numbers of the same
spoilage organisms. Excessive growth of spoilage
microorganisms in a food can lead to changes in its com-
position or structure which may ultimately render the food

unacceptable to consumers. For example, many microor-
ganisms produce enzymes that can cause fats or proteins
to breakdown into aromatic compounds that can diminish
sensory qualities and consumer acceptance. The break-
down of food components may also change the texture or
water holding capacity of the food, especially near the
surface. High temperature storage of these products can
accelerate the rate that these enzymes promote changes in
food quality.

Microbiological food spoilage can occur when bacte-
ria, yeast, or mold grows to a sufficient level leading to the
production of metabolic by-products that ultimately make
the food unacceptable for consumption. Generally, many
foods are considered spoiled or at the end of their typical
shelf life when their total bacterial concentration is
approximately 107 per g or per mL. Also, foods may be at
the end of their shelf life if the yeast concentration is 105

per g or per mL, or if visible mold is present. Since bac-
teria, yeast, and molds are typically present in some foods
and proliferate under different environmental conditions,
spoilage of particular foods is usually caused by specific
species of bacteria, yeast, or mold.

Generally, spoilage of foods can be delayed by appro-
priate processing, packaging, and storage of these prod-
ucts. Food processors can also delay microbiological
spoilage by using quality raw materials with low micro-
bial loads. Also, strict adherence to industry current Good
Manufacturing Practices or processing under sanitary
conditions will also prevent the introduction or growth of
spoilage microorganisms in processed foods. The pro-
cessing and packaging techniques used to inactivate or
inhibit pathogenic microorganisms may also inhibit
spoilage-causing microorganisms.

Microorganisms that may cause spoilage can replicate
to unacceptably high concentrations in foods that are
stored at higher temperatures and for longer times than
recommended. After processing, most foods have opti-
mum or prescribed storage conditions including time,
temperature, and humidity. Processors, retailers, and con-
sumers should follow proper storage recommendations
for raw and processed foods to ensure optimal product
quality.

IX. FOOD PRESERVATION

From the first stage of processing, the quality of food can
deteriorate over time. The shorter the amount of time it takes
a product or ingredient to be transformed or transported to
its final destination, the consumer, the more advantageous.
For this reason many foods are kept “alive” and “healthy” as
long as possible. Once a food is no longer “alive” the qual-
ity decreases at varying rates dependant on the product and
its environment. Degradation begins on many physical and
chemical levels. This may be caused by microbiological,
enzymatic, chemical, or physical means. Environmental
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conditions that may increase or decrease the quality of a
product include temperature, humidity, handling, packag-
ing, transport, and, of course, time. Product water activity
(Table 50.2), pH, amino acid content, fatty acid content,
vitamin content, and naturally occurring enzymes may also
affect the quality of a product. Atmospheric modification,
acidification, temperature reduction, thermal processing,
reduction of water activity (Table 50.2), fermentation, and
the addition of antimicrobials can combat naturally occur-
ring microbiological processes.

The two major categories of food preservation are
chemical methods and physical methods. Chemical meth-
ods are chemical preservatives, which include antimicro-
bials, antioxidants, and anti-browning agents. Physical
methods of preservation include low temperature preser-
vation, high temperature preservation, radiation, modified
atmosphere packaging, and drying.

A. ANTIMICROBIALS AND PRESERVATIVES

Many antimicrobials are bacteriostatic or fungistatic and
can only be added to certain levels within strict accordance

with established regulations. Therefore, preservation of the
quality of the food will not last indefinitely. Oftentimes use
is in conjunction with other methods of preservation in
order to provide a “multiple hurdle” defense against
microorganisms. Occasionally, preservatives are added to
foods for one purpose, but they may also indirectly act as
antimicrobials. For many antimicrobials the exact mecha-
nism or component that the chemical affects on the
microorganism’s cellular level is unknown. In general, par-
ticular cellular components such as the cell wall, cell
membrane, metabolic processes, and genetic material are
targeted for disruption, causing cell death or inhibition. No
antimicrobial is the “silver bullet” for all microorganisms.
Some may affect several types of microorganism but with
only a limited effect; therefore, several different antimi-
crobials may be applied to help control the multiple micro-
biological concerns of a single product. A list of several
common antimicrobials is provided in Table 50.3.

B. LOW TEMPERATURE PRESERVATION

The ability of low temperatures to preserve foods is based
on the principal that all biological systems are controlled
by enzymatic reactions including those that control
microorganisms and cause quality degradation. The rate
of these reactions is directly related to temperature. With
a rise or fall in temperature the enzymatic rate of reaction
increases or decreases, respectively. In biological systems,
for each rise in temperature of 10°C there is approxi-
mately a two-fold increase in the enzymatic rate of reac-
tion. Keep in mind that the temperature range and increase
must be within appropriate parameters for that particular
enzymatic function. Most microorganisms are signifi-
cantly slowed at temperatures ranging from 0–7°C and
many will not replicate with the exception of psy-
chrotrophic organisms that will cause spoilage at these
temperatures. Below 0°C all microbiological activity
ceases; however, some enzymatic activity may still occur.
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TABLE 50.2
Water Activity of Microorganisms and Select Foods

Food Minimal aw

Fresh fruits, vegetables, meat, and fish 0.98
Cooked meat 0.98–0.95
Cured meat products, cheeses 0.95–0.91
Sausages, syrups 0.91–0.87
Most bacteria can grow 0.91
Most yeasts can grow 0.88
Flours, rice, beans, peas 0.87–0.80
Most molds can grow 0.80
Jams 0.80–0.75
Halophilic bacteria can grow 0.75
Xerotolerant molds can grow 0.71
Dried fruits 0.65–0.60
Spices, milk powder 0.60–0.20

TABLE 50.3
Chemical Food Preservatives

Preservatives Maximum Tolerance Organisms Affected Foods

Propionic acids 0.32% Molds Bread, cakes, cheeses
Sorbic acid 0.2% Molds Hard cheeses, syrups, salad dressings
Benzoic acid 0.1% Yeasts and molds Margarine, pickle, relishes, soft drinks,

salad dressings
Parabens 0.1% Yeasts and molds Bakery products, soft drinks, pickles
Sulfites 200–300 ppm Insects, microorganisms Molasses, dried fruits, wines
Ethylene/propylene oxides 700 ppm Yeasts, molds Fumigant for spices, nuts
Sodium diacetate 0.32% Molds Bread
Nisin 1% Lactis, clostridia Pasteurized cheese
Dehydroacetic acid 65 ppm Insects Pesticide on strawberries, squash
Sodium nitrite 120 ppm Clostridia Meat-curing preparations



C. HIGH TEMPERATURE PRESERVATION

Two common types of high temperature preservation are
pasteurization and sterilization. These processes are suc-
cessful due to the general destruction of microorganisms
at elevated temperatures. Pasteurization employs a tech-
nique of heating a substance, usually a liquid, to tempera-
tures high enough to destroy most bacteria, including
pathogens, without major chemical alteration of the prod-
uct. The organisms that survive fit into either thermoduric
or thermophilic categories. Thermoduric organisms,
including the genus Lactobacillus, can withstand rela-
tively high temperatures but are non-spore forming.
Thermophiles, including the genera Bacillus and
Clostridium, are sporeformers that require high tempera-
tures for regular metabolic activity. The complete elimi-
nation of all microorganisms is referred to as sterilization.
No viable organisms can be detected after this process.

D. RADIATION PRESERVATION

Radiation can be defined as the emission of radiant energy
in the form of particles or waves. The food industry uses
four major forms of radiation, including ultraviolet light,
gamma radiation, electron beam radiation, and microwave
radiation. The first three types depend on disruption at a
molecular level causing lethal mutations in the micro-
organism’s genetic code to destroy microorganisms.
Ultraviolet light is most destructive at a range between
240 nm and 280 nm. Gram-negative bacteria are most
affected by this kind of radiation. Gamma radiation is
radiation emitted from Cobalt or Cesium sources.
Electron beam radiation has a lower penetration power
and requires a higher dose. Electron beam and gamma
radiation are referred to as cold sterilization, achieving no
increase in heat to produce to the required bactericidal
effect. These methods can, however, cause undesirable
color changes in the product at higher dosages.
Microwaves use the friction of oscillating molecules to
produce heat and thereby destroy microorganisms.
Depending upon the radiation source, dose, product, pres-
ence or absence of oxygen, condition of food, target
organism, microbial load, packaging, and surface cleanli-
ness the effect of radiation varies widely.

In using radiation to preserve foods, the reactive ions
produced by irradiating foods injure or destroy micro-
organisms by altering the cell membrane structure and
affecting metabolic enzyme activity. More importantly, the
DNA and RNA molecules in cell nuclei, which are essen-
tial for growth and replication, are affected. Analogous to
heat processing, the rate of destruction of individual cells
depends on the rate at which ions are produced and inter-
react with DNA, whereas the reduction in cell numbers
depends on the total dose of radiation received. The rate of
reduction is expressed as the D-value, in which the units

are expressed in kiloGrays (kGy). A Gray (Gy) is the
absorbed dose where 1Gy is the absorption of 1 J of energy
per kilogram of food. Like thermal processing, irradiation
is a first-order reaction, in which theoretically, a logarith-
mic reduction in microbial numbers with increasing dose
is expected.

E. DRYING PRESERVATION

Microorganisms and enzymes require water in order to be
active. Low-moisture foods, including freeze-dried foods,
and intermediate-moisture foods are the two categories of
shelf stable dried food preservation. To be defined as a
low-moisture food, the product cannot contain more than
25% moisture and has to achieve aw less than 0.60. If the
product contains between 15–50% moisture and a aw of
between 0.60 and 0.85 it is defined as an intermediate
moisture food. During drying a wet hot heat causes more
damage to microbial cells than dry heat. Freeze drying
employs a vacuum sublimation of the ice content. The
lowered aw and moisture levels produced through these
processes are capable of inhibiting any spoilage or patho-
genic organisms.

F. MODIFIED ATMOSPHERE PACKAGING

Modified atmosphere packaging (MAP) is any package
that contains a gas composition deviant from atmospheric
air. Typically this is achieved by varying the amounts of
oxygen, carbon dioxide, and nitrogen, in effect to increase
the amount of CO2. Carbon dioxide has been known to
extend the shelf life of food products for over 100 years.
The reduction or removal of atmospheric air does not pro-
vide an environment conducive for growth of typical
spoilage organisms. Occasionally, as in the case with vac-
uum packaging, a product may begin with little atmos-
pheric oxygen, which is consumed and converted to CO2

by normal aerobic microflora. The concentration of CO2

may reach as high as 30%. Most of the time a known con-
centration of CO2 is added to a high barrier plastic film in
order to achieve a preservation effect. Many different
variations of this general principle are used to achieve the
proper effect for different products. Another way to
manipulate the atmosphere of a package is to employ the
use of different types of plastics for packaging.
Depending upon the molecular composition of the plastic
and how it is formed the rate at which molecules of oxy-
gen, carbon dioxide, and water vapor pass through it vary.
These are referred to as the oxygen transmission rate
(OTR), carbon dioxide transmission rate (CO2TR), and
the water vapor transmission rate (WVTR). The units for
these measurements are cc/m2/24 h at 70°F. Transmission
rates are also proportional to the thickness of the film.
Some plastics may possess a low OTR but a high WVTR;
therefore, many manufacturers use several combinations
of plastics added in layers to achieve the desired film. No
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plastic has a zero transmission rate; therefore, a food
package, no matter how well constructed, may start with
one type of atmosphere which will change over time.

Unfortunately, there are some problems associated
with MAP. Pathogenic organisms compete for nutrients
with spoilage organisms. Usually, the consumer would
reject a food before pathogenic organisms are in high
enough concentrations to cause harm. In the MAP envi-
ronment the normal spoilage organisms are not there to
compete with pathogens. What develops is a food product
that smells and looks edible but is in fact riddled with path-
ogenic organisms. Due to the fear of Clostridium botu-
linum the FDA has recently increased the minimum
recommended OTR to 10,000 cc/m2/24 h at 70°F. An
increase in CO2 also causes some physiological changes
such as the exudative loss of water. The binding of CO2 to
moisture in the product forms carbonic acid ultimately
changing the pH. This can lead to off-flavors and con-
sumer rejection.

G. OTHER PROCESSES FOR FOOD PRESERVATION

Other methods of preservation are increasingly used by
researchers and are commercially available to a limited
extent. Destruction of microorganisms through the use of
high-power ultrasound has been attempted but thus far has
not been made economically feasible. High-intensity
pulsed light using high-intensity xenon arc lamps on quick
short bursts utilizing a UV affect is currently being studied.
Finally, high hydrostatic pressure (300 to 1,000 MPa) is
used with products that are liquid or mostly consisting of
liquid. The underlying mechanism hinges on the destruc-
tion of non-covalent bonds, which in turn disrupt the target
organism’s cellular function causing deactivation.

X. FERMENTATION

Fermentation is probably the oldest form of food preser-
vation and can be defined as the breakdown of carbohy-
drates under anaerobic conditions. Fermented foods do
not always fall under this strict definition and many
times are produced from the breakdown of carbohydrates
and carbohydrate-like components under aerobic and
anaerobic conditions. Most fermentations, however, sel-
dom break down only carbohydrates. These foods are
products of microbial and enzymatic actions affecting
many food constituents including fats, carbohydrates,
proteins, and many others, each of which contributes to
the final product.

Most forms of spoilage are undesirable. Conversely,
fermentative spoilage produces favorable benefits of
increased shelf life and added flavor. This beneficial
spoilage is encouraged by the promotional growth of
selected microorganisms for their unique end products
and metabolic processes. Most forms of food preservation

try to reduce or inhibit growth of microorganisms.
Essentially, fermentation is a controlled spoilage using
many variables such as atmosphere, temperature, salt con-
tent, and starter cultures.

Fermented foods can also be microbiologically safe as
well as more nutritious. Many organisms used for fer-
mentation produce acid as a by-product of their metabolic
processes. As these organisms increase in number, the
amount of acid produced increases, ultimately accumulat-
ing in the food and lowering the total pH of the product.
Many pathogenic bacteria such as Clostridium botulinum
cannot proliferate in low acid environments; therefore, the
product remains microbiologically safe for extended peri-
ods of time. These same organisms can synthesize growth
factors and vitamins, release nutrients from indigestible
materials, and enzymatically break down indigestible sug-
ars such as hemicellulose into usable sugar derivatives.

A list of several common fermented products, their
substrates, and the microorganisms involved can be found
in Table 50.4. One classic fermented product is beer. In
this fermentation carbohydrates are broken down by the
yeast Saccharomyces cerevisae, producing alcohol and
carbon dioxide as by-products. Dairy fermentations are
also very common whereby cheeses, yogurt, buttermilk,
and sour cream are produced. For most common cheeses
such as blue, cheddar, cottage, and gouda as well as but-
termilk and sour cream Lactococcus lactis subsp. cre-
moris/lactis are the primary acid producers with a wide
variety of secondary microflora.

Vegetable fermentation is also a major industry for
food production. Cabbage (sauerkraut), cucumbers (pick-
les), olives (green olives), and soybeans (soy sauce) are
but a few examples of vegetable fermentation. The three
major types of vegetable fermentation include lactic acid,
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TABLE 50.4
Fermented Food Products

Fermentation 
Product Substrate Microorganism

Cocoa beans Cacao fruit Candida krusei, Geotrichum spp.
Coffee beans Coffee cherries Erwinia dissolvens,

Saccharomyces spp.
Miso Soybeans Aspergillus oryzae
Olives Green olives Leuconostoc mesenteroides,

Lactobacillus plantarum
Pickles Cucumbers Lactobacillus plantarum
Sauerkraut Cabbage Leuconostoc mesenteroides
Soy sauce Soybeans Rhizopus oligosporus
Beer and ale Cereal wort Saccharomyces cerevisae
Bourbon whiskey Corn, rye Saccharomyces cerevisae
Cider Apples Saccharomyces spp.
Sake Rice Saccharomyces sake
Vinegar Cider, wines Acetobacter spp.
Wines Grapes Saccharomyces spp.



acetic acid, and alcoholic fermentation. Lactic acid may
be produced in fermented vegetables by species including
Leuconostoc mesenteroides, Lactobacillus plantarum,
Lactobacillus bavaricus, and Lactobacillus casei. Other
bacterial species, including Acetobacter hansenii and
Gluconobacter oxydans, may produce acetic acid or vine-
gar during fermentation. Fermentations that result in alco-
holic products may be produced by microbial species
including Saccharomyces cerevisae, Kluveromyces marx-
ianus, and Aspergillus oryzae. Meat, fish, and poultry can
also be fermented to produce desirable products. For
example, meats can be fermented to produce products
such as pepperoni and sausage. Although the origins of
fermentation may be ancient, the processes are still used
today to provide a rich variety of safe and shelf stable
foods.

XI. OTHER USES OF MICROORGANISMS
IN FOOD PRODUCTION AND
PROCESSING

Many bacteria are beneficial and essential to human
health. At any time numbers of bacteria on and in a human
body outnumber human body cells. Areas that contain
consistently large numbers of microflora are the nose,
throat, and gastrointestinal tract. When certain amounts of
these beneficial bacteria, typically in the live state, are
consumed or applied certain health benefits may be expe-
rienced. Generally, these microbial cocktails may contain
one or many different strains in addition to viable cells,
dead cells, and/or certain cellular components, and are
loosely defined as probiotics. Prebiotics are indigestible
components that influence certain numbers of targeted
bacteria in the colon stimulating their activity and/or
growth to benefit the host. Synbiotics are prebiotic and
probiotic components combined.

Some dairy products contain probiotic bacteria, most
commonly from the genera Bifidobacterium and
Lactobacillus. When these harmless types of bacteria
establish themselves in the gastrointestinal tract they
occupy available space, thereby aiding in the inhibition of
colonization of pathogenic bacteria. This concept has been
expanded to an on-farm strategy called competitive exclu-
sion. Young animals are given cocktails of nonpathogenic

bacteria at a young age to colonize the gut in an attempt to
prevent the infection of certain pathogenic strains. It has
been successfully achieved in poultry with a combination
of 29 species of bacteria and proven effective in cattle with
one Proteus mirabilis strain and 17 strains of E. coli. In
addition to reduced numbers of pathogenically infected
animals, these treatments allow for faster growth and
weight gain. If further developed, probiotic use may ulti-
mately reduce the need for extensive antibiotic treatments
for farm animals and aid in the reduction of the appearance
of antibiotic-resistant strains of bacteria.

All the benefits from probiotic treatments are not cur-
rently known; however, successful treatments do increase
the immune response and disrupt metabolic pathways for
detrimental flora in the gastrointestinal tract. It is difficult
to draw conclusions because key aspects of the studies
(i.e., type and amount of cultures used, initial participant
health, age, and resident flora) all vary greatly. As we
learn more about the intricate relationship between non-
pathogenic, pathogenic bacteria, and host response, this
new technology will provide a healthier food system.
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I. INTRODUCTION

Descriptions of the potentially negative influence of
microorganisms on food quality often focus on describing
potential disease-causing organisms. Typically, many
reviews or books on food microbiology contain many sec-
tions or chapters describing different pathogenic agents,
and often spoilage of all foods is dealt with in a briefer
manner. Although microbial spoilage of foods may some-
how not be as spectacular as the intriguing behaviour of
pathogenic agents, the problem must not be underesti-
mated. Thus, microbial growth and metabolism, which is
the major cause of post-harvest spoilage of foods, causes an
estimated loss of 10–50% of all raw agricultural commodi-
ties produced globally (1). In some cases (fruits, vegetables,
nuts), spoilage processes may also be initiated pre-harvest. 

In the context of the present chapter, spoilage will
describe changes in a product which render it unacccept-
able for the consumer from a sensory perspective. Spoilage
is product specific; for instance, formation of ammonia is a
sign of spoilage in fresh, chill-stored fish but may be a
desired quality in Camembert cheese.

Reactions or events other than microbial growth may
lead to spoilage (sensory rejection). This includes phe-
nomena such as lipid oxidation or discolouration, which
will not be dealt with in this chapter. 

II. CONCEPTS IN MICROBIAL FOOD
SPOILAGE

Foods constitute a range of different ecosystems. Some foods
are “alive” (fruits, vegetables, grains, nuts) and contain



defense systems which microorganisms need to overcome
when growing. Other “dead” foods (meat, fish) are typi-
cally preserved by manipulating the physical and chemical
environment by cooling, acidifying, salting, etc. (2).
Microbial spoilage is almost always a consequence of
growth of the spoiling organism to high numbers. Hence, a
primary assessment of the microorganisms potentially
involved in spoilage of a particular product can be done by
matching the growth characteristics of different micro-
organisms with the preserving characteristics of the prod-
uct. Although this will not identify the exact cause of
spoilage, it will narrow the spectrum of potential culprits.

Microbial spoilage is detectable in many forms: as gas
formation causing bombage, as slime formation due to
production of extracellular polymers or the degradation of
food matrixes, as visible colonial growth, or as off-flavours
and off-odours arising from the microbial metabolism of
food components. Mostly, growth of microorganisms to
high numbers (�105 yeast cfu/g or �107–108 bacteria
cfu/g) is required for spoilage to be noticable. In a few
products, enzymes produced by microorganisms may
remain active after inactivation of the microorganisms and
cause spoilage during storage.

The microbiota on raw foods is very varied but a few
species typically become dominant during storage. These
are the ones capable of tolerating the specific preservation
conditions used. The microbiota on freshly processed
foods is also heterogenous and is a function of the
microorganisms found on raw materials, on ingredients,
and in the processing environment. Logically, the food
processing steps, such as heat treatment or acidification,
also have a major influence.

The concepts in microbial food spoilage have been out-
lined (3): the microbiota present when the product is
spoiled is called the spoilage association or the spoilage
microbiota. To determine the importance of the different
microorganisms in the spoilage process, pure cultures are
isolated from spoiled foods and tested for their ability to
produce the sensory (and chemical) changes associated
with the naturally spoiling product. Microorganisms with
these abilities are said to posess a spoilage potential.
However, it is crucial for the understanding of the spoilage
process that quantitative considerations are included.
Hence, for each organism with a spoilage potential, it must
be evaluated if it is capable of growing in the “spoiling”
product and if it reaches cell numbers in the spoiling prod-
uct that are sufficient for the sensory and chemical changes
to take place. Organisms that both qualitatively and quanti-
tatively are linked to the spoiling product are said to have a
spoilage activity. Verifying that these organisms are indeed
the causative agents of spoilage requires trials with food
systems. Thus, the identification of specific spoilage organ-
ism(s) of a product will require a combination of sensory,
chemical, and microbiological analyses (4). The term
spoilage domain is used to describe the range of conditions

under which a specific spoilage organism is capable of
influencing the spoilage process.

Using such approaches the specific spoilage microor-
ganisms of several food products have been determined
(Table 51.1). Gram-negative psychrotrophic bacteria such
as pseudomonads are important spoilage agents of most
fresh foods. As preservation “pressure” increases, e.g., by
adding salt and acid, lactic acid bacteria and other fermen-
tative organisms take over. Filamentous fungi and yeast are
the spoilage agents of many products with low water activ-
ity or products such as citrus fruits where the fungi toler-
ate the specific defense components of the food (5).
Although the same organisms may be the spoiling agent of
different food products, the reactions leading to spoilage
can be very different. Thus, pseudomonads are the main
spoilage agents of fresh, chilled, aerobically packed meat
where they degrade amino acids producing spoilage off-
odours (4). In vegetables, where Pseudomonas spp. are
also identified as one of the main spoilage organisms, they
typically degrade the polymer (pectin) by pectinolytic aci-
tivity, leaving a soft rotting liquified product (6).

Different organisms may, as single species, be the cause
of spoilage. Hence, both Enterobacteriaceae (mostly
Erwinia species) and Pseudomonas spp. may cause soft rot
of vegetables. In some products, it may be difficult identify-
ing one organism as the specific agent of spoilage and here
mixtures of organisms may be responsible for spoilage.
Examples of such metabiotic relationships include the com-
bination of Enterobacteriaceae and lactic acid bacteria,
which in vacuum-packed meat or cold-smoked salmon only
produce spoilage metabolites similar to the spoiling prod-
ucts when both groups are present (7–10).

III. EXAMPLES OF SPECIFIC SPOILAGE
ORGANISMS

Although many different types of microorganisms grow in
different food products, several groups or species often
are involved in the spoilage process. The sections below
provide examples of the involvement of different microor-
ganisms in food spoilage. 

A. PSEUDOMONADS, SHEWANELLA,
PHOTOBACTERIUM, PSEUDOALTEROMONAS

The psychrotrophic, Gram-negative, non-fermentative
bacteria belonging to Pseudomonas spp. or identified as
Shewanella spp. are very often identified as specific
spoilage organisms. Pseudomonas spp. are the spoilage
agents of vegetables where they degrade pectin (6), of aer-
obically packed meat where they degrade amino acids to
volatile compounds such as sulfides (4), and of aerobically
stored iced freshwater fish (11) and iced crustaceans 
where they produce esters and sulphydryl com-
pounds (12). Also, extracellular hydrolytic enzymes of
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pseudomonads may be the cause of milk spoilage where
lipolytic and proteolytic activity contributes to off-flavour
formation and clotting (13). Pseudomonas spp. are also the
main cause of rotting in eggs (14) where they cause pink
rot (P. fluorescens) or fluorescent green rot (P. putida) (15).
Pseudomonas spp. are strict respiratory organisms and are
most important in products where oxygen is available.

Psychrotolerant Shewanella species are often involved
in spoilage of marine products. Their ability to reduce the
odourless trimethyl amine oxide (TMAO) to trimethy-
lamine (TMA), which has a fishy smell, and to produce
hydrogen sulphide involves them in spoilage of iced marine
fish and shellfish. Psychrotrophic Shewanella spp. are sen-
sitive to low pH and are not normally associated with
spoilage of meat. However, they have been identified as a
cause of off-odour in high-pH meat (16) and in chicken
(17). The H2S formation by Shewanella spp. in high-pH
meat may also cause greening of the meat. Although strictly
respiratory, Shewanella spp. are capable of utilizing several
compounds as electron acceptors in an anaerobic respira-
tion and they are therefore also associated with spoilage of
vacuum-packed foods. The type strain of Shewanella putre-
faciens was originally isolated from tainted butter (18). 

In CO2-packed marine fish, respiratory bacteria are
inhibited and a marine, psychrotolerant bacterium
Photobacterium phosphoreum is selected (19). The organ-
ism belongs to the Vibrionaceae family and produces
large amounts of TMA (19).

Recently, another marine bacterium, Pseudoal-
teromonas, was identified as part of the spoilage micro-
biota of iced squid (20). These bacteria are capable of
degrading urea, which occurs in high concentrations in
squid, and they may be contributing to spoilage through
ammonia formation.

B. ENTEROBACTERIACEAE

In classical food microbiology, members of the
Enterobacteriaceae family are enteric mesophilic organ-
isms and their presence in food products is an indication of
hygienic failure. However, the family also covers psy-
chrotrophic environmental strains that may occur in the
environment of food raw materials and that may grow on
chill-stored products. Erwinia species are common
spoilage organisms of vegetables where, due to pecti-
nolytic and proteolytic activity, they cause extensive soft
rot spoilage (21, 22). Organisms like Serratia,
Enterobacter, Rahnella, and Hafnia are often isolated in
high numbers from fresh proteinaceous products such as
milk, meat, or fish. Enterobacteraiceae may spoil liquid
milk products during prolonged storage (23, 24) due to for-
mation of off-odours or proteases causing “sweet cur-
dling.” Their interactive behaviour with lactic acid bacteria
has been suggested to play a role in the spoilage process of
vacuum-packed meat (7–9) and cold-smoked salmon (10). 

C. LACTIC ACID BACTERIA AND BROCHOTHRIX

Lactic acid bacteria (LAB) covers a conglomerate of
many bacteria. LAB grow well under vacuum-packing
and have a relatively high tolerance towards salt and acid.
Hence, they must be considered when evaluating spoilage
of packed and/or preserved products. Yeasts, as will be
discussed below, tolerate many of the same preservation
parameters and are often selected in the same products
where LAB dominate. Many of the LAB have no effect on
food quality and, for instance, some Carnobacterium spp.
may grow to numbers of 108–109 cfu/g with no adverse
effects on quality (25). Some may even have a preserving
effect on the product. However, some species are potent
spoilage organisms producing sour off-odours (26, 27),
gas (28, 29), or exopolysaccharides (30, 31). Some
species (e.g., L. saké or L. curvatus) are able to produce
hydrogen sulphide (32, 33), causing sulphorous off-
odours. The green discolouration which may sometimes
be seen on meats can be caused by LAB due to hydrogen
peroxide oxidation of meat pigment (33). Greening may
also be explained by the formation of sulfmyoglobin
caused by Gram-negative H2S-producing bacteria, typi-
cally Shewanella (34). LAB have also been identified as
spoilage organisms of beer and soft drinks. Some species
of LAB, such as Lactobacillus curvatus and Lactobacillus
saké, are potent producers of hydrogen sulphide whereas
other species produce acid and/or CO2 in large amounts,
causing souring or bombage of the product. Some
homofermentative Lactobacillus may also form so-called
ropy slime due to exopolymer production (9). 

If allowed to grow to high numbers, Leuconostoc
species are often associated with spoilage. They may pro-
duce off-odours and off-flavours as well as bombage.
However, their most prominent characteristic is their abil-
ity to produce slime (exo-polysaccharides), which can be
a spoilage sign of cured meat products (9, 35). 

Brochothrix thermosphacta is a Gram-positive, cata-
lase-negative bacterium which is capable of growing in
chilled, packed products. In vacuum-packed, high-pH
meat, B. thermosphacta is able to grow (36) and its metab-
olism (carbohydrate fermentation and lipolytic ability)
gives rise to compounds like acetoin and diacetyl, both of
which are off-odourous. Acetoin requires glucose as sub-
strate whereas other carbohydrates may be metabolized to,
e.g., diacetyl (37). B. thermosphacta is also typical of
spoilage of cured, packed meat products where it grows to
high numbers producing off-odours and then dies off as
Lactobacillus species become dominant (38). Although B.
thermosphacta can often be isolated from aerobic packed
meat, pseudomonads will eventually dominate and spoil
the product (39). In contrast, B. thermosphacta is often iso-
lated from meats packed in CO2-containing atmosphere
(40) but does require a limited amount of oxygen to pro-
duce spoilage off-odours (41). 
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D. SPOREFORMERS

Gram-negative, spore-forming organisms, Clostridium
and Bacillus, have been identified as the specific spoilage
organisms of several food commodities. Clostridia are
typically involved in spoilage of packed (anaerobic) prod-
ucts due to their intolerance to oxygen, whereas Bacillus
spp. tolerate oxygen and can grow also in non-packed
products. Psychrotrophic clostridia have been involved in
spoilage of chilled, vacuum-packed raw or cooked meats.
Spoilage of vacuum-packed meat may sometimes present
itself as a “blown pack” and Clostridium species have
been identified as the causative agent (42, 43). Several
clostridia produce both CO2, hydrogen, or butyric acid,
which can explain the blowing (43) but CO2 and hydrogen
are probably the main causes (44). It appears that several
different psychrotrophic clostridia may cause spoilage,
including Cl. gasigenes, Cl. estertheticum (45), and Cl.
frigidicarnis (46). Similarly, outgrowth of Cl. butyricum
can cause so-called late-blowing of cheese (especially
hard cheeses) due to fermentation of lactate (47). Sugar-
salted, barrel-stored herring may spoil due to growth of
clostridial species (48).

Bacillus species spoil different food products which
typically have been heat treated as part of processing;
hence, spores survive and grow. “Rope” formation in
bread is caused by growth of Bacillus (49) and “sweet cur-
dling,” e.g., clotting, of milk can be caused by Bacillus
where exoproteases degrade the casein micelles of the
milk (50). “Ropiness” is caused by the enzymatic degra-
dation of the bread crumbs and the parallel production of
exopolysaccharides by the bacilli (51, 52). Bacillus
stearothermophilus is a thermophilic organism which may
cause a so-called flat-sour spoilage of evaporated milk
(53) or some canned products (54).

A unique kind of spoilage has been found in heat-
treated fruit juices, where an acid-requiring, spore-forming
organism, Alicyclobacillus acidoterrestris, has been identi-
fied as the cause of a disinfectant taint (2,6 dibromophenol
and 2,6 dichlorophenol) (55, 56). The kinetics of spoilage
are not completely understood as it appears that very low
levels of spores are sufficient to cause spoilage (55).

E. YEASTS

Yeasts are involved in spoilage of a wide array of food prod-
ucts where they are detected due to visible colonial growth,
the formation of gas, or production of off-odour (57). A
range of pickled products (mayonnaises, ketchups, salad
dressings) are preserved with low pH and, often, addition of
preservatives. This eliminates most microorganisms but lac-
tic acid bacteria and yeasts may grow. Yeast cells are typi-
cally much larger than bacterial cells and hence a lower cell
number is required to cause spoilage. Several of the
Zygosaccharomyces yeasts in particular, and some isolates

of Saccharomyces cerevisiae are spoilage agents in foods
high in sugar, low in pH, and/or containing food preserva-
tives. Also, alcohol-containing products are prone to yeast
spoilage. The most important are Z. rouxii, Z. bailii, and 
Z. bisporus (58). Foods with low aw (e.g., high in sugar) are
often spoiled by Z. rouxii or Z. mellis which has been iden-
tified in spoiled bakery products (59) and sugars and syrups.

Zygosaccharomyces bailii and, to some extent also 
Z. bisporus, have been involved in spoilage of mayon-
naises, ketchups, and salad dressings. Z. bailii grows at
low pH in acetic acid and salt (60) and may adapt to food
preservatives such as sorbate and benzoate. Z. bailii is also
associated with wine spoilage. At lower temperatures Z.
lentus is also a spoilage agent in preserved products (61).

Saccharomyces cerevisiae are commonly isolated as
wild yeasts in breweries and are potential spoilage organ-
isms (62, 63). Fermented foods may spoil due to yeast
metabolism of lactate and acetate or the production of
CO2 and ethanol. Several Saccharomyces species have
been isolated from spoiled fermented products (64).

Various species of yeast (Candida, Yarrowia) have
been detected at levels up to 105 cfu/g in chilled spoiling
poultry; however, a role in spoilage has not been elucidated
(65, 66).

F. FILAMENTOUS FUNGI

Filamentous fungi (moulds) may grow in many different
types of food products and it is estimated that 5–10% of
foods are lost post-harvest due to growth of filamentous
fungi (2). They may affect sensory quality of the products
in several ways: through visible filamentous growth,
through production of exo-enzymes which degrade the
product, or through production of small off-odourous
compounds, such as geosmin (5). They may be involved
in spoilage of a very broad range of food commodities but
are commonly involved in spoilage of low water activity
products (grains, nuts, dried fish, cheeses, fermented
meats, bread and bakery products) and in spoilage of
fruits and vegetables. Although the production of myco-
toxins by filamentous fungi is a food safety issue, compa-
nies encountering food spoilage often wish to determine
whether mycotoxin production may also have occurred.
This often requires specialist advice (5, 67).

Foods spoiled by filamentous fungi are divided into two
categories: living products such as fresh fruits and vegeta-
bles, cereals and nuts before harvest, and stored, processed,
or preserved products (i.e., dried cereals, nuts, meat and fish,
bread, bakery products, cheese, juice and beverages) (2).

Living plant foods rely on natural defense mecha-
nisms to prevent microbial growth. Fruits have skins
which require penetration, while cereals and nuts may
produce phytoalexins or other natural antifungal material.
Fresh animal foods are more liable to spoilage by bacteria
than fungi. Stored processed and dried products must rely
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on classical food preservation techniques such as drying
of cereals, nuts, meat, and fish, or heat processing and/or
the use of preservatives for juices and beverages. The 
genera Aspergillus, Penicillium, Fusarium, Alternaria,
Botrytis, Rhizopus, and Eurotium are common causes of
food spoilage. Although many species within each genera
may have a spoilage potential, only 2–12 species seem to
be important in spoilage (5) and for many types of living
food, only 1–2 species are of major importance. For
instance, some fungi (e.g., Rhizopus) have specific
enzymes allowing skin penetration whereas others (e.g.,
Pencillium) have mechanisms for overcoming the specific
antifungal defenses (2). Although many fungi may poten-
tially spoil citrus fruits, the primary spoilage fungi are
Pen. italicum and Pen. digitatum (2, 5). 

An overview of the spoilage mycobiota of different
foods is presented in Table 51.2.

G. OTHERS

Several of the groups/species of spoilage organisms
described above are involved in spoilage of several foods
or products. However, in some products it appears that
one single species appears and is involved in spoilage of
only one specific product. This may of course just be a
matter of understanding the ecology and metabolism of a
particular organism to predict if it will have spoilage
activity in other products. One such example is the
spoilage of flavoured bottled water by species of the aer-
obic Gram-negative bacteria, Gluconobacter, which pro-
duces sour off-odours (68, 69). This organism is closely
related to the acetic acid bacteria and proliferates at very

low pH values (e.g., pH 3.5) (69), hence being adapted to
these particular products.

IV. SPOILAGE PATTERNS OF FOODS

A summary of examples of typical spoilage substrates and
metabolites is presented in Table 51.3. 

A. VEGETABLES

Vegetables have a high water content (80–90%) and their
texture is built by pectins or other carbohydrate polymers
such as starch. They typically contain low amounts of pro-
tein and simple carbohydrates and many are rich in pig-
ments. pH is around 6 (5.5–7). In some countries, vegetables
are distributed at chill temperatures. Increasingly, vegetables
are sold processed into ready-to-eat salads (70). Spoilage of
vegetables is primarily caused by microorganisms capable
of degrading the polymers of the product. The main spoiling
organisms are Pseudomonas spp., Enterobacteriaceae
(mostly Erwinia), and filamentous fungi. The bacterial
spoilage is evident when high numbers (�108 cfu/g) are
reached. Typically, these organisms are pectinolytic and
hence cause softening of the tissue, known as soft-rot. Also,
during degradation off-flavours and off-odours are formed.
In some bacteria, spoilage is enhanced by proteolytic capa-
bility (22), probably because proteolysis causes an increase
in pH and some pectate lyases have a higher activity at high
pH (8–9) (71). 

The expression of hydrolytic enzymes (proteases,
pectinases, cellulases) in the plant-pathogenic Erwinia
carotovora subsp. carotovora is regulated in a quorum
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TABLE 51.2
Associated Spoilage Mycobiota of Different Foods (Modified from References 2, 5)

Genera Involved in Spoilage

Product Penicillium Alternaria Fusarium Cladosporium Aspergillus Eurotium Botrytis Rhizopus

Citrus fruits � �

Pome fruits � �

Stone fruits � �

Onions � �

Leafy green vegetables � � �

Potato tubers �

Yam tubers �

Grain, in field � �

Grain, stored � � �

Maize �

Peanuts �

Rye bread � �

Cheese � �

Processed meat products � �

Salted, dried fish �

Jams � �



sensing dependant way. The bacterium produces small
hormone-like signal molecules (acylated homoserine lac-
tones, AHLs) that allow the bacterial population to sense
its own density (72). Expression of hydrolytic enzymes is
up-regulated at high densities. Interestingly, the produc-
tion of pectin-degrading enzymes in an onion spoiling
Burkholderia (73) and the production of protease and cel-
lulase in a bean sprout spoiling Serratia (22) are regulated
also by AHLs. Hence, AHL-negative mutants have a
lower spoilage activity.

In vegetables high in simple carbohydrates, such as
sugar beets which contain high concentrations of sucrose,
levan (slime) formation may cause both spoilage and tech-
nical problems during further processing (74).

The spoilage of potatoes is caused by different organ-
isms including Pseudomonas, Streptomyces, and a range of
filamentous fungi (75). Spoilage may present itself as soft-
rot, dry-rot, wilt, and blight. It may be initiated pre-harvest
but the causative organisms can also attack during storage.

B. FRESH PROTEINACEOUS FOODS (MILK, MEAT, FISH)

Liquid milk consists of water, protein (casein), carbohy-
drate (lactose), salts, and lipids in varying proportions.
Water activity is high, the pH is between 6 and 7 and preser-
vation parameters include pasteurisation and chill storage.
Pasteurised liquid milk products undergo different types of
spoilage. Typically, spoilage results from action of Bacillus,
Pseudomonas, or Enterobacteriaceae (76, 77) and is evi-
dent when high numbers (� 107 cfu/ml) are reached (13).
Sometimes, degradative enzymes which survive pasteurisa-
tion cause spoilage during storage with no bacterial growth
(78). Spoilage by Pseudomonas and Enterobacteriaceae is
the result of post-pasteurisation contamination (79, 80)
whereas spores of Bacillus may survive pasteurisation and
grow during storage. Several types of psychrotrophic
Bacillus have been involved in spoilage of chill-stored, liq-
uid milk (81, 82). At normal chill storage temperatures,
Pseudomonas spp. will typically become the dominant
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TABLE 51.3
Examples of Typical Spoilage Substrates and Metabolites Found in Microbiologically Spoiled Foods (160)

Sensory Impression Spoilage Product Spoilage Substrate Food Product Specific Spoilage Organism Reference

Slime EPS (dextran) Sucrose Kimchi Leuconostoc 31
Turkey breast Leuconostoc 35

Sugars Wine Pediococcus damnosus 29
Sugars Bread Bacillus 49

Slime Hydrolysed polymer Pectin Vegetables Erwinia, Pseudomonas 70
Fishy off-odour Trimethylamine (TMA) Trimethylamine oxide Fish Shewanella putrefaciens 161

(TMAO) P. phosphoresum 19
Aeromonas spp. 96

Ammonia, putrid NH3 Amino acids Proteinaceous foods Many microorganisms
Biogenic amines Amino acids Meat Enterobacteriaceae and LAB 7

Fish1 Enterobacteriaceae, LAB 10
Fish1 P. phosphoreum 10

Sulhidy off-odour H2S Cysteine Fish, meat S. putrefaciens 98, 162
Enterobacteriaceae 4
Lb. saké, Lb. curvatus

Greening H2S Cysteine Meat Lb. plantarum 33
Sulphydryl off-odours (CH3)2S2 Methionine Fish, meat Pseudomonas spp. 163

Enterobacteriaceae 164
Acid off-odour Acetic acid Glucose, ribose, other CHO Meat LAB 165

L,D-lactic acid
“Sweet curdling” Proteinaceus Phospholipid Milk Bacillus cereus 166

fat particles
Fruity off-odour Esters Fish Ps. fragi 167

Milk Ps. fragi 84
Ps. putida and Y. intermedia 85

Cheesey off-odour Acetoin, diacetyl, Glucose Meat B. thermosphacta 4
3-methylbutanoyl Enterobacteriaceae

Homofermentative LAB
Medicine off-odour 2-methoxy-phenol, Sugars Juice Alicyclobacillus 55

sediment acidoterrestris
Musty odour Trichloroanisol 2,4,6 Trichlorophenol Wine Penicillium brevicompactum 5

Aspergillus flavus

1 Biogenic amines may not be the cause of spoilage but can serve as a spoilage index (10).



spoilage organism (83). Spoilage is characterized by bitter,
sour, or fruity off-flavours (76) and/or by clotting (“sweet
curdling”). The bitter off-flavours can be caused by prote-
olytic action of pseudomonads (78) and protelytic degrada-
tion of the casein-micelles leads to clotting of milk. Rancid
off-flavours may be caused by lipoytic activity of, for
instance, Pseudomonas spp. (13), whereas fruity off-
flavours arise from esters producted by Pseudomonas spp.
or Enterobacteriaceae (84, 85).

Water is the main constituent of red meat and poultry.
It contains protein, lipid, and several non-protein nitrogen-
containing compounds such as amino acids and creatine.
Carbohydrates are present as glycogen, glucose, and lac-
tate. In non-stressed animals, pH will decrease signifi-
cantly (to approx. 5.5) in red meat post mortem due to
glycogen metabolism. Glycogen depots are depleted in
stressed animals pre mortem and pH after slaughter
reaches 6.0–6.5. These differences can have a profound
impact on the spoilage microbiology of vacuum-packed
meats since the hydrogen sulphide-producing bacteria
Shewanella putrefaciens may grow in packed, high-pH
meat and cause rapid spoilage (4). The Shewanella
spoilage is characterised by sulphidy off-odours and H2S
may cause greening of the meat due to conversion of myo-
globin to sulfmyoglobin (33, 34). S. putrefaciens will not
grow at pH 5.0–5.5 and hence packed, normal pH meat has
a much longer shelf life. Greening of cured meat is caused
by lactic acid bacteria (86) where H2O2 converts myoglo-
bin to a green iron (III) complex (87).

“Meat” covers muscle tissue from a range of different
animals: beef, veal, lamb, poultry (fatty, lean). Whole
meat is typically more stable than ground meat. In aerobic
atmosphere, whole meat has a shelf life of approximately
1 week at 5°C whereas ground meat will spoil in 1–2 days
depending on the initial bacterial count. The bacterial
counts of ground meats are, in general, higher than on
non-comminuted meats. Typically, gound meat contains
trimmings and has a much greater surface-to-volume ratio
allowing a more rapid spoilage (88). Packaging extends
shelf life and the atmosphere of packaging will have a
marked influence on the extension. Vacuum-packing can
extend storage life of beef (held at 0°C) from 2–4 weeks
to more than 15 (41). Packing in 100% CO2 may extend
shelf life at 4–5°C to 8–12 weeks (4). Many packaging
atmospheres do contain oxygen as this allows retainment
of the red oxygenated myoglobin colour.

The microflora on fresh meat is a mixture of many
different species originating from hides, environment, and
the gastro-intestinal tract. During aerobic storage, psy-
chrotrophic pseudomonads become dominant (4). After 
1–2 weeks, counts of 108–109 are reached and spoilage is
detectable as slime and off-odours. Vacuum-packing or
CO2-packing (in O2-impermeable films) eliminate
pseudomonads and the microflora becomes dominated 
by lactic acid bacteria belonging to Lactobacillus,

Leuconostoc, and Carnobacterium (35, 89). Enterobacte-
riaceae and Brochothrix thermosphacta are often present
in quite high proportions reaching 103–107 cfu/g (4, 9).
Depending on the level of oxygen addition to the modified
atmosphere packaging, shelf life (at 5°C) may be increased
to 3–12 weeks.

Metabolism of glucose and amino acids supports bac-
terial growth. Off-odours in aerobically packed meat are
not detected as long as glucose is metabolised; however,
off-odours and spoilage of aerobically packed meat
become evident when glucose is depleted and amino acids
are metabolised (90). During glucose metabolism, the
sweet, fruity off-odours of incipient spoilage are caused
by ethyl esters produced by Ps. fragi. Degradation of
amino acids is the cause of production of sulphur-
containing compounds giving the putrid off-flavours in
the advanced stages of spoilage. 

Packed meats are typically characterised by sour off-
odours being produced by the dominant lactic acid bacte-
ria. The so-called cheesey off-odour often detected in
vacuum-packed meat products is caused by acetoin and
di-acetyl which are produced by Br. thermosphacta in
packed (high pH) meats (4, 9). 

Fresh fish is rich in water, protein and, for some
species, lipids. Fish muscle also contains free amino acids,
nucleotides and, in some species, trimethylamine oxide
(TMAO) (11). TMAO, which is an odourless compound, is
typically accumulated in marine fish species, especially
the gadoid species, but may also be detected in fish from
fresh waters (91). Some bacteria can use the oxygen in
TMAO in anaerobic respiration and this reduction results
in the formation of trimethylamine (TMA) which has the
characteristic “fishy” flavour. As opposed to meat from
mammalian animals, fish do not accumulate glycogen and
pH therefore does not decrease post mortem. As in high-
pH meat, this allows psychrotolerant Shewanella to grow
during storage. Fish are cold-blooded animals and the
microorganisms on newly caught fish from temperate
waters are adapted to low temperatures. This combination
of several factors explains why fish is a very perishable
product and should be stored at low temperatures, prefer-
ably in melting ice (0°C). The shelf life of iced fish varies
from 2 weeks (cod-like fish) to 4 weeks (fish from tropical
waters). Some fatty fish species such as herring and mack-
erel have short shelf lives if left unpacked due to lipid oxi-
dation and development of rancid off-flavours.

During storage of fish in ice, psychrotrophic
pseudomonads, shewanellae, and Neisseria species become
dominant (92–95). Pseudomonas spp. spoil freshwater fish
when counts reach 108–109 cfu/g (96). Spoilage is typically
characterised by sweet, sulphydryl, rotten off-odours. In
contrast, the sensory impression of spoilage of marine fish is
characterised as putrid, rotten, fishy due to formation of
TMA and H2S by psychrotrophic Shewanella species (97,
98). The off-odourous compounds are typically formed by
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bacterial metabolism of low-molecular-weight compounds
(99). Spoilage proceeds very rapidly (12–48 hours) if fish is
left at ambient temperature and mesophilic Vibrio and
Aeromonas species are causing the spoilage. Packing of fish
from marine waters causes selection of the CO2-resistant,
psychrotolerant Photobacterium phosphoreum which is the
dominat spoilage organism of CO2 packed fish (19, 100).
Fish from fresh waters and fish from tropical waters
probably do not harbour this organism and organisms such
as lactic acid bacteria become dominant in these products.

C. CURED OR PROCESSED PROTEINACEOUS FOODS

A wide range of “cured” milk products are produced
world-wide. This covers yogurts, soft unripened cheeses,
and an enormous range of hard or ripened soft cheeses.
Some of these products are acidified by fermenting
microorganisms (mostly lactic acid bacteria); in others the
curdling is caused by addition of protelytic enzymes (ren-
net) which degrade the casein-micelles and allow a curd to
be formed. Pasteurization, acidification, and, often, chill-
ing, are effective preservation hurdles; however, spoilage
of the acidified products can be caused by yeasts and fila-
mentous fungi. In particular flavoured yogurts, where
sugar/fruit is added, are good substrates for yeast spoilage
organisms (101, 102) and spoiling filamentous fungi (103). 

The most important spoilage organisms of hard, semi-
hard, and soft cheeses are the filamentous fungi; especially
Pencicillium species (5, 104, 105). In some cheeses, the
development of fungi is part of the processing; however,
growth of other filamentous fungi is a sign of spoilage.
Fresh, unripened cheeses such as cottage cheese, may also
spoil because of bacterial growth and especially
Pseudomonas spp. and psychrotrophic Enterobacteriaceae
produce visible colonies on the surface and cause develop-
ment of off-odours (106). Bacterial gas formation may be
the cause of spoilage of cheeses. So-called “early blowing”
can be caused by a range of bacteria producing CO2 from
lactose (107). “Late blowing” is specifically caused by
growth and production of butyric acid by clostridia during
storage and ripening of hard cheeses (47). 

Meat is processed/cured to produce an enormous range
of products including bacon, sausages, cooked and sliced
product. Raw cured products (ham, fermented sausages)
are preserved to an extent where bacteria do not grow well
and hence spoilage is typically caused by yeasts or fila-
mentous fungi. Bacterial spoilage by Enterobacteraiceae or
clostridia may occur during processing before the salt con-
centration is high enough (108, 109). Cooked, perishable
products include frankfurters and luncheon meat products.
Pseudomonas are the main spoilage agent of such product-
stored aerobically, whereas vacuum or modified atmos-
phere packaging selects for the same types of organisms as
described under fresh meats. The spoilage organisms typi-
cally include lactic acid bacteria, Br. thermosphacta and

Enterobacteriaceae (9, 90, 110). Spoilage may be
detectable as slime formation (111) as sour off-odours (26),
or as the cheesey off-odours produced by Br.
thermosphacta.

As meat products, fish are preserved using salting,
acidifying, and heat treatments. Lightly preserved prod-
ucts, e.g., cold-smoked fish, typically spoil due to growth
and metabolism of lactic acid bacteria and Gram-negative
bacteria, either Enterobacteriaceae or P. phosphoreum
(112–114). Br. thermosphacta also may be detected in
levels between 103 and 107 cfu/g (115) and in pure culture
it does produce rotten off-odours (116). Growth and
spoilage by Gram-negative bacteria are inhibited in semi-
preserved products which are salted, lightly acidified, and
kept at chill temperatures. Spoilage is caused by growth of
lactic acid bacteria or yeasts and may involve souring or
gas formation (28). Packed and heated products which are
distributed at chill temperatures may spoil due to growth
of Gram-positive, spore-forming organisms (117).
Heavily salted fish products may spoil due to growth of
strictly halophilic bacteria which cause discolouration
(red colour) due to their own pigmentation (118) and rot-
ten off-odours due to protelytic degradation. In heavily
salted fish which is re-hydrated, bacterial growth resumes
and Psychrobacter spp. producing musty odours have
been identified as spoilage organisms (119). Shelf life of
dried fish species may be limitied by fungal growth (2).

D. FRUITS

Fruits contain high amounts of easily digestible sugars and
the water content of fruits is high. However, bacteria do not
grow well because the pH is low (in the range of 2–5) and
most bacteria are inhibited under these conditions, so
spoilage is caused by filamentous fungi (120). Spoilage
manifests itself in many ways as spots, scabs, soft rot, or
dry rot. Cucumber, capsicum, and tomatoes are fruits with
a pH closer to neutral and spoilage is also often caused by
growth of Gram-negative, pectin-degrading bacteria,
(Pseudomonas spp. or Erwinia spp.) (21, 120). 

E. DRESSINGS, KETCHUP, AND HIGH FAT

PRODUCTS

Foods dealt with in this section are typically highly pre-
served using mayonnaise-based dressings and/or low levels
of water activity and/or high levels of preservatives. Typical
examples are coleslaw, ketchup, and various dressings. Most
Gram-negative bacteria and many Gram-positive bacteria
are effectively inhibited by the preserving parameters, and
typical spoilage organisms are lactic acid bacteria and
yeasts (121, 122). Their spoilage is detected as sour off-
odours or swelling of the product (123). Off-odour or
slime formation may also characterise the spoilage (124).
Many of these types of product contain acetic acid and
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only organisms resistant to this acid are involved in
spoilage. Several types of Lactobacillus have been isolated
from spoiled products (124, 125). 

Products such as margarine and butter which are low
in water activity and high in fat/lipid content are typically
stable products but may spoil due to growth of yeasts or
filamentous fungi. Thus, Penicillium species have com-
monly been isolated from spoiled margarine (104).
Filamentous fungi (e.g., Chrysosporium species) have
been the cause of chocolate spoilage (126).

F. BEVERAGES

Fruit juices and most soft drinks are high in sugar and typi-
cally have a low pH. Hence, yeasts, fungi, and acid-tolerant
bacteria can grow in the products and some will ultimately
cause spoilage. Saccharomyces and Zygosaccharomyces
strains are common spoilage organisms (127). Also, some
lactic acid bacteria have been identified as spoilers of soft
drinks (128) and the acid-tolerant, spore-forming
Alicyclobacillus acidoterrestris has been detected as the
cause of medicinal off-odour in pasteurised fruit juices (55). 

Wines are typically preserved by the dominance of the
fermenting organism and the subsequent production of
alcohol. Lactic acid bacteria and yeasts are the major
causes of spoilage (57, 63) although strictly anaerobic
Gram-negative bacteria have also been the cause of off-
odour (129, 130). Beer spoilage organisms may be wild
yeasts present in the brewery (63) and can be transferred
to the product where they grow and spoil the product (57).
Alcohol and hop components are inhibitory to most bac-
teria. However, several beer-spoiling microorganisms
have the ability to grow in hop which will inhibit most
microorganisms (129, 131). Sluggish or stuck wine fer-
mentations have sometimes been linked to growth of lac-
tic acid bacteria which may inhibit growth of the desired
fermenting organisms (132). Growth of spoilage microor-
ganisms may cause a range of off-odours or may be visi-
ble as slime formation (30).

G. BAKERY GOODS

Filamentous fungi are the most prominent spoilage organ-
isms of bakery products (2, 5, 133). The combination of
their ability to grow at low water activities and the easy
spreading of spores in the dry baking environment gives
them a selective advantage. Another typical spoilage
problem is the so-called ropiness caused by Bacillus
species, especially B. subtilis (49, 134).

V. CHEMICAL ANALYSIS OF SPOILAGE

As defined at the beginning of this chapter, “spoilage” is
any change in sensory properties that renders a product
unacceptable for the consumer. Sensory methods can be
developed to a very high degree of standardization using

trained panels (135, 136). Using multivariate statistics,
sensory analysis may be combined with chemical analysis
to determine which compounds are causing specific
odours and flavours. Specific electronic chemical gas sen-
sors (so-called “electronic noses”) may be used to profile
the odours (137) and so-called “electronic tongues” to
detect flavours (138).

Gas chromatographic separation followed by mass
spectrometry is often used for profiling odours of spoiled
foods. Examples include GC-MS studies of bacterial
spoilage of prawns (12), cold-smoked salmon (116, 139),
and chilled chicken (140). GC-MS analysis also has been
used to determine mycological quality of barley grains
(141).

Recently attempts have been made to combine non-
destructive chemical methods with statistical analyses of
complex patterns derived to correlate with spoilage and/or
shelf life. An example of such studies include use of
sophisticated techniques to determine well-known indica-
tors of spoilage, such as the use of ion mobility spectrom-
etry to determine biogenic amines (142). Sometimes such
compounds are indeed only indicative (143) and may not
necessarily be the ones responsible for the off-odours and
off-flavours. The volatile compounds developing during
spoilage of packed, chilled meat were analysed using a so-
called electronic nose sensitive to several volatiles (144).
Subsequently, multivariate analyses were used to correlate
the magnitude of the “nose signals” with sensory impres-
sions. Whilst this allowed an expression correlated to the
quantitative degree of spoilage, no information on indi-
vidual spoilage components was obtained. A somewhat
similar approach was described by Ellis et al. (145) that
used Fourier transformed infrared spectroscopy data to
evaluate spoilage of meat. Different spectra were found in
fresh and spoiling meat and peaks indicative of spoilage
were identified.

VI. PRESERVATION STRATEGIES

Food preservation in ancient times relied on experience
with treatments that ensured lack of spoilage. Examples
are heavily dried or salted products and a range of fer-
mented products. Development of more modern food
preservation allowed the use of processes eliminating
microorganisms, for example pasteurisation or autoclav-
ing, or processes preventing growth completely, for exam-
ple by freezing. The trend towards so-called milder
preservation techniques typically combines a variety of
parameters that allow growth to be controlled but not
completely abolished. Examples include packaging, chill-
storage, mild salting, etc. 

Currently a range of new preservation procedures is
under investigation. This includes physical treatments
such as high hydrostatic pressure which is a promising
non-thermal treatment allowing inactivation similar to
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heat treatments (146). The high hydrostatic pressure
affects the bacterial membrane (147). Other inactivation
processes include high-voltage electrical discharges and
high-magnetic-field pulses (148). 

The use of live bacterial cultures (149) or the antimi-
crobial peptides (bacteriocins) produced by lactic acid
bacteria (150) has been intensively studied, in particular
with the purpose of inhibiting pathogenic bacteria. Also,
natural antimicrobial enzyme systems (151) or naturally
occurring antimicrobials (152–154) are being tested as
food preservatives.

Several biopreservation techniques have been
assessed for their inhibition of spoilage microorganisms.
For instance, Pepe et al. (52) demonstrated that lactic acid
bacteria could inhibit rope-producing Bacillus in bread.
The delay/control of ropiness was seen both when lactic
acid bacteria were added to bread inoculated with Bacillus
and, more importantly, when lactic acid bacteria were
used as a starter during dough preparation. Also, a bacte-
riocin-producing lactic acid bacterium (Leconostoc spp.)
allowed control of spoilage of vacuum-packed beef by a
sulfide-producing lactic acid bacteria (155).

VII. MODELLING GROWTH OF SPOILAGE
MICROORGANISMS AND
PREDICTION OF SHELF LIFE

Modern “predictive microbiology” was in some ways
born with mathematical descriptions of spoilage as a func-
tion of, for instance, temperature (156) but has increas-
ingly focused on determining, modelling, and predicting
the growth or survival of food-borne pathogenic organ-
isms as a function of changing environmental factors.

Modelling of growth of spoilage bacteria as a function
of environmental and preservative parameters allows (i)
determination of the range of products in which the par-
ticular organism may be imporant (e.g., will have the abil-
ity to grow) and (ii) prediction of remaining shelf life of a
particular product in which the number of spoilage organ-
isms can be determined in the fresh product. Results as
obtained in (i) may reduce the number of challenge trials
required to determine shelf life of new products with
altered preservation profiles.

For instance, the growth of the soft-drink spoilage
organism Gluconobacter oxydans under different pH,
acidity, sugar, and benzoate concentrations was deter-
mined and modelled (157) allowing the effect of change
in each parameter on growth to be quantified. Membre
and Kubaczka (158) not only modelled the growth of a
vegetable juice spoilage bacterium but also described how
the actual spoilage process (kinetics of pectin compound
degradation) evolved. Parts of the “seafood spoilage
predictor” may exemplify (ii) from above. This software
includes models for growth of specific spoilage organisms

and allows relative rates of spoilage to be predicted based
on temperature profiles (159). 

VIII. CONCLUDING REMARKS AND
PERSPECTIVES

Our understanding of microbial food spoilage is, for a
range of products, very detailed. The organisms, their
spoilage metabolites, and the conditions under which
spoilage is important are known for several product types.
This is particularly true for products where one specific
organism is important, for instance the spoilage of packed
marine fish (from temperate waters) by P. phosphoreum.
In contrast, our understanding of more complex spoilage
processes where several organisms are involved is less
developed. Although we have identified the spoilage
microbiota and may have some indication of which organ-
isms contribute to the spoilage, we need to further our
understanding of these products. In particular, products
where “mild” combinations of preservation parameters
are used allow the growth of several organisms. These
products are often delicatessen products and understand-
ing their spoilage would allow science-based quality
indices to be developed and would allow prediction and
labelling with appropriate shelf lives. 

The evolution of such understanding will be facilitated
and must run in parallel with development of methods for
specific enumeration of spoilage microorganisms. Very
sensitive methods are needed, especially for shelf life pre-
dictions based on numbers of specific spoilage organisms.
Finally, the understanding of food spoilage and the
spoilage process should enable design of more targeted
food preservation methods where only the unwanted
organisms or their unwanted metabolism is inhibited. 
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I. INTRODUCTION

Meat and poultry products are highly perishable foods
since they support growth of microorganisms associated

with spoilage. In addition, by their very nature and origin
they may be implicated in the spread of microbial food-
borne diseases. During the past twenty years, the increas-
ing consumer demand for a wider variety of convenient



products of high quality and safety along with the produc-
ers’ desire for economies of scale in production have led to
dramatic changes in the processing, storage, distribution
and packaging of meat and poultry products. As a conse-
quence, the important areas of meat and poultry microbi-
ology have also changed. Since the vast subject of meat
and poultry microbiology has been discussed extensively
in various books, book chapters and review papers (1–5),
this chapter focuses on recent research interests and mat-
ters of current practice used within the meat and poultry
production and distribution chain. The topics include
sources, type and extent of microbial contamination
including spoilage and pathogenic organisms, microbial
changes during storage, methods for controlling microor-
ganisms in meat and meat products, and management of
processes for the microbiological safety of these foods.

II. MICROBIAL CONTAMINATION OF
MEAT FROM LAND ANIMALS

A. GENERAL

In general, the muscle tissues of healthy animals and birds,
before slaughter, can be considered sterile. Exceptions to
this generalization are the lymph nodes and some organs
that may carry limited microbial contamination. In con-
trast, surfaces of the animal exposed to the environment
such as hide, pelt, feathers, fleece, the mouth and the gas-
trointestinal tract may be heavily contaminated (6–8).
These parts of the animal are the major sources of meat
and poultry carcass contamination. The extent of contami-
nation transfer from the above sources to the carcass is
greatly dependent on the conditions under which animals
are reared, slaughtered and processed (4,6–8). Hygienic
practices, sanitation procedures, product handling and pro-
cessing procedures, and conditions of storage and distribu-
tion are the most important factors that determine the
microbiological quality of the final meat and poultry prod-
ucts. Consequently, variations in facilities, raising methods
and practices of slaughtering and processing operations
may lead to significant differences in the type and extent of
meat contamination (4). Sources of contamination during
processing, and the factors affecting the type and extent of
contamination are discussed in the following sections.

B. SOURCES OF MICROBIAL CONTAMINATION

1. Red Meat

a. Live animal
It is generally agreed that the majority of microorganisms on
red meat carcasses originate from the live animals, which
also serve as sources of environmental and water contami-
nation. These sources introduce contamination in animal
products or other foods through cross-contamination and

through contamination of equipment and utensils.
Contamination from surfaces exposed to the environment is
transferred to the underlying sterile carcass tissue during
animal slaughter and dressing. The hide of the animal is the
most significant contamination source (7,9). During the rais-
ing of cattle, pigs and sheep, large numbers of spoilage and
pathogenic microorganisms, mainly originating from soil,
pastures and feces, can be found on the hides of the animals.
For example, the total microflora of cattle hides may reach
1012 cfu/100 cm2 (10), while an incidence of greater than
10% of Escherichia coli O157:H7 has been reported for cat-
tle hides in the U.S. (11). The part of the hide with the high-
est incidence rate of pathogens is the brisket, followed by
the flank and the rump (12). In a similar study, however, the
part of the hide with the highest incidence of shiga-toxigenic
E. coli O157 was found to be the back, followed by the neck,
flank, ventrum and hock, in decreasing order (13). 

A number of factors associated with the type, preva-
lence and extent of animal hide contamination have been
identified in recent years including climate, season of the
year, geographic location, and raising, transportation and
holding methods (14). Animals raised in feedlots may
carry more bacteria of fecal origin while soil microorgan-
isms are usually more common on animals raised in pas-
tures (4,15). During transport from farm to slaughter,
animals may be exposed to further fecal, and therefore,
pathogen contamination in the transport vehicles. In addi-
tion, animal-to-animal transfer of contamination can
occur during transport, either directly via body contact or
indirectly via contact with contaminated surfaces.
Transportation of cattle from the feedyard to a commer-
cial packing facility was found to result in a 14-fold
increase in Salmonella prevalence on hides, and a 2-fold
increase in fecal Salmonella levels (16).

Although it may be assumed that the cleanliness of
the animals prior to slaughter is a crucial factor that deter-
mines the microbiological quality and safety of carcasses
after processing, studies have shown this not to be the case
(17,18). For example, no association was found between
tag (mud, bedding and feces) on the hides of beef cattle
and bacterial counts of carcasses (17). Furthermore, pre-
harvest management practices (wool length, use of bed-
ding and wet versus dry pens) appeared to have no effect
on the microbiological quality of lamb carcasses (18).
However, evaluation of microbial contamination of the
stock presented for slaughter may be beneficial for
adjustment of the speed of processing lines or the separate
processing of highly contaminated animals (19,20). 

b. Slaughter and dressing
During the slaughtering process bacteria can enter the tis-
sues through the bloodstream from contamination of the
sticking knife. However, bacteria introduced into the
bloodstream do not survive for long in the tissues due to
the defense mechanisms of the animal that continue for at
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least 1 h after death (6). Thus, if high levels of contami-
nation from slaughter instruments are avoided by reason-
able hygienic precautions, carcass contamination from
this source should not be a problem.

Most of the bacterial contamination of the carcass is
acquired during the dressing process. Knife incisions for
the removal of cattle and sheep hides introduces microor-
ganisms from the hide onto the underlying tissue. Further
bacterial transfer may occur from contact of the hide with
exposed carcass tissue or from aerosols, dust, wool and
hair from the hide or fleece (7). Unlike cattle and sheep,
the skin of pigs is usually not removed during the dress-
ing procedure, although certain facilities process skinned
pork carcasses. After slaughter, pigs are scalded to loosen
the attachment of the hair to the skin before dehairing (7).
Although the scalding operation reduces the number of
microorganisms on the skin, recontamination may occur
during dehairing due to the high level of contamination of
dehairing equipment (21). The numbers of such contami-
nants can be reduced by the singeing process used to burn
hair remaining on the carcass. However, as the singeing of
the surface is usually uneven, significant numbers of bac-
teria, including both spoilage and pathogenic types, can
persist on some areas of the carcass or be introduced or
spread during carcass polishing operations (8,22,23).

Other significant sources of contamination during the
dressing process are the mouth and the viscera of the ani-
mals. The mouth harbors large numbers of bacteria includ-
ing pathogens such as pathogenic E. coli and Salmonella
(13,24). If other areas of the carcass are handled by work-
ers after handling the throat and the tongue, then carcasses
may be heavily contaminated with bacteria from the mouth.
During evisceration, contamination can occur if the intes-
tinal tract is pierced or if fecal material is released from the
rectum during removal of abdominal contents. Careful han-
dling of the head and viscera as well as the use of plastic
bags to enclose the head and the end of the cut bung of ani-
mals reduces contamination from these sources.

In addition to the hide, head and viscera, bacteria may
be introduced onto the carcass during the dressing process
from the processing environment such as floors, walls,
contact surfaces, knives and workers’ hands. Thus,
hygienic conditions and sanitation procedures are impor-
tant factors affecting the microbiological quality of the
dressed carcasses.

c. Chilling 
Before fabrication, carcasses need to be chilled to ade-
quately low deep muscle temperatures in order to avoid
microbial proliferation during and following fabrication
(15). Most carcass cooling processes are operated so as to
reduce deep muscle temperatures to 7°C or lower within a
12–24 h period (25). However, due to their size, commer-
cial chilling of beef carcass sides requires 18–36 h for tem-
peratures of �7°C to be reached. Traditionally, carcasses

were chilled by exposure to a flow of cold air only, which,
due to the evaporation of water, resulted in drying of the
carcass surface (26). Experimental studies have shown that
depending on the temperature, humidity and air velocity,
this type of chilling may result in increases, decreases or
no changes in total numbers of aerobic bacteria of car-
casses (6). Drying of the carcass surface, however, results
in loss of carcass weight, which in turn leads to economic
losses (27). Hot carcass weight losses of at least 2% dur-
ing the first 24 h of air chilling have been reported for beef
(28,29), pork (30) and lamb (31). In order to circumvent
this, most packing plants in North America use intermittent
spraying of carcasses with chilled water, especially during
the initial stages of chilling, which facilitates carcass tem-
perature decreases without loss of surface moisture. Spray
chilling results in carcass weights that are slightly less than
those of carcasses entering the chilling process (8). The
practice of spray chilling is uncommon outside North
America, partly due to concerns that the prevention of dry-
ing of the carcass surface would allow growth of patho-
genic bacteria (26). Experimental studies, however, have
shown that as for traditional air chilling of carcasses,
microbial levels on carcasses can increase, decrease or
remain unchanged by adjusting air temperatures and
speeds, as well as the frequency, intensity and duration of
spraying (32–34). The incorporation of chlorine (35,36),
acetic and lactic acids (37,38) in the spray chilling process
have been evaluated as a means of sanitizing beef car-
casses during the chilling process.

d. Fabrication
The chilling process is followed by cutting (fabrication) of
the carcass into primal and sub-primal cuts, and trimmings.
The meat receives extensive handling during these opera-
tions and high levels of cross-contamination may occur by
contact of freshly cut meat surfaces with work surfaces,
hands and equipment. Factors affecting the extent of con-
tamination during fabrication include temperature of the
boning room, the time duration that meat is held there, and
the cleanliness of fabrication equipment. Equipment such
as cutting tables, conveyor belts, saws and knives can carry
high numbers of spoilage and pathogenic bacteria (21,39).
In order to minimize cross-contamination and spreading of
contamination during fabrication, adequate cleaning of the
plant and equipment as well as sanitation practices to pre-
vent microbial contamination and biofilm formation are
required. Proper control of the above conditions may main-
tain bacterial densities on meat after the fabrication process
to as close to initial levels of contamination as possible.

2. Poultry

a. Live bird
Although freshly laid eggs rarely contain microorgan-
isms, eggs and ultimately the developing embryo can be
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contaminated through two possible routes; by vertical
(transovarial) or horizontal transmission of microorgan-
isms. Transovarial transmission occurs when bacteria
infect the hen’s ovaries or oviducts resulting in possible
contamination of the egg during its formation (7,40,41).
Of major concern is the vertical transmission of
Salmonella Enteritidis (42). The more common route of
microbial contamination of eggs, however, is via hori-
zontal transmission. This occurs when the natural
defenses of the egg, which include the cuticle layer, shell,
and outer and inner membranes, are penetrated resulting
in contamination of the internal contents of the egg
(43,44). Microorganisms contaminating the egg after it
has been laid originate from the intestines when the egg
passes through the cloaca, nest materials, litter or incuba-
tor surfaces (42,45,46). 

Newly hatched chicks from uninfected eggs are micro-
biologically sterile but are readily contaminated with
microorganisms present in their environment, for example,
from contaminated eggshells, fecal matter, fluff from
infected newly hatched chicks, and walls and floors of the
incubator (47,48). Healthy chickens carry millions of
microorganisms in their intestines and on their skin (49).
Sources of microorganisms on the rearing farms are con-
taminated feed and water, soil, litter, dust and air. Insects,
rodents, wild birds, reptiles and other small animals may
also act as reservoirs and vectors of microorganisms (41).

During transportation of birds from growing houses to
slaughter facilities, contamination and cross-contamination
with fecal material may occur. Stress conditions during
transport may lead to more frequent excretion of fecal
material and cecal contents (50,51), and thus an increase in
the level of contamination. Since transport crates become
heavily contaminated with fecal material, they need to be
thoroughly cleaned and disinfected before being reused to
prevent cross-contamination of other flocks (52). 

b. Slaughter and processing
Incoming birds are the principal source of most microor-
ganisms found on poultry carcasses. Similar to red meat
animals, healthy birds carry extensive microbial contami-
nation on their feathers, skin and intestinal tract (3,49,53).
In general, transfer of this contamination to the carcasses
occurs during all processing steps including stunning,
bleeding, scalding, defeathering, evisceration, washing
and chilling (50).

As birds are hung and bled, the flapping of wings may
generate dust and aerosols which distribute contamination
onto nearby birds or carcasses. After bleeding, poultry car-
casses are scalded by submerging in a warm waterbath
(scald tank) at temperatures between 50 and 60°C. The
accumulation and survival of microorganisms in the scald
tank is influenced by the temperature of water and the rate
at which fresh water is added (54). The pH of the scalding
water and the presence of organic matter are also important

for bacterial survival since they affect the rate of inactiva-
tion of microorganisms (55). It is obvious that from a
hygienic point of view scalding is a hazardous operation.
Attempts to avoid the use of immersion scalding have led
to the development of alternative methods including spray-
ing systems and division of the scald tank into several
smaller ones (56). Although under experimental conditions
these methods improve the hygiene of the scalding
process, their commercial implementation is, however,
limited because most of them have yet to be fully adapted
to commercial requirements. 

After scalding, the carcasses pass through a series of
mechanical plucking machines which remove the feathers.
The defeathering process may spread contamination
between carcasses or from the defeathering equipment (56).
The level of cross-contamination during defeathering is very
high since one contaminated bird can cross-contaminate
hundreds of others as they pass through the pluckers (50). 

Evisceration of poultry carcasses is carried out in sev-
eral stages including head removal, opening of the body
cavity, removal of intestines and cleaning of the carcass. As
with red meat animals this process is associated with con-
tamination of the carcass with microorganisms originating
from intestines, including pathogens. Contamination during
evisceration may occur by bacterial transfer from carcass to
carcass by knives, eviscerating implements and worker’s
hands. The automated transfer of carcasses to the different
stages of the evisceration process significantly reduces
product handling and potential cross-contamination.
However, contamination may still occur due to improper
cleaning of the machines involved in the process.

Poultry carcasses are washed and chilled immediately
after evisceration. Washing of carcasses removes the
organic matter and some of the contaminating microor-
ganisms. Chilling aims to limit multiplication of spoilage
bacteria and restrict the growth of pathogens. The two
most common chilling methods for poultry carcasses are
water (immersion) and air chilling. Carcasses destined for
the frozen market are normally water chilled, while fresh,
non-frozen carcasses can either be water or air chilled and
marketed as ‘wet’ or ‘dry,’ respectively (56). Water chill-
ing is almost exclusively used in the U.S. poultry industry,
while European processors commonly use air chilling.
Water chilling has a washing effect on the carcasses, but
if not properly maintained and operated, has the potential
for allowing cross-contamination of carcasses with
spoilage bacteria, indicator organisms and pathogens. In-
plant chlorination of the chiller water at levels �25 ppm
reportedly controls or reduces cross-contamination of car-
casses with Gram-negative spoilage bacteria and salmo-
nellae (57). Chlorine levels do not normally exceed 50
ppm, and at this level, microbial loads on carcasses are
only reduced by 1 log unit (58). Factors affecting the effi-
cacy of chlorine include the initial bacterial load of the
water, the water level, organic load, temperature, pH and
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trace minerals in the water (59). In some European coun-
tries, chlorine addition to the chiller water is prohibited
because of the theoretical link to carcinogenesis (60).
Other chemicals used or tested in the poultry processing
industry to reduce microbial contamination of carcasses
during washing and water chilling steps of processing
include chlorine dioxide, trisodium phosphate, acidified
sodium chlorite, organic acids (lactic and acetic acids),
ozone, cetylpyridinium chloride and hydrogen peroxide
(59). These are discussed in more detail in a subsequent
section of the chapter.

Air chilling of poultry carcasses is basically a dry
process, where cold air is circulated, either in a chill
room or air-blast tunnel, to chill the carcasses. In order
to enhance cooling, the chilling process may be com-
bined with evaporative chilling, which involves the inter-
mittent spraying of carcasses with water, so that the
water absorbs heat as it evaporates (61). The latter
process is said to minimize carcass weight loss, which
contrasts with the weight gains resulting from water
chilling (60). In a U.K. study where these three poultry
chilling systems were compared, water chilling resulted
in a reduction of microbial contamination of carcasses,
while air chilling had little effect on microbial numbers
recovered from the skin. Microbial levels of the body
cavity, however, were reduced by approximately 1 log
unit when the dry chilling process was used. Conversely,
evaporative cooling through the use of water sprays that
were not in-plant chlorinated led to a large (1–2 log
units) increase of pseudomonads in the body cavity of
the carcasses (61).

After chilling, carcasses are either packaged whole, or
are cut into portions, placed in bags or on trays, weighed,
and chilled, or more often frozen. The product is thus
exposed to extensive cross-contamination through han-
dling and contact with equipment surfaces such as knives,
conveyor belts, and weighing and packaging equipment.

C. TYPE AND EXTENT OF CONTAMINATION

1. Red Meat

The type and extent of meat carcass and product contam-
ination depends on sanitation, hygienic practices and han-
dling during harvesting and processing, and conditions of
storage and distribution. Red meat carcass contamination
after processing is usually variable and may consist of
101–107 aerobic mesophiles per cm2 (Table 52.1) depend-
ing on plant, carcass and site on the carcass sampled
(62,63). In general, contamination of pork carcasses is
higher than beef (Table 52.1). A nationwide baseline car-
cass contamination study carried out by the Food Safety
and Inspection Service (FSIS) of the United States
Department of Agriculture (USDA) found the mean level
of aerobic plate counts of carcasses after chilling to be
3.69 log cfu/cm2 for market hogs, 3.05 log cfu/cm2 for
cows and bulls and 2.68 log cfu/cm2 for steers and heifers
(64–66). In an additional study incorporating seven U.S.
beef packing plants (four steer and heifer; three cow and
bull), mean aerobic plate counts of carcasses after 24 h of
chilling was 2.55 log cfu/cm2 (67). Baseline carcass con-
tamination data from Australia showed mean total viable
counts of 2.4 log cfu/cm2 for beef carcasses (68) and 3.6
log cfu/cm2 for sheep carcasses (69). 

The microflora of fresh red meat carcasses usually 
consists of Gram-negative rods and micrococci including
Pseudomonas spp., Enterobacteriaceae, Acinetobacter spp.,
Alcaligenes spp., Moraxella spp., Flavobacterium 
spp., Aeromonas spp., Staphylococcus spp., Micrococcus
spp., coryneforms and fecal streptococci (49,70). In addi-
tion, lactic acid producing bacteria, Brochothrix thermo-
sphacta, Bacillus and Clostridium spores, and enteric
viruses may be present in lower numbers (49,70). Yeasts and
molds rarely contribute to the microflora of fresh meat, and,
generally, may be detected only during extended storage and
when the surface of the meat becomes dry, which limits 
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TABLE 52.1
Aerobic Plate Count Distribution on Raw Beef and Pork Carcasses

Steers and Heifers Cows and Bulls Hogs

Range Number Percent Number Percent Number Percent 
(cfu/cm2) of Samples of Total of Samples of Total of Samples of Total

�1 25 1.2 8 0.4 0 0
1–101 41 2.0 13 0.6 0 0
101–102 415 19.9 261 12.4 18 0.9
102–103 990 47.4 856 40.5 501 23.7
103–104 474 22.7 651 30.8 954 45.2
104–105 103 4.9 244 11.6 461 21.8
105–106 32 1.5 68 3.2 130 6.2
106–107 9 0.4 9 0.4 43 2.0
�107 0 0 2 0.1 5 0.2
Total 2,089 100 2,112 100 2,112 100

Source: Refs. 64–66.



bacterial growth and allows yeasts and molds to dominate.
They include Torulopsis, Trichosporon, Candida,
Rhodotorula, Cryptococcus, Penicillium, Aspergillus,
Geotrichum, Mucor, Rhizopus, Monillia, Alternaria,
Thamnidium and Chaeotostylum (6,70–72).

The prevalence and levels of pathogenic bacteria on
red meat carcasses depends on a number of factors includ-
ing the origin of the animal, sanitation procedures and
hygienic practices employed during handling and pro-
cessing of the product, application of decontamination
interventions, and conditions of storage. Based on base-
line data collected by FSIS, 14.6% of steers and heifers
and 27.2% of cows and bulls are contaminated with one to
three different pathogenic bacteria (Table 52.2) (64,65).
The baseline data also showed that the prevalence of
pathogens on pork carcasses was higher since 52.4% of
market hogs were contaminated with one to five different
pathogenic bacteria (Table 52.2) (66). The most important
pathogens associated with red meat included salmonellae,

Staphylococcus aureus, verotoxigenic E. coli, Clostridium
perfringens, Campylobacter jejuni/coli, Listeria monocy-
togenes, Yersinia enterocolitica and Aeromonas
hydrophila (Figure 52.1). Depending on the factors men-
tioned above the concentration of pathogens on meat car-
casses can vary from 1 to �30 most probable number
(MPN)/cm2 (Figures 52.2 and 52.3). Some of these
pathogens are more commonly associated with meat from
one animal species rather than another. For example, Y.
enterocolitica (73) and C. jejuni/coli (66) are more com-
monly associated with pork carcasses. In the U.S., the
reported prevalence of C. jejuni/coli on beef carcasses is
ten times less than on pork carcasses (Figure 52.1). E. coli
O157:H7, on the other hand, is more commonly associ-
ated with beef carcasses since cattle and other ruminants
have been identified as major reservoirs of this pathogen
(11,74,75). The prevalence of pathogens can also differ
within the same species. For example, the prevalence of
Salmonella for cow and bull carcasses is reportedly higher
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TABLE 52.2
Number of Raw Meat Samples Containing One or More Species of Pathogenic Bacteria

Steers and Heifers Cows and Bulls Hogs

Number of Number Percent Number Percent Number Percent 
Pathogensa of Samples of Total of Samples of Total of Samples of Total

0 1,785 85.4 1,538 72.8 1,006 47.6
1 278 13.4 484 22.9 754 35.7
2 23 1.1 82 3.9 265 12.6
3 3 0.1 8 0.4 70 3.3
4 0 0 0 0 15 0.7
5 0 0 0 0 2 0.1

a C. perfringens, S. aureus, L. monocytogenes, C. jejuni/coli, E. coli O157:H7, Salmonella spp.

Source: Refs. 64–66.
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than for steer and heifer carcasses (67,76,77). The season
of the year can also affect the prevalence of pathogens on
carcasses. Studies carried out on cattle in North America
have shown an increased prevalence of E. coli O157 dur-
ing the summer and early fall (11,78).

The extent of contamination and the variety of con-
taminant types increase with product handling and com-
minution (70). Comminuted meats present a higher
contamination than carcass meat due to an increase in the
level of cross-contamination from grinders and utensils,
spreading of contamination, and the greater surface area
of the trimmings. The mean level of total aerobic
mesophiles of ground beef reported in the U.S. during the
years 1993–1994 was 3.90 log cfu/g (Table 52.3) (79)
compared to 2.68 log cfu/cm2 reported for beef carcasses. 

2. Poultry

The microbial contamination associated with poultry car-
casses at the end of processing is a combination of the natu-
ral population found on the carcass skin, the transient
population that is associated with the skin and feathers at the
time of slaughter and the population that is acquired as a
result of processing (41). The microbiological condition
(numbers and types of microorganisms) of poultry carcasses
immediately after processing is thus dependent on factors
such as the level of contamination on the live incoming birds,
the efficiency of the processing methods, the level of cross-
contamination during processing, temperature control, and
sanitary and hygienic practices in the abattoir (80). Typically,
the number of aerobic mesophilic bacteria associated with
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carcasses at the end of processing range from 103 to 105

cfu/cm2 (49). Studies in the U.S. and Canada during the last
decade showed that the total aerobic mesophiles of chicken
and turkey carcasses ranged from 102 to 106 and from 100 to
106, respectively (Table 52.4). The reported mean total aero-
bic mesophile levels on chicken and turkey carcasses were
2.60 log cfu/cm2 and 2.47 log cfu/cm2, respectively, in the
U.S. and 2.32 log cfu/cm2 and 2.20 log cfu/cm2, respectively,
in Canada (81–83). Bacterial populations associated with
carcasses at the end of processing are predominantly Gram-
negative, and include Acinetobacter/Moraxella spp.,
Enterobacteriaceae, Flavobacterium spp. and Pseudomonas
spp. (84–88).

Human pathogens that are associated with poultry car-
casses are Salmonella serotypes, C. jejuni, S. aureus, L.
monocytogenes, C. perfringens, non-O157:H7 Shiga-like
toxin-producing E. coli, Aeromonas spp. and Y. enterocolitica

(Figure 52.4) (41,89–94). Poultry meat represents the single
most important source of foodborne salmonellosis, with the
most common serotypes implicated in outbreaks being S.
Enteritidis and S. Typhimurium (70,95,96). Prevalence lev-
els of Salmonella associated with poultry carcasses at the
end of processing or at the retail market are reportedly as
high as 100% (57,97). The level of Salmonella contamina-
tion on live birds entering the processing plant is reportedly
low, but subsequent cross-contamination during processing
procedures results in an increase in the Salmonella contam-
ination of carcasses. In a FSIS study, a Salmonella incidence
level of 3 to 5% was found on live birds entering a process-
ing plant, which increased to 36% on carcasses at the end of
processing (98). During the period 1998–2002, the preva-
lence of Salmonella in broiler carcass samples from feder-
ally inspected establishments in the U.S. was reduced from
a baseline prevalence of 20.0%, to 10.9% (available at:
http://www.fsis.usda.gov/OPHS/haccp/ salm5year.htm). 

III. MICROBIAL EFFECTS IN MEAT AND
MEAT PRODUCTS

A. SPOILAGE

Only 10% of the microorganisms present initially on a mus-
cle food will grow at refrigeration temperatures, and only a
fraction of those will eventually spoil the product by means
of their biochemical attributes (99,100). A muscle food is
characterized as spoiled when it exhibits an offensive
appearance and/or has an off-odor or off-flavor. Off-odors
are detected first when bacterial numbers exceed 107

cells/cm2, while bacterial slime becomes evident when
numbers reach 108 cells/cm2 (101); bacterial colonies coa-
lesce to form slime when the water activity of the product
is approximately 0.99 (41). The spoilage microflora that
develops during storage is determined by the initial number
and types of microorganisms contaminating the product,
the processing the product may undergo, the storage tem-
perature and gaseous atmosphere, and composition of the
product (102). The types of bacteria that are normally
involved in the spoilage of meat and poultry products are
Pseudomonas spp., psychrotrophic Enterobacteriaceae
(Serratia liquefaciens, Hafnia alvei, Enterobacter agglom-
erans), Brochothrix thermosphacta, lactic acid bacteria
(Lactobacillus, Carnobacterium, Pediococcus, Streptoco-
ccus, Lactococcus and Leuconostoc spp.), Moraxella spp.,
Psychrobacter spp., Acinetobacter spp., Aeromonas spp.
and Shewanella putrefaciens (70,101). Yeast and mold
spoilage of muscle foods can also occur but only under
conditions where bacterial competition is reduced (103),
such as exposure to ionizing radiation, reduced water activ-
ity, the presence of preservatives or antimicrobial treat-
ments (104).

Microbiological spoilage occurs in the aqueous phase
of meat (105). Spoilage microorganisms within this phase
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TABLE 52.3
Estimated Prevalences and Mean Levels of Selected
Bacteria in Raw Ground Beef

Mean Log 
Prevalence in Positive

Microorganism % SE Samples SE

Direct enumeration (cfu/g)
Aerobic plate count 100 NAa 3.90 0.12
Total coliforms 92.0 3.9 1.98 0.10
Escherichia coli (Biotype I) 78.6 5.9 1.73 0.13
C. perfringens 53.3 8.7 1.83 0.10
S. aureus 30.0 8.7 1.49 0.06
MPN enumeration (MPN/g)
L. monocytogenes 11.7 4.1 0.46 0.43
C. jejuni/coli 0.002 0.003 NA NA
E. coli O157:H7 0.0 NA NA NA
Salmonella 7.5 3.1 �1.29 0.89

a Not applicable.

Source: Ref. 79.

TABLE 52.4
Aerobic Plate Count Distribution in Chicken Broiler
and Turkey Carcass Rinse Fluids 

U.S. Canada

Range Percent of Total Percent of Total
(cfu/ml) Chicken Broilers Turkey Chicken Broilers Turkey

�1 0 0.2 0 0.2
1–101 0 2.5 0 3.3
101–102 0.5 29.9 2.7 40.7
102–103 32.3 53.6 53.4 40.5
103–104 58.9 13.3 39.7 11.3
104–105 7.8 0.5 3.7 4.0
105–106 0.5 0.1 0.5 0.0

Source: Refs. 81–83.



catabolize glucose, lactic acid, certain amino acids,
nucleotides, urea and water-soluble proteins (106–108).
Table 52.5 shows the substrates utilized by some of the
predominant spoilage bacteria and the order in which they
are attacked, under aerobic and anaerobic conditions.
Spoilage of meat and meat products packaged in air or
under modified atmosphere is discussed in the following
sections.

1. Spoilage under Aerobic Conditions

Organoleptic changes brought about by aerobic spoilage
microorganisms include green, brown or gray discol-
orations, off-odors and off-flavors, surface slime and taint.
Off-odors and slime production may be detected after 10

or 5 days of storage at 0 or 5°C, respectively (109). Off-
odors have been described as dairy/buttery/fatty/cheesy at
levels of 108 bacteria/g, and as sweet/fruity and putrid at
levels of �109 bacteria/g (110).

Meat and meat products stored under aerobic, chill
conditions generally succumb to spoilage by strictly aero-
bic, Gram-negative bacteria, which exhibit faster growth
rates under these conditions. Pseudomonas spp., and
specifically P. fragi, P. fluorescens and P. lundensis, usu-
ally predominate (normally �50%) on meat stored at chill
temperatures. The pseudomonads preferentially metabo-
lize glucose, resulting in organoleptically innocuous end
products. When, however, the diffusion gradient of glu-
cose from the underlying tissue to the surface of the meat
can no longer meet the demands of the large numbers of
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TABLE 52.5
Substrates Used for Growth by Major Meat Spoilage Microorganismsa

Substrates Used for Growtha

Microorganism Aerobic Anaerobic

Pseudomonas spp. Glucose1, glucose-6-P, D, L-lactic acid2, pyruvate, gluconate, Glucose1, acetic acid1, pyruvate,
gluconate 6-P, amino acids2, creatine, creatinine, citrate, gluconate, amino acids (glutamate)
aspartate, glutamate

Acinetobacter/Moraxella Amino acids1, lactic acid2, glucose1, amino acids1,2 Glucose1, amino acids1,2 

Shewanella putrefaciens Glucose, lactic acid, pyruvate, gluconate, propionate, Formate
ethanol, acetate, amino acids (serine)

Brochothrix thermosphacta Glucose1, amino acids2 (glutamate, L-valine, Glucose1

L-leucine, iso-leucine), ribose, glycerol
Enterobacter spp. Glucose1, glucose-6-P2, amino acids3 Glucose1, glucose-6-P2, amino acids3

(lysine, arginine, threonine), lactic acid4

Lactobacillus spp. Glucose1 Glucose1, lactic acid2, amino acids2

a The number in superscript indicates the order of utilization of this substrate.

Source: Ref. 412.



spoilage bacteria (�108 cfu/g), amino acids (cysteine,
cystine and methionine) and proteins are degraded which
result in the formation of ammonia, amines (cadaverine,
putrescine, spermidine, spermine, histamine and tyra-
mine) and sulfides (hydrogen sulfide, methylsulfide and
dimethylsulfide) (111,112).

Facultative anaerobes belonging to the family of
Enterobacteriaceae can also form part of the aerobic
spoilage microflora. Like the pseudomonads, these bacte-
ria preferentially metabolize glucose, and some utilize glu-
cose-6-phosphate followed by amino acids. The slower
growth rates of the Enterobacteriaceae under chill condi-
tions, however, prevent them from predominating on aero-
bically stored muscle foods (111). The Gram-positive,
facultative anaerobe, B. thermosphacta, also usually forms
a minor component of the spoilage microflora on aerobi-
cally stored meat. Psychrotrophic Enterobacteriaceae and
B. thermosphacta, however, seem to be more prevalent on
lamb and pork, especially on the fat surfaces, and when the
meat is stored at 5°C and not 1°C (101,113). Other bacte-
rial groups implicated in the spoilage of meat under aero-
bic conditions are Acinetobacter spp., Psychrobacter spp.
and Moraxella spp. These strict aerobes tend to form a
higher proportion of the spoilage microflora on meat of
higher ultimate pH (pH �5.8), or when the meat is stored
at ambient temperature (114). Unlike pseudomonads, most
of these strict aerobic bacteria do not metabolize hexoses,
but attack amino acids directly (102). 

Meat of high ultimate pH (pH �6.0) and low glucose
concentration, like dark, firm, dry (DFD) meat, undergoes
spoilage more rapidly than meat of normal pH (pH 5.5 to
5.8). Dark, firm, dry beef stored aerobically at 6°C pro-
duced off-odors after 2 days of storage while beef of nor-
mal pH produced off-odors after 4 days (115).
Pseudomonas spp. degrade amino acids on DFD meat
without delay and thus onset of spoilage is simply
dependent on the time required to accumulate bacterial
metabolites responsible for off-odors; this occurs at bac-
terial levels of �106 cells/cm2 (116).

2. Spoilage under Vacuum

The predominant spoilage organisms of meat stored under
vacuum and refrigeration conditions are lactic acid bacteria,
which are able to metabolize glucose to produce lactic,
isobutanoic, isopentanoic and acetic acids (100,117).
Carnobacterium spp., Lactobacillus spp. and Leuconostoc
spp. are reportedly the dominant lactic acid bacteria isolated
from meat and meat products, where levels of 107/cm2 may
be reached (118,119). Spoilage is normally characterized by
a sour/acid/cheesy odor (101). Growth of B. thermosphacta,
Pseudomonas spp. and Enterobacteriaceae may also occur
at levels of 103–106/cm2, but is dependent on the oxygen
permeability of the packaging film, storage temperature, pH
and initial contamination levels (120,121). Higher numbers

of B. thermosphacta and Gram-negative bacteria are more
commonly found on vacuum packaged pork and lamb than
on vacuum packaged beef (113,122). The shelf life of vac-
uum packaged pork and lamb is also reportedly a few weeks
shorter than that of beef. Blixt and Borch (123) compared
the shelf life of vacuum packed, cold-stored minced pork
and beef and found high correlations between intrinsic fac-
tors of the two types of meat, such as initial pH values, fat
and L-lactate, respectively, and the rate of spoilage. Almost
70% of the variation in the rate of spoilage was explained by
changes in the pH and concentrations of L-lactate and glu-
cose-6-phosphate during storage, and not by whether the
meat was pork or beef. 

Spoilage of vacuum packaged DFD meat occurs
within 3 to 6 weeks of storage at 0°C and is characterized
by an offensive putrid odor (115,124). The spoilage flora
is dominated by S. putrefaciens, Enterobacteriaceae and
species of Lactobacillus. spp. Shewanella putrefaciens
causes a characteristic green discoloration of vacuum
packaged DFD meat which results from the production of
hydrogen sulfide from cysteine or glutathione. The green
pigment (sulfmyoglobin) is formed by the hydrogen sul-
fide reacting with the meat myoglobin (125,126). 

Certain psychrophilic and psychrotrophic species of
Clostridium have been characterized as spoilage organ-
isms of vacuum packed meat (beef, lamb, venison and dog
rolls) that was stored between �1.5 to 2°C and that exhib-
ited extensive gas production and gross pack distension
within 4 to 6 weeks of storage (127–129). Species linked
to ‘blown pack’ spoilage include C. laramie, C. gasigenes,
C. frigidicarnis, C. estertheticum and C. estertheticum-
like strains (128–132). Using restriction fragment length
polymorphism analysis of the 16S rDNA genes and
16S–23S rDNA internal transcribed spacer analysis,
Broda et al. (132) showed that the source of these organ-
isms on chilled vacuum packed venison was most likely
soil particles attached to the hide or present in the feces of
the animals. 

3. Spoilage in Modified Gas Atmospheres

Lactic acid bacteria and/or B. thermosphacta are the pre-
dominant spoilage flora of beef, pork and lamb stored in
modified atmospheres (133–138). Enterobacteriaceae and
Pseudomonas spp. reportedly compete more effectively
under modified atmosphere packaging conditions than in
vacuum packed meat, especially pork that is stored at
approximately 5°C and has undergone prior conditioning
in air (101). A CO2 concentration of 100% can be used to
extend the storage life of meat of normal and high pH to
more than 3 months when stored at 0 to 1°C (101). Pork
stored at 0 and 4°C reached total bacterial populations of
106 to 107 per cm2 and exhibited off-odors in 119 and 40
days, respectively, with Lactobacillus spp. dominating at
both temperatures (139).
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4. Spoilage of Processed Meats

Chilled comminuted products, including ground meats,
burger-type products and raw sausages, in general, have a
short aerobic shelf life of 3 to 5 days at 2 to 4°C, due to high
initial loads of bacteria (140). The spoilage flora of ground
beef stored in air or under modified atmosphere (20%
CO2/80% O2) is composed of Pseudomonas spp., lactic
acid bacteria, B. thermosphacta, Enterobacteriaceae and
yeasts; however, under aerobic conditions Pseudomonas
spp. are dominant, while under modified atmosphere lactic
acid bacteria and B. thermosphacta dominate (141,142).
The dominant spoilage flora of fresh sausages is dependent
on the meat type, storage temperature, gaseous environ-
ment, and the presence of preservatives, but in general, it
resembles that of ground meat (100).

In general, spoilage of cooked, uncured meat products
(whole and restructured joints and poultry, and ready-to-
eat meals) is a result of post-processing contamination
(100). Gram-negative psychrotrophic bacteria are the
main spoilage organisms of aerobically chill-stored sliced
cooked meat, while lactic acid bacteria and B. thermo-
sphacta predominate on vacuum packed and modified
atmosphere packed products (41). Spoilage of meat pies is
a result of molds, including Mucor, Penicillium, Rhizopus
and Aspergillus spp., which usually contaminate the prod-
uct during cooling (49). 

Microbial spoilage of raw, cured meats, like
Wiltshire-style bacon, is characterized by surface slime,
discoloration, off-odors and off-flavors (143). Major
spoilage populations associated with these products are
Micrococcaceae, halophilic Vibrio spp., lactic acid bacte-
ria, coryneforms and yeasts, which are tolerant to salt and
sodium nitrite (113,143). Factors influencing the compo-
sition of the spoilage flora are concentration of additives
(salt, nitrite and nitrate), temperature, pH and water 
activity (100).

Cooking of cured meat products inactivates vegetative
bacteria but recontamination occurs during post-cooking
steps, like slicing, portioning or skinning. Spoilage of
these products (cooked ham, corned beef, emulsion-type
sausages, luncheon meats) stored at cold temperatures and
packed under vacuum or modified atmosphere is predom-
inantly by lactic acid bacteria (99,144–146).
Lactobacillus spp. (Lactobacillus sake and Lactobacillus
curvatus) and Leuconostoc spp. are the main spoilage
organisms of cooked, cured meats (99,146–148). Spoilage
is characterized by a sour odor and flavor, greening, gas
production and slime formation (99,149). The growth
rates and identity of the spoilage lactic flora are found to
differ depending on the product composition (salt content,
nitrite concentration, pH and water activity), processing
method, storage temperature and gaseous atmosphere
(99,150). The growth of lactic acid bacteria was more
delayed in smoked meats (pork loin, bacon, pariza,

mortadella and frankfurters) than in non-smoked, boiled
whole meats (cooked ham and turkey fillets) (146).
Furthermore, characterization of the predominant
spoilage lactic acid bacteria showed that the Lactobacillus
sake/curvatus group predominated on the smoked meats,
whereas Leuconostoc mesenteroides subsp. mesenteroides
predominated on the cooked ham and turkey fillets (146).

Canning or commercial sterilization of uncured and
cured meats results in a shelf stable product due to the
complete elimination of microorganisms. Spoilage rarely
occurs due to underprocessing, loss of package integrity
and leakage of microorganisms into the package post-
processing (4). 

Molds are generally responsible for the spoilage of
unsmoked, air-dried fermented sausages, some of which
may have the ability to produce mycotoxins while grow-
ing on the sausage. Furthermore, molds have been
reported to grow on the surface of frozen meat stored at
temperatures as low as –8 to –10°C (113).

5. Spoilage of Poultry

Poultry spoilage follows the same principles as those
involved in the spoilage of red meat products. The bacterial
groups most frequently implicated as the main causes of
spoilage of refrigerated poultry are Pseudomonas spp., and
to a lesser extent, Acinetobacter spp., Moraxella spp. and 
S. putrefaciens (85,151). The Pseudomonas population
reportedly may increase from �10% before storage to 93%
of the total carcass bacterial population at the time of
spoilage, following storage at 1 to 5°C (84,85,152). The
type of spoilage bacteria as well as their growth rate is
affected by the numbers and types of spoilage microorgan-
isms present on carcasses at the end of processing, the type
of packaging material and the composition of the atmos-
phere surrounding the packaged product, the storage tem-
perature and the muscle type and pH (85). Poultry leg
muscle has a pH of 6.4 to 6.7 while that of breast muscle is
5.7 to 5.9 (153). Spoilage populations of the breast muscle
are thus essentially the same as those found on red meat of
normal ultimate pH, while populations of the leg muscle
mimic those found on DFD meat (126). Poultry leg meat
thus spoils more rapidly than breast meat (41).

B. Foodborne Illness

Current estimations indicate that microbially contaminated
food causes approximately 76 million illnesses, 325,000
hospitalizations and 5,000 deaths in the U.S., per year.
Bacterial agents are responsible for 30% of these illnesses,
while viruses and parasites cause 67% and 3% of the ill-
nesses, respectively. The total percentage of deaths caused
by each of these agents, however, is the highest for food-
borne illnesses caused by bacteria (ca. 72%), followed by
those of parasitic (ca. 21%) and viral (ca. 7%) origin (154).
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The U.S. Centers for Disease Control and Prevention
(CDC) Emerging Infections Program Foodborne Diseases
Active Surveillance Network (FoodNet) collects data on
10 foodborne diseases in nine U.S. site areas, equivalent
to 37.4 million people. According to preliminary data for
2002, 16,580 laboratory-diagnosed cases were identified,
with Salmonella (16.1 cases/100,000 population),
Campylobacter (13.4 cases/100,000 population) and
Shigella (10.3 cases/100,000 population) having the high-
est incidence (155). An equivalent network in Australia
(OzFoodNet), consisting of seven sites and encompassing
68% (12.9 million) of the Australian population, and mon-
itoring eight foodborne diseases, reported a total of
22,999 cases of foodborne infections for the year 2001,
with Campylobacter (125.0 cases/100,000), Salmonella
(34.1 cases/100,000) and Shigella (2.6 cases/100,000)
again having the highest incidence (156). 

During the period of 1993–1997, a total of 2,751 out-
breaks of foodborne disease were reported to the CDC,
causing a reported 86,058 persons to become ill (157).
Bacterial pathogens were responsible for the largest per-
centage of cases (86%); however, 68% of the reported out-
breaks were of unknown etiology (157). Foodservice
establishments (restaurants, cafeterias and delicatessens)
were responsible for the highest percentage (43%) of the
outbreaks, followed by private residences (21%).
Contributing factors to the outbreaks during this period

were improper holding temperatures (34.1%), poor per-
sonal hygiene (17.8%), contaminated equipment (14.5%),
inadequate cooking (10.0%) and food from an unsafe
source (5.6%) (157). Beef, chicken, turkey, other/unknown
meat, pork, ham and sausage accounted for 6.8, 3.1, 2.3,
2.3, 1.4, 1.2 and 0.2%, respectively, of the total number of
outbreaks where the vehicle of transmission was known
(967 outbreaks). The respective percentage of cases where
the vehicle of transmission was known (58,908 cases) for
each of the above meat products was 5.4, 1.9, 1.3, 1.1, 1.1,
0.5 and 0.1%, respectively (157). These products thus
accounted for 17.3% of the total outbreaks and 11.4% of
the total cases of known etiology during the period of
1993–1997. Bacterial pathogens that were involved in the
outbreaks through consumption of meat and meat products
during this 5-year period were Bacillus cereus,
Campylobacter, C. botulinum, C. perfringens, pathogenic
E. coli, Salmonella, Shigella, S. aureus and Y. enterocolit-
ica (Table 52.6) (157).

Other documented or suspected bacterial pathogens of
potential concern in meat and meat products are L. mono-
cytogenes and Aeromonas hydrophila, as well as Arizona
hinshawii, Bacillus anthracis, Brucella spp., Chlamydia
psittaci, Coxiella burnetii, Erysipelothrix rhusopathiae,
Francisella tularensis, Leptospira spp., Mycobacterium
spp., Pseudomonas spp. and Streptococcus spp. (158). As it
is beyond the scope of this chapter to go into extensive
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TABLE 52.6
Number of Reported Foodborne Disease Outbreaks for Meat and Meat Products by Etiology
and Vehicle of Transmission – United States (Includes Guam, Puerto Rico, and the U.S. Virgin
Islands), 1993–1997

Vehicle of Transmission

Other/
Etiology Beef Pork Chicken Turkey Ham Sausage Unknown Meat

Bacterial
Bacillus cereus - 1 1 - - - 1
Campylobacter - 1 - - - - -
Clostridium botulinum - - - - - - 2
Clostridium perfringens 11 1 - 2 - - 2
Pathogenic Escherichia coli 21 - - - - - 2
Salmonella 14 4 6 6 1 - 6
Shigella - - 1 - - - -
Staphylococcus aureus 4 1 1 4 7 - -
Yersinia enterocolitica - 2 - - - - -
Other bacterial 2 - - - - - 1

Parasitic
Trichinella spiralis - - - - - - 1

Viral
Other viral - - 1 - - - -

Confirmed etiology 52 10 10 12 8 - 15
Unknown etiology 14 4 20 10 4 2 7
Total 1993–1997 66 14 30 22 12 2 22

Source: Ref. 157.



detail about each of the etiologic agents involved in food-
borne illness (159), a few of the important bacterial agents
have been chosen and are discussed briefly. They have been
separated into common and emerging bacterial pathogens.

1. Common Bacterial Pathogens

FoodNet data for the year 2002 showed that Salmonella
was responsible for causing the highest total number of
cases of gastrointestinal illness among the bacterial agents
(155). The Salmonella genus comprises two species:
Salmonella enterica, which is divided into seven sub-
species groups (I, II, IIIa, IIIb, IV, VI and VII), and
Salmonella bongori (160). There are approximately 2,600
serotypes of Salmonella, of which S. Typhimurium and 
S. Enteritidis are the most prevalent in the U.S. These
serovars cause disease in humans, cattle, poultry, sheep,
pigs, horses and wild rodents (161). The emergence of the
multi-drug-resistant strain, S. Typhimurium DT104, has
been the cause of widespread concern regarding the use of
antimicrobial agents in agriculture (162). Raw meat, and
especially poultry, is frequently contaminated with
Salmonella, which originates from the intestinal tract or
fecal material found on the hair, feathers, feet and skin of
the animals. Processed meats and ground products report-
edly have the highest prevalence of Salmonella (162).

Staphylococcal intoxication is one of the most common
types of foodborne disease worldwide caused by the inges-
tion of food contaminated with one or more preformed
heat-resistant enterotoxins produced by S. aureus (163).
This organism is ubiquitous in nature and can be found in
the nasal passages, throat and skin of humans and most
warm-blooded animals, including food animals; in fact,
30–50% of humans are carriers of S. aureus (163,164). The
primary source of contamination of foods implicated in
foodborne illness are food handlers. Foods are normally
contaminated post-processing and then stored at warm tem-
peratures for adequate time to allow for significant growth
and production of enterotoxin by the organism (163,164).

Clostridium perfringens forms part of the normal
flora of the gastrointestinal tract of humans and animals.
Ingestion of �108 vegetative cells of this organism fol-
lowed by the production of enterotoxins during sporula-
tion in the small intestine leads to a toxicoinfection
(165,166). Cooked meat and poultry that have been
cooled over a long period of time at ambient or warm tem-
peratures are common vehicles of foodborne illness (166).

Clostridium botulinum produces neurotoxins which
are considered to be the most toxic of all natural sub-
stances (164). Seven types (A through G) of C. botulinum
are currently recognized, based on the antigenic speci-
ficity of the toxins. The organism is further divided into
four distinct groups based on their DNA homology and
reactions to specific substrates (167). Group I includes all
of type A and the proteolytic strains of types B and F;

Group II includes the nonproteolytic strains of types B
and F, and all of type E strains, all of which are able to
grow at refrigeration (3.3°C) temperatures; Group III
includes all the strains of type C and D; Group IV
includes all the strains of type G, which based on their
biochemical properties are proposed to form a new
species, C. argentinense (167,168). The spores of the pro-
teolytic strains (Group I) are more heat resistant than
those of the nonproteolytic strains, a fact that led to the
development of the ‘botulinum process’ or ‘12-D cook’
for low acid canned foods (167).

Different types of C. botulinum appear to predominate
in different parts of the world; for example, the main
cause of C. botulinum outbreaks in the U.S., China and
Argentina is type A, while in central Europe, type B is
responsible for most outbreaks. Furthermore, type A is
mainly associated with vegetables, while type B is often
linked with meats (169). There are different clinical forms
of botulism; foodborne, infant, wound and a fourth classi-
fication currently called ‘adult infectious botulism.’ In
foodborne botulism, illness is caused due to ingestion of
food that has been undercooked or improperly stored or
reheated, resulting in toxin production due to growth of
the organism (170). With regards to infant and adult infec-
tious botulism, spores that are ingested or inhaled germi-
nate, in the absence of competition in the intestine,
resulting in toxin production (167).

2. Emerging Bacterial Pathogens

Outbreaks involving C. jejuni are relatively uncommon
(157). However, this organism is believed to be one of the
most commonly diagnosed causes of sporadic cases of gas-
troenteritis in the U.S. and other industrialized countries.
Campylobacter jejuni and other Campylobacter spp. are
estimated to cause an annual 14.2% of the total foodborne
illnesses in the U.S. (154). The infectious dose of C. jejuni
is low, ranging from 500 to 1000 cells (171). The main
vehicle of foodborne illness by Campylobacter is poultry,
either due to handling raw or eating undercooked poultry,
and especially through cross-contamination of other foods.
Other sources include raw milk, water, pork, beef, lamb and
seafood (172). Of great recent concern is the emergence of
fluoroquinolone-resistant strains of C. jejuni isolated from
patients in Western Europe, shortly after the approval of
fluoroquinolones for veterinary use (173).

Escherichia coli is the dominant Gram-negative facul-
tative anaerobe in the gastrointestinal tract of humans and
other warm-blooded animals and is generally considered
harmless (174). Pathogenic strains of E. coli, however,
also exist which can cause distinct syndromes of diarrheal
disease (159). Currently, at least six categories of patho-
genic E. coli are recognized; they include enteropatho-
genic E. coli (EPEC), enterotoxigenic E. coli (ETEC),
enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli
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(EHEC), enteroaggregative E. coli (EAEC) and diffusely
adherent E. coli (DAEC) (175–177). Unlike most food-
borne pathogens, diarrheagenic E. coli are tolerant to
acidic environments and have been shown to be resistant
to acetic, citric and lactic acids applied at concentrations
as high as 1.5% (159). More information about each of
these diarrheagenic groups can be found in book chapters
and reviews by Levine (175), Doyle and Padye (176),
ICMSF (164), Donnenberg and Nataro (178), Fratamico
et al. (177) and Bacon and Sofos (159).

Enterohemorrhagic E. coli causes the majority of the
most severe outbreaks associated with pathogenic E. coli
in the U.S. and other developed countries (177). This
group includes E. coli serotypes that share the same clin-
ical, pathogenic and epidemiologic features as E. coli
O157:H7, which is responsible for the greatest proportion
of E. coli-associated diarrheal disease cases in North
America and the U.K. E. coli O157:H7 is estimated to
cause approximately 73,000 cases of foodborne illness in
the U.S. each year (154). Serotypes belonging to the
EHEC group produce Shiga toxins, otherwise known as
Shiga-like toxins, verotoxins or verocytotoxins, and are
associated with hemorrhagic colitis and hemolytic uremic
syndrome. Non-O157:H7 EHEC serotypes seem to be
more important in some countries in the southern hemi-
sphere like Argentina, Australia, Chile and South Africa
(174). E. coli O157:H7 was first identified as a pathogen
in 1982 when it was epidemiologically linked to the con-
sumption of undercooked ground beef in the U.S. (179).
Since then numerous outbreaks associated with this
serotype have been documented in Canada, Japan, the
U.K. and the U.S. (180). The largest reported outbreak
occurred in Japan in 1996, with a total of 9,578 reported
cases and 11 deaths, which were linked to the consump-
tion of radish sprouts (181).

Cattle have been identified as a major reservoir of E.
coli O157:H7. It has been isolated from the oral cavity
(13), rumen contents (182), the hide (11,13) and feces
(11,13,183,184) of cattle. A study conducted in the U.S.
showed that E. coli O157:H7 is present in 28% of fecal
samples taken from cattle in slaughterhouses during the
summer months (11). It is therefore not surprising that
undercooked ground beef is implicated in a large number
of the cases linked to E. coli O157:H7 infection. The FSIS
has declared E. coli O157:H7 as an adulterant in ground
and other non-intact beef products. Results from a FSIS
testing program to enforce this regulation showed that
0.78 to 0.86% out of 6,374 to 7,026 samples tested during
the period of 2000 to 2002 were positive for this
pathogen. Besides foods of bovine origin, outbreaks due
to E. coli O157:H7 have been linked to raw milk, water,
apple cider, mayonnaise, cantaloupe and lettuce (178).

Listeria monocytogenes is the causative agent of
approximately 0.02% of all foodborne illnesses in the
U.S., annually. Its associated illness, listeriosis, however,

accounts for approximately 28% of deaths due to food-
borne illness (154). There are two variants of the disease:
invasive and non-invasive listeriosis. The invasive form
mainly affects specific segments of the population,
including the elderly, neonates, pregnant women and
immunocompromised individuals (185,186). The non-
invasive variant has been recently described and causes
febrile gastroenteritis. Among the foods identified as
causes of non-invasive listeriosis are cold corn salad, tuna
fish and cold-smoked rainbow trout (187,188).

Listeria monocytogenes is widely distributed in nature,
including soil, decaying vegetation, animal and human
feces, sewage, silage and water. It is a psychrotroph and
can grow at temperatures as low as –0.4°C and up to 45°C.
Furthermore, it can grow at pH levels of 4.4 to 9.4, aw lev-
els of �0.92 and NaCl levels of 10% (189). Survival of the
pathogen, however, has also been reported at levels of
25.5% NaCl in trypticase soy broth for 24 days at 22°C
and �132 days at 4°C (190). Furthermore, L. monocyto-
genes can survive freezing and drying, as well as low or
oxygen-free and elevated carbon dioxide atmospheres
encountered in MAP (189).

Foods implicated in outbreaks of listeriosis include
milk and dairy products, seafood products, vegetables,
coleslaw and ready-to-eat meat products (186,191).
According to a FSIS monitoring program for ready-to-eat
products conducted at FSIS-inspected establishments dur-
ing the period of 1990 to 1999, L. monocytogenes preva-
lence rates were 5.16% for sliced ham and luncheon
meats, 3.56% for small diameter cooked sausages such as
franks, 3.25% for fermented sausages (data were only col-
lected from 1997 and onwards), 3.09% for cooked beef,
roasted beef or cooked, corned beef, 3.03% for salads and
spreads, 2.12% for cooked poultry products, 1.31% for
large diameter cooked sausage, and 0.52% for jerky (192).
In a more recent study, analysis of 31,705 samples
belonging to eight different categories of ready-to-eat
foods from retail markets in Maryland and California
showed the prevalence of L. monocytogenes to be 1.82%,
with prevalences ranging from 0.17 to 4.7% among the
product categories (193). Furthermore, Wallace et al.
(194) found 1.6% of 32,800 packages of frankfurters to be
positive for the pathogen. Contamination of ready-to-eat
products with L. monocytogenes occurs primarily during
post-processing steps like slicing, dicing and packaging.
Of particular concern is the establishment of virulent
strains of the pathogen in the food processing environ-
ment which can potentially contaminate multiple lots of
product over days or months of production (191). For
example, the strain involved in the 2000 multistate out-
break of listeriosis in the U.S. (serotype 1/2a), where
turkey deli meat products were implicated, reportedly had
persisted in the processing environment for more than 10
years (186,195). Of the 13 serotypes of L. monocytogenes
that can cause disease, three serotypes (4b, 1/2a and 1/2b)
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account for 89 to 96% of the sporadic and outbreak cases
of human listeriosis that occur worldwide (196). The most
publicized outbreaks in the past 20 years in North
America and Europe have involved serotype 4b (186).

In view of the high mortality rate of L. monocytogenes
(154), as well as outbreaks associated with the consump-
tion of contaminated ready-to-eat meat and poultry prod-
ucts (195,197,198), the FSIS has published an interim
final rule to control this pathogen in these products (199).
Briefly, according to this regulation, establishments that
produce ready-to-eat meat or poultry products that sup-
port growth of the pathogen and are exposed to the envi-
ronment after lethality treatments are required to include
in their HACCP plans, or in their sanitation operating pro-
cedures or other prerequisite programs, one or more vali-
dated measures that prevent product adulteration with 
L. monocytogenes. Three alternative methods to prevent
or control L. monocytogenes during post-lethality expo-
sure of products are proposed in the regulation: (i) appli-
cation of both a post-lethality treatment and an
antimicrobial agent or process; (ii) application of either a
post-lethality treatment or an antimicrobial agent or
process; and (iii) require no application of a post-lethality
treatment or process, but instead require the combination
of a sanitation program with microbiological testing of
food contact surfaces to hold products when positive
results are obtained (199). 

Bacillus cereus causes two types of intoxications: one is
diarrheal and the other emetic. In Japan, the occurrence of
the emetic syndrome is reportedly ten times that of the diar-
rheal syndrome. Conversely, in North America and Europe,
the diarrheal type is more common (200). Foods usually
implicated in the diarrheal syndrome are meats, vegetables,
sauces and puddings, while foods containing rice are asso-
ciated with the emetic syndrome (201). The number of cells
of the organism needed to cause illness is �105/g.

Yersinia enterocolitica is an infrequent cause of food-
borne illness; however, it can cause severe foodborne
infection and pseudoappendicitis (4,159). Pigs are
regarded to be the main reservoir of Y. enterocolitica
bioserotypes that are pathogenic to humans (164). The
most common bioserotypes involved in foodborne illness
are O:3, O:8, O:9 and O:5, 27. Y. enterocolitica is a psy-
chrotroph and is able to proliferate at temperatures of 0 to
45°C (159). Storage of food at refrigeration temperatures,
therefore, should not be considered an effective way to
control this pathogen.

3. Viruses and Parasites

Foodborne transmission of viruses has in recent years been
recognized as an important cause of foodborne illness.
More than 9 million cases of viral foodborne illness of
known etiology are estimated to occur annually in the U.S.
(154). According to data collected in the U.S., however,

outbreaks of viral foodborne illness due to the consump-
tion of land muscle foods are rare (157). Viruses reported
to cause foodborne illness include, among others, hepatitis
A, Norwalk and Norwalk-like (now known as norovirus),
rotavirus, astroviruses and enteroviruses (159,202). In gen-
eral, transmission of these viruses occurs due to inade-
quately cooked foods, cross-contamination before
consumption and poor sanitation (4,159).

Parasitic agents, on the other hand, are estimated to
result in more than 350,000 cases of foodborne illness of
known etiology in the U.S. annually (154). Parasites of
concern in foods of meat origin include, among others,
Toxoplasma gondii, Sarcocystis spp., Trichinella spp. and
Taenia spp. (203). Treatments that inactivate parasites in
foods include proper cooking, freezing, salt, chemicals
and ionizing radiation (4,159).

IV. METHODS FOR CONTROL OF
MICROORGANISMS IN MEAT AND
MEAT PRODUCTS

A. GENERAL

Meat and poultry products are highly perishable foods,
and, if not properly handled, processed and preserved,
may support growth of spoilage and pathogenic microor-
ganisms (4). The major technologies that are employed to
preserve the quality and microbiological safety of these
and other food products include (204):

a) Procedures that prevent or minimize the access
of microorganisms to the product. 

b) Procedures that reduce initial contamination by
removal or inactivation of microorganisms which
have gained access.

c) Procedures that inactivate microorganisms on
products.

d) Procedures that prevent or slow down growth
of viable microorganisms which have gained
access and have not been inactivated.

Procedures that restrict the access of microorganisms
include mainly sanitation and hygienic procedures or pack-
aging technologies such as the aseptic packaging of ther-
mally processed foods. Procedures that reduce initial levels
of microorganisms, which have gained access to the food,
include decontamination technologies such as washing,
application of hot water, steam, acids or other chemicals,
and their combinations. Procedures that inactivate microor-
ganisms remaining on products include heat or thermal pro-
cessing, ionizing radiation, high hydrostatic pressure and
electric shock treatments. Despite their ability to remove or
inactivate the microorganisms, some of the above technolo-
gies may also result in the inhibition of microbial growth
during storage. Preservation technologies that slow down or
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prevent the growth of viable microorganisms rely on the
control of factors affecting microbial growth. Microbial
growth on meat and poultry products, or other foods, is
affected by the type and extent of initial contamination and
by factors intrinsic or extrinsic to the product (70). Among
these, the most important ones, especially for fresh prod-
ucts, are extrinsic factors such as storage temperature and
gas atmosphere, while intrinsic factors such as pH, water
activity and antimicrobials become more important in
processed products. Major preservation technologies based
on the inhibition of microbial growth include temperature
control, decreased water activity (curing, drying), acidifica-
tion, vacuum and modified atmosphere packaging, fermen-
tation-biopreservation, and addition of preservatives. In
addition to the extreme modification of a single factor, inhi-
bition of microbial growth is often achieved with a combi-
nation of preservation technologies at individually
sublethal levels that interact to yield the multiple ‘hurdle’
effect (205–207). In the next paragraphs the most important
traditional and emerging preservation technologies applied
to meat and poultry carcasses or products are discussed.
The discussion is focused on current technologies and new
developments of decontamination and preservation meth-
ods including animal carcass decontamination (physical,
chemical and combinations), emerging decontamination or
preservation technologies (irradiation, high hydrostatic
pressure, pulsed-field electricity, ultrasonic energy, UV
light, oscillating magnetic fields, controlled instantaneous
decompression), preservative packaging (modified atmos-
phere packaging, active packaging) and biopreservation.
Traditional processing and preservation technologies are
briefly discussed.

B. DECONTAMINATION TECHNOLOGIES

Highly publicized outbreaks of foodborne disease associ-
ated with meat and poultry have increased consumer con-
cerns and interest in the safety of these products. In
response, the industry is implementing decontamination
interventions to improve the microbiological quality of
fresh meat and poultry (4,20,208–210). Decontamination
treatments can roughly be divided into three types (208):
chemical, physical and combinations of the two. Physical
treatments are based on the use of knives for removal, by
cutting of visually soiled tissue, cold or hot water (wash,
rinse, spray), vacuum and/or steam, high hydrostatic pres-
sure, irradiation, pulsed-field electricity, ultrasonic energy
and UV light (the latter technologies apply more to
processed products than animal carcasses). Chemical
decontamination includes treatments with chlorine,
organic acids, inorganic phosphates, bacteriocins, organic
preservatives and oxidizers. Decontamination treatments
may be applied at different stages of production and pro-
cessing including animal (before slaughter), carcass, pri-
mal cuts and final product.

1. Animal Cleaning

As has been mentioned, live animal contamination, in
addition to environmental plant contamination, is consid-
ered as the most significant source of carcass and meat
contamination. One approach to potentially reduce the
external animal contamination and subsequently carcass
contamination is to clean or wash the hide of the animal
with water or chemical solutions before slaughter. There
are, however, concerns related to preslaughter washing of
animals since fecal material and the microorganisms asso-
ciated with it may be more readily spread through wet ani-
mals. Bell (211) indicated that carcass contamination
resulting from contact with a clean hide (i.e., a hide with
no visible evidence of fecal contamination) was apprecia-
bly lower than that following contact with a fecally soiled
hide that had undergone preslaughter washing. Further-
more, a higher contamination level was found on lamb
carcasses derived from preslaughter washed animals than
on unwashed animals (212,213). In another study carried
out in Ireland, it was shown that preslaughter washing of
pigs with cold water did not lead to significant changes in
total viable counts of the live animals, but Salmonella
incidence was reduced from 27% on live animals prior to
transport to the abattoir to 10% after washing (214).
Furthermore, a significant reduction of hide fecal contam-
ination with E. coli O157:H7 was obtained on cattle that
were washed with a power-hose for 3 min before the
slaughter process; a lower recovery of the organism was
also found on the resultant carcasses (215). In general, the
effectiveness of animal cleaning and washing on the
microbiological quality of the carcasses have been vari-
able, while application of these procedures is often diffi-
cult due to climate, type of animal and the availability of
facilities (20). Preslaughter animal washing has been
applied for sheep in New Zealand (212), and for cattle in
Australia and by some plants in the U.S., especially in
recent years. A means of minimizing accidental transfer
of contamination from the exterior of animals that have
undergone preslaughter washing to the carcass surface
and plant environment is to reduce slaughter speeds, and
to modify the steps or the equipment involved in hide
removal (15,216,217).

An additional hide decontamination process is chem-
ical dehairing; a patented process (218) for cattle early
during slaughter to remove hair, mud, manure and other
external contaminants and thus, to minimize carcass and
plant contamination from these sources (15,20,217).
Application of this process to artificially contaminated
beef hide samples resulted in significant reductions of
inoculated meat pathogens such as E. coli O157:H7,
Salmonella and L. monocytogenes (219,220), and in 1995,
FSIS approved commercial trials for testing of the 
chemical dehairing process. Schnell et al. (221) studied a 
commercial application of chemical dehairing in a beef
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slaughterhouse. Although these authors reported that
chemical dehairing resulted in a reduction of the visible
contamination of cattle compared to the conventional
process, the microbial loads were not significantly differ-
ent between the two processes. It needs to be noted, how-
ever, that in the latter study both dehaired and
nondehaired animals were processed in the same facility
during the same day and thus the weak effectiveness of
chemical dehairing could be attributed to the contamina-
tion of the plant environment by the nondehaired animals.
In an additional study carried out in a commercial beef
slaughtering facility, however, chemical dehairing was
found to significantly reduce bacterial levels of carcasses
immediately after hide removal (pre-evisceration) by
approximately 2 logs (222). Furthermore, carcasses that
had undergone chemical dehairing had a significantly
lower prevalence of E. coli O157:H7 (1%) than carcasses
that had not received the chemical treatment (50%) (222).

2. Carcass Decontamination

In general, carcass decontamination technologies in the
U.S. are applied immediately after hide removal but before
evisceration, as well as at the end of the dressing process,
before carcass chilling. Decontamination technologies are
based on treatments with water of various temperatures and
pressures and other chemical solutions. The effectiveness
of these treatments in reducing microbial contamination is
affected by a number of factors including water pressure,
temperature, chemicals used and their concentration, time
duration of exposure (which depends on speed of slaughter
and length of the application chamber), method of applica-
tion and time or stage of application during slaughter and
processing (20,217). Decontamination technologies that
have been proposed, applied or tested for their effectiveness
on the reduction of carcass microbial loads include treat-
ments with water or steam (hot water, steam pasteurization,
steam-vacuum), and chemical solutions, mostly organic
acids (lactic, acetic and citric), as well as chlorine and chlo-
rine dioxide, trisodium phosphate, acidified sodium chlo-
rite, peroxyacetic acid, cetylpyridinium chloride, hydrogen
peroxide, ozone, sodium bisulfate, sodium hydroxide,
sodium chloride, and protein compounds such as lactofer-
rin (15,20,208,210). Today, in the U.S., decontamination
systems are approved by FSIS if the agents used: i) are
‘Generally Recognized as Safe’ (GRAS), ii) do not create
an ‘adulterant’ situation, iii) do not create labeling issues
(i.e., added ingredients), and iv) can be supported with sci-
entific studies as being effective (15). Among the agents
that have been approved for use in foods by FSIS are acetic,
lactic, peroxyacetic, citric, malic, propionic and tartaric
acid, chlorine, trisodium phosphate, acidified sodium chlo-
rite, hydrogen peroxide, ozonated water and lactoferrin
(available at: http://www.fsis.usda.gov/OPPDE/rdad/
FR Pubs/88-026F.htm; http://www.fsis.usda.gov/OPPDE/

rdad/FSISDirectives/7120.1.htm). Some of these are exten-
sively used in commercial plants in the U.S. In contrast, no
chemical or physical treatments of meat and poultry car-
casses are allowed by European Union regulations (208). 

a. Spot carcass and pre-evisceration 
decontamination

Under the ‘zero tolerance’ policy of the U.S., knife-trim-
ming is required to remove visible contamination on car-
casses before any washing or other decontamination
treatment is allowed. As an alternative, in 1996, FSIS
approved the use of steam-vacuuming for removal of fecal
and ingesta contamination spots of �2.5 cm in diameter on
carcasses, through the use of a hand-held piece of equip-
ment. This method uses hot water and/or steam to loosen
soil and inactivate bacteria, followed by removal of the
contaminants through application of a vacuum; this
process, thus, has a combined effect of removing and/or
inactivating surface contamination (15,20,223,224).
Kochevar et al. (224) reported that application of steam-
vacuuming to beef carcasses resulted in reductions of
1.7–2.0 log cfu/cm2 in aerobic plate counts and 1.7–2.2 log
cfu/cm2 in total coliform counts. After the approval of the
two commercially available steam-vacuuming systems,
and as a result of their relatively low cost, steam-vacuum-
ing units became very popular in U.S. slaughterhouses as
an alternative method to knife-trimming to remove acci-
dental visible carcass decontamination (20). However, the
effectiveness of both knife-trimming and steam-vacuum-
ing in reducing carcass contamination depends on
employee diligence of application and the operational sta-
tus of the equipment (20).

As soon as the hide is removed, whole carcasses are
sprayed with water and possibly organic acid solution to
remove microbial contamination that may have been
acquired during the hide removal stage. In general, water
and acid treatments applied soon after slaughter (before
evisceration) appear to be effective since bacteria have not
yet become firmly attached to the muscle (225–227). This
is supported by a study by Cabedo et al. (227), where it was
found that the number of bacteria removed or inactivated by
the application of different spray-washing treatments
decreased, as the length of time between contamination of
beef carcass tissue and application of the treatments
increased. Pre-evisceration washing of carcasses may also
reportedly lead to an alteration of the surface physical char-
acteristics (e.g., contact angle and surface free energy) of
the carcass tissue, resulting in less attachment of microor-
ganisms (228). Final washing and decontamination of car-
cass sides with water, organic acids and other treatments are
discussed in the following sections.

b. Water
Water sprays of various pressures are used to remove bone
dust and to clean and wash carcasses that have passed the
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‘zero tolerance’ for visible soil inspection at the end of the
dressing process in the U.S. Water is also used as a carrier
of chemical or physical energy when carcasses are decon-
taminated with chemical solutions, hot water or steam. The
use of hot water as a meat decontamination technology has
been studied extensively during the last 30 years. Both lab-
oratory scale and commercial plant evaluation studies have
found hot water (74°C) to be an effective method of carcass
decontamination (223,224,229–231). The application of
hot water for meat decontamination may involve immer-
sion or dipping, deluging, rinsing at low pressures and
spraying at higher pressures. Each of these approaches has
advantages and disadvantages (20). In all cases, however,
the effectiveness of the method is strongly dependent on
water temperature. Davey and Smith (232) found a linear
relationship between water temperature and E. coli num-
bers on beef carcasses decontaminated with hot water by
spraying. In general, effective temperatures exceed 74°C
and become more effective as they approach 80–85°C
(232,233). Gorman et al. (234) reported that spraying of
beef carcasses with hot water at 74°C resulted in higher
microbial reductions compared to chemical interventions,
while at lower temperatures (16–35°C) chemical deconta-
mination was more effective than water treatment. 

Another form of hot water decontamination involves
exposure of carcasses to pressurized steam (223,235,236).
Davidson et al. (235) reported that exposure of whole and
cut-up chicken meat to steam at 180–200°C for 20 sec
resulted in 1–3 log reductions in aerobic plate counts and
in 50% reduction in Salmonella contamination. Morgan 
et al. (236) applied an ultra-high temperature, ultra-short
time steam pasteurization process on beef, pork and
chicken samples and found a 4 log reduction in inoculated
Listeria innocua. A patented steam pasteurization process
for carcass decontamination developed by Frigoscandia
and Cargill, Inc. (The Frigoscandia Steam Pasteurization
SystemTM) has been approved for use in the U.S. (237).
Phebus et al. (238) and Nutsch et al. (239) evaluated the
Steam Pasteurization SystemTM using cutaneus truncii
muscles from steers and beef sides, respectively, and
reported significant reductions in aerobic plate counts,
E. coli, coliforms and Enterobacteriaceae, and inoculated
L. monocytogenes, E. coli O157:H7 and S. Typhimurium.
The advantages of using steam rather than water for
decontamination purposes are the efficiency of heat trans-
fer, lack of residues, and the reduced water and energy
usage (20). However, steam pasteurization requires a
major capital investment and may present difficulties in
application in a continuous production process.

c. Organic acids
In recent years the use of organic acids such as acetic and
lactic, for meat and poultry decontamination, has received
considerable attention mainly due to their antimicrobial
properties and their characterization as GRAS substances

(15,217,226,240–242). Decontamination with organic
acid solutions of 1–2% may significantly reduce the bac-
terial load of meat and poultry carcasses (208,224,243). In
addition to the immediate microbial reduction, acid
decontamination results in a residual antimicrobial effect
during storage, which has been attributed to the residual
acids remaining on the meat after treatment as well as the
sublethal injury of bacteria caused by the acid treatment
(244–246). The effectiveness of acid decontamination can
be augmented by increasing the temperature of the solu-
tion and the time of application. The stage of processing
selected for the application is also important, as men-
tioned previously. The efficacy of the acid treatments may
be further influenced by the type of surfaces to which the
bacteria are attached. For example, acid treatment of lean
meat surfaces results in higher microbial reductions than
on fatty tissues (247). 

Organic acid decontamination of carcasses has also
been shown to reduce pathogen populations (246,248–
250). Decontamination of beef surfaces with 2% lactic or
acetic acid resulted in 2–3 log cfu/cm2 reductions of 
S. Typhimurium DT104 and E. coli O157:H7 (250).
Salmonella is generally more sensitive to organic acid
decontamination than E. coli O157:H7 (251). This was
also shown in a study by Samelis et al. (252), where 
S. Typhimurium DT 104 was found to die off after 2 days
incubation, at 4 or 10°C, in lactic acid (pH 2.4) and acetic
acid (pH 3.1) fresh beef decontamination runoff fluids
(washings), while E. coli O157:H7 and L. monocytogenes
survived in lactic acid washings for at least 2 days, and in
acetic acid washings for at least 7 and 4 days, respectively,
with better survival at 4 than at 10°C (252). Although
decontamination with organic acids has been shown to
reduce prevalence and concentration of E. coli O157:H7
on meat carcasses (251,253), the potential increase in the
acid resistance of the pathogen remains an important con-
cern (254–258), and is discussed in a subsequent section.
The potential ability of E. coli O157:H7 to resist acidity
(254,259) has been attributed, among other mechanisms,
to binding of the pathogen to collagen of the meat tissue
(260). Recent studies have shown that the latter problem
may be reduced by spraying the carcass with a non-ionic
surfactant such as Tween 20 prior to spraying with the
organic acid (261). 

In addition to the microbiological point of view, another
important issue regarding the use of acid decontamination on
meat and poultry is its effect on the quality of the products.
Depending on the concentration and intensity of application,
acid treatments may sometimes result in undesirable effects
in color and/or flavor of the products. Such effects, however,
should be only slight and reversible at acid concentrations
below 2% (262,263). Discoloration problems can also be
prevented by using buffered acids (264). In general, organic
acid (lactic or acetic) spraying finds extensive use as a beef
carcass treatment after hot water or steam decontamination.
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d. Other chemical solutions
Several non-acid chemical solutions have been tested, and
in some instances approved and used in the decontamina-
tion of meat and poultry (15,20,208,210,217). Chlorine is
a common sanitizing agent used in process water during
meat and poultry processing. Application of chlorine (20
ppm) reduced Salmonella contamination on chicken car-
casses (265,266) while chlorine spray-washing (800 ppm)
of beef carcass tissue resulted in a mean reduction of 1.3
log cfu/cm2 of E. coli O157:H7 (267). Chlorine dioxide
(ClO2) has been proposed as an alternative to traditional
chlorine sanitizing agents. However, the use of ClO2 (1.33
mg/l) to control Salmonella in poultry chiller water did
not result in any significant reduction (�0.5 logs) in bac-
terial counts on the poultry skin (268). Similar results
have been reported by Cutter and Dorsa (1995) who found
that spraying beef tissue with ClO2 (20 ppm) for 10 sec at
520 kPa was no more effective in reducing fecal contam-
ination than spraying with water alone. Mullerat et al.
(270) applied Salmide®, a commercial complex mixture
of chlorine-based components, and reported that it can
reduce the levels of Salmonella on poultry skin. Although
chlorine has been approved for meat and poultry deconta-
mination in many countries, there are some safety con-
cerns regarding its use related to corrosion of metals and
formation of harmful chemical reaction products with
organic residue materials (20). 

Trisodium phosphate (TSP) has also been approved
for treatment of beef and poultry carcasses in the U.S. A
patented solution of TSP (AvGardTM, Rhone-Poulenc,
France) has been shown to reduce both spoilage and path-
ogenic bacteria including Salmonella, L. monocytogenes,
E. coli O157:H7, S. aureus and pseudomonads on meat
and poultry tissues (234,271–274). Cabedo (275) reported
that TSP may inhibit bacterial attachment and thus allow
easier bacterial removal by washing. Studies on the effect
of TSP on the sensory characteristics of beef and chicken
samples have indicated that a 10–12% solution of TSP
does not cause any undesirable sensory effects that are
detectable by consumers (276–278). 

Acidified (citric acid activated) sodium chlorite (ASC)
is another antimicrobial that has received approval from
the U.S. federal government for use in beef carcass decon-
tamination systems. Spraying of beef carcass surfaces with
ASC, at a concentration of 1,200 mg/l, in combination
with a water wash, resulted in a 4.5 log cfu/cm2 reduction
of inoculated (5.5 log cfu/cm2) E. coli O157:H7, compared
to a 2.3 log cfu cm2 reduction obtained with a water wash
only (279).

Hydrogen peroxide and ozonated water are also
among the chemical agents proposed and tested for meat
and poultry decontamination (20), and have recently
received approval by FSIS for use on meat and poultry
products. The antimicrobial effect of hydrogen peroxide is
mainly based on the formation of radicals that damage

nucleic acids, proteins and lipids. Treatment of beef and
lamb carcass tissue with a hydrogen peroxide solution
(5%) has been shown to reduce mean bacteria counts by
1–2 logs (224,227,234). Similar microbial reductions
have been observed after spray-washing of beef carcasses
with ozonated water (227,230,234). As in the case of chlo-
rine, the use of hydrogen peroxide and ozone, despite
their bactericidal effect, may be of concern due to their
oxidizing effects on fat and muscle pigments.

Decontamination with cetylpyridinium chloride (CPC)
has been shown to be effective in reducing levels of
pathogens on meat and poultry carcass tissues. Kim and
Slavik (280) reported that CPC spraying or immersion of
poultry skin reduced the numbers of Salmonella by
0.9–1.7 logs and 1.0–1.6 logs, respectively. Cutter et al.
(281) showed that spray washing of beef fat with 1% CPC
resulted in significant reductions of E. coli O157:H7 and S.
Typhimurium. In an additional study, 0.5% CPC was
shown to reduce E. coli O157:H7 levels by 4.8 and 2.1 log
cfu/cm2 on beef carcass surfaces and lean tissue, respec-
tively (282). In a study on the effect of CPC on the sensory
characteristics of beef trimmings, the authors indicated
that treatments with 0.5% CPC did not affect instrumental
color or other sensory characteristics of the samples (278). 

Peroxyacetic acid has been recently recognized as an
effective chemical agent for meat decontamination. A com-
mercial peroxyacetic acid-based solution (Inspexx 200TM,
Ecolab Company, St. Paul, MN) for pre-chilling application
of carcasses has been approved in the U.S. Ransom et al.
(282) reported that 0.02% peroxyacetic acid was effective
in reducing the bacterial load of beef samples; however,
under the conditions of that study, which did not reflect
those recommended by the manufacturer, it was found less
effective compared to lactic acid (2%; heated to 55°C).

Naidu and Bidlack (283) reported that lactoferrin, an
iron binding protein, presents strong antimicrobial activ-
ity and can be used as an alternative to other chemical
antimicrobial agents. Activation of bovine lactoferrin,
which can be extracted in commercial quantities from
skim milk or whey, yields a potent bactericidal peptide
that has been shown to inhibit and/or inactivate a wide
range of meat pathogenic and spoilage bacteria including
L. monocytogenes, Salmonella, Campylobacter spp.,
Pseudomonas spp. and Klebsiella spp. (284). The
patented process of producing activated lactoferrin
involves immobilization of milk lactoferrin, via its N-ter-
minus region, on a food-grade glycosaminoglycan (e.g.,
galactose-rich polysaccharide or carrageenan), solubilized
in a precalibrated citrate/bicarbonate buffer system con-
taining sodium chloride and an excess of unbound lacto-
ferrin (284). The resultant activated lactoferrin reportedly
acts as a microbial blocking agent that is able to (i) inter-
fere with the adhesion or colonization of microorganisms
to biological surfaces (ii) detach viable or non-viable cells
from biological surfaces, (iii) inhibit microbial growth,
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and (iv) neutralize the activity of endotoxins (284). The
U.S. Food and Drug Administration (FDA) recently
accepted activated lactoferrin as GRAS while FSIS
approved the compound for use on fresh beef (284).

A variety of other chemical compounds such as
polyphosphates, benzoates and propionates, sodium
hydroxide, sodium bisulfate, etc. have been tested with
various rates of success for the decontamination of meat
and poultry (15,20,208,210,217). Application of these or
other chemicals as meat and poultry decontaminants in
the future will depend on their efficacy, safety, effects on
quality and cost (20).

e. Carcass decontamination with multiple
processes

The use of more than one treatment may lead to synergis-
tic or additive decontamination effects (20) and could be
considered as a multiple hurdle approach (206). In fresh
meat decontamination, the multiple hurdle decontamina-
tion approach may involve the simultaneous application of
treatments (e.g., warm acid solutions) or the sequential
application of treatments (e.g., hide cleaning, steam-vacu-
uming, pre-evisceration washing, hot water or steam treat-
ment, organic acid rinsing). Several studies on the
comparison between the effectiveness of single and multi-
ple decontamination treatments have reported that the lat-
ter result in significantly higher microbial reductions
(Table 52.7) (10,285,286). Bacon et al. (10) studied multi-
ple-sequential decontamination interventions including
carcass washing, steam-vacuuming, hot water and organic
acid rinsing before and after evisceration in commercial
beef slaughter facilities. The authors reported that E. coli
counts were reduced from an initial range of 2.6–5.3 log
cfu/cm2 to a final range of 0.9–1.3 log cfu/cm2 after car-
cass chilling. Graves Delmore et al. (287) used various
technologies and interventions to decontaminate beef adi-
pose tissue samples and reported that a higher reduction in
E. coli counts was achieved by a series of four processes
including pre-evisceration washing, warm-water washing
and two steps of acetic acid rinsing. In addition to the
number and intensity, the sequence of treatments can be
very important in a multiple decontamination process
(Table 52.7). For example, Castillo et al. (286) reported

that a lactic acid rinse, following hot water washing, was
more effective than their use in the opposite order. Overall,
when the appropriate number and sequence of hurdles are
selected, the multiple hurdle decontamination approach
can be a very effective tool for improving the safety of
meat and poultry carcasses, and may minimize the poten-
tial for resistance development and cross protection (258). 

f. Concerns of decontamination technologies
Despite the generally accepted effectiveness of decontam-
ination technologies in reducing numbers and prevalence
of pathogenic and/or spoilage bacteria on meat and poul-
try carcasses, there are a number of concerns associated
with their use. Application of spraying/rinsing treatments
to carcasses may lead to spreading and redistribution of
bacteria over the carcass or penetration into the tissue
(20). These problems, however, can be avoided by appro-
priate selection and adjustment of the factors affecting the
efficacy of the decontamination treatment. For example,
the issue of bacterial redistribution may be addressed by
using decontamination interventions that may inactivate
(hot water, steam, chemical solutions) rather than remove
contamination. As mentioned previously, the period of
time before decontamination has an important effect on
bacterial attachment and biofilm formation; thus, decont-
amination treatments applied before evisceration will be
more effective since bacterial attachment is still weak. 

Another important concern associated with the use of
decontamination technologies is the potential development
of stress-resistant pathogens (20,242,252,258,288). Heat or
acid resistance are important physiological characteristics
that may contribute significantly to the behavior of patho-
genic microorganisms during meat processing, cooking or
in host systems (gastric secretions, phagocytosomal vac-
uoles) where acidity is the final barrier that the pathogen
must overcome before pathogenesis. The potential concern
for development of stress-resistant pathogens can be attrib-
uted to the ‘stress hardening’ phenomenon which refers to
the increased tolerance of a pathogen to a specific lethal
stress after adaptation to the same or a different sublethal
stress environment (258,289). Several studies have demon-
strated that adaptation of pathogenic bacteria such as L.
monocytogenes, E. coli O157:H7 and Salmonella to a mild
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TABLE 52.7
Mean Log Reduction (log cfu/cm2) of Salmonella Typhimurium, E. coli O157:H7, Aerobic Plate Count (APC), Total
Coliforms and Enterobacteriaceae on Beef Carcass Surfaces as Affected by the Type of Decontamination Treatment

Treatment Salmonella Typhimurium Escherichia coli O157:H7 APC Total coliforms Enterobacteriaceae

Water wash 2.3 2.4 1.6 1.8 1.7
Water wash � hot water 4.2 4.0 3.2 4.0 3.8
Water wash � lactic acid �4.9 4.6 4.6 4.5 4.3
Water wash � hot water � lactic acid �4.5 4.9 3.6 �4.6 �4.7
Water wash � lactic acid � hot water 4.4 4.4 4.1 �5.0 �4.9

Source: Ref. 286.



stress environment results in increased survival under stress
conditions that would be lethal for non-adapted cells
(288–293). In addition to increased stress resistance, adap-
tation may lead to mutations with enhanced virulence (294)
since microorganisms may sense the unfavorable conditions
as a signal for the expression of virulence factors (295). It
needs to be noted, however, that the majority of the studies
on the ‘stress hardening’ phenomenon have been performed
in laboratory media and thus more research is needed on the
investigation of stress adaptation in actual foods.
Nevertheless, an evaluation of the contribution of deconta-
mination interventions to food safety improvement should
take into account the potential development of stress-resist-
ant pathogens. It should be stressed, however, that irrespec-
tive of potential stress adaptation inducement on survivors,
decontamination treatments are highly effective in reducing
microbial contamination of carcasses and thus, allowing
meat operations to meet regulatory performance standards
and industry specifications (15,20,217,258). Proposed
strategies to control stress resistance of bacteria involve the
continued application of lethal levels of preservatives, or
optimization of decontamination interventions, in type,
intensity and sequence, to maximize microbial destruction
and minimize resistance development (258,296). 

C. MEAT PROCESSING AND PRESERVATION

Processing and preservation technologies involving
physical, chemical and biological factors are used by
food processors to ensure the safety and stability of
foods by inactivating or inhibiting growth of spoilage
and pathogenic microorganisms. Physical preservation
methods include refrigeration, freezing, heating, drying,
smoking, packaging and irradiation. Addition of antimi-
crobial agents or preservatives to meat products, includ-
ing sorbates, benzoates and lactates, or curing agents
such as sodium nitrite or salt, as well as treatment of
products with acidifying agents like acetic and lactic
acid, all constitute methods of chemical preservation. An
example of biological preservation, or biopreservation,
is fermentation where lactic acid bacteria may be used to
inhibit the growth of spoilage and pathogenic microor-
ganisms by the production of inhibitory metabolites by
the lactic acid bacteria (297). Details of these processing
and preservation methods are excellently reviewed by
Claus et al. (298), van Laack (299) and Pearson and
Gillett (300). Combination of these preservation tech-
nologies, applied individually at sublethal levels (hurdle
technology), can result in a product that is more micro-
biologically stable and safe, as well as of higher nutritive
and sensory quality (207).

Before discussing some of these technologies, how-
ever, another important aspect that can greatly affect the
quality and safety of the final product is the cleaning and
sanitation operations of a food-processing establishment.

1. Cleaning and Sanitation

During food processing procedures, equipment surfaces
and the surrounding environment inevitably become soiled
and require cleaning. Failure to effectively remove the soil
from these surfaces may result in the soil becoming a niche
for microorganisms. These organisms then have the poten-
tial to attach to the surface and form biofilms, which upon
detachment may cross-contaminate foods. An effective san-
itation program includes cleaning and disinfection; how-
ever, to ensure good sanitation and to maximize the
effectiveness of the cleaning operation, the design and lay-
out of the processing area and food plant are of primary
concern (301). The importance of factory design and food
processing equipment are described by Forsythe and Hayes
(302). According to the same authors, there are three steps
involved in cleaning and two steps in disinfection (sanita-
tion). Cleaning involves removal of gross soil or dirt,
removal of residual soil with detergent, and rinsing of the
cleaned surface to remove detergent and soil; while sanita-
tion, which often follows cleaning, involves the use of an
antimicrobial agent to inactivate microorganisms, followed
by rinsing off of these agents. Removal of soil normally
involves the use of hot or cold water and cleaning aids such
as brush bristles. The type of detergent used is important
and ideally should be able to disperse insoluble materials,
emulsify and saponify fats, rinse well, remove or inactivate
calcium and magnesium salts dissolved in hard waters, and
should not be corrosive to equipment surfaces (301,302).
Detergents may be classified into inorganic alkalis (e.g.,
sodium hydroxide, sodium carbonate), inorganic and
organic acids (e.g., phosphoric and citric acids, respec-
tively), surface-active agents (e.g., synthetic detergents
which are either anionic, cationic, non-ionic or ampho-
teric), and sequestering agents (e.g., sodium polyphos-
phates and EDTA). Modern detergent formulations contain
a mixture of different chemicals, each of which contributes
to the desired properties of the detergent (302).

Application of the sanitizer follows rinsing of the
detergent from the surfaces. The sanitizer should ideally
be able to rapidly inactivate Gram-negative and Gram-
positive bacteria, be stable in the presence of organic
residues, be able to work in a wide pH range, water hard-
ness, and temperatures, and should be readily soluble in
water and readily rinsable. Sanitizers used in the food
industry can be classified into chlorine releasing com-
pounds, quaternary ammonium compounds, iodophors
and amphoteric compounds (301,302).

2. Processing for Microbial Destruction

Application of heat, or thermal processing, is one of a 
few preservation methods that result in the inactivation 
of microorganisms, with time and temperature of cook-
ing determining the number of organisms destroyed.
Furthermore, thermal inactivation of microorganisms is
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dependent on the level, type and heat resistance of the
organisms, as well as the environment (moisture and fat
content, pH, salt, nitrite) (298,299). Most spoilage and
pathogenic bacteria are sensitive to heat and are destroyed
due to inactivation of bacterial enzymes, protein denatura-
tion and increased membrane permeability (299). Most
heat labile organisms, like micrococci, pseudomonads and
Enterobacteriaceae are inactivated after several minutes at
65°C; destruction of certain spores, however, may require
heating to at least 115.6°C for extended periods of time
(298). Thermal processing may be classified as ‘pasteuriza-
tion’ or ‘sterilization,’ based on the level of destruction of
bacteria and spores. Pasteurization results in the destruction
of vegetative cells of pathogenic bacteria; however, heat-
resistant spoilage organisms and spores may survive during
this process. Commercially sterile products are processed
to be free of detectable microbial contaminants, but may
contain spores of thermophilic bacteria that do not germi-
nate below 43°C (299). The internal temperature reached in
commercially sterile meat products is generally at least
107.2°C, but depending on the salt and nitrite content of the
product, the temperature can be as low as 101.7°C (300).
These products remain stable and safe even after long-term
storage at ambient temperatures in temperate climates.

Other processing technologies that result in inactiva-
tion of microorganisms include irradiation and high hydro-
static pressure, and are discussed in a subsequent section.

3. Processing for Microbial Inhibition

As mentioned previously, preservation technologies that
inhibit the growth of microorganisms in foods rely on the
control of one or more factors affecting microbial growth
(e.g., temperature, water activity, pH, antimicrobials). The
most important means of preserving fresh unfrozen meat
and other perishable meat products is refrigeration at tem-
peratures between –2 and 5°C (299). Although growth of
most mesophilic bacteria at these temperatures is pre-
vented, growth of psychrotrophic and psychrophilic bacte-
ria, including pathogens like L. monocytogenes, A.
hydrophila and Y. enterocolitica, is only delayed (due to
increased lag times and reduced growth rates) (303).
Freezing of meat products, however, results in inhibition of
microbial growth with some reduction of microbial levels
during freezing, and potential increases during thawing
(41,299). Preservation of food by drying is brought about
by a reduction in the water activity of the product to a level
that prevents growth of microorganisms. Drying methods
include hot air drying, refrigerated air-drying, freeze-dry-
ing and brine-process drying (299,303). Water activity is
also reduced with addition of humectants (e.g., salt, sugar)
and by freezing. Smoking is also regarded as a preserva-
tion method. Many cured meats are smoked, and this
process is either carried out directly from smoldering
hardwood or hardwood sawdust, or in liquid form that is 

produced from natural smoke precipitated in water or oil
(304). Smoke is composed of many different compounds
including alcohol, carbonyls, hydrocarbons and gases;
however, the antimicrobial properties of smoke are due to
phenols and acids present in the smoke, as well as the heat
that is associated with wood smoking (300). Foodborne
pathogens, including pathogenic E. coli and S. aureus, are
reportedly inactivated by commercially available liquid
smoke products used in processed meats (297).

The use of salt as a preservative serves to inhibit micro-
bial growth by reducing the water activity and increasing
the osmotic pressure of the food (70,305). Salt is also the
major ingredient, by weight, of curing mixtures; the active
curing agent, however, is nitrite, and to a limited extent,
nitrate. These curing agents function to stabilize the color
of lean tissues, impart the characteristic flavor of cured
meat, retard development of rancidity and provide micro-
bial stability by inhibiting the growth of microorganisms,
including Acinetobacter/Moraxella, Flavobacterium,
Pseudomonas, Enterobacter, and Escherichia spp., as well
as the pathogen C. botulinum (49,300,306). The antibotuli-
nal effect of nitrite, however, occurs only in combination
with heat, as is the case with canned products. Furthermore,
the inhibitory effect of nitrite is reportedly pH dependent,
with an approximate tenfold increase of its inhibitory effect
for every one pH unit reduction (299).

Addition of antimicrobial agents in meat products is a
widely used method of preservation. The use of antimicro-
bial agents in ready-to-eat meat and poultry products is, in
fact, one of the alternatives given to the U.S. food industry
by FSIS, as a means to control L. monocytogenes in these
products (199). Numerous studies have shown the antiliste-
rial effect of GRAS chemical compounds in ready-to-eat
meats, including potassium lactate (307,308), sodium lac-
tate and sodium acetate (309–311), sodium diacetate
(310,311), and acetic and lactic acid (312). The most
widely used chemical preservatives used by the industry,
however, are sodium or potassium lactate and sodium diac-
etate, alone or in combination, at levels of 2% sodium or
potassium lactate (on a dry weight basis) and 0.1 to 0.15%
sodium diacetate (191). The other alternatives of the final
rule for control of L. monocytogenes in ready-to-eat meat
and poultry products are post-lethality treatments, which
may be applied pre-packaging or post-packaging (e.g., radi-
ant heat, hot water or steam pasteurization, high hydrostatic
pressure) (313–316) and sanitation measures (199).

4. Preservative Packaging

a. Modified atmosphere packaging
Modified atmosphere packaging can be defined as the
enclosure of food products in high gas barrier material, in
which the gaseous environment has been changed in
order to reduce microbial growth and retard enzymatic
spoilage, with the intent of extending shelf life (317).
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Among the factors limiting the shelf life of meat and
poultry products, oxygen can be considered as one of the
most important. Consequently, a logical barrier to extend
the shelf life of these products is to modify the gaseous
atmosphere surrounding them, which is the principle
behind modified atmosphere packaging (MAP). A com-
prehensive list of different gas mixtures and packaging
materials with different oxygen transmission rates that
have been used to extend the shelf life of different meat
types at specific storage temperatures, and the predomi-
nant spoilage bacteria isolated from those products can be
found in Stanbridge and Davies (138). Four types of MAP
can be differentiated by the manner in which spoilage
organisms are inhibited (318): (i) in vacuum packaging,
the inhibition of aerobic organisms is based on the
removal of oxygen from the in-pack environment and the
CO2 production; (ii) In high oxygen MAP, growth of aer-
obic organisms is inhibited, but not suppressed by moder-
ate concentrations of CO2; (iii) In low oxygen MAP the
low concentrations of O2 inhibit the growth of aerobic
species while the concentration of CO2 may be suffi-
ciently high to slow down the growth of both aerobic and
anaerobic organisms; and (iv) in oxygen-free controlled
atmosphere packaging, the absence of oxygen prevents
growth of aerobic organisms, while high concentrations
of CO2 inhibit growth of aerobes and organisms tolerant
to anaerobic conditions. 

b. Vacuum packaging
Vacuum packaging is widely used for shelf-ready retail
packs of meat products and for primal cuts of raw meat in
wholesale storage. Vacuum packaging is not commonly
used for display packs of raw meats because the anoxic
environments results in a dull, purple color of native myo-
globin, which is considered unattractive to the consumers
(317,319). The shelf life extension of primal cuts achiev-
able by vacuum packaging can be as long as two- to five-
fold compared with aerobic storage depending on their
pH, size and film permeability (318,320,321). Beef of pH
5.6 to 5.8, vacuum packaged with film of low oxygen per-
meability and stored at 0 to 1°C, may have a shelf life of
10 to 12 weeks (144). Growth of Pseudomonas under
these conditions, where the CO2 and O2 concentrations
are approximately 20% and �1% (v/v), respectively, is
inhibited.

Vacuum packaging is also applied to cured and other
cooked meat (322,323). The major disadvantage associ-
ated with the application of vacuum packaging to these
products is that both package and meat are subjected to
mechanical strain. This may cause product deformations,
exudation and even puncture of the pack if bone is present
(321). These problems, however, may be overcome with
improvements in packaging techniques such as the use of
appropriate packaging material, shrink packs, surface
sealing and skin packs (4).

c. High oxygen modified atmosphere packaging
In high oxygen MAP the gaseous composition is approx-
imately 70% O2, 30% CO2 and 0–20% N2 (318). This type
of packaging is used mainly for red meats and it has been
introduced to extend color stability and delay microbial
spoilage of products on display (319,324). The high oxy-
gen concentration preserves a desirable color by extend-
ing the depth of the surface layer of oxygenated muscle
tissue while the 30% CO2 is sufficient to reduce the
growth rate of pseudomonads, which dominate the
spoilage flora. In general, the storage life of meats in high
oxygen MAP can be twice that of meat stored under aer-
obic conditions. However, spoilage changes of foods
stored in high oxygen MAP are comparable to those
stored in air, since pseudomonads remain the responsible
spoilage organisms. 

d. Low oxygen modified atmosphere packaging
In low oxygen MAP, the atmosphere is composed almost
exclusively of CO2 and N2. The exact level of residual oxy-
gen depends on the procedure of air replacement. Without
evacuation, oxygen may remain at levels of up to 10%
while with evacuation the residual oxygen is about 1%
(318). Low oxygen MAP is not commonly used for red
meats due to the rapid discoloration of the product. Such
packaging is usually applied when product color is not
critically dependent on the oxidation state of myoglobin
and thus it is more useful for poultry products. The exten-
sion of product shelf life achieved with low oxygen MAP
can vary significantly depending on the initial atmosphere
established in the pack and the extent to which the gaseous
composition changes during storage. The spoilage process
of low oxygen MAP meats is generally similar to that
observed in vacuum packed products since in both cases
the limited oxygen concentration inhibits growth of aero-
bic organisms, and species tolerant to anaerobic conditions
dominate the microflora. 

e. Oxygen-free controlled atmosphere 
packaging

Oxygen-free controlled atmosphere packaging is based on
the complete elimination of oxygen from the package.
The strictly anoxic environment may prevent meat discol-
oration and microbial shelf life may be greatly extended
when the air is completely replaced with CO2 in a con-
trolled-atmosphere package (319). Scientists in New
Zealand developed an oxygen-free controlled atmosphere
packaging system (Captech system), which is in commer-
cial use with lamb primal cuts and whole carcasses
(319,325). The system involves packaging of cuts in heat-
shrunk, air-permeable bags, which are then put in a larger
pack of highly impermeable film that is flushed with car-
bon dioxide and sealed. The permeability of the inside
packs allows penetration of carbon dioxide during storage
and shipment, as well as oxygen after removal from the
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external pack and during display for formation of
oxymyoglobin, which results in a bright red color. The
storage life of such products can be 8–15 times longer
than those stored in air depending on their initial contam-
ination, pH and storage temperature. For example, shelf
life may be substantially shorter when highly contami-
nated, high pH products are stored at temperatures above
0°C (318). The success of the packaging method also
requires effective evacuation equipment and totally imper-
meable packaging materials made from aluminium foil
laminate with good sealing and puncture-resistant proper-
ties. The extended product stability achieved by this type
of packaging is likely to ensure its future commercial use
with a wide range of meat products. 

f. Factors that influence the effectiveness of 
modified atmosphere packaging

In addition to gas concentration and composition, the pack-
aging material, the storage temperature and the time of
MAP application are important factors influencing the 
shelf life extension conferred by MAP technology
(318,321,326–328). Packages are mainly constructed of
plastic films, the majority of which are permeable to gases.
The extent of gas transmission through a plastic material
depends on a number of factors such as type of plastic,
thickness of the plastic layer, temperature, humidity and
contamination of the plastic material with food components
such as fat (318). Thus, proper selection of the plastic film
in order to maintain the essential balance of the flushed
gaseous atmosphere in the headspace of the pack is crucial.
Bacterial inhibition by MAP is also affected by storage
temperature. The solubility of CO2 is inversely proportional
to storage temperature and thus low temperatures have a
synergistic affect upon its action (327). In addition, the
multiple hurdle application (CO2 and low temperature)
leads to a higher inhibition of meat spoilage bacteria (329). 

The time of MAP application is another important
factor affecting the storage life of the product. If MAP is
applied to fresh meat when the spoilage bacteria are still
in the lag phase, shelf life may be extended by 50% com-
pared to products stored aerobically, while MAP applica-
tion during the exponential phase of the spoilage bacteria
reduces the shelf life extension to 30% (326). In addition,
the effectiveness of MAP is influenced by the extent of
contamination at the time of application since high micro-
bial populations result in an increased probability of the
presence of some bacteria which are more resistant to the
antimicrobial effect of the gaseous atmosphere. In gen-
eral, the effectiveness of MAP is enhanced with earlier
application and lower initial contamination levels.

g. Safety concerns of modified atmosphere 
packaging

Given that MAP is capable of extending the shelf life of
meat products, the major safety concern is whether MAP

can inhibit sensory changes by spoilage microorganisms,
which ordinarily would warn consumers, while either
allowing or promoting the growth of pathogens by limiting
the competition with the spoilage flora (321). The impact
of MAP on the microbiological safety of meats is not very
well defined especially with respect to C. botulinum. For
example, in sausages and meat sandwiches inoculated with
C. botulinum (types A and B) and stored at 26°C, toxin
was detected at 6 days for aerobically stored sandwiches
and at 4 days for anaerobically stored samples (330). The
most important observation in the latter study was that
anaerobic samples were found organoleptically acceptable
when toxic, while the aerobic were not. In a study by
Silliker and Wolfe (331), pork cubes inoculated with C.
botulinum spores and stored at 27°C under MAP were
found to contain toxin by day 1 while aerobic samples
were toxic by day 2. It is clear that C. botulinum may find
atmospheric microenvironments allowing growth at highly
abusive temperatures and thus the combination of MAP
with strict temperature control is of great importance. Even
at low storage temperatures, however, it is known that
cold-tolerant pathogens such as Y. enterocolitica, L. mono-
cytogenes and A. hydrophila are able to grow on vacuum-
packaged, high pH raw meat (332). 

The majority of the available information on the
safety of meat and poultry packaged in modified atmos-
pheres is based on traditional inoculation studies. Such
data, however, cannot lead to reliable estimations of MAP
safety risks since they are not statistically predictive and
ignore the relationship between spoilage and pathogenic-
ity. Thus, there is a need for further research information
including risk assessment studies in which MAP will be
compared against the current distribution and retail prac-
tices by taking into account the effect of factors such as
temperature, time, pH and atmosphere as well as the rela-
tionship between growth of spoilage and pathogenic
organisms. Such studies would lead to a better under-
standing of the action and interaction of the above factors
in MAP and identify the potential need for additional
antimicrobial hurdles to assure predictable safety.

h. Active packaging
Active packaging is one of the innovative concepts of food
packaging that have been introduced as a response to the
increasing consumer demands and the continuous changes
in market trends. Major active packaging concepts include
the use of substances that absorb oxygen, ethylene, carbon
dioxide, flavors/odors and substances that release carbon
dioxide, antimicrobial agents, antioxidants and flavors
(333). Antimicrobial packaging has been characterized as a
promising preservation concept for intact meat and poultry
products mainly due to the fact that microbial contamina-
tion of these products occurs primarily on the surface (334).

The antimicrobial packaging concept is based on the
incorporation of antimicrobial agents with polymeric
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packaging materials or biodegradable films and coatings.
Compared to direct surface application of antimicrobial
agents by spraying or dipping, antimicrobial packaging
could be more efficient due to the slow release of the agent
from the packaging material to the surface of the product,
which helps to maintain high concentrations where they are
needed. In addition, a long migration period of the antimi-
crobial agent may extend its activity into all stages of the
food chain including transport, storage and distribution.

Non-edible antimicrobial packaging systems may con-
tain different types of food grade additives in their pack-
aging materials. Among compounds that have been
proposed and tested in meat and poultry products are
organic acids such as sorbate (335), propionate (336) and
benzoate (337) or their respective anhydrides, bacteriocins
including nisin and pediocin (338,339), enzymes such as
lysozyme (340), and natural antimicrobial compounds
from aromatic plants (341) (Table 52.8). The antimicrobial
activity of triclosan incorporated plastic (TIP) has been
recently investigated and the results showed a satisfactory
inhibition against both spoilage and pathogenic bacteria
associated with meat and poultry products such as B. ther-
mosphacta, S. Typhimurium, S. aureus and E. coli (342).
Triclosan is a tasteless, odorless and orally non-toxic bac-
teriostatic agent (343) and its use for food applications has
been recently allowed in EU countries. Another interesting
application of antimicrobial packaging is the use of poly-
mers with modified surface composition by electron irra-
diation in such a way that the surface would contain amine
groups with antimicrobial activity (344). These surface-
bound amine groups have been proven active against path-
ogenic and spoilage bacteria (345).

Edible coatings and films prepared from polysaccha-
rides, proteins and lipids and supplemented with anti-
microbial agents can be considered as another type of
antimicrobial packaging application. In this case, how-
ever, selection of the active agents is limited to edible
compounds. Edible coatings and films with antimicrobial
compounds present the following benefits to the meat and

poultry industry: (i) inhibit the growth of spoilage and path-
ogenic bacteria and lead to products with low safety risk
and extended shelf life; (ii) help alleviate the problem of
moisture loss that leads to texture, flavor and color changes
and weight losses; (iii) hold in juices and enhance product
presentation; and (iv) reduce the rate of rancidity and brown
discoloration caused by lipid and myoglobin oxidation
(346). An additional advantage of this application is that the
development of films and coatings can be based on the
biopolymer by-products of the meat and poultry industry
such as gelatin, blood protein and feather keratin. 

5. Biopreservation

Biopreservation refers to extended storage life and
enhanced safety of foods using their natural or controlled
microflora and/or their antibacterial metabolic end prod-
ucts (347,348). In meats, lactic acid bacteria (LAB) con-
stitute a part of the initial microflora which develops
easily during fermentation processing, chill storage or
packaging under vacuum or modified atmosphere condi-
tions. Lactic acid bacteria growth in meat can cause inter-
ference against spoilage and pathogenic bacteria through
several mechanisms including nutrient and oxygen deple-
tion, and production of a wide range of inhibitory meta-
bolic substances such as lactic and acetic acid, acetoin,
diacetyl, hydrogen peroxide, reuterin and bacteriocins. 

Biopreservation may be applied to food and meat sys-
tems by four basic methods (348–350):

a) Adding a pure culture of LAB. This is an indi-
rect way of incorporating the antimicrobial
metabolites of LAB (e.g., bacteriocins) in a food
product. The success of the method depends on
the ability of the culture to grow and produce the
metabolites under the environmental and techno-
logical conditions of the product (temperature,
pH, aw, additives, etc.). 

b) Adding a crude metabolite-preparation obtained
by growing the LAB culture on a complex sub-
strate in order to avoid the use of a purified
compound.

c) Adding purified or semi-purified antagonistic
substances. By using this method the dosage of
the antimicrobial metabolite is more accurate
and thus more predictable. However, applica-
tion of this method is limited due to regulations
concerning food additives.

d) Adding mesophilic LAB as a protective culture
to be activated in the event of potential storage
temperature abuse. In this case LAB should
remain at low levels in cold environments while
under temperature-abuse conditions they should
grow competitively with pathogens and thus
reduce the safety risk of the product.
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TABLE 52.8
Applications of Antimicrobial Packaging Tested in
Meat and Poultry Products

Product-Substrate Antimicrobial Agent Packaging Material

Bologna, cooked ham, Acetic acid Chitosan
pastrami

Beef muscle Lactic acid Alginate
Bologna, cooked ham, Propionic acid Chitosan

pastrami
Chicken breast Potassium sorbate Starch/glycerol
Beef tissue Lysozyme Silicon coating
Broiler drumstick skin Nisin Polyethylene
Cooked meats Pediocin Cellulose

Source: Ref. 334.



a. Lactic acid bacteria
The use of LAB as starter cultures in fermented meat prod-
ucts shortens the fermentation time, ensures product safety,
extends shelf life and results in products with desirable, dis-
tinct and consistent quality (351,352). In addition to their
inhibitory activity against meat spoilage and pathogenic
bacteria, the production of lactic acid by LAB denatures
meat proteins and affects product texture. Protein denatura-
tion also results in the decrease of aw which leads to the
microbial stabilization of the transformed product.

The starter cultures used predominantly in fermented
meat products include strains of Pediococcus acidilactici,
Pediococcus pentosaceus, Lactobacillus plantarum,
Lactobacillus sake and Lactobacillus curvatus. Other bac-
teria such as Micrococcus (Micrococcus varians) and
coagulase-negative staphylococci are also used, mostly in
Europe, and mainly due to their ability to reduce nitrate to
nitrite and the production of specific flavors and catalase,
which decomposes hydrogen peroxide and prevents qual-
ity defects.

In addition to fermented meat products, the use of LAB
is permitted in bacon produced with minimal nitrite levels
to reduce formation of nitrosamine during frying; the LAB
grow and reduce the pH to inhibit C. botulinum growth in
the absence of higher nitrite levels if the product is temper-
ature abused (353). Inoculation of selected strains of LAB
on fresh meat may suppress other LAB that degrade amino
acids to undesirable compounds such as sulfides or bio-
genic amines (354,355) and contribute to the control of
meat pathogens such as L. monocytogenes (356).

Addition of LAB to meat products, however, may also
impart quality or safety problems. For example, heterofer-
mentative LAB can produce undesirable compounds such
as diacetyl, hydrogen sulfide and hydrogen peroxide gases,
which affect product flavor and color. In addition, the abil-
ity of some LAB to decarboxylate the amino acid, histidine,
may result in high levels of histamine, which has been asso-
ciated with several outbreaks of foodborne illness (357).
Thus, starter cultures should be screened for absence of
metabolic products that cause quality or safety problems.

b. Bacteriocins
Bacteriocins are ribosomally produced polypeptides or
proteins that produce, in their mature form, an antibacter-
ial effect against a narrow spectrum of closely related bac-
teria (358,359). Bacteriocins exert their inhibitory action
by formation of pores in the cytoplasmic membrane of
sensitive cells. They are effective inactivators or inhibitors
of various Gram-positive bacteria including pathogens,
while Gram-negative bacteria are protected by their outer
membrane, which prevents bacteriocins from reaching the
cytoplasmic membrane (360). 

Although several meat-borne LAB have been described
as bacteriocin producers (Table 52.9) only a few have been
studied as biopreservatives in meat systems. The production

and antimicrobial activity of certain bacteriocins in labora-
tory media does not imply their effectiveness in a food sys-
tem. Bacteriocin activity may be reduced by the binding of
bacteriocin molecules to meat components, by the action of
proteases and other enzymes or by an uneven distribution in
the food matrix (361). In addition, bacteriocins are not only
of narrow activity among microorganisms, but there is also
strain variation and their activity in foods may be reduced
with storage time. Thus, when evaluating a bacteriocin for
meat biopreservation, the influence of the product formula-
tion and processing technology on the antimicrobial per-
formance of the bacteriocin needs to be assayed. 

The most studied bacteriocins in meat and meat prod-
ucts include nisin A, A, P and K, leucocin A and pediocin
PA-1/AcH (350); nisin, however, is the only bacteriocin
approved for use in certain food products. Sprayed nisin
has been effective for the decontamination of meat sur-
faces while its combination with nitrite was effective on
Clostridium and other Gram-positive pathogens such as L.
monocytogenes and S. aureus in frankfurters, pork slurries
and raw meat (362,363). In fermented American-style
sausages, pediocin production prevented L. monocyto-
genes growth (364). The activity of pediocin PA-1 was not
affected by fat or proteins present in the product while a
synergistic effect was observed between the effect of bac-
teriocin and lactic acid. 

6. Emerging Preservation Technologies

a. Irradiation
Food irradiation is generally defined as the process in
which foods are exposed to ionizing energy from radioac-
tive sources such as cobalt 60 or with machine sources such
as high energy electron beams or X-rays. The role of irra-
diation as an alternative method to ensure hygienic quality
of meat and poultry products is increasingly advocated and
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TABLE 52.9
Bacteriocins Characterized from Lactic Acid Bacteria 

Lactic Acid bacteria Bacteriocin

Carnobacterium piscicola Carnocin U149
Carnobacteriocin (A and B)

Lactococcus lactis Nisin (A and Z)
Lacticin 481
Diplococcin
Lactococcin (A, B and M)

Lactobacillus sake Lactocin S
Sakacin (A and P)

Lactobacillus curvatus Curvacin A
Lactobacillus johnsonii Lactacin F
Leuconostoc gelidum Leucocin A-UAL-187
Enterococcus faecium Enterocin 1146
Pediococcus acidilactici Pediocin (AcH and PA-1)

Source: Ref. 413.



used in some countries (365–367). By properly adjusting
the irradiation process it is possible to achieve a specific
reduction of the level of microbial contamination com-
monly found on meat and poultry. Depending on the prod-
uct and conditions of the process, irradiation treatments 
at doses of 3–7 kGy can effectively eliminate vegetative
cells of pathogens including Salmonella, S. aureus,
Campylobacter, L. monocytogenes and E. coli O157:H7
(368,369). The number of cells that are killed by irradia-
tion depends on various factors such as type of microor-
ganism, type of food, irradiation dose, temperature,

oxygen presence and water content (368–372). Table 52.10
provides examples of decimal reduction radiation doses
(radiation D10 values) which have been determined for var-
ious non-spore-forming pathogenic bacteria in meat and
poultry products (366). In addition to microbial inactiva-
tion, sublethal damage to microorganisms taking place
during irradiation can increase their sensitivity to other
preservative factors and thus synergistic effects of irradia-
tion and other processes applied in food technology can be
encountered (373). Among the benefits of irradiation is its
applicability to frozen foods without having to thaw them,
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TABLE 52.10
Irradiation D10 Values of Some Pathogenic Bacteria in Non-Frozen Meat and Poultry Products 

Bacterium Product Temp. (°C) Atmosphere D10 (kGy)

Campylobacter jejuni Ground pork NS Vacuum 0.19�0.01
Filet americain 18–20 Micro-aeroph. 0.08–0.11
Ground beef 18–20 Micro-aeroph. 0.14–0.16
Ground beef 0–5 Air 0.161
Ground beef 30�10 Air 0.174
Ground turkey 0–5 Air 0.186
Ground turkey 30�10 Air 0.162

Escherichia coli O157:H7 Mech. deboned chicken 0 Air 0.26�0.01
Mech. deboned chicken 0 Vacuum 0.27�0.01
Ground beef 0 Vacuum 0.27�0.03
Ground beef (low fat) 4�1 Air 0.241
Ground beef (high fat) 4�1 Air 0.251

Listeria monocytogenes Minced chicken NS Air 0.417–0.553
Mech. deboned chicken 2–4 Air 0.27–0.77
Minced pork 10 Air 0.573–0.648
Minced pork 10 CO2:N2(1:3) 0.602–0.709
Ground pork 4 Air 0.422–0.447
Roast beef NS Air 0.644�0.061
Ground beef (low fat) 4�1 Air 0.578–0.589
Ground beef (high fat) 4�1 Air 0.507–0.574

Salmonella Typhimurium Filet americain 18–20 Air 0.37
Ground beef 18–20 Air 0.55
Ground beef (low fat) 2 Air 0.59
Minced pork 10 Air 0.403–0.860
Minced pork 10 CO2:N2(1:3) 0.394–0.921
Roast beef NS Air 0.569�0.067
Mech. deboned chicken 20 Air 0.52–0.56
Mech. deboned chicken 20 Vacuum 0.52–0.56
Minced chicken 4 Air 0.436–0.502
Minced chicken 4 CO2 0.436–0.502
Minced chicken 4 N2 0.550–0.662

Staphylococcus aureus Minced chicken 4 Air 0.419
Minced chicken 4 CO2 0.411
Minced chicken 4 Vacuum 0.398
Minced chicken 4 N2 0.371
Roast beef NS Air 0.387�0.056
Ground beef (low fat) 4�1 Air 0.437–0.453
Ground beef (high fat) 4�1 Air 0.443–0.448
Ground beef (low fat) 2 Air 0.57

NS�Not stated.
Source: Ref. 366.



and in packed products as a terminal treatment, eliminat-
ing the possibility of recontamination before consumption.

The main limitations of radiation decontamination are
the effect of the process on the nutritional and sensory char-
acteristics of the product (374) and the consumer accept-
ability of the process. Irradiation of meat and poultry may
result in nutrient losses and changes in product odor, flavor
and color depending on the radiation dose, dose rate, tem-
perature, packaging and atmosphere during the process
(375). Threshold irradiation doses at which detectable sen-
sory changes occur in meat and poultry products are shown
in Figure 52.5 (376). However, irradiation at low doses
under low or no oxygen, or in the cured and frozen states
for low fat products, has no notable sensory effects. A dis-
advantage of using irradiation at low doses is that bacterial
spores, viruses and microbial toxins are not inactivated.
Thus, as with other processed foods, irradiated products
must be handled in accordance with good manufacturing
practices and require appropriate temperature control.

Irradiation treatment of packaged products as a final
processing step is a special case since this may cause
cross-linking between the packaging material and the
food. Irradiation may result in the decomposition of pack-
age components to lower-molecular-weight entities with
increased migration characteristics (377). Therefore, the
FDA requires that packaging that holds food during irra-
diation complies with specific regulations (21 CFR
179.45) based on appropriate testing. 

The safety and effectiveness of irradiation as a
method of food processing/preservation have been recog-
nized by the Codex Alimentarius Commission (378). The
FDA and FSIS approved a petition from industry to allow
radiation decontamination of poultry and non-frozen and
frozen red meats with maximum doses of 3 kGy, 4.5 kGy
and 7.0 kGy, respectively (379,380). Despite this legisla-
tion, however, only a small fraction of the total amount of
meat and poultry products produced in the U.S. is 

irradiated (381). Production of irradiated meat and poul-
try products is also limited in the EU, where no agreement
has been reached on guidelines for regulating food irradi-
ation (381). The limited application of irradiation of foods
could be attributed to the widely held opinion of some
national authorities and the food industry that consumers
would be apprehensive about foods treated with irradia-
tion because of the perceived association with radioactiv-
ity (365). Proper information about the safety and the
benefits of irradiated foods could increase the level of
understanding and acceptance of irradiated products by
consumers and lead to a wider application of the process
by the food industry (382). Furthermore, problems with
the undesirable sensory effects of irradiation as well as
investigations on the appropriate packaging materials for
irradiated foods need to be addressed before this technol-
ogy can be extensively used. 

b. High hydrostatic pressure
High hydrostatic pressure (HHP) is an emerging non-ther-
mal processing technology whereby foods are subjected
to high hydrostatic pressure, generally in the range of
100–600 MPa, at low or moderate temperatures. It has
been characterized as a very promising technology for the
preservation of sliced cooked and cured meat products
mainly due to its potential for the innovative development
of new products of low safety risk with a relatively low
energy consumption (383). High pressure application is of
special interest in food processing technology since pres-
sure represents an alternative to thermal processing, espe-
cially for foods such as meat and poultry whose
nutritional and sensorial characteristics are thermosensi-
tive. Indeed, HHP can reduce microbial contamination
without markedly altering the taste and flavor or the nutri-
ent content of foods (384–386). However, pressure pro-
cessing also presents some disadvantages since it induces
protein denaturation and texture modifications (385,386).
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The mechanisms of inactivation of high hydrostatic
pressure can be grouped into cell envelope-related effects,
pressure-induced cellular changes, biochemical aspects
and effects on genetic mechanisms (available at:
http://vm.cfsan.fda.gov/~comm/ift-hpp.html). It has been
established that cellular morphology is altered by pres-
sure, and that cell division slows with the application of
increasing pressures. 

Bacterial spores are the most pressure-resistant life
forms known. Thus, unless high hydrostatic pressures in
excess of 800 MPa are used, heat in conjunction with HPP
is a requirement for effective elimination of bacterial
endospores (available at: http://vm.cfsan.fda.gov/~comm/
ift-hpp.html). It is well established that the most pressure-
resistant pathogen is C. botulinum. Spore suspensions of
C. botulinum strains 17B and Cap 9B tolerated exposures
of 30 min to 827 MPa and 75°C (available at: http://vm.
cfsan.fda.gov/~comm/ift-hpp.html). Consequently, C. botu-
linum heads the list of most dangerous organisms faced by
HPP. Among the vegetative cells, as in the case of other envi-
ronmental stresses, Gram-positive bacteria are more resistant
to pressure than vegetative cells of Gram-negative bacteria.
However, there appears to be a wide range of pressure sensi-
tivity among the pathogenic Gram-negative bacteria.
Patterson et al. (387) have studied a clinical isolate of E. coli
O157:H7 that possesses extremely high resistance to HHP. 

Microbial inactivation through HHP application on
fresh or processed meat has been studied in the last decade
(388,389). The results have shown that pressure treatments
at 200–600 MPa and 10–25°C for 10–20 min reduced, by at
least 5–7 log cycles, the populations of both spoilage and
pathogenic bacteria including pathogenic vegetative strains
of E. coli, C. jejuni, Pseudomonas aeruginosa, Y. enterocol-
itica, S. Typhimurium, S. aureus and Pseudomonas fluo-
rescens. The extent of inactivation, however, depends on
several parameters such as the type of microorganism, the
pressure level, the process temperature and time, and the pH
and composition of the product. For example, pressure
resistance of vegetative organisms increases at high (35 or
50°C) or low (4°C) temperatures and with decreasing water
activity (386,390). Furthermore, the endogenous meat
microflora, including Pseudomonas spp., appeared to be
more resistant to pressure than the artificially inoculated
organisms (390). The effect of HHP on microbial inactiva-
tion can be increased by combining it with other preserva-
tion treatments such as moderate heating or cooling, pH
modifications, use of additives or various pretreatments. It
may also be of special interest to apply HHP to ready-to-eat,
packed products, as a terminal treatment in order to reduce
microbial contamination originating from portioning, slic-
ing or comminuting (386). 

Other issues related to the application of HHP to meat
products are associated with the effect of pressure on meat
enzymes and proteins. For example, meat pressurization
soon after slaughter usually results in a rapid pH decrease

and an intense contraction. This greater rate of pH
decrease has been related to changes in the activity of key
meat enzymes involved in the regulation of glycogen
breakdown. The above issues are considered significant
since they may change important quality characteristics
such as meat tenderness and structure. The effect of HHP
on enzyme activity and meat proteins is extensively dis-
cussed in the study by Cheftel and Culioli (386).

Clearly, the benefits of HHP in terms of safety, stor-
age life and quality can be applied to many high-value and
heat-sensitive meat products and meat-based, ready-to-eat
meals. At present, commercial HHP finds some applica-
tions in processed meat products for control of post-
processing contamination with L. monocytogenes. The
high cost of HHP technology and its limitation in terms of
capacity could lead to the conclusion that HHP will not
replace the conventional preservation and processing
technologies. In the future, however, HHP is expected to
find its position in the growing market of high-quality,
high-priced foods (391). 

c. Other technologies 
Processing treatments with possible application in the meat
industry include pulsed-field electricity, ultrasonic energy,
UV light, oscillating magnetic fields (ohmic heating,
dielectric heating, microwaves) and controlled instanta-
neous decompression (208,383,392,393, available at:
http://vm.cfsan.fda.gov/~comm/ift-hpp.html). Pulsed field
electricity, which is currently used in the meat industry for
the electrostimulation of beef carcasses, can also lead to a
reduction in the microbial load and extension of the lag
phase of bacterial growth (392,394). Ultrasonic energy can
be applied to small carcasses such as poultry when they are
immersed in water. Research has shown that sonication can
reduce the microbial contamination of the carcass espe-
cially when combined with appropriate adjustment of pH
and temperature or with chlorination (395,396). The use of
UV light in meat storage rooms and processing areas may
control the bacterial load of the atmosphere (208). 

All the above technologies aim at energy saving and
being environmentally friendly. They have the same goal
of being mild for food and reducing pathogenic and
spoilage microorganisms. However, in most countries,
these technologies are not approved and thus their appli-
cation is limited at the present time.

V. MANAGEMENT OF PROCESSES FOR
THE MICROBIOLOGICAL SAFETY OF
MUSCLE FOODS

Traditionally, the microbiological safety of foods was
heavily reliant on end product testing to determine the
presence of a pathogen in a batch of product, and in so
doing, determine the acceptance or rejection of a specific
food lot (397). Limitations are, however, associated with
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finished product testing since foodborne pathogens may
be distributed sporadically and unpredictably and/or occur
at a low incidence within the product (397,398). Thus, the
number of samples tested from a specific lot may be insuf-
ficient to provide meaningful information, and further-
more, the results obtained may provide a false sense of
security (399). A more effective means of ensuring food
safety than end product testing is the implementation of
food safety management systems that incorporate the
principles of good manufacturing practices (GMP), pre-
requisite programs and hazard analysis critical control
point (HACCP) (400–403). To develop an effective
HACCP system, a systematic approach is used to identify,
evaluate and control food safety hazards. GMP, however,
constitute the foundation needed before implementation
of HACCP is possible in a food processing operation
(403). Prerequisite programs and GMP differ from
HACCP in that the former deal indirectly with food safety
and are, in general, applicable to the whole processing
plant. On the other hand, the sole purpose of HACCP is
food safety and is product- or line-specific (404). Since its
inception, many food industries have adopted HACCP.
Countries like the U.S., EU, Canada, Australia and New
Zealand have made HACCP compliance mandatory in
some or all of their food sectors (405,406). The seafood
(since 1997), meat and poultry (phasing in began in
1998), and juice (effective in 2002) industries are cur-
rently mandated to implement HACCP in the U.S. (404).

A relatively new concept recommended for adoption
into food safety management systems by the International
Commission on Microbiological Specifications for Foods,
is the food safety objective (FSO) (403,407). The FSO is
proposed as a tool to link information from risk assessment
and risk management processes with the implementation
of measures to control the identified risk(s) (403,407). The
FSO refers to the maximum level of a microbiological haz-
ard in a food considered acceptable for consumer protec-
tion (403). Once it has been determined that the FSO is
technically achievable through the application of HACCP
and GMP, the next step is to develop and document strate-
gies to satisfy the FSO, including quantifiable and verifi-
able performance, process or end product criteria (403).
Microbiological criteria differ from FSOs in that they
determine the acceptability of a specific food lot. These
criteria specify the microorganisms of concern and/or their
toxins or metabolites, the sampling plan to be used (num-
ber of samples, method of sampling and handling, size of
analytical unit), the analytical method to be used, microbi-
ological limits and the number of analytical units required
to conform to the limits (403). Sampling plans should be
based on statistical probability, and in so doing, provide
confidence during interpretation of the results (408). 

Microbiological testing programs are thus a necessary
part of food safety management systems. The main purpose
of testing in a properly implemented HACCP system is to

identify hazards and critical control points, and to validate
and verify process control measures, and not as a means to
assure the microbial safety of the final end product
(397–399,401,409,410). As mentioned previously, testing
for pathogens during meat and poultry processing opera-
tions provides very little information of use for the imple-
mentation and maintenance of HACCP systems, since they
are generally found infrequently, unpredictably and in low
numbers on the animals, and are usually detected rather
than enumerated (397). A negative result for the presence of
the pathogen could, therefore, be due to process control or
simply due to the pathogen being absent at that particular
time in that particular sample of product. Testing for
pathogens that are found at a low frequency would require
larger sample numbers and would thus be costly, and still
would not guarantee the safety of the product. Testing for
indicator microorganisms, which are indicative of process
control, may be more appropriate, as it is generally assumed
that the absence or low numbers of an indicator microor-
ganism is a sign of process control and thus a lower likeli-
hood of the presence of the pathogen, with which the
indicator microorganism is associated (397,403). Examples
of indicator microorganisms that have been used to assess
meat plant processes include aerobic bacteria, coliforms,
Enterobacteriaceae and E. coli biotype I (397,403,411). It
should be noted, however, that no microorganisms that can
serve as direct indices for pathogens are known. In the U.S.,
the Pathogen Reduction-HACCP System’s Final Rule
issued by FSIS in 1996 (400) requires meat and poultry
slaughter establishments to conduct microbial testing for
generic (biotype I) E. coli at regular intervals. Microbial
testing for E. coli biotype I aims to verify that the establish-
ments’ HACCP-based process controls are adequate in pre-
venting and removing fecal contamination, which is also the
primary route of contamination of meat and poultry with
pathogenic bacteria, like E. coli O157:H7, Salmonella, and
Campylobacter spp. (400). Another requirement of the
Final Rule is for establishments that produce raw ground
products to meet pathogen reduction performance standards
for Salmonella. These performance standards were issued
in order to verify that plant HACCP systems are effective in
reducing contamination with pathogenic microorganisms
(400). It is expected that improvements in process control
that lead to reductions in Salmonella will also result in
reductions of other enteric pathogens of concern. Reasons
for selecting Salmonella as the target organism include that
it is a major pathogen of concern in the meat and poultry
industry, and furthermore, is present in detectable numbers
which can be easily tested for with current methodologies,
on all types of raw products. Performance standards set by
FSIS are based on the most recent U.S. baseline prevalence
levels for Salmonella (400). Thus, by implementing the
requirements of the 1996 Final Rule (sanitation, standard
operating procedures, HACCP-based process control,
microbial testing and pathogen reduction standards), meat

52-30 Handbook of Food Science, Technology, and Engineering, Volume 1



and poultry establishments are expected to significantly
reduce contamination of their products with pathogenic
bacteria, which ultimately will reduce the risk of foodborne
illness.
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I. INTRODUCTION

This chapter discusses the microbiology of finfish, crus-
taceans with a chitinous exoskeleton, and molluscan shell-
fish with a calcareous shell. Bivalve (two-shelled) molluscs
are filter-feeding and during this process they concentrate
microorganisms from water, which may lead to specific
safety issues. Marine muscle foods, or seafood, are pro-
duced from a large number of aquatic species that live in
habitats as differrent as (i) permanently cold
seawater with 3–4% NaCl, e.g., in polar or deep-sea
regions, (ii) warm shallow or surface seawaters in the trop-
ics, (iii) estuarine waters or (iv) freshwater of different tem-
peratures. In addition, aquatic animals are captured or
reared by different methods and this also influence the
microflora of seafoods. The majority of the microorgan-
isms on aquatic animals have no recognized importance in
marine muscle foods but spoilage and disease, i.e., infec-
tion or intoxication are caused by specific microorganisms. 

Spoilage can be considered as any change that renders
seafood unacceptable from a sensory point of view.

Degradation of lipids by enzymatic hydrolysis or chemical
oxidation can result in spoilage of fresh fatty fishes, frozen
and dried products as well as fish-oil containing products.
However, microbial activity is responsible for spoilage of
most fresh and lightly preserved seafood. Globally, the
post-harvest losses of food have been estimated to be as
high as ~25% due to microbial activity alone (1). At the
same time, the world’s annual production in capture fish-
eries has not increased but remained at ~90 million tonnes
during the last decade. Only aquaculture production in
marine and particularly in fresh water has increased; if
reached 35 million tonnes in 2000 (2). Despite the limited
increases in fisheries production, international trade in
seafood has increased and optimal utilization of available
aquatic food resources and prevention of losses during dis-
tribution are more important than ever. Historically,
seafood spoilage has been inhibited by processes like salt-
ing, drying and smoking, developed without knowledge
about the microorganisms present in the aquatic raw mate-
rials. Today, the interest in fresh and lightly preserved
foods is increasing (3) and this represents a challenge



where detailed information about microorganisms in
seafoods becomes important to reduce losses due to spoilage
and to ensure products are safe at the time of consumption. 

This chapter describes the microflora and microbial
spoilage of marine muscle foods. The concept of specific
spoilage organisms (SSO) is presented and it is shown
how it can be applied to determine, predict and extend the
shelf life of fresh and lightly preserved seafood. Several
previous overview articles concerned the microbiology
and microbial spoilage of seafoods. Shewan (4–6) sum-
marized early studies on microbial spoilage, particularly
of chilled and aerobically stored fresh fish. Later, Shewan
(7) and Liston (8) reviewed the microflora of seafood
from different geographical regions. Ashie et al. (9) sum-
marized information on shelf-life extension whereas
Dalgaard (10) described the SSO concept and its applica-
tion with modified atmosphere packed (MAP) seafood.
Gram et al. 2002 (11) discussed the importance of micro-
bial interaction in food spoilage. Compared to previous
reviews this chapter includes new information on the
occurrence and importance of luminous bacteria in marine
muscle foods. 

Consumption of seafood can result in food-borne
human diseases but the more exact numbers of outbreaks
and cases are uncertain. In fact, it has been estimated that
as little as 1% of the actual cases of food-borne diseases
is reported; see (12). The U.S. and the U.K. have well-
established reporting systems and some of their epidemi-
ological data from the 1990s are included here to illustrate
the importance of marine muscle foods in food-borne dis-
ease. In the U.S. finfish and shellfish were responsible,
respectively, for 5.1% and 1.7% of the outbreaks and
0.8% and 2.2% of the cases of food-borne disease. For
cases due to finfish, the main etiological agents were his-
tamine fish poisoning (47%), ciquatera fish poisoning
(24%), salmonellae (18%), Clostridium botulinum (3%),
Vibrio cholerae (2%), Cl. perfringens (2%) and viruses
(2%). The corresponding agents and figures for molluscan
shellfish were viruses (66%), Vibrio parahaemolyticus
(22%), salmonellae (6%), paralytic shellfish poisoning
(3%) and Cl. perfringens (2%). In the U.K. cases due to
finfish were caused by histamine fish poisoning (70%),
salmonellae (16%) and viruses (4%) whereas cases due to
molluscan shellfish resulted from viruses (91%) and sal-
monellae (4%) (12–15). Compared to amounts consumed
and relative to other foods the number of cases of seafood-
borne disease is high and should be reduced. 

This chapter presents information about histamine fish
poisoning, Vibrio species, Clostridium botulinum, Listeria
monocytogenes, Salmonella and viruses. Recent overview
articles concerning safety of seafood include (12, 16–18)
and these or other chapters in the present volume should be
consulted for information about aquatic biotoxins, para-
sites, toxic algae, and veterinary drugs as well as industrial
and environmental contaminants which are hazards of

importance in some marine muscle foods but not included
in this chapter, which focuses on microbiology.

II. MICROFLORA OF AQUATIC ANIMALS
FROM DIFFERENT HABITATS

The microflora of finfish, crustaceans and molluscs
depends to a large extent on the microflora of the water in
which they live. Microorganisms are found on outer sur-
faces (e.g., skin, gills and intestine) whereas the muscle tis-
sue of healthy animals is sterile. The concentration of
culturable microorganisms is variable and in general
102–105 cfu/cm2 are found on skin, 103–107 cfu/g in gills
and 10 – �108 cfu/g in the intestinal content. The variable
concentrations of intestinal microorganisms is related to the
aquatic animal’s intake of food (8, 19, 20). Higher temper-
atures typically correspond to higher concentrations of cul-
turable microorganisms in water and on aquatic animals.
For example, shrimps from cold water harbored 10–103

cfu/g, whereas shrimps from warm water had 106 cfu/g (8).
Similarly, in Japan, seasonal temperature changes had some
effect on the total concentration of microorganisms in river,
lake and seawater (21–23) and in the intestinal content of
wild salmon but no effect was observed for cultured salmon
(21). Water salinity has little effect on the total concentra-
tion of microorganisms but influences the composition of
microbial species in aquatic animals, as discussed in the
following section. Organic matter, particularly sewage and
land run-off, increases the load of microorganisms, includ-
ing potentially pathogenic species in water and aquatic ani-
mals. Finally, catching methods have an effect; for
example, trawled finfish may have 10–100 times higher
concentration of microorganisms on skin and gills than
similar fishes caught by long line (5).

Heat-labile and sodium-requiring microorganisms are
common in sea- and brackish waters as well as on
seafood. Thus, for enumeration of microorganisms pour
plating with ~45°C hot agar must be avoided as this pro-
cedure may kill a major part of the microflora (10). The
concentration of microorganisms in deep-water pink
shrimp (Parapenaeus longirostris) was, for example about
twenty times higher when determined by spread plating as
compared to pour plating (24). In this respect it may be
relevant to note that even in tropical regions where surface
seawater is above 25°C, psychrotolerant and heat-labile
microorganisms like Photobacterium phosphoreum can
be present in seawater and aquatic animals at depths
below 50–100 m (25–28). Microorganisms on seafood
frequently require sodium for growth and although stan-
dard plate count agar without NaCl is recommended for
many foods this medium is obviously inappropriate for
seafood. In addition, bacteria on marine fishes may be fas-
tidious (29) and rich enumeration media are required. For
various fresh and lightly preserved seafoods spread
plating on pre-chilled plates of Long & Hammer’s agar,
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modified to contain 1% NaCl, and incubated aerobically
during 5–7 days at 15°C have been appropriate for enu-
meration of the dominant microflora (10, 30). Strictly
anaerobic microorganisms are found in low concentrations
on skin and gills of newly caught aquatic animals but in
some cases these or not-yet-cultured microorganisms dom-
inated the intestinal microflora of marine and freshwater
fishes (31–35). In contrast, direct microscopy and both aer-
obic and anaerobic techniques determined similar concen-
trations of microorganisms in the intestine of several
commercially important fish species (30). Although they
may only be important in specific situations, anaerobic or
not-yet-cultured microorganisms in the intestinal content
of aquatic animals merits further study using culture-inde-
pendent techniques as increasingly applied within micro-
bial ecology in general. 

A. MICROFLORA ON SKIN, SHELL AND GILLS

The genera or groups of microorganisms found on skin,
outer shell and in gills of newly caught or harvested fin-
fish, crustaceans and shellfish have been determined in
numerous studies and summarized in several overview
articles (8, 17, 19, 20, 31, 36). The dominant groups of
Gram-negative bacteria were (i) Acinetobacter, Moraxella
and Psychrobacter, (ii) Pseudomonas and Shewanella,
(iii) Flavobacterium and Cytophaga, (iv) Vibrio and Pho-
tobacterium, (v) Aeromonas and (vi) Enterobacteriaceae.
The dominant groups of Gram-positive bacteria were cocci
primarily Micrococcus, coryneforms and rods including
Bacillus, Clostridium and lactic acid bacteria. In some
studies the percentage distribution of bacteria in
seawater corresponded to the distribution of species on the
surface of fish (31). Nevertheless, when data from many
studies are compared (8, 17, 19, 20, 31, 36) surprisingly
little can be concluded about the effect of water tempera-
ture and salinity or about the type of animal, for example
dermersal or pelagic on the percentage distribution of
genera/groups of microorganisms. However, for animals 
in freshwater the sodium-requiring species of Vibrio and
Photobacterium are very rarely present whereas Aeromonas
and Enterobacteriaceae are relatively more important in
those habitats. Also, the Flavobacterium-Cytophaga group
seems less dominant in marine animals. Furthermore, the
percentages of Bacillus, Micrococcus and Enterobacteri-
aceae tend to be higher in tropical than in temperate regions.
Greater differences between the microflora on aquatic ani-
mals from warm and cold water could be expected and, as
noted by Liston (8), fungi are common on plankton but
rarely found on the surface of fishes. Aquatic animals may
prevent growth or attachment of microorganisms by antimi-
crobials like lysozyme in their surface slime, but this area
remains little studied. However, the apparent lack of dif-
ference between groups of microorganisms on aquatic ani-
mals from various habitats may also result from the use of

simple identification schemes relying on relatively few
phenotypic characteristics. In an attempt to elucidate this
problem this chapter will focus on the occurrence of bio-
luminescent bacteria. Due to a unique ability to glow,
these microorganisms have been enumerated and identi-
fied in aquatic animals even when they did not quantita-
tively dominate the microflora. In addition, simple keys
for identification of several species of luminous bacteria
have been available since about 1970 (37, 38). Luminous
bacteria can dominate the microflora in the intestinal con-
tent of many aquatic animals; therefore they are discussed
in detail in the following section.

B. INTESTINAL MICROFLORA AND LUMINOUS

BACTERIA

Seafood can be produced from gutted or whole ungutted
animals, e.g., products of herring, mussels, oysters, sardines
and shrimps. Due to the high concentration of intestinal
microorganisms, contamination of seafood during process-
ing of both gutted and ungutted animals is practically
impossible to eliminate and the gut microflora has a very
direct influence on the microbiology of many seafoods.

Intestinal microorganisms are mainly found in the gut
content, although some may be attached to epithelial cells,
and concentrations can be orders of magnitude higher
than in water, food, skin and gills. This indicates micro-
bial growth within the time it takes food to pass through
the digestive tract and under conditions with acid in the
stomach and bile, low oxygen and possibly elevated car-
bon dioxide concentrations in the gut (39, 40). Data from
several studies (19, 20, 41) showed Enterobacteriaceae,
Aeromonas and Pseudomonas dominated in the intestinal
content of freshwater species, whereas Vibrio/Photobac-
terium, Pseudomonas and Enterobacteriaceae dominated
in marine species. However, Acinetobacter/Moraxella, lac-
tic acid bacteria, yeast and strictly anaerobic microorgan-
isms, including Bacterioides and Clostridium, can occur
in high concentrations. In addition, a Mycoplasma pheno-
type was recently determined in salmon by a culture-
independent approach relying on extraction and amplifica-
tion of 16S rDNA (31, 34, 42–44). 

It has been debated if fish has a specific intestinal
microflora as found in warm-blooded animals. Sera and
Ishida (45) suggested marine fish with a developed diges-
tive tract have a specific gut microflora consisting of
marine vibrios, i.e., sodium-requiring species of Vibrio
and Photobacterium, whereas fish with a simple digestive
tract, including immature individuals, have more complex
intestinal flora that reflect the microflora in water and
food. Salmon that return from seawater with an intestinal
microflora dominated by marine vibrios can retain this
dominating microflora even after three months in fresh-
water (46) or after migrating 1228 km away from the
marine environment up the Yukon River in Alaska (47).
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Thus, marine vibrios are either associated with the gut or
growing so fast that they avoid ‘wash-out.’

In Japan, luminous and non-luminous marine vibrios
dominated the intestinal flora of ten commercially impor-
tant marine fish species including mackerels and tunas (48).
In fact, marine vibrios, particularly luminous species of
Vibrio and Photobacterium, frequently dominate the intes-
tinal microflora of marine aquatic animals. The luminous or
bioluminescent bacteria are fascinating and they have been
extensively studied, but controversy remains about the
influence of luminous bacteria on eating quality, shelf-life
and safety of marine muscle foods. For example, J. M.
Shewan from Torry Research Station in Scotland concluded
in an overview manuscript that luminous bacteria were
“…of little real importance to the practical fish technolo-
gist…” (6) and the opinion that luminous bacteria do not
compromise the safety or eating quality of seafood is com-
mon. However, it has now been shown that luminous bac-
teria are responsible for spoilage of different marine muscle
foods and due to biogenic amine production may cause his-
tamine fish poisoning (see Sections III and IV). 

The luminous marine bacteria occur in light organs in
symbiosis with host animals, in seawater and on skin,
shell and gills of animals, but, quantitatively, the major
habitat is the intestinal content of marine animals where
from �10 to �108 cfu/g can be found (38, 49). At least
thirteen species of bacteria contain luminous variants, but
only some are important in seafoods. Photobacterium
phosphoreum and Vibrio logei are psychrotolerant bacte-
ria growing at 0°C and are typically inactivated above
25–30°C. P. leiognathi and V. fischeri grow between ~4°C
and 35–37°C, whereas V. harveyi grow from 5–10°C and
up to ~40°C. Other luminous bacteria include V. orien-
talis, V. splendidus biotype I, V. cholerae, V. vulnificus, V.
salmonicida, Shewanella hanedai, Sh. woodyi and the ter-
restrial insect pathogen Photorhabdus luminescens, but
these are less common in seafood (50–53). P. phospho-
reum dominate in the intestinal content of aquatic animals
in cold seawater at ~0°C to ~15°C (28, 29, 54). In coastal
waters in California, V. fischeri was the dominating lumi-
nous bacteria in gut content and in seawater of ~15°C;
however, between June and October the water tempera-
ture was ~20°C and V. harveyi became dominant in both
habitats. Interestingly, these studies showed the intestinal
microflora of a single fish species in a given location to be
dominated by V. harveyi, V. fischeri or P. phosphoreum
depending on changes in the water temperature (55, 56).
V. harveyi-like and P. leiognathi-like luminous bacteria
dominated in the intestinal flora of a large number of fish
species from the Gulf of Oman (57). In the same way, P.
leiognathi, V. harveyi and V. fischeri were present in high
concentrations and dominated the gut microflora of com-
mercially important crabs from India (58). V. harveyi
(75–80%) and V. fischeri (20–25%) also dominated the
intestinal flora of fladhead mullet and sea catfish from

India, but the luminous bacteria disappeared when water
salinity decreased from 2.17–3.23% to 1.7–1.8% during
the monsoon (59). It seems luminous bacteria in aquatic
animals are selected by temperature and salinity. Thus,
species of luminous bacteria are not specifically associ-
ated with intestines of aquatic animals in general, but all
luminous marine vibrios are chitinolytic and may con-
tribute to the digestion of the chitin-containing exoskele-
ton of crustaceans eaten by various marine animals
(59–61). Species of non-luminous microorganisms
are likely also to be selected by temperature and salinity
and the apparent similarity of the dominant microflora
of seafoods from different habitats (discussed in
section II A) may reflect identification of major groups
of microorganisms like Acinetobacter/Moraxella or
Enterobacteriaceae rather than specific species. 

Contamination of seafood with luminous bacteria
from the intestinal content is difficult to avoid during pro-
cessing. V. harveyi (80–90%) and V. fischeri (10–20%)
dominated the luminous microflora on the surface of white
seabream caught in the Mediterranean Sea in July but dur-
ing aerobic storage at 5°C the dominant luminous
microflora became P. phosphoreum and V. fischeri (62).
Luminous variants of P. phosphoreum and V. logei can
grow to high concentrations during normal chilled storage
of fish and squid from different parts of the world (62–66).
In a few studies it has been attempted to measure the light
produced by luminous bacteria on seafood. At 10°C and
25°C changes in bioluminescence may be used as an indi-
cation of product spoilage, but at 5°C and below biolumi-
nescence in fresh fish was too weak to be useful as an
indicator of spoilage (62, 63). From 1989 to 1998 the U.S.
Food and Drug Administration (FDA) registered and eval-
uated 23 luminous seafoods. The majority of the products
were cooked and peeled shrimps and imitation crab or lob-
ster meats but glowing red snapper fillet, raw Pacific rock-
fish, raw herring and raw shrimps were also reported. The
dominant luminous bacteria isolated from these products
were P. phosphoreum and V. logei (67). Both P. phospho-
reum and V. logei are heat labile and their presence in
cooked seafood must be a result of recontamination.
However, bioluminescence of P. phosphoreum and V. logei
is stimulated by the low level of NaCl typically added to
cooked shrimps and imitation shellfish products [see
Figure 53.1 (38)] and this may explain why processed
products have been reported luminous more often than raw
fish. In any case, light produced by bacteria in marine mus-
cle food is weak and only visible in a dark room where
electric and sunlight are excluded. Thus, common use of
refrigerators with inferior electric lights probably masks
the bioluminescence of many seafoods. Nevertheless,
when glowing seafood is observed it should not be con-
sumed as it is likely to be of poor sensory quality and may
be toxic due to histamine formed by luminous bacteria
(see Sections III and IV). Finally, when discussing the

53-4 Handbook of Food Science, Technology, and Engineering, Volume 1



occurrence and importance of luminous marine bacteria it
must be mentioned that non-luminous variants exist for all
species of luminous bacteria and the importance of these
species of bacteria may be underestimated by enumeration
of luminous bacteria only (30, 38, 68–70). 

C. MICROFLORA OF FARMED AQUATIC ANIMALS

The microflora of cultured finfish, crustaceans and shell-
fish does not as such differ from those of wild aquatic ani-
mals. However, cultured aquatic animals are closer to land
and human activities than those in the wild and this may
influence their environment and microflora. Listeria
monocytogenes, a psychrotolerant bacteria pathogenic to
humans, is absent from clean open waters but found in
decaying plant material and indigenous to the general envi-
ronment. Thus, animals reared in near-shore areas can be
contaminated by run-off waters from land and must be
expected to contain low levels of L. monocytogenes (12).
Particularly in Southeast Asia ponds used for shrimp farm-
ing may be fertilized by animal excreta and this may result
in contamination with Salmonella, Escherichia coli and
viruses. In warm tropical water the bacteria may persist or
even grow and shrimps from some, but not all, areas in
Southeast Asia have been contaminated with bacteria
potentially pathogenic to humans (72). Mortality of cul-
tured aquatic animals can be a major problem and various
diseases are due to bacterial infections. To overcome these
problems, antibiotics can be used therapeutically to cure
diseases or, on a daily basis, to prevent diseases. Use of
antibiotics, particularly prophylatic use in sub-therapeutic

concentrations, is problematic because various bacteria
develop resistance and the resistance may be transferred by
plasmids to other bacteria and thereby reduce efficacy of
antibiotic treatment for human and animal diseases. Vibrio
and Aeromonas species, pathogenic to different aquatic
animals, have been resistant to several antibiotics and this
can make it impossible to control disease in cultured
aquatic animals. In Southeast Asia, infection of farmed
shrimps by antibiotic-resistant V. harveyi has caused so-
called luminous vibrioses resulting in significant economic
losses during the last 10–20 years. Antibiotic-resistant
potential human pathogens, including Salmonella,
V. cholerae, Aeromonas hydrophila and Plesiomonas
shigelloides, have also been reported in relation to aqua-
culture production. Human infections by antibiotic-resist-
ant pathogens are most problematic and changes in the use
of antibiotics in some aquaculture-producing regions are
required. In salmon farming, the use of antibiotics has to a
large extent been replaced by vaccination. However, for
crustaceans and shellfish with less-developed immune sys-
tems, this may not be possible (72–74).

III. MICROBIAL SPOILAGE OF MARINE
MUSCLE FOODS

Newly caught fish and shellfish typically have a species-
specific flavor that disappears after a few days of chilled
storage. Further storage results in development of off-
flavors which are often ammonia-like, sulphurous, malt-
like or rancid. The off-flavors are typically caused by
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Light from flash Bioluminescence produced by the bacteria

FIGURE 53.1 Bioluminescence by Photobactrerium phosphoreum in two pieces of salmon (Salmo salar) and in cooked and peeled
shrimps (Pandalus borealis). Samples were inoculated, incubated aerobically during three days at 5°C and photographed with artificial
light (left) and without artificial light (right). One of the two pieces of raw salmon was supplemented with 2% NaCl (w/w) to illustrate
how this stimulates bioluminescence. The cooked and peeled shrimps contained 1.5% NaCl which is typical for this product (71).



microbial metabolites and they increase in intensity dur-
ing storage resulting in spoilage as determined by sensory
methods. The importance of microbial activity in seafood
spoilage has been established by comparing off-flavor
development in muscle pieces that were (i) sterile, (ii)
inoculated with specific microorganisms or (iii) naturally
contaminated. Knowledge about spoilage microorganisms
facilitates the development of methods to determine, pre-
dict and extend product shelf-life and this is particularly
important due to the short and variable shelf-life of
seafood (10, 75). The short shelf-life of many seafoods is
explained by some unique product properties. First, many
aquatic animals live in cold waters and their natural
microflora include psychrotolerant species able to grow in
chilled seafood at temperatures above –2°C. To illustrate
the importance of this, it can be mentioned that shelf-life
of tropical white-fleshed fish typically is 18–35 days at
0°C, whereas similar coldwater fish spoil after 12–18
days. Second, many finfish, crustaceans and molluscs
contain trimethylamine-oxide (TMAO) that stimulates
microbial growth and activity. In general, animals from
freshwater contain less TMAO than those from seawater,
but considerable variation exists between species in both
habitats (76, 77). Aeromonas, Alteromonas, most
Enterobacteriaceae, Shewanella and Vibrionaceae,
including all marine luminous bacteria, reduce TMAO to
trimethylamine (TMA) and this anaerobic respiration
facilitates their growth under oxygen-limiting conditions,
e.g., in vacuum-packed or modified atmosphere-packed
products (69, 78–80). TMA contributes to the typical
ammonia-like and fishy off-odors in spoiled seafoods,
particularly in products with pH above ~6.5 (10). Third,
the post rigor pH of finfish, crustaceans and molluscs is
high  compared to beef and pork. White-fleshed dermesal
finfish and crustaceans have pH of ~6.5 to above 7,
whereas pelagic, dark-fleshed fish like tuna, mahi-mahi,
mackerel and garfish, have pH as low as ~5.8. Molluscs
have pH similar to finfish, but contain much more carbo-
hydrate (2.5–5.0%) compared to �0.5% for finfish and
crustaceans. Consequently, a fermentative type of
spoilage with decreasing pH is typical for molluscs but
most unusual in other seafoods unless carbohydrates are
added (16, 81–84). Finally, high concentrations of free
amino acids are present in seafoods and metabolized by
spoilage microorganisms, e.g., arginine in shrimps and
histidine in dark-fleshed pelagic finfish (85, 86). 

Only some of the numerous species of microorganisms
in seafoods are important for spoilage and during storage a
pattern of microbial growth and activity is frequently
observed (Figure 53.2). This pattern is known as the spe-
cific spoilage organism (SSO) concept (10). On newly
processed, fresh or lightly preserved seafood the SSO are
usually present in very low concentrations and constitute
only a minor part of the total microflora. During storage
and at particular conditions of temperature, atmosphere,

NaCl, aw, preservatives, etc., SSO, which is often a single
microbiological species, grow faster than the remaining
microflora, produce metabolites responsible for off-fla-
vors, and finally cause sensory product rejection (Figure
53.2). SSO are typically present in levels of about 107

cfu/g when products become sensory spoiled. The impor-
tance of an SSO is closely related to its spoilage domain,
i.e., the range of environmental parameters within which it
is responsible for product spoilage. In contrast to SSO, the
spoilage microflora, i.e., the microflora found at the time a
product becomes sensorily rejected, can be a mixture of
many microbial species, some of which are not important
for spoilage. 

Identification of an SSO relies on comparison of
spoilage characteristics for a naturally contaminated prod-
uct with those of isolates from the spoilage microflora.
Initially, spoilage potential is frequently determined quali-
tatively as the ability of isolates to produce off-odors and
metabolites, e.g., ammonia, TMA or H2S. This screening
technique has been used for decades to separate isolates
from spoiled products into potential “spoilers” and “non-
spoilers” (88). Isolates of Shewanella putrefaciens and
Pseudomonas fragi often have a strong spoilage potential in
seafood. To evaluate if the actual concentration of a
microorganism in a product at the time of sensory rejection
enables this microorganism to cause spoilage, a quantitative
evaluation is required, i.e., determination of the spoilage
activity. Yield factors can be used to evaluate if the concen-
tration of cells and metabolites in a seafood corresponds to
the spoilage activity of an isolate from the spoilage
microflora, i.e., if the isolate is likely to be the SSO (69, 89,
90). The yield factor approach was used to identified P.
phosphoreum as the SSO in chilled MAP cod fillets and
showed this SSO to produce 10–100 times more TMA/cell
than Shewanella putrefaciens. Despite a strong spoilage
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FIGURE 53.2 Specific spoilage organism (SSO) concept.
Typical changes in aerobic plate counts, specific spoilage organ-
isms (SSO) and metabolites produced by SSO during storage of
fresh seafood (87).



potential, S. putrefaciens had low spoilage activity and was
not important in sensory rejection of MAP cod fillets (Table
53.1). Furthermore, SSO in seafood may be identified by
comparison of (i) the profiles of metabolites produced in
naturally contaminated products with similar profiles pro-
duced by isolated microorganisms and (ii) by evaluating the
effect on spoilage when growth of a suspected SSO is
specifically inhibited in a seafood (91, 92). 

It is well established that many microorganisms from
seafoods, including bacteria, yeasts and several SSO (Table
53.1), produce extracellular proteolytic enzymes (93, 94).
Nevertheless, seafood spoilage microorganisms typically
produce off-flavors from substrates in muscle extractives
and proteolytic activity is not important for spoilage of
fresh and lightly preserved seafoods (95, 96). The impor-
tance of microbial proteolytic enzymes was primarily eval-
uated for fresh fish, and further research, including lightly
and semi-preserved seafoods, seems justified.

A. SPECIFIC SPOILAGE ORGANISMS (SSO) IN
GROUPS OF SEAFOODS

Spoilage of fresh chilled and aerobically stored seafood
is primarily caused by Shewanella putrefaciens-like
species and Pseudomonas spp. This is well established
(Table 53.1), but the taxonomy of these Gram-negative

and non-fermentative rods has been changing (114–116).
Frequently, Pseudomonas were not identified at the
species level, but strains similar to Ps. fragi, Ps. fluo-
rescens and Ps. putida seem common in seafood and
recently P. lundensis dominated the spoilage microflora of
chilled aerobically stored marine fish from Greece (114,
117, 118). Pseudomonas spp. are unable to reduce TMAO
and growth is considerably reduced under oxygen-limited
conditions. As an example, P. fragi spoiled different
species of warm water shrimps stored in ice but spoilage
was due to S. putrefaciens-like species when shrimps
from the same lots were kept in an ice/water slurry (86,
101). Other bacteria may also influence spoilage of fresh
chilled and aerobically stored seafood. Lipolytic
Psychrobacter immobilis can dominate the spoilage
microflora in both marine and freshwater fish and, despite
a low spoilage potential, they may increase the rancid
spoilage of sardines (119, 120). In 1974, van Spreekens
(30) suggested P. phosphoreum was important for TMA
production in iced cod and whiting. More recently, P.
phosphoreum dominated the spoilage microflora of gutted
saithe and plaice (70) and seemed responsible for TMA
formation in iced cod fillets and squid (66, 121). 

For fresh seafood in modified atmosphere packaging
(MAP) with CO2, luminous and non-luminous variants of
P. phosphoreum are important spoilage microorganisms
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TABLE 53.1
Specific Spoilage Organisms (SSO) in Groups of Fresh and Lightly Preserved Seafoods

Seafood Typical SSO Metabolites Produced Selected References

Fresh chilled products stored in air:
Various species, particularly those Shewanella putrefaciens-likea TMA, H2S and other sulphur (97–99)
containing TMAO and with pH above ~6; compounds, hypoxantine
various species, including some with Pseudomonas spp. NH3, esters, sulphur compounds (86, 90, 100, 101)
little or no TMAO and low pH ~6 but not H2S

Fresh, chilled products in modified 
atmosphere packaging:
TMAO containing species from seawater Photobacterium phosphoreum TMA, hypoxantine, alcohols (24, 69, 92)
at temperatures below ~15°C; and ketones
species from warmer waters, particularly Lactic acid bacteria and Acetic acid, NH3, tyramine, (102, 103)
species with little or no TMAO; Brochothrix thermosphactab acetoin, diacetyl, H2S
species from tropical freshwater Aeromonas spp. ? (104)

Fresh and lightly preserved products stored 
at ambient temperature Aeromonas spp. TMA, sulphur compounds, (105, 106)

Vibrio spp./Photobacterium spp. biogenic amines
Enterobacteriaceae NH3, acetic acid, acetoin, (107)
Enterococcus faecalis diacetyl, tyramine

Lightly preserved and chilled products: Lactic acid bacteriac and Acetic acid, NH3, tyramine, acetoin, (89, 108–113, 130)
Brined, spiced/gravad and smoked Brochothrix thermosphacta diacetyl, sulphur compounds
products including fish roe P. phosphoreum, Vibrio and TMA, biogenic amines, alcohols,

Enterobacteriaceaed aldehydes, sulphur compounds

a Shewanella putrefaciens, Shewanella baltica and other closely related H2S-producing Gram-negative bacteria.
b Brochothric thermosphacta is important for products in oxygen-containing modified atmospheres. 
c Include Lactobacillus curvatus, Lactobacillus sake and Leuconostoc spp.
d Include Enterobacter agglomerans, Hafnia alvei, and Serratia liquefaciens.



(Table 53.1). Not all studies have detected this SSO in fresh
MAP seafoods and in some studies inappropriate enumera-
tion methods and experiments with previously frozen raw
material are likely reasons why luminous and non-lumi-
nous variants of P. phosphoreum were not observed. P.
phosphoreum is rapidly inactivated by freezing and absent
in thawed products (92, 122). The relative importance of P.
phosphoreum and Shewanella putrefaciens-like species in
vacuum-packed fresh chilled seafoods probably depends on
the initial concentration of the two spoilage bacteria. For
shucked bivalve molluscs, i.e., mollusc meat removed from
the shells, spoilage is fermentative when stored under
vacuum or otherwise with reduced access to oxygen, but
the microorganisms responsible remain to be identified (81,
84, 123). Spoilage of chilled MAP seafood from freshwa-
ter or products without TMAO need further study, e.g., with
respect to identification of lactic acid bacteria and the
importance of Aeromonas spp. (Table 53.1). High concen-
trations of Aeromonas spp. were found in chilled MAP
seafood from tropical regions and they are likely to be the
SSO (Table 53.1). 

Low dose irradiation changes the spoilage microflora
of chilled seafood and Moraxella spp. become dominant
and probably responsible for spoilage (124). For sous vide
cooked and chilled cod fillets, Clostridium sardiniense, an
anaerobic spore-forming bacteria, caused a most unpleas-
ant type of spoilage due to production of different volatile
sulphur compounds (10). 

Spoilage of chilled lightly preserved seafoods has been
extensively evaluated within the last decade (Table 53.1).
In general, lactic acid bacteria seemed to be the most
important group of spoilage microorganisms. However,
identification of the SSO responsible for spoilage has been
complicated and variation in product characteristics,
including the initial microflora, NaCl, pH, smoke compo-
nents, chemical preservatives and packaging, is probably
responsible for the various spoilage patterns observed.
Thus, the spoilage domain of SSOs identified in several
chilled lightly preserved seafood is unclear (Table 53.1),
although, with sun-dried tropical fish, the spoilage
domains of Staphylococcus xylosus, Halobacterium sali-
narium and molds were suggested as a function of temper-
ature and water activity (125). For fermented and
semi-preserved seafoods little is known about SSOs, but
lactic acid bacteria, yeasts, molds and strict anaerobes
seem important in some products. 

The SSO concept embodies the hypothesis that in any
given product a single species/group of microorganisms is
responsible for spoilage. Microorganisms in seafoods
interact in several ways, including substrate competition
and metabolite inhibition. When the dominating
microflora in food reach their maximum population den-
sity, i.e., inhibit their own growth, then other groups of
microorganisms are frequently inhibited. This has been
named the Jameson effect irrespective of the underlying
mechanism being substrate competition, bacteriocins,

siderophores or other metabolites (126). There is no con-
flict between the simple SSO hypothesis (Figure 53.2)
and the Jameson effect as long as the SSO reaches a high
concentration and causes product spoilage before it is
inhibited by the dominant microflora. This is typically the
case with fresh seafood (Table 53.1). The metabolism of
one group of microorganisms may also stimulate
the activity of another group and this so-called metabiosis
can limit the usefulness of the simple SSO concept
for evaluation of microbial seafood spoilage. In cold-
smoked salmon, putrescine production by arginine
deiminase/decarboxylase negative Enterobacteriaceae
increased 10–15 times by co-culturing with arginine
deiminase positive lactic acid bacteria. The
Enterobacteriaceae and the formed putrescine, however,
had little influence on product spoilage (89). In contract,
Joffraud et al. (111) found mixtures of spoilage isolates
from different microbial species formed stronger off-
odors and higher concentration of specific metabolites
than mixtures of strains from individual species. The
importance of such interactions on spoilage and shelf-life
of seafood merits further study. 

B. DETERMINATION, PREDICTION AND EXTENSION

OF SHELF-LIFE

Indices of freshness or spoilage of seafood have been
extensively studied and it is generally accepted that there
is a poor correlation between remaining shelf-life, as deter-
mined by sensory methods, and aerobic plate counts.
However, much closer correlations have been observed
between remaining shelf-life and concentration of SSOs in
different products. Data have been summarized for (i) H2S-
producing bacteria, e.g., S. putrefaciens, in different chilled
and aerobically stored fish, (ii) P. phosphoreum in chilled
MAP cod fillets and (iii) B. thermosphacta in chilled MAP
red mullet and sea bream from Greece. Correlation coeffi-
cients between –0.929 and –0.975 were obtained in all
cases (102, 127, 128). For several chilled lightly preserved
seafoods a close correlation between remaining shelf-life
and concentration of any specific group of microorganisms
or any specific metabolite has not been determined.
Nevertheless, Jørgensen et al. (129) identified a multiple
compound quality index (MCQI) to relate sensory quality
of sliced and vacuum packed cold-smoked salmon (SVP-
CSS) with the product’s pH and cadaverine, histamine,
putrescine and tyramine content. Furthermore, Leroi 
et al. (130) related remaining shelf-life of SVP-CSS at
5°C with the products concentration of Lactobacillus spp.
and concentration of total volatile nitrogen (TVN).
Microbiological criteria relying on mesophilic aerobic
bacteria in concentrations between 105 and 106 cfu/g are
included in EU Directives [(12), pp. 195–203]. Due to the
frequent dominance of heat-labile spoilage bacteria in
seafood, it must not be expected that such criteria corre-
spond to sensory spoilage.
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Increased transportation of seafood at both national
and international levels makes shelf-life prediction impor-
tant to prevent rejections of products and disappointed
consumers. Kinetic models can be used to predict the
effect of product characteristics and storage conditions on
growth of SSO, but the range of the environmental factors
in the models must be within the spoilage domain of the
SSO. In fresh seafoods, SSOs often grow without a lag
phase and this facilitates shelf-life prediction (Figure
53.2). In fact, kinetic models to predict growth of
B. thermosphacta, P. phosphoreum, psychrotolerant
Pseudomonas spp. and S. putrefaciens as a function of
temperature or both temperature and CO2 concentration in
MAP seafoods have been developed. In addition, the mod-
els have been incorporated in user-friendly application
software and thus the effect of product temperature
profiles can be evaluated by electronic time-temperature
integration [see (75) for a review or www.dfu.
min.dk/micro/sssp/ where the Seafood Spoilage and Safety
Predictor (SSSP) software is available]. Other microorgan-
isms, including species of Aeromonas, Enterobacteriaceae,
lactic acid bacteria and Vibrio, are also important in
seafood spoilage (Table 53.1) and for these SSO, kinetic
models remain to be developed and/or validated in relevant
seafoods. Kinetic models are available for some species of
Enterobacteri-aceae and lactic acid bacteria (131), but
evaluation and validation, particularly with lightly pre-
served seafood, is lacking. Predictive microbiology is an
active research area and in the near future it is likely that
more extensive kinetic models can be developed from dif-
ferent existing models and from easily accessible results
collected in databases like ComBase (www.combase.cc).
Clearly, evaluation of these models’ ability to predict
growth in specific seafoods will become important.
Another and more ambitious future challenge is to predict
the species of microorganisms that become SSOs when (i)
new product are formulated, (ii) seafoods are processed by
a new technology or (iii) seafoods are stored under condi-
tions not previously evaluated. Data obtained within the
last decades (Table 53.1) clearly demonstrate that knowl-
edge about the microbial ecology in seafood has been
insufficient to make such predictions. 

Developments in classical and emerging technologies
to extend shelf-life of seafood are numerous and only the
effect of a few aspects will be mentioned here. The targeted
inhibition of SSOs is interesting as product shelf-life may
be extended by mild preservation methods, selected
depending on properties of a particular SSO. Mesophilic
motile Aeromonas spp. spoil Nile perch at ambient temper-
ature and experiments in liquid media showed this SSO
could be inhibited by combinations of NaCl, sorbate and
smoke components. Relying on this information, a lightly
preserved fish product with marked shelf-life extension was
developed (132). Other examples include inhibition of P.
phosphoreum in chilled MAP cod fillet by oregano essential
oil (133) or inactivation of this SSO by freezing (92, 122).

IV. MICROBIOLOGY AND SAFETY OF
MARINE MUSCLE FOODS

The safety records and etiological agents vary consider-
ably between groups of seafood and between products
from different geographical regions. This section includes
information concerning the effect of raw material origin,
processing, product characteristics, storage conditions
and seafood preparation prior to consumption, which are
the most important hazards (Table 53.2). 

A. HISTAMINE, BIOGENIC AMINES AND

HISTAMINE FISH POISONING (HFP)

HFP is a mild disease that occurs rapidly after intake of
seafood containing above 500–1000 ppm of histamine.
The toxic effect of histamine is probably potentiated by
other biogenic amines in seafood, i.e., agmatine, cadaver-
ine, phenylethylmine, putrescine, spermidine, spermine
and tyramine. Alone, tyramine may cause migraine
headaches in susceptible individuals. Symptoms of HFP
can be cutaneous (e.g., rash or inflammation), gastroin-
testinal (nausea, vomiting, diarrhoea), neurological (e.g.,
headache, burning or itching) or circulatory (hypoten-
sion). Once formed in seafood, biogenic amines are heat
stabile and will not be destroyed by cooking, baking or
even canning (135–138).

Not all seafoods cause HFP and it has long been know
that a high content of free histidine, growth of histidine
decarboxylase-producing microorganisms to high concen-
trations and high activity of microbial histidine decar-
boxylases are prerequisites for histamine production in
significant amounts and thereby HFP. Fish with a suffi-
cient content of free histidine to cause HFP include
anchovy, bluefish, bonito, herring, mackerel, mahi-
mahi/dolphinfishes, marlin, saury/garfish, swordfish, tuna
and yellowtail (135–137). Storage temperature is impor-
tant for histamine formation and, as a general rule, little
histamine is formed below 5–7°C whereas above 7–10°C
toxic concentrations are frequently produced. However,
toxic concentration of histamine have been observed at
0–4°C, e.g., in mackerel (139), saury (139), sardines
(139–141) and tunas (142). 

Numerous microorganisms produce histamine but
only some species of Enterobacteriaceae, Vibrionaceae,
and lactic acid bacteria (LAB) can grow to above ~107

cfu/g and produce toxic concentrations of histaming in
seafood. Some Enterobacteriaceae are strong histamine
producers, e.g., Enterobacter aerogenes, E. cloacae,
Morganella morganii, Proteus vulgaris and Raoultella
planticola. It seems Klebsiella spp. do not produce hista-
mine and that, e.g., strains of Klebsiella pneumoniae and
K. oxytoca previously reported to do so may subsequently
have been identified as Raoultella spp. (143, 144). Below
7–10°C Enterobacteriaceae did not produce toxic concen-
trations of histamine (145) but histidine decarboxylase
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produced at ≥10°C may remain active after chilling to
0–5°C (146, 147). The quantitative effect of this merits
further study in seafoods. Mesophilic Vibrionaceae,
including Vibrio alginolyticus and Plesiomonas shigel-
loides, produce histamine but not in important amounts in
seafood. In contrast, the psychrotolerant P. phosphoreum
(previously N-group bacteria and gut-group vibrios) and
the mesophilic Photobacterium damselae subsp. damselae
(previously P. histaminum and C-group bacteria) have
been important in chilled and temperature-abused seafood,
respectively (139). P. phosphoreum can produce toxic his-
tamine concentrations at 0–4°C [(148) and unpublished
data from the laboratory of the author]. However, the tem-
perature history of seafood causing outbreaks of HFP and
the microorganisms responsible for histamine formation
typically are not known. Further research, and particularly
quantitative studies, e.g., including yield factors (89), are
needed to determine the importance of psychrotolerant
histamine-producing microorganisms and the risk of
HFP from appropriately chilled seafoods. LAB do not
produce toxic concentrations of histamine in chilled
seafood, whereas formation of tyramine is common,
e.g., by Carnobacterium spp. (149). A mesophilic LAB,
Tetragenococcus muriaticus, occurs in salt-fermented fish
sauce. At 30°C and with 5–15% NaCl it produced �400
ppm of histamine and the production was markedly

increased when pH was reduced from 7.6 to 5.8 and by
growth under oxygen-limiting conditions (150). At 20°C,
Lactobacillus buchneri formed �500 ppm of histamine in
herring and tuna salad (151). Interestingly, the optimum
pH for histamine production by Enterobacteriaceae,
Vibrionaceae, and LAB is 5–6, which is much lower than
their pH optimum for growth, but similar to the pH in
many of the dark-fleshed fish where toxic concentrations
of histamine are formed. 

EU regulations indicate histamine concentrations in
specific seafoods must not exceed 100–200 ppm, whereas
the U.S. FDA uses a defect action level of 50 ppm. These
relatively low values reflect the fact that histamine con-
centrations in seafood vary considerably and that a low
concentration in one sample suggests a toxic concentra-
tion may be present in a different sample from the same
lot (137, 152). To control histamine formation in seafood,
chilling and storage time are the most important factors
(Table 53.2). Freezing can inactivate histamine-producing
bacteria but histidine decarboxylase is active during
frozen storage and products of dubious freshness should
not be frozen. Recently, molecular methods were sug-
gested to identify and detect histamine-producing
microorganisms (144, 153). However, quantitative, sensi-
tive and robust methods to enumerate histamine-produc-
ing microorganisms in seafood are lacking. This is also
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TABLE 53.2
Seafood Associated Hazards and their Prevention;

Hazard Safety Concern Preventive Measures

Histamine and biogenic amines Microbial formation of �500 ppm histamine Reduce microbial growth and activity by 
in products; of primary concern are storage of fresh seafood at �2°C and lightly
Enterobacteriaceae in temperature-abused preserved products at �5°C; critical histamine 
seafoods and P. phosphoreum and possible formation may precede sensory spoilage and storage 
other bacteria in chilled products times should be established accordingly (134)

Vibrio species, primarily Growth to high levels in live molluscs, Avoid storage of live molluscs and fresh seafood 
hemolysin producing in fresh seafood from warmer waters at abusive temperature conditions and avoid 
V. parahaemolyticus, and in cross-contaminated, consumption of improperly cooked seafood,
cholera toxin producing ready-to-eat products particularly bivalve molluscs
V. cholerae and V. vulnificus

Clostridium botulinum Growth and toxin formation in products Inactivate bacteria and spores by canning (�2.4 min. 
Group I: Proteolytic, at 121°C) or prevent growth by chilling (�10°C),
particularly toxin type A and B acidification (pH �4.5) or salt curing (�10% NaCl)
Group II: Non-proteolytic and Growth and toxin formation in ready-to-eat 3.5% water phase salt prevents toxin formation during 
psychrotolerant, (hot-smoked and fermented) products 4 weeks storage at 4–5°C
particularly toxin type E from temperate or cold regions

Listeria monocytogenes Growth in ready-to-eat seafoods Limit contamination by good hygiene practices, reduce 
growth through controlled product characteristics 
and limited product shelf-life

L. monocytogenes is inactivated by normal cooking 
Salmonella spp. Contamination, even by low levels Avoid direct or indirect faecal contamination of products; 

inactivate the bacteria by normal cooking
Viruses, primarily Norwalk-like Presence in seafood particularly in bivalve Avoid harvest of bivalve molluscan shellfish from 

virus (Noroviruses group molluscan shellfish consumed raw contaminated waters; avoid consumption of improperly 
I and II) and hepatitis A virus or lightly cooked cooked seafood, particularly bivalve molluscs



the case for methods to predict histamine formation,
although a few simple models to assess the effect of time
and temperature on histamine formation in skipjack tuna
are available (154, 155) and a semi-quantitative risk
assessment tool has been suggested (156). 

B. VIBRIO SPECIES

Within this genus, the most important seafood-borne
human pathogenic species are Vibrio parahaemolyticus, V.
vulnificus and V. cholerae, but V. alginolyticus, V. fluvialis,
V. hollisae and V. mimicus have also caused seafood-borne
gastrointestinal disease. In Japan, Asian countries and the
U.S. outbreaks are common, whereas they are rare in
Europe. Disease is primarily due to consumption of tem-
perature-abused raw or inadequately cooked seafood
(Table 53.2). Raw fish like sushi and sashimi is increas-
ingly consumed in Europe but this has not yet resulted in
outbreaks caused by Vibrio spp. Analysis of Vibrio spp. is
important in Europe and their occurrence has been a major
reason to reject seafood imported into the EU (12, 18). As
for the luminous vibrios discussed in Section II, occur-
rence of mesophilic human pathogenic species in water
and aquatic animals depends on temperature and salinity.
Both their concentration in seawater and outbreaks of
seafood-borne disease are highest during in the warmer
months of the year. V. parahaemolyticus and V. vulnificus
are typical marine vibrios that grow optimally with
2.0–2.5% NaCl, whereas V. cholerae does not require
NaCl and growth is optimal with 0.2–0.5%, corresponding
to its natural habitat in estuarine waters (12, 157–159).

V. parahaemolyticus causes a gastrointestinal disease
characterized by diarrhoea abdominal cramps, nausea,
vomiting and headache. Antibiotics, e.g., tetracyclines,
can reduce prolonged infections. For clinical isolates,
�95% produce a thermostable direct hemolysin (TDH)
(causing a positive Kanagawa reaction) or a TDH-related
hemolysin (TRH). For seafood isolates, �1–5% contain
genes for TDH and/or TRH and the large majority of
V. parahaemolyticus in seafoods are non-pathogenic
(159–161). Pathogenic variants of V. parahaemolyticus
can be detected by molecular methods, including various
PCR approaches, and further development in this area can
be expected also for other pathogenic Vibrio species
(161–164). The infectious dose for V. parahaemolyticus is
~106 pathogenic cells and growth in seafood is required
for disease to occur. In relation to risk assessment activi-
ties, there have been attempts to model the effect of water
temperature and salinity on the concentration of V. para-
haemolyticus in live oysters. Furthermore, inactivation in
chilled and growth in temperature-abused live oysters
have been quantified (157). For processed seafoods, a
mathematical model is available to predict the effect of
product storage temperature and water activity on growth
of V. parahaemolyticus (165).

V. vulnificus is an invasive species that may cause sep-
ticemia. Symptoms include high fever, chills, nausea and
hypotension. The disease can be fatal, with mortality rates
as high as 50%, and prompt antibiotic treatment is
required. Individuals with liver disorder are particularly at
risk and they should never consume raw seafood.
Virulence factors and infectious dose remain uncertain for
V. vulnificus and in contrast to V. parahaemolyticus, a high
percentage of V. vulnificus isolates from oysters seems to
be pathogenic (166). V. vulnificus is particularly associ-
ated with oysters in seawater at above 15°C and models to
predict the effect of water temperature and salinity on the
concentration in live oysters at harvest and growth at high
distribution temperatures post-harvest have been sug-
gested (157, 167, 168).

V. cholerae causes the notorious gastrointestinal dis-
ease cholera with severe watery diarrhoea that results in
dehydration and can be fatal. For V. cholerae, the two
serotypes O1 (including the biotype O1 El Tor) and O139
produce cholerae toxin (CT) and they have been responsi-
ble for epidemics. However, V. cholerae non-O1/non-O139
have also caused sporadic cases of milder gastrointestinal
disease and 10–17% of environmental V. cholerae non-
O1/non-O139 isolates has been found to contain genes for
CT production (169). The infectious dose of V. cholerae is
~106 cells depending on the food matrix (160). Water con-
taminated with sewage is the major reason for V. cholerae
O1/O139 in seafood and improved sanitation is the key to
solving the problem. V. cholerae non-O1/non-O139, how-
ever, occur naturally in estuarine waters. In the U.S. 14%
of freshly harvested oysters were contaminated with V.
cholerae non-O1 (18) and V. cholerae non-O1/non-O139
were found, e.g., in French mussels (170). In South
America, V. cholerae 01 was not reported until a major out-
break in the early 1990s caused �400,000 cases and 4,000
deaths. A lightly preserved seafood ceviche consisting of
raw fish, lime juice, vegetables and salt, was a possible
vehicle for V. cholerae 01 (171). 

Depuration of oysters may not reduce concentrations
of pathogenic Vibrio spp. and above ~20°C they may even
grow. Fortunately Vibrio spp. are sensitive to many types
of seafood preservation including chilling at 0–5°C,
resulting in slow inactivation, and freezing, which inacti-
vates the bacteria more rapidly. The pathogenic Vibrio
species are heat sensitive and inactivated by normal cook-
ing (12). Recently, high-pressure processing at 250–300
MPa has been used commercially to inactivate Vibrio spp.
in sucked oysters and concentrations of V. parahaemolyti-
cus, V. vulnificus and V. cholerae were found to be effi-
ciently reduced (83, 172, 173). 

C. CLOSTRIDIUM BOTULINUM

Cl. botulinum is a botulinum neurotoxin (BoNT) produc-
ing Gram-positive, anaerobic spore-forming bacteria.
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After consumption of seafood with BoNT, symptoms of
botulism initially include nausea and vomiting, later double
vision, inability to focus, difficulty swallowing and speak-
ing and loss of muscular coordination that can lead to death
by respiratory paralysis or cardiac arrest. Onset of symp-
toms after 12–36 hours is typical and without treatment
death after 3–6 days is likely. In fact, mortality has been as
high as 50–75%, but treatment with antisera and respiratory
aid has reduced mortality to 10–15% (174, 175). 

The biochemical and phylogenic variability of Cl. botu-
linum isolates does not correspond to a single microbial
species (176) and strains have been divided into four groups
(I–IV). Based on antigenic properties, seven types of BoNTs
have been identified (types A to G). Cl. botulinum group I
are proteolytic, halotolerant and mesophilic with minimum
growth temperature ~10°C. They produce heat-resistant
spores (D121°C � 0.21 min) and BoNTs of type A, B and F.
Group II consist of non-proteolytic and psychrotolerant
strains with minimum growth temperature as low as ~ 3°C.
They produce spores that are relatively heat sensitive (D82.2°C

� 0.4–2.4 min) and BoNTs of types B, E and F. Cl. botu-
linum group III and IV are not related to food-borne disease,
but some strains of Cl. butyricum produce BoNT type E and
may cause food-borne disease. BoNTs have a very low
lethal dose and they are resistant to low pH and NaCl.
Fortunately, the proteins are sensitive to heat and pH above
7–7.5 and can be inactivated by 20 min at 79°C or by 5 min.
at 85°C (12, 174). BoNTs can be detected by mouse bioas-
says or enzyme-linked immunosorbent assays (ELISA),
whereas enrichment procedures, selective plating media and
PCR methods are available for detection of vegetative cells
and spores of Cl. botulinum (174, 177). Cl. botulinum group
I occurs frequently in soil, but is also found on aquatic ani-
mals, primarily in warm waters. In contrast, group II is
found frequently in sediments, water and aquatic animals
from freshwater and seawater environments in temperate or
cold regions. In agreement with this, numerous studies have
found low concentrations of spores of particularly Cl. botu-
linum type E in newly caught or processed seafood.
Typically �0.1 spore/g was found, but higher concentra-
tions have been found for pond-raised freshwater fishes.
Although seafood is frequently contaminated with Cl. botu-
linum, outbreaks of botulism have primarily been associated
with fermented/salted and hot-smoked products (174, 175). 

For fresh seafood stored aerobically, vacuum-packed
(VP) or modified-atmosphere-packed (MAP) growth and
toxin formation by Cl. botulinum have been extensively
studied. Below ~10°C products become spoiled before
toxin can be detected, but with substantial temperature
abuse toxin formation is more critical and these storage
conditions must be avoided. In general, oxygen delays
toxin formation by Cl. botulinum, but aerobic storage or
modified atmospheres with oxygen cannot totally
prevent toxin formation as anaerobic microenvironments
are formed in the products (17, 178). Cooking prior to

consumption can, to some extent, inactivate BoNT and
this may have contributed to the excellent botulinum
safety record of fresh seafood irrespective of its storage
atmosphere. 

The psychrotolerant and non-proteolytic Cl. botulinum
(group II) is able to grow and produce toxin at ~3°C, with
�5% NaCl and at pH � 5.0, but combinations of these
parameters are inhibitory, which is most important for the
safety of several lightly preserved seafoods. It is generally
accepted that 3.5% water phase salt (WPS) is sufficient to
prevent toxin formation in seafood during 4 weeks at 4–5°C
(175). However, BoNT formation in some seafood was
inhibited by considerably lower NaCl concentrations. From
a sensory point of view, less than 3.5% WPS is often desir-
able and further studies to identify product characteristics
that may contribute to inhibition of BoNT formation in
chilled lightly preserved seafoods is relevant. Mathematical
models have been developed to predict the effect of tem-
perature, NaCl, pH, CO2 and spore concentration on growth
or BoNT formation by Cl. botulinum. These models may
assist in identification of safe storage conditions for some
types of seafoods (131). Proteolytic Cl. botulinum are much
more NaCl resistant than the non-proteolytic, but condi-
tions to prevent their growth and BoNT formation in
seafood by heating, salt curing or acidification are well
established [Table 53.2 (12)]. In fact, recent association of
botulism with seafoods has resulted from poorly managed
heat treatment or fermentation conditions (174). 

D. LISTERIA MONOCYTOGENES

Occurrence of L. monocytogenes in seafood is a consider-
able problem with respect to trade, but fortunately it is very
rare that seafood consumption results in listeriosis. Listeria
is Gram-positive, non-spore-forming, motile rods that bio-
chemically resemble lactic acid bacteria. L. monocytogenes
is typically invasive and causes disease in people who are
elderly, pregnant or have predisposing health conditions
like organ transplants, diabetes or AIDS. The incubation
time can be long (weeks to months) and this complicates
tracing of sporadic outbreaks back to the implicated foods.
L. monocytogenes, however, may also cause a non-invasive
febrile gastroenteritis in otherwise healthy people. If diag-
nosed, listeriosis can be treated with antibiotics, e.g., ampi-
cillin but mortality rates of untreated listeriosis have been
high (~30%) and this is a major reason for the extensive
studies of L. monocytogenes during the last 20 years. 

As mentioned in Section II.C, L. monocytogenes is
indigenous to the general environmant and frequently
found in low concentrations on newly caught aquatic ani-
mals and in fresh and lightly preserved seafoods (12, 179).
Low concentrations of L. monocytogenes in seafood are
not an important risk to human health and the main safety
concern is growth in ready-to-eat products [Table 53.2,
(180)]. More than 1000 L. monocytogenes per gram or ml
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have been found in foods that caused listeriosis (181).
Despite this fact, some countries, including the U.S.,
require absence of L. monocytogenes in 25-g samples of
products. This zero tolerance is a frequent reason for
import refusal of seafood by the U.S. FDA (12).

L. monocytogenes is able to grow between ~0°C and
~40°C, with �10% NaCl corresponding to aw � 0.92, at
pH above ~4.5 and it is problematic to control growth in
some types of seafoods. In fact, a recent risk assessment
found smoked seafood and cooked ready-to-eat crus-
taceans to be of high risk on a “per serving basis” and of
moderate risk when evaluated per annum for the total U.S.
population (180). 

Models to predict the effect of, e.g., temperature,
NaCl/aw, pH, organic acids, nitrite, smoke components,
atmosphere and microbial interaction on growth, survival
or inactivation of L. monocytogenes have been extensively
studied. Some models are included in application soft-
ware to facilitate prediction of growth in foods (131, 182).
However, predictive models developed in liquid labora-
tory media may not be appropriate for use with seafoods.
Thus, users of models should verify that a model has been
successfully validated for seafoods with microbial ecol-
ogy similar to the product to which it will be applied. 

L. monocytogenes is inactivated by normal cooking of
seafood (D60°C � 2–4.5 min) and inhibited by the high con-
centrations of acetic acid (~2.5%) used in several semi-
preserved seafoods, like marinated herring. However,
processing of a number of ready-to-eat seafoods, including
cold-smoked products, does not include critical control
points for L. monocytogenes. To prevent growth to high
concentrations the following parameters are of major
importance: (i) good hygiene practices with careful clean-
ing and sanitation of known or likely niches in the pro-
cessing environment, (ii) controlled product characteristics
and (iii) limited shelf-life at specified temperature condi-
tions. Modified atmosphere packing with CO2-containing
atmospheres reduces but does not prevent growth of L.
monocytogenes. The combined effect of 1–2% lactate and
0.1–0.2% diacetate reduces growth of L. monocytogenes in
different meat products and use of these organic acids in
seafood deserves further study. Addition of lactic acid bac-
teria can to inhibit L. monocytogenes in lightly preserved
seafood (183, 184), but this type of biopreservation has not
yet been used at industrial scale.

E. SALMONELLA

Salmonella is responsible for a significant number of the
cases of disease caused by finfish and shell-fish, both in the
U.S. and in the U.K. (see Section I). In contrast to the etio-
logical agents discussed above, Salmonella originate from
the human/animal reservoir and therefore good hygienic
practices, with focus on clean water and personal hygiene,
are essential to control occurrence in seafood. 

Salmonella is a mesophilic member of the
Enterobacteriaceae family that grows at above ~5°C, pH �
3.8 and with �6% NaCl. The genus consists of only two
species: Sal. enterica and Sal. bongori. The former is
divided into six subspecies and the genus includes more
than 2400 serovars (185). The infectious dose of
Salmonella is frequently ~106 cells, but it can be much
lower (10–100 cells) when the bacteria is protected against
stomach acid, e.g., by fat (12). Typhoid and paratyphoid
strains can lead to enteric fever syndrome salmonellosis
with watery diarrhoea, fever, abdominal pain, headache and
nausea occurring 7 to 28 days after intake of the strains. In
contrast, symptoms caused by nontyphoid strains appear
rapidly after exposure (8–72 hours) and include nausea,
abdominal cramps, diarrhoea, fever and vomiting (185).
When symptoms disappear, people continue to excrete
Salmonella for up to several months and this is a potential
risk for seafood contamination during processing. 

Salmonella is rare in temperate waters, but can be found
in tropical estuaries and coastal waters as well as in aquatic
animals from these habitats. Compared to other types of
foods, seafood has caused relatively few, and no major, out-
breaks of salmonellosis, but occurrence of Salmonella in
seafood has been a major reason to reject products at port of
entry into both the EU and the U.S. (12, 185).

Mathematical models to predict growth or inactivation
of Salmonella as a function of temperature, NaCl, pH and
essential oils are available (131) and can be used to facilitate
assessment and management of the risk caused by the
pathogen in seafoods. Salmonella is heat labile (D60°C of 1–3
min) and inactivated by normal cooking and, for example,
hot-smoking. Thus, focus on post-processing contamination
and reduced consumption of raw seafood are important to
limit salmonellosis in seafoods (Table 53.2).

F. VIRUSES

Viruses cause a higher number of seafood-borne diseases
than any other microbial hazard. This is particularly due
to filterfeeding molluscan shellfish consumed as raw or
lightly cooked products. Seawater contains numerous
indigeous viruses in high concentrations but seafood-
borne diseses are caused by human enteric viruses and
particularly Norwalk-like virus (NLV, also referred to as
Noroviruses group I and group II) and to a lesser extent
hepatitis A virus (HAV). NLV and HAV do not grow in the
environment and the main concerns with respect to
seafoods are (i) sewage or faecal contamination of aquatic
habitats, particularly shellfish growing areas, where mol-
luscan shellfish through their filtration of water to obtain
food can accumulate viruses from the water to concentra-
tions that are infectious to humans and (ii) fecal contami-
nation of seafood during processing as a result of poor
personal hygiene (186, 187). Seafood-borne disease due
to virus in molluscan shellfish is much more frequent than
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due to virus in finfish (Section I), suggesting contamina-
tion of aquatic habitatsis relatively more important than
contamination during processing. 

NLV is a genetically diverse group of virus strains
divided into two genogroups (188). NLV causes gastroen-
teritidis with diarrhoea, vomiting and possibly abdominal
pain, nausea and fever. Incubation time is ~24 hours and
duration of symptoms ~2 days. The infectious dose is esti-
mated to be low but lack of sensitive enumeration meth-
ods has prevented more exact determination (186).
Recently, oysters with �1000 virions each were shown
by a most-probable-number-reverse-transcriptase-PCR
approach to cause an outbreak (189). HAV causes infec-
tious hepatitis with jaundice (yellow coloring of skin and
eyes), fever, headace, nausea, malaise/vomiting, diarrhoea
and abdominal pian. The disease is occasionally fatal. The
incubation period is 2–6 weeks and symptoms can last 2
months (186). Both NLV and HAV contain RNA genomes
and a protein cover (capsid).

Viruses, in contrast to bacteria, cannot be cultured in
simple laboratory media and NLV and HAV from seafood
cannot even grow in cell cultures. In faeces, where high
concentrations are precent, virus can be detected by elec-
tron microscopy and immunoassays, but the detection
limit of these techniques is too high for enumeration of
NLV and HAV in seafood. Lack of sensitive methods for
detection and enumeration have greatly limited our under-
standing of the occurrence and ecology of viruses in
seafoods. However, application of molecular methods
including various PCR approaches is now changing this
situation (186, 190–192). Further developments, particu-
larly of sensitive and quantitative PCR-based methods,
must be expected in the near future although the genetic
variability of NLV and the specific detection of active
viruses that cause disease represent challenges.
Difficulties with virus detection are reasons why both
U.S. and EU use legislative standards for live shellfish
that rely on enumeration of faecal coliforms or
Escherichia coli. In fact, numerous studies have found
poor correlation between contamination of shellfish with
virus and the coliform indicators of faecal contamination
and there is a need for updated standards (186, 191). 

To control the presence of human enteric viruses in
seafood several options are available. Preventing harvest in
contaminated waters is an obvious but not always easy solu-
tion. If, e.g., a shellfish harvesting area is contaminated by
sewage after heavy rainfall, the virus can remain for a long
time in seawater. The decimal reduction time of HAV is 671
days at 4°C and 25 days at 25°C (193). However, overboard
disposal of faeces by personnel working in a shellfish har-
vesting area caused an outbreak of NLV disease. This type
of contamination should be easy to prevent (186).
Depuration of shellfish by circulation of non-contaminated
water for 1–7 days is common and can reduce virus con-
centrations in the animals but faecal coliforms are

eliminated more rapidly and virus removal may require
weeks (186, 194). To prevent virus contamination during
seafood processing it is important that NLV is shed by a per-
son two days after onset disease whereas HAV is shed in
faeces ~2 weeks prior to symptoms and 1–2 weeks after of
the disease. In appropriate periods after NLV, and HAV-
related disease, seafood industry personnel should not han-
dle products. 

RNA has limited stability but viruses seem relatively
resistant in seafood although the resistance of pathogenic
strains in the low concentrations actually found in seafood
merits further study. 90°C during 1.5 min has been rec-
ommended for inactivation of virus in seafood (186).
High-pressure processing of oysters at 250–300 MPa may
reduce levels of NLV but will probably have little effect
on HAV (195).

V. CONCLUDING REMARKS

Many aspects of the microbiology of marine muscle foods
have been extensively studied and the information obtained
has been valuable in the management of product quality and
safety. However, occurrence of microbial seafood spoilage
and seafood-borne disease remains unacceptably high and
further research is needed to improve this situation. 

The development and distribution of antibiotic-resistant
microorganisms in aquatic animals and seafood needs fur-
ther study. Concerning SSOs, research is particularly needed
for lightly/semi-preserved and fermented seafoods where
combinations of several preserving parameters influence
microbial growth and activity. It is also relevant to evaluate
spoilage caused by mixed groups of microorganisms
(metabiosis) and to evaluate how information about SSOs
can be used to determine, predict and extend the shelf-life of
lightly and semi-preserved seafoods. As a part of this work
development of sensitive, specific and rapid methods to
detect SSOs is relevant and it seems appropriate to evaluate
quantitative PCR approaches. Concerning seafood-borne
disease, more precise information is needed to understand
the occurrence and inactivation of viruses in seafood. The
importance of psychrotolerant histamine-producing
microorganisms is not yet completely understood. Finally,
improved methods to control the growth of L. monocyto-
genes in lightly preserved seafoods are required. 
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I. INTRODUCTION

Microbial analysis of foods is important in food safety
control. It can be done for many reasons (legislation, trend

analysis, outbreak analysis, etc.) and by many participants
(governmental agencies, food processors, etc.) (1). An
overview of the various categories of microbial testing is
given in Table 54.1. 



The major incentive for testing is legislation. Microbial
analyses of end-products are specified and mandatory for
specific food categories, especially for foods of animal ori-
gin. End-product testing is performed by control authorities
to check whether a batch of food meets the legal require-
ments for such food. Although the limitations of end-prod-
uct testing of foods at the port-of-entry or elsewhere in the
food chain to ensure microbiological safety was recognized,
numerous end-product testing is still widely performed.
However, the overall framework for microbiological testing
and interpretation of results is slowly changing. End-prod-
uct testing has shifted to a system where the focus is verifi-
cation of preventive approaches based on the use of good
manufacturing practices (GMP) in combination with the
Hazard Analysis Critical Control Points (HACCP) systems
as more reliable means of assuring product safety in the
modern food industry (2). In contrast to original expecta-
tions, introduction of HACCP did not lead to a reduction of
the number of microbial analyses performed. Effective
implementation of HACCP requires knowledge on the inci-
dence of pathogenic bacteria in foods, and the organism’s
response to conditions in foods. Microbial testing programs
have been elaborated by manufacturers to acquire in-house
knowledge on the prevalence, persistence and behavior of
pathogens in a specific food commodity/production site. In
addition, the microbiological analysis of ingredients, half-
fabricates and end-products as well as of environmental
samples are often part of the monitoring program. Although
microbiological analyses included in legislation are espe-
cially directed towards investigation of pathogenic bacteria
and/or indicator organisms, microbial testing of foods is not
restricted to these groups of microorganisms. Microbial
analysis is an economically relevant parameter. Many food
commodities have a limited shelf life because of microbial
proliferation during storage. Microbial analysis to deter-
mine the composition and the level of the initial microbial
flora is essential to predict typical spoilage patterns and to
monitor shelf life in foods. 

The present chapter will give an overview of the prob-
lems associated with microbial food testing, the classical
culture-based methodology available for enumeration,
detection and identification of food- and water-borne
microorganisms, the microbial parameters under consid-
eration for microbial testing and the conventional applied
methodology. For discussion of rapid analysis techniques
in food microbiology, the reader is referred to Chapter 55
of this handbook.

II. PROBLEMS ASSOCIATED WITH FOOD
ANALYSIS

A. SAMPLING PLANS

The quality and safety of a food product cannot be guar-
anteed by end-product control. While acceptance or rejec-
tion of a food is ideally decided by inspection of 100% of
the items of a lot, this is too laborious, time-consuming,
costly and destroys the lot. Testing of representative sam-
ples has to be undertaken instead. When a batch of food is
composed from separate units, a selection of units has to
be taken from this lot at random. The sample units so
drawn will, after examination, yield results which are com-
pared with defined criteria to reach a decision as to
whether the entire lot should be accepted or rejected. The
particular choice of sampling procedure and the decision
criteria is called the ‘sampling plan.’ A sampling plan
states the number of units required to be randomly col-
lected from a lot and lists the acceptance and rejection cri-
teria. As an example, consider that a lot N � 1000 units is
to be analyzed for coliforms per gram and a unit is to be
called defective if it has �100 coliforms per gram (rejec-
tion criterion) and to be called acceptable or nondefective
if it has � 100 coliforms per gram (acceptance criterion).
A sampling plan is necessary to define the number of units
(n) to sample where the number of defectives (c) equals
zero. A sampling plan of n � 30 and c � 0 may be chosen,
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TABLE 54.1
Microbial Testing in Food Microbiology

Categories of Microbial Testing Definition User/Purpose

Acceptance/rejection Testing for presence/absence of pathogens in defined amount of sample or determination of International 
testing plate counts of indicator organisms based on agreed specifications and sampling plans (3) trade

End product testing To document that a batch of food meets legal or internal quality standards Food producer
Trend analysis Accumulate data to measure changes in the product rather than in the batch, to verify Food producer

that the application of HACCP keeps the process under control
Statutory testing To control whether a batch of food meets the legal requirements; duplicate samples Control 

are made available for independent analysis by the food producer/outlet authorities
Investigative sampling To determine the source of contamination of a product by pathogens or spoilage organisms Food producer
Outbreak analysis To determine the food which could have caused a problem of food-borne illness Control authorities
Environmental and To determine the hygienic status of the food plant: swabs or scrapings and Food producer

hygiene monitoring agar contact plates from food production infrastructure and equipment



however, unless all units are sampled there is always a
probability that a ‘bad’ lot, when offered, will be falsely
accepted (consumer’s risk). For each sampling plan (defi-
nition of n and c) the probability of lot acceptance in rela-
tion to lot quality (usually expressed as percent defective
units) can be calculated. Using the above mentioned sam-
pling plan (n � 30, c � 0) the chance (consumer’s risk) of
accepting a lot with one defective unit out of 40 will be
about 50%. With regard to food-borne pathogens, large
numbers of samples must be found free of target organisms
before any significance can be attached to negative results.
No feasible sampling plan can ensure complete absence of
a particular organism, e.g., if 60 samples were taken and
analyzed there is still one chance in two of being accepted
for lots in which 1% of the sample units carry a pathogen.
Moreover, the above calculation is based on the assumption
that the organisms sought are homogenously distributed in
the food. In the vast majority of foods, microorganisms are
randomly distributed. This makes clear that end-product
control alone cannot control the production process but can
only help in verification of the good functioning of the pre-
ventive modern quality assurance systems, including
HACCP. For more information on specific proposals for
sampling and sampling plans the reader is referred to the
ICMSF publication (3) or to the website www.dfst.csiro.
au/icmsf/publications.htm.

B. DYNAMIC BIOLOGICAL POPULATION

Microbial populations of foods have a dynamic character.
Often there is an increase or decrease in numbers of viable
cells during processing, storage and distribution. The out-
come of a microbiological analysis or a typing method
reflects the microbial quality of the food or the type of
pathogen present at that particular time of sampling. The
microbial condition of the product should not change dur-
ing sampling. Appropriate measures should be taken to
prevent any contamination of the sample units and any
microbial growth or death within the sample units during
collection, transport to the laboratory and subsequent stor-
age and handling of the samples. Sampling should be per-
formed in an aseptic way using clean, dry, sterile
materials. Microbiologically unstable products should be
transported and stored at a temperature below 4°C and, in
general, the period between sampling and analysis should
not exceed six hours. Specific rules for the preparation of
test samples are to be found in the ISO 6887 series.

C. SUB-LETHAL DAMAGE AND THE RESUSCITATION

OF DAMAGED POPULATIONS

Microorganisms occurring in foods are frequently impaired
by sub-lethal injury as a result of having been exposed to
adverse conditions. This may be due to processing by mild
heat treatment or non-thermal inactivation methods.

Exposure to adverse intrinsic conditions including low aw

and pH, or to extrinsic factors such as low temperature, oxi-
dizing agents and modified atmospheres may also lead to
sub-lethal injury. Such cells may pose problems of detec-
tion because they fail to grow on selective media. An
increased lag phase duration in injured cells and difficulty
in isolating especially low numbers of stressed cells have
been demonstrated (4, 5). However, these sub-lethally
injured organisms may be capable of repair in certain food
products and may possess the potential for pathogenicity,
thus posing a potential public health risk. New improved
protocols have been proposed for recovery of injured cells.
For enumeration procedures some authors have included a
resuscitation step on a solid non-selective medium for a few
hours, plates being then overlaid with selective agar. For
detection procedures, enrichment broths differed signifi-
cantly in the ability to detect injured cells. The addition of
various components to the media, including sugars, yeast
extracts, egg yolk, salt, osmoprotectants, cations, reducing
agents and antioxidant enzymes (6), may aid in the recov-
ery of sub-lethally damaged cells. 

However, one of the main problems remains the
dilemma of promoting resuscitation of injured cells whilst
avoiding overgrowth by the competitive microflora. In
microbiological food control laboratories the use of suffi-
ciently selective media may even be necessary and give
better recovery results when food contains high levels of
competing background flora.

D. THE NEED FOR HIGHLY SELECTIVE PROCEDURES

Raw food products harvested or processed under GMP and
under applications of well-functioning quality assurance
systems such as HACCP are in general of good microbial
quality calling for methods allowing assessment of levels of
the order of 100 per gram for indicator organisms to
104–106 per gram for total viable count depending upon the
type of product. Several food-borne pathogens are highly
infective and often low numbers of pathogens (0.1–10 cfu
per g) are present in a ratio of 10-4 amongst physiologically
similar organisms. These low numbers may not go unde-
tected in these foods. An example is the enforcement of
detection of one to ten colony forming units (cfu) of sal-
monellae amongst some 104–105 other Enterobacteriaceae.
The detection of low numbers of pathogens amongst high
numbers of background flora demands highly selective
enrichment and isolation procedures. If the presence of
injured cells is suspected prior incubation under non- or
less selective conditions may be necessary. 

III. MICROBIOLOGICAL BASIC
ENUMERATION TECHNIQUES

For more information on basic microbial techniques and
modifications thereof the reader is referred to the
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Compendium of Methods for the Microbiological
Examination of Foods published by the American Public
Health Association (7).

A. THE COLONY COUNT METHOD

In the colony count method the total number of bacteria in
a product is determined by inoculating dilutions of suspen-
sions of the sample onto the surface of a growth medium
that has been solidified by agar-agar (spread-plate method)
or by mixing the test portion with the liquefied agar
medium in Petri dishes (pour plate method). Enumeration
is performed after incubation for fixed periods at tempera-
tures varying from 7 to 55°C in an aerobic, microaerophilic
or anaerobic atmosphere. During incubation each individ-
ual cell will multiply into a colony that is visible to the
naked eye. If several cells are physically connected (e.g., by
adsorption to a particle of suspended matter) this will also
result in one colony. The result of the viable count tech-
nique is therefore expressed as the number of cfu per unit
volume. Appropriate dilutions of the food samples should
have been made in order to enable counts reported from
plates in the range of 25–250 colonies for pour plates and
15–150 colonies for spread plates. The principle of micro-
bial enumeration by the conventional culture-based method
is illustrated in Figure 54.1.

B. CULTURE MEDIA

The culture medium used to cultivate microorganisms
contains all necessary components for the growth of the
microorganisms. Each medium consists of the following
components: water, nitrogen compounds (peptones,
amino-acids, etc), an energy source (carbohydrates, pro-
teins, anorganic salts) and sometimes additional growth
factors (yeast extract, vitamins, etc.) for nutritionally
demanding microorganisms.

By addition or removal of certain components 
a medium can be made selective. Selective compounds 

frequently employed in culture media are antibiotics,
chemicals (bile salts, azide, selenite, tellurite) and dyes
(brilliant green, crystal violet) (Table 54.2). In addition
certain extrinsic factors, e.g., increase or decrease of tem-
perature or changes in redox potential can often be used to
enhance the selectivity (8). 

Designing adequate selectivity into a medium
becomes more difficult as the proportion of interfering
organisms increases and almost impossible when the back-
ground association is more robust than the organisms to be
counted or detected. Shigellae, for example, are easily
overgrown by other bacteria present in the food. Many of
the enterococci are also resistant to many inhibitors used in
selective culture media and may pose a seriously interfer-
ing background flora. It is often necessary, therefore, to
use so-called diagnostic or elective media. Using these, the
organisms sought can be distinguished from the back-
ground flora on the basis of a specific metabolic activity,
e.g., dissimilation of lactose visualized by the incorpora-
tion of a pH indicator monitoring acid production, dissim-
ilation of aesculine to aesculitin, iron salts which result in
a black precipitate upon production of H2S by the target
organism from a sulphate-containing substrate. For more
information on the composition of culture media and their
selective and diagnostic agents the reader is referred to the
catalogues of the suppliers of these media. 

1. Semi-Solid Media

Semi-solid media are media which differentiate microor-
ganisms on the basis of their motility. Due to the low inci-
dence of non-motile Salmonella strains, the use of
motility enrichment has been found effective for rapid
detection and isolation of Salmonella (9). As a combined
enrichment-isolation medium for Salmonella, modified
semi-solid Rappaport-Vassiliadis (MSRV) medium com-
pares favorably with standard protocol using RV broth
followed by isolation on a selective agar and gives results
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one day earlier. Diagnostic semi-solid (DIASALM) agar
uses a saccharose/bromocresol purple indicator to observe
migrating salmonellae as a pink zone within a green
medium. Addition of nitrofurantoin to DIASALM agar
favors the isolation of Salmonella Enteritidis from poultry
samples. In a typical application, three drops of pre-
enriched BPW are inoculated in one spot into the center
of a semi-solid medium. After incubation, plates are
examined for a motility zone. A loopful of the motile zone
which is the farthest from the sample inoculum is subse-
quently subcultured and confirmed as Salmonella. 

2. Chromogenic and Fluorogenic Media

Chromogenic and fluorogenic media are culture media
which have the ability to detect the presence of a specific
exclusive enzyme using suitable substrates, a fluorogenic
or chromogenic enzyme substrate. The introduction of
these media has led to development of improved methods
for the identification of microorganisms even in primary
isolation media.

Chromogenic and fluorogenic media are well estab-
lished for detection of indicator organisms but have
recently also been accepted in standard methods for detec-
tion of food-borne pathogens such as Escherichia coli
O157:H7 and Listeria monocytogenes.

The definition of coliforms is the possession of the 
β-D-galactosidase gene which is responsible for the cleav-
age of lactose into glucose and galactose by the enzyme
β-D-galactosidase. The determination of β-D-galactosi-
dase can be accomplished by using the chromogenic sub-
strates o-nitrophenyl-β-D-galactopyranoside (ONPG),
6-bromo-3-indolyl-β-galactopyranoside (Salmon-Gal),
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside
(X-Gal). The β-D-galactosidase cleaves the chromogenic
substrate and the released chromophore causes distinct and

easy-to-read colored colonies, respectively, yellow, red and
blue colonies for ONPG, Salmon-Gal and X-Gal. 

The new generation of media use β-D-glucuronidase
(GUD) as an indicator for E. coli. GUD activity is meas-
ured by using different chromogenic and fluorogenic sub-
strates such as p-nitrophenyl-β-D-glucuronide rendering
yellow colonies or 5-bromo-4-chloro-3-indolyl-β-D-glu-
curonide (X-Gluc or BCIG) rendering blue colonies.
TBX agar is a modification of Tryptone Bile agar to
which the substrate BCIG is added. TBX agar complies
with the ISO standard 16649 for the enumeration of E.
coli in food and animal feeding stuffs. The fluorogenic
substrate 4-methylumbelliferyl-β-D-glucuronide (MUG)
has been incorporated into various liquid media for most
probable number detection of E. coli. MUG is hydrolyzed
by GUD yielding 4-MU, which shows blue fluorescence
when irradiated with long-wave UV-light (366 nm).

Commercially available media have been developed
which permit rapid simultaneous enumeration of E. coli
and coliforms in water and foods by their distinctive
coloration. These media contain a variety of enzyme
substrates for detection of β-D-galactosidase (presence
of coliforms) and β-D-glucuronidase (presence of E. coli).

For more information on the development in chro-
mogenic and fluorogenic media the reader is referred to
Ref. 10.

C. MODIFICATIONS OF THE COLONY COUNT

METHOD

Modifications to the format of colony count techniques
have been introduced in order to decrease the detection
limit (membrane filtration, most probable number
method), to decrease the workload (PetrifilmTM, spiral
plate method) or to monitor environmental contamination
(surface contact methods).
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TABLE 54.2
Review of Selective Agents used in Selective Culture Media

Category of Example of Application in Culture 
Selective Agent Examples Inhibitory Towards Media (Microbial Parameter)

Dyes Brilliant green Gram-positives Brilliant green agar (Salmonella)
Crystal violet Gram-positives Violet red bile glucose agar (Enterobacteriaceae)

Surface active agents Bile salts Non-enteros Violet red bile glucose agar (Enterobacteriaceae)
Tergitol-7 Gram-positives Tergitol-7 agar (coliforms)

Inorganic salts Potassium tellurite Gram-negatives Baird-Parker agar (Staphylococcus aureus)
Lithium chloride Enterococci (demi)-Fraser broth, Oxford agar (Listeria monocytogenes)

Antibiotics Acriflavine Gram positive cocci (demi)-Fraser broth, PALCAM agar (Listeria monocytogenes)
Cycloserine Broad spectrum TSC (Clostridium perfringens)
Novobiocin Gram positives DIASALM, MSRV (Salmonella)
Oxytetracycline Broad spectrum OGY (yeast and molds)
Polymyxin Gram negatives MYP (Bacillus cereus)
Ticarcilline Broad spectrum ITC (Yersinia enterocolitica)

Anti-fungal agents Cycloheximide Moulds Preston broth, Karmali agar (Campylobacter)
Amphotericin Moulds Bolton broth, mCCDA (Campylobacter)



1. Membrane Filter Method

For liquid foods, the membrane filtration method enables
testing of large volumes by passing them through a bacte-
riological membrane filter (usually of 0.45 µm pore size)
and placing the filter on the growth medium. The method
is especially useful for samples that contain low numbers
of bacteria. Membrane filtration is the basis of the stan-
dard methods for indicator organisms in water analysis.

2. Most Probable Number (MPN) Methods

In this method dilutions of food samples are prepared as for
the plate count method. Three serial aliquots or dilutions are
then transferred into 9 or 15 tubes of appropriate medium
for the three- or five-tube method, respectively. Specific
groups of organisms can be determined by use of appropri-
ate selective and differential media. After incubation, the
number of positive tubes for each dilution is counted. To
confirm the growth in questionable tubes, a loopful of the
medium from the tube is transferred to an appropriate cul-
ture medium and incubated. On the basis of the number of
positive tubes for each dilution a MPN in the original sam-
ple is determined by use of standard MPN tables and taking
into account the dilution factor. The method was introduced
by McGrady in 1915. It is statistical in nature. Unlike the
viable count, the MPN does not provide a direct measure of
the bacterial count. In addition, the MPN is more variable
than the viable count and tends to yield a higher result.
Nevertheless, it produces estimates of bacterial concentra-
tions that are below the detectability of most current direct
measurement microbiological methods. MPN methods are
often the method of choice for detection of low numbers of
indicator organisms or pathogens in foods (11).

3. Hydrophobic Grid Membrane Filter (HGMF)

The HGMF can be used to enumerate all or specific
microorganisms from a variety of foods. The method
employs a specially constructed filter that consists of
1,600 wax grids on a single membrane filter that restricts
growth and colony size to individual grids. On one filter,
from 10 to 9�104 cfu can be enumerated by an MPN pro-
cedure, and enumeration can be automated. The proce-
dure consists of pre-filtering homogenized food samples,
which traps food particles larger than 5 µm. The sample
is then filtered through the membrane followed by plac-
ing the filter on a suitable agar medium for incubation, to
allow colonies to develop. The grids that contain colonies
are enumerated and the MPN is calculated. The method
has been given AOAC approval for total coliforms, faecal
coliforms, salmonellae and yeast and molds (12, 13). 

4. Petrifilm Plate Method

An alternative to plating to agar-agar media in Petri dishes
is the PetrifilmTM plate method (3M). The PetrifilmTM plate

count consists of two plastic films. The bottom film is
coated with adhesive, powdered standard methods nutri-
ents, and a dehydrated cold water-soluble gelling agent.
The upper film is permeable and fosters oxygen diffusion,
although it retains gas formed by, e.g., coliforms during lac-
tose fermentation. An indicator dye, triphenyltetrazolium
chloride (TTC), is included. The major advantage of
PetrifilmTM is that colony counts can be taken on these
small and sample-ready PetrifilmTM plates, without the
need for the preparation of culture media. The indicator
stains the colonies red and facilitates counting. The
PetrifilmTM plate occupies small volume for storage, incu-
bation and disposal and is a user-friendly method to control
the microbiological quality of foods (14). The PetrifilmTM

plate Aerobic Count method for the enumeration of aerobic
bacteria in foods and dairy products has regulatory
approval, certification or official recognition in a number of
countries. PetrifilmTM products are also available for yeast
and mold counts, coliforms, Escherichia coli. 

5. Spiral Plate Method

Traditional colony count methods are laborious and do not
allow for efficient management of numerous samples. The
spiral plate method is a variation of an agar spread plate
method which automates the sample dilution and agar
inoculation steps and provides savings in time and effort.
A known volume of sample is dispensed onto a rotating
agar plate in an Archimedes spiral. The amount of sample
decreases as the spiral moves out toward the edge of the
plate. A modified counting grid, which relates the area of
the plate to sample volume, is used to count colonies on an
appropriate area of the plate and enables the colony count
for the sample to be calculated. The primary advantage of
this method is that one inoculation can enumerate bacter-
ial densities of, for example, 500–500,000 cfu/ml, depend-
ing on the manufacturer. Within that range no additional
dilutions are needed and thus savings on materials
(pipettes, Petri dishes) can be made. The biggest disadvan-
tage of the spiral plate method is the tendency of food par-
ticulates to plug the inoculation stylus. The small volume
of sample plated also limits the sensitivity of the method.
The spiral plate count is accepted for total enumeration by
the U.S. Food and Drug Administration and is an AOAC
International Official Method for food testing. The spiral
plate method has also been used to test milk samples (15).

6. Surface Contact Methods

An environmental monitoring program may be neces-
sary to assess the microbial contamination of the pro-
cessing equipment and the plant itself (16) and to verify
the effectiveness of cleaning and disinfection cycles.
Swab procedures and replicate organism direct agar con-
tact (RODAC) plates are the methods of choice for sam-
pling of surfaces (17). 
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Swab techniques should be used for flexible, uneven
and potentially heavily contaminated surfaces on equip-
ment and utensils. The swab will be more effective than
the RODAC plate in recovering organisms from these
sites. The swab methods use either cotton or calcium algi-
nate swabs. If one wishes to examine given areas of sur-
faces, templates may be prepared. The sterile template is
placed over the surface, and the exposed area is rubbed
thoroughly with a moistened swab. The exposed swab is
returned to a test tube containing a suitable diluent and
stored under refrigeration until plated. Sponge swab pro-
cedures are useful for sampling large areas of food pro-
cessing equipment and environmental surfaces. 

The RODAC procedure should be used only on flat,
firm and nonporous surfaces that are relatively easy to
clean and disinfect. The RODAC method employs special
Petri plates which are poured with an appropriate plating
medium resulting in a raised agar surface. When the plate
is inverted, the solidified agar makes direct contact with
the surface. Plates are incubated under the appropriate
time and temperature regime for the microorganism in
question and enumerated. Samples taken from heavily
contaminated areas will result in overgrowth of the plates. 

IV. METHODS FOR IDENTIFICATION 
AND CHARACTERISATION OF FOOD
BORNE MICROORGANISMS

A. IDENTIFICATION BASED ON MORPHOLOGICAL,
PHYSIOLOGICAL AND BIOCHEMICAL

CHARACTERISTICS

Isolates obtained from a food product can be broadly cat-
egorized to a group depending on characteristics such as
Gram stain, colony characteristics (pigmentation, mucoid
colonies, swarming or pin-point), cell morphology (shape,
size, motility and flagellar patterns, endospore formation,
inclusion bodies), relation to oxygen (aerobic, faculta-
tively anaerobic, anaerobic, microaerophilic), catalase
activity, oxidase activity, ability to dissimilate glucose and
the type of metabolism (oxidative or fermentative). Most
often further identification is based on a number of diag-
nostic characteristics (18):

● Physiological features such as growth at differ-
ent temperatures, pH values, salt concentrations,
growth in the presence of various substances
such as antimicrobial agents 

● Biochemical features such as activity of various
enzymes, metabolism of carbohydrates

It is essential to start from a pure culture for identifi-
cation of an organism. Determination of phenotypic char-
acteristics is prone to experimental error. Rigorous
standardization of phenotypic methods is of the outmost

importance to obtain reproducible results. The results of
physiological and biochemical tests may vary depending
upon the size of the inoculum, the incubation temperature,
length of the incubation period, composition of the
medium and the criteria used to define a “positive” or
“negative” reaction. Therefore it is advisable to include
reference strains, available from culture collections for
comparison with, when using a phenotypic identification
scheme in order to check the performance of the test
under the conditions employed in one’s own laboratory. 

Several commercial identification kits have been devel-
oped to simplify and automate the identification of individ-
ual microorganisms, e.g., API galeries (bioMérieux,
Marcy-l’Etoile, France), Biolog microplates (Biolog Inc.,
Hayward, CA, U.S.A.), the BBL Crystal ID system (Becton
Dickinson, Meylan Cedex, France). In microbial analysis
of foods often a complete identification is not required but
only a confirmation of the suspected colony based on a
restricted number of typical characteristics which are easily
determinable and enable good differentiation between
competitive closely related strains. However, miniaturized
identification systems are increasingly used because the
saving in time (e.g., media preparation, ease of reading) is
significant and results are comparable to conventional tests.

B. IDENTIFICATION BASED ON CHEMOTAXONOMIC

AND GENETIC METHODS

Phenotypic testing is often insufficient for correct identi-
fication of species especially if the taxonomy of the
organism is complex, e.g., Bacillus spp., lactic acid bacte-
ria. Also the paucity of phenotypic characteristics, in par-
ticular bacterial groups, can cause problems for
identification, e.g., thermophilic campylobacters. 

Chemotaxonomy is the application of chemical and
physical techniques to elucidate the chemical composition
of whole bacterial cells or parts of cells (19). Amongst the
techniques, which can be applied for identification of these
difficult taxonomic groups, are comparisons of the fatty acid
methyl ester content (FAME) or comparison of the whole-
cell protein patterns obtained by highly standardized sodium
dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). These techniques are based on the comparison of
patterns/fingerprints with a database. FAME makes use of
the variability in chain length, double-bond position and
substituent groups of the cellular lipids and lipopolysaccha-
rides and has proven to be very useful for the characteriza-
tion of bacteria, e.g., Aeromonas species (20) and Bacillus
species (21). The comparison of SDS-PAGE profiles has
proven to be extremely reliable for comparing and grouping
large numbers of closely related strains, e.g., lactic acid bac-
teria and campylobacters (22, 23) SDS-PAGE yields dis-
criminative information at or below the species level.

The accumulation of bacterial DNA sequences and
the introduction of user-friendly PCR protocols provide

Microbial Analysis of Foods 54-7



the tools for the use of molecular techniques in bacterial
diagnostics. For a well-studied genus or species, genus or
species-specific primers from the 16 S rDNA sequence
may be selected to construct a PCR for identification pur-
poses with the advantage that it is feasible to examine
many strains and acquire a rapid reliable identification.
PCR assays are useful for correct identification of Listeria
monocytogenes (24) and thermotolerant Campylobacter
species (25). Ultimately, identification of strains may be
performed by partial or complete sequencing of the 16 S
rRNA gene using comparative sequence software and a
database. Strains sharing more than 97% of 16S rRNA
sequence homology belong to the same species. 

For more information on identification of bacteria
based on phenotypic and genetic characteristics the reader
is referred to Uyttendaele et al. (26).

C. TYPING OF FOOD-BORNE MICROORGANISMS

Discrimination of strains below the species level is per-
formed in academic and governmental research institutes
to assemble epidemiological data on the transmission
routes and distribution of food-borne pathogens (27).
Moreover, typing of food-borne pathogens is essential to
establish the role of a contaminated food as the responsi-
ble agent for a food-borne outbreak (28). Typing in
microorganisms may also assist in the identification of
critical control points of a food manufacturing process by
tracking down the sources of product contamination dur-
ing processing of the food in the manufacturing plant (29).

The relatedness of bacterial isolates may be determined
by testing for one or several phenotypic markers using meth-
ods such as serotyping, phage typing, biotyping, antibiotic
susceptibility testing, bacteriocin typing. These are still the
conventional methods for typing of the major food-borne
pathogens such as Salmonella, Escherichia coli 0157,
Listeria monocytogenes and thermotolerant campylobac-
ters. However, the analysis of DNA by molecular typing
methods offers advantages over traditional techniques. DNA
can always be extracted from bacteria, thus all bacteria
should be typeable. In addition, the discriminatory power of
DNA-based methods is greater than that of phenotypic
methods. These methods do not require specialized reagents
and can be readily performed in molecular biology labora-
tories (30). Several types of molecular typing techniques can
be distinguished: typing techniques based on chromosomal
restriction fragment length polymorphism such as PFGE
(pulsed field gel electrophoresis) and ribotyping, PCR
mediated typing techniques such as RAPD (random ampli-
fied polymorphic DNA) and typing techniques combining
restriction digestion with selective amplification such as
AFLP (amplified fragment length polymorphism). The var-
ious molecular typing techniques differ in their simplicity of
performance, their reproducibility and their resolution; the
latter are sometimes pathogen-dependent. The techniques,

which are characterized by their high reproducibility and
resolution, are largely also the most complex and laborious
ones (PFGE, AFLP). They also tend to be more expensive
(cost of reagents and specialized equipment). On the other
hand, RAPD is a rapid and simple technique with a good
discriminatory power (if a suitable RAPD primer is found)
but it often lacks reproducibility (inter- and intra-labora-
tory). Ribotyping is open to automation and reproducible
patterns with a reasonable number of fragments are obtained
but it is not as discriminatory as some of the newer molecu-
lar methods. 

For more information of molecular typing of food-
borne pathogens the reader is referred to Heyndrickx
et al. (31).

D. TOXIN DETECTION

Apart from establishing the presence of pathogens in
foods, it is of concern to determine whether bacterial tox-
ins are produced in the food or if the pathogen is a poten-
tial toxin-producing strain. The major food intoxications
are caused by Staphylococcus aureus, Bacillus cereus,
Clostridium perfringens and Clostridium botulinum. The
characteristics and detection of the major bacterial toxins
are reviewed in Table 54.3. The immunological methods
are still the method of preference for detection of the
enterotoxins of S. aureus, Cl. perfringens and B. cereus in
foods (Table 54.4) (32). The ELISA (enzyme-linked
immuno-sorbent assay) methods use a solid support to
which the antibodies are attached. The samples (which
may contain the toxin serving as an antigen) are put into
contact with the solid support and allowed to react with
the antibodies. After the reaction the samples are removed
and the plate or strip is washed. The enzyme-antibody
conjugate is added and allowed to react with the entero-
toxin-antibody complex. The plate or strip is again
washed before the substrate is added and subsequently the
colorimetric or chemiluminescent reaction is measured.
RPLA (Reversed Passive Latex Agglutination) tests are
also available. The RPLA technique involves the use of
sensitized (antiserum to enterotoxin-treated) latex beads
that are exposed to serial dilutions of the extracted entero-
toxin. The agglutination titer is determined after overnight
incubation. Enterotoxin controls and blanks are included
in the test kits. Some kits allow the identification of the
type of enterotoxin present, others are limited to demon-
stration of the presence of enterotoxin (without further
indicating the type). For the emetic toxin (cereulide) of
Bacillus cereus no immunological method is available (no
antigenic property assigned to the small cereulide mole-
cule). Cell cultures (33) or a boar spermatozoa test (cyto-
toxicity) are used to assess the presence of the enterotoxin
(34). As an alternative, animal assays may be applied. The
mouse lethality assay is still employed as the reference
method for botulinal toxins in foods. Immunological
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methods have been reported for the botulinal toxin but
seem to lack sensitivity in comparison to the mouse bioas-
say. PCR methods targeting the toxin genes have also
been developed. 

V. MICROBIAL PARAMETERS IN FOOD
ANALYSIS

The bacteriological examination of food products falls
into one or more of the following categories: total viable
count, indicator organisms, specific spoilage organisms,
functional flora and food-borne pathogens.

A. “TOTAL” BACTERIAL (COLONY) COUNT

The total bacterial count or, better, “colony count,” is an
attempt to measure the total number of viable microor-
ganisms present in a food sample as an indication of the
overall microbial quality of the food product. “Total” is
often associated with microscopic counts which also
include dead cells, whereas these procedures are actually
based on the assumption that each viable microbial cell
will form a visible, separate colony when mixed with an
agar and permitted to grow.

Since microorganisms in foods represent various pop-
ulations with many different growth requirements, the
optimum conditions for determining the total viable count
may vary from one food to another. The conventional aer-
obic plate count for examining frozen, chilled, precooked
or prepared foods uses pour plates of Plate Count Agar
(PCA) and incubates plates for 72 h at 30°C (35) or 48 h
at 35°C (36). For analysis of milk and milk products PCA
can be supplemented with milk powder in order to favor
growth of nutritional fastidious organisms such as lactic
acid bacteria. Generally, the lactic acid bacteria show
delayed growth and smaller colony size (pin point
colonies) in normal PCA. On the other hand, when high
numbers of a functional flora are expected, as is the case
in fermented foods, a nutritional poor agar medium such
as peptone agar may be used to suppress the growth of this
competing functional flora. 

For the determination of the colony count of ther-
mophilic and mesophilic bacteria in, for example, canned
food, Dextrose Tryptone agar is recommended incubated
respectively, for 48 h at 55°C and 72 h at 30°C. Flat sour
bacteria (e.g., Bacillus stearothermophilus) which are
important spoilers in these types of product are on this
agar medium typically surrounded by a yellow zone
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TABLE 54.4
Present Status of ISO Standards for Indicator Organisms in Food and Animal Feeding Stuffs and Water

ISO Standard Product Group Title

DIS 21528-1:2003 Horizontal Detection and enumeration of Enterobacteriaceae – Part 1: most probable number technique with 
pre-enrichment

DIS 21528-2:2003 Horizontal Detection and enumeration of Enterobacteriaceae – Part 2: colony-count method 
5552:1998 Meat (products) Detection and enumeration of Enterobacteriaceae without resuscitation – most probable number 

technique and colony-count technique
7402:1993 Horizontal Enumeration of Enterobacteriaceae without resuscitation – most probable number technique and 

colony-count technique
8523:1991 Horizontal Detection of Enterobacteriaceae with pre-enrichment
4831:1991 Horizontal Enumeration of coliforms – most probable number technique
4832:1991 Horizontal Enumeration of coliforms – colony count technique
5541-1:1986 Milk (products) Enumeration of coliforms – colony count technique at 30°C
5541-2:1986 Milk (products) Enumeration of coliforms – most probable number technique at 30°C
9308-1:2000 Water Detection and enumeration of Escherichia coli and bacteria of the coli- group – Part 1:

membrane filtration
16649-1:2001 Horizontal Enumeration of β-D glucuronidase-positive Escherichia coli – Part 1: colony count at 44°C 

by membrane filtration 
16649-2:2001 Horizontal Enumeration of β-D glucuronidase-positive Escherichia coli – Part 2: colony count technique at 44°C
CD16649-3:2001 Horizontal Enumeration of β-D glucuronidase-positive Escherichia coli – Part 3: most probable number technique
6391:1997 Meat (products) Enumeration of Escherichia coli – colony count technique at 44°C using membranes
11866-1:1997 Milk (products) Enumeration of presumptive Escherichia coli – Part 1: most probable number technique
11866-2:1997 Milk (products) Enumeration of presumptive Escherichia coli – Part 2: most probable number technique using 

4-methylumbelliferyl-β-D-glucuronide (MUG)
11866-3:1997 Milk (products) Enumeration of presumptive Escherichia coli – Part 3: colony-count technique at 44°C 

using membranes
DIS 7251:2002 Horizontal Enumeration of presumptive Escherichia coli – most probable number technique
7899-2:2000 Water Detection and enumeration of enterococci – Part 2: membrane filtration

Modified from de Boer (7).



because of acid production in contrast to the purple
medium (pH indicator is bromocresol purple) (7). 

For enumeration of psychrotrophs, the predominant
spoilage flora of refrigerated minimal processed foods,
incubation for 10 days at 7°C for pour plates has been
described. Incubation conditions using shorter times at
higher temperatures have included 25 h at 21°C for raw
and pasteurized milk using Plate Count Milk agar. Under
the assumption that most psychrotrophs are Gram-nega-
tive bacteria, a selective medium was recommended that
contains crystal violet and triphenyl tetrazolium chloride
and is incubated for 5 days at 22°C (7). 

Aerobic plate counts of water uses pour plates with
Yeast Extract agar incubated either for 48 h at 37°C or for
72 h at 22°C (37). 

Anaerobic plate count methods use a medium to favor
growth of anaerobic organisms. Although thioglycollate is
widely used in anaerobic media to lower the redox poten-
tial, it has been reported to be inhibitory to some anaer-
obes. Shaedler anaerobe agar contains cysteine
hydrochloride and glucose as reducing substances and has
been shown to successfully recover obligate anaerobes
under anaerobic incubation (38). 

The mesophilic bacterial spore count is determined by
previously heating the primary suspension for 10 minutes at
80°C in order to eliminate vegetative cells and subsequently
plating on, respectively, PCA (39) and Reinforced
Clostridial Agar with incubation under, respectively, aerobic
and anaerobic conditions for 48 h at 37°C for the aerobic
and anaerobic spore count. A heat treatment for 30 minutes
at 100°C is applied before plating and incubation at 55°C for
48 h to determine the thermophilic bacterial spore count (7). 

There is no single set of conditions that will allow
growth of the whole spectrum of microorganisms present
in a natural sample. Nevertheless, in all of the above-men-
tioned methods, the selectivity is unintentional and merely
a consequence of the choice of time, temperature, atmos-
phere or nutritional composition of the medium. They all
aim to maximize the number of bacteria that may be
found in a food product. However, once a procedure for a
given food is determined, it should be respected and can
be very useful for routine microbial analysis of the food.

B. INDICATOR ORGANISM COUNT

Specific organisms are sought indicating the standard of
hygiene used in the manufacture, storage and handling of
the food products. The presence of indicator organisms in
given numbers points to failure to comply with appropri-
ate GMP. 

The use of Enterobacteriaceae as indicator organisms
has gained acceptance now in several countries. In the mon-
itoring of foods processed for safety, e.g., by heat or by a
chemical process like chlorination, Enterobacteriaceae are
the indicators of choice since all member of the

Enterobacteriaceae are known to be eliminated by these
treatments. In the case of milk and dairy products, because
of the selection of lactose-positive types by the high levels
of lactose in the environment, the coli-aerogenes group or
coliform bacteria have been used successfully for safe-
guarding pasteurized products. However, taxonomically, the
coliform bacteria are a rather ill-defined group. In general,
all Gram-negative bacteria capable of growing on bile salts-
containing media, and which produce acid from lactose, are
included in the coliform count. In addition, coliforms are not
a good indicator in foods where lactose-negative bacteria
dominate the microbial ecology of a food.

The entire group of Enterobacteriaceae is of limited
use in the examination of foods that have been possibly
involved in outbreaks of disease: tests for properly selected
pathogens are required here. There is also very limited
scope for using the complete taxon of Enterobacteriaceae
as an indicator of faecal contamination as not all genera of
the Enterobacteriaceae are of faecal origin. The use of an
Enterobacteriaceae test on a large number of samples offers
considerable advantages for trend analysis in assessment of
the overall hygiene during food processing, however, only
on the day of production. When raw meats and poultry
or vegetables are examined for Enterobacteriaceae 
in the frame of hygiene monitoring at sampling times dur-
ing the shelf life, the psychrotrophic types (which grow
during refrigerated storage of these products) should not be
included in these counts. An alternative approach is 
to rely on the thermotrophic population fraction of the
Enterobacteriaceae also referred to as the ‘faecal coliform’
group. However, the ‘faecal coliform’ group is ill-defined
as the coliform bacteria having the ability to grow at 44°C
and include coliform bacteria which are not of faecal ori-
gin and therefore this is also not an absolute marker of fae-
cal contamination. To demonstrate that faecal pollution in
a food may have occurred, Escherichia coli should be used
as the marker organism. It is a well-defined taxonomic unit
and ecological investigations have substantiated that E. coli
originates from the intestinal tract of man and warm-
blooded animals. 

The Enterococcus group (formerly Lancefield-Group
D Streptococci) can be used as an enteric marker organ-
ism in specific situations. All streptococci of this group
occur in faecal niches. Nevertheless, enterococci possess
a high extra-enteric resistance whereas E. coli declines
quite rapidly in some non-enteric environments, particu-
larly under conditions of reduced aw. Streptococci are use-
ful marker organisms in certain foods (dry foods, cooked
foods) to demonstrate the elimination of the more resist-
ant pathogens (e.g., Listeria monocytogenes), an assur-
ance which cannot be provided by the absence of the more
fragile Enterobacteriaceae. 

Test methods for indicator organisms are also of the
utmost importance in water quality assessment. Under
European legislation, treated waters should contain (per
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100 ml) no coliforms, no faecal coliforms/ E. coli and no
enterococci. For more information on the use of indicator
organisms the reader is referred to Mossel et al. (40). 

Violet red bile glucose agar for Enterobacteriaceae and
violet red bile lactose agar for coliforms have been widely
used in the last 20–30 years for counting and isolating
Enterobacteriaceae and coliforms. Enterobacteriaceae and
coliforms are determined by incubation at 37°C, faecal col-
iforms by incubation at 44°C. In fact no new developments
in solid media for these bacteria have appeared recently
(Table 54.4). Standardized methods for detection and enu-
meration of E. coli comprise a MPN technique, a membrane
filtration method and a direct plate count (Table 54.4). The
MPN technique comprises, using lauryl sulphate tryptose
broth incubated at 37°C and isolation on a chromogenic
medium, namely tryptone bile agar with X-glucuronide agar
(TBX-agar), and a substrate for β-D-glucuronidase (GUD)
and incubated at 44°C. The membrane filtration procedure
uses cellulose membranes on minerals modified glutamate
agar incubated for 4h at 37°C for resuscitation and subse-
quent transfer to TBX-agar and incubation at 44°C for enu-
meration. If high numbers are present, direct enumeration
on TBX agar incubated at 44°C can be performed. The
introduction of chromogenic media has enabled detection of
β-D glucuronidase-positive E. coli without the necessity of
colony confirmation steps. Over 95% of E. coli strains are
positive for GUD. The older methodology for detection of
E. coli relied on used lauryl sulphate trypose broth and sub-
sequent selective enrichment in EC broth (MPN technique)
or isolation on tryptone bile agar (membrane filtration
method) or violet red bile lactose agar (enumeration) incu-
bated at 44°C and subsequent confirmation of E. coli as the
only true faecal coliform by indole production from trypto-
phan at 44°C (41). 

Enterococci are enumerated on Slanetz and Bartley
agar medium incubated at 37°C for 24–48 h. Kanamycin
aesculin azide medium may be used as an alternative (42). 

C. DETECTION OF SPECIFIC SPOILAGE

ORGANISMS/FUNCTIONAL FLORA

Spoilage organisms are usually associated with taints and
off-flavours in stored products. They are the major factor in
determining the shelf-life of microbiological unstable food
products and are considered to be of more relevance than
total viable counts to indicate the microbial quality of the
product. For prediction of the shelf-life it is of interest to
focus microbial analysis on a selected fraction of the micro-
bial community that contributes to the spoilage of the food
defined as the specific spoilage group or organism. This
microflora is a function of the raw material flora, the pro-
cessing, preservation and storage conditions. For more
information of the spoilage flora associated with different
food products is referred to Chapter? The following micro-
bial parameters are often involved in microbial analyses of

foods in order to determine the shelf-life of a particular
food product: lactic acid bacteria, yeast and moulds,
osmophilic yeasts, lipolytic microorganisms, proteolytic
microorganisms, sulfide producing spoilers, thermoduric
flat sour bacteria, Pseudomonas species, Clostridium
tyrobutyricum, etc. However, this is not a restrictive list.

In contrast to provoking deterioration of the food
product, microorganisms (mainly lactic acid bacteria), are
sometimes added as deliberate starters or take part in the
fermentation processes as a result of their being natural
contaminants of the starting substrates. In addition, lactic
acid bacteria, predominantly Bifidobacterium spp. and
Lactobacillus acidophilus, are increasingly used in dairy
products as probiotic organisms. Microbial analyses may
be performed to determine whether the claimed starter of
probiotic cultures is, indeed, present in the quantities
claimed (43, 44).

Intentionally selective methods have been elaborated
to quantify this defined sub-set of the microbial popula-
tion. Media formulation for the important group of the
lactic acid bacteria and the yeasts and moulds is provided
beneath. For description of the culture media and incuba-
tion conditions of other spoilers used as an indication of
the microbial quality of foods the reader is referred to spe-
cialized literature. 

1. Lactic Acid Bacteria

The MRS formulation was developed by de Man, Rogosa
and Sharpe to encourage the growth of lactic acid bacte-
ria which includes species of the following genera:
Lactobacillus, Streptococcus, Pediococcus and Leuconos-
toc. The MRS medium is a complex medium with an acid
pH (6.2) and includes high concentrations of glucose and
the essential growth factors magnesium and manganese.
MRS supports rapid growth of the fastidious lactic acid
bacteria resulting in a rapid decrease in pH to 5.0 or less
because of the lactic acid production thus further enhancing
the selectivity of the medium. Growth of lactic acid bacte-
ria is considerably enhanced by micro-aerophilic condi-
tions. MRS is commonly incubated with an agar overlay for
72 h at 30°C. Selection for lactobacilli can be made by pH
adjustment. Acidified MRS to pH 5.4 with acetic acid is, for
example, used for enumeration of Lactobacillus bulgaricus
in yoghurt. Vancomycin and thallium acetate can be added
to enhance the selectivity towards Leuconostoc. Addition of
sorbic acid in combination with low pH inhibits growth of
competitive yeasts and moulds. However, upon addition a
compromise between the combinations and concentrations
of substances used has to be reached between selectivity
and productivity of the organism sought (38). 

2. Yeasts and Moulds

For determination of yeast and moulds several media are
available. In general, an antibacterial compound is added
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to the culture medium (oxytetracycline, chloramphenicol)
or pH of the medium is lowered (pH 5.7) although the lat-
ter approach also allows growth of acidophilic bacteria.
Dichloran or rose bengal may be added to inhibit spread-
ing and restrict the colony size (45). 

VI. DETECTION OF FOOD-BORNE
PATHOGENS

Food infection is caused by consumption of food contam-
inated with the etiological agent, in other words, the path-
ogenic microorganism. The pathogen develops in the
gastro-intestinal system, accompanied or not by toxin pro-
duction, causing food infection. Food infection can be
caused by low numbers of the pathogen. Low numbers can
be expected in foods that are correctly processed for safety
and not recontaminated or recolonised subsequently. Often
detection of single cell in 25 g is required. Virtually all
pathogens in foods are sub-lethally stressed. Therefore the
detection method of infectious agents encompasses four
subsequent steps (46):

● A resuscitation procedure or pre-enrichment
lasting between a few hours to overnight incuba-
tion in a non- or half-selective medium to enable
recovery and limited outgrowth (102–104 cfu/ml)
of the stressed target organism. Stressed cells are
often particularly susceptible to reactive oxygen
metabolites. Thus, anaerobic incubation or the
addition of free radical quenching agents may be
highly effective in resuscitation. Often incuba-
tion for a few hours at a more optimum reduced
temperature is applied before exposure to the
higher selective temperature of incubation (47). 

● A period of enrichment in a selective medium
to suppress the competitive flora and enabling
multiplication of the target organism to attain
detectable levels of the order 105–107/ml (48).

● Isolation of the pathogen on a selective differ-
ential agar medium. Selective agars are
streaked with a loopful of enrichment broth and
incubated under appropriate conditions. It must
be stressed that the ability to grow on specific
selective media does not mean that the organ-
ism growing is that for which the medium was
developed. Differentiation of typical colonies
must be regarded as presumptive and confirma-
tory tests are required.

● Purification of typical colonies and confirma-
tion using a number of morphological, bio-
chemical, and physiological tests. 

A few remarks should be made to this general procedure:

● Enrichment is applied where pathogenic micro-
organisms are present only in small numbers,

particularly if large numbers of competing
spoilage microorganisms are present. It is not
normally applied where the organism is a com-
mon contaminant of foods in low (and harm-
less) numbers, such as the bacterial food
intoxicants Bacillus cereus, Staphylococcus
aureus, and Clostridium perfringens. These
food borne pathogens are tolerated in the order
of 100 cfu/ml or g and only pose a health haz-
ard in numbers above 105 cfu/ml or g. In the lat-
ter case selective media are used for direct
plating without prior enrichment and enumera-
tions may be made.

● Although in many cases enrichment media are
used in conjunction with selective plating media,
they may be used to enumerate specific microor-
ganisms or groups of microorganisms using the
MPN technique. In such circumstances, it is nec-
essary to incorporate a diagnostic (differential)
reaction to distinguish the organism being enu-
merated from other microorganisms, which are
able to grow under the imposed conditions.
Examples are lactose fermentation in media for
‘coliforms’ and the ‘sulphide’ reaction in media
for clostridia. Further confirmatory tests are
required where reactions are positive. 

● The use of culture media with selective agents
and the incorporation of an elective system to
differentiate the target organism has been dis-
cussed above. Numerous selective media are
available for the isolation of specific food borne
pathogens, and development of media and mod-
ification of existing media is a continuous
process in microbial food analysis. The choice of
media should take into consideration factors
such as selectivity and sensitivity of the medium
as well as the ease of use. However, another
important factor is the type of food for analysis.
Food borne pathogens from specific foods may
be unusually sensitive to selective agents or
competing microorganisms from specific foods
may be unusually resistant to selective agents.
For example Listeria monocytogenes may be
sub-lethally stressed and selective agents in
enrichment media may interfere with the process
of repair in such cells. Consequently, the isola-
tion of stressed Listeria monocytogenes from
particular types of cheese benefit from a par-
tially non-selective pre-enrichment compared to
the completely selective pre-enrichment and
enrichment procedure conventionally used (49). 

An overview of the recommended procedure accord-
ing to ISO for detection of the most important pathogenic
bacteria implied in food analysis namely Salmonella spp.,
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Listeria monocytogenes, Campylobacter spp. and
Escherichia coli O157 is shown in Figure 54.2 (a–d). A
description of the selective media and recommended con-
firmation tests for detection of the food-borne intoxicating
Bacillus cereus, Staphylococcus aureus and Clostridium
perfringens is given in Table 54.5.

For more information on approved protocols for 
the detection of food-borne pathogens the reader is
referred to the different national and international standard
organizations.

VII. STANDARD METHODS, VALIDATION
OF METHODS AND QUALITY
ASSURANCE IN MICROBIOLOGY

Microbiological tests are important in governmental food
inspection to enforce legal regulations, in international trade
to determine compliance with a microbiological standard, in
commercial relationships between trade partners to control
on agreed microbiological specifications, in the food indus-
try to maintain quality control and process requirements, in
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Pre-enrichment
Test portion (25 g) + buffered peptone water  (225 ml)

Salmonella
detection

ISO 6579:2002

Selective enrichment
Culture, 0.1 ml + Rappaport Vassiliadis
medium with soya (RVS broth) (10 ml)

Culture, 1 ml + Muller-Kauffmann
tetrathionate novobiocin broth (MKTTn

broth) (10 ml)

24 ± 3 h at 41, 5°C 24 ± 3 h at 37°C

24 ± 3 h at 37°C

24 ± 3 h at 37°C

24 ± 3 h at 37°C

Selective plating medium
Plate on xylose lysine deoxycholate agar (XLD agar) and any other selective medium

Pick five presumptive salmonella colonies from each agar plate and inoculate on nutrient agar

Biochemical confirmation
Fermentation of glucose, lactose, sucrose and H2S production (TSI agar)

Urea hydrolysis, L-lysine decarboxylation, �-galactosidase reaction
Voges-Proskauer reaction and production of indole

Serological confirmation
Slide agglutinations-O, Vi, H antisera

18 ± 2 h at 37°C

Enrichment
Test portion (25 g) + modified tryptone soya broth containing 

novobiocin (mTSB+n)  (225 ml) prewarmed to 41.5°C

Immunomagnetic separation (1 ml of enrichment culture)

Selective plating medium
Subculture of the immunomagnetic particles with adhering bacteria (50 µl each) onto cefixime tellurite 

sorbitol MacConkey agar (CT-SMAC) and any other selective isolation agar

Pick five presumptive E. coli 0157 colonies (sorbitol-negative on CT-SMAC) from each agar 
plate and inoculate on nutrient agar

-Immunocapture in microcentrifuge tubes
-Separation in magnetic separator

-Wash several times with modified phosphate buffer
-Re-suspend magnetic particles finally in 100 µl

Biochemical and serological confirmation
Production of indole or commercially available identification kit

agglutination with E. coli 0157 antiserum 

Genetic characterisation (in reference laboratories)
Pathogenic markers (VT genes, eae-gene, hlyA gene)

6 h at 41.5°C and subsequently 
for a further 12-18 h at 41.5°C

18-24 h at 37°C

18-24 h at 37°C

Escherichia coli 
O157 detection

ISO 16654:2001

(a)

(b)

FIGURE 54.2 Schematic lay-out of ISO methods for detection of foodborne pathogens in foods.



academic laboratories for conducting research, and in refer-
ence laboratories to confirm the analyses of another labora-
tory and to provide surveillance data. The results of these
tests should be reliable. It is required that performance char-
acteristics of the method are determined. Apart from these
technical characteristics, it is important that all parties
involved agree with and accept the methods employed.

Mutual recognition of test methods in international trade
relations facilitates commerce and exchange of results. 

A. STANDARD METHODS

Standard methods have been elaborated by international,
national or trade organizations such as ISO (International
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Enrichment
Test portion (x g or ml) + Bolton broth (9x ml)

Selective plating medium

Plate on modified charcoal cefoperazone deoxycholate agar (mCCD agar)
and any other selective medium

4 h at 37°C + 42-44 h at 41.5°C in a microaerobic 
atmosphere (5% O2, 10% CO2, 85% N2)

Campylobacter
detection

ISO DIS 10272-1

40-48 h at 41.5°C in a microaerobic 
atmosphere (5% O2, 10% CO2, 85% N2)

Pick five presumptive campylobacter colonies from each agar plate
and subculture in Brucella broth

24 h at 41.5°C in a microaerobic 
atmosphere (5% O2, 10% CO2, 85% N2)

Microscopic examination
Morphology and motility

24 ± 3 h, 37°C in a microaerobic atmosphere
(5% O2, 10% CO2, 85% N2)

Biochemical confirmation of Campylobacter species
Fermentation of glucose, lactose, sucrose and H2S production (TSI agar)

Growth at 25°C in a microaerobic atmosphere, oxidase activity
Identification of Campylobacter species (optional)

Catalase activity, sensitiviy to nalidixic acid and to cephalotin
Hippurate hydrolysis, indoxyl acetate hydrolysis

Subculture on Columbia blood agar

Primary enrichment
Test portion (25 g) + Demi-Fraser broth (225 ml)

Listeria
monocytogenes
detection

ISO 11290-1/ 
AM1:2004 Selective enrichment

Culture, 0.1 ml + Fraser broth (10 ml)

24 and 48 h at 37°C

24 h at 30°C

24 h at 30°C

Selective plating medium
Plate on Agar Listeria according to Ottaviani and Agosti (ALOA) and any other selective medium

24-48 h at 37°C

Pick five presumptive salmonella colonies from each agar plate 
and inoculate on tryptone soy agar + yeast extract (TSA-Y)

24 ± 3 h at 37°C

Biochemical confirmation of Listeria spp.
Morphology on TSA upon indirect illumination, Gram stain, motility, catalase activity

Biochemical confirmation of Listeria monocytogenes
�-Haemolyis, CAMP test 

fermentation of carbohydrates (rhamnose, xylose, mannitol)

(c)

(d)

FIGURE 54.2 Continued.



Standards Organization), AOAC International (formerly
Association of Official Analytical Chemists), CEN
(Comité Européen de Normalisation), NMKL (Nordisk
Metodik-komitté för Livsmeddel), AFNOR (Association
Fran-çaise de Normalisation), NNI (Nederlands
Normalisatie Instituut), DIN (Deutsches Institut für
Normung), IDF (International Dairy Federation), etc.
(50). 

These standard methods for detection of microbiolog-
ical contaminants in foods are usually conventional cul-
tural methods. Primarily because the intention is to
provide the users of these methods with a reliable and
internationally accepted method which enables them to
obtain equivalent results in different laboratory settings
without having exclusivity of materials related to one
manufacturer. Although in essence these standard meth-
ods serve only as guidelines for reliable microbial analy-
sis of foods, historically in many countries governmental
agencies and trading agencies recommend or accept them
as official methods for detection or enumeration of
microorganisms in foods (51, 52) they may also recom-
mend their own established methods, e.g., the U.S. FDA

compiles its recommended methods in a Bacteri-ological
Analytical Manual (US FDA-BAM) (36). 

B. VALIDATION OF METHODS

The confidence in the results produced by a microbiolog-
ical analytical procedure depends on the reliability of the
analytical method. Determination of the performance
characteristics of a method by validation will facilitate it
to gain acceptance of the test results by international,
national or regional regulators and trade partners.
Standard methods, which are published by international,
national or regional standardization organizations or trade
organizations, are considered as validated. In this case the
laboratory implementing a new standard method has to
demonstrate that criteria for validation indicated in the
standard can be achieved. This is done by a systematic
research on specific analytical parameters. However,
only recently the performance characteristics of six
ISO methods, namely Bacillus cereus (enumeration),
Listeria monocytogenes (detection and enumeration),
Staphylococcus aureus (enumeration), Clostridium
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TABLE 54.5
Overview of the Standard Media Used for Enumeration of Staphylococcus aureus, Clostridium perfringens and
Bacillus cereus in Foods

Coagulase-Positive Staphylococci 
(Staphylococcus aureus and Other Species) Clostridium perfringens Presumptive Bacillus cereus

Selective media Baird-Parker agar medium with egg yolk Egg-yolk-free tryptose-sulfite- Mannitol Egg Yolk 
tellurite emulsion (spread plate) cycloserine agar (poured Polymyxin agar

plate � overlay)
Incubation conditions Aerobic incubation for 48 h at 37°C Anaerobic incubation for 20 h 24–48 h 30°C

at 37°C 
Growth promoting Sodium pyruvate

compounds
Selective Glycine, tellurite, lithium D-cycloserine Polymyxin B

compounds anaerobic incubation
Diagnostic Reduction of tellurite results in gray-black 

compounds shiny colonies
Egg yolk emulsion renders medium yellow Sodium metabisulphite and Most strains produce phospholipase C 

and opaque; clear zones around colonies ammonium ferric citrate and hydrolyze lecithine in egg yolk 
produced by proteolytic action; most indicate sulphite reduction resulting in a white precipitate 
strains also form opaque haloes around and produce black colonies surrounding the colony
colonies because of lipase activity Failure of B. cereus to use mannitol 

induces alkaline color of the pH 
indicator phenol red rendering 
violet/pink background to the 
rough/dry colonies

Confirmation tests Coagulase test Lactose fermentation and Haemolysis on sheep blood
gelatine hydrolysis, motility agar and motility
and nitrate reduction 

Remarks Rabbit Plasma Fibrinogen agar Confirmation in lactose sulfite 
(incorporation of rabbit plasma in the medium when incubated at 
basal medium enables direct detection 46°C is very specific
of coagulase-positive staphylococci)

Reference ISO 6888-1:1999 and ISO 6888-2:1999 ISO/DIS 7937:2002 ISO 7932:1993 and ISO 7392/A1:2002



perfringens (enumeration) and Salmonella (detection),
were determined and published in the corresponding ISO
methods (53–55). In the present situation, laboratories
will have to show that they are capable of performing the
standard method of choice correctly on experiments with
their own range of samples. This is preferably referred to
as a method verification study because it is not a valida-
tion study sensu strictu. Validation of a method is a for-
midable collaborative research task that so-called rapid,
modern methods are subjected to before they are accepted
and will be discussed in Chapter 55. Methods are most
effectively assessed with specially designed experiments.
Routine analyses usually lack a plan or replications that is
are prerequisites for method verification.

For quantitative methods (enumeration) this method
verification study should focus on establishment of the
trueness (bias) and the precision of the method.

Trueness (bias) is defined as the closeness of agree-
ment between the true value or, if not known, the accepted
reference value and the mean result which is obtained
when the experimental procedure is applied a large num-
ber of times (= systematic error) (56, 57). The trueness
can be obtained by the analysis of certified reference
materials (CRMs), derived from a certifying body (e.g.,
the Community Bureau of Reference (BCR) of the
European Commission (EC)). However, only a limited
number of CRMs or stable reference materials from other
sources are available for microbiological purposes. The
analysis of spiked materials (recovery studies) can be per-
formed as an alternative. Participation in proficiency test-
ing schemes can also help in assessing the laboratory
performance for the parameter of trueness.

Precision is defined as the closeness of agreement
between independent test results obtained by applying the
experimental procedure several times on the same sample
under stipulated conditions (= random error) (57, 58). The
measure of precision is usually expressed in terms of
imprecision and calculated as a standard deviation of the
test results. Less precision is reflected by a larger standard
deviation. Checks of precision in routinely used methods
should be made to ensure that the result does not change
with time as a result of changes in reagents, equipment,
staff, etc. Distinction is made between:

● Repeatability: indicates the variability
observed within a laboratory, over a short time,
using a single operator, the same apparatus on
identical test material. 

● Reproducibility: inter-laboratory reproducibil-
ity indicates the variability observed when dif-
ferent laboratories analyse the same sample by
use of the same method and may be estimated
directly by inter-laboratory study. Intra-labora-
tory reproducibility relates to the variation in
results observed when one or more factors,

such as time, equipment and operator, are var-
ied within a laboratory. 

For qualitative methods (presence/absence testing) the
method verification study should focus on establishment
of the detection limit and the specificity and sensitivity of
the method.

The detection limit is defined as the smallest number
of culturable microorganisms that can be reliably detected
in the sample. For qualitative methods it can be defined as
the smallest number of culturable microorganisms that
can be detected on 50% of occasions by the reference
method (56).

Both sensitivity and specificity relate to the degree to
which a method responds uniquely to the specified target
organism or group of organisms and relate to the number
of false positives and false negatives results that are found
with the validated method. Various definitions for sensi-
tivity and specificity are proposed, includig the following
(58). 

The sensitivity of a method is the proportion of target
organisms that can be detected; it can be calculated with
the following equation:

number of true positives (P)
Sensitivity (%) � � 100

P � number of false negatives

A failure to detect the target when present is a false nega-
tive result and will lower the sensitivity of a test. In food
microbiology only a very low frequency of false-negative
results can be tolerated for safety reasons.

The specificity of a method is the ability to discrimi-
nate between the target organism and other organisms; it
can be calculated with the formula:

number of true negatives (N)
Sensitivity (%) � � 100

N � number of false positivies

A positive result in the absence of the target is a false-pos-
itive result and will lower the specificity of a method. For
rapid screening methods, a higher false-positive fre-
quency may be acceptable, as positive screening tests are
followed by confirmation tests.

In addition to the specificity and sensitivity as
described above, the inclusivity and exclusivity of a qual-
itative method also may be determined, inclusivity being
the ability of the validated method to detect a wide range
of strains belonging to the target organism, exclusivity
being the lack of detection with the validated method of a
relevant range of non-target strains (56).

A number of issues need to be addressed in the prepa-
ration of a solid method verification scheme. These are
listed in Table 54.6.
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By method verification insight is obtained into the
possibilities and limitations of the test method under the
laboratory’s own conditions in the area typically served by
the laboratory.

C. QUALITY ASSURANCE IN MICROBIOLOGY

The performance characteristics of a method are closely
related to analyst performance, the equipment and, more
generally, the competence of the laboratory to provide
accurate, reliable and repeatable test results under 
controlled conditions. Accreditation of laboratories carry-
ing out microbiological food analysis provides to those
relying upon its services the assurance of the reliability of

the test results. Accreditation of a laboratory is the formal
approval given by a national authorized body (linked by the
European co-operation for Accreditation of Laboratories
(EAL)) that the laboratory is competent to carry out spe-
cific methods of analysis and has a commitment to quality
assurance in the lab (59). A detailed account of the require-
ments that testing labs have to meet is described in ISO
17025:2000 (60) and reviewed in Table 54.7. 

It is clear that, to comply with the requirements of the
ISO17025:1999, the laboratory should use validated
methods which are documented in standard operating
procedures and must have a systematic approach of qual-
ity control. Of equal importance is the execution of the
method by qualified staff with well-maintained and prop-
erly functioning equipment and utensils. 
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TABLE 54.6
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I. INTRODUCTION

The classical procedures for enumeration or detection of
microorganisms in foods (Chapter 54) are labor-intensive
and time-consuming. Several days are needed to obtain
confirmed results. To shorten analysis time, new methods
have been developed that can rapidly enumerate or detect

low numbers of microorganisms in foods. In this chapter,
the term ‘rapid’ will be used to describe methods which are
able to give results within a 24–48 h timeframe, whereas
results within 0.5–4 h are considered extremely rapid. In
order to allow for immediate corrective action during food
manufacturing processes, ‘real-time’ or ‘on-line’ detection
of microorganisms in foods is sought by manufacturers.



The lack of sensitivity or lack of robustness of most new
technologies, however, makes ‘real-time’ detection in solid
foods difficult to obtain. Water and beverages are easier to
manipulate and, therefore, more amenable for application
of ‘on-line’ methodology. 

A number of instrumental methods have been devel-
oped for rapid detection of pathogens using various princi-
ples of detection. Direct microscopic methods like DEFT
(Direct Epifluorescent Filter Technique) or flow cytometry
(FCM) are based on the detection of the actual cells.
Indirect methods detect growth and metabolic activity (e.g.,
conductimetry/impedance) or cellular components (e.g.,
ATP bioluminescence). Immunological methods have been
and still are popular in different formats for rapid detection
of pathogens. More recently, nucleic acid-based methods
like PCR (Polymerase Chain Reaction) have been advanc-
ing rapidly and are promising for rapid screening of foods
for presence of pathogens. Finally, the development of
biosensors opens new perspectives for ‘real-time’ or ‘on-
line’ detection of pathogens. Because there are many man-
ufacturers supplying commercially available options for the
rapid detection methods discussed and the format in which
these techniques are available changes rapidly, no listing of
these commercial assays is included. For an up-to-date
overview the reader is referred to the internet sites of the
manufacturers, or to comprehensive information websites
such as http://www.foodhaccp. com or http://www.rapid-
microbiology.com. The present chapter aims to discuss the
potential and pitfalls of each of the above-mentioned tech-
niques as a rapid detection method of either spoilage organ-
isms or pathogens in foods. For a discussion of the
modified and automated traditional culture-based methods,
e.g., spiral plater, chromogenic media, commercial identifi-
cation kits, etc. the reader is referred to Chapter 54. 

II. BENEFITS AND LIMITATIONS OF RAPID
METHODS IN FOOD MICROBIOLOGY

Some distinguishing features of both traditional culture-
based methods and alternative rapid methods for microbi-
ological analyses of foods are listed in Table 55.1.

Alternative rapid methods are especially cost-effec-
tive if large numbers of samples need to be screened for a
defined parameter in a short period of time. The reliabil-
ity of the results is related to the intrinsic performance
characteristics of the method and the degree to which
operators are trained and familiar with the execution and
interpretation of the methods.

Although rapid methods have become increasingly
popular in recent years, they also have their limitations:

● Often rapid methods are developed for a spe-
cific scope of application (e.g., a defined prod-
uct group) and linked to strict protocols in
order to obtain good performance. They are less

flexible than traditional methods which are
most of the time horizontal methods that are
more amenable to modification depending on
the food product to be analyzed.

● Rapid methods may, in many cases, only be
able to indicate the presence or absence of tar-
get organism(s) but they do not provide an iso-
lated colony, the availability of which may be
desirable for epidemiological purposes. 

● Novel rapid methods measure parameters (anti-
gen-antibody response, DNA or RNA sequences,
metabolic activity) distinct from the classically
accepted ones (phenotypic traits). This may com-
plicate the problem of interpretation of the results
in comparison studies of the methods.

● Rapid methods that work remarkably well with
pure cultures of target organisms fail some-
times when applied to real food specimens
which may include inhibitory components. The
effect of these may be overcome by previous
concentration and purification of target organ-
isms, although at the expense of ease of use and
rapid results. 

● Often rapid methods still make partial use of
the traditional culture-based method. For exam-
ple, ELISA methods and PCR methods both
employ a one- or two-day culture enrichment
step to resuscitate sub-lethally damaged cells
and enable multiplication of low numbers of
pathogens to the intrinsic detection limit of the
proper ELISA (104–106 cfu/ml) or PCR assay
(ca 102 cfu/ml). As such, these methods do not
entirely replace traditional culture-based meth-
ods but rather are complementary to the tradi-
tional methods in overcoming their lack of
speed in reporting results. This also implies that
the reliability of the outcome of the ELISA or
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TABLE 55.1
Significant Distinguishing Features of Traditional and
Rapid Methods 

Traditional Culture-Based
Methods Alternative Rapid Methods

Labor-intensive User-friendly, amenable to 
automation

Time-consuming Rapid results
Low investment in apparatus Often expensive apparatus 

and materials and consumables needed 
Subjective interpretation Objective interpretation 

(linked to personnel (print-out)
observation)

Moderate reproducible Better reproducible (quality-
(depends on quality-assurance controlled reagents, meticulously 
program in the laboratory) standardized protocols)



PCR assay not only depends on the assay as
such but also on the effectiveness of the enrich-
ment procedure to provide sufficient numbers
of the target organism.

III. MICROSCOPIC METHODS

Due to the necessity of incubation to enable multiplication
of cells to become visual colonies, the traditional culture-
based methods cannot be classified as rapid. Truly rapid
methods are based on the detection of target organisms at
the single cell level by use of microscopy. In order to visu-
alize cells for microscopical examination, coloring agents
are used to provide information on the total level of
microorganisms (e.g., acridine orange staining) or specific
types of microorganisms (e.g., fluorescent labeled anti-
bodies). In combination with different pre-treatments
(e.g., pre-filtration to remove solid particles, enrichment
to enhance the number of cells) and detecting principles
(epifluorescent microscopy or flow cytometry), micro-
scopic methods have developed into promising rapid
methodologies for microbial analysis of particular food
categories such as dairy products and beverages.

A. DEFT

DEFT stands for Direct Epifluorescent Filter Technique, a
microscopic cell counting method. Originally developed
for the determination of total bacterial counts in raw milk,
this technique also found application in the fields of meat
and fish microbiology. The DEFT procedure consists of
four main steps: homogenization and pre-treatment of
samples with detergents and proteolytic enzymes, filtration
of an aliquot of the sample over a polycarbonate mem-
brane, fluorescent staining of the bacteria retained on the
filter and the subsequent microscopic counting of the cells
under a fluorescent microscope. This detection can be
automated by linking the microscope to an image analyz-
ing system. DEFT differs from conventional light
microscopy in that different fluorogenic labels can provide
different types of information. Originally, the nucleic acid
stain acridine orange was used as the labeling reagent for
total bacterial counts. Although it has been said to label
viable cells orange and to render dead or impaired cells
green, intermediate colors can occur and a clear distinction
cannot always be obtained. Alternative fluorescent probes,
such as nucleic acid stains like DAPI (4�,6-diamidino-2-
phenylindol), indicate total number of bacteria present
irrespective of metabolic activity. Viability labels have also
been developed, including fluorescein derivatives that are
cleaved into intensely green products by viable (metaboli-
cally active) cells. Although the actual staining and count-
ing takes less than 0.5–1 h, the total detection time is
seriously lengthened by sample pre-treatment steps. The
intrinsic detection limit of DEFT is around 104–105 cells

per ml of original sample, and so concentration techniques
and enrichment steps usually have to be included in the
protocol (1). The inherent lack of specificity in conven-
tional DEFT methodology is a serious drawback in terms
of specific pathogen detection. All the above-mentioned
fluorescent stains are “universal” ones, incapable of
demonstrating specific pathogens. Consequently, fluores-
cent labeled antibodies are used for specific pathogens in
the so-called antibody-DEFT (Ab-DEFT) approach. A
protocol using Ab-DEFT has been described for detection
of E. coli O157:H7 in beef (2).

A novel way of cellular staining in combination with
conventional DEFT methodology has been described
recently and is termed “oligo-DEFT.” It uses the combina-
tion of FISH (Fluorescent In Situ Hybridisation) with a
highly specific oligonucleotide probe for the 16S rRNA, and
DEFT. It has been used for the detection of E. coli in water,
beverages and sprouts (detection limit: 1 CFU per ml) (3). 

To conclude, DEFT in se allows a near on-line detec-
tion of microorganisms, but its practical applicability in
food analysis is seriously hampered by the need for sam-
ple pre-treatment and concentration/isolation steps. As a
result, the 30-min assay time in model systems takes more
than 20 h when specific pathogens have to be detected in
real food samples.

B. FLOW CYTOMETRY

Flow cytometry (FCM) is an optically based method for
analyzing individual cells. It comprises the suspension of
target cells in a fluid, injection of an aliquot in the detection
system (flow cytometer) and the automated real-time analy-
sis by the instrument. Basically, the cells, which can be
labeled with a fluorogenic compound prior to the assay,
pass a laser beam and scattering of light occurs. The extent
and the nature of the light scatter reflects bacterial number,
size and shape, and the fluorescence is measured as well by
a system of lenses and optical cells (Figure 55.1). The sen-
sitivity of the technique is very high: as few as 102 yeast
cells and about 102–103 bacterial cells per ml can be
detected with results being obtained in less than 30 min-
utes. However, as is the case for DEFT, the application in
the field of food microbiology is limited by the fact that a
homogenous suspension, free of interfering particles, is
needed to be injected in the system. This necessitates an
appropriate sample preparation method (e.g., enzymatic
clearing). As a consequence the application of FCM in food
microbiology is mostly limited to the enumeration of total
viable counts (TVC) or yeast cells in milk and beverages
(4). Flow cytometry is often used in conjunction with the
commercially available LIVE/DEAD®BacLight™ bacter-
ial viability kit. The kit was developed to differentiate live
and dead bacteria based on plasma membrane permeability.
The staining mechanism using LIVE/DEAD kit on bacter-
ial cells is based on the attachment of the non-fluorescent
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agents on nucleic acids. Once the DNA-dye complex is
formed fluorescence can be measured. The kit consists of
two fluorochromes, which have distinct fluorescent behav-
ior in terms of emission of wavelengths and membrane
permeability. The first component is the membrane-perme-
ant stain SYTO9®, which fluoresces green at 530 nm upon
excitation at 488 nm. It stains all cells, thus acting as total
cell stain. During cell death, accompanied by membrane
damage, the second, membrane-impermeant, dye propid-
ium iodide (PI) penetrates into cells and quenches the green
SYTO9® fluorescence. PI is able to excite at 488 nm as well
and emit red fluorescence at 620 nm. When used in combi-
nation, intact cells are labeled green and cells with dam-
aged membranes are labeled red. Raw milk data using
LIVE/DEAD staining showed good agreement between
FCM and standard plate count methods. The detection limit
of the FCM assay was �104 bacteria per ml of milk.
However, this limit is below the level of detection required
to satisfy legislation in many countries (5). Sensitivity may
be improved by flow cytometry using fluorescein labeled
antibodies, or by using immunomagnetic separation as the
specific step in combination with a less specific staining
such as viability staining for flow cytometric detection of
the separated cells (6).

IV. METABOLISM

To permit routine in-process measurements in a production
setting to monitor critical control points very rapid meth-
ods are needed. ATP bioluminescence and impedance are
two methodologies which emerged about a decade ago and

that have been extensively evaluated, especially in the
dairy and meat industry for fast and reliable microbiologi-
cal screening of raw material on arrival at the processing
plant. Both methods rely on monitoring the metabolic
activity of microorganisms. Often, the major drawback of
these methods is that the detection limit requires high
numbers of bacteria (104–105 cfu/ml) present in the food
matrix because the moment a signal can be measured or
detected is in a limited time interval.

A. ATP BIOLUMINESCENCE

ATP bioluminescence acts by measuring ATP levels in
bacterial cells in order to calculate the number of cells.
ATP bioluminescence is a natural phenomenon which is
responsible for the glowing of fireflies. When the enzyme
luciferase and the substrate D-luciferin are added in
excess amounts, the light generated is proportional to the
ATP present, according to the following reaction. 

ATP measurements take about 10–15 minutes. There are
two major fields for the application of the ATP biolumi-
nescence in the context of food diagnostics (7):

● Measurement of microbial ATP to determine
microbial cell counts

● Measurement of total ATP to test the efficiency
of cleaning procedures
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1. Measurement of Microbial ATP to Determine
Microbial Cell Counts

The problem with ATP bioluminescence is that ATP is the
primary energy source of all living cells and the food sam-
ples themselves (fat cells in milk, blood, muscle cells)
will also contain large amounts of this energy source
which have to be destroyed before microbial ATP can be
measured. An initial step (enzymatic, physical) for the
release and destruction of any somatic cell’s ATP should
be included before bacterial ATP can be measured. 

The use of ATP bioluminescence has been evaluated
for the counting of microorganisms present in raw milk (8)
or on the surface of raw meat (9, 10) upon delivery to the
processing plant. In order to predict CFU values from rel-
ative light units (RLU) a correlation needs to be estab-
lished (Figure 55.2) (8), imposing the necessity of an
extensive standardization. This correlation is not universal
and should be performed ‘in-house.’ Indeed the RLU that
are measured depend on the actual experimental condi-
tions (type of food matrix) and the type of luminometer for
ATP measurement. In general, ATP bioluminescence is not
recommended for accurate enumeration of CFU but better
suited for a good bacteriological grading of the samples.
Each interval of RLU may be considered as a cut-off level,
an arbitrary boundary that separates defined levels of
microbiological quality. ATP bioluminescence can only be
used to control microbial contamination when the food to
be tested is expected to have a total viable count above the
detection limit of 104 cfu/g or cm2. ATP readings only

allow conclusions on the levels of bacterial cells present
and not on the composition of the microflora. No correla-
tion can be established between ATP readings and the
presence of pathogens. 

2. Measurement of Total ATP to Test the
Efficiency of Cleaning Procedures

Because of the problems described with non-microbial
ATP, the measurement of ATP bioluminescence is proba-
bly best suited to detect contaminated surfaces on equip-
ment associated with food production. Residues of ATP
(microbial or non-microbial) on equipment and working
surfaces which have already undergone cleaning proce-
dures suggest insufficient cleaning. As the corresponding
tests can be carried out on site with portable luminometers
and as results are available within 5 minutes, corrective
measures can be taken immediately. Application of ATP
determination for hygiene monitoring again necessitates
the establishment of cut-off values to be linked to a
hygienic standard (dirty, unsatisfactory, tolerable, clean)
(Table 55.2) (11). As criteria differ according to the prod-
uct (e.g., fat remaining in the deep reliefs of the surfaces
may produce high RLUs) and kind of surface (e.g., plas-
tic surface yielded higher RLU values than a stainless
steel surface), each plant should set its own limits (11).

B. CONDUCTIMETRY/IMPEDANCE

Conductimetry or impedance measurements are based on
the detection of electrical current during microbial
growth. Changes are caused by bacteria that metabolize
uncharged macromolecules in the medium (proteins, car-
bohydrates, lipids) to mostly charged particles (amino
acids, lactate, acetate, etc.), increasing the conductivity of
the medium and causing a decrease in electrical imped-
ance. Specially developed media are required for these
methods. During the incubation period of the inoculated
broth in the instrument, changes in conductance/imped-
ance are measured at regular time intervals. The time
taken to reach the threshold value for detection is related
to the number of target organisms inoculated in the
medium and their subsequent growth. Detection time is
inversely related to the bacterial number: the lower the ini-
tial content, the longer the detection time (up to 16 h for
low numbers (�102/ml)) (Figure 55.3). The results are
presented as a conductance/impedance curve, which is
compared with a previously generated calibration curve to
estimate the numbers of bacteria. The systems most com-
monly used to estimate total viable count or indicator
organisms include the Bactometer (bioMérieux), Malthus
(Malthus Instruments), RABIT (Don Whitley Scientific
Ltd.) and Bactrac (Sy-lab). They are fully automated to
enable continuous monitoring of changes in electrical cur-
rent in several samples at the same time. A drawback of
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these electrical measurements is that the food matrix and
the degree of sub-lethal stress to which the microflora is
exposed may influence the analysis, which necessitates
the determination of calibration curves for each food
matrix examined. 

Indirect conductimetry is based on the production of
carbon dioxide by growing microorganisms. The carbon
dioxide is absorbed into an alkaline solution and the
reduction of conductivity of the solution is measured. This
method is suitable for food products with low contamina-
tion levels such as juices and beverages, since carbon
dioxide formation can be detected much earlier. Specific
growth media are not necessary. 

Detection of pathogenic bacteria such as Salmonella
may also be done by the conductance method but usually
pre-enrichment is required. Immunomagnetic separation
(IMS) to capture and concentrate salmonellae from pre-
enriched broth prior to inoculating the impedance
medium has been evaluated. Additionally, a reduced pre-
enrichment period was proposed since salmonellae from
a 6-h pre-incubation period were detected in 5–7 h by
impedance. Under these conditions the impedance
method can be classified as a rapid method for detection
of Salmonella.

For more information on the impedance systems
available and their use as a rapid method in food microbi-
ology the reader is referred to the reviews of Silley and
Forsythe (12) and Wawerla et al. (13).

V. BACTERIAL BIOLUMINESCENCE/
REPORTER BACTERIOPHAGE ASSAYS

Bacterial bioluminescence is a specific bioluminescent
assay which shows promise for rapid detection of food-
borne pathogens. Many marine microorganisms like Vibrio
spp. or Photobacterium spp. are capable of emitting light
due to the presence of so-called lux-genes. The introduction
of these lux-genes into highly specific bacteriophages by
genetic engineering has resulted in the development of
rapid and sensitive methodologies for pathogens in food-
stuffs. Bacteriophages are highly specific for bacteria, usu-
ally to the genus level, and as they need host cell machinery
to multiply they are good indicators of bacterial viability,
too. In the luminescent phage test concept, bacteriophages
possessing lux-genes infect target bacteria. This infection
results in expression of the light-emitting genes which ren-
ders the bacteria luminescent upon the addition of an
exogenous substrate. Luminescent bacteriophage assays
have been developed to detect Escherichia coli, Salmonella
spp. and Listeria monocytogenes (14). Loessner et al. (15)
described the luciferase reporter bacteriophage A511:
luxAB to detect viable L. monocytogenes in foods, where,
without prior enrichment, as few as 500 cells were detected.
The presence of less than one cfu/g could be detected
within 24 h. Additionally, the assay could detect L. mono-
cytogenes cells from naturally contaminated foods, includ-
ing meat, poultry and various cheeses (16).
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TABLE 55.2
Hygienic Standard of Cleaned and Disinfected Surfaces in Meat Cutting Plants (11)

Dirty Unsatisfactory Tolerable Clean
Material RLU/20 cm3 RLU/20 cm3 RLU/20 cm3 RLU/20 cm3

Stainless steel �1000 1000-200 199-55 �55
Plastic �2000 2000-600 599-190 �190
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FIGURE 55.3 Graphic presentation of impedance readings, threshold value and detection time.



Apart from bioluminescent reporter genes, other
reporter genes have been implicated in reporter bacterio-
phage assays. The ability of the ina-genes to confer ice
nucleation activity on bacteria previously unable to pro-
duce ice nuclei, is the basis of a commercially available
assay known as the Bacterial Ice Nucleation Diagnostic
(BIND) (17). This test uses a genetically modified
Salmonella-specific phage carrying an ina-gene. Due to
the synthesis of an ice-nucleating protein Salmonella-pos-
itive samples will freeze while uncontaminated samples
remain in a supercooled liquid state (temperature lowered
to 	9.3°C or below). It enables the detection of less than
10 Salmonella cells per g of food within 2–6 h (18). 

The use of reporter bacteriophage assays for the rapid
detection of food-borne pathogens is a powerful technique
with a strong potential for future applications. Despite
this, the technology has not been widely accepted. One
potential problem may be the fact that an individual bac-
teriophage may not possess the host range required to
detect all isolates of a bacterial species (14).

VI. IMMUNOLOGICAL METHODS 

Over the past two decades, immunological techniques
have been developed in a number of different formats for
application as rapid confirmation tests (agglutination), as
improvements for currently available enrichment and iso-
lation methods (immunomagnetic separation), or as rapid
detection methods (ELISA) of food-borne pathogens and
their toxins. Immunoassays are based on the specific reac-
tion of an antigen (a specific lipopolysaccharide on the
outer cell wall, a protein on the flagella of motile bacteria,
or a toxin) with its antibody. Sensitivity and specificity of
immunoassays are mainly determined by the antibody
used. In this respect the use of well-selected monoclonal
antibodies can be of advantage. Each immunoassay may
be sensitive to non-specific reactions, for example,
Escherichia hermanni is known to cross-react with
Escherichia coli O157 in specific immunoassays.
Recognition of false positive results is necessary and sup-
plementary tests such as biochemical tests are recom-
mended to confirm the presence of the target organism.

A. HOMOGENOUS IMMUNOASSAYS

1. Latex Agglutination

Traditional agglutination tests rely on the interaction
between soluble antibody (in an antiserum) and a particulate
antigen such as a bacterial cell, resulting in visual clumping
(agglutination). Agglutination is often used to confirm the
serological identity of a pathogenic isolate and is a common
test in case of detection of E. coli O157 or Salmonella.

Latex agglutination uses latex particles to amplify
antigen:antibody agglutination reactions. The latex particle

is coated with antibody for detection of antigen such as a
toxin or a component of a bacterial cell. Upon reaction,
cross-linking of the latex particles results in the formation
of a lattice structure which is visible to the naked eye as
agglutination. If the target antigen is absent or below the
detection limit of the test, the lattice structure does not
form and the coated latex particles form a homogenous
suspension. Latex agglutination for toxins is referred to as
Reversed Phase Latex Agglutination (RPLA). Oxoid Ltd
(Basingstoke, Hampshire, England) is one manufacturer
that provides a range of RPLA kits for the detection of dif-
ferent bacterial toxins. 

2. Immunochromatography

Lateral flow immunochromatographic devices were orig-
inally introduced, and are now widespread, in clinical
diagnosis. They are now being applied for rapid detection
of food-borne pathogens. A sample of enrichment culture
is added to the sample port of the device. The liquid
migrates by capillary diffusion along the surface of a solid
support. During this flow, any target organism present
reacts with a conjugate (antibody linked to a chromogen)
contained in the device. The resulting complex proceeds
to move and migrate towards the capture binding protein
where it becomes immobilized and forms a visible line in
a viewing window (Figure 55.4). For the test to be valid a
control line should form in a second viewing window. In
an evaluation of rapid methods for detecting E. coli O157
on beef carcasses three immunochromatographic methods
were compared to the conventional culture method. These
assays were all simple and rapid to use, giving a result at
least 24 h earlier than culture. However, although one of
the assays compared favorably with culture, both other
assays lacked the sensitivity of culture and this finding
seriously limits their usefulness (19). This was already
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mentioned in the study of Johnson et al. (20) who found
18 of the 107 culture-confirmed samples negative with the
immunochromatography method for E. coli O157. False
negatives spanned both high- and low-inoculum subsets.

B. HETEROGENEOUS IMMUNOASSAYS

The most widely used tests for rapid detection of
pathogens, in particular Salmonella, E. coli O157 and
Listeria, in foods are enzyme-linked immunosorbent assays
(ELISA) using a sandwich configuration (Figure 55.5). The
word ‘sandwich’ indicates that the assay uses two antibod-
ies which trap or sandwich the target antigen. They use a
capturing antibody immobilized on a solid matrix (strip,
microtitre tray, dipstick) and enzyme labeling of the sec-
ondary antibody to make the primary antigen-antibody
reaction detectable. Colorimetric or chemiluminescent sub-
strates are used to visualize the antibody-antigen-antibody
sandwich. A range of commercial immunological tests are
available in different formats for the common food-borne
pathogens. These tests normally require enrichment of the
target bacterium to the level of the assay’s detection limit
(generally 104–106 CFU per ml). Their dependence on con-
ventional cultural enrichment still remains the most impor-
tant limiting feature of the majority of these immunoassays.
In most cases, a presumed positive result is obtained in
approximately 54 h. The magnitude of the resulting reac-
tion will be proportional to the number of bacteria in the
broth. However, results are usually converted to a dichoto-
mous scale: results at or above a chosen cut-off value are
regarded as positive and results below as negative. A high

cut-off value will decrease sensitivity and increase speci-
ficity and vice versa. False-positive or false-negative results
can be significantly reduced by appropriate antibody selec-
tion and preparation. ELISAs are of considerable use in sit-
uations where the value of a negative result is high, for
example, if a negative is required before a product can be
released for distribution or further processing. This explains
why these tests are extremely popular for routinely screen-
ing food samples following enrichment. In case of a posi-
tive ELISA the sample will need to be subjected to further
conventional cultural testing to confirm the presence of the
pathogen. Many of the ELISAs require the elaboration of a
number of steps: capture of the ‘target’ antigen to the anti-
body absorbed to the solid phase, washing steps to remove
‘non-target’ antigens, capture of the secondary labeled anti-
body (�conjugate), washing to remove excess conjugate,
addition of enzyme substrate and reaction which makes the
procedure labor-intensive. The introduction of automated
plate washers and readers can decrease the hands-on time.
Typically these assays take between 1–2 hours, depending
upon the format of the test and number and length of incu-
bation steps (21, 22). 

Automated immunoassays have also been developed.
Vidas (bioMérieux, Marcy-l’Etoile, France) is an auto-
mated enzyme-linked immunofluorescent assay (ELFA)
based on the detection of specific pathogens using specific
antibodies coated on the inner surface of a tip-like dispos-
able pipette which is introduced into the Vidas system
along with the Vidas pathogen-specific reagent strip con-
taining the boiled enrichment culture (Figure 55.6). A
chemiluminescent substrate is used to visualize the anti-
body-antigen-antibody sandwich (23, 24). The Vidas sys-
tem enables high-throughput and rapid screening of large
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FIGURE 55.6 The Vidas system: an automated ELFA method
based on the detection of pathogen-specific antibodies coated on
the inner surface of a tip-like disposable pipette which is auto-
matically transferred in the Vidas strip in which the test sample
is introduced and which holds the necessary ELISA reagents.
(Courtesy of bioMérieux, Marcy-l’Etoile, France.)



number of samples for presence of pathogens. The VIDAS
is available for detection of Salmonella, Listeria spp.,
Listeria monocytogenes, Campylobacter spp., E. coli
O157 and Staphylococcus aureus toxins. 

C. IMMUNOMAGNETIC SEPARATION (IMS)

IMS, which employs paramagnetic particles coated with
specific antibodies, promises to be a useful tool to remove
small food particles from a sample and to selectively
enrich and concentrate target bacterial cells by altering
the ratio of target to non-target organisms in favor of the
target organism. IMS techniques are nowadays wide-
spread in food diagnostics (25). The efficiency and speci-
ficity of IMS depends upon the type of magnetic beads,
the choice of the antibodies, the target organism, the num-
bers of the competitive flora and the food matrix. The
sensitivity of the IMS technique varies from 102–104 CFU
per ml. In most cases IMS after 24 h pre-enrichment
results in an increase in the isolation of the pathogen with
concomitant reduction in the number of competitive flora.
Thus the use of IMS improves the sensitivity of microbi-
ological tests and eliminates the need for a secondary 24h
enrichment, thus reducing the total test time. IMS can be
of significant value in conjunction with a number of end-
point detection techniques (Figure 55.7). IMS was shown
to improve the sensitivity of ELISA, PCR and both used
in conjunction enabled detection of Salmonella and 
E. coli O157 in foods within 24 h. As such, IMS is an
important contribution to the development of a rapid and
facile preliminary screening method of food for the pres-
ence of pathogens. IMS has become an integral part of the
conventional as well as some rapid methods for E. coli
O157. The use of IMS was shown to increase the isolation
rate of E. coli O157. The IMS procedure has now been
automated (BeadRetrieverTM, Dynal Biotech Ltd. Wirral,
U.K.). Automated immuno-magnetic separation in com-
bination with an enzyme immunoassay complements the
conventional culture approach to produce more timely
results for the detection of pathogens without signifi-
cantly increasing the workload of the laboratory (26).

IMS methodology has been coupled to electrochemi-
luminescence (ECL) detection for rapid detection of E.
coli O157 or Salmonella typhimurium with a commercial
immunomagnetic (IM)-ECL sensor. Like other chemilu-
minescence techniques, ECL offers high signal-to-back-
ground ratios and is comparable in sensitivity to
radioisotopic methods but has the advantage over other
chemiluminescent techniques of being initiated by a volt-
age potential and thus providing better-controlled lumi-
nescence. ECL can be accomplished by heavy metal
chelates such as ruthenium(II) trisbipyridal [Ru(bpy)3

2�]
chelate. Following IMS, [Ru(bpy)3

2�]-labeled antibodies
were added and after a short incubation period magnetic
beads were captured and ECL was measured. The IM-
ECL assays were capable of detecting less than 2000 CFU
per ml in various food samples (27). The IM-ECL
approach proved to be at least 100 times more sensitive
than the current ELISA assays and enabled rapid detec-
tion (within 24 h) of low numbers (0.05 CFU per g) of E.
coli O157:H7 in ground beef (28).

An alternative format for IMS, ImmunoFlow, has
recently been developed to capture bacteria and elimi-
nates an enrichment step to allow bacteria to be concen-
trated directly in food and water samples in 30 minutes.
ImmunoFlow uses a high-flow-rate fluidized bed with
large beads to capture and concentrate bacteria and is vol-
ume-independent. Specific antibody is covalently linked
to the beads and large beads (�3 mm) are used to prevent
sample clogging when testing food samples. Detection of
bound targets is done using conventional ELISA proto-
cols. This protocol enabled detection of 10 cells inde-
pendent of the sample volume (29).

VII. NUCLEIC ACID-BASED METHODS

The application of molecular biological techniques to
food microbiology has increased tremendously in recent
years. These techniques represent a new generation of
rapid methods, based on the primary information con-
tained in the nucleic acid sequences of a particular organ-
ism. Indeed, nowadays a bacterial species is defined on
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the basis of genetic information combined with a pheno-
typic description. Detection of pathogens based on spe-
cific DNA or RNA sequences thus goes back to the basis
of classification of unknown organisms.

A. OLIGONUCLEOTIDE PROBES

With the classical DNA probe hybridization assay, microor-
ganisms are collected on a filter, cells are lysed and the lib-
erated DNA or RNA is immobilized in single-stranded
form. The nucleic acid is identified by hybridization with
radioactively or non-radioactively labeled specific DNA
probes. For many pathogens rRNA genes are targeted in
hybridization assays. The rRNA gene contains very con-
served parts but also variable regions in which specific
probes for a certain species can be chosen. In addition,
rRNA is present in high numbers in the bacterial cell
(�104/cell). Although all these DNA probes offer good
specificity, they are limited in sensitivity. Typically, these
assays need about 105–106 CFU per ml to obtain a reliable
result. There are two types of user-friendly nucleic acid
probe tests commercially available in routine food labora-
tories for several pathogens, e.g., Salmonella, Listeria spp.,
Listeria monocytogenes, etc. The Gene-Trak system
(Neogen, Lansing, MI, U.S.A.) uses a dipstick format with
a colorimetric detection and is generally applied after 48-h
enrichment of the food sample. The AccuProbe test (Gen-
Probe Inc., San Diego, CA, U.S.A.) is a chemiluminescent
homogenous DNA probe system based on the principle of
DNA hybridization protection. It is recommended as a cul-
ture confirmation test applied to purified colonies from iso-
lation media, thus providing qualitative results (30). 

Recently, PNA probes were developed as an alternative
to DNA probes. Peptide nucleic acid (PNA) is a pseudo-
peptide that binds strongly and specifically to nucleic acids.
PNA consists of a non-charged polyamide backbone to
which the different nucleo-bases are attached. The neutral
PNA backbone confers unique properties on the molecule,
relative to oligonucleotides. These include faster hybridiza-
tion kinetics and the ability to use more stringent hybridiza-
tion conditions that favor the disruption of the target
structure while still promoting strong hybridization of
PNA. PNA probes can be used for rapid detection and iden-
tification of specific microorganisms (31). 

B. POLYMERASE CHAIN REACTION

1. Principle and Applications in Food
Microbiology

A significant factor in the application of molecular tech-
niques for rapid detection of pathogens lies in the develop-
ment of the polymerase chain reaction (PCR). Conventional
PCR assays incorporate a pair of oligonucleotide primers to
amplify by use of the Taq DNA polymerase, a specific gene

that is then detected using agarose gel electrophoresis. PCR
is based on repetitive cycles of DNA denaturation, primer
annealing if they meet a complementary target DNA
sequence, and elongation of the primers according to the
complementary base sequence given by the target DNA by
a thermostable DNA polymerase (Figure 55.8). This results
in duplication of the target DNA after each cycle. Thus, dur-
ing thermocycling, exponential amplification of target DNA
occurs. PCR has become an important tool in microbial
diagnostics because of the potential for detecting less than
10 copies of a specific gene within a complex sample.
However, its sensitivity is also the greatest potential weak-
ness of the method. Cross-contamination with external
DNA or carry-over contamination of target DNA produced
during prior amplification assays may give false results very
easily. Technical improvements (real-time PCR instrumen-
tation, enzymatic decontamination systems), the adherence
to careful laboratory procedures and the use of dedicated
materials and pre-aliquoted reagents may solve this prob-
lem. The reliable identification due to the use of specific
DNA or RNA sequences and the intrinsic sensitivity of
PCR shows tremendous promise for rapid detection of
pathogens in foods. Specific primer sets were developed for
almost all established and emerging pathogens in food
microbiology (32, 33). Target genes involved for PCR
detection of pathogens are numerous:

● rRNA genes or the spacer region between 16 S
rRNA and 23 S rRNA genes.

● Virulence genes and toxin genes. Some virulence
genes are located on plasmid DNA. A chromoso-
mal location is preferred because of the instabil-
ity of plasmid during subculturing. By targeting
virulence genes (hlyA-gene for L. monocyto-
genes, invA-gene for Salmonella, eae-gene for E.
coli O157:H7, ail-gene for Y. enterocolitica, etc.)
or toxin genes (vt-genes for VTEC, lt-genes and
st-genes for ETEC, ct-genes for Vibrio cholera,
BoNT for Cl. botulinum, etc.), potential patho-
genic strains can be discriminated from non-
pathogenic strains belonging to the same species.

● A specific sequence with a known function,
e.g., flagellin genes for Campylobacter, beta-
D-glucuronidase gene for E. coli, IS 200 ele-
ment for Salmonella, etc.

● A specific sequence with an unknown function,
often derived from species-specific bands in
DNA fingerprinting patterns.

Multiplex PCR uses multiple primer sets to amplify
two or more target loci in a single reaction. It was
described for simultaneous detection of Listeria spp. and
Listeria monocytogenes in poultry products and dairy
samples, Salmonella spp. and Shigella spp. in mussels,
Salmonella strains and Escherichia coli O157 in meat,
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Campylobacter jejuni and Arcobacter butzleri in a range
of food products (1). 

PCR methods are of particular importance in two
areas in the field of food microbiology:

1. In the context of rapid detection of food-borne
pathogens. 
In accordance with immunoassays, PCR pro-
vides a rapid screening method for the presence
of pathogens. If a specific primer set is chosen,
amplification conditions well optimized, appro-
priate sampling protocols are applied and proper
controls are included, PCR assays may be devel-
oped that are highly specific and provide a reli-
able detection of pathogens in the food sample
under examination in a 24-h time period.

2. As a complementary technique in the identifi-
cation of pathogens where the conventional
cultural methodology lacks accuracy. 
Usually, phenotypic characteristics such as mor-
phological, physiological and biochemical fea-
tures are applied as confirmation tests for

food-borne pathogens. However, sometimes
the development of simple and restricted confir-
mation schemes may not be feasible to provide
a reliable identification of the pathogenic
organism, especially for particular genera or
species with a difficult taxonomic position, e.g.,
identification of Bacillus cereus senso stricto
being part of the B. cereus group including
B. cereus, B. anthracis, B. mycoides and
B. thuringiensis may be accomplished by a PCR
method based on the gyrB-gene. In the case of
emerging pathogens, e.g., pathogenic strains of
Escherichia coli for which pathogenicity is
associated with the presence or absence of cer-
tain virulence genes, PCR is an essential part of
the full characterization of the strain. For the
genus Campylobacter, which is characterized
by its biochemical inertness, detection of the
hippuricase gene by PCR provides a more use-
ful test for confirmatory identification of
C. jejuni because wrong identification may
occur due to non-expression of the gene when
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only relying on the hippurate hydrolysis pheno-
typic confirmation test (34).

Although user-friendly PCR formats are available
now, the technique still requires a significant amount of
labor with regard to sample preparation and subsequent
detection of PCR amplicons. 

2. The Necessity of Sample Preparation in PCR-
Based Pathogen Detection Systems

Any PCR-based detection system, while potentially very
sensitive, must still confront a number of challenges inher-
ent with sampling complex substrates such as food sam-
ples. PCR is an in vitro enzymatic reaction which only
takes place under well-defined conditions of pH and ionic
strength and is very susceptible to interfering factors which
may be co-extracted from the food sample. If the complex-
ity of the samples adversely impacts the assay, causing
reduced amplification efficiency or complete inhibition of
the enzymatic reaction, then a negative result may in fact be
caused by lack of sensitivity to detect a given pathogen at
the minimum concentration that is known to cause health
risk. Thus sample preparation needs to be well designed:
how much sample is processed, the efficiency of pathogen
isolation, the efficiency of nucleic acid extraction, and the
effect of co-factors that inhibit PCR. In the context of food
diagnostics the following points need to be considered:

1. The PCR technique has the intrinsic sensitivity
to achieve the required detection limit for
pathogens in food (approximately 5–10 CFU
per PCR reaction). However, direct detection of
the pathogen in food samples by PCR presents
a number of technical difficulties. The relative
low levels of pathogens are present in a large
amount of food (1–30 g used for food analysis)
while only a small sample size (normally one
ml of food homogenate) is used for nucleic acid
isolation and only a small portion of the DNA
extracted (2–10 µl) can be used in the PCR
reaction. The pathogen may also be non-uni-
formly distributed in the food product (35). 

2. Several studies indicated the presence of PCR-
inhibitory factors in milk (calcium ions), soft
cheeses (proteins and fats), red meat (coagulated
blood) and various other foods (36, 37). The
inclusion of proper controls makes it possible to
develop and apply PCR methods for reliable and
rapid detection of pathogens in routine laborato-
ries. A positive control (in a separate tube)
should be taken along in each PCR run and pref-
erentially an internal control is co-amplified
with the target DNA in each PCR tube to check
on inhibitory compounds in the sample.

3. From a food safety point of view, care must be
taken in interpreting results generated by PCR
analysis since this technique cannot distinguish
between viable and non-viable organisms. The
precise correlation of cell viability with detec-
tion of DNA was shown to be poor, with DNA
persisting in actively killed cells for significant
periods of time (38). The detection of dead
cells has to be considered.

The above-mentioned problems can be solved by the
execution of PCR after a short enrichment period. Most
commonly, the food sample is homogenized in a broth and
the number of bacteria is increased in vivo by enrichment in
order to obtain a sufficient number in a small volume while
at the same time diluting out inhibitory components of the
food. In addition, previous culture also ensures that only
DNA from viable cells is detected (39). Prior enrichment
also enables the use of rapid and simple protocols for lysis
of bacterial cells and DNA purification. The commercially
available PCR systems, the BAXTM-assay (DuPont
Qualicon, Wilmington, DE, U.S.A.) (20), the ProbeliaTM

assay and its real-time format, the iQ Check PCR assay
(Bio-Rad Laboratories, Marnes-la-Coquette, France) (40,
41) and the TaqmanTM assay (Applied Biosystems, Foster
City, CA, U.S.A) (42) all recommend the application of
PCR after a 16–24 h pre-enrichment step.

The use of a shortened pre-enrichment (4–12 h) should
be carefully evaluated. In contrast to fully viable patho-
genic bacteria used for artificial contamination, bacterial
cells in naturally contaminated foods are subjected to
stress. The enrichment time needed for a positive PCR
detection of stressed cells will be adversely affected. In
this state, the microorganisms require a period of recovery
before they regain full growth potential and limitation of
the enrichment time could lead to an underestimation of
the contamination of the food products (43). Often a tech-
nical intervention for further concentration of the bacteria
is performed after enrichment to increase the sensitivity of
the PCR assay and eliminate interfering food components.
These include filtration, centrifugation, buoyant density
centrifugation, immunomagnetic separation (IMS), sur-
face adhesion or selective adsorption to metal hydroxides,
etc. (1, 44). At present several protocols combining a short
enrichment, subsequent bacterial concentration, DNA
extraction and PCR analysis for rapid (within 24 h) detec-
tion of low numbers of pathogenic bacteria in various
foods are described (Table 55.3) (20, 40, 42, 45–55). To
reduce the time needed for a PCR result the direct applica-
tion (without prior enrichment) to food is preferred. It must
be considered that for application in routine microbiologi-
cal analysis the complexity of the procedures should be
limited. For fluid food products such as milk a single con-
centration step such as centrifugation or filtration allowed
the detection of 1–10 CFU of L. monocytogenes per 25 ml
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(56, 57). To obtain this detection limit the filtration step
was combined with a complex DNA-purification protocol. 

3. Detection of PCR Amplicons/Real-Time PCR

The location of the primers in the selected gene deter-
mines the length of the amplification fragment. The detec-
tion of the amplicon is usually performed by agarose gel
electrophoresis combined with an intercalating dye (e.g.,
ethidium bromide) and UV light. Electrophoresis makes it
possible to estimate the length of the PCR product and
length often serves as a proxy for product identification.
However, production of non-specific PCR products is
known to occur sometimes as the result of priming at loci
that share homology with the target sequence or because
of primer artefacts. Confirmation of the identity of the
amplification product is recommended either by

● Hybridization with a probe internal to the ampli-
fication primers (Southern blots or dot-blots) 

● Digestion of the amplicon with a restriction
endonuclease

● Generation of an internal fragment using nested
or semi-nested PCR

● Sequencing to identify the PCR product

In addition to testing the specificity of the product,
hybridization with an internal probe or nested PCR can
also improve the sensitivity of the assay system. 

The application of fluorescent probes to the detection
of PCR amplicons, together with suitable instrumentation
capable of combining amplification and detection, has led
to the development of real-time PCR methodologies.
These assays eliminate the need for gel-based detection
and yield data amenable to storage and retrieval in an
electronic database. Fluorescent real-time detection uses
either the SYBR Green fluorescent dye that binds to dou-
ble-stranded DNA or specific hybridization of fluores-
cence-labeled probes to the amplicon (44, 58). For the
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TABLE 55.3
Some Examples of Nucleic Acid Amplification Protocols for Rapid Detection (within 24 h) of Pathogens in
Foods

Period of
Micro-Organism Enrichment Sample Preparation Detection Food Types Ref. 

Escherichia coli 6–11 h InstaGeneTM Matrix PCR � Molecular Beacon Pasteurized apple juice Fortin et al. 2001
O157:H7 (Bio-Rad laboratories) based detection and milk (I) (45)

Salmonella 16–20 h InstaGeneTM Matrix Taqman PCR assay Raw meat and Kimura et al. 
(Bio-Rad laboratories) shrimp (I �NC) 1999 (42)

EnviroAmp Kit (PE 
Applied Biosystems)

Salmonella 16–20 h Multiple protocols Taqman PCR assay Chicken carcass rinses, raw Chen et al. 
meat, raw milk (I�NC) 1997 (46)

Salmonella 16–20 h InstaGeneTM Matrix ProbeliaTM PCR assay Various foods (I � NC) Fach et al. 
(Bio-Rad laboratories) 1999 (40)

Escherichia coli 20 h BAX lysis reagent PCR � agarose gel Ground beef (I) Johnson et al.
O157:H7 detection 1998 (20)

Campylobacter spp. 6–24 h Surface adhesion to a PCR � agarose gel Meat and poultry (I�NC) Cloak et al. 
polycarbonate membrane � detection 2001 (47)
phenol:chloroform extraction

Salmonella spp. 16 h IMS � heat treatment PCR � agarose gel Dairy and egg Rijpens et al. 
detection products (I) 1999 (48)

Escherichia coli 6 h Buoyant density centrifugation PCR � agarose gel Raw meat (I � NC) Lindqvist 1997 
O157:H7 � boiling detection (49)

Campylobacter 24 h GuSCN lysis � silica-based NASBA � internal enzyme Various foods (I), Uyttendaele et al. 
jejuni extraction labeled detection probe poultry (NC) 1995, 1996 (50, 51)

Escherichia coli 0 h Adsorption to titanium PCR � Molecular Beacon Skim milk (I) McKillip and 
O157:H7 hydroxides � GuSCN lysis based detection Drake 2000 (52)

and phenol-chloroform 
extraction

Listeria 0 h Centrifugation � IMS � phenol: PCR �agarose gel Ham (I) Hudson et al. 
monocytogenes chloroform extraction detection 2001 (53)

Campylobacter 0 h Mechanical disruption in the PCR� agarose gel Chicken carcass Englen and 
jejuni presence of DNAzol detection rinses (I) Kelley 2000 (54)

Miscellaneous 0 h FTA filters PCR �agarose gel Fresh produce (I), beef (I), Lampel et al. 
detection apple cider (I) 2000 (55)

I � artificially inoculated, NC�naturally contaminated



latter approach three different chemistries are predomi-
nantly applied in food microbiology: Taqman probes
(Applied Biosystems, Foster City, CA, U.S.A.), molecular
beacons (Bio-Rad Laboratories, Marnes-la-Coquette,
France) and the LightCycler hybridisation system (Roche
Molecular Diagnostics, Basel, Switzerland). These sys-
tems are commercially available for routine detection of
pathogens in foods. The application of each of these fluo-
rescent real-time PCR techniques is linked to dedicated
suitable instrumentation.

a. SYBR Green DNA binding dyes
SYBR Green binds specifically to double-stranded DNA
(dsDNA). The unbound dye exhibits little fluorescence in
solution in the presence of denatured DNA, but during
elongation increasing amounts of dye bind to the nascent
dsDNA. When fluorescence is monitored in real time in
every cycle at the end of the elongation step, an increase
is observed in fluorescence as the PCR progresses and tar-
get DNA is exponentially amplified. This method obviates
the need for target-specific fluorescent probes, but its
specificity is determined entirely by the choice of specific
primers. Thus this assay is no more specific than conven-
tional PCR with agarose gel detection. Additional speci-
ficity and PCR product verification should be achieved by
the generation of melting curves following amplification.
Melting curves are generated by slowly ramping the tem-
perature of the sample to a denaturing level (95°C). As the
dsDNA denatures, the dye becomes unbound from the
DNA duplex, and the fluorescent signal decreases. This
change in fluorescence can be plotted against temperature
to yield a melting curve waveform. A characteristic melt-
ing peak at the melting temperature (Tm) of the amplicon
will distinguish it from amplification artefacts. 

b. Taqman probes
The Taqman assay utilizes the 5�-nuclease activity of the
DNA polymerase to hydrolyse a hybridization probe bound
to its target DNA. This probe (the Taqman probe) contains
a fluorescent reporter dye at its 5�-end, the emission of
which is quenched by a second dye at its 3�-end when the
reporter and quencher dye are close to each other. Intact
Taqman probes do not generate fluorescence. During the
annealing both the primers and the Taqman probe will
anneal to its complementary sequence of the target DNA.
However, during elongation, when the Taq DNA poly-
merase is adding bases to the synthesize specific dsDNA, it
will degrade the Taqman probe on its way by its 5�-nucle-
ase activity, the quencher and reporter dye will separate
from each other and fluorescence will occur (Figure 55.9).
By measuring fluorescence in the PCR tube every cycle, the
PCR reaction can be followed up in real time.

c. Molecular beacons
Molecular beacons are DNA hybridization probes that form
a stem-and-loop structure; the loop portion of the molecule

is complementary to the target nucleic acid molecule and
the stem is formed by the annealing of complementary arm
sequences on the ends of the probe. On one end of the probe
a fluorophore is attached and on the other end a quencher
of the fluorophore (Figure 55.10). In the absence of the tar-
get PCR product the beacon is in a hairpin shape and there
is no fluorescence. However, during PCR reactions and the
generation of target PCR products, the beacons will attach
to the PCR products and cause the hairpin to unfold. As the
quencher moves away from the fluorophore, fluorescence
will occur and this can be measured. The measurement can
be done every cycle of the PCR during the annealing step
as the PCR is in progression allowing real-time detection of
target PCR products and thus the presence of the target
pathogen in the sample. By using molecular beacons con-
taining different fluorophores, one can detect different PCR
products in the same reaction tubes, which enables one to
perform multiplex tests of several pathogens. 

d. The Light Cycler hybridization system 
This method uses two hybridization probes. One of the
probes carries at its 3�-end a fluorescent donor which
emission spectrum overlaps the excitation spectrum of an
acceptor fluorophore that is attached to the 5�-end of the
probe. Excitation of the donor results in fluorescence res-
onance energy transfer (FRET) to the acceptor and thus
fluorescence. In solution the two dyes are apart, and
because FRET depends on the spacing between the two
dye molecules, only background fluorescence occurs.
During the annealing step, both probes hybridize to their
complementary sequence, specific target DNA, in a head-
to-tail confirmation. This brings the two dyes in close
proximity to one another, promoting FRET and fluores-
cence is measured. Increasing amounts of fluorescence
are measured proportional to the amount of specific target
DNA synthesized during the PCR reaction.

There are three competing instruments on the market
to perform real-time PCR: the ABI PRISM Instruments
(Applied Biosystems), the iCycler (Bio-Rad Laboratories)
and the LightCycler (Roche Diagnostics). All three are
run as closed-tube systems requiring no post-amplifica-
tion manipulations for detection of amplicons. This avoids
problems of carry-over contamination. The entire PCR
process is amenable to automatization and can handle
large amounts of samples making real-time PCR suited
for high-throughput screening applications. Although
real-time PCR allows quantification, automated fluores-
cent PCR methods are predominantly used for qualitative
pathogen testing (presence/absence in the food sample).
However, the real-time monitoring of PCR reactions by
tracking a fluorescent signal at every cycle during PCR
thermal cycling demonstrates positive results more rap-
idly (at the cycle at which fluorescence exceeds the statis-
tically determined fluorescence background threshold)
thus decreasing the time to detect a positive sample. 
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4. Quantitative PCR

During real-time PCR, fluorescence values are recorded
during every cycle and represent the amount of product
amplified to that point in the amplification reaction. The
more amplified product appears during PCR amplifica-
tion, the more fluorescence intensity increases due to
hybridization of the fluorescent probe to the PCR product.
The instrument-associated software plots automatically
during the amplification the RFU (Relative Fluorescent
Unit) versus number of cycle which allows the detection
in real-time of the PCR product. In the software a baseline
for the RFU is calculated as a function of fluorescence
noise. When adjusting the graph to have log RFU in
Y-axis versus the cycle number in the X-axis it should be
verified that the threshold cycle Ct (the cycle at which the
fluorescence rises appreciably above background) is
located in the linear part of the graph (corresponding to
the PCR exponential phase since the scale is in logarith-
mic units). The combination of a sample preparation
method for direct PCR (without cultural enrichment step)

with a PCR method using a real-time monitoring fluores-
cent PCR amplicon detection system allows rapid quan-
tification of pathogens. Quantification is based on the
threshold cycle. The higher the level of pathogenic bacte-
ria present in the sample, the higher the input of patho-
genic target DNA in the PCR reaction and the faster the
threshold cycle is reached. Quantification is performed by
an external standard correlating the time to detection to
the initial number of pathogens or DNA material used as
an input (Figure 55.11). As the real-time quantitative PCR
does not use an internal standard but is based on an exter-
nal scale, quantification demands a good reproducibility
of isolation/concentration of bacteria, DNA extraction and
PCR. Quantification of Salmonella, Campylobacter jejuni
and Escherichia coli O157 in pure cultures using real-
time PCR was reported (59–61). Evaluation of a quantita-
tive real-time PCR for rapid enumeration of Listeria
monocytogenes showed that log differences in the
pathogen added to cabbage could be reliably distin-
guished. The method produced a linear response over 7
log cycles from 102 to 109 cfu in 25 g of cabbage (62). 
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5. Microarrays

The recently developed nucleic acid microarray (oligonu-
cleotide microchip) technology has been introduced to
enhance the detection capabilities of PCR. In this con-
text, microarrays serve as a system for rapid detection of
multiple amplicons resulting from a multiplex PCR.
DNA microarrays are in fact a series of reverse dot-blots
for which sequence-specific short oligonucleotide-probes
are attached to a substrate in a lattice pattern. Probes
appear as “spots” in the final image where each spot rep-
resents a unique probe sequence. PCR products can
deposit on the surface and if these PCR products specific
hybridize to complementary probes, it can be visualized
using some type of reporter molecule (either a fluores-
cent label or biotin that permits subsequent detection
with a secondary label). This system enables simultane-
ous detection of the presence of distinct PCR products
based on inter-product DNA sequence differences.
Multiplex PCR in combination with microarrays have
been used for the detection and genotyping (identifica-
tion of various virulence factors) of enterohemorrhagic
E. coli. The microarray technology has great potential for
use in diagnostic microbiology, by combination of DNA
amplification with a universal primer pair with an
oligonucleotide microchip with specific probes for sev-
eral pathogens (63).

6. RNA Amplification Systems

DNA was also demonstrated to persist in a PCR-detectable
form in culture negative samples. However, the presence of
intact DNA sequences does not give an indication of cell
viability. RNA is chemically and biologically more labile
than DNA. The type of target RNA, the primer choice, the
inoculum level, the inactivation treatment and the holding
conditions of the inactivated culture influence the half-life
of the target RNA and as a consequence its (in)ability to be
amplified. The longer half-life of rRNA and its variable
retention following a variety of bacterial stress treatments
make rRNA, under many conditions, a less accurate indica-
tor of viability than mRNA. Studies investigating messen-
ger RNA as a target for amplification showed genes with
inducible expression (e.g., the hlyA-gene of L. monocyto-
genes) not to be suitable; because of the inducible expres-
sion, the extraction efficiency of the transcript is variable.
The use of housekeeping genes (e.g., the elongation factor)
seems a better target as an indicator for viability.

The most commonly used amplification techniques for
detecting mRNA are RT-PCR (reverse transcriptase-PCR)
or NASBA (nucleic acid sequence-based amplification).
RT-PCR is a two-stage process, in which a target messen-
ger RNA sequence is first transcribed into a complemen-
tary DNA (cDNA) sequence, either using random
hexanucleotide primers or sequence-specific primers. The
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cDNA sequence may then serve directly as a template for
PCR. NASBA is a transcription-based amplification reac-
tion that utilizes three enzymes (avian myeloblastosis virus
reverse transcriptase (AMV-RT), ribonuclease H (Rnase
H) and T7 RNA polymerase) acting together to mimic
retroviral replication. A major advantage of NASBA over
RT-PCR is that NASBA is performed isothermally which
avoids amplification of double-stranded DNA and enables
amplification of RNA from a pool of total nucleic acid.

Both methods have been applied for detection of micro-
bial pathogens in food and water samples. NASBA accom-
plished rapid detection of food-borne pathogens (Listeria
monocytogenes, Campylobacter jejuni) in foods after a pre-
ceding 24-48 h enrichment period. RT-PCR has been applied
for detection of viable Listeria monocytogenes in beef and
eggs and Salmonella Enteritidis in beef (64, 65) (Table 55.3).

RNA amplification methods offer in many instances
the best means of detecting food-borne enteric viruses
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FIGURE 55.11 During real-time PCR (in the present example using a molecular beacon-based assay performed in an iCycler), flu-
orescence intensity increases due to hybridization of the fluorescent probe to the PCR product. When adjusting the graph to have log
RFU in Y-axis versus the cycle number in the X-axis the threshold cycle Ct (the cycle at which the fluorescence rises appreciably
above background) can be derived. Quantification is performed by an external standard correlating the time to detection to the initial
number of pathogens or DNA material used as an input. (Courtesy of Bio-Rad, Hercules, California, U.S.A.)



(hepatitis A virus, rotaviruses, Norwalk-like virus); other
methods such as ELISA or cell culture are too inefficient
or slow (66, 67).

7. International Acceptance

Despite rapid advances in the field of molecular-based
methods, there is no doubt that the complexity of the food
samples will continue to challenge further these rapid
detection methodologies. Nucleic acid-based diagnostics,
such as PCR, are very young compared to traditional
detection methods and although well-established in
research laboratories, still need to gain general acceptance
as reliable methods in routine food diagnostics. However,
it is considered that PCR can be established as a routine
reference method, alongside traditional techniques within
the next decade. Currently, there are international collabo-
rative efforts to produce PCR-based methods for food-
borne pathogens which are suitable for standardization,
and thereafter adoption as routine diagnostic procedures.
The framework of these efforts is based on three principal
steps: demonstration of primer specificity, evaluation of
the method through collaborative trial and, finally, pro-
posal to an international standardization body such as CEN
(Commission Europeén de Normalisation) (68). At the
same time ISO Technical Specifications are under devel-
opment to formulate some general definitions and recom-
mendations on the requirements for sample preparation,
the performance criteria for thermocyclers, and the
requirements for amplification and detection in order to
control the overall reliability of the PCR methods executed
in food diagnostic laboratories. 

VIII. BIOSENSORS

Biosensors are defined as analytical devices which com-
bine biospecific recognition systems with physical or
electrochemical signalling. The architecture of a generic
system comprises three components: the biospecific reac-
tion, the signal emitted when the target is bound, and the
platform, which transduces the binding reaction into a
machine-readable output signal. Recently new concepts
have begun to yield biosensors aimed at addressing
pathogen detection in the food industry. They consist of
immobilized biologically active material (e.g., enzymes,
antibodies or antigens, nucleic acids) in close proximity to
a receiving transducer unit. Target recognition results in
the generation of an electrical, optical or thermal signal
which is proportional to the concentration of target mole-
cules. However, the application of biosensors to the on-
line detection of food pathogens is seriously hampered by
problems of stability, sterilizability, sensitivity and matrix
interferences. Some current papers have reported the
detection of common food-borne pathogens like E. coli,
Salmonella or Listeria in model systems within minutes.

Only very few papers, however, deal with their direct
detection in food samples. Given the complexity of the
different types of biosensors and their limited application
in food pathogen testing, we refer to excellent reviews by
Ivnitski et al. (69) and Hall (70) for further reading.

IX. VALIDATION OF ALTERNATIVE
(RAPID) METHODS

In the past, different countries have developed different val-
idation schemes. Several standardization organizations
such as AOAC, IDF, AFNOR, NMKL, etc. have expanded
their activities and started up a validation protocol for alter-
native methods. This has frustrated kit manufacturers, as
they have to undertake a number of different validations in
different countries, in order to get widespread acceptance of
their test. There is a need for harmonization in validation
schemes. In 2002, the European Standard “Protocol for the
Validation of Alternative Methods” was accepted by the
CEN. Through the CEN/ISO “Vienna agreement,” this
European Standard will also be adopted as an ISO standard
(ISO 16140) and agreements have been made with AOAC
International for mutual recognition of the different valida-
tion schemes. A European certification organization named
MicroVal for independent validation and approval of alter-
native methods based on the European standard is set up
and pilot validation studies are ongoing. The proposed ISO
16140 standard for validation of alternative methods
describes a technical protocol for the validation of qualita-
tive methods and a technical protocol for the validation of
quantitative methods which both include a method compar-
ison study and an interlaboratory study. Specific recom-
mendations are given relating to the experimental setup of
the measurement protocol and the calculation and interpre-
tation of the data obtained using appropriate statistics.
Nevertheless, the acceptance criteria are not clearly defined
in the protocol. Results of the alternative method should be
‘comparable’ to those of the reference method. The actual
criteria will depend upon the type of method and the cir-
cumstances under consideration.

In the U.S. but also worldwide, AOAC International,
which has a long tradition in validation of methods, is the
expert organization for validation of alternative (rapid)
methods. The collaborative study forms the essence of the
AOAC validation process. In this study, competent, expe-
rienced analysts, working independently in different labo-
ratories, use a specified method to analyze homogeneous
samples for a particular microorganism. An Associate
Referee, under the guidance of the General Referee and
assisted by a statistical consultant, is responsible for the
actual development of the protocol for the collaborative
study which should be approved through the Methods
Committee on Microbiology and Extraneous Materials.
The Associate Referee also conducts ruggedness testing
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and a pre-collaborative study to determine the applicabil-
ity of the method for detection of the target organism(s) in
a wide range of food matrices and conditions. The
Associate Referee is required to be an expert in a particu-
lar target organism or a particular type of method or a
food matrix or a combination of these. The General
Referee must be a recognized authority in the field of
interest (71). For the parameters taken into consideration
to evaluate the performance of alternative (rapid) methods
the reader is referred to Chapter 54. 

X. CONCLUSIONS

Improvements in the field of instrumentation and data
processing, immunology and molecular biology have led
to the development of rapid (within 24–48 h) methods for
the detection of food-borne pathogens. The introduction
of these methods for ‘real-time’ detection of specific bac-
teria is hampered by the complexity of the food matrix
and the low numbers of pathogens present in the sample.
One of the most challenging problems is sample prepara-
tion. More research is needed on techniques for separating
microorganisms from the food matrix and for concentrat-
ing them before detection. The potential of combining dif-
ferent methods should be further exploited. Results
obtained from alternative (rapid) methods should be care-
fully interpreted because positive tests are not necessarily
linked to biological activity and should be supported by
classical cultural methods which are still the reference
methods whereas negative test results are only representa-
tive for the absence of the pathogen in the sample taken at
that time. Anyhow, it should be kept in mind that micro-
biological monitoring of foods as such cannot control
entirely microbiological quality or food safety. It is only a
tool to verify the well functioning of preventive measures
taken to eliminate, reduce or prevent the contamination
from spoilage or pathogenic microorganisms.
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I. INTRODUCTION

A. DEFINITION OF CONSUMER ACCEPTANCE

RESEARCH

Consumer acceptance research is the field of study that
examines the perceptual, cognitive, social, and attitudinal
factors that influence liking of and behavior toward a food
product or concept. It involves the study of the intrinsic
and extrinsic product factors that influence liking, choice,
purchase, or consumption of foods and beverages, utiliz-
ing untrained people who are representative of the ulti-
mate users of the product.

B. IMPORTANCE AND PURPOSE OF CONSUMER

ACCEPTANCE RESEARCH TO THE FOOD INDUSTRY

The importance of consumer acceptance research to the
food industry is reflected in the large number of R&D pro-
fessionals who are employed by food companies all over
the world to conduct consumer-based, sensory research
for food product development, optimization, shelf stabil-
ity analysis and quality control. In addition, another broad
range of consumer research activities is performed within
marketing research departments in these companies.
Considering the cost involved in successfully bringing a
new product to market, food manufacturers realize that it
is essential to obtain consumer information as early as
possible in the product development cycle in order to screen
out potential product failures from potential successes.
Consumer acceptance research, along with many of the
other sensory testing techniques described in Chapter 57,
can provide critically important information to decision
makers in order to maximize the likelihood of both prod-
uct and business success.

Since consumer testing is ordinarily more expensive
and time consuming than non-consumer sensory testing, it
would be inefficient to have consumers evaluate products
that have not been previously evaluated by in-house or
trained panels to either characterize their sensory proper-
ties or to ensure that the samples to be compared differ
significantly on some sensory dimension. However, for most
of the trained panel techniques discussed in Chapter 57,
consumer testing of the liking/disliking of the product(s)
will be a necessary follow-on activity. This is especially true,

since knowledge about a product’s sensory characteristics
or the fact that it is discriminably different from another
product does not tell the product developer whether it will
have any meaningful effect on consumer liking/disliking
of the product(s). Without this latter information, product
managers risk making decisions that are very costly in time,
resources, and money, but without any evidence of their
likely impact on consumer liking or purchase. In addition,
one of the most important uses of consumer acceptance
testing is for product optimization. Without reliable and valid
measures of liking/disliking, it is not possible to develop
useful relationships between sensory and/or physical vari-
ables of the product and consumer acceptance, so that a
set of optimum product characteristics can be achieved.

C. CONSUMER VS. NON-CONSUMER

SENSORY RESEARCH

1. Differences in Test Populations: Consumers vs.
Trained Panels and Experts

The primary difference between consumer research and
other sensory research is the test population that is used.
A necessary element of consumer acceptance research is
the use of untrained people who represent the target pop-
ulation for which the product is intended. This reliance on
untrained individuals contrasts with other types of sensory
research that is conducted for the purposes of descriptive
analysis of products, quality control, sensory-instrumental
correlations, and other specialized purposes within spe-
cific food commodity areas. The latter research often uti-
lizes trained or expert panels. Trained panels are groups
of individuals who have been selected for participation on
the basis of objective criteria related to their ability to per-
ceive differences in basic sensory attributes and who are
trained in specific sensory evaluation techniques and/or the
use of a standardized lexicon. Expert panels are groups of
individuals who have extensive formal experience with
the product or the product category, but who may or may not
have received training in a specific descriptive methodol-
ogy. Expert panels are often made up of in-house author-
ities within an organization. Trained and expert panels
should not be used to assess the affective (liking) aspects
of foods (1) or to evaluate any aspect of the suitability of
the item for its intended purpose. The reason for this is
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that the members of these panels are not necessarily the
users of the product or product category. In addition, due
to their training and experience, these individuals may
well have different perceptions of the sensory properties
of the product (2), different liking of the products (3), or
biased opinions of its suitability for the average consumer.
For these reasons, trained and expert panels should not be
used in consumer research.

Although it is agreed that consumer research must be
conducted using naive users of the product, the extent to
which naive consumers can be used to provide descriptive
or other, non-affective, sensory data is more controversial
(4). Due to the historical evolution of sensory science
within the food industry, where commodity experts and
highly trained professionals were often employed to per-
form sensory analysis, the use of consumers to make ana-
lytic sensory judgments was often deemed inappropriate.
However, as a result of the influence of the fields of psy-
chology and psychophysics, both of which have long relied
on the use of naïve subjects to make sensory and percep-
tual judgments of complex stimuli, a wider acceptance of
the use of consumers to make discriminative and descrip-
tive evaluations of products has emerged. In fact, the
method of “free-choice profiling” (5, 6) has been developed
for the specific purpose of utilizing consumers and con-
sumer terminology for the descriptive evaluation of food
products. The pros and cons of the use of consumers for
non-affective sensory analysis have recently been debated
(7–11) and the utility of having consumers rate descriptive
attributes of products in order to segment them on the basis
of sensory preferences has been documented (12, 13). At
present, it is best said that a consumer panel should be
used when affective (liking) data are being obtained or
when sensory data are to be generalized to a consumer
population. Trained panels should be used when there is a
need to maximize sensitivity to differences in the product
or when detailed descriptive information is required.

Although trained panels and consumer panels provide
different types of sensory data, it is often useful to be able
to relate the two. For this purpose, a number of multivariate
statistical approaches have been developed. These include
multiple regression techniques, principal component analy-
sis, response surface methodology, internal and external
preference mapping, and a variety of data clustering tech-
niques. Details and examples of the application of these
techniques to consumer acceptance issues can be found in
a variety of books and papers on the topic (14–25).

2. Differences in Independent and Dependent
Variables

Another common difference between consumer and non-
consumer sensory research is the types of variables that are
studied. As noted previously, the independent variables of
interest in consumer testing include factors that are both

intrinsic and extrinsic to the product. Although intrinsic
variables, e.g. ingredients, processing variables, and stor-
age conditions, are also studied using non-consumer sen-
sory techniques, the extrinsic properties of the product,
e.g. price, packaging, labeling, and product information
variables, along with the demographic and psychographic
variables of the user, are unique to consumer research.
Similarly, while the dependent variables of non-consumer
sensory research typically focus on the perception of the
product’s sensory attributes (its appearance, odor, taste
and texture), the dependent variables used in consumer
research typically focus on affect (liking or preference),
choice, purchase, or consumption of the product.

II. QUANTITATIVE TEST METHODS: 
MEASURES OF PREFERENCE AND 
LIKING

A. THE PSYCHOLOGICAL CONSTRUCT OF

AFFECT: LIKING AND PREFERENCE

One of the major dependent variables of interest in con-
sumer research is affect, the emotional response or “feel-
ing” toward some object. In operational terms, affect is
commonly assessed through judgments of the “hedonic”
or liking dimension of a food or through judgments of the
relative preference for one item over another. The word
hedonic means, “having to do with pleasure” and derives
from “hedonism”, the philosophy that views pleasure as
the ultimate good and the goal of all human behavior.

The affective or hedonic dimension of a food is separate
and distinct from its sensory dimensions. It is a conscious
experience that accompanies the somatic (physical) effects
of emotions. Thus, when someone states that they like cof-
fee, this is not a descriptive statement regarding anything
intrinsic to the coffee itself. Rather, it is an evaluative
statement, based on an emotion that is elicited in the
observer when he/she drinks coffee. This contrasts with
the statement that the coffee is bitter, which is a descrip-
tive statement about the sensory properties of the coffee.
Descriptive statements can be said to be “objective”, i.e.
they tell us something about the object’s outward mani-
festations. However, evaluative or affective statements are
“subjective”, i.e. they tell us something about the subject’s
private experiences. It is relatively easy to get agreement
among individuals about descriptive statements, but it may
be impossible to get common agreement about evaluative
or affective statements. Similarly, it is sometimes possible
to get independent corroboration of descriptive statements
through physical tests performed on the food, whereas no
such tests are available to corroborate evaluative or affec-
tive statements.

In spite of the differences in the underlying nature of
sensory versus affective responses, in many ways, affective
responses manifest themselves in the same way as sensory
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responses. For example, they both have psychological
magnitude and duration. They both adapt over time and
recover after deprivation. They are both subject to contrast
and order effects, and they both can show bipolarity. These
similarities between sensory and affective dimensions
have led to the development and use of similar methods
and approaches for their measurement (26).

B. MEASURING AFFECT

1. Measurement Levels and Scale Types

Measurement is defined as the assignment of numbers to
objects according to rules. This definition applies to the
measurement of both the physical and psychological attrib-
utes of objects, and by extension, to their sensory, cognitive
and emotional dimensions. In a classic paper, S.S. Stevens
(27), a mathematician and psychophysicist, defined four
different levels of measurement and corresponding meas-
urement scales. The four levels of measurement that he
identified were nominal, ordinal, interval, and ratio, each
defined by the rules used to assign the numbers to objects
and the allowable transformations of the numbers that
keep the scale form invariant.

The most rudimentary form of measurement is nomi-
nal measurement. It refers to the use of numbers to name
objects, e.g. the numbers appearing on the jerseys of foot-
ball players or the designation of the symbol “4” to sets of
objects containing four elements. Nominal scaling is rarely
used in sensory or consumer science, except when simple
counts of the number of consumers who like or dislike a
product are made. In the latter case, the proportion of con-
sumers who like the product is referred to as the “acceptor
set size”, and this measure can sometimes be an important
measure in food marketing decisions (28).

The second level of mathematical measurement is
ordinal measurement. It refers to the assignment of num-
bers to reflect the order of objects along some dimension,
e.g. the numbers assigned to the finishing places of race-
horses. Ordinal measurement is often used in consumer
sensory testing when food samples are compared or ranked
for preference (see section IIB2). However, these tests are
usually conducted only when a crude measure of the dif-
ferences among test samples is needed. Most of sensory
science, whether consumer or non-consumer oriented, has
come to rely on the last two levels of mathematical mea-
surement — interval and ratio measurement.

Interval scaling refers to the measurement of objects in
such a way that the differences between adjoining numbers
on the scale represent equal intervals along the dimension
being measured. Common interval scales include the
Fahrenheit and Celsius scales of temperature and the 9-pt
hedonic scale for assessing food liking/disliking (29, 30)
(see section IIB3a). Although interval scales afford a
meaningful degree of quantification along the measured

dimension, they lack the precision and mathematical sophis-
tication of ratio scales.

Ratios scales represent the highest level of mathemat-
ical measurement and are defined by the fact that the
ratios among the numbers reflect the ratios of the magni-
tudes among the test objects. In order to achieve this, ratio
scales require a true zero point. [Note that neither the
Fahrenheit nor Celsius scales of temperature are ratio scales,
because the zeroes on these scales do not represent a true
absence of thermal energy and, therefore, 20 degrees
Fahrenheit (or Celsius) does not reflect twice as much
thermal energy as 10 degrees Fahrenheit (or Celsius)].
Common ratio scales include metric measurements of line
length, the Kelvin scale of temperature, and, in sensory
science, magnitude estimation and labeled magnitude scales
(see section IIB4).

2. Ordinal Methods: Paired Preference and
Ranking

a. Paired preference tests
The simplest method for assessing the difference in liking
associated with two or more food items is to have consumers
directly compare the samples and indicate their preferences.
The term preference refers to the choice of one sample
over another. A paired preference test is used when two
samples are to be compared. The two samples are presented
either sequentially or simultaneously, depending on the
test objectives. The order of presentation of the samples is
balanced either temporally (sequential test) or spatially
(simultaneous test) in order to avoid order and position
biases. The task for the consumer is to choose which sam-
ple he/she prefers. The test is typically run as a forced-
choice task; that is, the consumer must choose one sample
or the other. The number of consumers who prefer one
sample over the other can then be compared to statistical
tables found in standard sensory texts (1, 31, 32) in order
to determine whether a statistically significant difference
exists in consumer preference between the two samples.
There has been a recent discussion in the literature con-
cerning the advantage of having a no preference choice for
the consumer, since this represents a real possibility; how-
ever it has not found wide use by sensory scientists. (33)

b. Multiple paired preference tests
When more than two samples are to be evaluated, either a
multiple paired preference test or a ranking test can be
performed. In a multiple paired preference test, all possi-
ble pairs of the samples are presented in a series of paired
preference comparisons. If a large number of samples is 
to be evaluated, a subset of the possible pairings can be used
that focuses on comparing one or two samples, e.g. con-
trols, with all of the other samples. The data and conclu-
sions to be drawn from such an iterative set of two-sample
comparisons are similar to those that would be obtained
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using a ranking test. However, the multiple paired com-
parison test minimizes the complexity of the choices for the
consumer and can produce greater sensitivity when differ-
ences among samples are small. The reader is referred to
standard texts on sensory analysis to read further about
these methods and the statistical procedures that apply to
the data (1, 31, 32, 34).

c. Preference ranking tests
A ranking test is the most direct way to determine the
order of consumer preferences for more than two samples.
However, for reasons related to panelist fatigue and memory
limitations, the maximum number of samples that should
be tested is 5–6 (35). In a ranking test the samples are usu-
ally presented simultaneously to the subjects, in order to
minimize the variability contributed by memory effects. The
samples are presented in a balanced, random order and the
consumer assigns numerical ranks to the samples to indi-
cate the order of his/her preferences for the samples. The
data can then be then analyzed by nonparametric statistical
tests (Friedman’s) and appropriate multiple comparisons
to determine if a difference in preference exists among the
samples, and if so, which samples differ from one another.
Alternatively, rank sum statistics can be found in pub-
lished tables (36–38).

3. Interval Methods: Rating Scales

Ordinal preference testing methods have several limitations.
First, they require at least two samples in order to collect
the data. Second, they do not provide information about
absolute levels of liking or disliking. In a paired prefer-
ence test showing that Sample A is preferred to Sample B,
one still does not know if both samples are liked, if both
samples are disliked, or if one is liked and the other dis-
liked. Lastly, paired preference and ranking methods do not
provide information about the degree of difference among
samples on the affective dimension. In order to obtain
information about the absolute level of liking/disliking for
a single sample, a rating scale with specific verbal lan-
guage that addresses the intensity of the liking-disliking
dimension is required. In addition, in order to make state-
ments about the degree of difference in liking/disliking
between samples, an interval level of scaling is required.

a. Category rating scales
Verbal hedonic scales
Perhaps the most common and best-known method for
measuring consumer liking/disliking of foods is the 9-pt
hedonic scale (30). This scale, shown on the left side of
Table 56.1, is designed not merely to determine preferences
among samples, but also to index the degree to which the
consumer likes or dislikes the sample. The 9-pt hedonic
scale was developed at the U.S. Army Quartermaster Food
and Container Institute in Chicago in the years immediately

following World War II (see (39) for a review of the con-
tributions of this laboratory to consumer research). The
goal of the laboratory’s research was to maximize the con-
sumption and nutritional intake of soldiers by identifying
and/or developing foods that soldiers would readily con-
sume. In order to develop fast and efficient means for pre-
dicting the foods that soldiers would eat, the 9-pt hedonic
scale was developed.

Although the 9-pt hedonic scale is commonly treated
as an interval scale, this assumption is unwarranted. The
scale is simply an ordered metric scale of liking. The rea-
son for this is that the 9-pt hedonic scale represents a scale
type frequently used in consumer research and known 
as a “category scale”. A category scale consists of a set 
of verbal labels that define different “categories” along 
a measurement dimension. These verbal categories are
often assumed to represent equal-sized intervals along the
dimension. However, several analyses of these scales have
shown that this is rarely the case (see section below).

The 9-pt hedonic scale is only one of many different
types of category scales that can be used to assess food
liking. Such scales can have varying numbers of categories
(typically 3–10), may be unidirectional or bi-directional,
and may use variants of the terms “liking and disliking”,
e.g. “pleasant” and “unpleasant” or variants of the intensity
modifiers, e.g. “somewhat”, “a little”, etc. In one extension
of the use of verbal category scales, a scale consisting of
a set of verbal labels relevant to children, i.e. “super good”,
“really bad”; was developed (40). Most category scales of
liking may be used to index either overall liking of the
product or liking of one of its specific attributes, e.g. its
flavor, texture, etc. (see (31) for examples of a wide range
of balanced and unbalanced category scales of liking).

Facial hedonic scales
Although the 9-pt hedonic scale is the most commonly
used scale for measuring liking, it is often difficult to use
with children, with individuals who have reading difficulties,
or with the visually or cognitively-impaired. For these
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TABLE 56.1
The 9-Point Hedonic Scale (30) and Geometric Mean
Magnitude Estimates of the Semantic Meaning of Each
Category Label (48)

Geometric Mean 
9-Point Hedonic Scale Magnitude Estimate

• Like Extremely 476
• Like Very Much 360
• Like Moderately 232
• Like Slightly 72
• Neither Like Nor Dislike 0
• Dislike Slightly �66
• Dislike Moderately �199
• Dislike Very Much �347
• Dislike Extremely �472
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special classes of consumers, facial category scales are
often used that place a lower cognitive demand on the
respondent. Such scales consist of a set of faces depicting
frowns or smiles. Figure 56.1 shows a consumer ballot
that uses a 5-pt facial hedonic scale. This ballot was used
to assess the liking of foods served in the U.S.D.A. school
lunch program (41). Similar facial scales have been devel-
oped using either three (42, 43), five (44, 45), or seven
points (46), while others have used animal cartoons (47)
and adult faces (31).

Limitations of category scales
In spite of the diversity in the nature of category scales
and their widespread use in the food industry, all category
scales have the same basic measurement properties and all
suffer from the same limitations. As stated previously,
empirical evidence indicates that the points on the 9-point
hedonic scale do not represent equal subjective intervals,
i.e. the difference in acceptability between two products
rating “1” and “2” on the scale is not the same as the dif-
ference between two products rating “4” and “5” on the
scale or “8” and “9” on the scale. The right column of
Table 56.1 shows data from a study in which a magnitude
estimation procedure was used to scale the semantic
meaning of the verbal labels of the 9-pt hedonic scale
(48). As can be seen, the data show that the differences
between points on the scale are not equal. For example,
the psychological distance between “like extremely” and
“like very much” is larger than the psychological distance
between “like moderately” and “like slightly.” Other
investigators (49–51) have also demonstrated this non-
equivalence of scale intervals using similar techniques.

Another problem with category scales is that respon-
dents tend not to use the extreme categories, because they
fear that if they use these categories to rate a food item,
but a more extremely liked (or disliked) item is presented
subsequently, they will have no appropriate category left
to assign to it. This central tendency or regression effect

means that the 9-point hedonic scale effectively becomes
a 7-point scale of liking/disliking. Also, many category
scales have a neutral point. The use of a neutral category
decreases the efficiency of the scale (52) and may encour-
age complacency in judgments by providing the consumer
a “safe” category into which foods that engender only
mild liking or disliking can be placed (53,54).

Rating foods vs. food names
Since the inception of the study of consumer food
research, investigators have applied a variety of methods
to obtain an index of the liking or “acceptability” of a
tasted food. However, for certain practical purposes in the
food industry, such as for menu planning, it is often desir-
able to index consumer liking for a wide array of foods
without presenting the actual foods for evaluation. For
this purpose, the same methods of analysis used to evalu-
ate the liking/disliking of real foods can be applied to food
names. Under these circumstances, the term “preference”
is sometimes used to describe the nature of the data that
are obtained (55). Although many investigators reserve
the term preference for methods that require the consumer
to choose one sample over another (e.g. paired preference
methods), the word preference is also defined as an under-
lying “psychological continuum of affectivity” (56). It is in
keeping with this latter usage that the word “preference”
is often used to refer to affective ratings of food names (a
liberal perspective).

Since a food name is not the same as any particular
preparation of that food, the correlation between
liking/disliking ratings of foods and their corresponding
food names is quite variable. In one study where subjects
rated both their liking/disliking for food names and for
tasted preparations of the same foods, correlations ranged
from .02 to .61 across food items (57). This study also
showed that “acceptance” ratings of real foods are char-
acterized by a regression toward the mean relative to
“preference” ratings for the corresponding food names.
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FIGURE 56.1 Facial hedonic scale ballot used to assess food liking/disliking in school lunch programs (41).
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That is, foods that are rated as very highly liked, based on
ratings of their names, are generally rated lower when actu-
ally tasted; whereas, foods that are rated as very disliked
on the basis of their names are rated more positively when
tasted. This has led to the conclusion that consumers’
stated preferences for foods based on their rating of food
names reflect a quintessential or idealized image or memory
trace of the food, and that actual preparations of the food
item are never as good or as bad as this mental image (57).

From a practical standpoint, ratings of affect are also
often used to predict future consumer behavior toward a
food, e.g. purchase or consumption of it. In a lengthy set
of studies conducted by the U.S. military from 1950–1980,
soldiers’ ratings of liking/disliking in response to food
names accounted for 25–50% of the variability in the con-
sumption of these foods (see (57) for a review of these data).
More recent studies looking at the relationship between
affective ratings of tasted foods and consumption have
shown approximately the same degree of predictability
(58–65). Although food preference and acceptance meas-
ures obtained from affective attitudinal judgments are rel-
atively poor predictors of consumption, this has not
interfered with the widespread use of these measures in
both industrial and academic settings to predict consumer
behaviors toward food. In many cases, affective ratings in
response to a tasted food have become the sine qua non of
consumer behavior toward foods and are used to guide
product development, product improvement, and quality
assurance throughout the food industry. The continued use
of the 9-point scale is a function of its ability to order the
liking of both potential new products and products under-
going quality control testing, rather than because it is an
accurate predictor of food consumption.

b. Line scales
A different method for measuring the liking and disliking
of foods that is not dependent on the use of verbal or pic-
torial categories is line scaling, also known as linear
graphic scaling or visual analogue scaling. A linear
graphic rating scale consists of an unbroken horizontal or
vertical line that is anchored on both ends with a verbal
label. Such a scale may also be anchored in the middle or
elsewhere. Figure 56.2 shows a typical linear graphic rat-
ing scale used to assess consumer liking. Although line
scales have been used to evaluate food quality since World
War II (66), they were popularized in the early 1970’s due
to their use in the procedure known as Quantitative
Description Analysis (QDA) (67).

Linear graphic rating scales have been used in a number
of studies to rate liking/disliking of foods (68–70). When

presented without instructions, linear graphic rating scales
are presumed to be interval scales. However, Lawless (71)
used a linear graphic rating scale with ratio instructions in
order to scale both sensory intensity and affect in response
to taste and odor stimuli. In order to enable extremely
large ratings of magnitude, Lawless allowed subjects to
“extend” the end-point of the line beyond its terminal
point. Line scales have also been combined with verbal
labels whose semantic meaning have been quantified
using direct ratio methods in order to construct a labeled
magnitude scale of liking (see below). The latter scales
have been shown to produce data comparable to those of
ratio methods (48).

4. Ratio Methods

a. Magnitude estimation
In the 1950’s, S.S. Stevens developed a variety of “ratio”
methods to permit subjects to make ratio judgments of the
attributes of food and other stimuli. The most widely known
of these methods is magnitude estimation (72). It was orig-
inally applied to sensory stimuli to establish psychophys-
ical functions relating physical intensity to perceived
intensity. Magnitude estimation was probably first applied
for the scaling of consumer food liking by Moskowitz and
Sidel (49). These authors argued for the practical impor-
tance of magnitude estimation as a “supplement” to cate-
gory scaling, suggesting that a category scale could be
used to label the perceptual categories of acceptance, but
that magnitude estimation should be used to refine the
degree of acceptability. Later, in several papers and books,
Howard Moskowitz, a student of S.S. Stevens, champi-
oned the use of magnitude estimation for wide scale use
in sensory evaluation of foods (50, 73, 74).

When using magnitude estimation, respondents rate the
liking of one product relative to another. If one product is
liked twice as much as the other, it is assigned a number
twice as large. If it is liked one-third as much, it is assigned
a number one-third as large, etc. In one study in which
magnitude estimation was used to rate whiskey sour bev-
erages (75), it was found to be more sensitive than the 
9-point hedonic scale. However, other studies have found
the hedonic scale to be more reliable (76), although both
scales were observed to be linearly related to one another.
Other investigators (77, 78) have found only minor differ-
ences between the two scales. A collaborative study spon-
sored by the American Society for Testing Materials
(ASTM) was carried out to compare the 9-point hedonic
scale with both unipolar (only positive numbers) and bipo-
lar (positive numbers are used for liking; negative num-
bers are used for disliking) magnitude estimation (79).
This study found all three scales to rank the test stimuli in
the same order, with very similar spread of ratings. Very
similar degrees of precision and sensitivity were also found
in differentiating samples. Reliability of the category
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Dislike extremely Like extremely

FIGURE 56.2 Typical linear graphic rating scale for assessing
liking/disliking.
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scale was higher than for either form of magnitude esti-
mation, although high reliability could be obtained with
larger sample sizes. An ASTM method for conducting
magnitude estimation has now been published (80).

b. Labeled magnitude scales
Although, magnitude estimation provides valid and reliable
data on the sensory and hedonic attributes of food, in prac-
tice, it is difficult to use due to the complexity of instruc-
tions that are required and certain data analytic demands.
This has limited its wide scale use. However, recent work
in the development of labeled magnitude scales has com-
bined the practical simplicity of category scales with the
quantitative sophistication of ratio scaling for rating both
the intensity and affective attributes of tasted stimuli. Green
et al. (81) developed the first labeled magnitude scale of
oral sensation by placing verbal labels of expressed intensity
along a linear numerical scale at specific locations that
reflect the numerical ratios among their perceived intensi-
ties, as obtained by a magnitude estimation procedure. 
A critical characteristic of this scale is the presence of 
a phrase involving the “maximal”, “strongest imaginable”
or “strongest possible” sensation. The use of this phrase 
is assumed to serve as a fixed end-point of sensation that
places judgments of different subjects on a common sen-
sory “ruler”, a scale characteristic that is considered criti-
cal for valid sensory results (82–84). Subjects can quickly
look at the verbal labels and corresponding numbers, and

then place a mark (/) through the line scale to indicate the
perceived strength of their sensation. The resulting data
have been shown to have ratio properties (81).

More recently, Schutz and Cardello (48) have extended
the use of labeled magnitude scales to ratings of consumer
liking/disliking. Using the same approach as Green, et al.
(81), Schutz and Cardello scaled the semantic meaning of
verbal phrases used to describe the liking/disliking of
foods. By locating these phrases along a visual analogue
scale in accordance with their determined semantic mean-
ing, they created the LAM (Labeled Affective Magnitude)
scale of liking (Figure 56.3). As can be seen in Figure 56.3,
the non-linearity in the scale is most evident in the middle
and at the ends of the scale. During numerous applications
of this scale, it was shown that consumers can use this
scale to rate the affective aspects of stimuli with equal or
better sensitivity, greater reliability and equivalent ease of
use as the 9-point hedonic scale (48).

III. QUANTITATIVE TEST METHODS:
OTHER AFFECTIVE MEASURES

A. EXPECTED LIKING RATINGS

Another measure that has become popular in consumer
acceptance research on foods, because of its usefulness to
understanding the psychological factors that influence
consumer food behavior is expected liking. Expected lik-
ing ratings consist of prospective judgments of the affect
that is likely to be associated with a food or beverage. It
differs from an affective rating made to a food name,
which is primarily retrospective in nature, i.e. past experi-
ences with the food are used to arrive at the liking judgment
for the food name. In the case of expected liking ratings, the
consumer is asked to assess his/her likely affective response
to a food, usually in the context of some information that is
presented about the food, e.g. its appearance, brand name,
method of processing, etc. Expected liking ratings have
often been made using the 9-pt hedonic scale, but any type
of affective rating scale can be used. The application of
expected liking ratings to consumer food behavior is dis-
cussed in section VIIC.

B. RELATIVE TO IDEAL AND ABSOLUTE

IDEAL RATINGS

In certain product development situations, it is desirable to
know how closely some sensory attribute of a food comes
to being the “ideal” level for that product. Such a judgment
requires the consumer to integrate an affective evaluation
of liking with a sensory judgment of the intensity of the
attribute of interest. In such cases, a relative-to-ideal or “just
right” scale may be used. Figure 56.4 is an example of a 
relative-to-ideal scale that one might use to determine if a
new formulation of lemonade has the appropriate sweetness
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for consumers. Rather than have consumers rate the sweet-
ness and liking of the product independently in two sepa-
rate tests, the scale shown in Figure 56.4 can be used. As
can be seen, the consumer rates the product from ‘not at
all sweet enough’ to ‘much too sweet’ on either a linear
graphic (shown) or other rating scale. The midpoint of the
scale is labeled ‘just right’. Such a scale implies that the
respondent has an internal ideal for the product against
which he/she can compare the sample of interest. Due to
the need to have an internal “ideal” for the product, “rela-
tive to ideal” scales can only be used for well-established
products. It is not possible to use such a scale to assess the
ideal level of an attribute for a new or novel food.

A number of researchers have used relative to ideal
scales (85–87) and studies have shown good agreement
between these scales and hedonic scales. The breakpoint
in the hedonic function, i.e. the point at which responses
shift from increasing liking to decreasing liking, is highly
correlated with the just-right point. Shepherd, et al (88) have
argued that relative-to-ideal scales are ‘unfolded hedonic
scales’, i.e., they represent the amount of liking of the
product attribute in either direction from the just-right or
“bliss” point of the scale. The bliss point in hedonic func-
tions has been documented and studied since the time of
Beebe-Center (89), and some investigators (90–92) have
formulated psychological theories of food quality that focus
on the deviation of sensory attributes from their ideal or
bliss-point levels.

It is also possible to have consumers directly rate the
ideal levels of all the sensory attributes of a product. In
order to discern differences between this “ideal” product
and a test product, difference scores are calculated for the
attributes of interest. Absolute ideal ratings have been used
successfully by a number of investigators (93–95), and
strategies for their effective use have been reviewed (96).

C. MULTIATTRIBUTE PREFERENCE RATINGS:
CONJOINT ANALYSIS

A common market research tool that has recently been
found to have many important applications in consumer
acceptance research is known as conjoint analysis (97, 98).
Since consumers respond to a combination of variables and
levels of variables in making purchase decisions, this pro-
cedure allows consumers to make judgments of liking or
purchase interest to a “bundle” of attributes. Consumers are
presented with a number of conceptual products comprised
of different combinations of selected variables and levels
(a computer-selected main effects model is ordinarily

used to keep the total number of judgments to a manage-
able level). Consumers rate the product concept on the
dependent variable and statistical procedures are then
applied that yield both a measure of the “importance” of
each variable to the consumer and a measure of the “util-
ity” contributed by each level of the variables. The result-
ing information allows predictions to be made concerning
which product, packaging or other aspect of the product
should receive the most attention in the product develop-
ment and marketing processes in order to maximize con-
sumer liking or purchase.

D. TAILORED QUESTIONNAIRE ITEMS FOR

SURVEY RESEARCH

In addition to the types of rating scales described above,
consumer liking and other general or specific attitudes
toward food are often assessed using a variety of survey
questionnaire formats (99–101), e.g. multiple-choice ques-
tions, Likert response scales (agree-disagree), open-ended
questions, etc. These techniques are more often used in
market research to assess consumer opinions toward new
food concepts or for exploring consumer food habits. The
required considerations for the proper design, develop-
ment and implementation of survey research include the
design of reliable and valid questionnaire items, proper
respondent sampling methods, choice of a viable data col-
lection technique (mail vs. mall intercept vs. internet admin-
istration), and analysis of the impact of low response rates
on survey validity. The details of these procedures can be
found in a variety of standard texts (102,103).

IV. QUANTITATIVE METHODS: 
BEHAVIORALLY ORIENTED MEASURES

A. FOOD FREQUENCY RATINGS

One practical purpose of any measure of food acceptance
is to predict consumer behavior toward the food. However,
a simple measure of liking may not suffice to predict the
behavior. For example, although a consumer may rate
chocolate ice cream an “8” and bread a “5” on a 9-point
hedonic scale, this does not mean that the consumer wants
to eat chocolate ice cream more often than he/she wants to
eat bread. Thus, hedonic judgments of the acceptability of
foods are not always a useful tool for menu planning or
for predicting food choices. For these purposes, consumer
judgments of the desired frequency of consuming the
product may be more useful.

Schutz (104) developed the first food frequency scale
as a supplement to the 9-point hedonic scale. Known as
the FACT (Food Action) rating scale, it consists of a series
of statements about the desired frequency of eating an
item (Table 56.2). By its nature, the FACT scale provides
relative frequency estimates. However, absolute frequency
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sweetness.
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measures can also be obtained by having consumers indi-
cate the number of times during a 30-day period that they
would like to consume the item (105). High (�.90) group
reliability coefficients have been found for both types of
scales (104, 106), while individual reliability coefficients
for the latter scale range from .58 to .69 (106, 107). In terms
of their ability to predict actual consumer behavior, the
correlation of ratings on absolute food frequency scales
with food consumption has been reported at .59-.66 (108).

B. SITUATIONAL APPROPRIATENESS RATINGS

Appropriateness ratings of food were developed to meas-
ure the degree to which a food is appropriate or inappro-
priate for specific situations or uses. Schutz (109, 110)
developed the concept of “situational appropriateness”
using a simple category scale that ranges from “never
appropriate” to “always appropriate”. This scale has been
used effectively in a variety of survey formats, and more
recently has been shown to be a valuable adjunct to labo-
ratory affective testing of foods (111, 112).

The development of a situational appropriateness scale
was one of the first attempts to measure the role of context
on consumer food behavior. It is often an overlooked fact
that people do not consume foods simply on the basis of
how well they are liked or disliked. We eat more or less of
foods because it is the right time to eat (breakfast, lunch,
etc.), because of health reasons, social constraints, or any
one of a number of other factors that are related more to
the situation and context of the dining occasion than to
any intrinsic aspect of the food itself. This is one impor-
tant reason why liking ratings account for only about 25-
50% of the variance in consumption, as previously noted.

C. SATISFACTION RATINGS

Another type of attitudinal rating commonly used in con-
sumer research on foods is satisfaction ratings. Satisfaction
ratings can be obtained using category, linear graphic,
labeled magnitude, or other types of rating scales. In prac-
tice, satisfaction ratings are used to assess the post-purchase
or post-consumption attitude of the consumer toward a
product. When applied to food products, the satisfaction

dimension integrates the affective response to a broad range
of product attributes. These include, not only its taste qual-
ity, but also its price, suitability, convenience, nutritional
and health benefits, etc. Moreover, satisfaction with the
product is considered to be a function of the consumer’s
expectations about the product and has been shown to be
related to the degree of disparity or disconfirmation between
the expected characteristics (or liking) of the product and
its actual characteristics (113, 114).

In a recent study, it was found that satisfaction ratings
for foods were better predicted from a combination of the
expected liking of the food, its appropriateness for the eat-
ing situation, and the consumer’s preference for the food
item than by either liking/disliking ratings or actual con-
sumption (55). Based on these data it appears that the con-
cept of satisfaction takes in a wider range of variables
influencing the consumer than simple affect and should be
used in those situations where the researcher is interested
in the effect of the full range of intrinsic and extrinsic vari-
ables on consumer behavior.

D. BEHAVIORAL INTENT RATINGS

One of the traditional methods used by market researchers
to predict whether consumers are likely to purchase a par-
ticular food is to use a form of “behavioral intent” rating
(115). These are ratings by the consumer of his/her future
likelihood to behave in some way toward the product. A
simple form of behavioral intent measure to quantify pur-
chase intent would utilize a probability-like scale, e.g. “I
do not plan to purchase” to “I definitely plan to purchase”.
Another more sophisticated type of behavioral intent
method is known as the “constant sum” technique (116).
In this method the consumer is asked to distribute some
number of points, e.g. 10, among a set of alternative prod-
ucts or product descriptions in order to reflect the likeli-
hood associated with purchasing each item during their
next shopping trip. Unfortunately, neither of these meth-
ods is highly predictive of actual purchase behavior.
However, they can be used successfully to screen out the
best and worst products within a group, and they can serve
as a useful adjunct to affective ratings of the products.

E. PURCHASE BEHAVIOR

A more direct behavioral measure of the degree to which
a consumer likes or dislikes a product is whether or not
he/she actually buys it. Purchase behavior is an important
index of liking/disliking for a product, with special rele-
vance to food marketers. Purchase measures include dol-
lar sales, unit sales, and market share. Dollar sales reflect
total revenue to the manufacturer and those in the distri-
bution chain, while unit shares index the number of items
that consumers have purchased. Market share is a relative
index of the manufacturer’s sales volume relative to that
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TABLE 56.2
The Food Action (FACT) Rating Scale (104)
• Eat Every Opportunity
• Eat Very Often
• Frequently Eat
• Eat Now and Then
• Eat If Available
• Don’t like, Eat on Occasion
• Hardly Ever Eat
• Eat If No Other Choices
• Eat If Forced

DK9848_C056.qxd  10/Sep/05  11:39 AM  Page 10



of competitors. Of course, pricing heavily influences all
purchase indices, so that a very well liked item may not be
purchased if it is priced too high, whereas a product that
is only slightly liked may be purchased over the highly
liked item if it is priced sufficiently low. For this reason,
purchase behavior can only serve as a rough approxima-
tion of how well liked is the item. The reader interested in
measures of purchase behavior should consult standard
sales and marketing texts (103, 117).

F. CONSUMPTION

Perhaps the most meaningful index of whether or not a
consumer likes or dislikes a product is whether or not
he/she eats it and how much of it he/she eats. Unfortunately,
food consumption measures are difficult, time-consuming,
and costly to obtain. To measure food consumption requires
that the amount of food eaten by the consumer be quanti-
fied by weighing the total amount of food served to the
individual, the amount that is left after eating (plate waste),
and then subtracting the latter from the former. Less exact-
ing methods require that a visual estimate be made of the
amount eaten (as a percent of total served) or that food
diaries be maintained. The latter methods are fraught with
problems associated with the accuracy of self-reported
data. In addition, the hunger or satiety level of the indi-
vidual influences all consumption measures. Very well
liked items will not be consumed if the consumer is full,
whereas relatively disliked items may be consumed when
the individual is very hungry. As such, consumption meas-
ures only serve as an approximation of how well liked or
disliked is a food item. It was exactly because of the great
difficulty involved in measuring human food consumption
that early researchers opted to develop attitude measures
to assess liking/disliking of food (30) and to use these
measures as predictors of food consumption. Readers inter-
ested in further discussion about measures of food con-
sumption are referred to several recent reviews of the topic
(118–121).

V. QUALITATIVE CONSUMER TEST 
METHODS: INTERVIEWS, 
FOCUS GROUPS

In addition to the quantitative measures described above,
a number of qualitative consumer techniques have been
developed for use in food acceptance and marketing
research. These methods primarily address issues of a cre-
ative nature and the motivational factors that drive con-
sumers’ purchase behavior. They may be considered
exploratory in nature as compared to the confirmatory
nature of quantitative consumer research methods, and often
allow the investigator to explore more deeply the factors
that underly consumer behavior.

A. PERSONAL INTERVIEWS

Borrowing from the discipline of psychology, in-depth,
personal interviews with consumers can yield valuable
information about consumer attitudes and dispositions
toward foods. However, this technique has low external
validity because the time and effort involved in personal
interviews usually results in small numbers of respon-
dents and is unlikely, therefore, to provide representative
data about the consumer population to which the investi-
gator would like to generalize. However, personal inter-
views can be used quite effectively to generate hypotheses
that can later be tested using large-scale, quantitative sur-
veys. Recently, personal interview techniques have seen
somewhat greater use in consumer acceptance research,
due to their use in “laddering” techniques (122) that seek
to uncover the cognitive structures that underlie consumer
perceptions and behaviors toward foods. Such factors as
the use of standardized questionnaire protocols and inter-
viewer training and consistency will affect the reliability
and validity of interview information. However, personal
interviews do allow for a level of detailed questioning and
understanding that is not practical or possible with other,
more quantitative techniques, such as written surveys.

B. FOCUS GROUPS

Focus groups are a form of group interview. Ordinarily
from 8–12 respondents are selected from the community
representing some relevant component of the market-
place, either demographically and/or on the basis of prod-
uct usage. The sessions are held either in homes or in
central testing facilities that are designed with one-way
mirrors and sound/video recording equipment. A modera-
tor or facilitator who has been trained in group dynamics
and who leads the group discussion according to a pre-
determined script of topics leads the sessions. A typical
focus group lasts from 1–2 hours.

Information from focus groups can be used to develop
and/or evaluate product packaging concepts, advertising
themes, and to help develop appropriate questions for
quantitative surveys. Focus groups can also be conducted
as a follow-up to a quantitative survey in order to help
understand the results (this is typically done using respon-
dents who represent those consumers who either liked or
disliked the tested product). The interested reader should
refer to other published papers for further details on the
use of focus groups in consumer food research (123, 124).

VI. CONDUCTING CONSUMER TESTS:
WHO, WHERE, AND HOW

A. LOCATIONS FOR TESTING

The location for performing a consumer test ranges
widely, from the laboratory to central locations (churches,
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shopping malls, etc.), field sites (especially for institutional
foodservices), and even the homes of consumers. The
choice of which location to use is partly a function of cost
and partly a function of the research objective of the study,
i.e. whether the objective is exploratory or confirmatory in
nature. For simple exploratory or research guidance tests
using a small number of respondents, the laboratory is an
appropriate choice. As the need for greater external validity
arises, such as when significant resources are to be expended
based on the results of the study, it is important to have a
location that allows for a greater number of respondents
and for more normal consumption conditions. As might be
expected, as one moves from the laboratory to the field,
the opportunity for controlling testing conditions dimin-
ishes, making the need for a larger number of respondents
necessary to reach statistically significant findings. The
appropriate tradeoff is a management decision that must
be made during the test-planning phase.

B. CONTROL OF SAMPLE PRESENTATION

The presentation of samples in consumer tests should be
made in such a way as to minimize the bias produced by
the order of testing. This ordinarily means that samples
are presented unlabeled, in a random or balanced order,
and identified with a non-biasing, e.g. random three-digit,
blinding code. The size and temperature of the samples
presented is a function of the amount of product that is
available, the total number of different products, and the
degree to which the researcher wishes to simulate actual
eating situations. Ideally, a normal serving size and tem-
perature would be used. However, the problems of sensory
adaptation, post-consumption satiety, and practical time
constraints usually lead to compromises, so that interpre-
tation of the results must take into account the specific nature
of the serving conditions. The location of testing heavily
interacts with these decisions, since what is feasible in the
laboratory or in the home will argue for one type of pres-
entation over another. In general, it is only possible to
approximate the actual consumption conditions, since sam-
ples are rarely presented as part of a meal situation. If only
food concepts are to be evaluated, such as in conjoint ana-
lytic studies, computer presentation can also be utilized.

C. CONTROL OVER AMBIENT CONDITIONS

As with sample presentation, control of ambient condi-
tions is dependent upon the testing location. In the labo-
ratory a great deal of control can be gained over lighting,
temperature, noise, etc. Figure 56.5 shows a typical labo-
ratory consumer testing situation, in which a consumer is
seated in an individualized sensory testing booth that is
light, sound and temperature controlled. Food samples are
presented to consumers through openings from a kitchen
area, which minimizes cooking odors and any visual bias

from preparation procedures. The consumer has access to
rinse water and a computer terminal/keyboard for viewing
questions and entering responses. Of course, less control
is possible in central location sites, and control may be
minimal in home-use tests or in actual field locations. The
consequences of this lack of control will vary depending
on the nature and differences among the products evalu-
ated. However, in all cases, it is appropriate to exercise as
much control as possible over testing conditions to maxi-
mize the likelihood of finding statistically significant and
meaningful differences among products. Again there is a
tradeoff between being sensitive to possible differences
and representing actual eating situations. (The reader is
referred to Chapter 57 for further details on sensory test-
ing facilities, controls and procedures.)

D. SELECTION OF RESPONDENTS

The ideal test population for most consumer research is a
cross-section of marketplace consumers of the product
within the geographical area in which the product is mar-
keted. However, in practice, this target population may 
be difficult to access. In general, the most common types
of consumer groups utilized in testing are 1) shoppers in
supermarkets or malls in the geographical area of interest,
2) residents of the local community who volunteer to test
products at home or at central test locations and who have
been screened to meet certain demographic, psychographic
or use criteria, and 3) random samples of employees work-
ing in a research or manufacturing facility where the test-
ing is to be conducted. Such consumer samples may be
highly stratified and selected to match exacting norms of
the target population, e.g. age, gender, education, income,
geographic residence, ethnic origin, religious affiliation,
or employment, or they may be simply convenience sam-
ples, chosen for their ease of access and their presumed
similarity to the target population.

56-12 Handbook of Food Science, Technology, and Engineering, Volume 2

FIGURE 56.5 Consumer panelist judging the liking/disliking
of foods in a computerized sensory testing booth.
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Lists of respondents may be obtained from commer-
cially available compilations, telephone directories, and
random telephone numbers. Whatever source or method is
used, limitations on true randomness or representativeness
should always be considered in evaluating the results of a
consumer test. Also, in all cases, the individuals must be
untrained in sensory methodology and users of the product
or product category being tested. A minimum of 50 con-
sumer panelists is required for most consumer testing appli-
cations, although the number may be considerably larger
when important decisions are to be based on the obtained
data (125). The choice of respondents also depends in part
on the location of the test. It is not uncommon to simply
have a convenience sample in a shopping mall intercept
study. In some instances a quota sampling procedure is
used so that the number of respondents in each category
of interest is represented in a predetermined fashion.

E. INTERNET-BASED TESTING

For the evaluation of product concepts, use of the Internet
has recently become quite popular (126). Respondents can
be obtained from a variety of commercially available
sources. Important considerations in the conduct and inter-
pretation of data collected in this manner is the length of
time subjects will be willing to spend and the possible
non-representativeness of those who have internet access
and who volunteer for such testing.

VII. FACTORS INFLUENCING CONSUMER
ACCEPTANCE

A. SITUATION AND CONTEXT

The study of consumer food acceptability is complicated
by the fact that foods are typically eaten within a specific
situation and context. The situation and context may
include a variety of environmental factors, e.g. where and
under what physical conditions the food is eaten, social
and cultural factors, e.g. with whom and for what purpose
the food is being consumed, and other factors related to
the meal context, e.g. what other foods and beverages are
being consumed at the time. Such influences can have a
profound effect on consumer ratings of the acceptability
of foods. Almost all laboratory studies of the consumer
responses to food attempt to limit these influences by
exerting great control over these “extraneous” variables.
This historical approach of conducting sensory consumer
research in a sterile laboratory environment has led some
investigators to call for more testing of foods in realistic
contexts and situations (127, 128).

One obvious factor that can influence consumer liking
of foods is the ambient environment in which the food is
presented. A cold beverage on a hot day seems to taste bet-
ter than the same beverage on a cold day. This phenomenon

is often explained as being the result of “alliesthesia”, a
theoretical mechanism by which the perceived pleasant-
ness of a stimulus is influenced by its usefulness to the
body, as determined by internal bodily states (129). The
effects of alliesthesia have been found for taste, olfactory,
and thermal sensation (129–131), and the general conclu-
sion to be reached from these studies is that bodily depri-
vation levels can modulate the perceived acceptability 
of food.

Consumer researchers have also studied the influence
of a number of situational and contextual variables that
operate in naturalistic dining situations for their effect on
food acceptance and consumption (132–138). These vari-
ables have included the physical dining environment,
meal variety, meal cost, and the effort required to obtain
and consume the food. Almost all such variables influence
consumption of the food, while some also influence accept-
ance. For example, the effort required to obtain food has
been shown to have a large effect on consumer consump-
tion (139–142). However, changes in acceptance have
been less reliable (142). Changes in price influence both
selection rates and acceptance (143). Further studies have
identified a major difference in acceptance ratings of
foods depending upon where the foods are served, e.g. in
institutional or non-institutional foodservice settings. The
same foods served in a pleasant sit-down restaurant envi-
ronment are better liked than those served in a less pleas-
ant environment, e.g. in a cafeteria (144). In the case of
food variety, a number of studies have shown dramatic
effects on both food acceptance and consumption in cases
where food variety is limited (145–148). The general con-
clusions that have followed from these studies are that
food liking and consumption in a natural eating environ-
ment are greatly dependent upon “the situational variables
which make it more or less convenient for us to eat and
which signal mealtime” (136).

B. CULTURAL AND SOCIAL INFLUENCES

Social and cultural influences can also play a significant
role in influencing consumer perceptions and liking of
food. One only needs to consider the strict dietary avoid-
ance of pork by Jews and Muslims, the avoidance of beef
in India, or the avoidance of eggs by certain African tribes
(149) to gain an appreciation of the influences of culture
on food likes and behaviors. These differences can also be
based on regional variations within the same country. For
example, brown eggs are preferred in the Northeastern
United States, but in few other areas of the country. Other
social and cultural factors, such as income level and status
in society can also influence liking/disliking toward certain
foods, as reflected in the gourmet and health food prefer-
ences of many “upscale” consumers. Other social effects
on consumer liking of foods derive from the social influ-
ences of parents, peers, leaders, and heroes. For example,
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mother-daughter and father-son food preferences are much
more alike than those of mother – son or father-daughter
(150). Other social imitation effects on food acceptance
have been well documented (151, 152) and are the basis for
the numerous food advertisements that rely on celebrity
endorsements of a product.

C. INFORMATION

Information can also have a powerful influence on con-
sumer liking and behavior toward food. Such information
can take various forms, including brand and label infor-
mation, ingredient information, nutrition and health claims,
information about processing and preservation techniques,
and various forms of product advertising. These influences
of information are sometimes referred to as “framing”
effects, because they are sensitive to the specific context
and wording of the information (153, 154). One hypothe-
sis of how information may come to influence affective
ratings of food is through their influence on consumers’
expectations of liking. This hypothesis is an extension of
expectancy — value theories of consumer behavior that

posit that value judgments result from a comparison of the
expected performance of a product or service with its
actual performance. Thus, the degree to which the product
or service confirms or disconfirms expectations about it, will
determine the degree of consumer affect. In the marketing
and consumer psychology literature, there are a number of
models to predict the effect of disconfirmed expectations
on perceived product performance or satisfaction. These
models have been reviewed and extended to issues of food
acceptance by Cardello (113) and Deliza and MacFie (114).

Over the past 25 years, the bulk of empirical research
on the role of disconfirmed expectations on product 
performance has supported an assimilation model (155) 
of these effects (156–159), that is, consumer acceptance
increases in those cases where the expectation for the
product is high and decreases in those cases where the
expectation is low. Support for such a model has been
found in several food-related studies. Figure 56.6 shows
data from one such study on cola beverages (160) in
which subjects were led to expect that they would receive
either their preferred brand of cola beverage or a non-pre-
ferred brand (as determined in blind taste tests). In some
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cases, subjects were given the cola that they expected, while
in other cases they were given either a more preferred or
less preferred brand. Pre-trial ratings of excepted liking
and post-trial ratings of actual liking were obtained from
all subjects. Figure 56.6 shows the change in product lik-
ing from the baseline level as a function of the direction of
disconfirmation experienced by subjects, i.e. whether they
expected a better or worse product relative to the one they
received. As can be seen, there was a strong linear associ-
ation (r2 � 0.66) in the data, showing that post-test liking
moved in the direction of the expectations. Similar results
to these have been found in studies where expectations
were manipulated by varying fat-content information (59)
and in studies with yogurt (161) and orange juice (162, 163).
Similar effects have also been reported using consumption
as a dependent measure of product acceptance (164).

D. PERCEPTIONS OF RISK

With recent advances in food processing techniques, one
category of foods for which liking is especially suscepti-
ble to the influence of information and other cognitive
factors is foods processed by novel and emerging tech-
nologies. Like most new products, optimizing the sensory
quality of these foods is critical to their success in the
marketplace. However, optimal sensory quality, on its own,
will not guarantee success. The reason for this is that
information about the nature, source, or processing of the
food can have a profound effect on consumer liking, choice
and purchase decisions. This is especially true when the
nature, source or processing of the food is perceived by
the consumer to impart some risk to its consumption. e.g.
irradiated and genetically modified foods.

The study of consumer risk perception began in the early
1970’s with the pioneering work of Starr (165), Fischhoff
et al. (166), and Slovic et al. (167). Prior to this time, the
risk associated with a new technology was based on expert
analyses of risk. These analyses were based on actuarial
data related to accidents, fatalities, or losses accountable
to the technology. However, this technical/rational approach
to risk was often found lacking when it came to predicting
consumer reactions to novel technologies. Frequently,
consumers had great concerns about technologies that had
relatively low risk from an objective, i.e. technical/rational,
risk analysis standpoint. In response to these discrepan-
cies between consumer perceived risks and expert opin-
ions of risk, researchers adopted a new paradigm for risk
perception. This new normative/value risk model defined
risk as a perceptual construct, one that must be evaluated
by lay people on the basis of subjective evaluations of risk.
In keeping with this focus on perception, the study of risk
has adopted many of the same univariate and multivariate
psychometric techniques commonly used today to assess
consumer perceptions of the sensory qualities of foods.

In a comprehensive study of consumer risk perceptions
(168), a factor analytical approach was used to determine the

perceived risk associated with a wide range of everyday
hazards, including many “technological” hazards. Several
of the characteristics found to be important to perceived
risk included the degree of control that the consumer has
over the risk, whether the risk is voluntary or involuntary,
whether the risk is known or unknown, fatal or non-fatal,
observable or unobservable, and whether the effects of the
risk are immediate or delayed. These hazard/risk charac-
teristics exemplify the kinds of cognitive variables that
must be considered when assessing consumer perceptions
and acceptability of foods processed by novel or emerging
technologies.

E. CONSUMER RISK PERCEPTIONS ABOUT FOODS

PROCESSED BY NOVEL TECHNOLOGIES

Although the mainstream literature on risk perception has
served to identify critical variables important to consumer
risk perception for many technological and non-
technological hazards, consumer perceptions of risk for
specific food hazards have been left to other investigators.
Over the past several years, numerous investigators have
utilized the normative/value approach in surveys and stud-
ies that have assessed the perceived risks or “concerns” of
consumers toward such specific food safety issues as irra-
diated foods, genetically engineered foods, foods contain-
ing pesticides, foods processed using laser light sources,
and microbially contaminated foods (169–188).

In a recently conducted study (189), the effect of 
consumer concerns and expectations on liking for foods
processed by different food processing techniques was
examined. In this study, consumers tasted and evaluated
chocolate pudding that had been thermally processed.
Subjects rated their liking of chocolate pudding (no other
information presented) and their level of concern for sev-
eral different food processing technologies (“irradiation”,
“high voltage pulses”, hydrostatic pressure”, “pulsed elec-
tric fields”, “non-thermal preservation”, and “the addition
of bacteriocins.” Subsequently, they were provided infor-
mation about the chocolate puddings that they would taste.
In one condition, consumers were told that the product
they were about to taste had been processed by one of 
the six food processing technologies, e.g. “this sample was
processed by pulsed electric fields”. In a second condition,
the name of the technology was accompanied by an objec-
tive description of that technology, e.g. “in irradiation pro-
cessing, foods are exposed to a source of ionizing radiation,
e.g. cobalt 60, for short periods of time”. In the third
information condition, consumers were told the name of
the technology, given the description of it, and provided a
safety benefit statement, i.e. “this process is entirely safe
and avoids the thermal damage done to foods by heat pas-
teurization”. After exposure to the information manipula-
tion, consumers rated their expected liking of the product,
before and after seeing it, and were then presented the
sample to taste and rate for liking.

Sensory Science: Measuring Consumer Acceptance 56-15

DK9848_C056.qxd  10/Sep/05  11:39 AM  Page 15



Results showed a large gender difference, with females
showing much greater concern for all the food technologies,
than males. Of greater overall importance however, was the
fact that correlations of “concern” ratings for the different
food processing technologies with expectations of liking
for the chocolate pudding that the consumers believed had
been processed by that technology were all negative and
highly associated for the 3 conditions. These results revealed
that as consumers’ concerns about the risk of a technology
increase, expected liking of foods processed by that technol-
ogy decrease. Still more significantly from the perspective
of marketing these foods, the diminished expectations were
shown to result in systematic decreases in rated liking for
the tasted products. On the positive side, this research also
demonstrated that factual product and process information,
product exposure (merely seeing the product), and a safety/
benefit statement all had positive effects on expected 
liking and acceptance of the tasted product. The data con-
firm the fact that good communication practices and effec-
tive marketing strategies can be utilized to overcome
negative images created by risk perceptions or product
stereotypes and to significantly improve the probability of
consumer market success for foods processed by emerg-
ing technologies.

VIII. FUTURE DIRECTIONS IN 
CONSUMER RESEARCH

As the food industry continues to accelerate its development
of novel ingredients, processes and end-uses for foods, so
too will the need for new and novel approaches for meas-
uring consumer acceptance accelerate. The dramatic chal-
lenges to consumer acceptance that new food processing
technologies have raised to date will undoubtedly grow as
food science continues to push the frontiers of food pro-
cessing and preservation. These developments will require
new and more powerful methods for assessing the social,
psychological, health, and values-based aspects of these
new technologies on consumers’ liking and willingness to
purchase these future foods. In addition, much greater
reliance on novel consumer acceptance technologies will
likely result from the opportunities that the Internet and
other web-based interactive technologies provide for obtain-
ing access to large numbers of consumers with relatively
little cost or time-investment. The joint contribution of these
influences (advances in food science and web-based test-
ing) will continue to keep an important focus on the theo-
ries and methods required to conduct effective consumer
acceptance research on foods.
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I. INTRODUCTION AND OVERVIEW

Measuring the sensory properties of foods and relating these
properties to consumer acceptance is a major objective and
accomplishment for sensory evaluation. These achieve-
ments are possible as a direct result of advances in the sci-
ence, development of valid and reliable methods, education
of research and application professionals, development of
cost efficient and well run sensory programs, and institu-
tions and commercial companies that support these pro-
grams. The latter is directly related to the expected and
realized commercial benefit of sensory tests.

This chapter provides the reader with an overview of
sensory evaluation, its uses and limitations. We highlight
important developments, current thinking and the current
status of the science. The interested reader will find more
detail in several books published on the topic, most nota-
bly, Lawless and Heymann (1), Stone and Sidel (2), and
Amerine, Pangborn, and Roessler (3).

A. HISTORICAL BACKGROUND

The food industry, similar to other consumer product indus-
tries, traditionally viewed sensory evaluation in the context
of the technical “experts” who through education (e.g.,
learning to judge the quality of dairy products as part of
dairy science education) and years of accumulated experi-
ence were able to describe company products and set stan-
dards of quality by which raw materials would be purchased
and products manufactured and marketed. Three noteworthy
developments led companies to evolve away from reliance
on the single technical expert, and to reliance on formal sen-
sory panels and procedures. First, products became more
complex, and technical experts were less able to predict con-
sumer acceptance. Second, companies could not wait the
2 or more years for an “apprentice” to assume evaluation
responsibilities. Thirdly, the emerging field of sensory eval-
uation was demonstrating the need for, and value of, formal,
unbiased, and statistically relevant procedures for qualifying
subjects, evaluating products, and communicating action-
able results.

During the 1940s and 1950s, sensory evaluation
received additional impetus through the U.S. Army’s Quar-
termaster Food and Container Institute, which supported
research in food acceptance for the armed forces (4). It
became apparent to the military that adequate nutrition, as
measured by analysis of diets or preparation of elaborate
menus, did not guarantee food acceptance and consump-
tion by military personnel. The importance of the sensory
components of food was acknowledged, and resources
allocated to studies for determining how best to measure
food acceptability. Several psychologists were hired by the
military to develop methods for measuring food accept-
ance, and this practice was continued when the Army’s
food research laboratories were moved to Natick, MA in

the 1960s. The original group of psychologists chose to
not participate in the move to Natick. They disseminated
their knowledge and interest in sensory evaluation further
into the food industry by joining product companies (e.g.,
Coca Cola, Pillsbury, and General Mills), contract research
organizations (e.g., Battelle Memorial Institute) or founding
research companies (e.g., Peryam and Kroll Corporation).

Government and industry interest in sensory evalua-
tion encouraged additional developments. For example, in
the 1950s the Arthur D. Little Company introduced the
Flavor Profile Method (discussed below), a qualitative form
of descriptive analysis that did not rely on an individual
expert, and formalized subject screening and training pro-
cedures. Private contract research companies continue to
play an important role through sponsoring workshops,
developing proprietary methods, assisting product compa-
nies establish internal sensory capabilities, and conducting
research studies.

By the mid-1950s, a few universities were offering a
series of courses in sensory evaluation; most notably the
University of California at Davis (UCD). Many students
from the U.S. and abroad introduced the science into com-
panies, while others went on to teach the science at the uni-
versity level. Currently, a wide range of universities and
technical institutes worldwide offer programs in sensory
evaluation, and in 2002 UCD initiated a sensory course
online: “Applied Sensory Science and Consumer Testing
Certificate Program for Distance Learners.”

Also during the era of the 1950s and 1960s, various
technical and scientific societies organized activities and
published procedures focusing on sensory evaluation and
the measurement of flavor. These included Committee 
E-18 of the American Society Testing and Materials, the
Food and Agriculture Section of the American Chemical
Society, the European Chemoreception Organization, and
the Sensory Evaluation Division of the Institute of Food
Technologists.

B. DEFINING SENSORY EVALUATION

The Sensory Evaluation Division of the Institute of Food
Technologists defined sensory evaluation as “a scientific
discipline used to evoke, measure, analyze and interpret
reactions to those characteristics of foods and materials as
they are perceived by the senses of sight, smell, taste,
touch and hearing” (5). This definition emphasizes several
important points, including 1) the scientific focus of the
discipline, correctly distancing the discipline from art and
opinion; 2) although implied and not directly stated, the
foods and materials represent physical, rather than cogita-
tive, stimuli; 3) implicit in the definition is the concept of
the measurement and analysis of perceptions from infor-
mation obtained through the five senses; and 4) the defi-
nition forwards a distinction between the perceived
characteristics of foods and materials and their actual
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physical properties. To this latter point, the definition
focuses on the importance of perception for understanding
the impact of a product’s physical properties; implicit in this
is the notion that in sensory evaluation “perception is real-
ity.” This has enormous implications on determining how
subjects are selected, and, when necessary, trained, what
sensory evaluation should measure, and the measurement
method.

The evolution of sensory evaluation as an independent
discipline in the 1940s and 1950s produced unique meth-
ods for determining difference. These and other sensory
method developments are a reminder that although they
have a common lineage, psychophysics and sensory eval-
uation have very different objectives. Sensory evaluation
focuses on measuring the responses of people to products,
and application of findings to action-oriented decisions
about products. Psychophysics focuses on the measure-
ment process and explaining the behavioral mechanisms
behind sensory responses. Both objectives are important,
and each has its own criteria for success.

C. CLASSIFICATION OF SENSORY METHODS

There are several sensory methods, differentiated primarily
by objective, measurement procedure, subject qualification,
and various combinations of these factors; and new methods
continue to be developed. As reported in Stone and Sidel (2),
sensory tests are classified primarily by type of test in a three-
category classification system, which are: discriminative,
descriptive, and affective tests. (We view discriminative and
descriptive as analytical tests and thus could consider two
categories; analytical and affective tests.) There are several
different tests within each class, and they are described in
greater detail later. Discrimination tests measure whether
there is a perceived difference between products, descriptive
tests measure perceived attributes and their intensities for
a product, and affective tests measure product acceptance or
preference. Affective tests are discussed in the current
handbook under the topic of Consumer Testing.

D. SENSORY VS. INSTRUMENTAL TESTING

The development of instruments to measure food and bev-
erage characteristics such as appearance, aroma, taste, and
texture has a very long history, as has research into corre-
lating instrumental and sensory measures. Interest in this
relationship in the food and beverage industry is based in
part because it represents a potential means of reducing
reliance on the human judgment, which some view as vari-
able and subjective. Value, efficiency, and economy are
possible where instrumental measures can be effectively
substituted for sensory measures. This is especially true in
product quality assessment.

An extensive literature is available describing sen-
sory/instrumental relationships for texture measurement,

where mechanical devices for measuring texture have been
described in the literature for more than a century. Bourne
(6) provided an excellent review of the subject describing
mechanical devices to measure product changes, particu-
larly the fruit ripening process, or to simulate the chewing
process to measure meat tenderness. The interested reader
is also referred to the Journal of Texture Studies, especially
the publications of A.S. Szczesniak and her collaborators.
While such mechanical devices have undergone substan-
tive change in terms of sensitivity, measurement, design,
etc., the basic principles have remained unchanged, to wit,
creating a mechanical device to measure what humans
perceive.

The main difficulty in simulating sensory behavior by
an instrument is due to the complex simultaneous activity
ongoing in the mouth during eating and drinking. The upper
jaw remains stationary while the lower jaw is capable of sev-
eral different motions to hold, bite, tear, and masticate. At
the same time, the highly muscled tongue gathers, moves,
and compresses stimuli, the salivary glands contribute mois-
ture and lubricant to the process, and swallowing provides
control of volume in the mouth while momentarily limit-
ing intake to the mouth. To our knowledge, this multi-
dimensional activity cannot be reproduced with current
instrumentation.

The history of odor detection has always included both
human and instrument systems. The earliest instruments
began with measuring total volatiles. This was followed by
development of chromatographic techniques and gas-liquid
chromatography (GLC) which enabled separation of chem-
icals as well as ability to separate specific chemicals at
very low concentrations; e.g., ppm (parts per million), ppb
(parts per billion) and less, to facilitate their identification.
Subsequent developments enabled integration of the chro-
matographic separation with even more sophisticated
instrumentation such as mass spectroscopy to more pre-
cisely clarify chemical structure, and so forth. Amerine et
al. (3) describe limitations and early efforts to combine
GLC with sensory panel results. Volatiles from foods are
trapped and collected for sensory evaluation. Later refine-
ments included development of equipment containing mul-
tiple odor ports that delivered the separated odorant at
prescribed dilutions simultaneously to sensory panel mem-
bers. Gas chromatography-mass spectrometry are used 
to analyze perceived odors, and Noble (7) described the
use of instrumental analysis for the sensory properties of
foods.

During this same time period, Schutz, Veley, and Iden
(8) and Wilkens and Hartman (9) described their efforts to
devise other systems for the detection of odorants. Schutz
and co-workers investigated use of specific enzyme sys-
tems associated with olfactory tissue that were reactive 
to odorants and correlated results with the physical and
chemical properties of those odorants. At the time, the con-
straints of separation technology, enzyme stability, and
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related issues impeded further development of this
approach. Wilkens and Hartman, on the other hand, took
a very different approach to the problem; they devised an
instrument, an electronic analog that relied on microelec-
trodes made from combinations of metallic wires for the
detection of odorants. These authors were able to demon-
strate differential response sensitivity to various volatile
chemicals with just a few microelectrode metal combina-
tions. Today’s “Electronic Noses” and “Electronic Tongues”
represent significant advances in electrode specificity,
sensitivity to individual chemicals, use of computer chip
technology for analyses, and in accessing pattern recogni-
tion and neural network statistics as an aid in data inter-
pretation (10, 11, 12, and 13). Bleibaum et al. (11)
concluded from their research “the electronic tongue and
electronic nose, in combination, can be used to predict the
sensory characteristics and their relationship to the qual-
ity of apple juices measured by consumers.” The degree to
which these odor and taste detection instruments, or those
yet to be developed, are incorporated into routine product
development and quality control activities will depend on
how well they correlate to important sensory measures,
and are economical and safe to operate in those respective
environments.

Correlating sensory flavor attributes and chemical
measures has become almost routine in research and qual-
ity control, as has correlating sensory and Hunter color
measures. Instrumental and sensory correlations also have
been described for visual clarity and turbidity (14).

Before leaving this topic, we are reminded that sensory
information is uniquely different than information obtained
from a physical instrument (a point often overlooked when
creating a mechanical system to substitute for a physiolog-
ical system). It represents the relatively simultaneous inte-
gration of information from all the senses, in conjunction
with cognitive factors that include learning and expectation.
In this sense, sensory information is multidimensional
whereas instrumental information is almost entirely one
dimensional. Although we can instruct subjects to not pay
attention to certain attributes, it is false to assume that those
attributes do not influence the subject or his response.
Instruments can be useful in sensory evaluation when there
is a good understanding of the relationship between those
measures, sensory perception, and consumer behavior. At
present such relationships are the exception, and consid-
erably more needs to be accomplished before instruments
represent a practical alternative to sensory measures.

II. SENSORY EVALUATION FACILITIES

The typical sensory evaluation facility in a R&D center
consists of separate areas for testing, panel training, and
administration. Satellite facilities are sometimes required
to accommodate testing that cannot be accomplished in
the immediate vicinity of the research center.

A. TESTING

A product evaluation area typically consists of the following
three functional areas, adjacent to one another and sepa-
rated by walls and doors for easy communication and pas-
sage. This area is best located for its ease of accessibility to
the subjects and for its low level of odors, noise, and vibra-
tion associated with more intense R&D and manufacturing
activities.

1. Reception Area

The reception area is typically a well-lit and comfortable
room located off a main corridor, and offering easy access
to the test area. It is equipped with a receptionist desk and
chair, telephone for contacting subjects, comfortable chairs
where subjects are either seated while receiving instruc-
tions or where they wait prior to proceeding to an assigned
sensory booth. A blackboard or bulletin board is located
on a wall near the receptionist desk and identifies the prod-
uct category and number of products that are to be tested
in the session. A table is also provided for those situations
where subjects are offered a reward, or “treat” ( juice, cof-
fee, cookies, candy, etc.), immediately following participa-
tion in a test. The room should allow easy access to, yet
visual separation from, the sensory booth area to minimize
distraction from early arriving subjects to subjects still
seated in the sensory booths. The dimensions for the recep-
tion area depend on the number of subjects it has to accom-
modate prior to their proceeding to the sensory booths.

2. Test Kitchen Area

The test kitchen area and materials used in this area typi-
cally represent a well-equipped commercial, or heavy duty
home, kitchen. The area must accommodate preparation
and cleanup equipment, equipment and supply storage,
product preparation, holding and serving activities, and
workstations for kitchen staff. One or two large central
islands for product preparation, showings, and holding for
serving are recommended, and these must allow for unen-
cumbered foot traffic flow around them during product
preparation and serving. Airflow from this area is an impor-
tant consideration, and food preparation aromas from here
must be exhausted away from the sensory booths. Serving
counters need to be high enough to minimize posture
stress during serving, and wide enough to accommodate
products, supplies, and scorecards for subjects seated in sen-
sory booths with pass through into in the serving area. All
under- and above-counter space should be utilized for stor-
age, and an adjacent storage room is recommended where
possible. A door from the kitchen to the reception area will
facilitate any needed communication between the recep-
tionist and kitchen staff, and provide easy access to treats
and materials needed to clean and maintain the reception
area. Telephones in this area should be equipped with a
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visual alert, so that the auditory alert may be turned off
during testing.

3. Sensory Booths

Individual sensory booths need to minimize visual and other
potential distractions to the subjects from one another, from
the kitchen, and from the reception area during the evalu-
ation process. Dimensions, surface colors and materials,
lighting, ventilation, pass-through structure, expectoration
system, signal system, and direct data entry systems must
be considered when designing sensory booths for food
research. Clean filtered air should flow into the booth area,
and air should flow from the booths to the kitchen, and not
the reverse. The interested reader will find useful booth
design information in several texts, and is directed to
Eggert and Zook (15) and Stone and Sidel (2) for additional
detail. Most sensory booths are permanent structures; how-
ever, temporary booths can be constructed from sturdy
coated art board or plywood, and these can be made col-
lapsible or foldable with hinges or fitted slots for portability.
Temporary booths can be moved to off site testing locations.

B. PANEL TRAINING

Open discussion is required at various times during panel
training, and these discussions can be held in a conference
room, focus group facility, or a dedicated training room. The
room should be proximal to the test kitchen or product
preparation area, be readily accessible by subjects and sen-
sory staff, and free from distraction as described above.
Sufficient blackboard, wall, or easel space is required to
accommodate attribute lists developed by the panel during
training. A one-way mirror to an adjacent viewing room,
equipped with video and audio taping capabilities, can
accommodate observers without distracting subjects during
training.

C. ADMINISTRATION

The staff required to support project planning, report writ-
ing, data processing, and general administrative functions
should be located in a common area accessible from a
main corridor and near to the test kitchen. Access to the
administrative area should not require passage through the
test area.

D. SATELLITE FACILITIES

Most sensory tests are conducted in well equipped labora-
tories as described above and are associated with company
headquarters and a main research center. Tests also may be
conducted in locations specific to product quality mainte-
nance and production. Such satellite facilities are smaller,
as they require less preparation equipment and space, and
fewer booths. Regardless of where done, the same general

rules for maintaining these locations apply; that is, a clean,
quiet, and distraction-free test environment.

III. ORGANIZING SENSORY PANELS

There are several steps to developing and organizing effec-
tive sensory panels. Subjects must be recruited and quali-
fied, must participate in tests, be motivated, and have their
performance monitored.

A. RECRUITING SUBJECTS

Subjects for sensory panels may be recruited from a gen-
eral population of consumers local to the sensory facility,
or from a company’s employee list. Because sensory panel
membership is performance related, the decision about
which group is best to recruit is influenced by factors of con-
venience, cost and availability. Subjects may be recruited
randomly by telephone, mall intercept, or electronically.
Alternatively, recruitment notices can be sent to prospective
subjects, or posted in locations frequented by them. The
recruitment notice should state that people interested in
joining a food evaluation panel are being sought, and 
individuals who qualify will be required to participate for
1 to 3 hours a day for an extended period of time. People
responding positively to the recruitment request are
screened further for their availability and willingness to
evaluate specific food categories that will be tested. To
reduce early panel attrition, it is advisable that subjects are
likers and users of foods in the category. Twenty-five to
thirty interested and qualified subjects should be invited
for sensory screening.

B. SCREENING AND QUALIFYING SUBJECTS

Sensory panels require subjects who are qualified based
on their sensory skills and availability. A variety of tests
are used to determine sensory skills, with some being
method specific (e.g., Texture Profile®). Most popular, but
not most useful, screening methods used by sensory pro-
fessionals are: basic taste and odor thresholds, basic taste
intensity ranking, identification of selected taste and odor
compounds, texture stimuli for texture-specific panels, and
discrimination of simple compounds and more complex
finished products. Successful screening, especially when
based on the latter procedure, can eliminate poor per-
forming subjects, but does not guarantee successful per-
formance. No evidence has been provided that demonstrates
that threshold testing or use of “standards” actually iden-
tifies better performing subjects. However, eliminating
subjects who cannot discriminate product difference at bet-
ter than chance has proven to be a good predictor and is suf-
ficient justification for continuing the latter practice. For
discrimination and descriptive panels we recommend using
discrimination screening tests within the test product 
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category. Screening should involve at least ten product
pairs, given in replicate, covering all sensory modalities
and increasing in difficulty from easy (85 to 100% success
rate) to very difficult (50% or less success rate).

C. SCHEDULING SUBJECTS

Subjects should be scheduled to arrive at the sensory facility
at the same time, receive their instructions as a group, pro-
ceed to their assigned booth, and begin their evaluation.
Scheduling avoids conflicts, assures similar instructions and
products are given, provides order, and establishes this as a
serious professional activity. Allowing subjects to arrive at
the facility and begin testing whenever they like introduces
potential error from a variety of sources including product
stability, extending the session too long, and traffic conges-
tion in the test area. Most testing is done in the morning
from 9:00 to 11:30 and in the afternoon from 1:30 to 4:00.
Suppliers that use consumers trained for sensory panels may
schedule testing for the evening hours until 9:00 or 9:30 pm.

D. PERSONAL REQUIREMENTS

Subjects should be informed that they are expected to
arrive on time at the test location, and to not have con-
sumed food or flavored beverages, or smoked for approx-
imately ½ hour before testing. They are asked to not use
fragranced personal care products, perfumes, and so forth,
when reporting to the test site, and they are cautioned to
not wear clothing that has retained aromas from previous
contact with these products. Subjects are discouraged from
discussing product tests other than during sessions con-
ducted by the panel leader. In many cases they are required
to sign confidentiality agreements, and in tests involving
experimental ingredients or processes may be asked to
sign release of liability forms.

E. TEST ORIENTATION AND INSTRUCTIONS

Subjects reporting to a site are provided with a verbal ori-
entation. The orientation informs subjects about the prod-
uct category, number of products to be evaluated, the
evaluation procedure, and any procedural variations that
differ from previous evaluations. Written instructions are
posted in each test booth, and subjects are encouraged to
read those instructions before evaluating the first product,
and again during rest intervals between products.

F. INCENTIVES AND MOTIVATION

Positively motivated subjects are more likely to follow
test rules, have lower panel absenteeism, remain focused
on the task, and are less likely to be negative and disrup-
tive. Although positive motivation does not guarantee sat-
isfactory performance, it increases that likelihood, and is
beneficial for the other subjects and for the test staff.

Positive motivation begins with informing subjects that
the task is important, maintaining an efficient and profes-
sional test program, and providing positive reinforcement
where possible, without disclosing information that can
influence upcoming tests. Following testing, a daily treat,
such as a beverage, baked good, confectionery, fruit, veg-
etable and dip immediately reinforce subject participation.
These items need to be thoughtfully presented and fresh.
Once they become routine or are leftovers from previous
tests, they lose their reinforcing value. Where there is insuf-
ficient space for a treats table, or where one would interfere
with testing, a coupon of equal value and redeemable at the
company cafeteria can be substituted. Holidays provide the
opportunity to incorporate a special theme into the daily
treat.

Long term incentives include various forms of recogni-
tion rewarding participation and attendance rather than skill.
A letter of commendation from a senior executive, com-
pany newsletter recognition for the “taster of the month,”
an annual dinner out or panel party, and accumulating points
toward a gift or raffle have proved successful. Incentives that
reward the subject and publicize the sensory program are
always a good idea. Cash payments are usually reserved for
non-employee subjects. Employees should not be compen-
sated for their participation.

G. PERFORMANCE RECORDS

Sensory panels use a small number of subjects; therefore,
the performance of each subject is important. Performance
records track the number and type of panels on which the
subject participates and notes any sub-standard areas of per-
formance. An individual subject’s failure to find differences
where the panel result is statistically significant is noted in
the performance record. The information will help to iden-
tify where additional training is required for the subject or
the panel, or when a subject needs to be excused from a
panel.

IV. APPLICATIONS

The growth and success of sensory evaluation is directly
related to its positive contributions and variety of applica-
tions to product development and product quality. The fol-
lowing section describes many of these useful applications.

A. PRODUCT DEVELOPMENT

Product development is an activity that ranges from new
product development to several planned activities associ-
ated with changes to a product or process.

1. New Product Development

The new product development cycle begins with a prod-
uct idea generated from consumer research or technical 
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discovery, and is complete when marketing research
demonstrates sufficient consumer interest in the new prod-
uct. The amount and detail of direction consumer research
will provide about the sensory characteristics for a new
product will differ based on a company’s ability to obtain
that information. Trained panel (e.g., QDA) evaluations in
these consumer studies will provide an accurate description
of product differences and similarities, and when combined
with consumer preferences will identify sensory attributes
and intensities to optimize consumer acceptance. The sen-
sory description for the optimized product becomes the
development target. Trained descriptive panels and quali-
fied discrimination panels are used to determine when one
or more products satisfactorily achieve or approximate a
sensory optimized target.

2. Pilot Plant Scale-Up

A pilot plant is often used during product development as
a means for providing test products and quantities sup-
porting research and development without interrupting
manufacturing or requiring production size quantities. At
the conclusion of the R&D development process, the pilot
test product (i.e., formulation and process) will need to 
be converted to a production product, using production
equipment and processes. Differences between pilot plant
and production product usually is unwanted; however,
they are not unexpected. The manufacturer needs to deter-
mine that there is a perceived difference between the two
products, and if there is, what are the implications of that
difference. Where possible, sensory discrimination tests
are used to determine whether there is a perceived differ-
ence between the pilot and production products, and where
a difference is found, trained panel descriptive tests are
used to describe those differences. Product Development
will need to determine formulation or process variables
responsible for the difference and make necessary changes.
If the production product is different compared to the pilot
plant product and cannot be modified further, it’s impact
on acceptance will need to be assessed. This is achieved
either through comparison to an optimization model, if
one was developed during the development process, or in a
consumer test of the pilot and production product. Where
production product cannot be modified further and it does
not satisfy the company’s action standard for acceptance
for new product introduction, the new product may be
abandoned.

3. Cost Reduction

Cost reduction is an ongoing activity, and where possible
sensory discrimination tests are used to determine
whether there is a perceived difference between the con-
trol and cost-reduced product. Where no difference is
found, the cost-reduced product is accepted to replace the

current product. A difference usually results in rejection
of the cost-reduced product. Where a difference is found,
descriptive tests may describe differences to determine
whether the difference is for an important attribute or one
that may be readily corrected. Caution is advisable rela-
tive to using a series of discrimination tests where a suc-
cessful cost-reduced product replaces the control. For
example, if A is not significantly different compared to B
and B is not significantly different compared to C, and so
forth, A very well may be significantly different when
compared to Z. This transitivity can occur when a series
of non-significant differences result in a product that is
significantly different from the original control. This pos-
sibility can be minimized through the use of descriptive
analysis, comparing the descriptive profile of the proposed
new control to that of reproduced original control or to the
historical profile for the original control.

4. Ingredient/Process Change

Alternate ingredients, new equipment, and process changes
may be introduced at any time. All changes should be
evaluated to determine their potential effect on product per-
ception; the evaluation strategy is the same as described
for cost reduction. In situations where a change is required
by the business, even where sensory differences are
found, consumer tests are recommended to estimate the
impact of the change.

5. Ingredients/Purchase Specifications

Sensory requirements are designed into the purchase spec-
ification for many ingredients. For example, a prescribed
perceived heat level is required for hot peppers that will be
used in processed salsa.

B. PRODUCT QUALITY

The objective is to provide a consistent product of appro-
priate sensory quality, where appropriate sensory quality
is defined during the product development cycle. The fol-
lowing describes important areas where sensory evalua-
tion supports the quality mission.

1. Sensory Specification

A sensory specification describes the acceptable range for
the most important characteristics of a product. Specifica-
tion development requires products selected to represent
the broad range of production product and possible varia-
tion. Products are evaluated by a trained panel and by con-
sumers. The trained panel provides sensory descriptions
(e.g., QDA) for each product, and consumers, qualified as
likers and users of the product, provide the liking scores.
The data are analyzed to identify the most important accept-
ance predictors (usually about 10 to 12) and the tolerance
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range for each, and these results are used to train quality
control panels at manufacturing sites.

2. Production Benchmarking

Once a new product has been accepted for manufacture
and distribution, production samples are evaluated by a
trained descriptive panel to establish the sensory profile
for the product when first released for sale. The bench-
marking documentation is used for future comparisons
and references to the original product.

3. Manufacture Quality

In a manufacturing facility, subjects are screened and trained
to evaluate a product at one or more stages of production
(and where permitted according to GMP and HACCP
requirements). These evaluations can include ingredient
receipt and storage, during manufacture, and finished prod-
uct. For finished product, trained sensory panels evaluate
attributes included in the sensory specification. A sensory
professional coordinates the activity but is not a panel 
participant. Subjects evaluate attribute intensities, and the
sensory professional uses that information to determine
whether to recommend accept, hold for further evaluation,
or reject the product.

4. Shelf-Life and Stability

The sensory quality of products deteriorates over time, and
the rate of deterioration depends on factors related to ingre-
dients, packaging, handling, and storage. Several different
sensory related criteria are possible for determining when
the end of shelf-life occurs, and no one criterion is univer-
sally accepted. Using a qualified descriptive or discrimi-
nation panel, any statistically significant difference for a
sensory attribute compared to a control product is a popular
choice for determining end of shelf-life, albeit a conserva-
tive one. Where a sensory specification is available, stored
product is evaluated to access whether it deviates from
that specification. A loss of consumer acceptance is another
popular criterion used to determine end of shelf-life.

5. Distribution Product

Products may experience abuse after leaving the manu-
facturing facility; therefore, many companies audit product
quality at the retail level. Results from qualified descrip-
tive and discrimination sensory panels are used to measure
differences compared to data from the product benchmark
or sensory specification.

C. MARKETING

Sensory evaluation supports marketing and marketing
research activities beginning with new product development,

continuing through tracking product performance, and
contributing to special assignments such as developing tests
and data to support or challenge advertising claims. We
briefly describe the role of sensory evaluation in those activ-
ities.

1. Monitor Competition

Discrimination and descriptive panel information are used
to provide immediate intelligence about the similarity and
differences between competitive products and also for
tracking changes and trends over time.

2. Advertising/Claim Support

Sensory claims often appear on television, radio, and in
mass media print and trade oriented publications. Most
claims are comparative and preference related, others may
identify specific sensory differences. In either case, the
claims can be challenged and damages assessed where the
claim is not substantiated. All phases of the research,
including subject recruitment, selection, training, testing
and the data analysis are subject to examination and chal-
lenge. Therefore, it is important that sensory claims are
supported by appropriate research that can be defended in
the legal system. The research must demonstrate that it is
free of bias that could influence the outcome, and that sound
testing principals are used.

3. Category Review

A broad array of products, often between 12 to 24 and
representing the competitive and sensory range for a cate-
gory, are evaluated by a trained descriptive panel and by
consumers. Reviews for a rapidly changing product cate-
gory may be scheduled as frequently as 6 month or 12
month intervals. The information is used to monitor the
competitive market on a broad scale and to track changes
and trends over time.

4. Product Optimization

This category of sensory research is conducted for the
purpose of optimizing consumer liking for a product. Two
different approaches are used for selecting products for
this research; one is a design of experiments (DOE), and
the other is a category review (CR). The DOE limits prod-
ucts to those the researcher modifies according to a pre-
scribed experimental design (e.g., factorial, RSM); the CR
includes a range of products having sensory differences
representing the product category. A qualified discrimina-
tion panel may be used to eliminate redundant products
and a trained sensory panel to provide a descriptive analy-
sis of the products. The statistical analysis relates the con-
sumer, trained panel, and analytical (if included) data sets
to determine combinations of sensory and analytical
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attributes that best predict optimal consumer liking. The
descriptive panel is used for the follow-up research to eval-
uate test products until one or more satisfy the optimized
sensory target.

V. DISCRIMINATION METHODS

Discrimination tests are classified as analytical methods,
and are used primarily to determine whether there is a per-
ceived difference between products. The tests may be
directional, where the attribute of difference is named, or
non-directional, where the attribute of difference is not
named. Discrimination tests are relatively uncomplicated
to administer (most use a simultaneous sample presenta-
tion), analyze, interpret, and report. They are used in sensory
studies primarily to screen products as a prelude to other
types of tests (e.g., descriptive or consumer), or to screen
subjects for participation in descriptive and other sensory
analytical panels. Discrimination tests are used in quality
control and manufacturing to identify non-conforming prod-
uct. They may not be the method of choice where inherent
variability within samples is large.

Discrimination testing dates back to the psycho-
physics of the 1800s and procedures used for absolute and
difference threshold determination. The following section
discusses discrimination tests used by sensory scientists
to make product decisions, without reference to competing
psychophysical theories or models attempting to explain
the discrimination process.

A. GENERAL REQUIREMENTS

Following are some requirements for discrimination tests.
We are reminded that these tests are sensory analytical
tests, and as such use small numbers of screened and qual-
ified subjects. By small numbers, we mean 20 to 25; how-
ever, there is no rule that precludes more or fewer subjects.

1. Subject Selection

Subjects for sensory analytical tests are screened for their
sensory skill, and for discrimination tests this means for
their ability to detect differences between products. Using
consumers or other subjects that have not been screened
for sensory acuity is not common practice or is it recom-
mended. Unskilled subjects increase the risk of a Type II
error (i.e., missing a real difference); large numbers of sub-
jects, typical for consumer tests, increases the risk of a Type
I error (i.e., finding a false difference). A previous section
provides a detailed discussion about subject screening.

2. Test Design, N, and Replication

Balanced design serving orders are typical for discrimina-
tion tests within and between product trials, except for those
three sample tests where it is prudent to reinforce the sensory

characteristics of a control product that is a benchmark. For
each trial in this fixed order scenario, two of the three prod-
ucts are the control and the third is the test product.

Sensory analytical tests typically use small numbers of
subjects screened for their sensory skills, and the discrimi-
nation model is no exception. About 12 screened and qual-
ified subjects are optimal, and together with a recommended
replicate trial provide sufficient data for statistical analysis.
Replication is recommended for analytical sensory tests,
because each subject contributes a large percent of the data
and it is important to know which subjects have difficulty
replicating their response. An inability of a subject or a panel
to replicate responses can provide important information
about problems with the subjects, procedure, and products.

3. Data Analysis

Unless noted otherwise below, statistical testing for dis-
crimination data is typically based on expansion of the
Binomial distribution. Published tables are available in
the literature for determining the number of correct judg-
ments required for statistical significance (2, 15). These
tables provide for 1-tail and 2-tail tests and for chance
probability values of 0.5 and 0.33.

B. NON-DIRECTIONAL DISCRIMINATION TESTS

The following tests are classified as non-directional
because subjects are not instructed to select the different
product based on any specified attribute.

1. A-Not-A Sequential Presentation

Subjects are provided with two 3-digit coded products,
one followed by the other, and indicate whether the sec-
ond product is the same, or different from the first. The
first product is removed prior to serving the second to
eliminate a direct comparison of the two. This method is
used primarily to minimize observation of unimportant
visual differences between products, and to control expo-
sure time between products having significant carryover
effects. The probability of a correct judgement is 0.50;
data analysis is straightforward and based on the binomial
expansion, for which there are several published tables.
The A not-A method can be expanded to where two or
more coded products are given to the subject, one at a
time, without reintroduction of the first product. Although
this further reduces carryover effects, selection of this
serving option must be balanced against unwanted differ-
ences in subject’s memory skills.

2. A-Not-A Simultaneous Presentation

Subjects are provided with 2 products, side by side, and
indicate whether the products are the same or different.
They are instructed to try the product on the left first, and
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then the product on the right. This design should include
an equal number of pairs in which the products are in fact
the same, to reduce the impact of false hits from subjects
that always respond that there is a difference.

3. Duo-Trio

Three products are presented simultaneously to the subject,
where one is coded “R,” for reference, and the other two
products have unique 3-digit codes. The subject is instructed
to select which coded product is most similar to the refer-
ence. Similar to the A-not-A method, it does not require
selection based on a named attribute or training with that
attribute, has a p � 0.50, and one can use published tables
for the binomial expansion. As we will see, this method
requires less re-tasting and consequent potential for carry-
over effects than does the Triangle method. A sequential
procedure can be used to further reduce direct compar-
isons and carryover effects; however, it introduces unwanted
memory skill issues.

4. Triangle

Three 3-digit coded products are presented simultane-
ously, and the subject is informed that two of the products
are the same and one is different. The subject’s task is to
correctly select the product most different from the other
two. The triangle method requires more tasting to reach a
decision than does the duo-trio method. This is because
the triangle has 3 pairs of unknown products (A vs. B, A vs.
C, and B vs. C) compared to two pairs (Reference vs. A,
and Reference vs. B) for the duo-trio. The chance probabil-
ity for the triangle test is 0.33 to reflect that there are three
unknowns, and there are published tables available for
assessing significance between products.

5. Matching and Sorting Tests

A variety of non-directional discrimination tests are pos-
sible for matching unknowns to two or more controls or
standards (e.g., dual-standard method), sorting unknowns
into similarity groups, or indicating degree of “sureness”
that an unknown matches a previous sample. An example
of the latter is the R-index described by O’Mahony (17).
These methods require more tasting than do the methods
described above, and for this reason are not routinely used
for product evaluation.

C. DIRECTIONAL DISCRIMINATION TESTS

For directional difference tests, subjects are instructed to
make their choice based on a specified attribute.

1. Paired Difference

Subjects are provided with 2 products, side by side, and
indicate which product has more of a specified attribute.

They are instructed to try the product on the left first, and
then the product on the right. The order of tasting is bal-
anced across subjects and replications.

The primary criticisms of this method, and of all direc-
tional discrimination tests, is the time and effort required
to train subjects to evaluate the specific attribute, and know-
ing whether subjects actually selected a product based on
the specified criteria. Commercial products are often quite
complex, where an ingredient or process difference can
result in several sensory differences. Limiting the subject’s
response to a single attribute may result in a correct choice
based on incorrect criteria. For example, different sweet-
ener types and amounts for a beverage or baked product
may alter visual and textural characteristics. Products scored
different for sweetness actually may differ on some other
attribute. Several investigators (1,18,19,20) have convinc-
ingly argued that, all things being equal, a directional
method is superior to an equivalent non-directional method.
The problem is, seldom are all things equal. Where attrib-
ute information is required, sensory descriptive methods
are recommended.

2. n-Alternative Forced-Choice

The directional paired difference test can be expanded to
include several samples, and the subject instructed to select
the product that has the most, or least, of some attribute.
As in all discrimination tests, the probability value must
reflect the number of samples from which the subject must
select. For example, the probability value is 0.33 for a 
3-product test, 0.20 for a 5-product test, and so forth. AFC
tests are directional and have the same procedural problems
described for the paired difference test. They are multi-
sample tests where all the samples for a trial are simulta-
neously presented, introducing issues of sensory fatigue
for many commercial products.

AFC methods are have been popularized most recently
by researchers developing theoretical models to explain
sensory discrimination behavior (19,20). Signal Detection,
Thurstonian, and other competing approaches may well pro-
vide answers to important sensory discrimination issues,
and their examination is encouraged. To be useful for rou-
tine product evaluation, these approaches will need to
offer alternate procedures that are practical in a business
environment.

VI. DESCRIPTIVE METHODS

Descriptive analysis is the most sophisticated source of
information available about the perceived sensory proper-
ties of products. It is particularly important because it pro-
vides a focus for development efforts. Descriptive analysis
provides a basis for measuring the effects on perception 
of a process or of ingredients; it is used for correlating
instrumental measures, and it is essential for correlating
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consumer response behavior and for identifying those
product attributes that are most important to consumer
preferences. Before discussing specific methods, it is nec-
essary to define what is meant here by descriptive analy-
sis. Descriptive analysis is a sensory methodology that
provides quantitative descriptions of products based on
the perceptions from a group of qualified subjects. Based
on the method, it provides information about a specific
sensory modality or provides a total sensory description,
taking into account all the sensations that are perceived,
visual, auditory, gustatory, olfactory, and kinesthetic —
when the product is evaluated. The evaluation is usually
(but not always) done in a controlled environment, and
can include product handling, and, in this sense, it is a total
experience. The evaluation also can be done in a home
environment when normal preparation, use, and consump-
tion are required over a period of time.

The origins of descriptive information can be traced to
early brewmasters, perfumers, flavorists, and other product
specialists. These technical specialists described products,
made recommendations about the purchase of specific raw
materials, and also evaluated the effect of process variables
on product quality (as they determined product quality).
Companies used that information to determine that a par-
ticular product met their criteria for manufacture and sale to
the consumer. These early activities were the basis for the
foundation of sensory evaluation as a science, although at
the time it was not considered within that context. Formal
descriptive analysis received its major impetus from “flavor
profile,” an approach that demonstrated it was possible to
select and train individuals to describe the sensory proper-
ties of a product in some agreed sequence, leading to action-
able results, without requiring years as an apprentice to an
expert. The method attracted considerable interest and was a
milestone in the development of the science of sensory
evaluation. It also was the source of much controversy, and
since then other descriptive methods have been developed.

A. FLAVOR PROFILE

The Flavor Profile® method described by Cairncross and
Sjöstrom (21), Sjöstrom and Cairncross (22), and Caul
(23) was developed at the Arthur D. Little Co. and is the
only existing formal qualitative descriptive procedure.
The method utilizes a panel of four to six screened and
selected subjects who examine, discuss, and evaluate prod-
uct in an open session. Product attributes are scored for
intensity in the order of their perception. The intensity
scale was: 0 � none,) (� threshold,) (�1, 1 � slight,
1–2, 2 � moderate, 2–3, and 3 � strong. Once agreement
is reached on the description of the product, the panel
leader summarizes and reports the results without appli-
cation of any statistical analysis.

Six subjects are selected for training based on technical
background and a series of screening tests, including basic
taste recognition and intensity ranking, odor identification

for selected chemical compounds, and a personal inter-
view to evaluate interest, attitude and availability. Training
takes 6 months or more and includes instructional infor-
mation about the senses, introduction to the components
of the flavor profile, and direct experience evaluating
selected products. Training also includes threshold deter-
mination for the basic tastes, skills having little or no con-
nection with evaluation of products containing mixtures
of supra-threshold stimuli. Selected references are intro-
duced to demonstrate specific sensations, and practice
profiles obtained for products evaluated by an experi-
enced panel. During training all subjects serve as panel
leader until one is selected. The panel leader is key to this
method; they coordinate the testing and report results. This
individual assumes a leadership role, directing the conver-
sation and providing a consensus conclusion based on the
results. The role of panel leader as defined in the method
can have significant consequences without some inde-
pendent controls. Subjects could be led to a conclusion
without being aware this had occurred.

The method had considerable appeal because results
could be obtained rapidly. Subjects meet, as a group, for
about an hour to evaluate a product, reach a consensus about
its sensory properties, and provide the requestor with a
result. The developers of the method emphasized that there
would be confidence based on the collective professional
judgment of the panel and this would obviate the need for
statistics. The method is unique in that no direct judgement
was made concerning consumer acceptance of the product,
although most investigators assumed consumer acceptance
based on a result. An early recognized shortcoming of the
method was its focus on the single sensory modality of fla-
vor. Subsequent methods would extend screening, training,
and evaluation to one or more additional modalities.

B. TEXTURE PROFILE

Chronologically the next descriptive method of impor-
tance was the Texture Profile® method developed at the
General Foods Research Center (24, 25, 26). The method
was based on Flavor Profile, and extended descriptive analy-
sis into a second modality, texture. Brandt and co-workers
(24) defined a texture profile as “the sensory analysis of
the texture complex of a food in terms of its mechanical,
geometrical, fat and moisture characteristics, the degree of
each present and the order in which they appear from first
bite through complete mastication.” Several of the proce-
dures introduced by Texture Profile raise behavioral issues
related to panel training.

If the panel is to be used also for flavor assessment, sub-
ject screening includes tasks identical to those described for
Flavor Profile. Texture screening tests were devised for hard-
ness and viscosity ranking, and for geometric matching. As
many as 40 to 50 subjects may be screened, with 10 to 15
selected for training. Full or partial denture wearers were
not considered for panel membership.
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Texture training included a two week orientation phase,
a three month practice phase, and a three month expansion
phase. A standard set of references was used to demon-
strate taste, aroma and mouthfeel sensations. The concept
of the components of flavor profile was extended to include
what were described as mechanical, geometrical, and a cat-
egory of “other” (moisture and fat) characteristics, inten-
sity, and the order of appearance for the texture properties.
An effort was made to describe the physical properties of
texture and to provide a sensory definition for each des-
cribed physical property.

Initially, the texture terms and definitions were com-
piled, sorted, and categorized from both scientific/technical
and popular terms, the latter from laboratory or field situ-
ations in which common usage terms were used to describe
textural sensations. This led to the development of a clas-
sification of terms that were believed to encompass texture
sensations. Standardized rating scales were introduced for
the mechanical and geometrical properties of texture per-
ception, and these relied on commercially available products
to anchor each point of each scale. During training, subjects
were expected to learn these definitions and their associa-
tions. The product evaluation procedure used a Flavor
Profile approach with panelists discussing results in order
to reach a conclusion.

Although the method was useful for focusing attention
beyond flavor and on the relative importance of texture,
it had numerous problems of its own. In developing the
method, one objective was to eliminate subject variability
through use of a standard vocabulary, and standard rating
scales and references as part of the training program. There
are inherent risks in experimenter-assigned attributes. While
they may be meaningful to a chemist, one might question
the perceptual meaning of these technical definitions to a
subject. Other subjects could ignore a perception because
the characteristic was not among those selected for training.
Use of products as scale anchors presents their own set of
problems. Products are not invariant; they change over time
as a function of marketing and other considerations. Another
concern is the separation of texture from other sensory prop-
erties of a product such as color, aroma, taste, and so forth.
As a rule, perceptions are interdependent, and the exclusion
of a sensory modality from a scorecard does not eliminate
those perceptions. In effect, the subject is likely to use other
attributes to acknowledge these perceptions, and the visible
manifestation is increased variability and decreased sensi-
tivity. These other perceptions can influence the responses to
the textural perceptions and vice versa.

Profile methods and related “expert” systems treat
subject differences as unwanted error, and these training
programs resort to behavior modification procedures in an
attempt to eliminate this source of variance. The panel
leader trains subjects to provide what the leader judges to
be the correct response to stimuli, and subjects are trained
to agree and repeat those responses in the presence of the
stimulus. The approach ignores the reality of the situation,

and eliminates the opportunity to assess the importance of
individual differences for understanding and generalizing
results to consumers.

Interest in eliminating subject variability is, on the sur-
face, a reasonable (although not likely or practical) idea
but it must not give way to procedures that sacrifice the
validity of the measurement system. The human is a living
and changing organism, influenced by physiological and
psychological conditions that better support a concept of
expected variability. Products also are themselves variable.
For these reasons, a panel is used rather than a single sub-
ject, and replication has become a mainstay in most cur-
rent descriptive methods.

C. QUANTITATIVE DESCRIPTIVE ANALYSIS (QDA)

Development of the Flavor and Texture Profile methods
demonstrated a need for descriptive information and a for-
malized procedure for screening and training subjects, and
for evaluating products. They also stimulated interest and
research on alternative descriptive methods that would cor-
rect weaknesses previously identified: the extended amount
of time to select and train a panel, reliance on model systems
(e.g., compounds in water) for screening subjects, an exper-
imenter-derived descriptive language, the types of scales
used, qualitative rather than quantitative information, the
role of the panel leader, and the type and role of references.
The Quantitative Descriptive Analysis (QDA) method, first
described by Stone, Sidel, Oliver, Woolsey, and Singleton
(27) and taught by the Tragon Corporation, addressed
behavioral, measurement, and quantitative weaknesses of
the profile methods, reflecting scientific and technical devel-
opments in psychology and the consumer products industry.

The QDA method differs from the profile methods on
criteria of subjects recruited, screening procedure and
materials, subject training, testing, analysis, and reporting
for descriptive information.

1. Subjects

Consumer users in the product category are recruited, and
test results are then generalized to the consumer popula-
tion. Experts and others having technical degrees in the
product area are avoided as subjects because of the poten-
tial for biased responses based on their technical knowl-
edge of the product category, ingredients, and processes.
About 25 subjects are recruited, and it is expected that 12 to
15 will successfully qualify and complete training.

2. Screening

Discrimination tests are used, and screening stimuli are
selected from the product category rather than the simple
stimuli in water solutions popular with the profile methods.
The closer the screening stimuli are to the test stimuli, the
more likely that successful performance will be obtained
in the actual test. About 10 to 15 replicated pairs of product

Sensory Science: Methodology 57-13

DK9848_C057.qxd  04/Nov/05  04:46 PM  Page 57-13



stimuli are used, increasing in difficulty from the first pair
(easy to discriminate) to the last pair (difficult to discrim-
inate), covering all sensory modalities, and including any
differences known to be relevant to consumers. Correct
selection of the different product in more than about 65%
of the trials, and consistency in correct selection across
replications are used as a guide for subject selection.

3. Training

QDA training focuses on language development and the
evaluation process, and provides subjects experience with
the range of products they will evaluate. Language devel-
opment is a consensus building process. The panel leader’s
function is to keep the panel focused on developing objec-
tive terms (in contrast to attitudinal terms) that can be
measured and obtain agreement amongst subjects on the
evaluation procedure. A typical QDA scoresheet includes
30 to 50 or more attributes covering all sensory modalities.
The language development process contrasts with the pro-
file methods, which teach a preconceived technical language
and use a prescribed set of “universal references” derived
from the experimenter. QDA uses references selected
directly from the product category, and only on an as-needed
basis. Consequently, QDA derived attributes and consumer
perceptions take less time to obtain, with the entire train-
ing process requiring between 5 to 10 hours, rather than
several months.

4. Testing

Subjects evaluate each product individually in a facility
equipped with test booths or partitions, or, for an extended
use QDA, in their own homes following product usage.
Subjects typically evaluate 4 to 6 products, and as many
as 24 or more when part of product optimization research.
Balanced block serving designs are used and each subject
provides 2 to 4 replicate evaluations. Subjects use a semi-
structured line scale to score the perceived intensity for each
attribute for a product. The scale consists of a 6-inch
(�15 cm) line, anchored ½ inch (�1.5 cm) from each end
to identify the direction (e.g., weak to strong) for each
attribute. This type of scale has no numbers and mini-
mizes word bias. It is very difficult for a subject to mem-
orize the location of previous judgements (assuring
greater independence of judgements from replication to
replication and product to product), and preserves the
interval character of the scale for data analysis.

5. Data Analysis

QDA was the first trained panel method to insist on, and
provide for, statistical analysis of subject performance and
product differences. Line scale responses are converted to
numerical values from 0 to 60 prior to analysis. A unique
method of graphing the data, QDA “spider graphs,” was
developed that readily communicated product similarities

and differences, and has become a standard in the food
industry. A proprietary statistical package was made avail-
able for analyzing QDA data, and included in Tragon’s
training program for panel leaders. The statistical package
uses one-way and two-way Analysis of Variance models
in prescribed ways to assess subject performance. Current
innovations to the package include algorithms for assess-
ing crossover and magnitude interaction, scale use, and
multivariate analysis and mapping techniques. QDA data
is well suited to the recent advances in statistical analysis
and computer technology.

D. SENSORY SPECTRUM ANALYSIS

This method positions itself as a hybrid of the three methods
described previously; however, it is primarily an extension
of the profile methods. Concepts first introduced for the
Texture Profile method are extended back to the recruiting,
screening, training, and testing for flavor panels as well.
Separate training programs are required for flavor, texture,
and each other modality. Training programs are quite
lengthy, a common element for all profile methods. Subjects
are taught about sensory processes, similar to the orienta-
tion programs found in the other profile methods. They
also are taught experimenter-assigned attribute vocabu-
lary and rating scales, the latter anchored at multiple points
with experimenter-assigned references. Subjects must learn
the required response to selected stimuli, independent of
their individual perceptions, as an attempt to produce
absolute scales. Teaching identical responses, independent
of individual perception, is possible; however, skeptics of the
method view this as a form of behavior modification and
contrary to understanding and predicting consumer per-
ception. QDA concepts included in the Spectrum method
include category-specific discrimination tests for subject
screening, intensity scales (although more nominal or ordinal
than interval here because of the training method), exposure
to a broad range of product in the category, evaluation in
individual test booths, and application of statistical analy-
sis. The statistics are generic and less specific than those
found in QDA and other recent developments in descrip-
tive methods. Curiously, variance data from panels trained
in the Spectrum method has not adequately demonstrated
the zero result necessary to support a claim of absolute
scales or counter the concept of individual differences.

E. FREE-CHOICE PROFILING

Williams and Langron (28) described a radically different
descriptive method that required no subject screening and
training, where each subject could use their own words
and scales to describe products. Generalized Procrustes
analysis, an iterative type of factor analysis, is used to
force fit individual data into a common space. While this
type of summary analysis can show differences between
very different products, it misses smaller, and possibly
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important, differences. The method does not demonstrate
any substantially unique advantages and may be better
suited to classification and comparison to other consumer
procedures than to trained panel procedures.

F. OTHER METHODS

Descriptive information is recognized as important, if not
crucial, as a means for providing a comprehensive product
assessment. Descriptive panels are used in several venues
including, and not limited to, product development, qual-
ity control, advertising claim support, and food science
education. Different needs have given rise to descriptive
panel variations other than the methods described above.
Many descriptive methods are generic and retain in varying
degree elements of the core methods; a few other methods
have established, or attempted to establish, themselves as
different. Larson-Powers and Pangborn (29) introduced the
use of a reference combined with a difference from refer-
ence scale. The method required simultaneously available
stimuli, reducing the number of different products that
could be evaluated in a session. The developers of the Flavor
Profile introduced a new version called Profile Attribute
Analysis (30) that included 7-point intensity scales allowing
for statistical treatment of the responses. Stampanoni (31)
introduced “Quantitative Flavor Profiling” as a hybrid
method based on Flavor Profile and QDA.

VII. TIME-INTENSITY SCALING

The temporal aspects of the sensory experience during food
and beverage consumption are apparent to even the casual
observer. Not unexpectedly, perceptual changes occur as
the physical properties of a food change during chewing, or
while in the mouth (e.g., ice cream and butter). Perceptual
change also can occur when the chemical properties of a
stimulus remain constant, as with taste, odor, and certain
mouth sensations (e.g., burning sensation from chemical hot
stimuli). Early psychophysical research into taste adapta-
tion included time as a variable, measuring changes in taste
threshold over time for simple adapting solutions. Hahn’s
(32) results demonstrated threshold differences based on the
concentration of the adapting solution and for the basic
tastes measured (salt, sugar, bitter, and acid). The research
also concluded that subjects complete recovery to the adapt-
ing solutions was not reached within the 30 seconds allowed,
and that there were individual differences. Individual dif-
ferences in time-intensity research continue to be reported;
for example, van Buuren (33), using principal components
to analyze time-intensity (TI) curves, concluded “TI curves
appear to be determined by characteristics that are related to
the judge and that may be unrelated to the product.” Given
that most time-intensity studies involve small numbers of
subjects and data are averaged, individual differences are
a vexing concern for generalizing time-intensity results to a
larger consumer population.

Time-intensity studies have been reported for the taste,
aroma, and texture of foods, and for a variety of products
including bread, chewing gum, beer, wine, ice cream, chili
pepper, gelatin, and chocolate. Commercial interest in syn-
thetic sweeteners in the 1970s prompted significant pub-
lished and unpublished research into the temporal effects
of these sweeteners compared to sucrose.

A. MEASUREMENT

Interest in time and intensity relationships in sensory eval-
uation is evident by the almost universal practice of meas-
uring aftertaste or aftereffect in descriptive analysis and
consumer research. Subjects in time-intensity studies typi-
cally receive instruction and practice with the test procedure,
scale, and any special apparatus used for data collection,
and may be screened for their ability to detect differences
for the attribute or attributes measured. Under these condi-
tions, the subjects are viewed as a special type of descriptive
analysis panel.

The simplest measurement practice involves scoring
the perceived intensity for overall aftertaste or aftereffect
(i.e., sensation remaining in the mouth), or for a specified
attribute, as a last task during routine product evaluation by
an ongoing descriptive panel. The panel is instructed to first
wait a prescribed amount of time (30 to 60 seconds or more
depending on the product) after completing other attribute
evaluations. This procedure can be expanded to include
intensity measures for several specific attributes obtained
at one or more designated points in time during the evalu-
ation. This approach is appealing because it uses an ongo-
ing panel, can measure several attributes at selected points in
time, and special data collection equipment is not required.
There is a practical limit to the number of attributes that
can be measured during a time interval, as it takes time to
score attributes. This and related issues should be resolved
during training. The primary disadvantage of this approach
it that measurement occurs at discrete points in time,
whereas, the perceived change may be continuous. Whether
the perceived change is different for different subjects is
more a data analysis issue than one of data collection.

Continuous measurement of the change in perceived
intensity requires an apparatus that simultaneously tracks
time and the subject’s intensity scores. While providing the
advantage of continuous measurement, the apparatus usu-
ally limits the number of attributes that can be measured
to one or two, and based on the apparatus requires varying
degrees of physical involvement by the subject. Pen type
strip-chart recorders were among the earliest devices used
for continuous measurement in time-intensity studies (34).
The recorder moves chart paper at a constant rate and an
intensity scale is fixed on the recorder perpendicular to the
direction of chart flow. The subject continuously records
perceived intensity for the selected attribute by keeping
the pen in contact with the chart paper, moving the pen in
the direction of increasing or decreasing intensity until the
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perceived intensity for the attribute has returned to base-
line. Data from early generation strip chart recorders was
handled much like that from similar tests using paper bal-
lots. The subject’s intensity score at several points in time
were hand measured and converted to numerical value for
data analysis. This was a labor-intensive process, depend-
ing on the number of time points examined.

Desktop computers linked to a joystick (35), or simi-
lar device, for measuring perceived intensity introduced
significant improvements in the time required to collect,
enter, and analyze data, and simplified the subject’s task
compared to strip chart recorders. These advances and
developments in statistical analysis and graphing software
that could be used with time-intensity data encouraged
greater use of the method for sensory research.

B. ANALYSIS

Time-intensity studies typically involve one or two attrib-
utes, and the results are readily graphed on x-y coordinates,
with attribute intensity on the y-axis and time on the x-axis.
Curves may represent individual data, averaged data for
the panel, or group data for subjects having similar results.
Measures of central tendency, such as means or medians,
are used to construct data points for selected time periods, or
data may be otherwise transformed to reduce or eliminate
subject differences. Data points are then connected to cre-
ate a time-intensity (TI) curve. Selected curve parameters
or discrete points are compared directly or analyzed for
statistical significance. Maximum intensity (Imax), time to
maximum intensity (Tmax), and duration (return time to
baseline intensity) are popular discrete points used for
comparing TI results for different products, and suitable
analysis of variance and multiple range tests are then per-
formed to determine significance for the observed differ-
ences. An examination of the literature on this topic reveals
views espousing and challenging a variety of curve param-
eters worthy of consideration, such as area under the curve,
peaks, plateaus, slopes, and so forth. Several investigators
have proposed combinations of these and other measures,
and developments are still forthcoming in this area. The
interested reader is directed to Lawless and Heymann (1) for
additional detail about TI research in sensory evaluation
and the different analysis methods proposed for the data.

One of the biggest challenges facing the experimenter
is how to deal with a subject’s error of anticipation; i.e.,
providing responses based on the subject’s guessing the
purpose of the test.

VIII. DATA ANALYSIS

Statistics is an essential part of the sensory evaluation
process, providing a means of summarizing information to
reach conclusions about subject performance and product
difference. For sensory evaluation there are several issues

that make the use of statistics especially challenging. First,
there are many different statistical procedures from which to
choose, and new tests are regularly introduced and described
in the literature. Second, statisticians as well as sensory sci-
entists differ in their view about how responses should be
treated, which type of analysis is more or less appropriate
and useful, the extent of any data transformation, and so
forth. Third, software packages and the power of the PC
make all methods for analysis easily obtainable in terms
of time and cost, but that does not make them appropriate.

This section provides an introduction to the use of sta-
tistics as a guideline for making sensory and business deci-
sions about products of interest. The focus is on statistical
applications rather than statistical theory and the proofs,
or various algorithms that would take far more than the
space allocated here for this topic. The interested reader
can find that information and worked examples in books
covering the general topic of sensory evaluation and other
books that focus on statistics for sensory evaluation (17,
36, 37). Sensory decisions based solely on the statistical
conclusions are the exception, not the rule. The statistics
that we describe will focus primarily on those analyses
found to be useful for the behavioral sciences; e.g., vari-
ance measures, and will focus less on statistics more typ-
ically used in the engineering and physical sciences.

A. DESCRIPTIVE STATISTICS

Sensory responses may take the form of discrete or scaled
data. An example of discrete data is found in discrimination
results where subjects select a product as similar or differ-
ent compared to one or more other products. An example
of scaled data is found where subjects score individual sen-
sory attributes. In this case scoring may be a ranking, or
rating on one form or another of an interval or ratio scale.
Descriptive data provides a summary of the individual
scores, and as such, is more manageable than the original
raw data. However, summary statistics by their very nature
can also mask or distort information and the sensory scien-
tist must be aware of this potential problem. Descriptive sta-
tistics are grouped into measures for central tendency and
dispersion, and are often displayed in tables and graphs.

1. Central Tendency

The mean, mode, and median are important measures for
summarizing individual data.

a. Mean
The arithmetic mean for scaled data is the sum of all scores
divided by the number of scores that have been summed.
The arithmetic mean is the most widely used measure in
sensory evaluation. It can be distorted by extreme scores,
in which case other means such as the harmonic mean or
geometric mean may be better choice. Rank means are pos-
sible when rank order scales are used.
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b. Mode
The mode is the response category that contains the largest
number of responses. This measure is not influenced by
extreme scores as is the arithmetic mean.

c. Median
The median is the category containing the 50th percentile,
dividing an ordered distribution in half. This measure is
also not influenced by extreme scores.

2. Dispersion

The range, variance and standard deviation are the three
most frequently used dispersion statistics reported in sen-
sory tests.

a. Range
The range refers to absolute difference between the lowest
and highest scores of an ordered distribution. The range is
easily influenced by one or more extreme scores, and by
itself has limited value. It is more informative when com-
bined with measures of central tendency, variance, and a
frequency distribution.

b. Variance
The variance provides a measure of deviation or dispersion
from a mean. To calculate the variance for a data set
requires that each score is subtracted from the mean, each
difference from that operation squared (to eliminate nega-
tive numbers), these squared differences summed, and then
divided by the number of scores minus 1. The calculated
variance resulting from this process is displayed as S 2 to
represent sample data rather than population data.

c. Standard deviation
The standard deviation is the square root of the variance
and displayed as S to represent sample data. As may be
expected, the standard deviation will always be a smaller
value than the variance, further reducing the impact of
extreme scores.

3. Frequency Distributions

Frequency is the number or percent response for each
response category. Frequency data are typically displayed
as tables or graphs, which provide useful information about
how well other measures, such as the mean and range, rep-
resent the data. For example, a flat distribution would indi-
cate that the mean value is not a good summary description
for the data. Sensory specialists routinely examine fre-
quency distributions for each product and serving order
combination, and different groups of subjects to identify
important trends in the data. Products having similar
shape distributions may readily be included in a variety of
statistical significance tests, whereas those with very dif-
ferent shape distributions may not.

B. INFERENTIAL STATISTICS

This category of statistics is used by the sensory
researcher to determine the risk associated with declaring
that an observed difference in a test represents a real dif-
ference that can be generalized to other test populations, or
to a larger consumer population. Using appropriate statistics
does not eliminate the risk of making a wrong decision;
nonetheless such errors can be minimized through proper
experimentation and analysis. There is not sufficient space
in this chapter to include discussion about probabilities
and hypothesis testing; therefore, the interested reader is
directed to the aforementioned publications (17, 33, 34).
We will limit our discussion to those inference statistics
used most frequently by sensory practitioners.

1. Non-Parametric

This category of statistical tests is used when data from
groups or products to be compared are in the form of counts
(i.e., frequencies), percents, or ranks. These are distribu-
tion free statistics, with no constraint regarding the shape
(e.g., symmetrical bell shape Gaussian curve referred to as
the normal curve) of the distribution. The number of non-
parametric tests is too large to discuss here, and the inter-
ested reader will find greater discussion and useful
references in the sensory statistics literature cited above.
We mention only a few of these tests below.

a. Binomial tests
Data from forced choice tests such as those described for
most discrimination tests can be analyzed for statistical
significance using tables based on the binomial expan-
sion. This has been described previously in this chapter.

b. Chi-square (χ2)
This is a useful statistic for determining whether the
observed number of responses is significantly different
from an expected number (derived from the total number
of responses). There are several variations of the formula
that can be used based on how the data are collected and
the number of classifications being compared. In sensory
evaluation the chi-square test is often used to determine
whether two response distributions are significantly dif-
ferent, and as a preliminary test for isolating and compar-
ing two response categories from among several. It is used
more in sensory consumer tests and less so in sensory dis-
crimination and descriptive tests.

c. Other non-parametric tests
The aforementioned texts include useful descriptions for
several other non-parametric tests worthy of note for sen-
sory analytical tests. Those statistical tests include, and
are not limited to; the McNemar test, Cochran Q test,
Wilcoxon test, Mann-Whitney U test, Friedman test, and
the Kruskal-Wallis test.
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2. Parametric

This category of statistical tests is reserved for data that
satisfies the constraints of the normal curve, which includes
equality of the scaled intervals. All things being equal,
which they seldom are, parametric tests are viewed as more
powerful than non-parametric tests. When response data
are clearly nominal (e.g., counting and classification data) or
ordinal (e.g., ranks), non-parametric tests are recommended.
Parametric tests are appropriate when data are clearly inter-
val or ratio. Having said this, the reader is cautioned that
most of the scales used in sensory evaluation have sufficient
interval characteristics to permit judicial use of paramet-
ric statistics. Underlying statistical assumptions and theory
is just that, assumptions and theory. In practice, results may
be reliable, valid, and useful even if they do not perfectly
satisfy underlying assumptions. In this event, it may be more
beneficial to modify the theory and assumptions, rather than
forgo the application.

a. t-test
The t-test is used to determine whether the means for two
products are significantly different. Different formulae are
available to accommodate various conditions such as: inde-
pendent and dependent observations, large and small N,
proportions, and equal and unequal number of observations.
The t-test is not the best choice for sensory tests where the
same subjects evaluate both products, the analysis-
of-variance can be substituted and it extracts more from the
error variance. The t-test also is inappropriate where more
than two products are to be evaluated and statistically com-
pared to one another. This constitutes multiple t-tests of the
same data, a common error.

b. Analysis of variance (AOV)
The analysis of variance is the primary statistical test used
for scaled sensory data. It is a versatile statistical procedure
that readily accommodates multiple products, treatment
conditions and groups of subjects. It is used to determine
whether an effect is statistically significant, and when a
difference noted is followed by a multiple range test to
determine which means are different. Several AOV models
are extensively used in sensory evaluation; these include the
one-way for independent means, the two-way for depend-
ent means, treatment x levels for different treatment con-
ditions (e.g., x-levels of different variables), and split-plot
models for different subject groups evaluating the same
and different treatments.

The primary challenges for selecting the best AOV
model are to select one that is appropriate for the specific
test conditions, to accurately account for all the sources of
variance in the test, and to select the appropriate error term
for testing the significance of an effect. Statistical signifi-
cance in the AOV is based on a calculated F ratio consisting
of an effect variance in the numerator and an error variance
in the denominator. Probability tables for the significance

of the calculated F are published in most statistics books;
most statistical packages for sensory and behavioral data
include the AOV analysis and exact probabilities for the
calculated F.

c. Multiple range tests
Multiple range tests are used following an AOV to deter-
mine from among a set of means for a significant variable
which ones are significantly different. Different range tests
reflect what is to be compared and the respective authors’
preference for controlling the various error rates possible
when making multiple comparisons for a single data set.
Too conservative a test will make it difficult to find statisti-
cal significance and result in more Type II errors, whereas
a less conservative test may result in false differences (i.e.,
Type I error). The sensory scientist is cautioned here that the
underlying theoretical assumptions for a multiple range
test may not agree with practical experience using that test.
Where this is the case, paying attention to the risk one can
still proceed cautiously. Frequently used multiple range 
tests include; Fisher’s LSD (least significance difference),
Dunnett’s test, Duncan’s test, some tests by Tukey, the
S-N-K (Student-Newman-Keuls) test, the Scheffé test, and
the Bonferroni test. Whichever test is selected, the results
must be examined to determine whether they agree with the
knowledge and expectation the researcher has about the
products and the sensory test.

C. CORRELATION AND REGRESSION

Sensory scientists are often interested in the relationships
between different sets of data. The interest may be bet-
ween different groups of subjects, products, attributes, or
combinations thereof. Because correlation does not imply
causation, summary statistics and graphs depicting asso-
ciation are useful for data reduction, substitution, predic-
tion, and generally improving understanding about
variables. As with inference testing, different statistics are
used for different levels of measurement (e.g., nominal,
rank order, or continuous).

These measures are used to examine and better under-
stand sensory and instrumental relationships, and in opti-
mization research where sensory attributes are used as
predictor variables for consumer acceptance.

1. Correlation

To understand a simple two-variable correlation it is best
to first graph results as a scatter plot with the data from
one variable on the X-axis and data from the second variable
on the Y-axis. For example, descriptive scores for sweet-
ness and bitterness for a set of products can be graphed
and a correlation for the relationship between the two attrib-
utes calculated. The Pearson product moment correlation
coefficient is used for continuous scaled data and is depicted
by r. Calculated r-values range from �1 to 0 to �1. The
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closer to 0, the less is the association between the two vari-
ables. The minus sign depicts an opposite relationship,
whereas a plus sign depicts a directionally similar rela-
tionship; unity represents a perfect correlation. Pearson’s is
useful only for linear data, curvilinear data can produce low
values approaching 0, misleading the casual observer to
conclude the variables are unrelated. Correlation can be
determined for non-continuous scaled data as well; an
example is Spearman’s rank order correlation coefficient
(ρ Greek lowercase rho).

2. Multiple Correlation (R)

Multiple Correlation is used to assess the degree of asso-
ciation between a dependent variable and a set of predictor
variables. In product optimization research several sensory
attributes (independent variables) may be included as
important predictors of consumer acceptance (dependent
variable), and the multiple correlation (R) describes the
degree of association between the dependent and independ-
ent variables. Several books have been published on the
topic of Multiple Regression/Correlation (MRC), and the
interested reader is directed to Cohen and Cohen (38) for an
in-depth discussion.

3. Regression

Regression is a general term applied to equations that fit a
line to observed data points. Simple linear, non-linear, and
multiple regression are possible, and the resulting regres-
sion line is often used to predict values of the dependent
variable (y) from values of the independent variable (x). The
sensory scientist will use regression equations, for exam-
ple, to predict perceived intensity for an attribute based on
ingredient concentration. In optimization research, multi-
ple regression is used to predict consumer liking from a
combination of sensory attributes and their intensities.
Analytical measures may also be used as predictor vari-
ables for acceptance in optimization, alone or in conjunc-
tion with sensory measures.

D. ADDITIONAL MULTIVARIATE METHODS

Several tests in addition to those already described are used
in sensory evaluation to simultaneously examine multiple
variables. Multivariate analysis often provides understand-
ing of important relationships imbedded within the data
and not readily observable by other means. The interested
reader will find that the book by Dillon and Goldstein (39)
offers a useful integration of theory, explanation and illus-
tration for the topic.

1. Multivariate Analysis-of-Variance (MANOVA)

This analysis is used to test the significance of a set of vari-
ables. A good example would be descriptive panel data
where several attributes are evaluated for a product set.

2. Discriminate Analysis

Discriminate analysis is a methodology for finding linear
combinations of the independent variables that can act as
scoring functions to estimate to which of several classifi-
cation categories an observation belongs. Sensory scientists
use this and related procedures (e.g., canonical correlation)
in optimization research to identify lifestyle, attitude, and
classification information that best identify membership
in different consumer preference groups.

3. Principle Components Analysis

This data reduction technique transforms the original set
of variables into as few linear combinations as possible to
explain as much of the total variation in the original data.
The linear combinations, identified as the factors or compo-
nents, are independent from all other factors. The method
is often applied to sensory descriptive panel data to reduce
the number of attributes, or to identify a smaller set of
independent attributes to include as independent variables
in developing multiple regression models for optimization
research. It is also used in optimization research to identify
products that form independent groups based on sensory
attributes.

4. Factor Analysis

Similar to principle components analysis, factor analysis
is a data reduction technique, except it focuses on that part
of the total variation that a variable shares with other vari-
ables in the set. Some sensory researchers prefer to build
optimization models using factor scores rather than attrib-
utes identified through principle components analysis.
However, such a result has limited value when applying the
information to make product change, for example.

5. Cluster Analysis

This data reduction technique is used to find a smaller num-
ber of groups whose members have elements more similar
to one another than to members of another group. Cluster
analysis is used in sensory optimization research to identify
unique consumer preference groups, and it is used in the
same way in descriptive analysis to identify unique subject
groups. In the latter situation, uniqueness may indicate the
need for additional panel training.

IX. VISUAL PRESENTATION

Visual presentations are an important part of understanding
and communicating data. They reveal events and trends in
data not readily observed any other way, and they simplify
results for less technical and non-statistical audiences (40).
Increased availability of desktop computers capable of man-
aging large amounts of data has proven to be of great bene-
fit to sensory scientists. The sensory scientist can stretch,
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shrink, rotate, organize and reorganize large and small
amounts of data with a simple keystroke or two, and in
doing so examine countless relationships among subjects,
attributes and products. In addition to the large number of
generally available analysis and graphing software pro-
grams, such as SAS and SAS/JMP (SAS Institute Inc., Cary,
NC), S-Plus (MathSoft Inc., Seattle, WA), SPSS and BMDP
(SPSS Inc., Chicago, IL), custom programs have been
developed by several companies for application in sensory
evaluation. For the latter, the interested reader is directed to:
Camo, Inc. Corvallis, OR; Compusense, Guelph, Ontario,
Canada; Sensory Computer Systems, Lancaster, PA; and
Tragon Corporation, Redwood City, CA. A few examples of
graphs useful to the sensory scientist are described below.

A. HISTOGRAMS

Frequency histograms, together with central tendency and
variance measures, provide important information about
sensory responses to products and how well the data satisfy
assumptions required for other statistical tests, and allow
for comparisons between products. Figure 57.1 illustrates 
a different Product by Serving Order distribution for 
24 subjects, where each subject evaluated both products
(i.e., 12 subjects per serving sequence). The means are lower
for both products in the second serving order, demonstrat-
ing a possible order bias, a not uncommon finding in sen-
sory studies, and the primary reason for using balanced
serving orders. The bimodal distribution and variance 
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differences for Product A when served in the second order
would alert the sensory researcher that it may be risky, or
even inappropriate, to conduct statistical tests for this
result if homogeneity of variances is an issue.

B. QDA SPIDER CHARTS

Figure 57.2 represents a popular way for graphing
descriptive panel results (2,27). Figure 57.2 displays results
only for mouthfeel from a study that included additional
modalities. Examining Figure 57.2, we readily see product
differences for individual attributes, relationships among
the attributes, and the overall tendency for a product to score
low (Wine D), high (Wine K), or in the middle (Wine G)
compared to other products evaluated.

C. SENSORY MAPS

Mapping is frequently used for displaying results of opti-
mization research involving consumer acceptance and

descriptive panel data. The maps often group well liked
products together with sensory attributes and consumer
information (e.g., lifestyle and attitude) identified as
highly related to those product preferences. In the case of
descriptive panel data, it is often helpful to visually dis-
play products by attribute results. Figure 57.3 is such a
graph, and demonstrates how products may differ, or
group, based on several attributes across different modal-
ities. Here we see that Wines K and D are scored high for
several different attributes; whereas, Wine G falls between
the two. We would conclude that Wine K is a strong and
high impact product in several areas.

Figure 57.4 is an example of a density map based on a
cluster analysis of consumer acceptance scores for a broad
range of products of the type typically included in a cate-
gory review optimization. The cluster map reveals three
reasonably unique preference groups embedded within
the aggregate population. An appropriate follow-up sen-
sory strategy is to use multiple regression techniques 
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to develop sensory models that best fit each unique pref-
erence group as well as one or more models for the aggre-
gate population.

Figure 57.5 is based on a discriminate analysis of indi-
vidual subject scores for the three wines. This information
provides one way to visually identify how well subjects
discriminated among the products. Examining Figure 57.5,
we see that two subjects differed most among the panel
regarding scores for Wines G and K. This information can
be used to determine when additional training for subjects
is required, or when a subject may be removed from a panel.
In either case, these types of visual displays are readily

obtainable and provide important insights about products
and subjects.

Figure 57.6 is a sensory map that includes consumer
acceptance and sensory panel results. The spatial relation-
ships displayed in these types of maps (41) provide use-
ful information to product developers and marketing
researchers. In this case, the map identified which sensory
attributes were most associated with which products, and
that there is a development opportunity to optimize con-
sumer liking for the product category. Sensory maps are
typically derived from Factor Analysis (FA) or Principal
Component Analysis (PCA) output, similar to that seen in
Table 57.1.

X. CONCLUSION

Sensory evaluation is a valuable resource for the food sci-
entist, and has yet to realize its full potential within the
food industry. This is partly due to a lack of awareness of
what it can do and how to best organize and operate sen-
sory capabilities. The science is dynamic and its applica-
tions are almost endless, especially as it relates to its role
in consumer research. The sensory sciences outlook is
bright as more academic institutions teach and research
the topic, and more qualified professionals enter the field.
In recent years there has been a significant increase in the
use of sensory methods as multinational and domestic
companies introduce these procedures on a global basis.
This trend will continue, creating new opportunities and
demands for the science. Future success will depend in
large part on how well sensory professionals and those

TABLE 57.1
Factor Analysis Summary for Consumer Liking and
Sensory Attributes

Factor 1 Factor 2 Factor 3

Clear Appearance 0.935
Grape Aroma 0.510
Coating �0.804 �0.554
Body �0.909
Grape Flavor 0.732 0.557
Fruity Aftertaste 0.702
Consumer Liking 0.533
Tears �0.551
Bitter Flavor �0.557
Biting Mouthfeel �0.888
Perfumy Aroma 0.950
Smoky Flavor 0.873

Total
% Variance Explained: 41.13 21.92 19.83 82.88
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that teach and employ them understand that sensory eval-
uation is about perception; and how best to measure, ana-
lyze and communicate sensory information.

REFERENCES

1. HT Lawless, H Heymann. Sensory Evaluation of Food:
Principles and Practices Gaithersburg, Maryland: Aspen
Publishers, Inc., 1998.

2. H Stone, JL Sidel. Sensory Evaluation Practices, 3rd ed.
San Diego: Academic Press, 2004.

3. MA Amerine, RM Pangborn, EB Roessler. Principles of
Sensory Evaluation of Food. New York: Academic
Press, 1965.

4. DR Peryam, FJ Pilgrim, MS Peterson, (eds.). Food
Acceptance Testing Methodology. Washington D.C.:
Natl. Acad. Sci — Natl. Res. Counc, (1954).

5. Anonymous. Minutes of Division Business Meeting.
Institute of Food Technologists — Sensory Evaluation
Division, IFT, Chicago, Illinois, 1975.

6. MC Bourne. Food Texture and Viscosity: Concept and
Measurement. New York: Academic Press, 1982.

7. A Noble. Instrumental analysis of the sensory properties
of food. Food Technol 29:56–60, 1975.

8. HG Schutz, VG Vely, RB Iden. Relation of odor to
physicochemical properties of compounds (Interim.
Reprot). QM Food and Container Institute for the Armed
Forces. (Contract No. DA-19-129-QM-1500), 1961.

9. WF Wilkens, JD Hartmann. An electronic analog for the
olfactory process. J of Food Sci 29:372–378, 1964.

10. PN Bartlett, JM Elliott, JWGardner. Electronic noses
and their application in the food industry. Food Technol
51: 44–48, 1997.

11. RN Bleibaum, H Stone, T Tan, S Labreche, E Saint-
Martin, S Isz. Comparison of sensory and consumer
results with electronic nose and tongue sensors for apple
juices. Food Quality and Preference 13:409–422, 2002.

12. NS Lewis. The Caltech Electronic Nose Project.
Engineering & Science, No 3, 1996.

13. G. Taubes. The Electronic Nose. Discover 40–50, 1996.
14. L Malcolmson, L Jeffrey, DD Sharma, PKW Ng.

Relationship between sensory clarity and turbidity 
values of apple juice. Canadian Institute of Science and
Technology Journal 22:129–132, 1989.

15. J Eggert, K Zook, eds. Physical Requirement Guidelines
for Sensory Evaluation Laboratories. ASTM STP 913.
Am Soc Test Mater, Philadelphia, Pennsylvania, 1986.

16. EB Roessler, RM Pangborn, JL Sidel, H Stone.
Expanded statistical tables for estimating significance in
paired-preference, paired-difference, duo-trio and trian-
gle tests. J Food Sci 43:940–943, 1978.

17. M O’Mahony. Sensory Evaluation of Food: Statistical
Methods and Procedures. New York: Dekker, 1986.

18. DM Ennis. The power of sensory discrimination meth-
ods. J. Sensory Studies 8:353–370, 1993.

19. DM Ennis, K Mullen. Theoretical aspects of sensory
discrimination. Chem. Senses 11:513–522, 1986.

20. JER Fritjers. Sensory difference testing and the meas-
urement of sensory discriminability. In Sensory Analysis

of Foods. 2nd ed. (JR Piggott, ed.). London: Elsevier
Applied Science, 1988.

21. WE Cairncross, LB Sjöström. Flavor profile — a 
new approach to flavor problems. Food Technol 4:
308–311, 1950.

22. LB Sjöström, SE Cairncross. The descriptive analysis of
flavor. In: DR Peryam, FJ Pilgrim, MS Peterson. eds.
Food Acceptance Testing Methodology. Washington, DC:
Natl Acad Sci — Natl Res Counc 1954 pp 25–30.

23. JF Caul. The profile method of flavor analysis. Adv Food
Res 7:1–40, 1957.

24. MA Brandt, E Skinner, J Coleman. Texture profile
method. J Food Sci 28:404–410, 1963.

25. AS Szczesniak. Classification of textural characteris-
tics. J Food Sci 28:385–389, 1963.

26. AS Szczesniak, MA Brandt, HH Friedman. Development
of standard rating scales for mechanical parameters of
texture and correlation between the objective and the sen-
sory methods of texture evaluation. J Food Sci 28:
397–403, 1963.

27. H Stone, J Sidel, S Oliver, A Woolsey, RC Singleton.
Sensory evaluation by quantitative descriptive analysis.
Food Technol 28:24–34, 1974.

28. AA Williams, SP Langron. The use of free-choice pro-
filing for the evaluation of commercial ports. J Sci Food
and Agric 35:558–568, 1984.

29. N Larson-Powers, RM Pangborn. Descriptive analysis
of the sensory properties of beverages and gelatins con-
taining sucrose or synthetic sweeteners. J Food Sci 43:
47–51, 1978.

30. JE Hanson, DA Kendall, NF Smith. The missing link:
correlation of consumer and professional sensory
descriptions. Beverage World 102:108–116, 1983.

31. CR Stampanoni. The quantitative flavor profiling tech-
nique. Perfumer and Flavorist 18:19–24, 1993.

32. H Hahn. Die adaptation des geschmackssinnes. 
Z Sinnesphys 65:105–145, 1934.

33. S van Buuren. Analyzing time-intensity responses in sen-
sory evaluation. Food Technol 46:101–104, 1992.

34. N Larson-Powers, RM Pangborn. Paired comparison
and time-intensity measurements of the sensory proper-
ties of beverages and gelatins containing sucrose or syn-
thetic sweeteners. J Food Sci 43:41–46, 1978.

35. JX Guinard, RM Pangborn, CF Shoemaker. Computer-
ized procedure for time-intensity sensory measurements.
J Food Sci 50:543–546, 1985.

36. MC Gacula Jr, J Singh. Statistical Methods in Food and
Consumer Research. Orlando: Academic Press, 1987.

37. MC Gacula Jr. Design and Analysis of Sensory Optimiza-
tion. Connecticut: Food and Nutrition Press, 1993.

38. J Cohen, P Cohen. Applied Multiple Regression/Correla-
tion Analysis for the Behavioral Sciences. 2nd ed. New
Jersey: Lawrence Erlbaum Associates, 1983.

39. WR Dillon, M Goldstein. Multivariate Analysis: Methods
and Applications. New York: John Wiley & Sons, 1984.

40. WS Cleveland. Visualizing Data, Summit, New Jersey:
Hobart Press, 1994.

41. K Greenhoff, HJH MacFie. Preference mapping in prac-
tice. In: Measurement of Food Preferences. (HJH
MacFie and DMH Thompson, eds.). Blackie, Academic
and Professional. 137–166, 1994.

57-24 Handbook of Food Science, Technology, and Engineering, Volume 2

DK9848_C057.qxd  04/Nov/05  04:46 PM  Page 57-24



58-1

58 Food Sensory Attributes

Patti C. Coggins
Department of Food Science and Technology, Sensory Evaluation Laboratory,
Mississippi State University

Roberto S. Chamul
Department of Kinesiology and Nutritional Science, California State University

CONTENTS

I. Introduction to Sensory Evaluation ......................................................................................................................58-2
II. Principles of Sensory Evaluation ..........................................................................................................................58-3

A. Sensory Perception ........................................................................................................................................58-3
B. Sensory Testing..............................................................................................................................................58-3

III. Sensory Evaluation of Frozen Foods ....................................................................................................................58-3
A. Water ..............................................................................................................................................................58-4
B. Bakery Products ............................................................................................................................................58-5
C. Dairy Products ..............................................................................................................................................58-5

1. Milk ........................................................................................................................................................58-6
2. Cheese ....................................................................................................................................................58-6
3. Ice Cream ................................................................................................................................................58-8
4. Yoghurt, Cultured Milk and Buttermilk..................................................................................................58-9

D. Fish and Seafood............................................................................................................................................58-9
1. Bluefish ..............................................................................................................................................58-10
2. Blackback Flounder ............................................................................................................................58-11
3. Catfish ................................................................................................................................................58-11
4. Cod ......................................................................................................................................................58-11
5. Cusk ....................................................................................................................................................58-12
6. Haddock ..............................................................................................................................................58-12
7. Hake ....................................................................................................................................................58-12
8. Halibut ................................................................................................................................................58-12
9. Herring ................................................................................................................................................58-13

10. Grouper ..............................................................................................................................................58-13
11. Mackerel..............................................................................................................................................58-13
12. Monkfish ............................................................................................................................................58-13
13. Pollock ................................................................................................................................................58-13
14. Salmon ................................................................................................................................................58-14
15. Shrimp ................................................................................................................................................58-14
16. Squid ..................................................................................................................................................58-14
17. Striped Bass ........................................................................................................................................58-15
18. Swordfish ............................................................................................................................................58-15
19. Tilefish ................................................................................................................................................58-15
20. Trout ....................................................................................................................................................58-15
21. Tuna ....................................................................................................................................................58-15
22. Weakfish..............................................................................................................................................58-15
23. Minced Fish ........................................................................................................................................58-16

E. Fruit and Vegetables ....................................................................................................................................58-17
1. Fruits ..................................................................................................................................................58-17

DK9848_C058.qxd  14/Oct/05  07:24 PM  Page 1



I. INTRODUCTION TO SENSORY 
EVALUATION

To measure sensory properties and thus determine if the
overall objective was achieved is and will continue to be a
major accomplishment for sensory evaluation. The devel-
opment of knowledge and the achievements made possi-
ble through this gain regarding the attributes of a product
or other pertinent information is another great source lay-
ered upon current sensory research and its general knowl-
edge base. The capability of researchers and industry to
perform sound sensory science techniques is at all time high.
Growth in the area of sensory science has been excep-
tional during the last decade. Newly applied techniques
and development of new modes of observation and data
retrieval continue to be implemented and are thrusting
sensory science continuously further.

The measurement of human behavior is now directed
at a more systematic and professional approach to the test-
ing process. Much of the prior accomplishments were
achieved from an indirect method either through market-
ing services, relations to new product development, or
through the dedication of a few select individuals devoted
to the sensory profession. Advances in this field were ini-
tially slow due to the lack of interest and dedication in sen-
sory science. Today, sensory science is a leading research
tool applied to many processes and products.

The importance of the relationship between reliability
and validity of results and the credibility of proposed rec-
ommendations is often a challenging process in sensory
evaluation. Often, evaluations are performed, data is
obtained, and results generated which in turn are shuffled

into the “meaningless” grouping due to the misunder-
standings of and between the separate working group sec-
tors within an organization. Tactics such as these decrease
the viability of the sensory group performing the proce-
dures because the achieved information was not properly
reported. The success of sensory evaluation, in particular
its credibility, begins with an organized effort, and the
assurance that the testing process followed accepted pro-
cedures and practices in all respected areas of work.

The field of sensory evaluation, being a relatively new
discipline, has provoked many divergent opinions and
philosophies from both within and outside its parameters.
It would be difficult to state the one or two progressive
developments that were initially responsible for the emer-
gence of sensory evaluation as a discipline and the limited
base of acceptance that ultimately defined the discipline.
Agriculture and the international branching of such that
began in the 1960’s has been seen as one of the major pivo-
tal areas providing growth and interest in sensory evalua-
tion as a necessary function. Also, internationalization of
the marketplace as a whole has greatly influenced this
growth and interest.

The formal definition of sensory evaluation can be
expressed in several different ways. However, the Sensory
Evaluation Division of the Institute of Food Technologists
(1, 2) has expressed a definition that provides meaningful
insight into the subject:

Sensory evaluation is a scientific discipline used to evoke,
measure, analyze and interpret reactions to those charac-
teristics of foods and materials as they are perceived by
the senses of sight, smell, taste, touch and hearing.
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This definition makes it clear that sensory evaluation uti-
lizes all senses in determinations about products. Often,
only taste is of consideration and the industry tends to
overlook that sensory evaluation is not just “taste testing.”
Also, this definition emphasizes the many disciplines that
are involved with the complete and correct workings of
sensory evaluation. Sensory evaluation is a quantitative
science in which numerical data are collected to establish
specific relationships between product characteristics and
human perceptions (3). Sensory evaluation is a science 
of measurement. Like other analytical test procedures,
sensory evaluation is concerned with precision, accuracy,
sensitivity, and avoiding false positive results (4).
Analysis of data is a critical part of sensory evaluation.
Data generated from subjects are often highly variable.
There are many sources of variation in individual responses
that are extremely difficult to control in sensory testing.
Examples include the participants’ individuality in per-
sonality traits, habits, attitude, acuity of perception, pro-
duct familiarity and frequency of consumption.

The interpretation of results is one of the most dif-
ficult parts of the formal sensory evaluation process. Once
the data are obtained and results generated, it is the
tedious job of the sensory analyst to carefully write the
report and supply the information to the necessary party
of interest. Many persons housed in separate departments
within a business or research facility take this information
and focus on it in an incorrect manner due to the outcome
often times not being as they would have liked.

II. PRINCIPLES OF SENSORY EVALUATION

The sensory technique chosen for a particular test is deter-
mined by the objective of the study. When testing for
acceptability, trained panels should not be used; consumer
groups should also not be used to generate descriptive
data. Product samples should be labeled with three-digit
random codes to alleviate bias. The sample order should
be randomized to assist in reducing biases. Panelist influ-
ences should be kept to a minimum during evaluation.

A. SENSORY PERCEPTION

Sensory adaptation, due to continuous exposure of a par-
ticular stimulus, will lead to a significant decrease in
responsiveness. Foods can be complex mixtures encom-
passing all attributes. Due to the complexity of a mixture,
suppression within modalities will occur. Thus, the per-
ceived intensity will be affected and could possibly be
recorded as a lower value than if the intensity were to be
recorded as a single attribute, which would represent a
truer representation of the value describing intensity.

Taste and smell can be confusing. Many people can-
not distinguish between the two due to olfactory sensa-
tions arising from volatiles of the food matrix. If subjects

are untrained, these sensations can be recorded incorrectly
as either representing taste or smell inappropriately.

B. SENSORY TESTING

Sensory testing was initially developed from an industry
standpoint to perform an economic function. It can deter-
mine the worth or acceptability of a product as its final
result. The principal uses of sensory evaluation are in
research, product development and maintenance, quality
assurance and as a marketing tool. Sensory testing encom-
passes many fields other than food. Its primary function is
to conduct valid and reliable tests that will in turn provide
necessary data upon which sound business decisions can
be made.

If sensory analysis is to be dependable, the skill of the
sensory analyst in optimizing the proper techniques in
sensory testing is of critical importance. There are several
general steps that should be followed in sensory testing.
The first step is to define the problem, followed by method
choice, decision on panel type, experimental design, data
analysis, and report generation. The method selection can
be a decisive decision. The three categories of sensory
techniques are: discrimination procedures, descriptive
analysis, and affective testing. The discrimination proce-
dures are designed for difference detection; descriptive
analysis is focused on sensory changes; affective testing
gathers consumer, preference, or hedonic data.

The selection of the subjects who will be the measur-
ing instruments of the designated study is a critical step in
sensory testing. Humans are excellent relative measuring
instruments but poor absolute measuring instruments. The
basis of qualification of human subjects can be one of the
most time consuming sections of the sensory project.
Subject or panel maintenance, performance measurement,
participation monitoring, and other concerns are neces-
sary duties that must be continually kept in the forefront
of the sensory study.

III. SENSORY EVALUATION OF FROZEN
FOODS

Before frozen food can be evaluated properly, quality
measurements must be determined and properly defined.
The definition of the sensory quality of a food or food
product is “the acceptance of the sensory characteristics
of a product by consumers who are regular users of the
product category, or who comprise the target market for
the product” (5).

The effects of prolonged storage of foods in the freez-
ing range are varied. In some instances, such as with butter
or fatty foods, the odor may become unpleasant by a
process such as rancidity. In other foods, such as peaches,
the process of oxidation may alter the appearance or color.
In some products, such as fish, off-flavors may develop by
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both physical and chemical processes. In other cases, such
as asparagus, the texture may become undesirable. And 
in many cases, the nutritive value of the fruit or vegetable
may be affected by processes of hydrolysis and oxidation.
All these criteria that go into food quality — odor, appear-
ance, flavor, texture, and nutritive value — are important
in the defining of “satisfactory” food storage.

For example, frozen peas will lose their desirable bright
green color and acquire a yellow to brown tinge at tem-
peratures above 15°F (6), owing to a slow destruction of
chlorophyll, the characteristic pigment of green vegeta-
bles and other plants. This change is not evident when the
storage temperature is maintained at 0°F or less.

Yet tasting panel tests on frozen and stored halibut (7)
and salmon (8) have clearly demonstrated that the temper-
ature of storage is more important in maintaining quality
than is the freezing rate. Even the texture of twice-frozen
foods cannot be the equal of fresh-frozen quality produce.
The following sections are brief overviews of selected
foods and food groups. The authors selected the most pre-
dominant sensory aspects as the primary focus of discus-
sion and review.

A. WATER

The Safe Drinking Water Act (SDWA) establishes regula-
tions for maximum contaminants (primary and second-
ary). It is not the aim of this section to review primary
contaminants that may affect the health of consumers, but
to review the secondary contaminants that can cause fla-
vor problems in water itself and/or products in which
water with such defects are used. The International
Association of Water Quality (IAWQ) specialist group of
taste and odors developed a Drinking Water Flavor Wheel
that includes the four basic tastes recognizable by the
tongue (sour, sweet, salty, bitter) and eight odor descriptors
(chemical, medicinal, fishy, fragrant, swampy, grass/woody,
chlorinous). Mouthfeel is a descriptor considered as part
of the flavor component (9).

Table 58.1 shows the secondary contaminants in water
according to the Environmental Protection Agency (EPA).
Major problems encountered are the metallic taste cause
by copper, iron, manganese, and zinc. Salty taste is caused
by chloride, sulfate, and total solids dissolved. Bitter taste
is produced by foaming agents, manganese, and low pH
(10). Iodinated trihalomethanes, which are disinfection
by-products, are considered to cause medicinal odor with
odor threshold concentrations of 0.1 to 8.9 g/L. Using fla-
vor profile analysis (FPA), these odorants are described as
sweet, solvent, and medicinal (11).

To control taste in water, it is necessary to control
inorganic ions. However, organic compounds such as 2-
alkyl-5,5-dimethyl-1,3-dioxanes and 2-alkyl-4methyl-1,3-
dioxolanes, malodorous compounds have been identified
in groundwater as well as in river water and tap water

(12). The use of threshold odor number (TON) for odor
detection in water seems to not be the most adequate
method; therefore, the use of flavor profile analysis (FPA)
has been suggested (13,14). Some of the most common
odor reference standards used in raw and finished drinking
water for FPA are: geosmin (earthy), 2-methylisoborneol
(earthy), trans-2-cis-6-nonadienal (cucumber, green vege-
tation), m-xylene (sweet solventry), benzofuran (moth-
balls), cis-3-hexe-1-ol (fresh grass, green apple), and
dimethyl sulfide (septic, musty) among others (15).

However, especially for drinking water samples from
river sources, there may be 200-300 volatile organic com-
pounds present at concentrations greater than 1 ng/L as
measured by capillary gas chromatography (GC). Any of
these chemicals alone or in combination can cause water
sample odor. The odor-causing compounds are often
unknown. The concentrations of individual compounds are
usually below their odor threshold concentrations (OTCs).
Since the identification of all the GC peaks of a typical
drinking water sample by GC/MS is usually not possible
and the consideration of all compounds is desirable, sta-
tistical correlation methods can be used to mathematically
describe the relationships between volatile chemicals and
tastes and odors (16).

In the food industry, secondary contaminants have 
a zero tolerance for turbidity, color, odor and taste. To
achieve these criteria several water treatments are avail-
able. The traditional water treatment is coagulation/floc-
culation. An alternative is the multiple barrier treatment
that includes the use of Ultrafiltration/Reverse osmosis.

58-4 Handbook of Food Science, Technology, and Engineering, Volume 2

TABLE 58.1
USEPA* National Secondary Drinking Water 
Contaminant Standards (10)
Contaminant Effects SMCL** mg/L 

Aluminum Colored water 0.05–0.2
Chloride Salty taste 250
Color Visible tint 15 color units
Copper Metallic taste, blue-green stain 1.0
Corrosivity Metallic taste Noncorrosive
Foaming agents Bitter taste, odor 0.5
Iron Metallic taste, orange staining 0.3
Manganese Bitter metallic taste 0.05
Odors Musty or chemical smell 3 TON***
pH Low pH- bitter metallic taste, 6.5–8.5

high pH- soda taste
Sulfate Salty taste 250
Total dissolved Salty taste 500
solids
Zinc Metallic taste 5

* USEPA — United States Environmental Protection Agency.
** SMCL — secondary maximum contaminant level.
*** TON — threshold odor number.
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B. BAKERY PRODUCTS

Baked goods are highly perishable, and their attractive-
ness declines rapidly within a few hours of being taken
from the cooking mechanism. Freezing is the most-used
preservation method that significantly retards quality
changes. This is the main reason for the huge market for
frozen bakery goods. The history of the frozen food mar-
ket began with frozen pizzas and doughnuts. The market
has expanded tremendously in the last decade.

Like all foods with a significant level of water activ-
ity (aw � 0.9), baked foods are subject to microbial con-
tamination and growth during storage. Freshly baked bread
is sterile; contamination with mold spores is deposited 
on the bread surface during cooling and/or packaging.
Staling is another limiting factor in the shelf-life of baked
goods. During baking, the starch granules present in the
flour gelatinize. Upon cooling and storage at ambient
temperatures, this gelatinized starch slowly recrystallizes.
This retrogradation contributes to an increase in crumb
firmness, and leads to a harsh, dry mouth-feel when the
product is eaten (17).

Freezing of freshly baked product that has been pro-
perly formulated, frozen, stored and refreshed (regardless of
the time it has been in the freezer) has sensory properties
comparable with the same unfrozen product less than 1 day
after baking (17). Quality defects observed in frozen,
thawed fully baked products can be traced, for the most part,
to migration of water during freezing, storage and thawing.
Defects of migrational sorts are: slimy icing, disappearance
of icing, wet surface area. Staling is accelerated at low tem-
peratures, which can often lead to toughness of product.
This toughness is mostly due to denatured protein. A high-
gluten flour gives a tougher product than a low-gluten flour.

The icings, glazes, and fillings of baked goods depend
on a fine balance between water, sugars and hydrocolloids
to achieve the desired product characteristics (17). These
properties include a dry appearance coupled with flexibil-
ity and short body, no free water and good suspension of
solid fruit pieces for fillings. Freezing can alter the inter-
action between water and hydrocolloids so that on thawing,
free water is present; this results in melting or disappear-
ance of icings and glazes and leads to wet, leathery, unap-
petizing fillings. Ice crystals formed from free water are
prone to sublime during frozen storage and a rim of ice on
the inner surface of the packaging indicates that the water
has not been adequately bound and stabilized in the icing or
filling (17).

The sensory properties of bread and rolls can be
greatly altered by the handling of the products. The
importance of complete cooling is utmost and greatly
affects the quality. Bagels have a chewy texture, and
improper freezing techniques can lead to a leather-like
texture. Also, soggy dough is a problem with bagels.
Croissants are made with layered dough that is rolled into

a thin sheet that is spread with shortening or butter. The
detrimental freezing attributes here are decreased flaki-
ness, chewiness, and often wetness. Pizza dough is ideally
suited for frozen storage. Having a high surface-to-mass
ration, the dough freezes quickly and efficiently in a
freeze tunnel. Waffles and pancakes are much like bread
and rolls regarding proper handling techniques before
freezing. Sogginess and wetness is often a problem with
waffles and pancakes.

Cakes and other such sweet products have been suc-
cessfully frozen without loss of sensory attributes.
However, it has been noted that loss of volume by as much
as 20% during frozen storage has occurred with certain
formulations (17). Moister cakes show better volume
retention, whereas dry crumb cakes such as chocolate tend
to develop a crumblier texture after being frozen. Pastries
that are frozen develop a dryness and hardness. If they are
filled with filling, the filling will often be gluey or rubbery.

Biscuits, due to their low moisture content, are suc-
cessfully frozen for lengthy periods of time. Freezing of
biscuits imparts flavor retention and is an excellent
method for preserving baked goods of this type. Cookies
or cookie dough have similar properties of biscuits when
frozen. Products of this type have very good retention of
sensory attributes when thawed.

Pies are handled very similar to cakes, but they suffer
a greater number of detrimental effects when thawed.
Syneresis can be a major problem with pie that has
meringue, or certain fillings. The fillings of crème pies can
develop a rubbery or gluey texture after extended frozen
storage and improper handling techniques. The filling
must be formulated to withstand freeze-thaw cycles and
still retain stability. Custard-type pies freeze well and typ-
ically thaw well with minimal loss of sensory attributes.

C. DAIRY PRODUCTS

The changes that occur during freezing vary among dairy
products from minimal to extremely severe. The lower the
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TABLE 58.2
Sensory Attributes in Frozen Bakery (17)
Product Attribute

Bread Crumb firmness
Harshness
Dry mouthfeel

Icing, glazes Wetness
Leathery
Unappetizing

Croissants Flakiness
Chewiness
Wetness

Pizza Sogginess
Wetness

Cakes Crumbliness
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temperature at which the product is stored, the slower the
deterioration rate of the product, and the better the prod-
uct quality after defrosting. Since the storage temperatures
depend on the type of product (frozen or non-frozen), there
is a different relationship between the product in question,
the storage temperature, and the product quality. Freezing
points of dairy products should not be used as the temper-
ature at which to freeze the product. This is due to the fact
that storing products at a temperature above which ice is
formed may successfully attain preservation, in some
cases. As a result, one needs to understand the impact
frozen storage has on product quality before choosing
freezing as a preservation method. For a number of dairy
products the changes during freezing are minimal while
for others the changes are very serious. In liquid dairy
products freezing causes destabilization of proteins and
fat. The destabilization (dehydration) of the protein is
accompanied by an increased concentration of mineral
constituents and lactose in the unfrozen part. Ice crystals
and fat crystals contribute to the destruction of the fat glob-
ule membrane leading to the formation of free fat. The
lower the temperature, the slower the speed of the deterio-
rative reactions and the better the quality after defrosting.
For every dairy product there is a different relationship
between storage temperature and time it takes to undergo
a certain amount of quality change (18,19).

1. Milk

Fresh milk may be frozen if storage is required for con-
sumption at a later date or if shipment of the product is
required. When thawed, however, the product should still
taste relatively “fresh.” The flavor of unfrozen whole milk
is pleasantly sweet, possessing neither a foretaste nor an
aftertaste other than that imparted by the natural richness
(20). In addition, it should have no off-colors or lumps
visible to the eye. These attributes are often retained bet-
ter through freezing than any other method. However, if
raw or pasteurized milk is improperly frozen, flavor dete-
rioration may occur. Oxidized flavors may appear as a
result of the destruction of the milk-fat globule membrane
(21). These flavors may increase in intensity the longer
the product is frozen. Tressler et al (22) stated that the
occurrence of the traditional oxidized flavor defect can be
reduced by adding small amounts of ascorbic acid, pas-
teurizing at relatively high temperatures, homogenizing
and controlling the daily ration of the dairy cow.

Preservation of milk by deep-freezing also causes
changes in the physicochemical balance, and separation
of milk solids occurs upon thawing. Freezing milk
at �10°C results in the destabilization of proteins and fat,
whereas storage of milk at �30 to �40°C aids in retain-
ing milk’s stability longer (23). This destabilization, in
turn, increases the mineral constituents and lactose pre-
sent. By increasing the concentration of these components,

tricalcium phosphate is precipitated and the pH value of
the milk is reduced. Fat globule aggregation occurs and
milky layers and butterfat lumps are noticed (23). Milk fat
and total solids are lower in frozen milk samples.
Therefore, milk should be stored at lower storage temper-
atures to minimize separation of the milk components and
increase the quality of the product. Milk fat and total
solids have been shown to be lower for frozen samples
than for those analyzed fresh. Babcock fat test was also
affected by rate of freezing and possibly by an interaction
between freezing and thawing rates. Milk fat, protein, and
total solids in fresh milk can be accurately predicted from
determinations on milk which had been frozen and
thawed (24).

Thawing of the frozen milk is also critical in mini-
mizing sensory defects. Thawing the container of frozen
milk in warm water or in a refrigerator overnight are con-
sidered satisfactory methods with minimal adverse
defects (22). However, if the product is thawed improp-
erly and lumps or gels are noticed, warming and stirring
the milk may aid in redispersing the protein.

2. Cheese

Quality and acceptability defects from freezing are prob-
ably most noticed in cheese. Cheeses vary based on the
type of milk they are made from, the method of milk
coagulation used, amount of whey retained in the curd,
whether the curd is ripened or unripened, method of ripen-
ing and the type of milk used to make the cheese (goat, cow,
sheep). Structure and quality of the cheese are greatly
affected by the fat content. The variances among cheese
types affect the overall color, texture, odor, and flavor of
the product. Freezing is not usually recommended with
ripened cheese as a preservation method due to the phys-
ical breakdown in the body and structure of the product.
However, it is useful in preserving unripened cheese like
cottage curd. Previous studies have indicated no differ-
ences in the variables between the control and the frozen
cheeses. The increase in pH at the end of ripening was less
pronounced in the frozen cheese but not significant.

Processed cheese does not freeze well even with the
incorporated emulsifiers typically found in these types of
cheese foods. Gordon (25) stated that on no account is
processed cheese to be stored below freezing point since
freezing has a deleterious effect on the cheese structures
as in normal cheese. The appearance of structural defects
in processed cheese depends on the temperature, the con-
centration of water-soluble substances in the cheese and
its fat content. The physical change of the structure of
frozen cheeses does not affect the subsequent quality of
the processed cheese manufactured from them. In a time
of surplus Gouda and Cheddar cheese can be stored for 
1 year (or even longer) at �10° to �20°C and can then 
be used for the manufacture of a good quality processed
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cheese. This method of preservation does prevent the
development of off-flavors or unpleasant sharp flavors
found in cheese stored for a long time at normal ripening
temperatures. According to Burkhalter (26), Emmental
and Gruyere cheese used for making processed cheese
may be stored frozen (at �20°C), but otherwise untreated,
for approximately 18 months, provided that the outer zone
(rind) with its tallowy, soapy flavor is removed. Storage
at �10°C for 5 months had no significant effect on the
structure and quality of processed cheese while the same
type of cheese stored at �30°C became mealy. A cheese
spread was even stable at �30°C.

Storage experiments carried out on skim milk cheese
and cream cheese at �10°C and �25°C showed that these
cheeses could be stored for up to 6 months. Apart from a
slight whey separation after thawing, the texture remained
smooth and the flavor was good. American Cottage became
somewhat softer and had a rancid and sharp flavor. The
off-flavor was probably due to the poor quality of the cream
used for dressing. The results indicated that cream cheese
can successfully be stored at �20° to �30°C for 4 to 12
months depending on the initial quality of the cheese (23).

External characteristics of cheese are the first items
noticed by a consumer and qualified judge. The color is less
intense in frozen cheese. Luck (23) stated this might be due
to the microstructural changes of the paste, which occur due
to the formation of ice crystals resulting from freezing the
product. The structural changes give rise to a more open
structure increasing the refraction and clarity of the cheese.
In addition, the number, size and distribution of eyes formed
in Swiss cheese are reduced and irregularly distributed.

Consumers observe the internal body and structural
characteristics next, which include the texture and flavor
of the product. This is where the major defects occur in
cheese that is frozen. The physical structure of the cheese
is broken down during the freezing and thawing stages.
The extent to which the structure and body are affected
depends on the degree of ripening, amount of salt used in
the formulation, and the moisture content in the cheese
variety. This in turn affects the degree to which ice crys-
tals are formed when the cheese is stored between �1°
to �16°C and the degree to which the defects are noticed.
Hydrogen bonds in the polypeptide chains break down
causing water to separate from the protein. A crumbly and
mealy body is produced. The grainy texture of the body of
cheeses is intensified by slower freezing speeds (27). The
main defect of cheeses made from frozen curd is in body
and texture. The external appearance of cheese pieces is
usually normal whereas internally they were made up of
layers, similar to those observed by Schulz in soft
cheeses. This layered structure may be from ice crystal
formation in the serum phase between the casein micelles
although the deep-freezing was rapid (30 minutes
at �40°C). The method used in France for deep-freezing
curd is only for hard cheese. In this case mechanical stirring

of curd or its mixing with freshly made curd before fur-
ther cheese making, can be used to reduce this texture
defect. Deep-freezing of curd is applicable for making
Teleme from ewe’s milk. The cheese produced is not infe-
rior to the cheese made under normal conditions in con-
stituents or sensory qualities. Deep-freezing of curd is
applicable for making Teleme from ewe’s milk (28).

The odor intensity, overall taste and acidity are also
modified by freezing and storage. An increase of hardness
and decrease in creaminess in frozen cheeses after 3 months
of storage has been reported by (29). However, the acid-
ity, odor, flavor and intensity decrease during storage (29)
producing a very mild cheese. Frozen storage did not
result in significant alterations in overall compositional,
rheological and sensory properties or the level of lipolysis.
The extent of proteolysis was slightly lower in the cheeses
frozen prior to ripening. Although, some satisfactory results
have been achieved when freezing soft cheeses (30).

The grainy aspect of cheese can be significantly
affected by storage time. Quality parameters remained
relatively constant up to 180 days storage typically fol-
lowing a sharp increase thereafter. This increase is a clear
sign that the texture of the cheese is considered altered
and granulous properties therefore determined. The grain-
iness of cheeses frozen at slow speeds and for 9 months
have been shown to be significantly different to that of the
other storage methods of cheeses. Cheese graininess is
therefore more intensely affected at slower freezing
speeds and when the frozen storage period exceeded 6
months. In this respect, Luck (23) reported that freezing
caused a breakdown in texture, prompted by the formation
of ice crystals and the subsequent alteration of proteins.

Although some authors have described changes in the
texture of frozen cheeses, it is recognized that intensity 
is greater with slower freezing processes (27). Neither the
storage time nor the freezing process significantly modi-
fied the hardness and creaminess of the cheeses during
storage. Slower freezing processes should be implored to
minimize the flavor, odor, aroma and textural defects
when processing cheese. The changes of the texture due to
freezing can be prevented by storing the cheese at tem-
peratures just above its freezing point (�2° to �5°C).
This is a successful method of preservation. Camembert
cheeses frozen immediately after making were acceptable
after defrosting under normal conditions for up to 3
weeks. Not only does a slower freezing process minimize
quality defects, it is more economical from the industry’s
viewpoint. When the freezing process is implored in this
manner it is a practical and economical method in regu-
lating the quality of cheese products, especially that of ewe
cheese (29). Consequently, once the cheeses have been
frozen, these attributes would not be modified by exces-
sively long storage times. In this respect, Diefes (31) con-
cluded that freezing lead to local protein dehydration, due
to the destruction of the protein matrix, giving rise to
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greater hardness of cheese. Differences are typically not
seen during more prolonged periods of frozen storage in
terms of the attributes characteristic of the appearance of
the paste, color, appearance and eyes, due to the specific
freezing procedure used. Odor, flavor intensity, acidity,
and grainy appearance change as a consequence of frozen
storage. With up to 6 months storage, practically no dif-
ferences can be detected with respect to the nonfrozen
cheeses; however, after 9 months storage, the acidity, odor
intensity, and flavor decreased and the grainy body
increases substantially. Saltiness was not affected by
freezing nor by frozen storage. The speed of the freezing
process only affects the graininess of the cheese, which is
slightly greater in slowly-frozen cheeses. From the senso-
rial standpoint, freezing is therefore a suitable method for
regulating the cheese market.

Cheeses could be stored at �20°C for at least 3–6
months, ensuring their availability for sale throughout the
year. Slow freezing speeds are recommended, since the
small deficiencies in quality detected in cheese frozen at
slow speeds are recovered from an economic standpoint,
since the faster process is much more costly. Alterations in
texture (28, 27) and the presence of oxidized flavors were
the main problems detected in cheeses after thawing.
However, some of these studies have not reported any defi-
ciencies in frozen cheeses (32), occasionally obtaining a
higher sensorial quality with respect to nonfrozen cheeses
(33). Odor intensity, intensity taste, and acid taste were
modified by freezing and storage, so that to the 270 days of
frozen storage were significantly descended. Significant dif-
ferences have not been detected between salty taste of non-
frozen cheeses and frozen cheeses and stored in freezing.

Texture is substantially altered by freezing and frozen
storage, with noticeable increases in the grainy body at 9
months of frozen storage. In the same way, an increase of
hardness had been detected and a decrease in creaminess
in frozen cheeses from 3 months of frozen storage. The
external characteristics of the cheeses also demonstrate
important changes after freezing. Color is less intense in
frozen cheese. This could be due to microstructural
changes in the paste, produced by the formation of ice
crystals, giving rise to a more open structure, increasing
refraction and making the cheese seem clearer. The num-
ber, size and distribution of the eyes are reduced after 90
days of storage in freezing, probably due to the destruc-
tion of the structure or wall forming the eyes. These usu-
ally decrease in size and in some cases disappear, giving
rise to a more irregular distribution. Even though salty fla-
vor is not modified by either storage time or the freezing
process used, the intensity of flavor decreases signifi-
cantly with longer frozen-storage times. Flavor intensity
remains practically stable up to 6 months frozen storage,
decreasing rapidly thereafter, and regardless of the freezing
process use. Some authors have reported no differences in
terms of flavor intensity between cheeses prepared from

frozen curds and unfrozen cheeses (33), although others
have also described very low scores in slowly frozen cheeses
and thawed immediately (34). Similarly, other authors
have reported no modification in the flavor of Cheddar
cheese undergoing frozen storage (35).

As with regards to the intensity of acidity, frozen-stor-
age time has a significant influence on the acidity of the
cheese. Texture alteration is one of the adverse effects of
freezing in cheese. This quality defect has customarily
been attributed to the formation of ice crystals and the
resulting mechanical effects. However, other findings sug-
gest that alterations in cheese texture are a consequence of
changes in protein structure, such as breaking of hydrogen
bonds in the polypeptide chains and changes in water-
binding capacity. Such changes lead to more active pro-
teolysis in cheeses that have previously been frozen. In
prefrozen cheeses, unordered structures increase immedi-
ately after thawing. The proportion of unordered and turn
structures is apparently higher in the cheeses frozen more
slowly in a plate freezer than in the cheeses frozen more
quickly in liquid nitrogen vapor (27).

Slower freezing processes should be implored to min-
imize the flavor, odor, aroma and textural defects when pro-
cessing cheese. The changes of the texture due to freezing
can be prevented by storing the cheese at temperatures just
above its freezing point (�2° to �5°C). This is a success-
ful method of preservation. Camembert cheeses frozen
immediately after making were acceptable after defrosting
under normal conditions for up to 3 weeks. Not only does
a slower freezing process minimize quality defects, it is
more economical from the industry’s viewpoint. When the
freezing process is implored in this manner it is a practical
and economical method in regulating the quality of cheese
products, especially that of ewe cheese (29).

3. Ice Cream

Freezing is the standard method for processing and pre-
serving ice cream. The quality, palatability, and yield of
the finished product are all dependent upon freezing of the
ice cream mix. Since no two individuals will execute the
details of the freezing operation exactly the same each
time, programmed freezers are becoming widely used in
the industry to control quality of the product. An ideal ice
cream possesses a fresh, clean, pleasant and delicate fla-
vor with a smooth texture. It has a natural color; melts
slowly into a liquid state and any particulates present are
evenly distributed (36). Regardless, however, of freezer
automation, defects can still occur in the flavor, body and
texture of the product.

Texture defects are the most common result of improper
freezing of ice cream. The most frequently noticed texture
defect is referred to as coarse. It is observed by a grainy 
or icy feeling and accompanied by unusual coldness.
Numerous factors contribute to this widespread defect.
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Higher fat mixes decrease the occurrence of this defect in
the product because fat globules obstruct the growth of ice
crystals. Dipping cabinets are usually kept around �15°C.
At this temperature it is reported that ice crystals can dou-
ble in size increasing the coarseness of the ice cream (36).
Therefore, temperature control in dipping cabinets should
be more closely regulated to minimize this particular texture
defect. A greasy mouthfeel is often associated with the
buttery defect. The cause is over agitation of the ice cream
mix in the freezer and can be reduced through automated
freezing operations. One of the most objectionable defects
in ice cream is known as a sandy texture. A gritty mouth-
feel results from crystallization of lactose when tempera-
ture fluctuations and extended storage times occur. Again,
temperature control is critical in controlling texture defects
in ice cream.

Flavor and body defects usually result from the addi-
tion or absence of ingredients. However, one body defect
resulting from temperature fluctuations during storage is
that known as shrunken. The ice cream product does not
contact fully the sides of the container according to
Marshall and Arbuckle (36). When products are frozen to
unusually low temperatures or if the product is allowed 
to warm and then is refrozen, the pressure on air cells
changes and results in a shrunken appearance not desired
by consumers.

4. Yoghurt, Cultured Milk and Buttermilk

Normal yoghurt, cultured milk and buttermilk are not suc-
cessfully frozen to prolong their storage life. After a stor-
age period of 3 months at �10°C the flavor is satisfactory
but the texture is completely broken. There is an intense
whey separation and the products give a mealy sensation
on the tongue. Stirred yoghurt may be successfully frozen
(�26°C) provided that the total solids content of the
yoghurt is sufficiently high as in the case of plain yoghurt.
Storage experiments carried out at �25°C on yoghurt of

higher solids content did not confirm these results. The
texture of the defrosted products was only slightly
improved. The quality of the yoghurt was such that it
would hardly have a chance on the market. Because it is
possible to make frozen yoghurt dessert, it will probably
be possible in the future to preserve yoghurt by freezing
after adding a suitable stabilizer. At this stage fermented
milks are not suitable for preservation by freezing.

D. FISH AND SEAFOOD

Human perception of food is complex and may be influ-
enced by the sensory characteristics of the food material
but also by the personal experience of the observer, psy-
chological state, ethnic origin, religious conviction (37).
Analytical testing to determine differences or similarities in
seafood, to identify quality attributes, or to estimate relative
intensity of sensory attributes is usually accomplished in
a laboratory setting. Difference tests are designed to iden-
tify samples that differ in terms of sensory characteristics.
Ranking tests (ordinal scaling) are used to determine the
rank order of a set of samples for degree of a specified
sensory attribute. Scalar testing methods are used to pro-
vide information about quantitative relationships among
product samples. Descriptive analysis is the most demand-
ing of any sensory method. Panelists determine the quali-
tative characteristics of aroma, flavor, texture, aftertaste,
etc., and they describe a set of descriptors. The traditional
flavor profile method requires intensive training (38).

Changes in appearance and eating quality that occur
during frozen storage of fish are of great commercial
importance. Freeze burn appears on the surface of frozen
fish due to loss of moisture, cooked muscle flavor may
possess a characteristic “cold store” note and toughness
and dryness increase rendering a less acceptable fish.
Tasting and determination of sensory attributes still
remains the method of choice to detect changes during
frozen storage. Sensory methods used to assess frozen fish
can be classified into three categories: a) those in which
tasters are asked to assess the fish on a scale of acceptabil-
ity; b) those in which certain diagnostic features are rated
on intensity scales; and c) those in which comparisons
between two samples are made in order to distinguish the
sample under test. Sensory factors that change during
frozen storage include toughness and dryness and flavor.
Scoring systems based on odor, texture, and flavor have
been developed for fish inspectors. Freezing and frozen
storage affect the appearance of fish on thawing (39).

The first quality judgment made by a consumer about a
fish product at the point of sale is based on its color/discol-
oration. The next judgment is about the product’s texture:
any gaping or ragged fillets. This is followed by odor judg-
ment. A standard sensory evaluation for fish should include
color of the flesh, odor and visual texture, absence/
presence of blood clots and of bruising and discoloration,
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TABLE 58.3
Sensory Attributes of Frozen Dairy Products
Product Attribute

Fresh milk Sweetness
Off-colors
Oxidized flavors
Lumping
Gelation

Cheese Color- intensity
Odor- intensity
Flavor- overall, oxidation
Off-flavor
Texture- structure, crumbly

mealy, grainy, hardness
Ice Cream Texture- coarse, greasy

sandy, gritty
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absence/presence of physiological abnormalities, and
workmanship (40). Aroma is one of the most important
freshness determinants of fresh fish and fishery products.
Sensory assessments are desirable because they provide
immediate quality information. Initial changes in the
aroma of freshly caught fish involve the shift from the
fresh, planty aromas to a neutral, flat-sweet odor. This
characteristic sweet aroma appears to be contributed by
alcohols and 3,6-nonadien-1-ol, which has a sweet melon-
like aroma (41).

Frozen storage is an important preservation method
for seafood. Freezing and frozen storage contribute to
changes in texture as a result of protein denaturation.
Also, the thawing method is important since it is recog-
nized that this can affect the sensory attributes of seafood.
Myofibrillar proteins undergo denaturation and aggrega-
tion during frozen storage. Different species of fish have
different degrees of susceptibility. Ingredients such as
triphosphate, lecithin and sucrose ester have been used in
order to prevent these changes that will affect the textural
properties of muscle (42).

Considering all foods under the category seafood,
there is a large range in texture. As long as texture falls
within the normal range, it does not influence preference
as do flavor and appearance. Texture is a critical factor for
shellfish, surimi-based products, and squid (43). The tex-
ture of fish muscle changes from soft, moist and succulent
to unacceptably firm, hard, fibrous and dry. The unaccept-
ability of fish flesh/muscle as food is caused by its
increased tenderness due to myofibrillar fragmentation.
At �8 and �20°C, carp shows degradation in its myofrib-
rillar fraction after six months (44). Freeze–thaw cycles
affect the loss of protein solubility and the physicochemi-
cal and enzymatic properties of cod muscle proteins (45).

Sensory analysis is used to assess the quality of fish
products. However, it is considered subjective and prompt
to error. During frozen storage there is an alteration of
functional properties of muscle proteins, loss of water-
holding capacity, juiciness, and changes in texture.
Mechanical properties can be measured. Shear resistance
can be measured using the Kramer shear-compression cell.
Correlation between sensory analysis and shear resistance
measured by Kramer has been reported in fish hardened
as a result of time in storage and also in fish stored at dif-
ferent temperatures. Shear resistance can also be meas-
ured using the Warner-Bratzler shear cell. Shear resistance
as analyzed by the W-B cell has been found to increase
significantly with time in frozen storage under different
forms of pre-processing. The puncture test consists of
measuring the force required to push a plunger into a food
sample. This method assesses changes in texture during
storage in ice as associated with the onset of rigor mortis.
Tension analysis measures the force required to break a
sample when is held by two parallel clamps. This test is
sensitive enough to measure the viscoelastic properties of

fish muscles and has been used to quantify textural
changes in the mantle of squid. In compression analysis,
the deformation is measured upon application of com-
pression force. This analysis can be performed in one or
two successive compression-relaxation cycles. In minced
or cooked fish products a deformation of 50% is customary.
However, for some mince products and fillets a deforma-
tion of 30 and/or 10% is used. Firmness generally tends to
increase with time in frozen storage. Correlations between
one-cycle compression measurements and sensory para-
meters such as elasticity in mackerel (Scomber scombrus)
and hake (Urophycis tenuis) have been reported. When the
first compression-relaxation cycle is followed by a second
compression cycle, the test is known as texture profile
analysis (TPA) (46).

Common descriptor terms for cooked seafood
include: flavor intensity, fresh fish, gamey, old fish, sweet,
briny, sour, seaweed, bitter, fish oil, buttery, nutty, musty,
ammonia, metallic, shellfish, flakiness, firmness, moist-
ness, chewiness, mouth-drying, fibrousness, oily mouth
coating, cohesiveness, whiteness, and darkness (47). The
Flavor Profile™ method is used to describe the aroma,
flavor-by-mouth, and aftertaste attributes of cooked fish
muscle. Intensity of aroma and flavor character notes are
rated on the traditional 4-point profile scale: 0 � just rec-
ognizable or threshold; 1 � slight; 2 � moderate; 3 �
strong; a designation of 0.5 was used to show an interme-
diate level of intensity. To describe 17 species of North
Atlantic fish the following aroma descriptors were used:
briny, sweet, fresh fish, old fish, stale fish, sour, shellfish,
gamey fish, fish oil, earthy, nutty-buttery, musty, and
scorched. The flavor descriptors were: salty-briny, sour,
sweet, fresh fish, old fish, stale fish, shellfish, gamey fish,
fish oil, earthy, nutty-buttery, canned salmon, bitter, metal-
lic, mouth drying, and mouth filling (48).

A new seafood nomenclature system, to be used on the
sensory or “edibility” characteristics of fish, has been devel-
oped by the National Marine Fisheries Service (NMFS) of
the U.S. Department of Commerce. The goal of this sys-
tem is to enable consumers to make educated choices
among novel species by providing the comparative sen-
sory data necessary to select a desired flavor, texture, etc.
of fish. Standardized methodology for evaluating the sen-
sory properties of cooked fish has been developed (49).

1. Bluefish

Bluefish has a strong total aroma and flavor impact, with
a highly aromatic distinctive gamey, fresh fish, sour, fish
oil character. The amplitudes (overall impressions) are
moderate, with character notes blending together to give a
very full aroma and flavor. The aroma of Bluefish has an
early impact of a slight to moderate briny, moderate fresh
and gamey fish notes, slight fish oil and sour notes, and a
very slight sweet. The flavor has an early impact of slight
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sweet, moderate fresh fish, slight to moderate gamey fish
and sour (sharp), very slight fish oil and salty-briny, and
slightly mouth drying. This fish has a distinctive sour (sharp)
at a higher intensity than in most fish. In both aroma and
flavor, the gamey and fish oil notes seem to be related.
They are found at higher intensities in the dark flesh
(especially near the skin), but are also present in the
lighter flesh. The aftertaste is strong and persistent. The
reported Profile integrates proportionate light and dark flesh.
The most common sample variation was in the intensity of
flavor of the fish oil and sour notes, and sometimes the
flesh and gamey notes (48, 49, 37).

2. Blackback Flounder

Blackback flounder has a low total intensity aroma and
flavor with a delicate, fresh fish character. The aroma
amplitude is just below moderate and the flavor amplitude
is moderate. The aroma is slight sweet and briny, slight to
moderate fresh fish and very slight sour. The flavor is slight
sweet, slight to moderate fresh fish, below slight salt-
briny, sour and mouth drying. The aftertaste is a low level
fresh, mouth drying and sweet (48, 49, 37).

3. Catfish

Frozen catfish (Clarias gariepinus Burchnell) fillets
frozen and stored at �20°C for 11 month using an oxygen-
permeable packaging (OPP) material and a vacuum pack-
aging (VP) showed no significant differences between any
of the aroma, appearance, texture or flavor attributes for
the two packaging materials over time during frozen stor-
age. Texture of the catfish fillets changed after 7 months,
becoming more flaky with few ice crystals between the
fiber, more so in the fillets packed in the OPP. No color
changes were observed during the 11 months of storage.
After this period of time the frozen catfish fillets were
acceptable (50). In another study, channel catfish
(Ictalurus punctatus) was evaluated during frozen storage
concluding that regardless of size, channel catfish is
acceptable after 12 months of frozen storage (51). On the
other hand, channel catfish fillets treated with ascorbate
and kept frozen at �6°C for up to 6 months showed less
rancid flavor (52).

4. Cod

The flavor of cod (Gadus callarias L.) has been described
as sour and slight cooked potato. Common flavor descrip-
tors are: buttery, green, biscuit-like, roasty, mushroom
like, cabbage-like, fatty, and metallic. The malty flavor
defect is caused by a strong increase of 3-methylbutanal
(53). Cod (market) has a moderately low total intensity
aroma and flavor, with a low sweet, fresh fish character.
The aroma and flavor amplitudes are moderate, as the over-
all impression of Cod is of a mild fish with an uncomplex

aroma and flavor. The aroma is slight to moderate briny
and flesh fish, and below slight sweet, sour and shellfish.
The flavor is slight sweet and mouth drying, slight to
moderate fresh fish, very slight salty-briny and sour, and
below slight shellfish. The aftertaste is fresh fish and sour.
Occasionally, samples of Cod have a stale fish character
note. Cod (scrod) has a moderately low total intensity
aroma and flavor, with a low sweet, fresh fish character.
The flavor is below slight sweet, slight to moderate fresh
fish, very slight salty-briny, sour, and earthy (slight cooked
potato), and slight mouth drying. The aftertaste is fresh
fish, mouth drying, and sour. Some cod (scrod) samples
have produced a stale fish character note and/or a metal-
lic note.

During processing and storage, fish quality may
decline due to oxidation of unsaturated lipids causing off-
flavors and odors. In lean fish the production of formalde-
hyde (FA) is important along with protein denaturation
and texture changes. Cod (lean fish) and haddock (non-
FA-forming) show hydrolytic activity during frozen storage.
Storage at �30°C decreases hydrolytic activity (54). For
cod, deterioration in texture of the thawed product is a seri-
ous problem. The presence of formaldehyde due to enzy-
matic degradation of trimethylamide oxide (TMAO) into
dimethylamine (DMA) and formaldehyde (FA) is an
increasing factor of the denaturation of proteins. The qual-
ity index method (QIM) is normally used to evaluate fresh
and frozen cod. This method is based on a selected num-
ber of independent parameters, which describes the quality
of thawed cod. The scores for all single parameters are
added to give the total quality index. For fillets the para-
meters are texture, color, bloodstains and gapping, which
vary from 0 to 3, and odor and parasites, which vary from
0 to 2 (55).

Cod fillets are generally frozen after catch. It is recom-
mended that fish filleted prior to rigor mortis must be
frozen to diminish the risk of shortening and deforming.
Cod fillets kept at frozen storage for 17 months and eval-
uated by a trained panel showed that fillets frozen before
rigor keep fresher than those frozen after rigor after two
months of frozen storage. The attribute ‘dry/succulent’
is rated in a scale from 0 to 100. Cod receives a score
between 60 and 70 after two months of frozen storage.
After 12 months fillets are evaluated ‘drier’ (score � 40).
There is a direct relationship between frozen storage and
the attribute ‘succulent/dry.’ The same relationship has
been reported for frozen storage and ‘tough/tender’ (56).

North sea cod kept for 2, 5, 8, 14, and 17 days in ice,
filleted and frozen in an air blast at �34°C and stored
at �14°, �22°, and �29°C showed a gradual develop-
ment of unpleasant odor and flavor called ‘cold storage
odor.’ At the same time the fish becomes firmer and drier
until it becomes tough and dry. Freshness flavor is unaf-
fected by the freezing and thawing treatment, while firmness
and dryness increase significantly (57). During freezing
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at �20°C loss of tenderness and of water-holding capac-
ity and fish flavor changes may occur. Prolonged storage
of fish causes deterioration of texture as described in
increased toughness, chewiness, rubberines, or stringi-
ness. Toughness increases over time, whereas cohesive-
ness decreases during storage. Higher storage temperature
results in faster rates of textural deterioration of cod muscle
(58). Frozen cod fillets change texture over frozen storage
(59) as a result of muscle proteins denaturation causing
toughness of the muscle. Rapidly-frozen and slowly-
frozen cod show no more denaturation after one year of
storage than newly frozen fillets (60). Sensory attributes
of thawed and refrozen cod include color, flavor (strength,
fresh fish, saltiness, sweetness, stale, rancid, bitterness, and
other flavors), and texture (firmness, flakiness, resilience,
juiciness, cohesiveness, fibrousness, roughness, and fiber
size). Thawing/freezing cycles do not affect the structure
of the muscle even after 9 months of storage. However,
slow thawing followed by refreezing resulted in fish that
was grayer in color and staler in flavor. Storage time
affected the sensorial attributes (61).

Frozen cod can develop off-flavors during storage.
The main component for this off-flavor is hept-cis-4-enal.
Samples stored for 18 months at �15°C had some of the
following compounds: hept-trans-2-enal and hepta-trans-
2,cis-dienal. These two compounds were examined and
described as cold storage flavor (cardboard, musty).
Threshold study showed that hept-cis-4-enal is detectable
on very low concentrations (0.00004 ppm). Aldehydes
present in cod samples originated from lipid oxidation and
tend to increase with temperature of storage. The major
aldehyde produced was hepta-trans-2,cis-dienal (62).

5. Cusk

Cusk has a moderately low total intensity aroma and fla-
vor, with a low sweet, fresh fish character. The aroma and
flavor amplitudes are below moderate, as this fish lacks
fullness and blending, especially in flavor. The aroma is
below slight sweet, slight to moderate fresh fish, slight
briny and sour, and below slight shellfish. The flavor is
below slight sweet and shellfish, slight to moderate fresh
fish, slight salty-briny and mouth drying, and very slight
sour. The flavor is flat, washes out quickly, and is affected
by the chewy, slightly tough texture. The aftertaste is fresh
fish, sour, and mouth drying (48, 49, 37).

6. Haddock

Haddock has a moderate total intensity aroma and a mod-
erately low total intensity flavor, with a sweet, fresh fish,
shellfish character. The aroma amplitude is just below
moderate and the flavor amplitude is moderate, as this fish
has a fullness of flavor and an interesting shellfish char-
acteristic. The aroma is slight to moderate briny, and fresh

fish slight sweet, shellfish, and mouth drying, fresh fish at
slight to moderate, sour at below slight, and salty-briny at
very slight. The sweet, fresh fish, and shellfish flavors
seem to be related, and the sour taste is fleeting. Earthy
(slight cooked potato) and metallic notes, particularly in
the dark flesh portion, have been recorded. The aftertaste
is fresh fish, sour and shellfish. There was some variation
within a session and between sessions in the Haddock
samples, particularly in aroma, and was evidence as stale
fish character notes (48, 49, 37).

7. Hake

White Hake has a moderately low total intensity aroma
and flavor, with sour (dishrag) aroma, and an earthy note
in flavor. The aroma and flavor amplitudes are low to
moderate due to the old fish, sour (dishrag), and earthy
notes, which indicated a lack of blended characters. The
aroma of White Hake is a slight to moderate sour
(dishrag) and fresh fish and below slight sweet and briny.
Aroma notes mentioned by panelists are old fish, earthy
(slight cooked potato), and shellfish (clam). The flavor is
slight sweet, sour (sharp), and mouth drying, slight to
moderate fresh fish, below slight salty-briny and earthy
(slight cooked potato). There was an unblended quality to
the flavor, and when both earthy and old fish occurred,
they seemed related. The aftertaste is fresh fish, mouth
drying, sweet, earthy, and sour. This fish often showed
great variation in the fresh fish and old or stale fish 
characteristics.

Quality of hake species (Merluccius merluccius,
M. hubbsi, and M. capensin) varies for many reasons
ranging from inappropriate fishing and freezing methods
to inefficient distribution. Textural (mechanical) analyses
such as puncture test, Warner-Bratzler, and Kramer press
have been used in order to account for the variance of
frozen fillets. As a result of this, four clusters were identi-
fied, ranging from excellent quality (low texture, high vis-
cosity) to very poor (high texture, low viscosity). The
parameters required for this classification are viscosity,
maximum force from Kramer and maximum force and
energy from the puncture test (46). Frozen Patagonian hake
fillets (Merluccius hubbsi) evaluated by using the cook sen-
sory assessment (CSA) shows that fillets remain acceptable
for over 12 months both at �20 and �30°C (63).

8. Halibut

Halibut has a moderate total intensity aroma and flavor,
with a sweet, fresh fish character, and a very slight gamey
fish flavor note. The aroma and flavor amplitudes are
below moderate as some samples lack a blended flavor.
The aroma is slight briny, slight to moderate fresh fish,
below slight sweet and sharp, sour (pungent). The flavor
is very slight sweet, slight to moderate fresh fish, above
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slight sour, slight salty-briny and mouth drying, below
slight gamey and fish oil. The definite sour flavor note is
higher than in most fish. The aftertaste is predominantly
sour and mouth drying, with some fresh fish and another
hard-to-describe note that seems to be a combination of
fish oil and gamey (48, 49, 37).

9. Herring

Whole herring (Clupea harengus) wrapped in polyethyl-
ene film and block-frozen using plate freezers and frozen
for 32 days at �24°C were beheaded and salted. Ten
trained panelists conducted a sensory analysis to evaluate
taste using the following descriptors: ripened, raw,
malty/creamy, stockfish, salty, sweet, spicy, and aftertaste.
The attributes for texture were: softness, watery and
toughness. Spice-salted herring taste characteristics were
typical with a dominant malty/creamy taste and a fairly
low intensity of stockfish character. The thawed salted
herring achieved higher values of the ripened taste during
the first few weeks in comparison with the fresh salted
herring. Also, the thawed spice salted herring appeared to
become soft quickly during storage, indicating a faster
rate of ripening. Hardness increased after salting but
decreased steadily. Hardness of fresh spice-salted herring
at 21 weeks was comparable with thawed herring kept for
16 weeks (64).

Herring is susceptible to lipid oxidation during pro-
cessing and storage. Pre-freezing storage in refrigerated
seawater followed by minimal tissue disruption, removal of
oxygen, fast freezing, and low freezer storage temperatures
reduces rancidity and gives the longest shelf life. Fillets of
herring kept on ice prior to storage at �18°C for up to 84
days show that samples held for 6 days on ice formed oxi-
dation product at the highest rate during frozen storage. Ice
storage had a greater impact than frozen storage (65).

10. Grouper

Grouper has a moderately low total intensity aroma and
flavor, with a low level of aromatics. The aroma and fla-
vor amplitudes lack full-bodied characteristics, have a low
impact of blended character, and low intensity of fresh
fish characteristics. The aroma of Grouper has an early
impact of slight sweet, and briny notes, and slight to mod-
erate fresh fish, followed by a very slight sour (pungent),
and a shellfish note. The flavor is very slight sweet, salty-
briny, slight fresh fish, sour (sharp), and shellfish, and
slight to moderate mouth drying (the highest intensity for
the fish tested). The aroma and flavor shellfish note has a
clam character. There are confusing overtones to the sour
and shellfish notes that are difficult to describe. The after-
taste is persistent and consists of a moderate level mouth
drying and sour, and a low level of fresh fish. The dry
tough texture is difficult to ignore. The samples seemed
relatively consistent within a session, and the greatest

variations between sessions seemed to be in the sour,
shellfish notes, with confusing overtones (48, 49, 37).

11. Mackerel

Mackerel has a strong total aroma and flavor impact, with
a highly aromatic distinctive gamey, fresh fish, fish oil
character. The amplitudes are moderate, with character
notes blending together to give a very full aroma and fla-
vor. The aroma of Mackerel has an early impact of mod-
erate gamey and fresh fish notes, a slight to moderate fish
oil, and slight sweet, briny and sour notes. The flavor has
an early impact of moderate gamey and fresh fish notes, a
slight to moderate fish oil, slight sweet and sour (sharp),
and a very slight salty-briny and mouth drying. The mouth
drying characteristics seem largely overpowered by the
oiliness. In both aroma and flavor, the gamey and fish oil
notes seem to be related. They are found at higher inten-
sities in the dark flesh, but are also present in the lighter
flesh. The reported profile integrates proportionate light
and dark flesh. The gamey fish note of Mackerel is heavy
and sometimes associated with a burnt or scorched char-
acteristic. Despite the intensity and heaviness of this fish
characteristic, it is typical of fresh Mackerel and not indica-
tive of aged fish. The aftertaste is strong and persistent
(48, 49, 37).

12. Monkfish

Monkfish has a moderately low total intensity aroma and
flavor. Its distinguishing characteristic is a distinctive
shellfish aromatic note similar to lobster and clam. The
aroma and flavor amplitudes are moderate as this fish 
is full, complex and blended with interesting notes. The
aroma is slight to moderate briny (fresh, seaweed), fresh
fish and shellfish, and slight sweet and sour. The dark
flesh and gelatinous areas near the skin have more intense
briny-seaweed and shellfish-clam character than with
flesh. The flavor is slight sweet and sour, slight to moder-
ate shellfish and fresh fish, threshold salty-briny, and very
slight mouth drying. The shellfish note adds interest and
complexity to the aroma and flavor. The sweet, shellfish,
fresh fish and buttery notes seem closely related and give a
full flavor. The aftertaste is sweet, fresh fish, and shellfish
(48, 49, 37).

13. Pollock

Pollock has a moderately low total intensity aroma and
flavor with sweet, fresh fish, low shellfish character. The
aroma and flavor amplitudes are moderate, as they are
blended with some interest notes. The aroma is slight
sweet, briny and sour (sharp), slight to moderate flesh
fish, and below slight shellfish-clam. The flavor is slight
sweet, sour (sharp) and mouth drying, slight to moderate
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fresh fish, below slight shellfish-clam, and very slight
salty-briny. Some of the samples had a small amount of
dark flesh which a hard to define character related to
gamey and fish oil. The aftertaste is sour, fresh fish, and
sweet, with a persistent mouth drying. Metallic and stale
fish notes can be found with this fish also (48, 49, 37).

14. Salmon

Flavor profiles of fish aroma and intensity differ among
species. For fresh salmon, a fish oil characteristic is com-
mon. Also, bitter, metallic, nutty/buttery, and sour charac-
teristics are often observed. Homogenates of salmon
stored for 26 weeks at �60°C and �13°C and evaluated
using aroma extract dilution analysis (AEDA) and gas
chromatography-olfactometry (GC-O) gave some of the
odor descriptors such as sweet, buttery, vegetable-like,
green, cabbage like, mushroom-like, citrus-like, and
cucumber-like. Green (Z-3-hexenal) and fatty green (Z,Z-
3,6-nonadienal) are responsible for flavor defect in boiled
salmon when stored frozen for a long period. The levels of
these two compounds are higher in salmon because of its
higher content of n-3 unsaturated fatty acids (53).

Components of low volatility can be the key com-
pounds causing off-flavor. Formation of less volatile oxi-
dation products could also explain why the volatile
components identified in the stored salmon did not show
significant time-temperature interaction effects nor did
they correlate to the sensory attributes.

The most noticeable sensory change during frozen
storage of salmon is an increase in intensity of train oil
taste, bitterness and metal taste. This change is produced
by compounds of low volatility but most of all due to free-
fatty acids. Palmitoleic acid and linoleic acid, eicosapen-
taenoic acid, and docosahexanoic acid have high intensity
of train oil, bitter and metallic taste (66). Frozen salmon
(Salmo salar) become rancid after a few months of frozen
storage. Also, fat content of fish diet has a direct relation
in some sensory attributes such as color (redness) and the
taste of salmon. Fish fed with 17% fat diet has shown dif-
ferences in color (less red) and taste (less strong). Frozen
storage temperature also influences color, hedonic consis-
tency, hardness and juiciness (67).

Rancidity in fatty fish such as salmon is not well char-
acterized and has been described as fish oil taste (67, 68)
and as fatty and train-oily odors (53). The rancid off-flavor
in salmon is caused by formation of volatile oxidation prod-
ucts such as aldehydes and ketones (53). Some of these
volatile compounds have very intense odors and flavors
and are, even in small concentrations, able to affect the
sensory quality. The rancid off-flavor of salmon is mainly
caused by an increase in (E,Z)-2,6-nonadienal with a
cucumber odor, (Z)-3-hexanal with a green odor, and
(Z,Z)-3,6-nonadienal with a fatty odor (53).

The odor of fresh raw salmon is characterized as
cucumber-like with weak sweet, sourish, and fish oil

notes. For the fresh and cooked salmon the same descriptors
were used, but a boiled potato odor has been described as
the most pronounced attribute instead of cucumber.

Panelists normally recognize sensory changes of
frozen salmon. For train oil, metal, and bitter taste signif-
icant time-temperature relations have been determined.
The intensity of these attributes increased during storage
at �10° and �20°C. Changes in texture are also noticed
at �10° and �20°C. Fresh cooked salmon is described as
flaky, form, and juicy. After storage, salmon changed to
firmer, less juicy and more fibrous (69, 70).

15. Shrimp

Texture, color and flavor of shrimp are influenced by
frozen storage. Quality of frozen-stored shell-on and
shell-off prawns at �29°C depends on thawing method and
frozen storage time. Muscle proteins of freshwater prawn
tails are susceptible to freezing-thawing processes, parti-
cularly during the first month of frozen storage. Protein
destabilization is independent of the freezing method
(blast versus still) and the presence or absence of shell,
but is affected by thawing rate (71). Quick frozen prawns
(Machrobrachium rosenbergii) stored at �18°C for up 
to 225 days and tasted after 1 day of freezing were rated
acceptable. At 133 and 225 days, prawns had acceptable
texture but thawing time must be increased from 4 hours, for
133 days old, to 24 hours for the 225 days old. Moreover,
prawns should be cooked unthawed or after thawing for
no more than 4-8 hours to retain its texture (72).

Shrimp are frozen shortly after catch and kept frozen
until they reach the consumer. Shrimp kept in frozen stor-
age can develop white spots in the shell, which definitely
influence their appearance. During continued frozen stor-
age the spots increase in size; therefore, the quality
decreases. White spots are usually developed after 25 days
of frozen storage; however, this is a result of the time a
shrimp takes to pass through the production process. More
important is the storage temperature. Alternating storage
at �25°C and �29°C results in increased white spot for-
mation compared to constant storage at �29°C (73).

Sensory variables for cooked, peeled and individually
frozen shrimp (Pandalus borealis) include evaluation of nat-
ural red color, yellowish discolor, dehydration, shininess,
smoothness, natural shape, total odor intensity, fresh odor,
stale odor, fishy, ammoniacal odor, urine-like odor, sour
odor, old seaweed odor, sulfide odor, rancid odor, cardboard
odor, mud-like odor, total flavor intensity, fresh, sweet fla-
vor, stale, fishy, sour, metallic, acrid, cardboard, stockfish-
like flavor, rancid, mud-like, salty and aftertaste (74).

16. Squid

Studies indicate that squid has excellent freezing charac-
teristics. Glazing or packing of the frozen blocks is essen-
tial in order to prevent desiccation during frozen storage.
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Quality tests indicate that frozen squid at �18°C or lower
can be kept for one year in storage. The sensory charac-
teristics to be assessed in a sensorial examination are:
appearance, texture, and odor of raw product, and texture,
odor and flavor of cooked product. Freshness of cooked
squid can be expressed in a 10-point flavor score scale
that includes: fresh (sweet, meaty), slight loss of freshness
(creamy, sweet, meaty, metallic), slightly sweet (slightly
meaty, creamy, milky), No sweetness, slightly sour, sour
(musty, cabbage), slightly bitter (overripe cheese, oily,
slight sulphide), bitter (sulphide), and strongly bitter.
Texture can be grouped into three categories: 1) normal
(firm and rubbery); 2) borderline (mushy, slightly sticky
or very firm and rubbery); 3) unacceptable (extremely
mushy and sticky or extremely firm and rubbery) (75).

Squid is one of the most highly potential sources of
fish protein. Frozen foods and surimi-based products
using squid as raw material have become a trend in recent
years. The mantle muscle of squid has a specific tough-
ness that is maintained after a second freezing and thaw-
ing process. The mantle toughness (hardness) of fresh
Argentinian squid (Illex argentinus), neritic squid (Loligo
edulis) and cuttle fish (Sepia pharaonis) increase after
frozen storage after 120 days. The protein pattern of
Argentinian squid mantle refrozen and thawed does not
change. Histological samples show that muscle fibers are
injured and aggregated over time being that these changes
are the ones responsible for toughening of mantle (76).

17. Striped Bass

Striped bass has a total intensity of aroma above moderate
and total intensity of flavor at moderate. It is a moderately
strong flavored fish with a fresh, gamey, fish oil character.
The aroma and flavor amplitudes are moderate, with char-
acter notes blended to give a full aroma and flavor. The
aroma has an early impact of fresh and gamey fish at
slight to moderate, slight sweet, sour and briny, and below
slight fish oil. The flavor also has an early impact of fresh,
gamey fish, and sour notes at slight to moderate, sweet,
salty-briny, and mouth drying at slight, and fish oil at
below slight. The sour flavor note is stronger than in most
fish. Particularly in flavor, the gamey and fish oil vary,
being more intense in the dark flesh. The aftertaste is
sweet, sour, and fresh fish, with some gamey fish character
(48, 49, 37).

18. Swordfish

Swordfish has a moderately low total intensity aroma and
flavor, with a sweet, fresh fish, shell fish character. The
aroma and flavor amplitudes are moderate, complex,
tightly blended, and the fish has full flavor, with complex
first notes, sour (sharp), and mouth filling characteristics.
The aroma is just below moderate fresh fish, slight to
moderate shellfish, slight sweet and briny, below slight

sour, and very slight nutty-buttery. The flavor is just below
moderate fresh fish, slight sweet, shellfish, mouth drying,
and mouth filling, slight to moderate sour (sharp, citric),
very slight canned salmon, salty-briny, and fish oil. The
fish oil appears late in the flavor. In aroma and flavor, the
fresh fish, shellfish, and nutty-buttery seem rich, closely
related, and to have a salmon or tuna character. The
canned salmon flavor note is also related and hard to
define. The sour (citric) flavor is almost lemon and is
stronger than in most of the fish tested. The aftertaste is
sour, fresh fish, sweet, and shellfish (48, 49, 37).

19. Tilefish

Tilefish has a moderately low total intensity aroma and
flavor, with a sweet, fresh fish, shellfish character. The
aroma and flavor amplitudes are moderate, as this fish is
rich and full, complex, and blended. The aroma is slight to
moderate fresh fish, below slight sweet and sour (pun-
gent), and slight shellfish and briny. The sweet, fresh fish,
and shellfish notes seem closely related and associated
with a rich character like butter, lobster or scallop. The
aftertaste is fresh fish and sweet (48, 49, 37).

20. Trout

Frozen fillets of rainbow trout (Oncorhynchus mykiss)
stored at �18°C, wrapped with either polyethylene or
polyethylene/polyamide (vacuum), and subjected to a
light/dark environment have shown that packaging mate-
rials have a strong effect on the development of rancid fla-
vor. Also, the fillets stored in darkness generally received
better appearance scores than the ones stored in light (77).

21. Tuna

White tuna (Thunnus alalunga) possess white color, firm
texture, flavorful flesh, and high nutritional content. To
extend production, frozen Albacore tuna is used as raw
material in the canning industry. Measurement of sensory,
chemical, and physical changes has shown that deterioration
of fish quality continues during frozen storage. Quality
tests include visual appearance evaluation based on gen-
eral external appearance, eyes, gills, consistency, and ven-
tral cavity. These parameters are used to classify Albacore
tuna in four quality categories (highest quality, good qual-
ity, fair quality, and rejectable). Frozen tuna quality is good
after 12 months of frozen storage. However, after 6 months
some specimens developed a slight rancid odor (78).

22. Weakfish

Weakfish has a moderate total intensity aroma and flavor,
with a weak fresh fish, gamey, briny (seaweed) character,
and a late, low level fish oil flavor. The aroma and flavor
amplitudes are below moderate, as the character notes are
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not fully blended. The aroma is slight to moderate briny
(stronger than in most fish, with a seaweed character),
slight fresh fish, gamey and sour, and very slight sweet.
The flavor is slight to moderate fresh fish, slight sweet and
sour, below slight gamey, and salty-briny, above slight
mouth drying, and very slight fish oil. Gamey and fish oil
are more intense in the dark flesh. The aftertaste is mouth
drying, fresh, gamey fish, with sweet, and sour notes.
Compared to other fish, this aftertaste is stronger and
more persistent. The character notes of individual samples
varied more than in most fish, especially in the levels of
gamey and fish oil notes, which depended largely on the
amount of dark flesh present (48, 49, 37).

23. Minced Fish

Turbot (Atheresthes stomias), grey cod (Gadus macro-
cephalus), Dogfish (Squalus acanthias), shortspine
thornyhead (Sebastolobus alascanus), pollock (Theragra
chalcogramma), red-banded rockfish (Sebaster babcocki),
and ocean perch (Sebaster alutus) have been evaluated to
produce frozen minced fish flesh. Significant differences
were found after one month of storage in odor and taste
quality. Pollock, pollock/red-banded blend and ocean
perch were given relatively high odor and taste scores.
After 3 months, no significant differences in odor quality
were found among the different fish species. Differences
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TABLE 58.4
Aroma, Appearance, Texture and Flavor Attributes Measured in Selected Fish

Sensory Attributes

Product Aroma Appearance Texture Flavor

Catfish (Clarias gariepinus) Earthy fresh Color Juiciness Earthy fresh
(50) Rancid (oil) Juiciness Mushy/soft Sweet

Off-aroma Flakiness Gelatinous Salty
Sponginess Sponginess Sour
Stickiness Stickiness Earthy muddy

Bitter
Rancid
Off-flavor
Aftertaste

North Atlantic Fish Briny Salt-briny
(48) Sweet Sour (Sharp)

Fresh fish Sweet
Old fish Fresh fish
Stale fish Old fish
Sour Stale fish
Shellfish Shellfish
Gamey fish Gamey fish
Fish oil Fish oil
Earthy Earthy
Nutty-buttery Nutty-buttery
Musty Canned salmon
Scorched Bitter

Metallic
Mouth drying
Mouth filling

Salmon (Salmo salar) Boiled potato Color Firmness Earthy taste
(69) Train odor Juiciness Fish oil

Fibrousness Train oil
Bitter
Metallic

Cod (Gadus morhua) Color Firmness Strength
(61) Flakiness Fresh fish

Resilience Saltiness
Juiciness Sweetness
Cohesiveness Stale
Fibrousness Bitterness
Roughness
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were found in taste quality, turbot and ocean perch were
given the highest scores. After 5 months, there were no
differences in odor quality but significant differences
were found for taste quality. After this point Pollock was
scored unpalatable. Texture of the flesh of the different
species can be grouped into three categories: relatively
firm, intermediate in firmness, and relatively soft. Color of
the minced flesh for all species changes only in the light-
ness of hue (79).

Atlantic cod (Gadus morhua) frame mince without
kidney tissue, responsible for ‘chemical’ and ‘petroleum’
type flavors, was stored at �14° or �40°C. Aroma, juici-
ness, texture and flavor of the cooked samples was evalu-
ated. Instron hardness scores were reduced during storage
observing a soft, mushy texture. Color is one of the most
important factors for mince quality. Panelist scored fillet
mince samples juicy with a soft and moderate texture. No
off-odors or off-flavors were detected. Frame mince sam-
ples were also juicy but more fibrous and firm than fillet
mince (80).

Raw, thawed cod mince texture is commonly evalu-
ated for springiness (0 � completely plastic, 10 � very
springy) and stickiness (0 � breaks down, 10 � very cohe-
sive). The frozen deterioration of cod mince is reflected in
an increase of cohesiveness (81). Texture scores in cod
frame mince stored at �7°, �14°, and �40°C for springi-
ness and cohesiveness are higher for mince stored at �7°
and �14°C. Changes during frozen storage change senso-
rial properties of the mince (82).

Quality changes of fish muscle are normally due to
autolytic chemical reactions, microbial proliferation, and
physical property alterations. Frozen storage of catfish
mince at �20°C can increase storage life to at least 
3 months (83). Washed and unwashed catfish mince do not
change color during frozen storage at �20°C (84).
Washing of catfish mince using sodium citrate, sodium
erythorbate, sodium citrate plus sodium erythorbate,
sodium citrate plus sodium erythorbate, and polyphos-
phate reduce lipids and increase Hunter ‘L’ values (85).

E. FRUIT AND VEGETABLES

The most common problems in frozen fruits and vegeta-
bles are reactions that cause changes in flavor, color, tex-
ture, and nutritional value. A major result of freezing on
fruits and vegetables is usually a loss of tissue firmness.
Freezing causes disruption of the membranes of cells, and
excessive softness (86).

Fast freezing rates produce a large number of small
ice crystals that causes less damage. Freezing large-size
foods involves problems due to thermal gradients. With
the high-pressure-shift method, samples are cooled under
pressure (200 MPa) to �20°C without ice formation, and
then pressure is released to atmospheric pressure (0.1 MPa).
This technique leads to uniform and rapid ice nucleation

throughout the volume of the specimen. This method
maintains the original tissue structure of the sample (87).

Blanching is often used to inactivate undesirable
enzymes that cause unfavorable effects on the quality of
frozen vegetables and some fruits. The use of peroxidase
as an indicator of the blanching process may result in the
loss of color, flavor, texture, and nutrients of vegetables
and fruits. Off-flavors from the deteriorated vegetables or
fruits can result from the oxidation products created by
the action of free fatty acids and/or peroxides degrading
enzymes (88).

1. Fruits

Fruits as a class are the most difficult of all products to
freeze without causing a radical change in their appear-
ance, texture, flavor, and color. Of all the common fruits,
the cranberry is about the only one that can be frozen
without special treatment and yet retains its flavor, color,
and appearance. All other fruits require packing in sugar
or syrup, or some other treatment. Without it, most black-
berries turn brown and become sour and flavorless (89).
Many of the tropical fruits are even more difficult to
freeze. Bananas turn black during thawing. Whole
oranges may break open, and upon thawing, become very
flabby and bitter and lose their characteristic flavor (89).

Raspberries, frozen without sugar or syrup, become
very soft and lose their characteristic flavor. Most plums
become so sour that they are almost sharp and also become
very flabby. Blueberries get very soft and lose much of
their flavor and aroma. Unripe fruit, which is still hard,
does not yield a product of desirable texture, flavor,
aroma, and color. Immature fruit when frozen and thawed
is usually very sour and often very bitter; furthermore,
color and aroma are usually lacking. Moreover, browning
and discoloration are more pronounced and, as a rule, the
texture is not good (89). Frozen fruits allowed to stand
after thawing are not as palatable as when served while
still slightly frosted. They tend to collapse with resultant
poor texture. Unless treated to prevent change, they dis-
color (90). Thus the nutrients, the desirable juices, the
sanitary quality, and the firm texture of fresh frozen food-
stuff may disappear with varying rancidity once the pro-
duce is left in the thawed condition.

Tree or vine-ripened fruit usually yields a better
frozen product as it is generally considered to have better
color and flavor than fruit that has been picked while still
immature and ripened in storage (89). On the other hand,
overripe fruit bruises easily and deteriorates rapidly even
when handled carefully and can develop undesirable off-
flavors in the frozen product (89).

Most blackberries are altered in color, flavor, and tex-
ture by freezing and thawing. Most of the common varieties
of blackberries and many of the dewberries turn brown and
become rather sour; consequently, most varieties are not
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suitable for freezing in small packages for use as desserts
(89). The English Morello variety is preferred for certain
purposes because of its more pronounced flavor. It is much
darker in color than the Montmorency and is considered
less desirable for freezing because of this characteristic
(89). Some authorities recommend the Early Richmond
variety for freezing but, although this cherry has a desirable
bright red color, it is likely to be soft and lacking in flavor
(89). The Royal Duke and May Duke varieties possess a
more pleasing cherry flavor than the standard red sour
cherry, the Montmorency. They are more meaty and conse-
quently do not collapse on freezing and thawing to the same
extent as does the Montmorency (89). Most varieties of
sweet cherries brown (oxidize) badly during freezing, stor-
age, and thawing. A marked change in flavor occurs simul-
taneously. Sweet cherries are mild in flavor; freezing and
thawing cause some loss of flavor, consequently frozen
sweet cherries are likely to be lacking in flavor (89).

The Mission variety of figs is considered best for
freezing because of pronounced flavor, good texture, and
attractive color. The Kadota and Adriatic varieties remain
unchanged in appearance but not so in the case of flavor.
The Calimyrna variety is inferior because of the develop-
ment of off-flavors in the skin and therefore unsatisfactory
unless peeled before frozen. Brown Turkey discolors badly
and has inferior flavor after being frozen (89).

New York state grapes retain flavor and other charac-
teristics during freezing and subsequent storage (89).
Muscat of Alexandria retains flavor and appearance best
after being frozen. The Thompson Seedless had a flavor
loss, but remain pleasantly sweet after frozen storage.

Pears become soft and watery during freezing and
thawing. They also lose much of their flavor. Because of
these undesirable changes, pears are not recommended for
freezing (89).

Black raspberries possess a delectable flavor and are
not altered appreciably by freezing. Unfortunately black
raspberries have a tendency to be seedy; further, the seeds
are much more noticeable and objectionable after freezing
and thawing (89).

In order to be desirable for freezing preservation, a
strawberry should have a pleasing potent flavor and acid-
ity that should be retained during freezing and thawing; it
should be a uniformly deep, bright red and should retain this
color during a long period of freezing storage. The berries
should be of uniformly good size and of firm texture.

Color is one of the most important attributes of food,
both for its aesthetic value and for quality judgment. In
strawberries, two anthocyanin pigments mainly determine
the red color: pelagornidon (Pgd)-3-glucoside and cyanidin-
3-glucoside in a ratio 20:1. These pigments are not very
stable chemically and may change easily if not properly
protected. (89). Freezing is one of the most important unit
operations to retain fruit quality during long-term storage.
Raspberry fruits (Rubus idaeus L.) frozen at �80°C and

stored at �20°C retain sensorial (color and aroma) and
nutritional qualities after 12 months (91). Freezing does
not change the volatile components that contribute to the
aroma of raspberry (α-pinene, citral, β-pinene, phellan-
drene, linalool, α-ionone, caryophyllene, and β-ionone).
However, freezing causes some cellular disruption that
increases the release of caryophyllene. The volatile con-
stituents of raspberry aroma remain after one year of frozen
storage (92).

Papayas have unusually high amounts of bound water.
This bound water has a high affinity for polysaccharides and
proteins, and remains unfrozen even at �20°C. Frozen stor-
age develops off-flavors and color modification after pro-
longed storage as a consequence of enzyme action. When
Papaya slices are cryogenically frozen at �80°C and
stored at �24°C for 12 months, proteins are denatured
and the activity of soluble peroxidases increase as a result
of mechanical damage produced by the growth of the ice
crystal and leading to color and texture modification (93).

Storage of custard apple (Annona squamosa L.) has lim-
itations, since it is perishable, and cold storage is not prom-
ising due to the development of brown color. The custard
apple pulp is frozen at �25°C and stored at �18°C. The
sensory attributes were evaluated using a 10-point hedonic
scale, and the conclusion formed that frozen pulp quality is
affected by freezing as compared to the fresh pulp (94).

The flavor of most fruit juices can be preserved better
by freezing than by any other method of preservation.
Despite this fact, the freezing of fruit juice has not devel-
oped nearly as extensively as the other food freezing
industries. The two principal reasons for this are: (1)
Properly prepared flash pasteurized juices are nearly as
good, and may be kept at ordinary room temperatures with-
out appreciable change of flavor; (2) thawing of juices
requires much time, and, if not carefully carried out, the
thawed juice may be inferior in quality to a good grade of
pasteurized juice.

If berries are pressed without heating or freezing, the
yield of juice is low, the juice obtained is pale in color, very
mild in flavor, and oxidizes very quickly due to oxidative
enzyme action (89).

Freezing and thawing of berries prior to pressing is
desirable as it extracts much color and relatively little tan-
nin (89). When Montmorency or English Morello cherries
are pitted much juice leaks from the fruit. This juice is
usually saved, and some of it is preserved by freezing.
Although this juice is of fine flavor, it is very pale in color
and so is not considered to be of high quality (89).

In the case of orange juice, slow frozen juice is likely
to have an “oxidized” flavor, whereas properly handled
quick frozen juice should not have this off-flavor.

The slush-freezing operation requires only six min-
utes, consequently, the system is very effective in rapidly
reducing the temperature of the juice to the point where
changes in flavor take place very slowly.
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Concentration of fruit juices involves sublimation, it
is possible to dehydrate fruit juice to a dry powder with-
out materially changing its flavor, although some of the
more volatile components are lost. The process not only pro-
duces less change in flavor than any other method of dehy-
dration but also yields a product that rehydrates almost
instantaneously.

If the original flavor of the juice is to be retained unim-
paired, it is important not only to thaw the juice quickly,
but also to keep the juice below approximately 10°C.

The anthocyanin contents of certain juices, i.e. straw-
berry, significantly decreases during frozen storage and
the addition of sugars significantly improves the pigment
retention (89).

2. Vegetables

It is more difficult to produce frozen vegetables with tex-
tural quality than to produce quality frozen fish and meat.
Textural quality of fruits and vegetables lessen upon
freezing and thawing, resulting in excessive softening (95,
86, 96, 98). This is the prime defect of frozen fruit and
vegetable products.

There is no single key enzyme that is responsible for
all the vegetable quality changes during frozen storage.
Quality changes include off-flavor development (lip-
oxygenase, lipase, protease), textural changes (pectinase,
cellulose), and color changes (polyphenol oxidase,
chlorophyllase, peroxidase, lipoxygenase) (99). In gen-
eral, if the blanching treatment is not sufficient to inacti-
vate catalase and peroxidase, frozen vegetables will
develop off-flavors. The development of hay like flavors,
bitterness, and odors in unblanched frozen vegetable may
be due to amino-aldehyde reactions (100).

The effect of low-temperature long-time blanching
(60°C for 2 hours or 74° to 79°C for 20 to 3 minutes) on
improvement of texture of frozen vegetables was observed
in several studies on different foodstuffs preserved by dif-
ferent methods, such as canned vegetables (101, 102) and
frozen carrots (103, 100, 104).

Processing conditions like blanching and freezing result
in substantial dissolution, depolymerization and apparent
destruction of cell wall pectins. As a result, pectins are
broken down into smaller sized polymers, lost interpoly-
mer associations, or were released from the primary cell
walls and middle-lamella, or remained loosely bound to the
walls by relatively sensitive bonds (101, 102, 103, 100, 104).

3. Mushrooms

Since most vegetables and fruits consist of many kinds of
enzymes, enzymatic reactions such as oxidation reaction,
browning reaction and discoloration present a problem to
the frozen vegetable industry. In order to keep better quality,

including color, flavor, aroma, taste, texture, and appear-
ance of the frozen vegetables, a lot of chemical additives
are occasionally used for this purpose. Because mush-
rooms are one of the easily browning vegetables caused
by enzymatic and chemical oxidations, there are many
kinds of enzyme inhibitors or antioxidants recommended
to prevent those quality lowering. While numerous factors
are involved in quality loss in frozen mushrooms, the most
detrimental is the enzymatic browning reaction (105).

Problems may occur during freezing and storage of
frozen mushrooms, e.g. loss of weight, decrease in nutri-
tive value, tendency of product to stick together, and
sometimes development of undesired color and off-flavor.
Shelf life of fresh mushrooms (Agaricus bisporus) is lim-
ited to 1 to 3 days at room temperature, 5 to 7 days at 0 to
2°C. Washing, freezing, and 1 day storage of mushrooms
contributed to the loss of ‘L’ value. No changes have been
reported in whiteness of frozen mushrooms after 90 days of
storage. However, washing with water increases browning
of frozen mushrooms. Immersion in boiling water increases
toughness as the storage time of frozen mushrooms
increased more than 14 days. The blanching process itself
reduces the initial mushroom whiteness (106), and blanched
frozen mushrooms show a remarkable toughness after
thawing and cooking. Frozen whole mushrooms, blanched
for 5 minutes have a tougher texture than those blanched
for 1 or 2 minutes.

Mushrooms immersed in boiling water before freez-
ing are quite acceptable for the consumer for all time stor-
age even though there is typically a loss of whiteness as
compared with mushrooms washed in water containing
sodium metabisulfite. Dipping mushrooms in 0.1% or
0.5% sodium metabosulfite solution for 5 minutes after
blanching has resulted in the best color and other quality
characteristics after freezing (107) of mushrooms in boil-
ing water before freezing was harmful to their texture.
Appearance and color of unblanched frozen mushrooms
were most affected by washing them in sodium
metabisulftite solution before freezing. Storage time of
frozen mushrooms results in lower discoloration of mush-
rooms washed in water containing sodium metabisulfite or
immersed in boiling water for 20 seconds than mushrooms
washed in water only. Their texture (shear-press reading)
was higher. Immersion in boiling water containing
sodium metabisulfite had a dual effect: a marked loss of
whiteness and a significant decrease of SO2 content. Also,
the sodium metabisulfite treated mushrooms tend to show
a marked toughness during storage.

Chemical dipping methods were effective in main-
taining desirable color of frozen whole and sliced mush-
rooms stored for 3 months (108). Excellent results in
stabilization of the color of frozen mushrooms by inhibiting
undesired discoloration have been obtained after washing
fresh mushrooms in sodium metabisulfite solutions (109).
The better quality of frozen mushrooms treated with sodium
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bisulfite solution was obtained before and after blanching.
EDTA and NaPO3 do not improve the color and other
quality such as dripping loss, texture, and sensory evaluation
scores.

Sodium bisulfite and sodium diethyldithio carbanate
after blanching has a higher ascorbic acid retention and
less dripping loss, but its organoleptic evaluation scores
were poor. Since sulfites are essential additives with impor-
tant effects on the whiteness stability of frozen mushrooms,
determination of the minimum amount of SO2 required to
maintain optimum of frozen mushrooms quality seems to
be necessary.

Loss of frozen mushroom whiteness after 1d has been
compared with fresh ones varying an average of 6% to
about 17%. No significant change in whiteness of frozen
mushrooms during 90 days of storage was detected when
short-time dipping in boiling water was applied. Storage
time of frozen mushrooms results in lower discoloration
(110). Most mushrooms are frozen commercially by air
blast or plate freezing methods. However, after freezing
some undesirable color and off-flavor may occur. The frozen
mushrooms made by individual quick freezing process
were better in quality, firmer in texture, and lower drip-
ping loss than that made by air blast freezing process.

The effects of processing vary with the chemical, phys-
ical, and sanitary conditions and sensory quality of the
frozen mushrooms. IQF mushrooms show better color and
higher sensory scores. After 120 days of frozen storage,
color and texture of mushrooms changed (107). Frozen
whole mushrooms blanched for 5 minutes had markedly
tougher texture than mushrooms blanched for 1 or 2 min-
utes. As the storage time of frozen mushrooms increased
from 3 to 6 months, shear press values increased very sig-
nificantly. The texture of Freon frozen and plate frozen
mushrooms was similar after 3 months storage. Blanching
time did not affect texture of frozen sliced mushrooms
significantly, but storage time did.

4. Leafy Vegetables

Texture is important in frozen leafy vegetables. After
freezing-thawing, firmness and crispness decrease and
rupture strain increases. The optimum freezing rate of
Chinese cabbage has been established at 5°C/minute
because of its high moisture, low sugars and thin cell walls;
therefore, freezing effects are more notable. Chinese cab-
bage frozen at 100 MPa and at 700 MPa shows an increase
in rupture strain. However, texture of samples frozen at
200 MPa, 340 MPa, and 400 MPa keep intact (111).

The green color of organically grown spinach
(Spinacia oleracea L.) evaluated by sensory evaluation
and Hunter ‘L’ value after 6 months of storage at �24°C
shows that color and sensory attributes of spinach depend
on the cultivar and these differences should be considered
during freezing (112). Lipid-acyl hydrolases (LAHases)

are responsible in lipid degradation during storage of veg-
etables. LAHases are found in spinach that naturally con-
tains large amounts of galactolipids and phospholipids,
substrates for LAHases. Formation of volatiles is the
result of oxidation of lipids in vegetables. The enzymes
involved in this process are lipases, phospholipids-
degrading enzymes, galactolipid-degrading enzymes, and
lipoxygenase. In spinach leaves, unsaturated fatty acids
are present in large portions and are oxidized to peroxides.
The resulting peroxides are decomposed to aldehydes,
ketones, and alcohols, causing off-flavors (88).

5. Asparagus

Studies have shown no significant difference in texture,
flavor or general acceptability differences in asparagus
existed due to blanching treatment (113). Blanching of
green asparagus (Asparagus officinalis L.) before freezing
is necessary to inactivate enzymes, which cause quality
changes during frozen storage. One of the changes is the
formation of aldehydes such as hexanal, that is described
as a green aroma and is a flavor compound formed during
auto-oxidation of linoleic acid. There is no difference in
texture of asparagus frozen using cryogenic and blast
freezing but there are differences on texture when aspara-
gus are kept at �30 or �70°C. During storage, shear force
values slightly increased (114). Blanched asparagus
stored at �18°C for 4 weeks and evaluated for appear-
ance, color, texture, natural flavor, off-flavor and general
acceptability showed that unblanched asparagus scored the
highest in appearance, while microwaved and unblanched
asparagus had the highest color scores. Flavor of aspara-
gus changed regardless of the blanching treatment. After
frozen storage, unblanched asparagus stems were signifi-
cant darker than blanched stems. Blanching had no effect
on lightness of asparagus stems or tips. Asparagus were
greener after blanching and less green after frozen stor-
age, also they were yellower after frozen storage (113).

6. Carrots

Freezing destroys the cytoplasmic structure, producing
loss of turgor, weakness of the cell wall and some degree
of cell separation. All these changes affect texture of the
product. The freezing temperature is the most critical fac-
tor that changes the cell structure of carrots; and the rate
and type of freezing that is the critical factor in tissue
damage. Firmness of frozen sliced carrots decreases by
about 50% as compared to raw samples (115). Quick
freezing results in better texture than slow freezing in car-
rots (100). The effect of freezing rate on firmness of raw
carrots is greater than that on firmness of blanched carrots.
The final temperature of freezing does not affect firmness
of thawed carrots. As the freezing rate from 0°C to �10°C
was quick, firmness of thawed carrots was maintained.
The amount of drip increased as freezing rate decreased.
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Effect of freezing rate on firmness of blanched carrots has
been shown to be the same as that of raw carrots. 
Consequently, quick freezing (�5°C/min) is best for accept-
able texture of frozen carrots (100). Tamura (116) found
that when carrots were preheated for 30 minutes at 60°C,
frozen at �30°C, thawed in a refrigerator and then cooked,
softening of carrots was greatly diminished but cell dam-
age was observed. Carrots frozen at �30°C, had great
amounts of cell separation, thus the optimum rate of freez-
ing for carrots has been determined to be �5°C/min
(117). Low-temp-blanched carrots frozen at �5°C/min
using a program freezer, should have minimization of
softening. Preheating increases firmness and rupture
strain of carrots, while freezing-thawing decreases firm-
ness and increases rupture strain. Firmness of carrots
decreases when frozen and thawed, except for raw carrots
frozen in a program freezer and thawed. Raw and pre-
heated disks frozen quickly (�5°C/min) using a program
freezer are typically firmer than those frozen at �35°C
using a conventional freezer. Differences in firmness of
blanched disks as compared to unblanched, have not been
noted. Quick-freezing results in better texture (firmness
and rupture strain) than slow-freezing, and also improves
the texture of frozen carrots. Texture of frozen carrots dif-
fers from that of boiled carrots (100). Blanching, High-
Temperature-Short-Time (HTST) and rapid freezing
at �4.5°C/min is recommended as optimum thermal pro-
cessing and conditions for improvement of textural qual-
ity in frozen carrots (118).

Also, freezing causes extensive degradation of cell
wall pectins in carrot tissue. This is evident by the loss 
of firmness. Freezing at rates of �4.5°C/min causes less
softening than slow rates (�0.19°C/min). Slow rates causes
loss of pectin material and structural damage due to grow-
ing ice crystals (118).

Before freezing, carrots are blanched to inactivate
enzymes that cause flavor deterioration during frozen
storage. Unblanched carrots develop an off-flavor due to
fatty acids released by estarases. The off-flavor is charac-
terized as ‘stearin’, ‘paraffin’, and ‘soap’. Loss of textural
quality during blanching, freezing and thawing includes
dehydration, damage, drip loss, tissue fractures and
mechanical damage from ice crystals during freezing.
Steam-blanched carrots subjected to blast or cryogenic
freezing and stored at �24°C for five months showed dif-
ferences in textural quality between blast and cryogenic
freezing. Decreasing the temperature from �30° to �70°C
resulted in increased toughness but no changes are
observed over time (119).

Studies have shown that carrots immersed in liquid
nitrogen (LN2) cracked and became unacceptable in
appearance, but those frozen at �5°C/min or �2°C/min
using a programmed freezer (final temp, �30°C) had a
better texture than those frozen in a conventional freezer
at �80°C, �30°C, or �20°C (117).

7. Broccoli

Broccoli (Brassica oleracea) is a highly perishable fresh
vegetable that, at ambient temperatures, will yellow and
become unmarketable in 1 to 3 days. About 37.8% in flo-
rets and 61.1% losses of chlorophylls a and b in stems
occurred during freezing storage at �20°C (120). This
loss of green color is a major limiting factor in shelf-life of
broccoli. Boiling-water blanched broccoli stored at �18°C
for 4 weeks has excellent sensory scores for visual appear-
ance and color (121). Blanching has a significant effect on
yellow color intensity (b* value, Hunter). Immediately
after blanching, stems and florets are more yellow than
unblanched samples. These differences remain after
frozen storage for florets but not for stems. All blanching
treatments increase chroma (color saturation) of broccoli
florets and stems compared to unblanched broccoli (122,
121). To avoid the development of dimethyl sulfide (off-
aroma) in frozen broccoli, florets must be blanched for 
90 seconds before freezing (123). After frozen storage no
significant lightness differences due to blanching treat-
ments have been noted in recent findings.

8. Green Beans

Brewer et al (124) reported no difference in either visual
color or appearance scores of frozen green beans due to
blanching treatment. Brewer et al (124, 121) found that
blanching treatment had significant effects on flavor, off-
flavor, tenderness and crispness of green beans and broc-
coli that had been in frozen storage. Brewer et al (124)
reported that blanched green beans were greener (higher
hue angle) than unblanched beans; this trend was still evi-
dent after frozen storage.

Samples of green beans have been shown to be more
yellow (higher Hunter b value) after frozen storage than
immediately after blanching. Immediately after blanch-
ing, blanched asparagus tips were yellower than fresh and
blanched tips. These differences were lost after frozen
storage. No differences in yellowness of stems existed
either immediately after blanching or after frozen storage.
Brewer et al (121) reported similar blanching and freezing
effects on yellowness of broccoli florets and stems.
Similar color changes have been reported in blanched
green beans during frozen storage (125). Sensory charac-
teristics, such as color, texture and flavor, are affected by
blanching. For green beans, appearance, beany aroma,
sweetness, green flavor, aftertaste (metallic/astringent),
tenderness, crispness, and wetness are the principal sensory
attributes to evaluate in frozen products. After four weeks
of frozen storage, color values drop by 50%. Blanching
treatment have no effect on visual color, appearance,
aroma, sweetness, raw starchy flavor, green bean flavor,
overcooked flavor, aftertaste, tenderness, crispness, and
wetness of frozen green beans (124). After 12 weeks of
frozen storage, panelists detect no differences in color,
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sweetness, aroma, firmness, and presence of off-flavors.
Off-flavor is detected in frozen cooked samples that are
blanched using microwaves. This off-flavor is describes as
grassy, bitter and stored (122).

Bennion (126) stated that two results of chemical
changes that may occur during frozen storage of foods are
off-odors and off-flavors. Campbell et al (127) noted that
one of the principal reasons for off-flavors is rancidity of
the fatty material in unblanched frozen vegetables. Noble
and Winter (128) reported that in unblanched frozen green
beans marked off-flavors developed rapidly by the end of
four weeks. Off-flavor descriptions for unblanched frozen
green beans reported by Moriarty (129) included earthy,
sour and bitter.

Bennion (126) suggested that off-odors in frozen raw
or insufficiently blanched vegetables may be attributed to
the accumulation of volatile carbonyl compounds during
frozen storage. Chow and Watts (130) reported that rancid
odors in frozen green beans were related to malonalde-
hyde values, used as an index of unsaturated fatty acid
oxidation. Lipid oxidation as determined by both the thio-
barbituric acid test and acetaldehyde formation from anaer-
obic fermentation contributed to flavor deterioration in
frozen green beans.

After frozen storage, steam-blanched and boiling-
water blanched beans had the lowest shear values. Visual
color was poorest for microwave-blanched. Microwave
blanching green beans for 3 minutes in a covered con-
tainer or bag prior to 4 weeks frozen storage resulted in a
product that was not different in retention of color from
boiling-water blanched beans; however, these bean sam-
ples differ in tenderness and crispness from boiling-water
blanched beans.

Katsaboxakis and Papanicolaou (125) found that
blanching green beans (30–90 seconds) increased negative
aL values and aL/bL ratio during frozen storage. Negative
Hunter ‘a’ values measure sample greenness. Unblanched
green beans have higher odor and flavor scores before
storage but are considered organoleptically unacceptable
for the same attributes after the first months of frozen stor-
age and at all subsequent storage times. Blanched samples
for 30-90 seconds are slightly superior in sensory qualities
compared to those receiving more drastic heat treatment.

Hue angle (tan�1(b/a)) has been shown to be higher
for boiling-water, steam, microwave-blanched fresh beans.
The same general trend for hue angle has been shown to
still be evident after 4 weeks in frozen storage and cook-
ing. Higher hue angles indicate that the sample color was
greener.

After 4 weeks in frozen storage and cooking, chroma
was greater for steam and microwave-blanched beans than
for unblanched green beans. Total color values drop by
nearly 50% after storage and cooking for most blanching
treatments; total color of microwave-blanched beans has
been shown to drop over 70%. Katsaboxakis and

Papanicolaou (125) reported significant color loss (Hunter
L value, a/b ratio) due to green bean blanching time and
time in frozen storage.

After frozen storage, blanching treatment had no effect
on visual color, appearance, aroma, sweetness, raw starchy
flavor, green bean flavor, overcooked/canned flavor, after-
taste, tenderness, crispness, wetness or degree of liking of
cooked green beans. Microwave-blanched beans had more
aftertaste than boiling-water blanched beans (125).

Sensory evaluation after 9 months of frozen storage
found no significant difference in green bean off-flavor
between short and long blanch times at any storage tem-
perature. Off-color was significantly higher in green beans
that were blanched for 63 seconds, however, indicating
that in this commodity color may be the limiting factor 
in frozen storage. In the case of green beans, off-flavor is
eliminated by a one min blanch, but off-color prevention
may require a longer time (125).

9. Peppers

A major problem of jalapeño peppers (Capsicum annuum)
is the soft texture after exposure to heat and salt brines with
a pH less than 3.5. To overcome this problem, jalapeños
can be frozen. The maximum firmness of frozen jalapeño
pepper is 4.8 times that of unfrozen samples (131).

10. Tomatoes

Sensory characteristics of tomatoes include appearance,
red color intensity, tomato flavor intensity, texture, natural-
tomato flavor, off-flavor and general acceptability. After 
6 weeks of frozen storage, boiling-water blanched toma-
toes have the highest scores for appearance, tomato flavor
intensity, and natural tomato flavor. Steam blanched toma-
toes have the lowest appearance scores. Unblanched
frozen tomatoes are usually mushy and least firm after
storage (132). Tomatoes blanched (4 minutes) using con-
ventional boiling water, steam, microwaved in a glass
container, and microwaved in boilable bags demonstrated
that though visual color and sensory attributes were high-
est for boiling water blanched tomatoes, microwaved-
blanched tomatoes retained more nutritive value in the
finished product (132). Pectin methylesterase (PME) can
cause texture deterioration in processed tomatoes during
storage. Blanching, which reduces the loss of product tex-
ture, inhibits PME activity as well as the activities of other
deteriorative enzymes (132).

Lycopene, the primary pigment in tomatoes, is affected
not only by exposure to oxygen from the air, but also by
heat during processing, which may cause isomerization of
trans-double bonds in the pigment to cis forms (133). This
shift in structure can cause a reduction in color intensity
of a variety of food products (134). Preliminary acceptance
or rejection of a food is usually influenced by the visual
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appearance including color and texture (135). Any changes
in blanching technique must take into account the alter-
ations in product color that often occur. This reduced, but
still substantial, PME activity may be the reason for poor
sensory texture of unblanched frozen tomatoes; as PME
breaks down pectic substances, tissues lose structural
integrity becoming soft and mushy (132).

Immediately after blanching, microwave-blanched
tomatoes have been shown to be lightest (Hunter L value) in
color. Boiling water-blanched tomatoes are redder (Hunter
a value) with a similar trend for yellowness (Hunter b value).
However, after frozen storage, steam-blanched tomatoes
are lighter in color followed by microwave-blanched and
unblanched tomatoes. Lightness of steam and microwave-
blanched tomatoes change little during storage. Although
total carotene content does not change as vegetables are
heated in water, there is a shift in the visual color: orange
carrots may become more yellow, and red tomatoes may
become more orange-red (135).

Blanched tomatoes have lower hue angles than do
fresh tomatoes indicating that blanched tomatoes are more
“true red” than fresh tomatoes. Hue angles decrease after
frozen storage.

Chroma increases by two-fold as a result of the
blanching process. After frozen storage, total color drops
significantly. After 6 weeks of frozen storage, boiling
water-blanched tomatoes have the highest scores for
appearance, tomato taste intensity, and natural tomato fla-
vor followed by microwave-blanched tomatoes. Brewer et al
(121) found a similar trend for broccoli. Steam-blanched
tomatoes had the lowest appearance scores. Unblanched
tomatoes were most mushy and least firm after storage.
No texture differences exist among boiling water and
microwave-blanched samples.

Begum and Brewer (113) found only moderate
acceptability scores for asparagus (3.27–3.48 on 5-point

scale) for all blanching treatments and reported that
appearance and color appeared to have greater impact on
acceptability than did flavor. Unblanched tomatoes had
the lowest scores for general acceptability as compared to
blanched by various methods. Stone and Young (122) also
reported that, in general, microwave blanched vegetables
are less acceptable in terms of texture and flavor than
those that are steam or water blanched. Some microwave-
heated vegetables exhibit toughening and may have grassy
or strong off-flavors and aromas (136, 122). These results
may be attributed to the amount of water used during
blanching, high microwave power level or extended
heating time. However, tomatoes are softer products that
are likely to soften even more as pectic substances are 
solubilized.

Individually quick freezing (IQF) versus blast freez-
ing does not influence texture of sweet corn and green peas.
Also, no changes in color are observed in green aspara-
gus, green beans and green peas. Asparagus and green
beans blast frozen show softening and sweet corn higher
color values (137). For sweet corn on the cob (Zea mays),
frozen using a blast freezer it is recommended to reduce
blanching time from the sensory point of view because
longer blanching times results in reduced firmness and
freshness and also increase cooked flavors (123).

Freezing method does not affect the color of green
vegetables but does affect corn. Blast frozen sweet corn has
higher blue (less yellow) color than the IQF sweet corn.

In many vegetables the limiting quality attribute dur-
ing frozen storage is off-flavor development, which is
most often catalyzed by lipoxygenase. Williams et al
(138) evaluated the sensory character of blanched veg-
etable purees to which isolated enzymes had been added
and found that lipoxygenase was the enzyme most active
in aroma deterioration in English green peas and green
beans. Lipoxygenase is widely distributed in vegetables
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TABLE 58.5
Color, Appearance, Aroma, Flavor and Texture of Selected Vegetables

Sensory Attributes

Commodity Color Appearance Aroma Flavor Texture

Green beans Green Plump Grassy/green Sweet Tenderness
(124) Beany Green bean Crispness

Overcook Wetness
After taste

Tomatoes Intensity Uniformity of color Aroma Bitter Intact
(132) Wholeness Natural flavor Mushy

Sweet Firm
Off-flavor

Broccoli Green Plump Grassy/green Sweet Tenderness
(121) Starchy Crispness

Broccoli Wetness
Overcooked
After taste
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and evidence is mounting to support its involvement in
off-flavor development and color loss.

In the case of corn, green beans, and green peas, there
is fairly strong evidence that off-flavor development is the
limiting factor in frozen storage and lipoxygenase activity
is the primary culprit.

Supersweet corn is popular as a fresh, frozen or dried
product, however blanching often results in carameliza-
tion of these high sugar varieties and formation of an
undesirable gray or brown product. Industrial blanch con-
ditions were established based on the requirement for per-
oxidase inactivation, however off-flavor catalyzed by
lipoxygenase is the greatest limitation to storage life.

Sensory results for stored kernel corn indicated that
unblanched kernels were significantly less desirable in
appearance, texture, flavor, and overall desirability. It
would appear that a one min, or possibly shorter, blanch was
adequate to ensure the sensory quality of frozen Supersweet
kernel corn.

Corn-on-the-cob sensory results show that, although
the appearance of both unblanched and 3 minute blanched
samples were preferable to those blanched longer, a
longer blanch treatment resulted in better flavor and over-
all desirability after all storage times.

There have been shown to be no significant differ-
ences in off-flavor or off-color between the short and long
time blanched corn after 9 months storage at �8°C, 0°F,
or �8°F.

F. SPICES, HERBS, AND SEASONING BLENDS

A spice is any aromatic vegetable substance in whole,
broken, or ground form, except for those substances that
have been traditionally regarded as foods, such as onions,
garlic, and celery; whose significant function in food is
seasoning rather than nutritional; that is true to name, and
from which no portion of any volatile oil or other flavoring
principle has been removed (139).

The shelf-life of spices is greatly extended while kept
in their whole form, but when ground the shelf-life is
reduced. The ideal condition for storage of spices is to
keep them cool, dry, and protected from light. These stor-
age conditions, in addition to airtight packaging, will
reduce oxidation. Freezing is a prime choice of storage
condition. The freezing of spices has little to no affect on
the sensory properties of spices. Freezing is the means in
which the “Gold standard” of a spice is typically pre-
served. The sensory properties of spices and herbs include
aroma, appearance, color, flavor, pungency, and in some
cases textural aspects. Sensory profiles can be used to
define broad parameters, backed by specific and measur-
able physical parameters such as moisture, particle size,
bulk density, color, and where appropriate, heat units.
Several of the physical parameters, such as particle size

and solubility, although not primarily responsible for fla-
vor, influence this attribute (140).

The shelf-life of a spice, herb or seasoning blend will
depend upon many variables that are typically character-
istic of either the raw materials or the packaging, the dif-
ferent characteristics of the spice or herb, or possibly the
different types of ingredient(s) used singly or in blended
form. Typically, the detrimental properties would be loss
of flavor and/or product lumping. Flavor deterioration is a
problem when the more volatile ingredients are used,
especially spice extracts, oils, and liquid flavors, which
have been plated onto a non-absorbent base, such as salt,
dextrose, malto-dextrin, or possibly starch. There is virtu-
ally a non-existent barrier by which to hold these volatiles
in the compounded blend into which they have been
incorporated. Thus, even to freeze these types of products
would be of little benefit for flavor and aroma retention.
From an appearance standpoint, the product could appear
slightly faded, but could possibly appear quite normal in
color, size, shape, texture and so on. Rancidity is another
concern for flavor and aroma deterioration. In particular,
spices that have high oil contents often develop rancidity
if not properly stored. Freezing most definitely delays this
deleterious property (140).

Flowability is a concern for spices and spice-herb sea-
soning blends because loss of moisture in the product
causes lumping, as well as moisture absorption causing
stickiness with certain spice oils. Free-flow agents are
often added to spice blends to assist with this problem.
Freezing does not tend to detrimentally affect these types
of spice–herb blends. Most seasoning blends typically have
a shelf-life of 3–6 months if properly stored. However, if
frozen, this timeline can be extended to 6 months to 1
year. Many spice “houses” and distributors store spices,
herbs, and seasoning blends up to 2 years without loss of
quality and sensory attributes. However, this shelf-life
extension becomes an argument for what the end con-
sumer is willing to accept in terms of perceived freshness
of the product. Cryogenic milling of certain spices avoids
the volatilization, oxidation and enzymatic damage asso-
ciated with conventional milling techniques. The higher
volatile content of these spices (e.g. nutmeg, mace, and
cinnamon) provides improved shelf-life and flavor percep-
tion. Thus, using cryogenics these can be extended (140).

G. MEATS

Preservation by some means is absolutely essential for
prolonging shelf-life, and for storage of all fresh meat and
most processed meat products. Regardless of the method
used, preservation is accomplished by restricting, or in
some instances completely inhibiting, microbial activity,
as well as enzymatic, chemical, and physical reactions that
would otherwise cause deteriorative changes and spoilage.
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The purpose of freezing is the preservation of the original
characteristics of the product for an extended period of time.
The main requirement is that the product before freezing
is in an optimal condition from both microbiological and
chemical standpoints. The quality of frozen meat is affected
by conditions during freezing and subsequent frozen stor-
age, and the length of the storage period. Quality changes
occurring during storage at temperatures less than �10°C
(14°F) are unrelated to bacterial growth or metabolism
and are of (bio)chemical origin (e.g., drying and oxidation).
In lean muscle at �5°C (23°F), approximately 85% of 
the water is frozen; at �30°C (�22°F) nearly 100% of 
the water is frozen. Due to the presence of solutes,
the freezing point of muscle is approximately �2°C
(28°F) (141).

The major physical/chemical changes which occur
during storage of frozen foods are typically a result of (1)
oxidation of lipids, (2) denaturation of proteins, (3) dis-
coloration of product, (4) sublimation of ice, and (5)
recrystallization of ice crystals. Chewiness, juiciness, and
rancidity are the sensory attributes to be monitored during
the storage. Freezing is one of the most effective methods
for meat preservation. Low temperature not only protects
the product from microbiological spoilage but also slows
down the rates of other degradative biochemical reactions.
In spite of the many advantages however, freezing causes
certain unfavorable changes in meat quality. Ice occupies
a greater volume than water, and the exclusion of solutes
from ice crystals causes an increase in the ionic strength
in unfrozen water. Together these phenomena cause a loss
in tissue structure and a partial denaturation of some mus-
cle proteins, in turn reducing protein solubility and gela-
tion capacities (142).

Freezing and frozen storage produce or enable delete-
rious changes that can reduce meat quality depending on
storage time, temperature, freezing rate, and protective
packaging used. Secondary breakdown products of lipid
oxidation, especially malonaldehyde, have been shown to
precipitate on and crosslink muscle proteins, resulting in
reduced ability to hold water under physical or thermal.
Low-molecular-weight aldehydes and ketones are known
to have strong odors and flavors at low concentrations,
some of which are objectionable to sensory panels (143).

Color may be the most important characteristic affect-
ing consumer decision-making on acceptability of meat
and meat products (143). Such discrimination may be
warranted, as meat color is the quality trait most suscepti-
ble to alteration by environmental conditions (144).

Consumers associate color with good quality (145,
146). Freezing or frozen storage generally does not affect
the color of cooked meat (147). In frozen meat, color
changes as a result of storage time, temperature, freeze-
thaw cycles, and exposure to light (148, 149).

If flesh tissue is frozen rapidly, the cellular fluids remain
in their location and freeze as tiny crystals uniformly 

distributed throughout the tissue. The faster the transition
from 0° to 5°C, the less the translocation of water during
freezing (150). Slow freezing results in more thawing drip
and less expressible juice than quick freezing (151). Slow
freezing causes fluid in the extracellular spaces to freeze
first, thus increasing the concentration of solutes and
drawing water osmotically from the still-unfrozen cell
through the semi-permeable cellular membrane. There is
therefore extensive translocation of the tissue fluid such
that the fibers appear shrunken and, in some cases, dam-
aged through rupture of the myofibrillar walls. Drip loss
is not only disadvantageous economically but can give
rise to an unpleasant appearance. Drip loss is due to denat-
uration of proteins by the high ionic strength of extracel-
lular fluid.

Drip losses, cooking losses, and shear strength
increased with time in frozen storage. Samples with 30%
fat had greater drip and cooking losses than did samples
with 15% fat. Storage temperatures affected drip and
cooking losses but not shear strength. Increased storage
time also resulted in loss of color.

Protein damage is a function of time and the quantity
of drip will tend to increase as with time in storage (152).
Furthermore, the free moisture is a medium for potential
bacterial spoilage, and also represents loss of flavor in the
meat as nutrients such as vitamins, proteins, and minerals
are dissolved in the exudate. Slow freezing rates product
greater damage to the mitochondria in the cells than fast
freezing, and consequently there is a greater release of
enzymes (153).

Freezing is recognized as an excellent method for
preservation of meat. It results in fewer undesirable changes
in qualitative and sensory properties of meat than other
methods of preservation. In addition, most of the nutritive
value of meat is retained during freezing and through frozen
storage. Some loss in nutritive value occurs when water-
soluble nutrients are lost in thawing drip, but the amount
of drip and nutrients varies with freezing and thawing
conditions. Nutrients found in drip include salts, proteins,
peptides, amino acids, and water-soluble vitamins. A
study by Anon and Calvelo (154) confirmed that drip loss
is reduced by shortening the freezing period, although
Bechtel reported that protein in the drip was unaffected by
the freezing rate. Meat proteins are less affected by freeze
concentration; Jalang et al (155) found that regardless of
species, frozen muscle at �19°C provided more express-
ible (press) fluid than fresh muscle, although pork had
more press fluid than beef or lamb. Wagner and Anon
(156) explained the effect of freezing rate on denaturing
by noting that myofibrillar proteins denature in two
stages, with an initial rapid reaction followed by a slower,
second stage, with the myosin molecule continuing to
denature and leading to a decrease in solubility and vis-
cosity (157). None of the nutrients present in meat is
destroyed or rendered indigestible by freezing. Dark color
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of fresh frozen meat brightens upon exposure to oxygen or
air. Thus, qualitative properties of frozen meat approximate
those of fresh meat (158).

In general, sensory characteristics such as rancid,
acid, sour and bitter odor and flavors, and rubbery texture
increase over time in frozen storage when juiciness
decreases. Exclusion of oxygen appears to have the greatest
impact on preservation of sensory characteristics. Based
on sensory data, apparently, frozen storage of ground pork
should be limited to 26 weeks even with vacuum-packaging
if “fresh pork” sensory and physical characteristics are to be
maintained (158).

Apart from temperature, the nature of the muscle food
product is a decisive factor in determining storage time.
Ground product with its greater surface area and potential
for oxygen penetration is more sensitive to oxidation (ran-
cidity) than whole pieces of meat. As pork contains more
unsaturated fatty acids, it is more susceptible to oxidative
rancidity than beef. Undesirable oxidation and dehydration
occurring during frozen storage may be limited by proper
packaging (159).

The length of time meat is held in refrigerated storage
prior to freezing affects ultimate frozen meat quality. To
preserve optimum quality, meat to be frozen must be han-
dled with the same care as refrigerated meat, especially if
products are going to be in freezer storage for several
months. Some deterioration continues to occur in meat
even at freezer storage temperatures. In addition, quality
of frozen meat is influenced by freezing rate, length of
freezer storage, and freezer storage conditions i.e., temper-
ature, humidity, and packaging materials used. Included
among changes that may occur during frozen storage are
development of rancidity and discoloration, with the latter
change being due to surface dehydration due to micro-
bial and enzymatic activity. At temperatures below
about �10°C, most deterioration due to microbial and enzy-
matic activity is essentially curtailed. On the other hand,
in meat with relatively high microbial loads or in improp-
erly chilled meat, slow freezing rates may allow consider-
able microbial growth (158). The main effect of freezing
upon microorganisms is a cessation of growth. Some micro-
bial destruction will occur during the freeze/thaw process,
but freezing should not be regarded as a reliable means of
destroying microorganisms other than parasites (160).

Tempering produces the most rapid increase in myoglo-
bin and lipid oxidation. This is probably the result of both
the thawing process and temperature fluctuations. Thawing
provides an ideal environment for the formation of new,
large ice crystals and the temperature fluctuations during
tempering further enhance ice crystal growth and formation
(161). The formation of large ice crystals enhances muscle
fiber shrinkage and distortion and increases the solute con-
centration, which disrupts the integrity of the muscle cells.
Such changes permit catalysts of oxidative reactions to
come into contact with myoglobin and lipids (162).

Freezing rates affect physical and chemical properties of
meat. They may be influenced by temperature of the freez-
ing medium, type and movement of the freezing medium,
packaging materials used, and composition of meat pro-
ducts to be frozen. In the latter case, tissues containing fat
have lower thermal capacity than lean tissues, and there-
fore freeze more rapidly (158). A key property for all the
components and membranes of muscle foods is their elas-
ticity. The elasticity determines the consequences of freez-
ing and quality of the resulting thawed material (157).

Undesirable physical and chemical effects occurring
in meat during freezing are associated with one or more of
the following factors: (1) formation of large ice crystals in
extracellular locations, (2) mechanical damage to cellular
structures resulting from volume changes, and (3) chemi-
cal damage caused by concentration of solutes, such as
salts and sugars. Nonvolatile solutes lower the freezing
point and therefore, meat freezes at approximately �2°C
to �3°C. Extent of damage to meat tissues attributable to
these three factors is influenced by freezing rate (158).

During slow freezing, temperature of meat products
remains near the initial freezing point for an extended
time. As a result, a continuous freezing boundary forms
and proceeds slowly from exterior to interior. During the
process of slow freezing, long periods of crystallization
time exist, producing numerous large extracellular masses
of ice crystals that are easily lost as drip during thawing.
Mechanical damage due to volume changes is more likely
to occur during slow freezing because of expansion asso-
ciated with formation of large ice masses, as well as con-
comitant shrinkage of muscle fibers that have lost water to
extracellular pools. Such muscle tissue has distorted
structure in frozen form that completely obliterates nor-
mal striations (158).

Cryogenic freezing is a rapid freezing method utiliz-
ing condensed gases such as liquid nitrogen, nitrous oxide
(N2O) and dry ice (CO2). This rapid freezing is primarily
the consequence of very low initial temperature. Costs for
cryogenic freezing are greater than for conventional freez-
ing. Justification for this method is better achieved quality
(163). During cryogenic fast freezing, meat product tem-
peratures fall rapidly below the initial freezing point.
Numerous small ice crystals with filament-like appear-
ance are formed both intra- and extracellularly at approx-
imately the same speed. Because of rapid rates of heat
transfer, small ice crystals formed have little opportunity
to grow in size.

Thus, fast freezing causes spontaneous formation of
many small ice crystals resulting in discontinuous freez-
ing boundaries and very little translocation of water. Since
most of the water inside muscle fibers freezes intracellu-
larly, drip losses during thawing are considerably lower
than in thawing of slowly frozen meat. In addition, mus-
cle fiber shrinkage and distortion are minimized during
fast freezing, resulting in near normal ultrastructure in the
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frozen state. Volume changes are less and periods of crys-
tallization are shorter than in slowly frozen muscle and,
consequently, mechanical damage is correspondingly less.
Filament-like ice crystals entrap solutes and thus mini-
mize the ion concentration effect. In addition, smaller and
more numerous ice crystals in rapidly frozen meat reflect
more light from meat surfaces, resulting in lighter color
than that of slowly frozen meat (158).

Conditions under which frozen meat is stored are even
more important for maintaining quality. The length of
time frozen meat may be successfully stored varies with
species, type of product, freezer temperature, temperature
fluctuations, and quality of wrapping and/or packaging
materials. In general, lowering storage temperatures may
extend storage time of all types of frozen meat. Rates of
chemical deterioration are greatly reduced by freezing,
but reactions such as oxidative rancidity continue slowly
even in the frozen state. Most chemical changes could
essentially be eliminated by reducing temperatures
to �80°C, but such temperatures are not economically
feasible in most storage facilities. Growth of putrefactive
and spoilage microorganisms, and most enzymatic reac-
tions, are greatly reduced, if not entirely curtailed, at tem-
peratures below �10°C. In general, storage temperatures
of less than �18°C are recommended for both commer-
cial and home freezer units. Most of these units operate at
temperatures between �18 and �30°C. Although it is
expensive to maintain the lower temperatures of this
range, length of meat storage life may be significantly
extended (158).

Temperature fluctuations during frozen storage
should be avoided as much as possible, to minimize the
ice crystal growth, formation of large crystals, and associ-
ated drip losses. Almost all water in meat is frozen at
about �18°C. However, as temperature increases,
unfrozen proportions increases and become especially
marked above �10°C. Small ice crystals are thermody-
namically less stable than large crystals. Water molecules
migrate from small crystals through unfrozen pools of water
to recrystallize and form large ice crystals. Migration,
recrystallization, and ice crystal growth are enhanced by
relatively high storage temperatures and by temperature
fluctuations. Fluctuating storage temperatures also may
cause excessive frost accumulation inside packages, much
of which is lost as drip upon thawing (158).

Acceptable quality may be maintained in frozen meat
products for several months, only if certain critical pack-
aging requirements are met. These requirements include
use of vapor proof packaging material to keep moisture 
in and oxygen out of packages. Moisture losses, due to
improper packaging materials or techniques, result in
dehydration and freezer burn, and oxygen from air in
packages causes oxidative changes, including rancidity.
Another requirement for quality maintenance for extended
periods of time, is to eliminate as much air as possible

from packages. Other requirements include use of odor-
less, grease proof packing materials that are strong when
wet and resist scuffing, tearing, and puncturing under nor-
mal handling conditions (158).

The amount of time meat may be held in frozen stor-
age, while maintaining acceptable quality, depends on
degree of saturation of meat fats. Since fish, poultry and
pork fats are more unsaturated than beef and lamb fats, they
are more susceptible to oxidative changes. Hence, recom-
mended frozen storage times differ for various species.
Gradual decreases in flavor and odor acceptability during
frozen storage are primarily due to oxidation of lipids
(158). The freezing process causes changes in the struc-
ture and color of the muscle. Storage temperature, light
intensity, type of display area and packaging all affect the
rate of deterioration. The color of frozen meat is known 
to vary with the rate of freezing. Taylor (164, 165) found
that, with lower freezing rates, the appearance of the pro-
duct changed and at very low rates, there was a marked
development of translucence leading to a lighter product.
Zaritky et al (166) concluded that small crystals, formed
by fast freezing, scattered more light than large crystals
formed by slow freezing and hence, fast frozen meat was
opaque and pale and slow frozen meat was translucent 
and dark.

Length of frozen storage is influenced by processing
state of meat products i.e., fresh, seasoned, cured, smoked,
precooked, comminuted, or chemically preserved. Salt
enhances development of rancidity, and processed meat
products containing salt have limited frozen storage life. It
is generally recommended that cured and smoked products
not be stored frozen or stored only for very limited time.
Sliced meat products such as bacon and luncheon meat,
should not be frozen unless vacuum packaged because air
incorporated during slicking, together with contained salt,
lead to rancid flavor development in a matter of days or
weeks. Precooked frozen meat and poultry products lose
their “fresh cooked” flavor during frozen storage and
develop “warmed over” flavor due to lipid oxidation.
These oxidative changes increase with cooking time, but
are minimized to some degree by treatment with polyphos-
phates, bases or gravies. Oxidation is inhibited by pH
increases caused by polyphosphates and by natural antiox-
idants present in many bases. Frozen storage life of pre-
cooked meat products also may be extended by packaging
in inert gas, such as nitrogen, in which case elimination
of oxygen from packages is responsible for inhibition of
oxidation (158).

Sensory quality after freezing in restructured meat
products can be similar to that of processed meats. In the
manufacture of restructured products, there are additional
factors which may also accelerate the rate of discolor-
ation, which is the main sensory quality altered by low
temperature storage. Of these factors, (1) grinding and
mixing (167), (2) addition of sodium chloride (168, 169),
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and (3) tempering of frozen meat logs (161) attribute also
to loss of sensory appeal. Several serious problems,
namely, color instability and fat oxidation, are encoun-
tered in restructured meats. Variable color patterns of
restructured meat, especially beef products, continue to
trouble processors, and color instability is a prime limita-
tion to acceptance of restructure meat products in the
retail trade (170).

Cured meats develop rancidity more rapidly than
frozen fresh meats. It is customary to freeze bellies or
hams only before curing. In addition to rancidity, changes
in flavor and texture occur in frozen cured meats. The rel-
ative stability of refrigerated cured meats decreases the
need for frozen storage; however, the end user may desire
to freeze portions of large products, such as ham. This can
be done if the meat is properly wrapped and not held in
the freezer for more than a few weeks. Longer storage
periods lead to flavor changes (163). Mitchell et al (171)
found that while freezing and thawing steaks did not seri-
ously affect the quality of the meat, steaks cooked directly
from the frozen state were more juicy and had more flavor
than those thawed first. However, they found that steaks
thawed before cooking were slightly more tender than
unthawed steaks, although there was little difference
between steaks thawed in a microwave oven, in a refriger-
ator, or in air, a result also established by Moody et al (172).
The lower juiciness ratings for thawed steaks were attributed
to drip loss during thawing (173).

The thawing process probably does greater damage to
meat than freezing. Several factors are responsible for
damaging effects occurring during thawing. Thawing
occurs more slowly than freezing, even when temperature
differentials are the same. Further, temperature differen-
tials in thawing are generally much less in practice than
those used in freezing. During thawing, temperatures rise
rapidly to the freezing point, then remain there throughout
the entire course of thawing. This situation increases the
duration of thawing compared to freezing and provides
greater opportunity for formation of new, large ice crystals
(recrystallization), for increased microbial growth, and for
chemical changes. Thus, time-temperature patterns of
thawing are more detrimental to meat quality than those
of freezing (158). Time required for thawing frozen meat
depends on a number of factors: (1) temperature of meat,
(2) thermal capacity of meat (lean products have higher
thermal capacities and therefore thaw more slowly than
fat products), (3) size of meat products, (4) nature of
thawing medium (water provides faster heat transfer than
air), (5) temperature of thawing medium, and (6) move-
ment of thawing medium (158).

Factors affecting quality of frozen meat can be
ranked, in order of importance as follows: (1) frozen stor-
age conditions, (2) thawing conditions, (3) freezing rate,
and (4) prefreezing treatment and handling. Frozen storage,
as conducted under commercial and household conditions,

is the most damaging phase in handling and processing of
frozen meat. Even though damage due to recrystallization
of ice occurs during thawing, it is generally less severe
than that occurring during storage because of shorter times
involved. Original differences in product quality, caused
by fast rather than slow freezing rates, gradually diminish
during several months of frozen storage. In addition, cook-
ing further reduces differences in quality caused by dif-
ferent freezing rates (158).

The single factor exerting most damaging effects on
meat products during frozen storage is temperature, par-
ticularly as it fluctuates. Deleterious effects produced by
temperature primarily result from ice crystallization.
Damage occurring during frozen storage can be minimized,
but not entirely prevented, by maintaining low, constant
storage temperatures, and by limiting duration of frozen
storage (158). During freezer storage an excessive loss of
moisture from meat surfaces will result in localized areas
of dehydration and discoloration. This condition is called
freezer burn and is characterized by cork-like texture and
gray to tan coloration. It can result when wrapping and/or
packaging materials have been punctures, or when mois-
ture-proof wrapping and/or packaging is not used.
Improper maintenance of temperature, with frequent
cycles of partial defrosting followed by refreezing during
storage, also contributes to freezer burn. During develop-
ment of freezer burn, proteins become denatured and rehy-
dration is poor. Meat with severe freezer burn is dry and
tasteless or, if oxidative rancidity has developed, bitter
in flavor (158). Freezer burn can be prevented by a skin-
tight covering (moisture-impermeable film or dip or spray
coatings) or an ice glaze (163).

Freezing may cause damage to meat structure, partic-
ularly if it is frozen too slowly. Water may collect extra-
cellularly and freeze in large pools, forming spikes of ice
crystals that puncture muscle fibers, releasing even more
moisture. Physical damage caused by slow freezing
results in great loss of fluid from meat when it is thawed.
This fluid collects in packages upon thawing, and is called
drip. Excessive drip results in unattractive packages, loss
of nutrients, and dryness in cooked meat (158). Profound
effects on the structural and chemical properties of mus-
cle foods, including changes in the muscle fibers, lipids,
and proteins result from slow freezing. All of these have the
potential for significantly influencing the quality attributes
of meat and meat products.

Alterations in protein have been observed in frozen
meat. Sarcoplasmic proteins are less soluble after freezing
muscle tissue. The total extractable protein, sarcoplasmic
protein and actomyosin extractability decrease with frozen
storage. Evidence indicates quality of protein and fat dete-
riorates, and comminuted products manufactured from
frozen meat block components gradually decrease in qual-
ity characteristics (163). While Miller et al (174) found no
acute emulsion instability during 37 weeks of storage, the
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trend indicated an eventual failure on further storage. The
first signs of change were evident after only one week of
freezing and by 25 weeks all observed characteristics
showed significant degradative changes.

During refrigerated storage, meat loses moisture from
its surfaces, resulting in weight loss called shrinkage. Other
than economic losses associated with shrinkage, loss of
moisture during the first few days of refrigerated storage
seldom has adverse effects on meat acceptability. How-
ever, physical changes accompanying shrinkage during
prolonged refrigerated storage include surface dehydra-
tion and discoloration (158).

The texture and consistency of meat render it highly
susceptible to the absorption of volatile materials. Meat
tissues readily absorb aromatic compounds from other
foods, such as apples or onions. Consequently, off-flavors
may occur when meat is stored in the presence of such
products (158). The beneficial effect of low temperature
storage is the tenderization of meat. Beef increases con-
sistently in tenderness as freezing temperatures are lowered.

The morphology of ice in the frozen tissue and the
size and distribution of ice crystals formed in the intra- or
extra-cellular spaces are particularly important. These
cause changes in the water-holding capacity of the mus-
cles when thawed, in the texture, and in the surface color.
Freezing of meat results in an increase in the amount of
drip fluid when the meat is thawed, causing changes in the
sensory properties of the meat after it is cooked.

The rate of freezing is of great importance, especially
between �1° and �4°C (30–25°F). When frozen slowly,
ice crystal formation starts in the aqueous intracellular
compartments. Subsequently, water in the connective tis-
sue freezes due to a lower salt content than muscle tissue.
The remaining water is more concentrated and the higher
osmotic value will result in water diffusing out of the mus-
cle cell and condensate on the outer cell ice. Eventually,
the intracellular water will freeze. Under improper freez-
ing conditions, ice crystals may grow to 150 �m (diameter)
and damage the muscle cell (141). When the critical tem-
perature (�1 to �4°C; 30 to 25°F) is passed rapidly
(within 80–120 minutes), the water in the muscle cell
freezes before substantial diffusion can occur. The exis-
tence of numerous small ice crystals limits the risk for cel-
lular deformation. Fluctuation in storage temperature may
permit the small ice crystals to thaw, leading to recrystal-
lization and the formation of large crystals. This may lead
to extensive membrane damage and subsequent problems
with increased rancidity and drip or purge (141).

Deteriorative changes occurring during freezing are
often due to oxidation. The oxidation of meat during
frozen storage is largely due to changes in the triglyceride
fraction. Susceptibility to lipid oxidation is influenced by
species differences, as well as differences between tissues.
For example, beef lipids are more stable than those of
chicken white meat. Temperature and length of holding

can alter the rate of oxidation of lipids in meat. Even
at �30°C (�22°F), lipid oxidation may occur. Oxidation
during frozen storage is especially a problem with
processed meat products, as salt acts as a catalyst in
oxidative reactions. Auto-oxidation proceeds faster during
storage at high temperatures. The susceptibility of frozen
food systems to oxidation is related to low water activity.
Whereas fresh meat has a aw of 0.99, muscle tissue frozen
at �18°C (0°F) has a aw of 0.60. At water activities of
0.60–0.80, heme pigments appear to initiate lipid oxidation.
Porcine myoglobin seems less stable to oxidation than
myoblobin from other species. Other substances found in
meat products are also known to accelerate oxidation.
Lipases and liposydases will, especially at a lower pH,
induce lipid oxidation and rancidity (141).

Color deterioration of frozen meat can be a problem.
Freezing accelerates metmyoglobin formation, causing an
undesirable color change. Rapidly frozen meat is lighter in
color than slowly frozen meat. Localized tissue dehydra-
tion, or freezer burn, may result in a lightening of dark tis-
sue or a browning of light-colored tissues such as chicken
skin. Freezer burn is an irreversible condition. It may be
prevented by proper packaging. Even with proper freezing
techniques, a concentration of soluble salts within the
muscle cell will occur. This will cause denaturation of 
proteins, and the pH of the product will change (141).
MacDougall’s (147) contention that major color problem
during frozen storage was photo-oxidation of pigments
indicating therefore that meat was best preserved by alu-
minum foil packaging. MacDougall’s theory (147) that
frozen meat oxidized from the surface inwards (compared
to fresh meat, which oxidized from the interior outwards)
can be demonstrated by the use of packaging techniques.

Freezing of muscle foods should not start before rigor
has set in. The primary textural change occurring in prop-
erly frozen red meats and poultry is an increase in poros-
ity. Freezing and frozen storage of seafood can result in an
undesirable textural change. The muscle may become
tougher, drier, and lose its water-binding capacity. The
overall decrease in protein extractability is attributed pri-
marily to alterations in the myofribrillar fraction (myosin-
actinomyosin binding). The nature of the reactive groups
responsible for the aggregation is not well understood.
Formaldehyde, a product of decomposition of trimethy-
lamine oxide, is highly reactive with a variety of func-
tional groups and it has been suggested that it is involved
in the covalent cross-linking of proteins in frozen-stored
fish. The loss of water-binding capacity is probably due to
an increase in the number of cross-linkages between
myofibrillar proteins. As fish lipids contain highly unsatu-
rated fatty acids, fish muscle is very susceptible to oxidation
(141, 175).

Thawing of meats has been a largely ignored subject.
Slow thawing will result in a better product than fast thaw-
ing, meaning that thawing at refrigeration temperatures is
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preferable to thawing at higher temperatures. Thawing time
should be too long, as it may lead to microbial growth. An
important consideration in a thawed product is the amount
of exudate. The exudate, containing soluble proteins, vita-
mins, and salts, will be increased when cell damage is exten-
sive. Slow thawing allows for reabsorption of the fluids by
the tissue (141).

Bulk frozen meat, typically in block form of up to 25 kg,
can be processed immediately at temperature of �20°C
to �30°C or below. Heavy duty pre-breakers in the form
of guillotines, chisel-type implements or strong cutter
blades can rapidly reduce whole blocks into pieces suit-
able for further comminution (157). Similarly, heavy duty
mincers or similar machines can operate at very low tem-
perature and effectively reduce meat into small particles.
However, the brittle state of meat and the ice contained
within the tissues at these temperatures causes consider-
able shattering of muscle and fat structures, with the con-
sequences of the meat being in a very finely fragmented
state. This can be desirable for very fine comminutes of 
a homogenous character, but undesirable for products
where larger particles and retention of muscle structure
are required (157). The temperature at which the pre-
breaking of frozen meat blocks takes place can have a
major influence on the ultimate particle-size distribution
of comminuted products, with meat pre-broken at lower
temperatures having smaller particles. The perception of
particle size is itself a key determinant of burger texture
(176). The breakage of meat and the considerable defor-
mation of internal particle structure, often to the structural
level of individual muscle fibers, is characteristic of minc-
ing/grinding and in turn determines the particulate charac-
ter of many burger, sausage, and other meat products (157).

Beef could be satisfactorily preserved in the frozen
state for at least 554 days at temperatures below 0.9°C. 
A later report (177) indicated that uncured pork cuts were
in an excellent state of preservation after being stored for
9 months at �35.5 to �36.7°C and that such cuts were still
edible after 16 months under these conditions. A recent
report (178) indicated that uncured pork chops and roasts
could be stored at �30°C for at least 196 days, regardless
of the protective wrap used.

Frozen storage does not affect any of the surface or
partial compression properties of meat. However, on the
first bite fresh samples are slightly more cohesive and dur-
ing mastication are chewier, require a greater number of
chews, and are more cohesive than frozen and thawed
samples. However, stored samples release slightly more
moisture during mastication. After swallowing, the mouth
coating from fresh samples consist of a higher proportion
of particles, and the particles from fresh samples consist
of a higher proportion of appropriate residual particles
described as being fibrous, grainy, crumbly, and mealy,
while the particles from stored samples consisted of a higher
proportion of appropriate residual particles described as

being fibrous and grainy. As a result of these differences,
stored samples received higher texture amplitude ratings
than their stored counterparts.

Present findings clearly indicated that freezing, frozen
storage, and thawing produced beneficial effects on texture
properties that enhanced texture amplitude. Such effects
resulted in a slight tenderizing effect, a slight improvement
in juiciness, and a breakdown to move appropriate parti-
cles, as evidenced by stored samples being less cohesive,
easier to chew, and releasing more moisture during masti-
cation. However, it is also clear that freezing, frozen stor-
age and thawing produced detrimental effects that
detracted from flavor amplitude. For instance, the higher
moisture release during mastication observed substanti-
ates previous findings that the juiciness of pork roasts
improved slightly with freezing and frozen storage (178)
and is on agreement with the results of Tuma (179) on beef.
In addition, present findings that pork loins were less
cohesive during the first bite and mastication, and were
less chewy and required fewer chews during mastication
lends support to, and aids in explaining, previous reports
that the tenderness of meat improved during freezing and
frozen storage (180, 181, 182, 183, 184, 178). However,
the low flavor amplitude ratings received by frozen and
thawed samples clearly indicates that freezing, frozen
storage, and thawing results in a less appropriate and less
well balanced and blended flavor. Present findings also
appear to be in agreement with previous conclusions that
uncured pork palatability can be maintained for at least 6
months (177, 178).

Furthermore, present findings regarding moisture
release, cohesiveness, and chewiness coupled with the fact
that frozen and thawed samples appeared to break down to
more appropriate particles clearly indicated that freezing
and frozen storage is beneficial to the textural properties
of pork loins. There is some evidence (185) that rapid freez-
ing affects a greater tenderization because the ice crystals
are formed within the muscle fibers, causing a disintegra-
tion of the fiber with an accompanying increase in tender-
ness. In one study comparing the eating quality of rib
roasts of beef frozen under ten different conditions, it was
concluded (186) that the more rapidly the meat was frozen,
the better was its all-round quality. It has been claimed
(187) that freezing is important in the maintenance of
“bloom,” or fresh appearance of poultry. This report refers
to a “dark color which results from slow freezing.” With a
lower freezing temperature and hence a faster rate of cool-
ing tenderness appears to be somewhat improved. As far
as the authors are aware, there is no satisfactory data to
indicate that freezing, regardless of its rapidity, has an
important effect on other palatability criteria in meats.
Appearance, odor, and taste seem to be unaffected. Some
(188) claim that a short interval between formation of the
first ice crystals and the complete freezing of the fruit is
essential for the maintenance of texture, palatability, and

58-30 Handbook of Food Science, Technology, and Engineering, Volume 2

DK9848_C058.qxd  14/Oct/05  07:24 PM  Page 30



satisfactory superficial appearance. There is little question
that freezing does “tenderize” or soften vegetable tissues.
The final test — and the ultimate one, that of appearance,
odor, flavor, texture — was equally negative. The slow-
frozen vegetables were as acceptable to the palate as the
fast-frozen ones. However, it does seem evident that rapidly
frozen fish have a higher taste-panel acceptance than very
slowly frozen ones. In appearance, odor, flavor, and nutri-
tive value, the home-frozen product can usually vie with the
quick-frozen food in commerce as being a quality item.

H. POULTRY AND EGGS

1. Poultry

Flavor, texture and juiciness of smoked broilers stored
at �18°C for up to 12 months does not change (189).
When broilers are fed with a diet containing rosemary and
sage, and frozen stored at �20°C no rancidity is detected
after 4 months (190). Chicken hot-drumettes containing 2%
cayenne pepper are scored 2.5 after cooked (1 � no hot-
ness, 5 � extremely hot) after four days of frozen storage
(191). A duo-trio sensory evaluation of the flavor of breast
meat from broilers fed with marine algae, vacuum pack-
aged, and frozen stored at �23°C showed no changes
among fresh breast samples and frozen stored samples
after 3 days of storage. Feeding 5.5% marine algae or 2.1%
menhaden oil increase the flavor scores after 82 days of
storage (192). Leg meat frozen produces more substantial
oxidative decomposition of fats (193). The evidence indi-
cates that juiciness, tenderness, and general palatability of
broilers are the same whether the birds are frozen with 2
hours of slaughter or are held until the body temperature
has dropped to the temperature of the cooler. Furthermore,
as the period between slaughter and freezing is increased,
the greater is the tendency for the fat in poultry to turn
rancid during zero storage (194).

Frozen turkey breast does not show rancidity after 150
days of frozen storage. Oxidized aromas are normally
detected. Color scores increase if the level of vitamin E in
their diet is increased. In mechanically deboned chicken
and turkey meat stored frozen for 6 months, some color is
lost but still acceptable for use in emulsion products (195).
Chicken thigh meat patties formulated with 5 to 20% fat,
cooked and stored for up to 9 months does not show ran-
cidity (196). Patties made with ground, dark turkey meat
frozen and kept for 3 weeks are scored low if only
polyphosphates or water are added but those with alkaline
tripolyphosphates receive higher sensory scores (197).

2. Eggs

Partial freezing, light freezing or super chilling has been
used to preserve freshness of food products. Liquid whole
egg, liquid yolk and liquid yolk stored at �0.5 and �3°C
temperature for up to 50 days length of storage do not affect

the palatability test for scrambled eggs (198). Liquid eggs
are used as ingredients in candy, baked good, salad dress-
ing, and ice cream. One-third of all pasteurized liquid egg
is frozen prior to distribution to extend shelf-life. It has
been reported that pasteurization and frozen storage influ-
ence liquid egg rheological properties and functional
properties such as emulsifying properties, decrease in
foaming and whipping. Pasteurized frozen eggs stored for
up to 80 days show changes in the solubility of certain
proteins such as lipovitellin and livetin, which are respon-
sible for the emulsifying properties of eggs (199, 200).
The lumpy character of the thawed yolk is an undesirable
quality that generally must be avoided. Egg yolk subjected
to linear electron beam irradiation at �2.5 kGy dosage
and frozen stored at �15°C for 60 days show that hue of
irradiated samples is more yellow than the nonprocessed
samples after 60 days of frozen storage. The saturation
index is lower for the irradiated samples. Storage effect in
redness and hue are also observed. Color of egg yolk
becomes slightly less reddish yellow during storage or the
yolk lost pigment during storage (201).

I. PEANUTS

Roasted peanut paste kept at �20 and �10°C does not
change its sweetness sensory attribute; however, bitter-
ness (cause by saponins) and tongue burn tends to change
over frozen storage. The most important sensory attribute
that changes over frozen storage is ‘staling’ that is used to
describe light lipid oxidation and the characteristic flavor
that results. This attribute has also been described as ‘old,
cardboardy, strawberry-like note.’As lipid oxidations pro-
gresses, changes are described as ‘painty.’ The fruity
attribute in roasted peanut paste develops from abusive
environmental and handling exposure but also increases
over frozen storage. There is no change for the ‘roasted
peanut’ attribute during storage at low temperature (202).

J. SOYBEANS AND SOY PRODUCTS

Food companies and consumers alike use the versatile raw
ingredient known as soybeans in various food products for
numerous reasons. Soy concentrates have the ability to
bind and hold natural flavors and moisture, resulting in
products that stay moist and flavorful even after reconsti-
tution in conventional, convection, or microwave ovens
(203). Soy flour has a blander flavor and is able to retain
meat juices; while many lactose intolerant individuals con-
sume soymilk. As a result, soybeans and their constituents
are gaining popularity and usage in the food industry.

Soybean producers claim that consumers seek the
sweetness, pleasantness and firm, nut-like texture of the
soybean. Young et al (204) has reported that females are
likely to purchase frozen soybeans to use in recipes as an
alternative to meat as a result. However, if improperly
processed, soybeans and soy products develop objectionable
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off-flavors and off-aromas. Bitter, astringent, and sour fla-
vors are common flavor defects reported in soybean-based
products. A chalky texture may be detected in some pro-
ducts such as soymilk due to improper processing. In other
soy protein products, the freeze-thaw cycle will result in a
gummy and unacceptable product. These off-flavors and
textures are important limiting factors in the use of soy-
beans and soy constituents in products that are shelf sta-
ble and/or frozen. These off-flavors may be the result of
the high proportion of unsaturated fatty acids found in raw
soybeans. There are two major interrelated causes for
development of such flavors. One is the high proportion of
unsaturated fatty acids, particularly linolenic acid, in the
soybean oil fraction, and the other is the abundant pres-
ence of lipoxygenases in soybeans. The enzyme catalyzes
the oxidation of polyunsaturated fatty acids of soy lipids,
producing hyperoxides. Degradation of hyperoxides leads
to formation of various types of volatile compounds, many
of which have an objectionable odor or flavor, described
as beany or greeny.

Soymilk and soy products tend to have an objection-
able aftertaste that has been described as sour, bitter, and
astringent. These undesirable characteristics probably result
from the presence of some minor compounds in soymilk
including phenolic acids, saponins, oxidized phospholipids,
and isoflavones. Soymilk, if it is not properly processed,
tends to have a chalkiness defect. The freezing of this
product tends to worsen this defect (205).

There are many different soy derived products that are
incorporated into foods for functional, nutritional, pro-
cessing, and other properties. These ingredients can actu-
ally improve the nutrition, flavor, texture, and consumer
acceptance of foods. If properly formulated, these types of
soy based or enhanced foods freeze well with little detri-
mental attributes developed in the freezing process.

Soybean isolate is made from a spun soybean oil and
is almost flavorless and the taste of which, therefore —
exclusive of texture — depends to a large extent upon the
quality and expertise involved in adding the flavors.
Freezing has the tendency to make soybean isolates
gummy. However, depending on the product in which it is
incorporated, this may or may not lend the product unac-
ceptable. Soy protein isolates have been perfected that
make possible a hot dog that contains only 3% fat, yet
cannot be differentiated in flavor and texture from those
one might be accustomed to and are competitive in price.
These types of soy products tend to freeze well with vir-
tually no loss of flavor or texture quality.

Extruded soybean extender, which can be in dry form
as flour or pellets, often has off-flavors and must be blended
with products or must have flavors or spices added that are
strong enough to override the flavor of soy itself. Typically,
this product freezes well and due to the nature of the fla-
vor system, is not seen as being hindered by freezing. For
example, there is a great deal of meatless chili made, both

frozen and unfrozen, and the strong chili-powder flavor
completely dominates the mixture. In this case, the soy
extender is added to give the texture of the meat without
the much higher cost of meat. There are even “beef” stews
of this sort with no beef at all in them, but the generous
quantity of spices present in all such stews drowns out the
beany flavor of soy (206).

Formulating with textured soy proteins or such exten-
ders is more complex than a direct substitution of another
type of muscle food into a food system. Processors some-
times forget that meat is naturally about 80% water and
when an extender is used that absorbs too high a quantity
of water it changes the texture and flavor of the beef by
increasing the percentage of water to solids. If the product
is frozen, this leads to an unacceptable product. Often too,
saturation occurs, the cells become ruptured and the pro-
duct becomes separated and soggy. This is an unacceptable
quality attribute for products of this type.

Soy meat extender has also proven valuable in impart-
ing proper texture to mechanically de-boned meat. This
product tends to freeze well and no “off” flavors or texture
attributes are typically observed. Soy flour has the advan-
tage of holding the juices in meats. Its disadvantage is that
of taste and physical feel in the mouth.

Soy proteins are used extensively in breads, doughnuts,
rolls and sweet goods. They are not necessarily cheaper
than the flour they replace, but they hold the moisture levels
at an accepted and desired level thereby producing a better-
textured product. Some of those using it don’t know whether
to attribute the better texture to moisture retention or to some
interaction of the soy proteins with the other ingredients
that has not been adequately researched as yet (203).

Soy-protein burgers, with taste and mouthfeel of beef,
are an excellent source of protein. The grain-based burg-
ers are usually higher in dietary fiber and are marketed to
people who want a convenient food that has interesting
textures and flavors, not necessarily imitating meat. The
only caution is to avoid freeze-thaw cycles, because they
make soy protein products gummy. However, most of
these products are found in the grocer’s freezer case, and
are accepted well by consumers.

When used as emulsifiers, binders, moisture retainers,
and stabilizers, soy proteins can alter or improve the appear-
ance, taste, and texture of the finished product. Flavor-wise,
the white flake (soy flour and soy grits) has a bitter, beany
taste. The toasted product is darker in color and the enzyme
and anti-trypsin activities are destroyed (207). The flavor
is also improved to the point where it takes on a sweet nut-
like taste (208). The intermediate or cooked product has
properties between the two.

Although the cost of soy protein concentrate is more
than double that of soy flour (18½–28 cents per lb.), it is
rapidly replacing the soy flour used in emulsion products
because of its blander flavor. Soy protein concentrates
tend to become over-saturated and are unable to retain

58-32 Handbook of Food Science, Technology, and Engineering, Volume 2

DK9848_C058.qxd  14/Oct/05  07:24 PM  Page 32



moisture when incorporated into certain food systems and
then subjected to freezing. Product shelf-life can be short-
ened if the temperature of the freeze-thaw cycles is not
carefully controlled.
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I. INTRODUCTION: THE NOTION OF 
A MEGA STUDY AND CONCEPT
RESPONSE DATABASE FOR FOOD AND
BEVERAGE

One of today’s pressing needs is to better understand the
mind of the consumer in order to spot newly emerging
trends in the market, and to capitalize on them. Data them-
selves are no longer the choke point in the market.
Researchers and businesses are awash in data. Data that
cannot be easily obtained by subscribing to information
services can be obtained by commissioning a custom
study. In one way or another the marketer, the product
developer and the researcher can answer most of the ques-
tions about new and current products, advertisements, and
consumer attitudes.

Given this abundance of information the question one
might naturally ask is why bother with more data? What
is missing? Why would the rational businessperson invest
in new data when there is so much data from which to
choose? The answer is quite simple. There are lots of
sources of data, but unfortunately there is no systema-
tically developed database about the “mind of the con-
sumer” that can be interrogated to identify patterns of
what communications about products drive acceptance.
The situation in the food world today can be likened to an
amalgam of differently sourced computer programs that
perform the gamut of tasks from spreadsheets to presenta-
tions to document control and preparation. Until Microsoft
came out with its Office Suite® there were many relatively
unconnected alternatives for each task. Going from one task
to another, e.g., from document preparation to computation
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to presentation, meant learning all sorts of new tasks, find-
ing how to do things, and then doing the task. In the mean-
time the effort was spent on learning the steps to move
from one system to another, rather than on the information
to be communicated.

There is no systematic knowledge or database available
to understand how consumers respond to different brand
names, features of products, emotional aspects of products,
or aspects of the buying situation. Most of the knowledge
resides in unrelated sources, such as corporate offices,
trade and academic journals, and the experience of devel-
opment and marketing professionals. A lot of information
resides in disparate documents available to the public and
accessed either by some intelligent search engine such as
Google®, or by some “pay-as-you-go” system such as
Lexis/Nexis®. A cross-sectional and longitudinal database
to understand the “algebra of the consumer mind” is a
major contribution to academic and business oriented
product development, marketing, and consumer sciences.

This article presents the structure of the integrated
database for food and drink, showing how consumers
respond to messaging about food, and how their responses
can be better understood by looking at how the respon-
dents profile themselves in a classification questionnaire.
The approach is known as the It!™ system. It!™ uses the
power of primary research, with a powerful, state of the
art research tool (conjoint measurement), executed in-depth
for specific categories, and applied to a related set of
20–40 different related products or services. This approach
generates one integrated mega-database. Through this
integrated database of 20–40 related studies in a specific
area it becomes possible to:

1. Identify the features and messages that drive
interest

2. Compare these features and messages across
different but related product categories

3. Divide people by their profile of attitudes
4. Segment consumers on the basis of the pattern

of features and communications that interest
them

5. Prescribe new product concepts based upon the
winning elements for each segment

6. Assess trends in the population based upon the
patterns across years of utilities from the con-
joint measure

The “mega-categories” for the food and beverage
industries that have been already developed using the
approach below are:

1. Food acceptance (reported here as the Crave
It!™ Study), for the US and European respon-
dent, and for teenagers

2. Healthful foods (Healthy You!)

3. Beverages (Drink It™)
4. Fast Foods (It’s Convenient)

However, the approach to create these “mega-studies”
and their databases has further been used for a number of
other categories outside of food such as

5. Insurance (Protect It!™)
6. Consumer Health
7. Charity (Give It!™)
8. The shopping situation (Buy It!™)
9. Personal items (mine™)

10. Financial investments (Finance It!™)

II. THE BASIC TOOL FOR CONCEPT
RESEARCH — CONJOINT ANALYSIS

Conjoint measurement refers to a set of research proce-
dures, often called trade-off analyses. The idea behind con-
joint measurement is that the respondent cannot easily tell
the researcher how concept elements might work in com-
bination, but can respond to concepts as a tonality from
which the behavior of the individual concept elements can
be deduced. For the researcher to understand the dynam-
ics of concept elements requires an experimental design,
or systematic combination of different concepts in such a
way that the part-worth contribution of each element can
be readily measured. Conjoint analysis uses the experi-
mental design as a structure within which to combine the
concept elements systematically, and then requires respon-
dents to rate the concept as a totality (1). From the set of
ratings assigned to the concepts the researcher deduces the
contribution of the component elements. Conjoint analy-
sis has evolved into a widely used, well respected tool for
the practical development of concepts in the business
community (2, 3).

Conjoint analysis can take several forms, such as the
direct selection of alternatives for the concept elements
(so-called trade-off analysis), or response to complete
concepts (called full profile). No matter which approach
the researcher selects, the goal is always to identify the
utility or contribution values of the individual elements.
Conjoint analysis was developed in the 1960s as a basic
measurement technique by mathematical psychologists
(4), but soon found a home in the marketing community
(5). More recent adaptations have moved the method to
handle hundreds of elements (6), and have seen the migra-
tion of the approach to the Internet (7).

A. SETTING UP THE STUDY

The concept elements appear independently, as prescribed
by the experimental design. The experimental design
ensures that the elements appear statistically independently
of each other, allowing regression to be used. Various
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methods are used to create the design. Elements cannot be
randomly combined, but rather appear in a systematic
fashion, dictated by the experimental design. Table 59.1
presents a specific experimental design, comprising four
variables (A,B,C,D), and six options for each variable 
(1–6). In some concepts a specific variable may be absent,
denoted by the value “0” for the particular variable, for
that particular concept (e.g., in Concept #1 variables C
and D do not appear).

B. MODELING CONSIDERATIONS

The independence of the concept elements allows the
researcher to create a model using ordinary least squares
(OLS), which relates the presence/absence of the concept
elements to the rating. The OLS modeling follows the
convention of market research, which focuses on the pro-
portion of respondents who say that they are interested in
the concept, rather than focusing on the intensity of inter-
est. To work within the market research framework we 
re-code the concept ratings, so that ratings of 1–6 (low
end of the scale) are changed to the value “0,” whereas rat-
ings of 7–9 (high end of the interest scale; so-called “top
3 box”) are changed to 100. The equation is expressed as
a simple additive model of the form:

Top 3 Box � k0 � k1(Element 1) � k2(Element 2)
… k36(Element 36)

The foregoing equation is written for 36 elements, the
usual case for the mega-study. The additive constant, k0, is
the conditional probability that the respondent would be
interested in the concept if the elements were not present.
The additive constant is a baseline value, estimated purely
from the data, since all of the concepts comprised 2–4 ele-
ments by design. The coefficients k1 …k36 are the additive
or subtractive conditional probabilities that the respondent
would be interested in the concept if the element were
added to the concept.

The utility values for the additive constant or for a
particular element are aggregated across a relatively large
number of respondents to arrive at an average value.
Typically the data should come from at least 20 respon-
dents, at which point the results begin to stabilize (7).

C. SEGMENTATION

Segmentation refers to the division of respondents accord-
ing to specific criteria. The criteria can be developed on
the basis of how the respondents classify themselves (e.g.,
sex, market in which they live, etc.). These segments or
subgroups of respondents typically generate highly corre-
lated utility values. That is, what one subgroup likes its
complementary subgroup will probably like as well. Quite
often the correlations across 36 elements for such com-
plementary subgroups are as high as 0.85 or more, and
quite often above 0.60.

Another way to look at subgroups identifies groups of
respondents in the population with similar response pat-
terns. These are called concept-response segments. Seg-
mentation using utility values is particularly easy using
today’s statistical computing power. The method used for
the mega-studies is known as k-means clustering (8). The
ratings for each respondent are subject to a second analy-
sis by ordinary least-squares, this time without any prior
transformation to 0/100, but rather using the “raw” ratings
assigned by the respondent as the dependent variable.
Each respondent generates a second set of utilities, one
utility for each concept element. The method of k-means
clustering creates an index of “distance” between each
pair of respondents by computing the statistic (1-R),
where R � Pearson correlation coefficient. All of the util-
ities for each pair of respondents are used, with the excep-
tion of the additive constant. The statistic (1-R) can vary
from a low of 0 when the two respondents show perfectly
related patterns (what one person likes the other likes as
well), through a middle value of 0 (where they are not
related), through a high of 2 (what one person likes the
other person dislikes, so the patterns are inverse). The
clustering divides the respondents so that individuals in
the same cluster are “close” to each other based upon the
statistic (1-R); i.e., pairs of individuals located in the same
cluster have low values for this statistic (9).

D. ESTABLISHING CONSISTENCY (AND VALIDITY)
OF CONJOINT METHOD RESULTS

In order for results to be believable one must establish a
criterion of validity. This is especially the case for conjoint
measurement studies executed over the Internet, where
there is no way to ensure that the respondent is paying
attention, and where the interview length may be as long
as 15–20 minutes. Since the conjoint measurement
approach uses ordinary least-squares at the individual
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TABLE 59.1
Example of an Experimental Design
Concept A B C D

1 1 5 0 0
2 6 2 0 1
3 3 2 2 3
4 4 5 6 4
5 6 5 3 5
6 6 0 4 4
7 1 3 2 4
8 2 6 4 1
9 1 4 6 1

10 3 4 1 4
11 0 3 3 3
12 0 2 4 0
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respondent level, it is straightforward to compute a good-
ness-of-fit measure at the individual level. This measure is
the multiple R2 statistic which shows the proportion of
variability accounted for by the equation. The statistic
varies from a low of 0 corresponding to random data, up
to a high of 1.00 corresponding to a perfect relation between
model and data. With 36 elements, the usual number of
elements in a mega-study, empirical data suggests that
80% or more of the respondents show consistent results,
as shown in Figure 59.1.

III. MEGA-STUDY: A BRIEF OVERVIEW OF
THE DATA BASE DESIGN, FIELD 
EXECUTION, AND ANALYSIS

The approach to create the database uses up to 30–40
linked conjoint studies, following these seven steps:

Step 1 — Identify the general topic area and the specific
products for a mega-study. Each mega study comprises
20–40 smaller studies. For example, the aforementioned
Crave It! study reported here really comprised 30 differ-
ent studies. Each study deals with a specific food or bev-
erage (e.g., hamburger, potato chip, coffee). Thus the
scope of the mega-study is larger than a typical study that
deals with a single product or related set of products. The
inspiring metaphor for the mega study is the holistic view
afforded by genomics (10).

Step 2 — Develop the experimental design. Conjoint
measurement works by main effects experimental design
(1). The stimuli or elements are mixed and matched in
such a way as to produce different combinations. The sta-
tistical objective is to identify the appropriate and efficient
experimental design, have a sufficiently large number of

independent elements to provide good content (i.e., wide
range of concept elements), and enough but not too many
concepts to ensure a pleasant interview that does not last
too long. The mega-studies use the same type of experi-
mental design, i.e., four independent variables or “cate-
gories,” and nine alternative concept elements per
category. The experimental design dictates the combina-
tion of these elements into 60 different combinations. Each
combination comprises either one or no element from each
of the four categories. The choice of the experimental
design is dictated by the desire to minimize the number of
combinations that any particular respondent must evaluate,
as well as ensure that it is possible to run an ordinary least
squares regression on the ratings for the individual. The 60
combinations accomplish both objectives.

Step 3 — Identify the categories and the concept ele-
ments. Categories comprise elements that are related to
each other. Thus one category might be “primary attrib-
utes.” The categories are a method for “bookkeeping.” The
experimental design calls for four “silos” or independent
variables, each of 9 elements (E01–E09, E10–E18,
E19–E27, E28–E36, respectively). A single category fits
into a silo. There may be several categories in a single silo,
as Table 59.2 shows. The objective of the bookkeeping
approach using silos and categories is to ensure that a con-
cept contains only one message of a certain type, such as
emotional reward or product description, so that the con-
cept is logically coherent and does not contain fundamen-
tally conflicting information such as two brand names.

The concept elements in one particular study are com-
parable to elements in another. The text of the element is
appropriate for the particular study, but fundamentally
true to the basic overarching design. Furthermore, in quite
a number of cases the same text can be used across the
studies. This common structure across the studies allowed
for meta-analyses, showing patterns transcending a partic-
ular study. Emphasis in each study is on the balance of
functional and emotional elements (11).

Step 4 — Create a classification questionnaire. The
questionnaire deals with different types of issues, such as
geo-demographics (age, gender, income, market), what is
important in making a decision, state of hunger, time of
test, etc. Table 59.3 presents a general set of questions.
Where relevant the different answers are given. The clas-
sification questionnaire remains virtually the same across
individual studies within a mega-study, allowing for com-
parisons across studies.

Step 5 — Invite respondents to participate. Internet-
based research is becoming increasingly easy to execute.
More people are obtaining Internet access each week,
increasing the number of available respondents. No longer
is it a problem to find individuals who have Internet con-
nections, and no longer is the representativeness of respon-
dents on the Internet an issue as it was some years ago.
Various service providers have sprung up to deliver either
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FIGURE 59.1 Distribution of R2 statistic (consistency and
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R2 value exceeding of 0.65 is high significant (p � 0.05).
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TABLE 59.2
Example of Categories, Elements, and their Rationales
El Category Rationale Hamburgers Chocolate Candy

E01 Primary Attributes Basic physical attributes Fresh grilled hamburger A smooth, dense piece of chocolate
E02 Primary Attributes ** (Continuum: basic to A chargrilled hamburger with Smooth appearance with a light

complex/detailed physical attributes) a taste  you can’t duplicate chocolate flavor and a creamy
in some cases … ” healthy” texture

E03 Primary Attributes ** (Continuum: basic to complex/ A grilled aroma that surrounds a Crispy wafers coated in thin layers 
detailed physical attributes) thick burger on a toasted bun of milk chocolate

E04 Primary Attributes ** (Continuum: basic to complex/ Moist bites of bun, burger, Real chocolate made with 
detailed physical attributes) in some and onion ingredients like chocolate, cocoa
cases … ” real” butter, vanilla, and sugar

E05 Primary Attributes ** (Continuum: basic to complex/ Juicy burger with the crunch of White chocolate with crunchy
detailed physical attributes) lettuce and tomato cookie pieces throughout

E06 Primary Attributes ** (Continuum: basic to complex/ Gooey grilled burger with rich Heavy dense chunk of chocolate
detailed physical attributes) sauce and fresh lettuce and with complex flavors, velvet

tomato appearance ... enticing aroma
E07 Primary Attributes ** (Continuum: basic to complex/ Layers of burger, sauce, pickles, Dense chocolate with swirls of dark

detailed physical attributes) and lettuce on a moist chocolate and chocolate sprinkles
sourdough sesame seed bun on the surface

E08 Primary Attributes ** (Continuum: basic to complex/ Lots of crispy bacon and cheese Clusters of chocolate and nuts, with
detailed physical attributes) on a juicy grilled hamburger on caramel & marshmallow 

a lightly toasted bun throughout
E09 Primary Attributes Complex physical attributes; Burger smothered in onions Golden milk nougat with whole

details and cheese almond pieces on top, caramel
drizzled over them and enrobed
with semi - sweet chocolate

E10 Secondary Party pleaser/inviting Burgers are a party pleaser When it’s cold outside, chocolate is 
Attributes/Mood cozy and inviting

E11 Secondary Beverages With a chilled glass of water … With a hot cup of coffee, tea, hot 
Attributes/Mood or carbonated beverage cocoa … or carbonated beverage

E12 Secondary With … With great tasting french fries … Bite size pieces; ready for a fast
Attributes/Mood and that special sauce taste … with a chocolate truffle

filling
E13 Secondary Premium quality/ classic taste Premium quality … that great Premium quality … that great 

Attributes/Mood classic taste, like it used to be classic taste, like it used to be
E14 Secondary Savor it … You can just savor it when You can just savor it when you 

Attributes/Mood you think about it during work think about it during work and 
and school school

E15 Secondary All natural/ changing flavors 100% natural … a real 100% natural … and new choices
Attributes/Mood beef burger! every month to keep you

tantalized
E16 Secondary With all the extras you want … With all the toppings and sides With fruit fillings in any flavor

Attributes/Mood you want … pickles, relish, you want
jalapenos … lettuce, tomato,
chips … whatever

E17 Secondary Imagine the taste … You can imagine the taste as You can imagine the taste as you 
Attributes/Mood you walk in the door walk in the door

E18 Secondary Lick your lips twice … So tasty & juicy you practically So good … you practically have to 
Attributes/Mood have to lick your lips twice lick your lips twice after each bite

after each bite
E19 Emotional Quick/ fun/ alone Quick and fun … eating alone Quick and fun … eating alone 

doesn’t have to be ordinary doesn’t have to be ordinary
E20 Emotional Have to have it … can’t stop When you think about it, you When you think about it, you

have to have it … and after you have to have it … and after you
have it, you can’t stop eating it have it, you can’t stop eating it

E21 Emotional Fills that empty spot … Fills that empty spot in you … Fills that empty spot in you … just 
just when you want it when you want it

(Continued)
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pre-qualified respondents to the study on a pay-per-
respondent basis, or are in the business of sending out
invitations to e-mail lists of respondents, and charging
only by the number of e-mails. The invitation to the
respondent appears in Figure 59.2. An interesting invita-
tion letter generates a large number of respondents, so that
it is important at the time of invitation to provide an incen-
tive such as a chance to win a cash prize (sweepstakes).

Step 6 — Execute the interview on the Internet. The
respondent is first brought to a “wall,” where he can select
the study of interest (Figure 59.3). The wall is set up so that
the least popular study (fewest respondents participating)
is at the top left, and the most popular study (most respon-
dents participating) is at the bottom right. The locations of
the studies are dynamically changed at frequent intervals
according to this rule. This strategy ensures that the stud-
ies are not be biased by location. When the base size
reaches a specific cut-off, the study option disappears and
the button for the particular project disappears from the
wall. After selecting the study, the respondent goes to a
particular interview. The interview is structured, begin-
ning with an orientation page (Figure 59.4), proceeding to
the conjoint analysis portion which presents the test con-
cepts (Figure 59.5), and finishing with the classification
page. At the end of the interview the respondent is shown
the winning concept synthesized for the total panel and
the winning concept synthesized for the respondent him-
self (informational feedback; Figure 59.6).

The basic structure of the experimental design driving
the combination of concepts remains constant, but the par-
ticular combinations of elements vary across respondents
by a systematized permutation. In this way each respon-
dent’s data can be separately analyzed, but there is no need
for concern that a particular combination unduly influences
the results. That cannot happen, because each respondent
evaluates different combinations. For any particular food,
there are 200 different experimental designs created, each
comprising 60 combinations of the 36 elements, 2–4 ele-
ments at a time. A respondent is randomly allocated to a
specific experimental design. No more than three respon-
dents are ever allocated to the same design. This strategy
ensures minimal bias due to a particular combination.

The respondent rates the concept (systematic combi-
nation of elements) on an evaluative measure. For the
Crave It! data base the respondent rates degree of crave-
ability on an anchored 1–9 scale. The anchors are appro-
priate for each scale, located at the low-scale value of 1
and the high-scale value of 9.

The final portion of the interview comprises the self-
profiling classification. The objective here is to have the
respondent profile himself after the conjoint measure-
ment, in order to better understand his geo-demographics,
values, and patterns of behavior pertaining to the specific
food. The information provides a snapshot of how the
respondent sees himself. Furthermore, the results can be
analyzed from the perspective of each particular food.
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TABLE 59.2
(Continued )
El Category Rationale Hamburgers Chocolate Candy

E22 Emotional Cheers you up … When you’re sad, it makes When you’re sad, it makes you 
you glad glad

E23 Emotional Escape routine/celebrations Now you can escape the Now you can escape the routine …
routine … a way to celebrate a way to celebrate special
special occasions occasions

E24 Emotional Multi-dimensional sensory A joy for your senses … seeing, A joy for your senses … seeing,
experience smelling, tasting smelling, tasting

E25 Emotional With family and friends An outrageous experience … An outrageous experience … 
shared with family and friends shared with family and friends

E26 Emotional Ecstasy … Pure ecstasy Pure ecstasy
E27 Emotional Satisfies hunger … It feeds THE HUNGER It feeds THE HUNGER
E28 Brand or Benefit Basic brands/experiences At White Castle From Hershey’s
E29 Brand or Benefit ** (Continuum: basic to premium brands) At Jack-in-the-Box From M&M/Mars
E30 Brand or Benefit ** (Continuum: basic to premium brands) At McDonald’s From Nestle
E31 Brand or Benefit ** (Continuum: basic to premium brands) At Wendy’s From Cadbury
E32 Brand or Benefit ** (Continuum: basic to premium brands) At Burger King From Lindt
E33 Brand or Benefit Premium brands/experiences At Fuddruckers From Godiva
E34 Brand or Benefit Fresh … for you … by you Fresh from the grill, Made fresh … especially for you

especially for you … by you
E35 Brand or Benefit Best in world … Simply the best burger in the Simply the best chocolate in the 

whole wide world whole wide world
E36 Brand or Benefit Safety … With the safety, care and With the safety, care and 

cleanliness that makes you trust cleanliness that makes you trust it
it and love it all the more and love it all the more
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From these self profiling data the researcher can create a
profile of foods and occasions/situations when they are
most desired and/or consumed. It is important to note,
however, that these results are strictly from the self-profiling
done in the classification questionnaire.

Step 7 — Analyze the data, set up the database. The
data from any single study in a mega-study comprises the
utility values from respondents, as well as results from 
the self-classification questionnaire. The utility values are
arranged by total panel and by key subgroups. Subgroups
include respondents of different ages, respondents who
say that they accept a product for specific reasons, as well
as segments of respondents based upon their pattern of
utility values. Each product in a particular mega study
generates its own database. By creating databases with the
same subgroups, and by linking together elements with
the same rationale across studies, the researcher ensures
that database transcends any particular product.

IV. A SAMPLE OF RESULTS FROM 
A MEGA-STUDY; THE CRAVE IT! STUDY

In a short article is impossible to do justice to the contents
of any of the mega-studies. Thus the remaining part of this
article provides the reader with a sense of the type of data
that one might obtain by running these studies. The data
will be taken from the 2001–2002 Crave It! studies, which
dealt with rated craveability of a variety of foods.

a. Number of respondents in a study as a measure
of latent interest in the product. The respondents
can choose any study that they find interesting.
Either the rate at which a study fills up or the total
number of respondents in the study gives a sense
of latent interest. Respondents tend to choose
studies that they find interesting. Table 59.4
shows the final number of respondents, and the
proportion of men and women respondents in 19
of the Crave It! studies (2001 data). The study
was run until every food had at least 150 respon-
dents. Data of this type show that commonly
crave foods include chocolate candy, pizza, and
ice cream. Furthermore, by looking at the pro-
portion of men versus women the researcher gets
a sense of the type of foods that interest the gen-
ders. It is clear from these results that although
women participate more, there are gender-linked
product preferences driving more men to partici-
pate frequently in a study dealing with steak than
in a study dealing with a sweet baked product
such as cheesecake. The foods differ, with men
responding relatively more frequently to protein
items, and women responding relatively more
frequently to fat/sweet products.

b. What aspects of the food or beverage drive
craveability? In the self-profiling questionnaire
the respondent was instructed to select three
answers from a set of 16. Across the full set of
30 foods, and across all 4700� respondents,
the answers most frequently given were “taste,”

TABLE 59.3
Types of Classification Questions Asked in the 
Mega- Studies
Q1: Tell us your gender
Q2: How hungry are you right now? [check one]
Q3: What time is it? [check one]
Q4: Please tell us your age. [check one]
Q5: How often do you eat �FOOD NAME�? [check one]
Q6: Where do you typically purchase �FOOD NAME�? [check two]

M1. Food store
M2. Convenience store
M3. Warehouse or club stores, like BJ’s or Sam’s Club
M4. Superstores, like Wal-Mart or Target
M5. Quick service restaurant, like McDonald’s, KFC, or Taco Bell
M6. Local chain restaurant, like Applebee’s or Friday’s
M7. Local eatery, known only in your area
M8. Specialty shop
Etc.

Q7: Which 3 product attributes MOST influence your craving
for �FOOD NAME�?

M1. Appearance
M2. Aroma
M3. Texture
M4. Taste
M5. Memories
M6. Associations
M7. Brand
M8. Advertising
M9. Packaging
M10. Portion size
M11. Social situation
M12. Mood
Etc.

Q8: On what 2 occasions do you typically crave �FOOD
NAME�MOST? [check two]

M1. In the morning or at breakfast-time
M2. Mid-morning
M3. Around lunch-time
M4. Mid-afternoon
M5. Just before dinner or while dinner is being prepared
M6. After dinner
M7. When shopping in the food store
M8. On the way to or from work or school
M9. After school
M10. Watching TV
M11. When I am alone
M12. When I am with friends or family
M13. When I want to celebrate
M14. When I’m bored and restless
M15. When my hormones are going crazy
M16. When my kids/siblings are bugging me
M17. When I just need to escape
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Take our survey and win CASH!! The more surveys you take, the more
chances to win!!

Are you the kind of person who loves FOOD and DRINK? Whatever you
eat or drink, here is a survey for you! Tell us what kinds of foods and

beverages you CRAVE ... choose from up to 32 different kinds ... then
qualify to receive one of four CASH PRIZES and join one of The

Understanding & Insight Group's exclusive consumer panels.
Simply click on the link below (if your email does not support hotlinks, cut

and paste the link into your browser) and choose one of the easy-to-
answer surveys.

http://12.109.160.54/uics2y4/craveit2002.asp
You will only have until NOON on XXX to complete this survey, so be sure

to respond as quickly as possible. Your opinions are important to us!
Depending on your connection speed, each survey should take between

15 and 20 minutes to complete.
Forward this survey to your friends and family so that we know what kinds
of food and beverages they CRAVE, too! Everyone's opinion is important!

Please be assured that any information you provide will be held in the
strictest confidence. You will not be contacted by any sales or other

research organization as a result of your participation in theis survey.
If you have any difficulty accessing the survey, you can contact Tom

Farrar at testmaster@theuandigroup.com.
Thanks in advance for your input, and have fun!

The Crave IT! Team

FIGURE 59.2 Invitation to participate in a “mega study,” sent to respondents by e-mail.

FIGURE 59.3 The “wall” which shows the available studies. The respondent picks a study and proceeds.
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FIGURE 59.4 Orientation to the study.

FIGURE 59.5 Example of a test concept.
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“thirst,” “aroma,” and “general feel,” as shown
in Table 59.5.

c. How the different elements perform for a single
product (e.g., chicken). The utilities constitute

the heart of the database because they show the
reaction of consumer respondents to the differ-
ent communications. We illustrate the utilities
value with data from the 2002 Crave It! database.
The study dealt with chicken, comprising 241
respondents and 36 elements. Utilities for the
36 elements for chicken appear in Table 59.6,

FIGURE 59.6 Winning concept synthesized for the individual respondent versus for the respondents who had previously participated.

TABLE 59.4
Number of Completes, and Proportion of Men and
Women Respondents for 19 Foods
Food Total Respondents %Men %Women

Chocolate Candy 478 14 86
Pizza 324 33 67
Ice Cream 321 26 74
Cola 239 26 74
Coffee 208 31 69
Cheesecake 173 16 84
Steak 168 44 56
Potato Chips 153 24 76
Chicken 153 27 73
Cinnamon Rolls 152 20 80
French Fries 151 19 81
Taco 151 21 79
Pretzels 151 25 75
Nuts 151 33 67
BBQ Ribs 151 38 62
Hamburger 151 40 60
Tortilla Chips 150 20 80
Olives 150 24 76
Cheese 150 27 73
Peanut Butter 150 31 69

From the 2001 Crave It! Database

TABLE 59.5
Aspects of the Foods that Drive Craveability
Attribute Percent

Taste 64
Thirst 44
Aroma 42
General mood/feeling 30
Brand 23
Product appearance 19
Texture 15
Portion size 12
State of being (e.g., relaxed vs. on the go) 7
Environment and social situation 6
Association with family or friends 6
Advertising 4
Season 4
Weather 3
Stress level 3
Packaging 2
None of the above 2

Data from the 2002 Crave It! Study
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TABLE 59.6
Utility Values for the 36 Elements for Chicken from the 2002 Crave It! Database

Segment 1 of 3 Segment 2 of 3 Segment 3 of 3

Total Sample Elaborates Imaginers Classics

Base Size 241 43 101 97
Constant 47 14 56 53

E01 Classic taste … the way you remember it �1 �1 1 �2
E02 Fresh grilled chicken 2 9 5 �5
E03 Fresh chicken … slow roasted for added flavor, hot off the rack 6 17 7 0
E04 Everything you want … all in one place … a mixture of 2 6 3 �1

tastes and textures
E05 Chicken with a touch of red pepper spice to wake up your mouth �10 7 �5 �24 
E06 Marinated chicken for added flavor and a guaranteed 2 11 6 �6

juicy texture
E07 Exactly the way you always imagined it 0 0 2 �3
E08 Char-grilled chicken … cooked over an open fire for a  4 16 9 �7

smoky grilled taste
E09 Prepared just to your liking … add whatever your  4 7 4 1

heart desires
E10 Premium quality … the best Chicken in the whole world 5 10 2 7
E11 Available at a value price 0 8 �4 1
E12 Cut into strips and served on top of, or mixed into, a bed of 0 16 0 �8

crisp salad greens … it’s all about crunch
E13 Coated in your favorite batter and spices, then deep fried  7 22 1 6

for a crunchy good taste
E14 Cut into strips and served with onions, peppers, cheese, �8 32 �15 �18

tomatoes, sour cream and guacamole in a soft flour tortilla 
E15 Baked into a buttery, crispy crust with peas, carrots, and �1 30 �17 3

roasted potatoes 
E16 Covered with a delicious wine sauce �9 11 �3 �24
E17 With great tasting french fries, a baked potato, or creamy 7 27 2 4

mashed potatoes covered in gravy
E18 With your favorite beverage 0 0 1 �1
E19 So delicious, just thinking about it makes your mouth water 4 5 4 3
E20 When you think about it, you have to have it … and once  2 4 1 4

you have it, you can’t stop eating it
E21 You’d drive any distance … at any hour … 0 6 �1 �1

to get it exactly the way you want it 
E22 Relaxes and refreshes you … inside and out 1 �2 1 3
E23 Reminds you of great home cooking 3 4 3 3
E24 Eating it makes all the stress just melt away 2 �2 1 4
E25 A quick snack for when you’re on the run �1 �3 1 �3
E26 To be enjoyed while surrounded by family and friends 4 3 3 6
E27 A special treat … you will savor every bite 4 3 5 5
E28 At Popeye’s �11 2 �24 �2
E29 At McDonald’s �17 �6 �23 �16
E30 At Wendy’s �10 �1 �17 �6
E31 At KFC �2 2 �17 10
E32 At Boston Market �6 1 �13 �2
E33 At TGI Friday’s �6 2 �7 �8
E34 Ready-to-eat, easy to pick up 1 2 �5 7
E35 Certified to be natural and organic �6 �9 �3 �8
E36 Guaranteed to be safe for you to eat �2 �1 �4 �1

Winning elements for total panel and the three segments

Top Three Winners — Total Panel
E13 Coated in your favorite batter and spices, then deep fried 7 22 1 6

for a crunchy good taste

(Continued)
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for total panel and for the three concept-
response segments. The numbers additive 
constant shows the predisposition of the respon-
dent to feel that the chicken is craveable. We
see at least two simple patterns emerging:
I. The total panel shows only a few elements

scoring well. Segmentation reveals more ele-
ments that do well, suggesting that in the pop-
ulation there are countervailing forces whose
interaction diminishes the utilities of the ele-
ments. It is clear from these data and this exer-
cise that for the total panel there are a few
winners, but the real information comes from
the segmentation. The big opportunities come
from identifying the concept-response seg-
ments, and building products for them.

II. The additive constants show the predisposi-
tion of respondents to find chicken craveable.
The Elaborates show the lowest predisposi-
tion, with the elements doing the most work.
The Imaginers and Classics show much
higher predispositions, with the elements
doing far less work.

d. How does the same element perform when pre-
sented in the context of different foods? By
embedding the same element in different stud-
ies with various products it becomes possible 
to determine whether the element performs 

differently by product. The difference in the 
performance of a claim, for instance, appears
moderate when the claim is “simply the best
� FOOD NAME � in the whole wide world.”

TABLE 59.6
(Continued)

Segment 1 of 3 Segment 2 of 3 Segment 3 of 3

Total Sample Elaborates Imaginers Classics

E17 With great tasting french fries, a baked potato, or 7 27 2 4
creamy mashed potatoes covered in gravy 

E03 Fresh chicken … slow roasted for added flavor, hot off the rack 6 17 7 0
Top 3 Elements — Segment 1 (Elaborates)

E14 Cut into strips and served with onions, peppers, cheese, �8 32 �15 �18
tomatoes, sour cream and guacamole in a soft flour tortilla

E15 Baked into a buttery, crispy crust with peas, carrots, and �1 30 �17 3
roasted potatoes

E17 With great tasting french fries, a baked potato, or creamy 7 27 2 4
mashed potatoes covered in gravy

Top 3 Elements - Segment 2 (Imaginers)
E08 Char-grilled chicken … cooked over an open fire  4 16 9 �7

for a smoky grilled taste
E03 Fresh chicken … slow roasted for added flavor, 6 17 7 0

hot off the rack
E06 Marinated chicken for added flavor and a guaranteed 2 11 6 �6

juicy texture
Top Three Elements — Segment 3 (Classics)

E10 Premium quality … the best Chicken in the whole world 5 10 2 7
E34 Ready-to-eat, easy to pick up 1 2 �5 7
E26 To be enjoyed while surrounded by family and friends 4 3 3 6

TABLE 59.7
Utility for the Element “Simply the Best” �� FOOD
NAME �� in the Whole Wide World

Total Male Female

Cinnamon rolls 7 3 8
Ice cream 5 3 6
Hamburger 5 5 5
Tacos 5 7 4
BBQ Ribs 4 6 3
Chocolate Candy 4 5 4
Pizza 4 6 3
Olives 3 6 3
French fries 3 4 3
Cheesecake 3 7 2
Peanut butter 3 0 4
Tortilla chips 3 �4 4
Coffee 2 �1 4
Chicken 2 �1 3
Nuts 2 1 2
Pretzels 1 4 0
Cheese 1 0 1
Potato chips 0 0 0
Cola 0 3 �1
Steak �1 2 �2
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For cinnamon roles this phrase generates a
strong claim (utility � �7), whereas for steak
this is a weak claim (utility � �1). Table 59.7
shows these results. Men, in turn, tend to be
more swayed by this type of claim than women,
but the pattern is somewhat ambiguous. The
key here is that the same element can take on
different utility values depending upon the con-
text in which it is presented.

e. Foods and mood. Mood is often associated with
food, and associated with craveability. The mega
study assess the proportion of respondents who
feel that a food is associated with mood. Table
59.8 shows these results. The data from the 2002
Crave It! database suggests, without surprise,
that chocolate is the food item most frequently
associated with mood, whereas pizza, barbecue
ribs and steaks are the least associated with
mood. It is data like these, cutting across prod-
ucts and respondents that provide the additional
insight about how consumers respond to foods.

f. Trends over time. One of the objectives of the
mega study was to identify the trends of food
acceptance over time, by comparing both the
basic level of craveability and the utility values.
A sense of changes in craveability over two
years comes from Table 59.9. It is clear that
some foods, such as pizza, changed more in

craveability than did others, such as chips (both
tortilla and potato chips). Data of this type
developed year after year show changes in how
consumers desire food, and may portend trends
in the population.

V. USING THE MEGA STUDIES DATABASE
TO DRIVE NEW PRODUCT 
DEVELOPMENT

The mega-study databases can be viewed as both a knowl-
edge building tool and as a practical guide to product
development. Most product developers are accustomed to
consumer specifications of products in the form of a prod-
uct concept. Conjoint analysis in particular and the mega
study in general provide a blueprint for product develop-
ment, albeit a blueprint to be used with judgment. Concepts
are statements about a specific concept. The output of
conjoint analysis is a set of interlocking variables that can
be mixed and matched at the end of the study in the same
way that they are mixed and matched during the actual
consumer research.

To make the best use of the study data requires the
researcher to work with the results in the form of a table
that can be sorted. The researcher can sort the elements
from winning to losing, and select the combinations that
make the greatest sense, and which, from the consumer
point of view, look most promising. For example, Table
59.10 shows the chicken data, this time sorted to produce
a product idea for each segment. It is important to keep in
mind, however, that the mega-study does not prescribe
simply one product, but rather provides the product 

TABLE 59.8
Proportion of Respondents Saying that “Mood” is Key
Fact in “Craveability” for 20 of the Foods in the Crave
It! Study

Total Panel Crave - Mood Proportion (%)

Chocolate 472 226 48
Ice Cream 316 115 36
Cola 237 86 36
Nuts 149 52 35
Pretzel 148 50 34
Coffee 206 69 33
Olives 147 42 29
Tacos 148 42 28
Tortilla Chips 148 41 28
Potato Chips 151 41 27
Cheesecake 172 45 26
French Fries 148 36 24
Hamburger 150 31 21
Cinnamon Roll 149 29 19
Cheese 149 28 19
Chicken 148 27 18
Peanut Butter 149 27 18
Pizza 318 55 17
Steak 168 22 13
BBQ Ribs 149 17 11

Source: Data from the 2002 Crave It! Database

TABLE 59.9
The Additive Constant for Different Foods for 2 Years
(2001 and 2002)

2001 2002 Change

Pizza 30 45 15
French Fries 34 48 14
Pretzels 29 42 13
Hamburger 30 43 13
Tacos 34 47 13
Cheesecake 41 53 12
Nuts 35 45 10
Coffee 38 48 10
Ice Cream 40 49 9
Steak 41 50 9
Cinnamon Rolls 38 45 7
Chocolate Candy 39 46 7
Chicken 40 47 7
Cheese 36 42 6
BBQ Ribs 44 49 5
Tortilla Chips 27 29 2
Potato Chips 40 36 �4
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developer with a mechanism by which to estimate
whether a specific combination will meet with consumer
success.
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Additive Constant 47 14 56 53
A product for Segment 1 (Elaborates)

E14 Cut into strips and served with onions, peppers, cheese, �8 32 �15 �18
tomatoes, sour cream and guacamole in a soft flour tortilla 

E06 Marinated chicken for added flavor and a guaranteed juicy texture 2 11 6 �6
E10 Premium quality … the best Chicken in the whole world 5 10 2 7

Total - Segment 1 46 67 49 36
A Product for Segment 2 (Imaginers)

E08 Char-grilled chicken … cooked over an open fire for a smoky grilled taste 4 16 9 �7
E06 Marinated chicken for added flavor and a guaranteed juicy texture 2 11 6 �6
E23 Reminds you of great home cooking 3 4 3 3

Total - Segment 2 56 45 74 43
A Product for Segment 3 (Classics)

E10 Premium quality … the best Chicken in the whole world 5 10 2 7
E34 Ready-to-eat, easy to pick up 1 2 �5 7
E13 Coated in your favorite batter and spices, then deep fried for a crunchy good taste 7 22 1 6
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DK9848_C059.qxd  14/Oct/05  07:27 PM  Page 14



60-1

60 Flavor of Frozen Foods

Edith Ponce-Alquicira
Departamento de Biotecnología, Universidad Autónoma Metropolitana

CONTENTS

I. Introduction............................................................................................................................................................60-1
II. Non-Volatile Constituents......................................................................................................................................60-1

III. Aroma Constituents ..............................................................................................................................................60-2
IV. Chemical Reactions Responsible for Flavor ........................................................................................................60-2

A. Maillard Reaction ..........................................................................................................................................60-2
B. Lipid Oxidation ..............................................................................................................................................60-3

V. Off Flavor Development During Freezing Storage ..............................................................................................60-3
A. Changes in Flavor of Frozen Foods Associated to Cell Damage ..................................................................60-4
B. Changes in Flavor of Frozen Foods Associated to Lipids ............................................................................60-4
C. Changes in Flavor of Frozen Foods Associated to Proteins ..........................................................................60-5

VI. Conclusions............................................................................................................................................................60-5
References ......................................................................................................................................................................60-5

I. INTRODUCTION

Flavor is one of the main attributes that, together with color
and texture, influences the overall acceptability of foods.
Generally, flavor is the result of a complex combination of
sensations perceived by the chemical senses taste and
smell. Taste is perceived by the taste buds on the tongue
and other parts of the mouth, and mainly described as sweet,
sour/acid, salt, bitter, astringency, metallic, hot, cooling and
umami. The sense of smell detects certain odorous mole-
cules in the air above the food that stimulate the olfactory
receptors at the top of the nasal cavity. This volatile sub-
stances are detected before we eat, as well as during eating
as they pass in the breath from the mouth, through the pos-
terior nares into the nasal cavity. Therefore, compounds
contributing to flavor can be divided into aroma and taste
or non-volatile compounds [1].

Non-volatile precursors include lipids, peptides, amino
acids, reducing sugars, vitamins and nucleotides, among
others. Interaction of these compounds and/or their break-
down products generates a large number of intermediates
and volatiles that contribute to flavor development during
processing and storage [2]. Mechanisms by which flavor
compounds are formed are important to improve flavor of
the starting materials, during processing to gain optimum
flavor, and during storage to maintain the flavor quality.
This chapter describes the development of flavor precursors

during processing, as well as off-flavors derived during
freezing storage.

II. NON-VOLATILE CONSTITUENTS

Non-volatile or taste compounds are water-soluble; these
can cause salty, sour or acid, bitter, sweet, umami, and hot
or cool sensations. Salty taste is caused by the presence of
inorganic salts as sodium or potassium chloride, together
with monosodium glutamate and monosodium aspartate.
Sweetness is produced by sugars (glucose, fructose, ribose)
and some L-amino acids (glycine, alanine, serine, threo-
nine, lysine cysteine, methionine, asparagine, glutamine,
proline and hydroxyproline). Bitter tastes are generally
caused by hypoxanthine, peptides such as anserine and
carnosine, and the L-amino acids histidine, arginine, lysine,
methionine, valine, leucine, isoleucine, phenylalanine, tryp-
tophan, tyrosine, asparagine and glutamine. While sour and
acid tastes are caused by organic acids (lactic acid, and
acetic acid), amino acids (aspartic acid, glutamic acid, his-
tidine and asparagine) and acidic phosphates. Hot and cool
sensations or trigeminal responses do not contribute to the
flavor of unprocessed foods, but addition of spices like chili
and pepper usually contributes to the flavor of processed
products. Finally, the umami taste has a characteristic savory
quality supplied by glutamic acid, monosodium glutamate
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(MSG), 5�-guanosine monophosphate (GMP), 5�-inosine
monophosphate (IMP) and some other peptides recog-
nized by their flavor-enhancing properties [1, 2].

It has been suggested that amino acids, peptides, pro-
teins and nucleotides are most important for the taste of
red meats, fish, poultry and dairy products [3]. Meat fla-
vor compounds are present in flesh and do not require
cooking for their generation; but cooking and further pro-
cessing may affect their concentration. It has been
reported that concentrations of reducing sugars decreased
by up to 20% during heating, while concentrations of free
amino acids increased according to the cooking tempera-
ture from 55 to 95°C [4]. Therefore, changes in sugars,
amino acids, and nucleotides that occur during processing
and storage will affect not only the taste but also the over-
all flavor, because many of these compounds are precur-
sors of the aroma components [1].

III. AROMA CONSTITUENTS

Aroma compounds are largely formed during processing
by several mechanisms; most raw foods have none of the
aroma of their processed foods. For instance, the charac-
teristic aroma of cooked meat is largely generated during
processing, when heating gives rise to a several reactions
that result in the formation of a complex mixture of chem-
icals. Aldehydes, ketones and sulfur compounds provide
the meaty, toasted, roasted, fatty, fruity and sulfurous desir-
able meat aroma [2].

In the same way, major flavor compounds of sweet
corn include 2-acetyl-1-pyrroline and 2-acetyl-2-
thiazoline, dimethylsulphide, 1-hydroxy-2-propanone, 2-
hydroxy-3-butanone, 2,3-butanediol, pyridine, pyrazine,
alkylpyrazines, and 2-acetylthiazole. However, concentra-
tions of volatiles in canned corn are many times higher than
those present in frozen and fresh sweet corn [5]. Moreover,
fermented foods as Manchego-type cheeses develop their
characteristic flavor during ripening because of lipoliytic
and proteolytic enzyme activity [6]. Furthermore, several
routes intervene for the characteristic flavor formation of
white bread; first enzymes that regulate the metabolism of
the grain produce the flavor precursors, that later are trans-
formed by yeast during dough fermentation. Finally, nonen-
zymically browning reactions that take place during baking
are responsible for the roasty, malty, and caramel notes. 
If the dough is fermented for longer time, 3-methylbutanol
and 2-phenylethanol are formed in high concentrations and
responsible for the “yeasty” flavor impression [7].

Aroma profiling is also affected by handling and stor-
age. For instance, more than 20 compounds have been
reported to be responsible for the yogurt flavor (acetone,
lactic and acetic acids, diacetyl, acetaldehyde, and ethanol);
during storage the acetaldehyde content increases, while
acetic acid and diacetyl decrease, although acetone is
unaffected [8].

In the same way, pasteurized guava puree shows a
noticeable increase in ethyl alcohol, n-hexanal, decanoic
acid, dodecanoic acid and ethyl acetate when stored at 
0 and �10°C, but when stored at �20° a slight decrease
in alcohols and hydrocarbons were detected [9].

The study or aroma is a complex task, many aroma
compounds have relatively high odor thresholds and make
little contribution to the overall flavor; others may be pres-
ent at very low concentrations but due to their very low
thresholds have an enormous effect on flavor. In recent
years, developments in analytical instrumentation and
methodology have allowed the identification of many aroma
compounds for several foods. Techniques for aroma col-
lection include either solvent extraction, concentration by
means of adsorption through a static or dynamic gas-purging
headspace (DHA) [8, 10, 11, 12], selective extraction
using supercritical fluid extraction method (SFE) [13], or
solid-phase microextraction (SPME) [14]. Separation and
identification is usually performed by gas chromatography-
mass spectrometry (GC-MS) or gas chromatography-
olfatometry (GC-O), using several ionization tools as
electron impact (EI), fast atom bombardment (FAB), field
desorption (FL), laser desorption (LD), and electrospray
(ESI), among others.

IV. CHEMICAL REACTIONS RESPONSIBLE
FOR FLAVOR

Interaction of non-volatile precursors and/or their break-
down products generates a large number of intermediates
and volatiles that contribute to flavor. Maillard reaction,
lipid oxidation, degradation of thiamine and, proteolytic
and oxidative enzyme activities are the main mechanism
involved in flavor generation.

A. MAILLARD REACTION

Maillard reaction also known as nonenzymatic-browning
is one of the most important routes that provide a large
number of compounds that contribute to flavor in cooked
foods. This reaction involves several pathways that result
in many aromatic products and high-molecular weight
melanoidins; high temperature, low water activity and
longer storage favor this reaction. The produced flavors
can be pleasant or unpleasant, and typically described 
as caramelized, bready, nutty, roasted, or meaty. Coffee,
roasted meats, bakery, and toasted nuts base their flavor
on the Maillard reaction [15].

The initial stage involves condensation of a free
amine group and a carbonyl group of a reducing sugar to
form a glucosylamine. The glucosylamines from aldoses
condensation undergo Amadori rearrangement to yield
compounds such as 1-amino-1-deoxy-2-ketoses; while
condensation of ketoses is usually followed by the Heynes
rearrangement to form 2-amino-2-deoxy-aldolases [16].

60-2 Handbook of Food Science, Technology, and Engineering, Volume 2

DK9848_C060.qxd  11/Aug/05  04:16 PM  Page 2



The intermediate stage comprises dehydratation, fission,
cyclization and Strecker degradation; giving rise to a widely
spectrum of compounds that modify color, taste, odor and
other properties of foods. The final stage involves con-
densation into high molecular weight melanoidins.

Concentrations of Amadori and Heyns compounds
vary according to the reaction conditions; at pH 4–7, they
can deamidate to give carbonyls as deoxyosones, which
yield many secondary products. Subsequent stages of the
Maillard reaction involve interaction of these secondary
products with amines, amino acids, aldehydes, hydrogen
sulfide and ammonia, among others. An associated reac-
tion is the Strecker degradation that involves transamina-
tion between deoxyosones and amino acids. The amino
acid is decarboxylated and deaminated to produce an
aldehyde, while deosysones produce a-aminoketones or 
a-aminoalcohol. If the amino acid is cysteine hydrogen
sulfide, ammonia and acetaldehyde are produced [17].
Besides, the amino-ketones can yield pyrazine derivatives
that together with aldehydes are powerful aroma con-
stituents [7, 15,16]. Therefore, volatile products formed by
fission and aldehydes from Strecker degradation are mainly
involved in the production of flavors and off-flavors.
Aroma compounds come from simple sugars dehydration
and fragmentation (furans, pyrones, cyclopentenes, car-
bonyls, acids), amino acids degradation (aldehydes, sulphur
compounds) or derived from further reactions (pyrroles,
pyridines, imidazoles, pyrazines, oxazoles, thiazoles) [18].

B. LIPID OXIDATION

There are three classes of lipids in foods: triacilglycerols,
phospholipids and cholesterol. All of them contribute to
the perception and development of flavor. Phospholipids
are located in membranes of cells and subcellular organelles,
while triacilglycerols predominate in lipid droplets and fat
depots. Proportion of saturated, monounsaturated and
polyunsaturated fatty acids (PUFAs) varies within foods
and process. For instance poultry meat that contains more
polyunsaturated fatty acids than red meat is more suscep-
tible to oxidative changes and fed supplements with high
n-3 fatty acids appear to be responsible for variations in
the aroma profile of meat [19, 20].

Free fatty acids and triglicerides are capable of being
oxidized by autoxidation or by enzymes called lipoxyge-
nases, but polyunsaturated fatty acids are especially suscep-
tible to autoxidation. The initial step of autoxidation involves
production of free radicals R° from lipids RH by their inter-
action with oxygen in the presence of heat, light, high-
energy radiation, metal ions or metalloproteins. Particularly,
the heme iron of myoglobin and haemoglobin accelerates
lipid oxidation in meat and meat products, during cooking
as myoglobin denatures and iron is liberated. Furthermore,
disruption of lipid membrane as in mechanically separated
meat facilitates lipid oxidation reactions [19].

The free radical R° reacts to form a lipid peroxy radical
ROO° that can react to give a hydroxyperoxide ROOH.
The second step or propagation provides further free rad-
icals in a self-propagating-chain process that can be ter-
minated by combination of two free radicals. The enzyme
lipoxygenase is widely distributed in plants and animal
foods; it is very specific about the substrate and how the
substrate is oxidized leading to hydroperoxides. Lipid
hydroperoxides are very unstable and break down to alkoxy
free radicals, which decompose, leading to undesirable ran-
cid flavors and odors, mainly aldehyde products, including
n-alkanals, trans-2-alkenals, 4-hydroxy-trans-2-alkenals
and malonaldehyde [21]. The type and source of lipids,
the presence of lipoxygenase and inhibitors also affect the
rate of lipid oxidation. Major volatile compounds generated
from the oxidation of arachidonic and eicosapentaenoic
acids by 12-lipoxygenase are 1-octen-3-ol, 2-octenal,
2-nonenal, 2-nonadienal, 1,5-octadien-3-ol, and 2,5-octa-
dien-1-ol. However, addition of lipoxygenase inhibitors,
esculetin, and butylated hydroxyanisole (BHA) reduced
formation of volatiles [22]. Susceptibility to oxidation
also depends on the molecular differences of isozymes pres-
ent in foods. As an example, the usual corn genotype and
three genotypes varying in sweetness were blanched or
unblanched, and stored for up to 12 months at �20°C. All
genotypes contained an isozyme of 80 kDa/pI 4.5, sweeter
genotypes also contained a peroxidase of 13.8 kDa, but
after 12 months of frozen storage, an additional isozyme
appeared in some extracts giving rise to differences in the
flavor profile [23].

Reactive oxygen species and free radicals such as
superoxide anion (°O2�), hydrogen peroxide (H2O2),
hydroxyl radical (°OH), alkoxyl radical (RO°), peroxyl
radical (ROO°) and singlet oxygen (1O2) are unstable and
highly reactive; they can be formed in foods by prooxidative
enzymes, lipid oxidation, and irradiation or derived from
injured cells. These compounds react easily with lipids,
polypeptides, proteins and nucleotides increasing off-flavor
development during frozen storage [24].

Additionally, saturated and unsaturated aliphatic alde-
hydes derived from lipid oxidation may participate in the
Maillard reaction to yield long chain alkyl-thiazoles and
alkyl-pyridines that contribute to the fatty fried aromas [17].

V. OFF FLAVOR DEVELOPMENT DURING
FREEZING STORAGE

During frozen storage and distribution, foods are exposed
to a wide range of environmental conditions such as tem-
perature variations, reduced water activity, oxygen, and
light that trigger several chemical and physical changes.
Deterioration in texture, flavor and color are the most seri-
ous problem causing shelf-life reduction, particularly when
poor freezing practices are used or when the quality of the
starting material is low [25]. Fluctuating temperatures
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may cause recrystalization leading to undesirable sandy
texture in dairy products, and phase changes involving
melting and solidifying of fats on lipid containing foods.
In addition, to temperature, other environmental factors
such as oxygen, water activity and pH induce chemical
and enzymic harmful changes. Deterioration of flavor
involves rancidity, bitterness or undesirable fishy taste,
due to the formation of low molecular weight compounds
from lipid oxidation or protein denaturation. Enzymes
such as lipoxygenase, if not denatured during blanching
process can also influence food quality even at sub-freezing
temperatures [25, 26].

A. CHANGES IN FLAVOR OF FROZEN FOODS

ASSOCIATED TO CELL DAMAGE

Freezing has a negative effect on the textural properties on
several fruits and vegetables such as mashed potato, broc-
coli blueberries and strawberries. Freezing and fluctuation
in temperature will produce cell damage by ice recrystal-
ization and dehydration. This may be reflected in a more
open structure of the frozen product, which permits a
greater ingress of oxygen, thus increasing oxidation, vitamin
loss and flavor deterioration [25, 27].

The open structure of frozen foods increases migra-
tion of fluids containing cell nutrients that can facilitate
loss of micronutrients, microbial contamination, and devel-
oping of off-flavors during thawing [28]. As observed in
frozen and freeze-dried blueberries that loses several fla-
vor compounds, including the typical blueberry aroma
(1,8-cineole) [29]. On the other hand, very low tempera-
ture can promote the production of off-flavors in frozen-
thawed strawberries when stored at �40 and �80°C; as
freezing causes disruption of cells and decreases the pH of
the cytosol, thus facilitating the subsequent release of sul-
phide ion as H2S, and therefore off-flavors formation [30].
Loss flavor as a result of freezing was associated to a peel
injury and cell damage in navel oranges stored at various
freezing conditions with large emissions of ethanol, ethyl
butanoate, methyl hexanoate and ethyl octanoate [31].

B. CHANGES IN FLAVOR OF FROZEN FOODS

ASSOCIATED TO LIPIDS

Lipids play a multifunctional role in flavor; they influence
both the physical (mouthfeel) and chemical flavor percep-
tion, as lipids act as a carrier for lipophilic flavor mole-
cules including off-flavors. Reduction in the fat content
will result in higher flavor loss during storage due to fla-
vor volatility. On a molecular level, triglycerides lower the
vapor pressure of lipidic flavor compounds, thus increas-
ing their thresholds [32, 33]. It has been reported that the
use of fat replacers such as maltodextrine can overcome
flavor perception and sensory properties in low fat ice
cream [33].

Lipids also bring their inherent flavor and are precur-
sors for flavor development by lipolysis and lipid oxida-
tion [34]; there is a high correlation between reactions
involving lipids and the development of off-flavors, during
storage. Lipid oxidation is influenced by several factors,
such as temperature and the presence of oxygen in the
immediate vicinity of foods; but water activity also plays an
important role, because at very low values lipid oxidation
occurs at high rates as it is found in frozen foods [7, 26].

The presence of unsaturated fatty acids in foods is 
a prime reason for the development of rancidity and off-
flavors during frozen storage as long as oxygen is available.
The generation of free radicals during rancidity also leads
to undesirable reactions such as loss of vitamins, alter-
ation of color and deterioration of proteins and texture,
which modify the whole flavor perception. Warmed-over
flavor (WOF) is a flavor defect that occurs in reheated
foods, and it is of special concern for precooked frozen
foods. This occurs in cooked products that are stored
under refrigeration or freezing conditions, where lipid
oxidation initiates during storage and warm temperature
of the reheating process accelerates the oxidation process
with the outcome of rancid flavors, resulting in WOF [28].
Furthermore, NH3 exposition due to refrigerant leakage is
related to rancid flavors in foods with a considerable
reduction in the frozen storage life; off-flavors in lamb
were detected by consumers after 3 to 6 months storage
at �20°C [35].

It is well known that lipid oxidation products as hexa-
nal and TBA reactive substances (TBARS) are highly cor-
related to the development WOF during frozen storage.
Attempts have been made to reduce lipid deterioration
during frozen storage by addition of vitamins, antioxidants,
or phosphate. Incorporation of a commercial oleoresin rose-
mary (OR)-coated salt (0.5 or 1 g/kg), sodium tripolyphos-
phate (STPP; 3 g/kg) or TBHQ (0.2 g/kg) in meat batters
decreased hexanal production by 95% [36]. Furthermore,
dietary vitamin E (DL-alpha-tocopheryl acetate) equiva-
lent to 5x, 10x and 25x the NRC recommendations levels
for the diet improved the oxidative stability and function-
ality of turkey breast meat, and produced the most typical
and acceptable meat flavor with the fewest oxidized off-
flavor notes in fresh and frozen turkey meat [37]. Besides,
frozen meat from birds feed with docosahexaenoic acid
(DHA) was more acceptable and stable due to a higher
lipid and flavor stability during storage at �23°C for up to
82 days [38].

Although, ascorbic acid is mainly recognized as antiox-
idant, due to its radical and O2 scavenging effect. At low
concentrations (800 ppm) ascorbic acid may act as a
prooxidant, especially in the presence of metal-catalyzed
oxidation. Ascorbic acid is able to reduce Fe3� to Fe2�.
Nevertheless, the reduced Fe2� catalyzes the breakdown of
hydroperoxides ROOH (ROOH � Fe2� → RO° � OH �
Fe3�) to free radicals at a higher rate than Fe3� (ROOH �
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Fe3� → ROO° � Fe2�) [39]. However, it has been reported
that phosphatidic acid and phoshatidylserine can reduce
the lipid oxidation catalytic activity of nonheme iron and
hemoproteins [40].

Additionally, cholesterol a monounsaturated sterol
present in animal foods such as biscuits, snacks, cheese,
raw and cooked meat, egg powder, etc. Cholesterol can be
oxidized during storage giving rise to a more than 60 oxi-
dation products such as 7-ketocholesterol through a free
radical reaction; cholesterol oxides are toxic and may be
involved in flavor deterioration during storage [41].

In order to reduce lipid oxidation and off-flavor devel-
opment during storage, it is commonly the use of antioxi-
dants such as free radical terminators or metal quelating
agents. These compounds can react with peroxyl or alkoxyl
radicals and terminate the chain reaction by scavenging
chain-propagating radicals. BHA and butylated hydroxy-
toluene (BHT) are effective free radical scavengers in a wide
variety of foods including meat and dairy products. Also
natural antioxidants such as sesamol, quercetin, tocopherols,
carotenoids, and polyphenols, among others have proved
their efficiency to prevent lipid oxidation in foods [24, 42,
43, 44]. On the other hand, addition of phosphates [dis-
odium phosphate (Pi), tetrasodium pyrophosphate (PP),
sodium tripolyphosphate (TPP), sodium tetrapolyphosph-
ate (TTPP) and sodium hexametaphosphate (HMP)] or
sodium ascorbate monophosphate (SAsMP) in 0.3 and
0.5% levels reduce formation of rancid and soapy flavors
in frozen vacuum packaged cooked turkey; with the addi-
tional decrease in cooking losses and the increase in mois-
ture retention after thawing [45, 46].

Packaging also plays an important role to control off
flavors, in particular modified packaging has been used to
improve flavor and aroma of cooked beef, where samples
stored under vacuum and N2/CO2 atmospheres were
meatier, less warmed-over, less cardboardy, and less oxi-
dized and had lower TBA, than those in air-containing
packages [47].

C. CHANGES IN FLAVOR OF FROZEN FOODS

ASSOCIATED TO PROTEINS

Flavor release and perception is caused by interactions of
flavor components with protein molecules by physical
adsorption via van der Waals interactions, and by chemi-
cal reactions via covalent or electrostatic linkages, includ-
ing salt, amides, ester formation and condensation of
aldehydes with NH2 and SH groups. The specific distribu-
tion of hydrophilic and hydrophobic regions in proteins
determines their shape, functionality and the binding of
volatile compounds; therefore, alterations in the protein
moiety can lead to distortion of the sensory profile [48].
Protein denaturation during freezing storage is due to sev-
eral factors including changes in moisture, interaction
with lipids or products derived from lipid oxidation, and

by the activity of specific enzymes as lipoxygenases and
TMA-oxidase [25].

First, formation of ice crystals induces dehydration
and increases salt concentration that promotes protein
aggregation. Distribution of hydrophilic and hydrophobic
binding depends on the dielectric constant, pH and ionic
strength of the media. Thus, high salt concentrations will
disrupt the existing equilibrium leading to denaturation. It
has been observed that denatured proteins irreversibly bind
sulfur-contain flavors by interchanging protein sulfhydryl
groups and disulfides, where disulfides containing allyl 
or furfuryl groups are more reactive than saturated alkyl
disulfides [49].

Free fatty acids derived from lipid hydrolysis can
attach themselves hydrophobically or hydrophilically to
the protein creating a more hydrophobic regions resulting
in a decrease of protein solubility [25]. Moreover, free rad-
icals can abstract a hydrogen from SH-side groups forming
protein-free radicals that interact with other proteins or
lipids forming protein-protein or protein-lipid aggregates.

Additionally, secondary lipid oxidation products as
malonaldehyde, propanal and hexanal can react covalently
with side-chain groups of histidine, methionine, cysteine
and lysine residues; these interactions increase the
hydrophobicity of proteins and may decrease the flavor
binding ability [25]. In particular, aldehydes are more sta-
ble than free radicals and can diffuse into the cellular
media inducing protein modifications [25, 50]. In particular,
products derived from lipid oxidation denaturate proteins
as myoglobin, where the heme iron is exposed increasing
its prooxidant activity [51]. However, it has also been
reported that α,β-unsaturated aldehydes enhance oxida-
tion of ferrous oxymyoglobin to ferric metmyoglobin than
their saturated counterparts [50, 52].

VI. CONCLUSIONS

Flavor perception and stability is related to proteins, lipids,
and carbohydrates as well as the conditions of storage.
Although, freezing offers an exceptional food safety and
extended storage time, many reactions such as moisture
migration, lipid oxidation and protein denaturation promote
off-flavor formation. Therefore, stability can be achieved
with a more integrated understanding of the flavor interac-
tions within the complexity of foods. Also, attention should
be focused on the quality of raw materials and the overall
product technology to reduce oxidation and flavor loss.
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Freezing is used to preserve and maintain the quality of
many foods. These include beef, chicken, pork, fish, and
other muscle foods; fruits and vegetables; egg products;
dairy foods; doughs and breads; and a wide variety of
entrée items (Table 61.1). Relatively low temperatures,
the formation of ice as a separate phase, and the freeze
concentration of dissolved substances contribute to condi-
tions that limit the growth of microorganisms and pre-
serve quality factors such as flavor and color.

One critical quality factor influenced by freezing is
food texture. Texture can be defined as those properties of
food determined by the rheological and structural nature

of the food and determined by the tactile senses. Many
foods are thawed from the frozen state and eaten directly
or cooked before consumption. In some cases, the texture
of the thawed material is close to that of the fresh and
unfrozen food. In other cases, the texture may be changed
by the freezing process, yet result in a thawed product that
is still acceptable to consumers. For a few foods, freezing
results in dramatic changes that are unacceptable to con-
sumers. Yet another class of foods is those consumed frozen,
such as ice cream, sherbet, or ice pops. In these foods, the
specific composition and freezing process profoundly
affect the perceived texture.
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In this review, we will cover issues regarding the effects
of freezing on the texture of major food groups. We will dis-
cuss primary texture attributes of specific foods, as well as
the fundamental mechanisms that reduce texture quality,
and outline basic procedures before and during freezing that
are used to ensure the optimal quality of frozen foods.

I. VEGETABLES

Frozen vegetables make up a significant portion of the
frozen food market. Vegetables that are commonly frozen
include potatoes, corn, peas, green beans, broccoli, cauli-
flower, brussels sprouts, and pumpkin. Freezing extends
the availability of vegetables and preserves quality during
transportation and storage. In some cases, it allows for
more convenient processing of the food. For example,
pre-cut and treated French fries can be stored frozen for
extended periods, with required portions available for
immediate baking or frying.

A. TEXTURE ATTRIBUTES

The textural attributes of importance to most vegetables
are firmness, tenderness, and crispness. Firmness implies
that there is an immediate resistance to biting. Tenderness
indicates that the material can be easily separated into
increasingly smaller pieces, particularly when sheared.
Crispness is a complex attribute related to the sound and
discontinuous breakdown of the product.1 In vegetables,
firmness is directly related to structure of the vegetable
cells (Figure 61.1).2 Turgor arises in cells that are fully
hydrated, and, as a result, push the plasma membrane
against the surrounding cell wall. Firmness also depends
on the cell walls that surround the cells. The cell walls pro-
vide a semi-rigid scaffolding, holding the cells in a specific
formation. Cell walls are composed of bundled strands of
cellulose, along with lesser amounts of lipid, pectin, and
proteins. A primary cell wall is formed in young plants. As

plants age, one or more rigid secondary cell walls form
which incorporate lignin into thick cellulose layers.2

Adjacent cell walls, and thus cells, are held together at the
middle lamella by a sticky, pectin-rich substance.

During freezing, several factors converge to cause
degradation of texture related to changes in the cell mem-
brane, cellular contents, cell wall, and middle lamella
(Figure 61.2).3 Particularly during slow freezing, ice
forms primarily in extracellular spaces (Figure 61.3). This
results in a water activity gradient that causes water to
leave the cell. Concurrently, the cell shrinks, the ionic
strength of the cytoplasm increases, and the pH changes.
These changes may result in protein denaturation, disrup-
tion of the plasma membrane, and changes in intracellular
organelles. In addition, ice crystals may penetrate the cell
wall, and ice formation in the inner lamella may pull cell
walls apart.

Several physical tests are available for assessing texture
in intact vegetables. Firmness is measured by the force
developed as the sample is compressed. Measurements can
be made through continuous readings of force and defor-
mation, or through a variety of penetrometers.4 Tenderness
is often measured by the shear force developed when a
series of blades is run through the sample. Other specific
tests, such as the pea texturometer, may be used.

B. PROCESSING AND STORAGE

The texture of frozen and thawed vegetables will never be
better than that of the material before freezing. Vegetables
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TABLE 61.1
Frozen Food Sales in the United States
Type of Frozen Food Sales ($) 2001

Baked goods 1.4 billion
Breakfast foods 1.05 billion
Fish, Shrimp, Seafood 1.18 billion
Frozen desserts, Fruit, Toppings 786 million
Ice cream, Novelties 6.4 billion
Juices, Drinks 827 million
Meat 333 million
Pizza, Snacks, Prepared foods 12.33 billion
Poultry 890 million
Vegetables 2.9 billion

All Frozen Foods 28.1 billion

Source: American Frozen Food Institute (www.affi.com).
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FIGURE 61.1 In the typical plant cell, the intact cell membrane
(PM) is pushed back against a rigid cell wall (CW). Internal
organelles such as chlorplasts (C), mitochondria (M), and the
nucleus (N) are occluded by a large central vacuole (CV).
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with good flavor and texture should be used for freezing,
and lots should be chosen so as to assure uniform matu-
rity.5 After initial cleaning, many vegetables may be cut,
sliced, or otherwise processed prior to freezing. Such

commodities include sliced or diced carrots, French fry
cut potatoes, and corn without the cob.

Most vegetables require blanching prior to freezing
(Table 61.2). Blanching is the use of hot water or steam to
de-activate enzymes in the vegetable.6 Several enzymes can
cause undesirable changes in frozen vegetables. For exam-
ple, lipases and lipoxygenases lead to the formation of 
off-flavors.7 With respect to texture, pectin-hydrolyzing
enzymes would cause excessive softening of the tissue dur-
ing frozen storage. Blanching has the added benefit of
reducing microbial load and internal gases.

Unfortunately, the heat of blanching induces significant
changes in texture.8,9 Blanching disrupts the normal cell
structure. The cell membrane may be damaged, allowing
water to enter the cell. Internal organelles may be distorted
and may begin to leak their contents. Heating may also
denature proteins, as well as gelatinize starch found in cel-
lular granules. This starch may subsequently retrograde dur-
ing frozen storage. The major impact of blanching on
texture is the reduction of cell turgidity caused by the loss of

Frozen Food Texture 61-3

TABLE 61.2
Advantages to Blanching
1. Deactivate lipases and lipoxygenases which cause off-flavors
2. Deactivate pectinases which soften tissue
3. Reduce microbial load
4. Reduce internal gases

1

2

6

3
4

5

FIGURE 61.2 Formation of extracellular ice (1) causes move-
ment of water from cells (2), resulting in shrinkage of the plasma
membrane (3), concentration of internal solutes, and disruption
of the membrane (4). Ice may penetrate cell walls (5) or separate
adjacent cells at the middle lamella (6).

Slow
freezing

Rapid
freezing

FIGURE 61.3 Large extracellular ice crystals form during slow freezing, while numerous small intra- and extracellular crystals form
during rapid freezing. (After Meyman, 1963.)
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cell membrane function. When cells do not push up against
the cell wall, the tissue becomes flaccid and less firm. In
addition, during blanching, pectic substances are released
from the cell wall. This decreases cohesion between adja-
cent cells, and enhances breakdown of the structure.

Blanching methods and times depend on the particu-
lar vegetable, and, in some cases, on the particular culti-
var. In general, it is advantageous to use cultivars that
require minimal blanching, thus reducing textural changes
caused by heating.

There is some evidence that the particular blanching
regimen affects the texture of the thawed product.10,11

Brussels sprouts preheated to 52°C subsequently required
20% less blanching.10 Carrots blanched at 76°C were
firmer than those blanched at 100°C.12 Similarly, green
beans blanched at lower temperatures were firmer and
exhibited less sloughing.12

There have been some studies on changes occurring
after blanching. The breakdown of pectins is enhanced in
high acid conditions,13,14 and continues at neutral pH.
Firmness may be enhanced by the interaction of demethy-
lated pectins and divalent cations. In addition, added cal-
cium may help increase firmness in some vegetables.14,15

Low temperature blanching may increase calcium availabil-
ity or pectin methylesterase activity.16,17,18 Subsequent link-
ing of demethylated pectin by calcium increases firmness.

For most vegetables, rapid freezing results in optimal
texture. Rapid freezing allows less time for osmotic dehy-
dration of cells and the associated freeze-concentration of
solutes. The particular freezing method depends on the
type of vegetable, its size, and its structural features. Air
blast and cryogenic freezing methods have been used suc-
cessfully with most vegetables. In limited cases, freezing
in blocks may be warranted.

II. FRUITS

Many fruits are frozen to extend their availability through-
out the year as well as to further shelf life through lengthy
distribution. In general, fruits have a less fibrous structure
than vegetables, and often suffer more textural changes
during freezing and storage (Figure 61.4).19 Thus, direct
consumption of frozen/thawed fruits is not as widespread
as that of vegetables. Many frozen fruits are destined for
further processing, as for use in muffins, ice cream, yogurt,
or jams. In addition, large whole fruits do not freeze well.
Fruits such as apples, peaches, melons, or pineapples are
typically cut into slices, chunks, or segments prior to freez-
ing. Smaller fruits, such as blueberries, strawberries,
blackberries, or grapes, may be frozen whole.

A. TEXTURAL ATTRIBUTES

As with vegetables, firm yet tender fruit is desirable for
freezing. In general, freezing does not improve fruit texture,

so that fruits that are hard, mealy, too soft, or weepy
should not be frozen, particularly if they will be consumed
directly. Loss of water holding capacity is also a problem
for many frozen fruits. Such fruits exhibit excessive drip loss
on thawing, and may lack proper juiciness when chewed.

B. PROCESSING AND STORAGE

Obviously, the quality of raw ingredients is important to
the texture of frozen/thawed fruit. In some cases, the freez-
ing of slightly unripe fruit results in a firmer texture with
lower drip loss.20,21 For example, underripe apricots, cher-
ries, and plums display lower drip loss after freezing and
thawing.21 Similar results have been seen in slightly
unripe blackberries.22

The fruit variety may also be a factor in freezing per-
formance. Differences in the texture of thawed fruit due to
variety differences have been found for strawberries,23,24 red
and black currants,25,26 and raspberries.27 However, fruit
maturity and grade are probably more important factors
than cultivar differences on the texture of thawed fruit.28,29

Immediate freezing of fruit after harvest can also
improve texture. For example, strawberries frozen within
two hours of picking and stored for three months resulted
in better texture than those frozen after five hours.30 In
some cases, harvested fruit may be stored for longer times
at lower temperatures and in modified atmospheres prior
to freezing without affecting textural quality.20,30

Fruits are seldom blanched before freezing. Any ben-
efits to be had by blanching are outweighed by the signif-
icant cellular damage it causes. Fruits do not have the more
extensive fibrous network of vegetables, and therefore
become mushy or even disintegrate upon heating. There
are some exceptions to the rule, however. For example,
polyphenol oxidase can be inactivated in bananas by blanch-
ing, without causing unacceptable changes in firmness.31
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Fresh Frozen/Thawed

FIGURE 61.4 Fresh strawberries are firm with no juice leak-
age. Typical of many fruits, frozen/thawed strawberries are flac-
cid, have poor color, and have drip loss.
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Similarly, blanched breadfruit segments display accept-
able texture when thawed and cooked.32 Some work has
also been done on non-thermal blanching of fruits. For
example, gas mixtures with sulfur dioxide have been shown
to inhibit enzyme activity in sliced and frozen apples.33

Many fruits are cut or diced prior to freezing, and have
pits or stones removed. As freezing rate is of particular
importance to the quality of frozen fruit, pieces with the
shortest dimension greater than 2–3 cm are not typically
frozen.34,35,36 Freezing times increase somewhere between
linearly with or as the square of the shortest dimension for
heat transfer. In addition, much fruit is used for further
processing, and fruit cut prior to freezing is often easier to
cut and of better quality than fruit cut after freezing and
thawing.37,38 Removal of pits in apricots, plums, and cherries
may cause greater drip loss in thawed fruit, but may be
necessary for other reasons.21,30

Various ingredients may be added to enhance the qual-
ity of frozen fruits. Sugar is often used to improve color,
texture, and flavor.39,40 Water is drawn out of the cells by
osmosis, leading to a lower freezing point and a decreased
fraction of ice at a given frozen storage temperature. An
extension of this is osmotic dehydration, in which high
concentrations of sugar solutions are used. With this
approach, fruit cells may lose up to 40 to 70% of their
water. Fruits such as strawberries, apricots, cherries, and
pineapples have been subjected to osmotic drying prior to
freezing.41,42 In general, such fruits are sweet, firm, and
have lower drip loss.

In some cases, calcium salts may be infused into fruits
to enhance firmness. These act by cross-linking the inter-
nal pectic substances. Research has indicated that pectin-
melthylesterase can be infused into fruit, allowing enhanced
action of the calcium.43

The formation of extracellular ice concentrates the
solutes in the surrounding aqueous phase, which, in turn,
drives water from the cells. The higher concentration of
intercellular solutes, coupled with the decreased flexibil-
ity of the frozen phase, produces cell and cell membrane
damage. In addition, cell wall substances, particularly
pectins, may be extracted or solubilized from the cell walls,
reducing structural rigidity.

Various freezing methods, including air-blast freezing,
fluidized-bed freezing, and cryogenic freezing have been
used successfully with fruits. Individual quick frozen (IQF)
methods are preferred. Contact plate freezing of fruit in
blocks is infrequently used in current practice. A significant
body of work exists to show that rapid freezing results in
the best retention of quality in thawed foods.36,37,44,45 This
is especially important in frozen fruits, which are subject
to greater textural changes in the freezing process. Rapid
freezing results in smaller ice crystal size, less cell dehy-
dration, and less cell damage.38,44 Comparative studies on
mangoes,46 strawberries,47 apples and peaches,48 and
blueberries49 have shown that rapid freezing rates result in

thawed products with the best texture and least drip loss.
Cryogenic freezing with liquid nitrogen often results in
the best texture. However, prolonged immersion in cryogens
may cause “freeze fracturing” at the surface.50,51 Sprays of
liquid nitrogen generally cause less freeze-fracture damage
than immersion.52

III. MEAT

Many muscle foods are frozen to preserve quality, includ-
ing red meats (primarily beef and pork), fish and other
seafood, and poultry. Properly frozen and stored meat will
maintain good texture and flavor for many months. All
muscle foods are high protein foods composed of cells
containing an orderly sarcomere structure, and with tissues
held together by membranes and collagenous material
(Figure 61.5). Each requires the proper mix of firmness
and tenderness for optimum texture, as well as the reten-
tion of moisture for optimum juiciness. Unlike fruits and
vegetables, virtually all meats are cooked before con-
sumption with the goal of affecting muscle texture. This
occurs as sarcomeric proteins are denatured and solubi-
lized to form soft gel networks, and as collageneous mate-
rials melt and reduce muscle toughness.53 Differences in
muscle type, metabolic processes, and production prac-
tices exist, dictating variations in freezing practices. In
this section we will discuss texture changes during freez-
ing of red meat, with fish, seafood and poultry meats cov-
ered in subsequent sections.

A. TEXTURE ATTRIBUTES

In general, meats have a more challenging texture for con-
sumers than vegetables and fruits. Intact meats should be
relatively firm and cohesive, offering a certain amount of
bite resistance; however, cooked meat should be tender
enough that excessive chewing is not required. Meat
toughness is largely dependent upon the properties of the
connective tissue proteins.54 For example, as an animal
ages, irreversible cross-links develop in the collagen, caus-
ing the meat to become tough.

Muscle tenderness is usually measured by the amount
of force required to shear through the meat. In the Warner-
Bratzler shear method, cylinders of cooked meat are cut
into cylinders and placed in a holder. A knife blade with a
triangular opening is passed through the sample, and the
maximum force attained before the sample is cut through
is used as the measure of tenderness.4 Irregular shaped
pieces, or restructured products, may be tested with a
multi-blade apparatus such as the Kramer shear device.

Quality meat should also be juicy and have maximum
water holding capacity (WHC). Meats lacking WHC are
dry, tough, and yield unsightly losses of liquids during
thawing and cooking. Thaw and cook loss can be quanti-
fied by weighing before and after thawing or cooking and
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calculating the drip loss by the difference in these weights.
WHC can also be measured by compressing cooked sam-
ples, such as 1 cm cubes, by a given force or deformation,
and weighing the amount of liquid expressed onto a filter
paper.

B. PROCESSING AND STORAGE

The biochemical state of meat is one of the prime factors
determining quality after freezing. After slaughter, most
meat must undergo aging and conditioning before being
frozen. Much of the meat quality is related to the pH in the
muscle. As muscle ages, glycogen in the muscle is con-
verted to lactic acid, which, in turn, reduces muscle pH.
The meat is aged in a cold room, so that an ultimate pH
will be attained.55,56,57 An ultimate pH of about 5.6 is
attained within a few days, which results in the best meat
texture. Typically, the process is speeded up by electrical
stimulation of the carcass.58

Animals with low glycogen levels may result in meat
with higher ultimate pH, which, in turn, causes a dark,
firm, and dry (DFD) meat.59,60,61 In addition, if muscle pH
remains high during cold storage, “cold shortening” of the
muscle may occur.62 Such meat is very tough and often
unacceptable.63 Shortening is particularly a problem in
meat that has been removed from the bone,63 but can be
minimized with proper cooling.64 Conversely, if muscle
glycolysis occurs too quickly, a pale, soft, exudative (PSE)

meat will result,65 particularly in pork. PSE meat has high
drip loss before and after freezing, resulting in colorless,
dry meat that lacks juiciness.

As found with most foods, rapid freezing results in
optimal texture of the thawed, cooked meat. In some cases,
freezing may even increase the tenderness and juiciness of
the final product.66 Slow freezing results in larger ice crys-
tals, greater cell dehydration, more extensive cell damage,
and greater protein denaturation.67,68,69 The movement of cell
water to extracellular spaces during slow freezing results in
decreased water holding capacity. Such meat is more likely
to incur thaw and cook loss, and, consequently, to be 
less tender and juicy. Freezing times of less than 
20 minutes were found to produce the least amount of exu-
dates in frozen or thawed meat.70 The amount of time that
the product spends at temperatures near �3°C may be par-
ticularly important, as the freeze-concentration of ions at this
temperature produces the greatest protein denaturation.69

Air-blast, cryogenic, and contact plate freezing have
all been successfully used for meat freezing. Fast freezing
rates attained with cryogenic freezing may be advanta-
geous, but such methods are limited to meat pieces of
modest volume that can be individually exposed to the
cryogenic fluid.

Frozen meat may also incur a drying of the meat sur-
face known as “freezer burn.” Although a slight amount of
surface drying is useful for limiting microbial growth,
excessive drying results in a pale, dry-looking surface with
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Meat 

Myofibril

Repeating sarcomere structure

Muscle bundles 

FIGURE 61.5 Muscle foods have a complex hierarchy of structure. In addition to bone and fat, meat is composed of muscle bun-
dles surrounded by a tough connective tissue. Muscle bundles contain many long, parallel myofibrils. Each myofibril, a multinucle-
ated cell, contains a repeating mesh of overlapping proteins, organized into sarcomeres.
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greater toughness and reduced juiciness. Freezer burn may
occur during freezing, and is a particular problem during
extended frozen storage. It is enhanced by low humidity
and fast moving air, and meat with less surface fat tends to
suffer more surface dehydration.71 Appropriate wrapping
can help limit the occurrence of freezer burn.72,73

Other textural changes can occur during frozen storage,
and storage temperatures below �18°C are recommended
to limit these changes. Ice recrystallization is a problem in
that it encourages protein denaturation, and subsequent
toughening and loss of water holding capacity are all pos-
sible. Higher temperatures, and, in particular, repeated tem-
perature fluctuations, are detrimental to texture quality.

Thawing methods can also affect the final texture of
the meat. Unfortunately, not many thawing alternatives
exist. Rapid thawing, particularly through temperatures
near �5° to 0°C, prevents further toughening and loss of
WHC.70 In some cases, thawing and holding the meat may
help improve tenderness. By this logic, thawing in a
cooler or refrigerator would seem not to be recommended.
However, thawing at higher temperatures may result in
parts of the product reaching elevated temperatures before
all of it has thawed. This would subject the meat to greater
microbial spoilage. Thawing by direct immersion in water
can be beneficial. In a few instances, meat may be cooked
directly from the frozen state, but the possibility for uneven
cooking or uncooked centers limits this approach. Research
on vacuum, dielectric, infrared, and microwave thawing is
ongoing.

IV. FISH AND SEAFOOD

Although fish and seafood are muscle foods, they do have
unique characteristics that distinguish the way they are
processed for freezing. First, harvesting of particular fish
has more seasonal variability, so that freezing becomes
necessary to ensure availability throughout the year. In
addition, fish are harvested at locations remote from where
they are frozen and stored. Fish also have shorter muscle
fibers and less connective tissue than land animals, and
are expected to be more tender than red meat and poultry.
Different metabolic processes also lead to more substantial
flavor changes in frozen fish.

A. TEXTURE ATTRIBUTES

Changes in flavor are perhaps the greatest concern in
frozen fish. Fish have different types of muscle fibers, and
do not have the large skeletal system and great amounts of
connective tissue associated with land animals. Fish meat
is generally expected to be firm but tender, and remain
juicy and succulent. Some changes in texture do occur in
the freezing process, and are often associated with protein
denaturation and drying out of the meat.

B. PROCESSING AND STORAGE

Fresh fish are often chilled, placed in ice, or frozen while
on board ship. Ice glazes using salts, phosphates, antioxi-
dants, or sodium alginate help prevent surface drying and
lipid oxidation during transport.74 Moisture-proof packaging
is important to prevent dehydration, and vacuum-packaging
is useful for limiting lipid oxidation.75 In some on-board
operations, fish are individually placed in plastic bags and
vacuum-sealed, then frozen in brine freezers.76

Like red meats, fish and seafood should be frozen as
rapidly as possible. Slow freezing results in cell dessica-
tion and damage, resulting in toughness and lack of mois-
ture retention. Fish is especially subject to protein
denaturation during freezing and frozen storage.77,78,79

Freeze concentration of solutes enhances the denaturation
of myofibrillar proteins. Some fish, particular cod and
deep water fish, contain trimethylamine oxide (TMAO).
TMAO breaks down to dimethylamine and formaldehyde
in frozen storage, creating protein crosslinks that produce
a spongy texture.74 Such fish release moisture quickly,
leaving behind a dry, tough texture.

V. POULTRY

Poultry is another excellent source of protein, and the
poultry market has enjoyed substantial growth in the last
few decades. Much of the chicken and turkey sold these
days has been further processed. Most chicken is sold in
cut pieces rather than as whole birds, and often incorpo-
rates phosphate or other marinades. Turkey may be sold as
whole birds or pieces, and is usually injected with salt and
phosphate solution. According to USDA regulations,
poultry that is held at temperatures below 0°F must be
labeled as “frozen,” while “fresh” poultry is that held at
temperatures above 26°F.

A. TEXTURE ATTRIBUTES

As with other muscle foods, poultry meat is expected to
be tender and juicy. Loss of juices during thawing can be
a particular problem. Meat from different parts of the bird
typically have different textural characteristics. Red meat
has more fat, is generally less dry, and has more lubrica-
tion when chewed. White meat has more of a tendency to
be dry and tough if improperly processed. Simple tests,
similar to those used for red meats, are used to assess
chicken texture, including Warner-Bratzler shear tests, water
holding capacity tests, and analysis of yield, drip loss, and
cook loss characteristics.

B. PROCESSING AND STORAGE

As with all products, the quality of the commodity before
freezing is perhaps the most important factor in determining
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final texture. The USDA provides grades (A, B, C) which
may or may not be indicators of good texture in the cooked
meat. The age of the bird at slaughter is one determinant of
texture.80 Young “broilers” tend to have more tender meat
than older hens. Similarly, young turkey fryer-roasters
have more tender meat than older hens and toms.

Rough handling during processing may result in car-
cass damage, but the effects on texture are not known. In
general, poultry must be chilled to 4°C within 4–8 hours
to meet USDA specifications. Although used primarily to
limit microbial growth, rapid chilling also ensures opti-
mum tenderness. During ice-water chilling, moisture may
be absorbed, but must be limited to less than 8% for
chicken and 4.3% for turkey. This water, in turn, may
increase freezing times and influence final juiciness. In
general, freezing immediately following slaughter is not
recommended. As with other meats, poultry should be
aged to allow development of the ultimate pH, which
results in the most tender meat.80,83 For chicken, the hold
period is 6–8 hours, while for turkey it is 12–24 hours.81

The aging time for poultry is much shorter than that for
red meat, and some studies suggest that the pre-freeze hold
time is not a major factor affecting quality after frozen
storage.82 Generally, poultry should be frozen to less
than �18°C within 72 hours.80 Although, not strictly
freezing, there has been a move towards deep-chilling of
poultry to �2 to �3°C, particularly for younger broilers.

A wide variety of further processing operations are
performed on poultry, including deboning, chopping, form-
ing, and breading. Poultry must be raw or fully cooked
prior to freezing. Operations that slice, cut, or expose more
surface area allow for greater drip loss. However, drip loss
may be controlled in such products. In particular, marina-
tion combined with tumbling or injection has a profound
affect on the yield, tenderness, and juiciness of poultry
meat.53 The solubilization of muscle proteins and break-
down of sarcomeric structure result in lower shear values,
enhanced swelling of myofibrils, and greater water hold-
ing capacity.

Appropriate packaging is critical to maintaining quality
during freezing.83 In addition to preventing oxidation and
flavor changes, moisture barriers help prevent dry meat by
limiting surface dehydration and “freezer burn”. In general,
vacuum packaging or gas flushing is used to limit flavor
changes, while also preventing overly slow freezing.

As with other muscle foods, rapid freezing provides
the best product quality. Excess time spent at sub-freezing
temperatures is detrimental, and leads to protein denatura-
tion, resulting in toughening and drip loss. Rapid freezing
also helps ensure a light, chalky surface.84

Poultry is frozen by a variety of methods, including
air-blast, cryogenic, and immersion freezing. As long as
the freezing rate is sufficiently rapid, there does not seem
to be much effect on meat texture for different freezing
processes. Some research has shown that tenderness in

chicken breast is not dependent on freezing rate,85,86 but
rapid freezing may decrease the amount of drip loss.87,88,89

Fried broiler pieces frozen with liquid nitrogen have
shown greater tenderness than those frozen in air90. It has
been recommended that the freezing front progress at rates
greater than 2–5 cm per hour.81 Combination freezing,
which is initial freezing with liquid nitrogen or by immer-
sion followed by air-blast freezing at less than �30°C,
may be advantageous.

If properly stored, some poultry meat may be kept in
frozen storage for up to two years without significant
deterioration in quality.91 Storage temperatures should be
below �18°C for optimum quality. Some studies suggest
that drip loss may increase during extended frozen stor-
age.92 As with other frozen foods, large temperature fluc-
tuations are particularly detrimental. The resulting
recrystallization and formation of large crystals leads to
toughening and drying of the meat.

Pre-processing and freezing seem to be greater factors
than thawing method on drip loss and tenderness. Thawing
of whole turkeys is especially of interest. However, studies
have shown that different thawing procedures have little
effect on texture and moisture retention.93,94

VI. EGGS

Egg products are used extensively in restaurant and fast-
food establishments, and as an ingredient in baked goods
and entrees. Much of the eggs are prepared at an egg-
breaking facility, then dried, cooked, or pasteurized and
frozen. The resulting products are frozen liquid eggs or
frozen cooked eggs. Eggs lack the fibrous structure of
vegetables and muscle foods, so are not subject to the
same deterioration of structure. Although the physical
process of freezing is the same, eggs have unique charac-
teristics that determine how they are processed and frozen.
The freezing of eggs is governed by USDA regulations.

A. TEXTURE ATTRIBUTES

In products in which eggs are a minor ingredient, the texture
of eggs is not a major issue. However, the functionality of
egg proteins in such products is important, as it may deter-
mine foam or gel structure and emulsification properties. As
a liquid product, the viscosity of thawed, uncooked eggs is
characterized by its viscosity, and viscosity is usually a good
indicator of the suitability of liquid eggs for further process-
ing. The texture of eggs cooked from frozen liquid eggs
should be similar to that of unfrozen eggs. In general,
cooked eggs should be firm but tender as well as have ade-
quate cohesion and little run-off. The association of egg
white proteins produces a gel network. However, excessive
cross-linking may produce an undesirable rubbery texture.

Eggs have clearly distinct phases, the egg yolk and egg
albumen, and these have unique chemical compositions.
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The albumen is approximately 89% moisture, 10% protein,
0.5% carbohydrate, 0.5% ash, and 0.03% lipid.95 The yolk
contains 48% moisture, 16% protein, 0.8% carbohydrate,
1.1% ash, and 33% lipid. In addition, the functionality of
protein and lipid differs in each region. Compositional
factors produce differing rheological properties for egg
yolk and albumen, while functional properties also dictate
the textural characteristics of products made from eggs or
egg components.

B. PROCESSING AND STORAGE

Most pre-processing of eggs includes washing, breaking
of the shell, and relatively low temperature pasteurization.
In addition, yolks may be separated from the whites, then
later remixed or sold as separate products. Due to compo-
sitional differences in egg yolk and albumen, the effects of
freezing are different for each.

Liquid egg white has a relatively high level of solutes,
including protein, glucose, and salts. Freeze concentration
during freezing produces high solute concentrations and
ionic strength. This, in turn, may cause denaturation of the
egg white proteins.96 The concurrent aggregation of dena-
tured protein reduces functionality. However, egg whites
are not greatly changed by the freezing process. Cakes
and other baked goods made from frozen/thawed egg
white have volumes similar to that made from unfrozen
egg white.97 However, gels made directly from
frozen/thawed egg white are firmer than those from
unfrozen egg white.98 Viscosity and denaturation depends
somewhat on the freezing rate. Rapidly frozen egg white
has a viscosity, foam stability, and native protein content
closest to that of unfrozen eggs.99 Lower freezing rates
result in greater denaturation, lower viscosity, and less
foam stability. In some cases, adjuncts may be added to
modify the rheological properties of egg albumen. The
addition of 5–10% sucrose helps to prevent loss of protein
functionality caused by freezing. Gels made from egg
white with added sugar have higher gel strength and elas-
ticity.100 The addition of 5–10% NaCl, however, reduces
gel strength, elasticity and viscosity.

Egg yolk undergoes greater changes in texture during
freezing than does egg albumen. The yolk contains granules
and lipoprotein micelles that can become unstable and
aggregate. Freezing causes thickening and partial gelation of
the yolk101,102 at freezing temperatures below �6°C, with
maximum gelation occurring at temperatures below �18°C.
The degree of gelation increases during frozen storage.
Textural changes occur as freeze concentration of salts
and changing pH produces protein denaturation.103,104,105

Gelation has also been attributed to interactions between
granules and low density lipoproteins.106

While deterioration of egg yolk is ameliorated by
rapid freezing, storage at low temperatures increases the
amount of yolk gelation.106 Gelation is also reduced by the

addition of low molecular weight solutes such as sucrose,
NaCl, or glycerin.107,108

Liquid egg products are generally frozen in cans or
pouches in air-blast freezers. Cryogenic freezing with liq-
uid nitrogen or carbon dioxide provides more rapid freez-
ing, but is used mostly for cooked egg products. These are
generally flat, thin sandwich eggs or omelets. In addition,
there has been some promising research on drum freezing
of liquid eggs to form flakes.96

VII. DAIRY PRODUCTS

Unlike fruits, vegetables, and muscle food products, most
frozen dairy products are eaten while still frozen. Such
products include ice cream, sherbet, and frozen yogurt.
Products such as milk, cheese or butter are typically
refrigerated and consumed within relatively short periods.
However, in some cases, dairy products are frozen in
order to extend shelf life.

A. TEXTURE ATTRIBUTES

Desirable texture attributes vary with the type of dairy
product. The chemical composition of milk, cheese,
yogurt, butter, and frozen desserts are narrowly defined.
Processing methods are also usually standardized, so that
uniform texture is expected for most dairy products. Liquid
milk is typically expected to have a certain viscosity and
mouthfeel, be free of aggregated material, and have some
cling in the mouth. As protein and carbohydrate content
are similar in most milk, the serum viscosity does not vary
much. Fat content plays a more important role in viscos-
ity. Milk with more fat has greater viscosity and mouth-
feel. The degree of homogenization has some affect on
viscosity; however, most homogenization schemes produce
particle sizes between 0.25 to 3 µm. Milk with much
larger particle sizes would tend to separate. Milk with
higher average fat particle size will have higher viscosity.
Changes in particle size which occur through aggregation
or coalescence will have a profound effect on the fluid
rheology.

Cheeses have perhaps the most textural variety. The
firmness, cohesiveness, adhesiveness, and chewiness vary
with the moisture and fat content, the type of milk used,
and the preparation procedure. For example, cream cheese
is expected to be soft, smooth, cohesive, and spreadable.
Hard cheddar cheese should be firm, less cohesive, and
more springy.

Ice cream may also have some textural variety. An
ideal ice cream should be cold but not icy, firm but not too
hard, have a smooth body and meltdown, and be free of
any grittiness. Some textural differences are expected, for
example, in soft-serve ice creams or frozen shakes. Some
differences in texture may be attributed to price and com-
position. Premium ice cream has higher fat (14–18%) and
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contains lower levels of stabilizers. Shorter shelf life and
more stringent distribution channels may be needed to
ensure product stability. Other ice creams have at least
10% fat, and may incorporate a variety of stabilizers, sugars,
and dextrins. These help prevent changes in ice crystal
structure during frozen storage, but may contribute to
stickiness or unexpected meltdown characteristics.

B. PROCESSING AND STORAGE

Very little fluid milk is frozen for storage. Concentration
of milk prior to freezing increases the efficiency and
improves the quality of frozen milk.109 However, signifi-
cant textural changes can occur in frozen milk.109,114 Due
to freeze concentration, casein micelles tend to precipitate
or coagulate, resulting in increased serum viscosity. In
addition, fat separation can be significant, and fat must be
redispersed after thawing. The texture of milk has been
found to deteriorate in frozen storage.110 When stored
at �10°C, the texture has been found to deteriorate signifi-
cantly after two months of frozen storage.

There is a greater potential for freezing of high fat
cream for use in other products. Cream with more than
25% fat can be frozen with minimal separation. The addi-
tion of up to 10% sucrose increases stability. The use of
drum freezing to produce flaked cream has been
researched.111 The texture of butter is little affected by
freezing, although lipid oxidation may occur at storage
temperatures above �20°C.109 Cheese can also be frozen
to good effect, particularly for cheese to be used on pizzas
or entrees that are cooked or baked. However, frozen and
thawed cheese has a tendency to be more “crumbly” than
unfrozen cheese.112

Ice cream and dairy desserts comprise the major por-
tion of frozen dairy products. Ice cream is a complex food
in which air is incorporated in a composite of ice, unfrozen
aqueous solution, and oil in water emulsion. The formula-
tion and processing of ice cream has a profound effect on
the final texture. Higher fat content produces a rich, smooth
texture and body, with excellent melting properties.113

During freezing, the protein-stabilized fat membrane can
disrupt, producing coalescence with other fat particles. 
A modest amount of coalescence can increase smoothness
and richness. Excessive coalescence is produced when
there is too much shear. The resulting ice cream has a
“churned” quality reminiscent of butter.

The nonfat solids present in ice cream products include
milk proteins, lactose, minerals, and other components.
The surface active milk proteins help stabilize the rela-
tively small (0.5–2 µm) fat globules produced during
homogenization.114 The proteins also contribute to serum
viscosity, and help stabilize the foam structure produced
during initial freezing.115

To produce ice cream, homogenized and pasteurized
ice cream mix is placed in a swept-surface heat exchanger.

Air is incorporated into the product, either by whipping or
direct injection of compressed air.116 as the heat of fusion
is removed by the freezer. The amount of air, or overrun,
in the product, as well as the air bubble size have an
important effect on ice cream texture. Up to half the vol-
ume of the frozen ice cream may be air. Increased air pro-
vides a lighter, less dense texture. Generally, smaller,
more uniform air bubbles produce better texture.116

After approximately 50% of the water in the product
is frozen, the soft-frozen ice cream is placed in packages,
and then stored in hardening freezers. Once the ice cream
reaches the consumer, perhaps the most important deter-
minant of texture is temperature. At progressively lower
temperatures, more and more water exists as ice, and the
ice cream becomes progressively harder. As the tempera-
ture is increased towards the freezing point, the ice cream
becomes softer.

Several defects in texture may occur during frozen
storage. Crystallization of lactose causes a gritty texture
known as “sandiness.” Lactose often exists as a supersat-
urated solute in the unfrozen phase. Crystallization is lim-
ited by control of diffusion by high viscosity.117 In this
sense, the incorporation of whey protein and hydrocolloid
stabilizers may help limit sandiness. Current stabilizers
include carrageenan, locust bean gum, gelatin, guar gum,
and sodium alginate.118,119,120

Iciness is another defect in texture that is manifest
during frozen storage. Small ice crystals produce smooth
body in ice cream, but, unfortunately, are inherently unsta-
ble. Larger crystals produce a texture that lacks smooth-
ness and is overly cold (Figure 61.6). At constant
temperature, “Ostwald ripening” causes migration of water
from small crystals to form larger ones. Temperature 
fluctuations are even more detrimental to texture. As 
the temperature rises, ice melts. As the temperature is
lowered, this water refreezes slowly to form relatively
large ice crystals. Stabilizers provide some protec-
tion against recrystallization and subsequent iciness.121,122

Presumably, stabilizers limit diffusion of water, prevent-
ing continued growth of large crystals in neighboring
regions.

VIII. BAKED GOODS

A variety of doughs and baked products are made from
cereal-based flours. In the United States, bread is a major
staple of the diet. However, the flavor and texture of bread
deteriorates quickly, and it would be advantageous to
develop processing systems to extend shelf life. Freezing
is one technique that has had some success in preserving
the quality of dough and bread. Currently, it is more
advantageous to freeze dough than to freeze bread. With
the advent of in-store baking in supermarkets and fast
food restaurants, the accessibility of frozen dough allows
for the continuous production of fresh bread.
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A. TEXTURAL ATTRIBUTES

Bread has a semi-solid foam structure, which incorporates
different levels of air depending on the bread type. Dense,
heavy breads have less air cell structure while light, fluffy
breads have more air cells. Bread is expected to be rela-
tively soft and easy to shear, but firm enough to resist the
forces of spreading. Bread is particularly susceptible to
changes in texture due to staling. Linked primarily to the
recrystallization of starch, staling causes a firm, tough,
dry texture. Firmness is normally measured by the maxi-
mum resistance developed when a cylindrical probe com-
presses a bread sample.

B. PROCESSING AND STORAGE

When freezing dough, the most important consideration is
retention of yeast activity. After thawing, the dough should
expand as carbon dioxide is formed from yeast fermenta-
tion. This provides the finished bread with a lighter, softer,
less dense texture. Curiously, slow freezing is the least
harmful to yeast activity.123,124,125 Although slow freezing
produces more yeast cell dehydration, it has been proposed
that this helps protect the cells from freeze damage.124 It
has also been found that freezing should be done as soon
as possible after dough formation.126,127 Dough systems in
which fermentation has commenced prior to freezing dis-
play lower yeast activity after thawing. Yeast strains with
greater freeze-thaw tolerance have been developed for use
with frozen dough.128 Rapid rise yeast does not withstand
freezing as well as slower rising varieties. Adding higher
levels of yeast initially may help make up for loss of activ-
ity during freezing and frozen storage.129 Loss of yeast
activity increases with time in frozen storage.

Weakening of the gluten network is also a problem dur-
ing freezing and frozen storage of dough. Weakened dough
is less able to retain the gases produced during fermenta-
tion. One way to mitigate the effects of dough weakening is

to add more protein to the initial mix. French bread made
from 12.8% protein, as opposed to 11.1% protein, yielded
better dough properties and texture in the finished bread.130

Protein content may be increased by using a harder wheat
or by adding vital wheat gluten. A weaker dough has also
been associated with high amylase flour131 as well as exces-
sive dead yeast cells.132,126 Using 3–5% less water in the
dough mix can also help improve dough quality.

Non-flour ingredients also affect the dough proper-
ties. Oxidants can help strengthen the dough.133,131 Adding
higher levels of shortening can help improve the quality of
frozen dough.134 Surface active agents can also improve
dough properties and, subsequently, the loaf volume of
the baked bread.135,136

Doughs meant for freezing are usually prepared at
lower temperatures to limit pre-freezing fermentation,137

with best results achieved with mixing temperatures around
20°C.138 A compromise freezing rate is needed to freeze the
dough, slow enough to maximize yeast activity but fast
enough to limit dough weakening. Freezing rates of 0.3 to
1.2°C/min have been recommended.125 Air-blast and contact
freezers have been used successfully for freezing dough.

Baked bread can also be frozen, and studies have shown
that freezing can retard staling.139,140 However, as retrogra-
dation proceeds faster at temperatures between �3°C to
5°C, it is important to cool and freeze the bread rapidly.141

Cryogenic freezing is an excellent means for freezing bread,
but air-blast freezing can also be effective.142 Avoiding dead
spaces in the wrapping helps enhance the rate of freezing.

Moisture loss during frozen storage can result in a dry,
firm texture.143,144 The useful storage life of frozen bread
is often limited by the pickup of undesirable flavors.
Storage temperatures should be less than �18°C to pre-
vent retrogradation during storage.144 As with other frozen
foods, temperature fluctuations in frozen storage are par-
ticularly detrimental to textural quality. Proper thawing of
bread is also important to limit staling, firming, and loss
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of moisture.145 Breads rapidly thawed at 40–60% relative
humidity display the minimal changes in texture.146

IX. CONCLUSIONS

Due to the chemical and structural differences in different
food groups, each has unique issues associated with changes
in textural quality. With the exception of bread dough, most
food groups suffer the least changes in textural quality when
frozen at a rapid rate. In addition, storage at low tempera-
tures is preferential, and particular care should be taken to
limit temperature fluctuations during frozen storage.
Methods of thawing can also affect the texture of foods.
However, the variety of thawing regimes is limited, particu-
larly as much thawing is accomplished by consumers.

This chapter has reviewed the effects and processes of
freezing major food groups. In addition to these, there are
a number of further-processed entrees and heterogeneous
foods that are frozen and prepared as convenience meals.
Although the issues associated with these foods are 
too numerous to cover here, it is hoped that this chapter
can also be used as a starting guide for understanding 
such foods.
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I. INTRODUCTION

In the mind of the consumer, one of the most important
quality attributes of many foods is colour (1). Colour is
correlated with aspects of quality and disagreement may
occur between buyer and seller. It is therefore not surpris-
ing that the measurement of colour has become an area of
much interest and practical importance in recent years (2).

In general, colour properties and their measurement are
critical quality control parameters. The quality of food prod-
ucts as perceived by humans is very difficult to describe
and quantify as it is usually a function of several food
properties (3) including colour, which is affected by most
of the technological processes involved in the manufac-
ture of foodstuffs (4). Freezing is one such process and
many problems are associated with the maintenance of the
colour of frozen foods (1). However, in general, little
attention has been given to the effects of freezing and
frozen storage on the final colour of muscle-based food
(meat, fish, shellfish and their products).

Frozen storage is an important preservation method for
muscle-based foods. Freezing, in general, offers advantages

in terms of a long storage life and allows better control of
production levels. However, freezing and frozen storage
can have marked effects on the structural and chemical
properties of muscle foods, including changes in the mus-
cle fibres, lipids and proteins, all of which have the poten-
tial for significantly influencing final quality attributes (3),
especially colour (5). Quality deteriorates during freezing
and frozen storage due to the osmotic removal of water,
protein denaturation and mechanical damage (6).

The colour of muscle-based foods at the retail level
exerts a strong influence on consumer purchasing decisions,
and appearance probably is the most important factor in
determining retail selection. This is particularly true in the
case of meat (7). Food stores assign a relatively large display
space to meat in order to attract consumers, frequently using
bright lights (8). Most of the frozen muscle-based foods
are sold in cool or warm fluorescent illumination (9) on a
gondola, where different types of processing, e.g. glazing,
and packaging are evident. However, to avoid colour dam-
age especially in beef, the type of light used should be
warm fluorescent light, which shows an excellent colour
spectrum and has no adverse effect on meat pigments (10).
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Some types of product, especially fish and shellfish, are not
sufficiently protected from the action of light and oxygen,
and may show surface discoloration during frozen storage,
for which reason they are frequently packed in vacuum, in
gas permeable packages or in modified atmospheres (11).

II. COLOUR MEASUREMENT

The colour of foods can be defined as the interaction of a
light, an object, an observer and the surroundings of the food.

Objective colour measurements may refer to include
several properties or various ratios or colour difference
indices (12). By summarising all the reflected colours
(wavelengths) and expressing them as one colour (13).
The colour a consumer sees can generally be described in
one or two words, which indicate the main colour and its
shade. However, colour measurements whether descrip-
tive or specific, must be made as carefully as other 
measurements (12).

The colour of foods can be studied in two main ways:
chemically by analysing the pigments present or physi-
cally by measuring the interaction of light. Colour neces-
sarily requires a light source that illuminates an object,
which, in turn, modifies the light and reflects (or trans-
mits) it to an observer. The observer senses the reflected
light, and the combined factors provide the stimulus that
the brain converts into our perception of colour, a property
which has three quantitatively definable dimensions: hue,
chroma and lightness (12).

Several methods are available for objectively measuring
the colour of foods, some of which depend on the extraction
of pigments from food products followed by spectropho-
tometric determination of pigment concentration (14, 15).
However, since such pigment extraction methods are time-
consuming and tedious, some researchers have sought sim-
pler methods of colour measurement. For example, several
methods measure the light reflected from the surface of
foods. There are also tabulated coefficients of various objec-
tive values which are correlated with panel scores (16).
These objective values consist of numerous combinations
of percentage reflectance values and tristimulus values
such as Hunter Lab, CIE XYZ, Munsell hue, chroma and
value or CIELAB. Others researchers have measured
reflectance values, which consist of indices and/or differ-
ences of reflectance at different wavelengths (17).

A. FUNDAMENTALS OF THE CIE 1976 LAB

(CIELAB) COLOUR SPACE

Nowadays, colour can be measured by objective methods,
with the CIELAB space being the most widely used
method because of its degree of international (industrial
and research) acceptance (18). It is often used to facilitate
the quality control of coloured products, including foods,
by measuring colour differences and characterising colour,

so that colour quality decisions can be made. This colour
space has been adopted throughout the world, and many
official quality standards for a variety of different products
use it, CIELAB replacing other colour spaces such as those
of Munsell, Hunter Lab (HLab) or CIE 1931 (12).

CIELAB has the advantage of being more perceptually
uniform, and is based on the accepted colour description
theory that colours cannot be red and green, or yellow and
blue at the same time. Colours are considered as combina-
tions of red and yellow, red and blue, green and yellow, and
green and blue. CIELAB is a reasonable descriptor of
colour (2) and is also used for measuring and ordering an
object’s colour.

The CIELAB space is a mathematical transformation
of the colorimetric system first published by the CIE
(International Commission on Illumination) in 1931 (19).
Although the 1931 system proved useful, its practical appli-
cation was limited as it did not express differences between
colours in a uniform perceptual manner. In CIELAB space,
however, the numeric differences between colours agree
consistently well with visual perceptions (20). CIELAB
colour difference equations contain valuable information
about the characteristics of human colour vision and pro-
vide quantitative metrics corresponding to psychological
colour descriptors (21). Their performance in describing
visual colour differences is much improved compared with
the tristimulus colour space of CIE (19, 22).

CIELAB space was recommended by the CIE in 1976
for use as a colour difference metric (2). CIELAB space
was specifically recommended for meat colour evaluation
in 1995 (23), before which time the most used colour
space was Hunter Lab (HLab), which is still mentioned in
some guidelines (12).

Although the studies of this colour space were devel-
oped for flat two dimensional objects (21), the CIELAB
colour space can be visualised as a three dimensional
space, where every colour can be uniquely located. The
location of any colour in the space is determined by its
colour co-ordinates: L* (lightness), a* (the red/green co-
ordinate, with �a* indicating red, and �a* indicating
green.), and b* (the yellow/blue co-ordinate, with �b*
indicating yellow, and �b* indicating blue). These colour
co-ordinates are adimensional (20). The L*, a*, and b*
co-ordinate axis define the three dimensional CIELAB
colour space. Thus, if the L*, a*, and b* co-ordinates are
known, then the colour is not only described, but also
located in the space.

Colours in CIELAB can also be described and located
using an alternative method, that of specifying their L*, C*,
and h values (18). The resulting L*C*h* colour space is
also three dimensional, where L* is the same parameter as
in CIELAB, while the C* (chroma) and h (hue) are com-
puted from the a* and b* co-ordinates, L*C*h* notation is
preferred, since the concept of hue, and chroma agrees well
with visual experience (19). Colour can also be located
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using the CIEa*b* chromaticity diagram or C* and h. In
both cases, L* is usually displayed separately, as a number.

One of the most important things that the CIELAB
colour space describes is the colour difference, defined as
the distance between the colour locations of any two colours
in CIE space. This distance can be expressed as DE* or
DE* where DE* � (DL*2 � Da*2 � Db*2)1/2, where DL*
is the lightness difference, Da* is the red/green difference
and Db* is the yellow/blue difference. It is possible to
express DE* as differences in chroma and hue terminology,
instead of Da* and Db*, using DE* � (DL*2 �
DC*2 � DH*2)1/2, where DC* is the chroma difference,
and DH* the metric hue difference (18).

Experimental knowledge of colour-difference percep-
tion is incomplete because the CIELAB colour space
lacks distance uniformity. Colour difference perception
does not depend only on the measured colour tristimulus
values of each member of a colour difference pair but also
depends on experimental conditions related to the visual
environment, sample characteristics, and the way in which
the samples are presented. These are called parametric
effects and include the influence of such factors as illumi-
nation, illuminance, surroundings, viewing mode, sample
size, sample separation, sample structure, and size of
visual colour difference (18). These effects are very
important for colour measurements in muscle foods, and
must be considered or standardised when preparing the
samples for colour evaluation (12).

B. COLOUR MEASUREMENT IN MUSCLE-BASED

FOODS

Measuring the colour of muscle-based foods involves two
basic methods: human visual appreciation (sensory analy-
sis) and instrumental analysis (absorbance and reflectance
methods) (12). Objective determination of colour by
means of reflectance spectrophotometry is one of the most
commonly used methods due to its close correlation with
the visual perception of the human eye. In contrast to
absorption spectrophotometry, reflectance is measured
over the surface of the object, thus making destruction of
the object unnecessary and allowing the changes in colour
over a period of time to be evaluated (12).

According to how light interacts with muscle-based
foods, they can be classified as translucent or opaque,
although such foods rarely fall into one category alone. The
colour of fresh meat is known to be largely determined by
the relative proportions of deoxymyoglobin (DMb),
oxymyoglobin (OMb), metmyoglobin (MMb) for fresh
meat, and nitrousmyoglobin (NOMb) are specific for cured
meat products (24).

Guidelines for colour measurements in muscle-based
foods are not complete and only for meat are they well doc-
umented. Fish and shellfish do not have specific guidelines
for colour measurements, although the guidelines that do

exist could be adapted to their specific characteristics. The
same basic principles can be used for these types of food
when colour is measured.

In the standardisation of colour measurements of fresh
meat the CIELAB colour space has been recommended
using D65 as light source and 10° as standard observer, with
the illumination/viewing system as 45/0 or diffuse 8 (d/8)
and specular reflectance excluded if within the capabilities
of the instrument used (23). In fresh meat, the sampling
should be a cross-section taken perpendicular to the long
axis of the muscle, and the sample should have a minimum
thickness of 1.5 cm (the sample should be opaque or an
opaque backing must be used) (12). In measuring the
colour of muscle-based food with low myoglobin concen-
trations the relationship between samples thickness and
light transmittance can be checked with white and black
backgrounds. The American Meat Science Association
(AMSA) recommended that, in the case of frozen meats,
the sample surfaces should be as flat as possible, and that a
black rubber gasket slightly larger than the aperture should
be used to help level uneven frozen surfaces and block stray
light. The history of frozen meat (time, temperature, pack-
age, etc) when colour is being measured should also be
stated, because temperature fluctuations during transporta-
tion or storage can affect the colour of muscle-based foods.

III. OPTICAL PROPERTIES OF 
MUSCLE-BASED FOODS

From a physical point of view, the colour of muscle-based
foods, is considered as a surface phenomenon of an opaque
solid, where light falling upon it may undergo processes
of absorption, reflection or scattering but, where, generally,
there is little transmission (12). MacDougall (25) described
meat colour as partly determined by light scattering, pre-
sumably due to the gaps existing between myofibrils (26).

Light is unable to penetrate a significant distance into
the meat without being scattered (27), such penetration
and reflection being pH-dependent. Thus, a low pH causes
greater scattering and a high pH less (28). In frozen mus-
cle foods (meat and fish) it is generally accepted that pH
decreases during storage (29, 30), although some authors
found that the pH of some foods can also increase during
frozen storage (31).

Swatland (32) describes the optical properties of meat
as several levels of organisation. This author describes
four levels; 1: sliding filaments and myofibrilar birefrin-
gence, 2: myoglobin and protein precipitation in the sar-
coplasm, 3: postmortem fiber shrinkage and 4: the release
of fluid and the macroscopic surface reflectance proper-
ties of cut meat. All of these phenomena can affect the
colour of muscle-based foods in different ways.

Muscle proteins in frozen meat may be affected by
factors such as ice crystal formation, dehydration, increased
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solute concentration, fat hydrolysis and/or oxidation, the
presence of atmospheric gases (particularly oxygen), pro-
tein oxidation and proteolysis and rigor temperature.
During frozen storage total/myofibrillar protein solubility
increases, while the solubility of sarcoplasmic proteins is
reduced (33). Sarcoplasmic proteins (in which myoglobin
is included) are more susceptible to low temperature and
frozen storage denaturation than myofibrillar proteins.
Pigment also decreased as a result of ice storage (34).
Modifications in sarcoplasmic protein fractions during
frozen storage occur because endogenous enzymes are
released and are not inhibited.

The colour of frozen meats is governed by the freezing
rate, which affects light scattering properties. Fast freezing
results in small crystal sizes, which scatter more light than
the large, slow growing crystals produced during slow
freezing. Fast frozen meat is opaque and pale (reflectance
of the small ice crystals), and slow frozen meat is traslu-
cent and dark (35, 36). Frozen meats in any circumstances
can appear darker than fresh meat due to the concentration
of meat pigments during the freezing process (27).

IV. COLOUR PROPERTIES OF MUSCLE-
BASED FOODS DURING FREEZING
AND FROZEN STORAGE

In general, the quality of frozen muscle-based foods
decreases as the storage period increases. Colour, especially,
is affected although other important sensorial characteristics
including odour and flavour are also affected (37).

The consumer’s acceptability of frozen meat products
on display are related to the colour of the product, the red-
der the meat the higher the degree of consumer acceptabil-
ity. However, the consumer will reject fish and shellfish
when they appear dark. Some authors have used objective
parameters to evaluate acceptability as the % of reflectance
difference between 630 and 580 nm; the a*/b* ratio,
Lovibond tintometer red colour units, chroma or metmyo-
globin content (%) etc. (38, 39).

Different factors affect colour and its stability in
frozen muscle-based foods. Such factors include the 
particular freezing technique used (individually quick
frozen or IQF, plates, glazing, etc.), temperature (�5 
to �60°C), time and storage temperature, storage meth-
ods, freezing-thawing cycles, type of packaging and type
and product characteristics (pigment concentration,
polyunsaturated fatty acid concentration, etc.) (4, 33, 40,
41, 42).

During freezing, enzymes and other components are
released. The ice crystals formed may injure the cell and
release pro-oxidants (iron) (41). For any unprotected mus-
cle-based food during frozen storage, surface dehydration
may, in extreme cases, produce an important defect
known as “freeze burn” (caused by ice sublimation) which

becomes apparent after thawing and affects the appear-
ance and functional properties of the products. This prob-
lem is very important for frozen mussels that are sold in
“bulk” without any packaging. “Freezer scorch” is
another defect that can appear during frozen storage. This
shows as small grey and white areas, and is also caused by
dehydration (27).

The freezing-thawing process is also very important
for the physical and physicochemical properties of muscle-
based foods. The denaturation of muscle, structural
changes and lipid oxidation induced by the freeze-thaw
process affect colour. Lipid oxidation is one of the major
problems with frozen muscle-based foods (fish, shellfish
and meats). However, the relation between lipid oxidation
and pigment oxidation is not fully understood (43).

The primary catalysts of lipid oxidation in skeletal
muscles are hemoprotein and iron (44). In general, iron is
distributed among five main components: the insoluble
fraction, ferritin, haemoglobin, myoglobin and the low
molecular weight fraction (45). The two pools of iron in
muscle foods, heme and non heme, are altered during
frozen storage. Non heme in cod and mackerel muscle
increase during frozen storage (46). Since myoglobin and
haemoglobin are the pigments, responsible for colour, this
property is affected by the freezing process. The iron
released from ferritin may act as a lipid oxidation catalyst
in muscle (47). During the freezeing-thawing cycle, the
distribution of pro-oxidants and oxidation stability affect
colour (41). The freezing-thawing process potentially dis-
rupts muscle cells and leads to the deterioration of sub-
cellular organelles, such as mitochondria. Enzymes are
released from the mitochondria into the sarcoplasm, while
cytochrome c (48, 49) and other heme pigments present in
muscle food may also be released and contribute to colour
loss. These proteins are soluble and so drip loss in muscle
may also can lead to a less acceptable colour.

A. MEAT AND MEAT PRODUCTS

The frozen storage time of muscle-based foods is related
to the characteristics of the product. Meat origin (pork,
beef, turkey, etc), type of muscle, pigment concentration,
type of pigment, fatty acid profile, antioxidant type and
concentration, etc. are related to colour retention and dis-
coloration (50, 51, 52). Also important to colour is the
frozen storage time and type of freezing process used.

The effect of packaging on the colour of frozen meat
is very important especially if one takes into account the
relation of meat colour and oxygen or other gases such as
carbon dioxide. If packaging highly permeable to gas is
used, oxygen can come into contact with frozen meat and
different myoglobin states (OMb, MMb) may be formed.
As occurs in fresh meat, MMb is formed from OMb (53).
Metmyoglobin plays a pro-oxidant role in fresh and
cooked muscle foods, although, in fish, the oxidation
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mechanism is still not fully understood. MMb formation
increases with the freezing-thawing cycles (41).

Colour parameters (CIELAB) and reflectance ratios
vary with the different states of myoglobin, while redness
decreases as MMb concentration increases (54). Brownness
can be observed in packed frozen stored meats (55). In the
case of cured meat products, Sakata and co-workers (56)
confirmed that in a model system, nitrousmyoglobin, the
main pigment responsible for the colour of this type of prod-
uct, is stable under frozen storage conditions.

During frozen storage MMb% values gradually
increase (4, 55), changing the appearance of muscle-based
foods. Farouk & Swan (33) explained this increase by the
fact that metmyoglobin-reducing activity decreases dur-
ing frozen storage and consequently MMB is accumu-
lated. When meat or fish is treated with carbon monoxide
during frozen storage MMb% values remain constant (4),
while meat stored under carbon dioxide atmosphere is less
red than meats stored in other types of packaging. 

In general, the colour of salted fresh meat (57) and
cured products deteriorates (sodium chloride promotes
lipid oxidation), more rapidly in oxygen-permeable pack-
aging than in vacuum packaging (58). Bhoyar and 
co-workers (31) reported that vacuum-packaged restructured
meat products scored higher in colour and other sensorial
attributes (flavour, juiciness, texture) and showed greater
overall acceptability during frozen storage. Vacuum pack-
aging also reduce the amount of MMb in meat (39).

To prevent colour deterioration, natural antioxidants
(alpha-tocopherol, rosemary extract, ascorbic acid, carno-
sine, etc.) are frequently added to muscle-based foods
(30). The use of antioxidants during frozen storage is 
particularly useful for low fat meat products (59).
Industrially, other solutions are sometimes used to avoid
this problem, one of them being to dip the product in gela-
tine solutions to create a coating that improves colour sta-
bility during frozen storage (58). Another method is to dip
the product in a 3% brine solution before freezing
at �45°C, especially in the case of Ascidians (60). In
some cases, colour changes during frozen storage are
related with lipid oxidation, both of which occur as the
same time. This is the case of meats with a low myoglo-
bin concentration, but when the myoglobin concentration
is high (e.g. beef), discoloration occurs much earlier than
lipid oxidation (50).

When meat is stored in carcass form or as primals,
before being cut and packed the exposure of the meat sur-
face to harmful environmental, effects is minimised (61,
62). When large blocks of meat are frozen, colour loss is
more pronounced on the exterior than in the interior (55).

Thawed pork chops showed better colour stability after
storage when vitamin E had been added to the feed (63)

From a sensorial point of view, the colour shelf life of
frozen muscle-based foods depends on species and muscle
type (43). The quality characteristics of ovine, for example,

begin to deteriorate after 180 days of storage. Other attrib-
utes also diminish its acceptability to consumers.

A general rule governing the effect of frozen storage on
the colour of muscle-based foods cannot be provided,
because the effect changes according to the product in ques-
tion and storage conditions. For example, the colour of the
same sample can vary with the length of storage. For short
and long-term frozen storage, different parameters may act
as colour indicators. For example, hue may be a better indi-
cator of colour in short-term frozen storage (33), while red-
ness is the best indicator during long-term frozen storage.

Objective colour parameters may behave differently
during frozen storage. Farouk & Price (51) reported that
lightness decreased in ovine muscles. Heat & Owens, (64)
described a similar behaviour for chicken meat, while rab-
bit and bull meat were seen to be darker after frozen stor-
age (40). In the case of lamb chops brightness increased,
and lightness increased in rainbow trout, as a result of the
colour oxidation pattern of carotenoids. Decreased red-
ness in meat and meat products is caused by a reduction
in OMb and DMb concentrations (55), a phenomenon
which has been observed in ground pork (51), low fat
ground beef patties (45), rainbow trout and Atlantic
salmon (1, 4). Less information is available, concerning
yellowness although it is known to depend on the type of
product, for example in low fat ground beef patties it
decreased, while in rainbow trout and chicken it increased
during frozen storage (4, 64, 65).

B. FISH AND FISH PRODUCTS

In the case of fish and shellfish, most are caught at sea and
are processed immediately, mainly in frozen form, on board
ship, to ensures a high degree of freshness.

Fish and fish products are very prone to discoloration.
As mentioned above, lipid oxidation takes places, and
changes in meat structure or pigment degradation are com-
mon. Minces produced from “white” fish have an unac-
ceptable colour after six months of frozen storage (66),
while “blue” fish products need antioxidants to prevent
colour changes (30).

To prevent discoloration in tuna fish (the pigments of
which are very prone to colour changes) a combined treat-
ment is made. First the meat is frozen in a CaCl2 solution
at �30 to �45°C and then the CaCl2 treatment is
repeated. The freezing process is intensified by using liq-
uid nitrogen during the first 2–3 h of freezing. Flesh
colour changes and general spoilage can be limited by
freezing and storing at �35 to �40°C, while lowering the
temperature to �50 to �60°C ensures a high degree of
freshness retention over several months’ storage.

In some types of fish, it is important to preserve skin
colour during frozen storage. This can be done by using
natural or artificial antioxidants such as tocopherols, ascor-
bic acid (the most effective skin colour preserver) alone or
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with butylated hydroxytoluene (BHT) and sodium erythor-
bate. These antioxidant, alone or mixed, significantly
improved colour retention during the frozen storage of
Thornyhead rockfish (Sebastolobus alascanus) (67).

Fish and shellfish both contain significant levels of
polyunsaturated fatty acids. Benjakul and Bauer (41) pos-
tulated that the decrease in heme iron due to heme break-
down in fish muscle was affected by freeze-thaw cycles.

Metmyoglobin plays a pro-oxidant role in fresh and
cooked muscle foods. In the case of fish muscle the oxi-
dation mechanism is still not fully understood, although
MMb formation tends to increase with the number of
freezing-thawing cycles (41).

It is known that MMb reductase is a component of red
blood cells and is found in fish muscles (68). Since some
blood is retained in the fillets, the residual activity of 
this enzyme could result in the retardation of colour 
deterioration (41).

1. Salmonids

It is very important to maintain the colour of farmed
Salmonids. This can be largely done by dietary means
because colour is affected by dietary carotenoid pigment.
The shelf life or frozen storage stability of these farmed
fish are affected by the fatty acid (saturated and unsatu-
rated) profiles and natural antioxidant levels present in the
flesh (69). Colour studies carried out to date have mainly
concerned farmed Salmon (Salmo salar) and rainbow
trout (Oncorhynchus mykiss).

The effects of frozen storage are also related with the
structural changes that take place during the freezing
process, as was mentioned above. However, the changes
which take place during frozen storage depend on
carotenoid content and stability, characteristics which are
mainly related with astaxanthin and canthaxanthin (from
natural or synthetic sources) (70).

Salmonid colour and its stability depend on storage time
and the packaging system. Sheehan and co-workers (1)
reported that canthaxanthin-fed Atlantic Salmon were more
sensitive to frozen storage than astaxanthin-fed fish. For the
same storage time (3 months) canthaxanthin levels decreased
by 59%, visual colour scores and redness values decreasing
at the same time, while lightness increased. The same
authors reported that no differences in visual colour score or
carotenoid content were observed in astaxanthin-fed fish. 

Salmonoid flesh is mainly dedicated to producing
smoked specialities, while freezing affects colour. When
frozen astaxanthin-fed fish is smoked, the astaxanthin con-
tent decreases, while the canthaxanthin content of can-
thaxanthin-fed fish remains unaffected after 3 months.
Canthaxanthin-fed fish are better for smoking (if stored for
less than 6 weeks) although, when frozen, they lose colour
more rapidly than astaxanthin-fed fish. Nevertheless,
Sheehan and co-workers, (1) reported that the astaxanthin
content depends on the frozen storage time of the raw

material, falling from 9.39 (fresh) to 7.99 after 6 weeks
and 7.26 mg/kg after 12 weeks.

Packaging plays an important role in preventing the
discoloration of Salmonoid flesh and its processed prod-
ucts. Different packaging materials (69) and techniques
are used (vacuum packed, modified atmospheres, etc.),
and it is uncommon to find Salmonid flesh in light display
cabinets without any protection to avoid discolouration.
When flesh (fillets) of rainbow trout is vacuum-packed,
astaxanthin or canthaxanthin remains stable (maximum
5% loss) for 6 months at �20 or �80°C (52, 70). When
this meat was analysed by colour objective methods, no
change was observed in redness (a*), even if a thawing/
refreezing cycle had taken place. In general, prolonged
frozen storage increases lightness (L*), redness (a*) and
yellowness (b*), but decreases the hue (h) values.

Light exposure (mainly fluorescent light) has a cat-
alytic effect on lipid deterioration in frozen Salmonoids
flesh. Oxygen-impermeable packaging materials inhibit
rancidity and increases the length of time the frozen can be
exposed to light.

Bjerkeng & Johnsen (69) pointed to the antioxidative
effects of astaxanthin. during the frozen storage of rain-
bow trout fillets (70), while the concentration of dietary
vitamin E are also important. The synergistic activity 
of alpha-tocopherol and rosemary oleoresin during 
refrigerated/frozen storage increased the retention of
carotenoids and reduced lipid oxidation.

C. SHELLFISH

The frozen storage of shellfish decreases overall quality,
particularly in the case of shell-on ascidians and mussels.
This phenomenon is caused by the development of ice
crystals in the muscle, which discolours after thawing.
Choon (71) reported that, the muscle of shrimps (Penaeus
japonicus) after 60 days of frozen storage began to
blacken, while colour sensory scores fell after 7 months of
storage (72). The colour of the giant Pacific oyster
(Crassostrea gigas) becomes unacceptable during frozen
storage, a problem caused by freezing temperatures rather
than glazing in storage.

Shell-on cold-water shrimps (Pandalus borealis)
packaged in atmospheric air and exposed to light, during
frozen storage, lose colour. In this case the exclusion of O2

from the pack would improve overall storage stability and
extend the shelf life to at least 9 months. Light influences
lipid oxidation and colour stability and its exclusion can
extend the shelf life by up to 3 months. One of the main
problems with shell-on shellfish are shrimp horns because
they can break the packaging materials, and so it is not
possible to maintain anoxic conditions (11).
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I. INTRODUCTION

In this chapter the term fermentation is used to describe
the process of intended chemical change in foods catalyzed
by microbial enzymes. Prescott and Dunn (1) defined fer-
mentation, in its broad sense, as “a process in which chem-
ical changes are brought about in organic substrates through
the action of enzymes elaborated by microorganisms.”
Steinkraus (2) defined more specifically fermented foods as
“food substrates that are invaded or overgrown by edible
microorganisms whose enzymes, particularly amylases,
proteases and lipases hydrolyze the polysaccharides,
proteins and lipids to non-toxic products with flavours,
aromas and textures pleasant and attractive to the human 
consumer.”

A. HISTORY

Fermentation is an ancient tradition. In all parts of the world
indigenous fermented foods have been prepared and con-
sumed for many centuries. These foods have influenced
the settlement sites and cultures of many communities.
The first fermented foods eaten were probably fermented
fruits, as scarcity of adequate food supplies would require
the maximum amount of a crop to be consumed. There is
evidence that fermented drinks were prepared many thou-
sands of years ago (3,4). Compromises between starvation
and disease from over-ripe/spoilt foods needed to be con-
tinually made before the advent of preservation technology.
Solutions to the problems of food wastage and food-borne
diseases were of major concern even before man had any
concept of microbiology. Along with cooking, smoking and
sun-drying fermentation is one of the oldest methods for
food preservation. The methods established were obtained
by trial and error and experiences obtained by many gener-
ations with information being passed between generations.

For many centuries cereals and breads have been a
basic, major component of the diet of many individuals.
Several loaves of bread were found in tombs estimated to
be over 3,500 years old in Egypt (5). These are some of
the first indications that man had begun to use the process
of fermentation to develop new foods and not just to eat
naturally fermented fruits, vegetables and grains (6).

B. CLASSIFICATION

A number of methods can be used to classify fermentation
processes. They can be segregated on the basis of the
microorganisms involved, the biochemical changes that
occur or on the commodity type (7). In this chapter the

fermentations are grouped in terms of the substrates used
e.g. cereal products, fruit and vegetable products, dairy
products and meat products (8). Campell-Platt (8) classi-
fied foods in 7 classes: (1) beverages; (2) cereal products;
(3) dairy products; (4) fish products; (5) fruit and veg-
etable products; (6) legumes; and (7) meat products.
Whereas, Steinkraus (9) classified fermentations accord-
ing to the type of fermentation, e.g., alcoholic — wines
and beers, alkaline — Nigerian dawadawa.

C. BENEFITS OF FERMENTED FOODS

In many parts of the world, particularly in developing
countries, fermented food products form an essential part
of the human diet. Today a large variety of foods are pro-
duced either from microorganisms or as a consequence of
their biochemical activity. Many of the foods listed in
Table 63.1 are amongst the most common and have wide
geographical distributions.
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TABLE 63.1
Examples of Common Fermented and Microbial Foods

Principal Key 
Food Ingredient Microorganisms

Wine Grapes Yeasts
Beer Barley Yeasts
Cider Apples Yeasts
Sake Rice Moulds
Bread Wheat Yeasts
Yoghurt Milk LAB
Cheese Milk LAB
Buttermilk Milk LAB
Kefir Milk LAB � yeasts
Vinegar Grapes Yeasts followed by

Acetobacter �
Gluconobacter

Tempeh Soyabeans Moulds
Soy sauce Soyabeans Moulds � LAB �

yeasts
Pickled cucumbers Cucumbers LAB � yeasts
Sauerkraut Cabbage LAB
Pickled olives Olives LAB � yeasts
Fish pastes Fish LAB
Fermented sausages Meat LAB � moulds
Microbial Many including Bacteria, yeasts,

biomass/Products ethanol, molasses, moulds
whey, petroleum
hydrocarbons

Quorn Mycoprotein Mould Fusarium

venenatum

LAB represents lactic acid bacteria.
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Specific foods were developed simultaneously by
many cultures using their available resources for two main
reasons:

1. to preserve harvested or slaughtered products,
which were abundant at certain times and
scarce at others.

2. to improve the sensory properties, e.g., taste
and aroma of an abundant produce.

The importance of fermentation processes for food preser-
vation are less important now as new preservation tech-
niques have been developed. However, fermentation is 
a low energy-requiring process that is relatively efficient 
at extending the shelf-life of foods, and it remains a very
appropriate method for use in developing countries and
rural communities that have no access to alternative
preservation methods. The simple techniques mean that
the procedures can often be carried out in the home (10).
Also, a number of studies have shown that consumers
regard fermented food products as healthy and natural
(11). A range of potential benefits can be gained from fer-
mented foods (Table 63.2).

II. MICROORGANISMS ASSOCIATED
WITH FERMENTED FOODS

A. STARTER TECHNOLOGY

Fermented foods may be produced with the use of starter
microorganisms or by the action of natural fermentative
microorganisms present in the raw materials or produc-
tion environment. The activities of the fermenting organ-
isms are dependent on the intrinsic and extrinsic growth
factors. Food fermentations frequently involve a complex
succession of microorganisms induced by dynamic environ-
mental conditions. A range of properties constitutes an ideal
fermentative microorganism (Table 63.3). Of paramount
importance is that the organism must be safe for the
consumer to ingest even when in large numbers. A variety

of groups of microorganisms are frequently used in fer-
mented foods (Table 63.4).

Most substrates used for food fermentations are not
sterile, therefore, a knowledge of the composition of the
natural, heterogeneous microflora of the food substrate is
required. In the past starter cultures were not used, the
closest procedure was to use one batch of food to ino-
culate subsequent batches. However, in many traditional
approaches, the advantages of some form of inoculation
of new batches is recognized and generally practiced by
simple techniques like back-slopping or the repeated use
of the same container (12).

Problems may arise from natural fermentations as the
composition and selectivity of the natural microflora
determine which microorganisms dominate the fermenta-
tion and this determines the acceptability of the final prod-
uct. Consequently, natural fermentations have a degree 
of unpredictability, which may be unsatisfactory when a
process is industrialized. Starter cultures are increasingly
used to provide a degree of assurance of quality fermen-
tation and to improve the rate at which fermentation is ini-
tiated. Failed, poor quality or unsafe products lead to loss
of customers and revenue and are to be avoided at all costs.

Modern biotechnology has moved a long way since
ancient times when only empirical food fermentations
occurred. Starter cultures are now developed mainly by
design rather than by screening (13, 14). The composition
of starter cultures is based on knowledge of food-grade
microbial genetics (15, 16), metabolism and physiology 
as well as their interactions with foods (16). The overall
aim is to produce reproducible, acceptable, good quality,
wholesome, easily digestible, low toxicity, safe products
by exploiting the properties of the starter cultures (17).
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TABLE 63.2
Potential Benefits of Fermented Foods
Increased Decreased

Safety Toxicity
Revenue from the sale of the Cooking time

transformed food
Nutritional value Processing costs
Digestibility
Suitability of food commodities for 

subsequent processing
Acceptability
Sensory properties
Ease of storage and transportation
Shelf-life
Health benefits

TABLE 63.4
Principal Groups of Fermentative Microorganisms
Microbial Group Product

Lactic Acid Bacteria (LAB) Lactic acid
Acetic acid bacteria Acetic acid
Yeasts Alcohol and carbon dioxide
Moulds Enzymes
Micrococcus spp. Proteases
Bacillus spp. Amylases

TABLE 63.3
Factors that Contribute to the Suitability of an Organism
for Fermentation
Factors

Safe to consume in high numbers
Produces considerable amounts of the required end-product
Does not breakdown the required metabolised end-product
Not too fastidious
Genetically stable
Competitive
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Innovations in starter technology are being made in many
areas including probiotics, increased yields and quality of
high revenue products and also for development of new
fermentation products.

B. YEASTS

Yeasts are widely distributed in nature, with their natural
habitats usually being nutritionally rich and high in car-
bohydrates. They are regularly associated with plant nec-
tars and fruits (18). Consequently, in fermentations they
are frequently used for beverages and foods based on fruit
or vegetable substrates. Yeasts are ideal agents for fer-
mentation of food products as they are generally accept-
able to consumers and are rarely toxic or pathogenic (19).
As a consequence of their value they have been exten-
sively studied, and are well classified (20). Separate clas-
sification of yeasts and moulds is well accepted and has
proved useful. The oldest and still widely used approach
to grouping of yeasts is based on morphological, bio-
chemical and physiological characteristics (21).

More recently, progress in molecular biology has
enabled yeasts to be characterised at the genomic level
using methods based on polymerase chain reaction (PCR)
technology (22, 23). Determination of individual genes
coding for 18S and 26S ribosomal RNA has resulted in
many changes in the identification and classification of
yeasts (24). Also rapid techniques such as API kits are
being evaluated for their identification (25).

Although there are about 500 species of yeasts, (20),
only a few are commonly used in the production of fer-
mented foods. These are all either ascomycetous yeasts or
members of the imperfect genus Candida (18). The sexual
process of ascomycetous yeasts involves the production of
haploid ascospores contained within an ascus (ascocarp).

Sacchaharomyces cerevisiae is the most important
and frequently used and there are more than 80 different
variants of this species available. All strains ferment glu-
cose and many ferment other plant-associated carbohy-
drates such as sucrose, maltose and raffinose, although
none ferment lactose (18). In general, yeasts do not fer-
ment starch in nature.

Yeasts are used to produce ethanol, CO2, flavour and
aroma. The important reaction of yeasts can be repre-
sented by the following equations:

● C6H12O6 → 2C2H5OH � 2CO2
● glucose → ethyl alcohol and carbon dioxide

In addition to alcohol and carbon dioxide various meta-
bolic products including ethyl acetate, fusel alcohols
(pentanol, isopentanol and isobutanol) sulphur com-
pounds and leakage of amino acids and nucleotides can all
contribute to the fermentation changes induced by yeasts
(19). They contain good concentrations of amino acids

such as lysine, tryptophan and threonine and are also rich
in B-group vitamins.

The technology for the propagation and storage of
starter yeasts has developed. Traditionally yeasts were
collected from the sediments of beer making. Compressed
yeasts were the most common form of starter cultures, this
is a compressed mass of dormant cells that must be stored
refrigerated. Other more convenient forms are now avail-
able such as instant dried yeast which is small beads of
freeze dried yeasts. This is sold vacuum packed and can
be stored at room temperature for up to two years.
Rehydration in water between 30–40°C is required before
use, or gas production may be impaired. Protected active
dried yeast is the most convenient, it is similar to instant
dried yeast, but can be used without any prior rehydration.

C. LACTIC ACID BACTERIA

Lactic acid bacteria are a group of bacteria that predominate
in many fermented foods. These bacteria are grouped together
based on a set of common properties (Table 63.5) (26).

Lactic acid bacteria are subdivided based on their end
products from glucose metabolism. Two distinct groups
known as homofermenters and heterofermenters are iden-
tified. The homofermenters produce lactic acid as virtu-
ally the sole product of glucose fermentation. The
heterofermenters produce equimolar amounts of lactate,
carbon dioxide, and ethanol/acetate from hexoses. Unlike
the homofermenters, the heterofermenters are responsible
for the production of other compounds involved with
flavour, such as acetaldehyde and diacetyl, and other char-
acteristics. The principal genera of lactic acid bacteria are
shown in Table 63.6.

Lactic acid bacteria are generally fastidious on artificial
media but they grow readily in most food substrates and
lower the pH rapidly to a point where other competing
organisms are no longer able to grow. Leuconostocs and
lactic streptococci generally lower the pH to about
4.0–4.5 and some of the lactobacilli and pediococci to
about 3.5 before inhibiting their own growth (27).

In addition to producing lactic acid, the lactobacilli also
have the ability to produce hydrogen peroxide through
oxidation of reduced nicotinamide adenine dinucleotide
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TABLE 63.5
Characteristics Common to Lactic Acid Bacteria
Characteristics

Gram positive
Catalase negative
Oxidase negative
Non-sporeforming
Fermentative anaerobes that are aerotolerant
Produce most of their cellular energy from the fermentation of sugars
Produce lactic acid from hexoses
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(NADH) by flavin nucleotides, which react rapidly with
gaseous oxygen (28). Flavoproteins such as glucose oxi-
dase also generate hydrogen peroxide and produce an
antibiotic effect against other organisms that might cause
food spoilage (27). The lactobacilli themselves are rela-
tively resistant to hydrogen peroxide (29). Accumulation
of hydrogen peroxide in some fermented foods has been
demonstrated, but its effects are likely to be small.

Lactococcus lactis produces the polypeptide anti-
biotic nisin that is active against Gram-positive organisms
including L. cremoris which, in turn, produces an antibio-
tic “diplococcin” active against Gram-positive organisms
including L. lactis. Thus, these two organisms compete in
the fermentation of milk products while inhibiting growth
of other Gram-positive bacteria (30). Carbon dioxide pro-
duced by heterofermentative lactobacilli also has a preser-
vative effect in foods resulting partially from its flushing
action leading to anaerobiosis if the substrate is properly
protected (27).

Lactic acid bacteria perform an essential role in the
preservation and production of wholesome foods. Exam-
ples of lactic acid fermentations include: a) fermented
vegetables such as: sauerkraut, pickled cucumbers, radishes,
carrots, olives, b) fermented milks such as: yogurt, kefir,
cheeses, c) fermented/leavened breads such as sourdough
breads and d) fermented sausages (Table 63.1).

In recent years there has been extensive research into the
use of lactic acid bacteria to control pathogenic and spoilage
microorganisms and to promote health. Consumers are
taking a greater interest in the quality of foods and are
creating a demand for chemical free, ‘natural health’ foods.
Lactic acid bacteria can inhibit other microorganisms by
many methods (Table 63.7) and several applications are
already in common use in the food industry, whilst others
are the subject of research to establish their efficacy and
safety.

Bacteriocins are bactericidal peptides or proteins that
are usually active against species closely related to the
producing organism (18). There is interest in the use of LAB
bacteriocins as food additives to inhibit food-borne

pathogens and to act as preservative as they are produced
by food-grade organisms and could therefore be classed
as “natural” and hence more acceptable. Nisin is a Class I
bacteriocin, a lantibiotic that contains the unusual amino
acid lanthionine. Nisin is active against most Gram-posi-
tive bacteria including Listeria and spore-formers such as
Clostridium botulinum. It is especially useful for inhibit-
ing the outgrowth of spores from heat-resistant spoilage
organisms such as Bacillus and Clostridum spp. in heat-
processed foods. It does not inhibit Gram-negative bacteria,
yeasts, or filamentous fungi.

Nisin is the only bacteriocin being used in the food
industry (18). It offers processors a “natural” label as well
as extending refrigerated shelf life by 14 to 30 days
depending on the product. While most bacteriocins are
produced only during exponential growth, nisin is produced
in large amounts after cells reach their stationary phase,
making it appropriate for foods in which lactic acid bacte-
ria are not expected to grow after processing.

Nisin creates pores in the plasma membrane of vege-
tative cells allowing leakage of intracellular, cytoplasmic
components and causes disruption of the transmembrane
potential required to drive active transport. In Gram nega-
tive bacteria the outer membrane provides protection (18).

Fermentation: General Principles 63-5

TABLE 63.6
The Predominant Genera of Lactic Acid Bacteria Used in Food Fermentations
Genus Cell Shape/Grouping Homofermenter Heterofermenter

Lactobacillus Rods — single or chains � �

Lactococcus Oval cocci — pairs or chains � �

Leuconostoc Oval cocci — pairs or chains � �

Pediococcus Cocci — pairs and tetrads � �

Streptococcus Cocci — pairs and chains � �

Weissella Coccoid/short rods — single, pairs or �� �

short chains
Enterococcus Cocci — single, pairs or short chains � �

Modified from (18, 26).

TABLE 63.7
Antimicrobial Factors Used by Lactic Acid Bacteria to
Inhibit Competing Organisms
Factors

Competitive exclusion
Bacteriocins (184)-nisin, natamycin, lactococcin, pediococcin
Hydrogen peroxide
Carbon dioxide
Ethanol
Diacetyl
Organic acids
Low pH, by production of lactic acid and minor amounts of acetic 

and formic acid
Low redox potential
Reduced levels of available nutrients (32)
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Some Gram negatives become sensitive when their outer
membrane has been damaged. Bacterial spores are particu-
larly sensitive, the most important use of nisin has been to
inhibit the outgrowth of spores in heat processed foods, par-
ticularly processed cheese, canned foods, but also some-
times clotted cream, dairy desserts and pasteurized soups.

There are several potential health or nutritional bene-
fits possible from some species of lactic acid bacteria,
although at present many are controversial (31) and are
the subject of research to identify specific roles (31, 32,
33). The benefits may arise from the growth and activity
of the lactic acid bacteria during food fermentation or dur-
ing colonisation of the gastrointestinal tract (Table 63.8).

Selection of species with the properties to perform the
required functions e.g. preservation, good fermentation
properties or health promotion can be made from wild-
type species or by genetic manipulation where strains are
engineered to produce the required activities.

D. BACTERIOPHAGE

Bacteriophage are viruses that are host specific and mul-
tiply inside bacterial cells. Although bacteriophage have
no direct role in fermentation as they exist as inert parti-
cles on food and only replicate inside susceptible host
cells, they cannot be ignored when discussing fermenta-
tions. Bacteriophage infection can lead to inadequate fer-
mentation and possible safety risks. They have caused
major problems in milk fermentations. Several steps can
be taken to reduce the risk of phage infection. These
include:

1. Using mixed culture starters (34)
2. Rotation of starter culture species with differ-

ent phage susceptibility (35)
3. Following rigorous hygiene strategies.
4. Propagating starter cultures in phage inhibitory

media (18)

5. Inserting a plasmid which confers phage 
resistance.

6. Using phage-insensitive bacterial strains.

III. FERMENTED PRODUCTS

A. FERMENTED FRUITS AND VEGETABLES

1. Sauerkraut

Sauerkraut is the product resulting from the natural lactic
acid fermentation of shredded fresh cabbage to which salt
is added at a concentration of 2.25–2.5%. Figure 63.1
shows the main steps in the manufacture of sauerkraut
(36). The fermentation yields lactic acid as the major
product. The salt extracts liquid from the vegetable which
serves as a substrate for growth of lactic acid bacteria.
Anaerobic conditions should be maintained to prevent
growth of microorganisms that might spoil the sauerkraut
(27). Many researches have shown a sequential involve-
ment for different species of lactic acid bacteria (3, 37, 38,
39). It is now well established that Leuconostoc mesen-
teroides grows first producing lactic acid, acetic acid and
CO2. The pH of the product is lowered quickly, thus limit-
ing the activity of undesirable microorganisms and
enzymes that might soften the cabbage shreds. The carbon
dioxide flushes out residual oxygen making the fermenta-
tion anaerobic which stimulates the growth of many lactic
acid bacteria. Then Lactobacillus brevis grows continuing
the acid production. Finally Lactobacillus plantarum
grows producing more acid and lowering the pH to below
4.0, allowing the cabbage to be preserved for long periods
of time under anaerobic conditions.

The end products formed during the fermentation of
the cabbage contain significant amounts of lactic acid and
a small amount of acetic acid and propionic acid, and a
mixture of gases, CO2 being the most important. Minor
end products also appear. Diacetyl and acetaldehyde were
reported by Hrdlicka et al. (40) as the primary carbonyls
produced during kraut fermentation. According to Lee 
et al. (41), the major amount of the volatiles in sauerkraut
is accounted for by acetal, isoamyl alcohol, n-hexanol,
ethyl lactate, cis-hex-3-ene-1-ol, and allyl isothiocyanate.
The predominant volatiles are cis-hex-3-ene-1-ol, and
allyl isothiocyanate define the character of sauerkraut,
they do not contribute significantly to its quality. Instead,
they believe that the fresh, fruity aroma of compounds
such as ethyl butyrate, isoamyl acetate, n-hexyl acetate
and mesityl oxide probably are more important in deter-
mining the acceptability of sauerkraut (41).

Microbial spoilage of sauerkraut can induce changes
in texture, color and flavour. Sauerkraut softening occurs
when fermentation takes place at too high a temperature,
when the cabbage is exposed to air, too little salt is added;
or by faulty fermentation when the lactic acid content
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TABLE 63.8
Potential Health Benefits of Lactic Acid Bacteria
Benefits

From foods
Improved nutritional value e.g. production of vitamins or essential 

amino acids
Reduced toxicity e.g. by degradation of noxious compounds
Increased digestibility and assimilability of nutrients (31)

From colonisation
Control of intestinal infections
Improved digestion of lactose
Inhibition of tumor growth
Lowering of serum cholesterol levels
Immune stimulation (185)

Drouault and Corthier (186).
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remains too low (36). Pink kraut is caused by the surface
growth of yeasts mainly of Torula spp., especially T. gluti-
nus (42). Rotted sauerkraut may be caused by bacteria,
molds and/or yeasts.

2. Pickled Cucumbers

Pickled cucumbers are acid fermented in the presence of
salt. Cucumbers for pickling are harvested while still
immature. The fermentation of cucumbers varies accord-
ing to the salt concentration used, and two quite different
products can be produced, namely high-saltstock (8–10%
increasing to 15%) and low-salt dill pickles (3–5% salt
containing dill and spices) (43). Usually, the salt solution
is poured onto the cucumbers in tanks and then fermenta-
tion is allowed to proceed, if necessary, glucose is added
to stimulate activity. Fermentation takes place at 18–20°C
and yields lactic acid, CO2, some volatile acids, ethanol
and small amounts of various aroma substances (36).

Once the cucumbers have been brined and the tank
closed, there is a rapid development of microorganisms in
the brine. The normal mixed flora of the cucumbers form
the initiating culture. The rapidity of the fermentation is
correlated with the concentration of salt in the brine and
its temperature. In general, the lower the salt concentra-
tion, the more kinds of bacteria will grow at the start, the
faster the acid production, and the greater the acidity pro-
duced. The lactic acid bacteria chiefly responsible for pro-
duction of high-salt pickles are initially Pediococcus
cerevisae followed by the more acid-tolerant Lactobacillus
plantarum and Lactobacillus brevis. Leuconostoc mesen-
teroides makes little contribution in the high-salt pickles
but is active in the low-salt pickles (43). The lactic acid
initially formed is later metabolized partly by film yeast
or oxidative yeasts that grow on the surface of the brine,
thus increasing slightly the original pH value of the fer-
menting medium (36).

In controlled fermentations the cucumbers are washed
and soaked in a chlorinated brine of 25° salinometer. The
brine is acidified with acetic acid, buffered with sodium
acetate or sodium hydroxide, and inoculated with L. plan-
tarum alone or in association with P. cerevisae (42, 44). The
controlled fermentation reduces economic losses and leads
to a more uniform product over a shorter period of time (1).

The two main defects of pickles are bloaters and soften-
ing. Pickled cucumbers are often softened due to endo-
genous or microbial pectolytic enzymes (36). Softening is
caused by microorganisms growing inside or on the cucum-
bers (18). Pectolytic organisms causing pickle softening
belong to the genera Bacillus, Fusarium, Pencillium,
Phoma, Cladosporium, Alternaria, Mucor, Aspergillus and
others (42). Bloaters are those pickles that float on the brine
and are hollow or have large air spaces in the interior. This
condition is caused by gas-forming microorganisms, i.e.
gaseous fermentation. Enterobacter spp., lactobacilli, and
pediococci have been implicated as causes of bloaters (42).

3. Olives

Green olives are brined and fermented in a manner simi-
lar to cucumbers. Spanish, Greek and Sicilian are the most
important types of fermented olives. Before brining, green
olives are treated with a 1.25 to 2% lye solution (sodium
hydroxide), depending on the type of olives usually at 
21 to 25°C for 4 to 7 hours. This treatment is necessary 
to remove some of the oleuropein, a bitter principal in the
olives. Some microorganisms may be destroyed during
lye treatment. After treatment, the lye is removed by soak-
ing and washing the olives in fresh water. Excessive wash-
ing may induce a loss in some nutrients and a low acidity
development due to a high loss of carbohydrates. To over-
come these problems inoculation with Lactobacillus 
plantarum may be necessary to neutralize any residual
lye. Adding sugar to the brined olives for acid production
has also been suggested. Washed olives are then placed in
a brine solution, the concentration of which varies from 
5 to 15% salt, depending upon the variety and size of olives
(3). Ten to 15% is recommended for Manzanillo olives,
whereas a 5 to 6.25% is recommended for Sevillano olives.
Additional salt is added during fermentation of olives in
order to maintain a constant salt concentration, usually at
28° to 30° Salinometer level. The microbiology of the olive
lactic acid fermentation is complex with a number of micro-
bial strains being involved. Vaughn et al. (45) have divided
the normal olive fermentation into three stages. The initial
stage is the most important from the standpoint of poten-
tial spoilage if the brines are not acidified. Acidification
eliminates the original contaminating population of 
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dangerous Gram-negative and Gram-positive spoilage bac-
teria and, at the same time provides an optimum pH for
activity of the lactic acid bacteria (46). The natural flora
of green olives, consisting of a variety of bacteria, yeasts,
and molds carries out the fermentation with the lactic acid
bacteria becoming prominent during the intermediate
stage. Leuconostoc mesenteroides and Pediococcus cere-
viciae are the first lactics to prominate, followed by lacto-
bacilli, mainly Lactobacillus plantarum and Lactobacillus
brevis (47). The fermentation takes as long as 6 to 18
months, and the acidity of the final product varies from
0.18 to 1.27% (48). A level of at least 0.6 to 0.7% acid is
needed for proper preservation and flavour of the product.

For the fermentation of black lactic-fermented olives,
the ripe, violet to black fruit is washed and directly
allowed to undergo spontaneous lactic fermentation in an
8–10% salt solution. No alkali treatment is performed on
black olives. Lactobacilli and yeasts are involved, but the
yeasts normally dominate. The final product has a pH
value of 4.5–4.8 and contains 0.1–0.6% lactic acid (49).

Olives may undergo spoilage owing to the growth of
undesirable microorganisms. Zapateria spoilage is charac-
terized by a malodorous fermentation, due apparently to the
production of propionic acid by Propionibacterium (50).
Sloughing spoilage is a defect that includes severe soften-
ing, skin rupture and flesh sloughing. It is caused by Gram
negative pectinolytic bacteria, especially Cellulomonas
flavigena (51). Softening of olives is caused by the pink
yeasts, Rhodotorula, and fermenting pectinolytic yeasts,
Saccharomyces and Hansenula (52, 53).

4. Cocoa Fermentation

Cacao beans grow on the Theobroma cacao tree. They can
be processed to make cocoa and chocolate. The popular-
ity of cocoa is not its nutritional value but rather its unique
flavour, colour and aroma. To obtain these sensory char-
acteristics the beans must be fermented, as roasting unfer-
mented dried cacao does not result in the desired flavour,
aroma or colour (54, 55, 56). To induce fermentation the
pods are opened following harvesting to reveal the seeds,
called beans, covered with pulp. The beans are heaped
into piles or placed into boxes on the farm. Fermenta-
tion methods vary between different countries and even
between different processors (57). The fermentation is
natural; therefore, the microbial species present also differ
between batches and different geographical locations.
Occasionally a more controlled situation is required and
starter cultures are used, however, these generally do not
compare favorably with the natural fermentations (57).

The pulp is predominantly water with 10–15% sugars
and has a low pH, between pH 3.6–4.0 (58). The sterile pulp
is inoculated with a variety of microorganisms during
handling and storage which perform the fermentation. The
beans are fermented for 2–12 days (42, 54). During this

time the sticky pulp becomes a turbid broth from which
the beans absorb flavours (57, 59). Yeasts and acetic acid
bacteria are the most important fermenters of cacao beans.

Fermentation takes place in two stages; firstly the sug-
ars in the acidic pulp are converted to alcohol, which is sub-
sequently oxidised to acetic acid. Yeasts ferment the sugars
to ethyl alcohol in the anaerobic piles. Candida krusei,
Saccharomyces spp., Geotrichium candidum, Hansenula
anomala and Schizosaccharomyces pombe are amongst the
most frequently isolated species (42, 54, 60, 61). In addition
the yeasts hydrolyze the pectin that covers the beans (57).
Without pectin, the bitter alkaloids may leach out of the
bean or be altered by alcohol that can now enter the beans
(54). Although yeasts have an important role in producing
alcohol, in this fermentation their presence appears even
more essential to the development of the final desirable
chocolate flavour (42). It has been observed that the endoen-
zymes released by autolysing yeasts and the levels of reduc-
ing sugars and free amino acids have some role in the
development of chocolate precursor compounds (42, 62).

As the microorganisms ferment the sugars they pro-
duce heat and high temperatures, up to 45–50°C develop
(54). As the temperature rises and alcohol accumulates the
proportion of yeasts falls rapidly. Lactic acid bacteria such
as species of Lactobacillus, in particular L. plantarum, and
Streptococcus spp. start to grow, although their numbers
and activity is thought be subordinate to that of the acetic
acid bacteria (59, 61, 63). In some countries the levels of
lactic acid bacteria are higher and their activity is thought
to account for the acidity of cocoa from these areas (63).

The pulp is stirred and drained which increases the
level of aeration (57). The presence of oxygen and the low
pH favor the growth of acetic acid bacteria, including
Acetobacter spp. (42, 62, 64). The acetic acid makes the
bean tegument permeable to the yeast enzymes.

If the fermentation is prolonged microbial growth
may start on the beans instead of just the pulp. Off-tastes
result when Bacillus and filamentous fungi, including
Aspergillus, Penicillium, and Mucor, hydrolyze lipids 
in the beans to produce short-chain fatty acids which
cause rancid tastes (54). As the pH approaches pH 7,
Pseudomonas, Enterobacter, or Escherichia spp. may
grow and produce off-tastes and odors.

When fermentation is complete the beans are sun- or
air-dried to reduce the water content to below 7.5%. As they
dry moulds including Geotrichium grow and may oxidize
lactic acid to acetic and succinic acid. The beans are then
roasted at 121°C to obtain the characteristic smell and
flavour of chocolate. Roasting kills most of these microbes
although some species of Bacillus may survive (54).

Microorganisms are also used in the production of fin-
ished chocolate products. Alpha amylase from Aspergillus
is used to hydrolyze starch for chocolate syrup and inver-
tase from Saccharomyces to hydrolyze sucrose in filling
mixtures to make soft-centered chocolates.
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Additionally, chocolate is tested for the following spe-
cific bacteria: Staphylococcus aureus, coliforms, and
Salmonella. Several outbreaks of salmonellosis have been
traced to chocolate that was contaminated after roasting
(62, 65).

B. DAIRY PRODUCTS

1. Yogurt

Yogurt is a fermented milk product produced with a yogurt
starter culture consisting of Streptococcus thermophilus
and L. dulbrueckii subsp bulgariecus in a 1:1 ratio. The
symbiotic growth of the two organisms results in lactic acid
production at a rate greater than that produced by either
when growing alone, as well as the production of various
metabolites. Carbonyl compounds have been the subject of
intensive research in recent years, because of their possible
role in flavour balance or in flavour defects in dairy prod-
ucts (66). Yogurt is prepared using either whole or skim
milk, to which approximately 5% by weight of milk solids
or condensed milk is usually added. The concentrated milk
is heated to 82–93°C for 30–60 min and cooled to around
45°C. The yogurt starter is then added at a level of around
2% by volume and incubated at 45°C for 3–5 h, followed
by cooling to 5°C (23). For optimum shelf life at refrigera-
tion temperature the product should have a titratable acidity
around 0.85–0.90%. The symbiotic association of the strep-
tococci and the lactobacilli have been reported by many
workers. Streptococcus thermophilus produces lactic acid,
formic acid, and carbon dioxide. Formic acid stimulates the
growth of the lactobacilli. The latter exhibit proteolytic
activity and liberates some amino acids used by the strep-
tococci for their growth. The streptococci tend to be inhib-
ited at pH values of 4.2–4.4, whereas the lactobacilli can
tolerate pHs in the 3.5–3.8 range. The lactic acid of yogurt
is produced more from the glucose moiety of lactose than
the galactose moiety (67).

Substances that contribute to flavour are particularly
significant in the preparation of natural yogurt. Various
researchers have shown that strains of Streptococcus 
thermophilus and L. delbrueckii subsp bulgaricus produce 
different amounts of carbonyl compounds, in particular
acetaldehyde, when grown in skimmed cow’s milk (68, 69,
70). More acetaldehyde is produced by L. bulgaricus when
growing in association with S. thermophilus (71). Acetalde-
hyde is the compound that contributes mostly to the typical
flavour of yogurt, while acetoin, diacetyl and ehanol are
produced in lower concentrations (66). Yogurt flavour con-
tinuously changes during manufacture and storage. Flavor
changes may vary depending on the cultures, mix formu-
lation, and incubation and storage conditions (72, 73).

The selection of the appropriate starter culture is of
great importance in yogurt manufacture. The type of
yogurt starter used can change the physical characteristics

of the final yogurt product, thus altering both its texture
and appearance. For example, “ropy” and the “non ropy”
starters are used for the manufacture of “stirred” and “set”
types of yogurt respectively. Ropy cultures comprise
Streptococcus salivarius ssp thermophilus and Lactobacillus
strains capable of producing extracellular polysaccharides
during fermentation (74). These starter cultures are used to
enhance the viscosity of stirred yogurt.

2. Kefir

Kefir is produced by the fermentation of milk with a mix-
ture of lactic acid bacteria, yeasts and other bacteria. The
final product is acidic, slightly alcoholic, liquid to semi-
liquid and effervescent, and is consumed as a beverage
(75, 76).

Kefir is prepared by the use of kefir grains, which con-
tain Lactic acid bacteria and lactose-fermenting yeasts held
together by layers of coagulated protein. The yeast flora
of kefir varies with its source of production, but mixtures of
lactose and non-lactose fermenting species, identified 
as Klyveromyces marscianus, Candida kefir, C. pseudotrop-
icalis, Saccharomyces. cerevisae, S. exiguus and Torulopsis
holmii have been reported (76, 77, 78). The essential bac-
terial component in the grain is L. brevis (79, 80). Kefir fer-
mentation requires a moderate room temperature (17 to
23°C). Acid production is controlled by the bacteria, and
the yeast produces alcohol. The final concentration of lac-
tic acid and alcohol may be as high as 1%.

3. Koumiss

Koumiss is similar to kefir except that mare’s milk is used,
and the alcohol content may reach 2%. The primary fer-
menting microorganisms are L. bulgaricus and Torula
yeasts (81). Fermentation produces mainly lactic acid,
ethanol, and carbon dioxide. These products give koumiss
its effervescence and sour, alcoholic flavour.

4. Acidophilus Milk

Acidophilus milk is produced by the inoculation of a
strain of Lactobacillus acidophilus into sterile milk. The
inoculum of 1–2% is added, followed by holding of the
product at 37°C until a smooth curd develops. Acidophilus
milk contains from 1.5 to 2.0% acid (as lactic) and no 
alcohol (81).

5. Cheese

Cheese is commonly made from cow, ewe, goat, or buf-
falo milk. Less commonly used is milk from mare, rein-
deer, camel, and yak. The majority of cheeses are made
from heat-treated or pasteurized milk. Research groups in
many countries have extensively investigated the subject
of cheese making, and in-depth information has been
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reported, for example, by Kosikowski (82), Scott (83),
and Fox et al. (84).

Cheese making is initiated by a process of destabi-
lization of casein micelles followed by the formation of a
protein network and sequential expression of whey caused
by a spontaneous process termed syneresis, which is often
complemented by application of external pressure. All
modern cheeses, with the exception of whey cheeses, are
made using variations of the same basic process: acidifi-
cation; coagulation into curds and whey; curd drainage/
syneresis; shaping of the coagulum; and salting. In case of
ripened cheeses, the curd is allowed to ripen under condi-
tions appropriate to the cheese in question. Slight varia-
tions of these and the use of different milks combine to
generate the huge range of cheeses available today. There
are over 400 varieties of cheeses representing fewer than
20 distinct types, and these are grouped or classified
according to texture or moisture content, whether ripened
or unripened, and if ripened, whether by bacteria or molds
(85). Table 63.9 shows the classification of cheeses based
on moisture content, with subdivision depending on the
milk type and the role of microorganisms in cheese ripening.

In general, the process of manufacture starts with the
preparation of milk. Although it is not compulsory, a heat
treatment equivalent to pasteurization is usually applied at
the start of the processing. The milk is then cooled to the
fermentation temperature, which depends on the type of
cheese to be manufactured, 29–31°C for Cheddar, Stilton,

Gouda, Camembert and Leicester; higher temperatures
are employed in the manufacture of high scalded cheeses
such as Emmental, Gruyere and Italian cheeses. Milk is
inoculated with an appropriate lactic starter. The starter
culture produces lactic acid, which, with added rennin,
gives rise to curd formation. The starter organisms most
used for cheese production are mesophilic starters, strains
of Lactococcus lactis and its subspecies. Thermophilic
starters such as Lactobacillus helveticus, Lb. Casei, Lb.
Lactis, Lb. Delbrueckii subsp. bulgaricus and Streptococ-
cus thermophilus are used in the production of cheeses
where a higher incubation temperature is employed.
Propionic bacteria, molds, such as Penicillium camemberti,
P. candidum, P. roqueforti; red- or yellow-smearing cul-
tures, such as Bacterium linens are also added, depending
on the type of cheese to be manufactured. The time of
renneting and the amount added differ with cheese type.
Rennet is a preparation from the fourth stomach or aboma-
som of suckling calves, lambs or goats. Recently, due to
world shortage of calf rennet, recombinant or genetically
engineered pure chymosin derived from different micro-
organisms is available on the market, and is currently used
by many cheesemakers in different countries. Microbial
rennets are produced from fungi such as Mucor miehei,
Mucor pusillus, and Endothia parasitica. Genes from chy-
mosin have been cloned into a number of organisms such
as the bacterium E. coli and yeasts to produce nature-
identical chymosin.

After coagulation of the milk, the curd is cut into
small cubes for whey expulsion. The curd is further shrunk
by heating it and then pressed to expel more whey, fol-
lowed by salting. Finally the cheese is ripened under con-
ditions appropriate to the cheese in question.

Cheese ripening involves a complex series of chemical
and biochemical reactions. Proteolysis and lipolysis are
two primary processes in cheese ripening with a variety of
chemical, physical, and microbiological changes occur-
ring under controlled environmental conditions (86, 87).
Several workers have indicated the importance of free fatty
acid levels on the flavours of different types of cheeses (88,
89, 90). Free fatty acids form during ripening and are pre-
cursors for methyl ketones, alkanes, lactones, and aliphatic
and aromatic esters, all of which are characteristic aroma
components in cheese (91). Moreover, short chain fatty
acids contribute directly to aroma in many aged cheeses
(92, 93, 94). During ripening, a part of the casein is con-
verted by proteolysis into water-soluble nitrogenous com-
pounds, such as peptides and amino acids, which contribute
to the flavour and texture (86). Specifically, flavour develop-
ment has been associated with an increase in total amino
acids (95, 96). Particular amino acids, glutamine, methio-
nine, and leucine have been found to influence cheese 
flavour (96, 97).

According to Fox et al. (98) probably five agents are
involved in the ripening of cheese: (1) rennet or rennet
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TABLE 63.9
Cheese Varieties and Their Classification
Moisture 
Content

50–80% SOFT CHEESES
Unripened

Cottage, Quark, Cream, Neufchatel
Ripened by surface molds, mainly

Camembert, Brie
Salt-cured or pickled

Feta, Domiati
45–50% SEMI SOFT/SEMI HARD CHEESES

Ripened principally by internal mould growth
Roquefort, Stilton, Gorgonzola, Danish blue

Ripened by bacteria and surface microorganisms
Limburger, Brick, Trappist, Port du Salut

Ripened primarily by bacteria
Bel Paesa, Pasta Filata, Provolone, Brick,
Gouda, Edam

�39% HARD CHEESES
Without eyes, ripened by bacteria

Cheddar, Caciocavallo, parmesan, Romano
With eyes, ripened by bacteria

Emmental, Gruyère
�34% VERY HARD CHEESES

Asiago old, Parmesan, Romano, Grana
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substitute (i.e. chymosin, pepsin or microbial pro-
teinases); (2) indigenous milk enzymes, which are parti-
cularly important in raw milk cheeses; (3) starter bacteria
and their enzymes, which are released after the cells have
died and lysed; (4) enzymes from secondary starters (e.g.
Propionic acid bacteria, Brevibacterium linens, yeasts and
molds, such as Penicillium roqueforti and P. candidum)
are of major importance in some varieties; (5) non-starter
bacteria, i.e. organisms that either survive pasteurization
of the cheese milk or gain access to the pasteurized milk
or curd during manufacture; after death these cells lyse
and release enzymes.

Although most ripened cheeses are the products of
metabolic activities of the lactic acid bacteria, several known
cheeses owe their particular character to other related
organisms. In the case of Swiss cheese, Propionibacterium
shermanii is added to the lactic bacteria organisms Lb.
bulgaricus and S. thermophilus. Propionibacteria con-
tribute to the typical flavour and texture of Swiss-type
cheese (99). The lipolytic and proteolytic activities of
molds play an important role in the maturation of some
cheeses. In blue cheese such as Roquefort and Stilton
Penicillium roqueforti grows throughout the cheese and
impart the blue-veined appearance characteristic of this
type of cheese. P. camemberti is associated with surface-
ripened soft cheeses such as Camembert and Brie.

C. FERMENTED SOYBEAN PRODUCTS

The use of various bacteria, yeasts, and fungi to make fer-
mented foods from soybeans or a mixture from soybeans
and cereals, such as rice or wheat, has been known in the
orient for centuries. A variety of fermented soybean foods,
including tempeh, sufu, miso, shoyu are produced in the
Orient. It is worth noting that fungi are the organisms
most frequently used to process soybeans.

1. Soy Sauce

Soy sauce is a dark brown liquid food condiment that is
used to add flavour and color to the normally bland
Oriental diet including rice, raw fish, beancurd, fermented
beans, and boiled vegetables. Figure 63.2 illustrates the
different steps for soy sauce manufacture. Soy sauce fer-
mentation is a two stage process; the first is aerobic and
the second anaerobic. The first stage, the koji, consists in
growing Aspergillus oryzae or A. soyae on either soybeans
or a mixture of soybeans and wheat. The mixture is
allowed to stand for 3 days. The mold grows and produces
enzymes mainly amylases and proteases that break down,
respectively, the carbohydrates and the proteins present in
the substrate. This results in the production of large
amounts of fermentable sugars, peptides, and amino
acids. The second stage, the moromi, consists of adding
the fungal-covered material to a 17–19% sodium chloride

solution and incubating it for at least 1 year at ambient
temperature to give the product a good quality. The high
salt concentration ensures the development of flavour
enhancing yeasts (100). During the first stage of the fer-
mentation, salt-tolerant homofermentative lactic acid bac-
teria principally Pediococcus cerevisae and Lactobacillus
delbrueckii, lower the pH to 4.9 (101). One of the most
important characteristics of the lactic acid bacteria P. cere-
visae is the ability to form aroma and flavours essential
for soy sauce. In the later stages, salt tolerant yeasts pri-
marily Saccharomyces rouxii ferment parts of the sugar to
produce ethanol and various aroma compounds (102).
Other yeasts such as Hansenula and Torulopsis may also
be involved. Yeasts are also responsible for the production
of furfual, an important flavour compound (103). In the
final stage of the fermentation, the pH is lowered to about
4.5-4.8. At this stage the fermented mash is filtered and
the liquid obtained is soy sauce. The liquid soy sauce is
pasteurized at 70–80°C to help remove heat-coagulable
material as well as preserve the product.

2. Tempeh

Tempeh is a protein-rich meat substitute produced in
Indonesia and Africa by overgrowing soaked, dehulled,
partially cooked beans with Rhizopus oligosporus or related
species such as R. oryzae or R. arrhizus (27). The general
principle of tempeh manufacture starts with the cleaning
and overnight soaking of beans for hydratation and to
remove the hulls. During this initial soaking acid fermen-
tation lowers the pH to 5.0 or below, which is inhibitory to
many organisms but not to the mold. Dehulled beans are
cooked in boiling water and spread on a bamboo tray to
cool and surface dry. Surface drying inhibits growth of
bacteria that might spoil the product (7). They are then
inoculated with tempeh from a previous fermentation and
wrapped in banana leaves or perforated plastic. The
wrapped packages are kept at room temperature for 
1 to 2 days during which mold growth occurs and knit the
cotyledons into a compact cake — the tempeh. During the
fermentation, proteins are partially hydrolyzed, the lipids
are hydrolyzed to their constituent fatty acids, stachyose is
reduced (decreasing flatulence in the consumer), riboflavin
nearly doubles, niacin increases sevenfold and vitamin B-12
is synthesized (7, 27, 104).

D. FERMENTED GRAIN/CEREALS

1. Beer

Beer is a product of fermentation of barley malt and other
grain starch by yeasts. Beer making involves several steps.
The first step is to make malt (105). Barley is first allowed
to germinate by soaking in water for 5 to 7 days. During
this time germinated grains produce amylases and 
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proteases. These two enzymes are essential to the brewing
process. Amylases degrade starch to glucose, a sugar
needed for the yeast fermentation, and proteases solubi-
lize compounds in the grain and hops important for the
quality of beer. After germination, heat is applied to stop
the sprouting process and to dry the grain. The dried and
crushed malt is suspended in water and mixed with boiled
malt adjuncts, such as ground rice and corn. Adjuncts are
low in enzyme activity, hence their use may necessitate
the addition of microbial preparations with α-amylase and
proteinase activities. The addition of amylase is important
in order to assure complete hydrolysis of starch.

The mash is then incubated at 65–70°C for a short time
to allow the amylase to degrade the starch to glucose. The
temperature is raised to 75°C to inactivate the enzymes
and then allowed to settle. Insoluble matter sinks to the bot-
tom and serves as a filter as the liquid, called wort, is taken
from the container.

Here, hops or hop extracts are then added to the wort.
Hops are a very important ingredient in beer production.

Their function is to (i) act as a clarifier, since they precip-
itate the proteins in wort, (ii) change the wort character to
give a specific aroma and bitter taste and, (iii) to con-
tribute to the stability of beer because of their antibiotic
properties, which act together with ethanol and carbon
dioxide. In addition, the protein content of hops enhances
the foam-building ability of beer (36). The mixture is then
boiled for 1.5–2.5 h to obtain the correct delicate hop
flavour (106, 107). Boiling with hops serves several pur-
poses: concentration, sterilization by killing many spoilage
microorganisms, further inactivation of enzymes in the
mash and solubilization of important compounds in the hops
and mash. The color and roasted aroma of the malt are
formed during kilning by Maillard reactions. The roasting
temperature is important in the development of the color
of the beer. The malt is heated to the roasting temperature
for 4–5 hours at 80°C for light malt or at 105°C for dark
malt (36). Some of these add to the flavour of the beer
while others, especially from the hops, have antiseptic
qualities and help preserve the beer. The wort is then 
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separated, cooled and fermented. Water is a key ingredient
of beer and its quality has a significant effect upon the final
product. The calcium content is important as it can precip-
itate as calcium phosphate lowering the pH of the wort to
around 5.4 which is close to the optimum for some of the
malt enzymes (18).

There are two major types of beer separated by their
fermentation characteristics; lagers and ales, both of
which can be either light or dark in appearance. Lagers are
produced using pure cultures of Saccharomyces carlsber-
gensis which is a yeast that flocculates to the bottom.
Lager fermentation temperature is generally low, in the
range 8–12°C and consequently takes longer than that of
ale (18). Most beer produced is of the lager variety. Ale is
produced mainly in Great Britain and Continental Europe
using Saccharomyces cerevisiae which flocculates to the
top and is recovered by skimming and reused after each
batch. Fermentation temperature is generally warm,
18–25°C. A huge variety of beers exist. Changes in any of
the process conditions can result in vastly different beer
styles. Beers can be classified by region and original gravity
(OG). OG refers to the amount of sugar present prior to
pitching (yeast inoculation) and determines the final beer
alcohol content.

Fermentation begins by adding the yeast Sacchromyces
cerevisae to the wort. Ale results from the activities of
top-fermenting yeasts, which depress the pH to around 3.8
whereas bottom-fermenting yeasts, S. carlsbergensis
strains, give rise to lager with pH values of 4.1–4.2. A top
fermentation is completed in 5–7 days; a bottom fermen-
tation is completed in 7–12 days (1, 42). Fermentation
results in the conversion of glucose to ethanol and CO2.
Other compounds in the wort are also fermented to add to
the characteristic flavour of beer.

The fermented wort, called green beer, is aged at 0°C
for a period of weeks or months depending on the brewer.
At this time the yeast settle to the bottom of the vessel, bit-
ter flavours are mellowed and other compounds are
formed that enhance flavour.

The beer is then filtered to remove yeast cells. The beer
is finished by addition of CO2 to a final content of 0.45 to
0.52% CO2. The pasteurization of beer at 60°C or higher,
may be carried out for the purpose of destroying spoilage
microorganisms (42).

There are a number of factors that protect beer from the
growth of contaminating microorganisms. These include
low pH and redox potential, the isohumulones of hops that
inhibit Gram-positive bacteria and the alcohol produced
by the yeast (44). The usual spoilage agents are acetic acid
bacteria, lactic acid bacteria and wild yeasts. The industrial
spoilage of beers is commonly referred to as beer infections
(42). Four types of spoilage defects have been identified: ropi-
ness, sarsinae sickness, sourness, and turbidity. Ropiness
is caused by Acetobacter, Lactobacillus, Pediococcus
cerevisiae, and Gluconobacter oxydans (108, 109, 110).

Ropiness is characterized by an increase in the viscosity of
the beer, which pours as an “oily stream” (42). Sarcinae
sickness produces a honey like odor as a result of diacetyl
production by the spoilage organism P. cerevisiae in com-
bination with the normal of odor of beer (42). Sourness in
beer is caused by increased levels of acetic acid, as a result
of oxidation of ethanol by the action of the acetic acid bac-
teria Acetobacter and Gluconobacter (44). Zymomonas
anaerobia and several other yeasts such as Saccharomyces
spp. can cause turbidity and off-odors in beer.

2. Bread

Bread is one of the most common, convenient and inex-
pensive foods, with leavened forms now the most popular
in many countries although flat breads remain very com-
mon in India and the Middle East (111). Bread has made
a major contribution to the diets of many countries for
centuries (111). Bread is basically made from flour or meal
by moistening, kneading and baking. Bread has always
been made from flour or meal from a number of grains
and seeds. However, only flours from wheat and to a cer-
tain extent rye are able to produce dough that is able to hold
sufficient leavening gases to produce loaves with good vol-
ume and a fine, soft cellular structure (5, 112). The char-
acteristics of bread made from wheat flour are directly
related to the presence and properties of gluten which is the
hydrated protein of wheat. Gluten can form elastic, extensi-
ble films within dough which enable it to stretch and
retain gas (111, 113, 114). The gas content comes from air
incorporated during mixing and CO2 from yeast fermen-
tation of sugars. Most breadmaking processes involve
modifications of the natural properties of the gluten which
leads to improved gas retention and a thinner dough.

Although, many microorganisms ferment sugars with
the release of CO2, Saccharomyces cerevisiae, or baker’s
yeast is the best adapted for leavening bakery products (5).
A number of advantages are gained by using yeast fermen-
tation for bread making:

● Yeasts produce a delicious flavour and an
appealing aroma

● Gas evolution can take place over long periods
of time

● Yeast activity helps to ripen and mellow the
gluten in the dough enabling it to expand and
retain accumulating gases

● The product is viewed as more natural by the
consumer

● Yeasts often are easier and more economical 
to use

Although some yeasts can hydrolyse starch present in
flour, S. cerevisiae cannot. Amylases naturally present in
the flour, or added hydrolyze the starch to maltose making
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it available to the action of S. cerevisiae enzymes. Sucrose
is sometimes added to give the bread a sweat taste. Yeast
invertase enzymes convert added sucrose to the mono-
saccharides glucose and fructose. Glucose is then
metabolised by the yeast cells to CO2 and ethanol. It takes
approximately 4 hours for the yeasts to replicate in dough
so little reproduction occurs during production of bakery
products. Also, the level of ethanol produced is quite low
and this evaporates during baking.

Protease enzymes from the yeasts are also active in
the dough, they change the soluble flour proteins into sim-
pler forms which can pass through the semipermeable
membrane of the yeast for use in replication. There is very
little oxygen within the dough so most of the processes
take place anaerobically.

Bread is a perishable product with a relatively short
shelf-life. Moulds, particularly Rhizopus stolonifer and
Nerospora sitophila are the main spoilage agents due to
the low water activity (115, 116) Yeasts have been shown
to be responsible for the defect known as “chalky bread”
(21). Calcium propionate, up to a level of about 3000 ppm,
is permitted as a preservation agent in bread (117).
Ascorbic acid is also frequently used for the same pur-
pose. Although, they have been associated with a number
of Bacillus subtilis outbreaks, baked goods such as bread
have an excellent reputation for safety (7), B. subtilis is
responsible for a defect known as ropey bread where
spores, naturally contaminating the flour survive the bak-
ing (118, 119), germinate and grow degrading the loaf’s
internal structure and producing a sticky slime (120). This
defect is not always dramatic enough to prevent people
eating the bread.

a. Sourdough
Sourdough starters and bread have existed for thousands
of years (121); however, the term sourdough originally
referred to specific bread making starter cultures that were
carried by settlers in the San Francisco area. Prized cul-
tures were handed down from generation to generation.
The term is now used for any sour bread.

Sourdough bakery products have remained popular due
to their superior sensory qualities and extended shelf life
(122, 123). These properties are achieved by combining
the metabolic activity of both LAB and yeasts during the
sourdough fermentation. In general, the yeasts are respon-
sible for leavening the bread and the bacteria for the souring.
However, the bacteria do produce some carbon dioxide
from sugars in the flour which helps the bread rise. The
sourness of the product depends on many factors includ-
ing temperature, fermentation time, type of grains, (wheat
or rye are most frequently used), amount of water and pri-
marily the strains of yeast and Lactobacillus in the starter
culture (124). Lactic and acetic acids produced by LAB
contribute to the rich complexity of bread flavours. Flavor
compounds are formed by the activity of endogenous

cereal enzymes, microbial metabolism, and the baking
process. LAB and yeasts also form a range of desirable
aroma volatiles (125, 126, 127).

Traditionally sourdough fermentations use a natural
starter culture of wild yeast and bacteria. The culture 
is continuously propagated and is frequently maintained by
constant back-slopping from one fermentation to the next
(128). Several varieties of yeast and Lactobacillus have been
identified in sourdoughs from around the world. The ratio of
yeast to bacteria in San Francisco sourdough cultures is
about 1:100. The dominant yeast strain was classified as
Saccharomyces exiguous called Torulopsis holmiis, (129)
later reclassified as Candida milleri, (postulated to be
reclassified as Candida humilis). The most common LAB in
sourdough fermentations are Lactobacillus spp. including L.
sanfranciscensis (also referred to as L. sanfrancisco) (130)
L. reuteri, L. brevis and L. pontis.

Fermentation conditions must encourage high levels of
metabolic activity by both yeasts and LAB for a stable
symbiotic relationship to occur that can exclude other
microorganisms. The two organisms do not compete for
the same carbon source, degradation of starch by amylases
in the dough provides maltose which is utilized by the lac-
tobacilli (131). Candida milleri cannot metabolise maltose
but catabolises the other sugars present. During the assim-
ilation of maltose by the lactobacilli the activity of maltose
phosphorylase releases glucose which stimulates the yeast
(132). In turn, the nutritional requirements of the lacto-
bacilli are complex, they require a number of amino acids
and fatty acids which may be derived from dead yeast cells
(133, 134). Candida milleri has a tolerance to the acid
environment produced by the lactobacilli (135). The pH of
sourdoughs ranges from pH 3.8–4.5 (23).

Mould growth is the most frequent cause of bread
spoilage. The LAB produce antimould compounds. L. san-
franciscensis has a broad spectrum of inhibitory activity
against a range of moulds related to bread spoilage such
as Fusarium, Penicillium and Aspergillus. A combination
of organic acids including acetic, caproic, formic, propi-
onic, butyric and n-valeric cause the antimould activity
with caproic acid playing a major role (136). The lacto-
bacilli also secrete an antimicrobial cycloheximide which
kills many organisms in the dough. Candida milleri is
resistant to cycloheximide.

E. FERMENTED GRAINS OR FRUITS

1. Wine

Wine is a beverage obtained by full or partial alcoholic
fermentation of fresh, crushed grapes or grape juice (must),
with an aging process. However, it is also produced from
the fermentation of berries, fruit, honey, palm juice,
rhubarb, and dandelion. The major grape cultivars used to
produce wine belong to Vitis vinifera, L. ssp. vinifera (36).
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Grapes are either wine-type grapes, for white or red wine
making, or table grapes. The cultivars are different in sugar
content and aroma. The quality of the grape is influenced by
some factors such as climate, soil conditions, and variety
of grape (137).

Grape clusters cut from vine stocks are cleaned of rot-
ten and dried berries and then separated from the stems
using a roller crusher. The crushed grapes are then sub-
jected to pressing to release juice, the must. The remain-
ing grape skins and seeds (pomace) are loosened or
shaken-up and pressed again to provide the second or post
extract. The pomace is then removed. In red wine making
the must is fermented together with skin in order to
extract the red pigments, which are released only during
fermentation. The extraction of the red pigments is 
sometimes facilitated by raising the temperature to 50°C
prior to fermentation of the mash, or to 30°C after 
the main fermentation, followed by a short additional 
fermentation.

The fresh sweet must is treated with sulfur dioxide to
suppress the growth of undesirable microorganisms and to
stabilize wine color. Due to health problems caused by the
consumption of sulfites, there is a desire to eliminate this
additive. Some strains of S. cerevisiae can stabilize wine
color, apparently by producing sulfite. One strain pro-
duced 30 to 80 mg/L (ppm) (138).

The must is then inoculated with a suitable wine yeast
strain of Saccharomyces cerevisiae var. ellipsoides or 
pastorianus. The must is then fermented for up to 21 days
at temperatures 12–14°C for white wines and 20–40°C for
red wines (36). Ethanol production could reach 14–18%.
For red wine, the must is allowed to ferment until the cor-
rect amount of color is extracted from the skin. Following
this initial fermentation, the wine is racked to get rid of the
sediment. The wine is pumped into barrels, vats, or tanks
for aging. The clearing and the development of flavours
occur during this stage. Various compounds, such as esters,
are formed and contribute to the bouquet and aroma of the
wine. In general the wine is removed from vats after 3–9
months and poured into bottles in which aging continues.
The duration of aging and stability differ and depend on
wine quality (36). 

A fermentation called malolactic fermentation can be
achieved to reduce the acidity and mellows the wine.
Malic and tartaric acids are two of the predominant organic
acids in grape must and wine. They account for about 90%
of the acidity in grapes (44). The malolactic fermentation
can be carried out by many lactic acid bacteria, mainly of
the genera, Lactobacillus, Leuconostoc (L. oenos), and
Pediococcus (P. cerevisiae). This fermentation usually 
follows the alcoholic fermentation and degrades malic
acid to lactic acid and CO2:

“malo-lactic enzyme”
L(�) Malic acid _______ L(�) Lactic acid

The monocarboxylic lactic acid is not as acidic as the
dicarboxylic malic acid. Hence, the acidity of the wine is
reduced (36).

Not all lactic acid bacteria can tolerate the alcohol and
low pH required to convert malic acid to lactic acid. The
bacterium Oenococcus is an acidophile that can grow in
grape must and wine at pH 3.5–3.8, and actually prefers
an initial growth pH of 4.8 (139).

Wine can be subjected to some defects. Spoilage is
evident by appearance, odor, and flavour changes.
Spoilage may be due to molds (140), lactic acid bacteria
(141), acetic acid bacteria (142, 143) and chemical reac-
tions (144). Browning of wine is a chemical defect caused
by oxidative reactions of phenolic compounds, which in
red wines, may result in complete flocculation of the color
pigments. Yeast spoilage is induced by species of the gen-
era Candida, Pischia and Hansenula. Other microorgan-
isms are involved in the formation of viscous, moldy and
ropy wine flavour defects. Bacterial spoilage may involve
acetic acid and lactic acid bacteria. In this case vinegar or
lactic acid souring is detectable. The most serious and the
most common disease of table wines is referred to as
“tourne disease” (42). Tourne disease is caused by a fac-
ultative anaerobe or an anaerobe that utilizes sugars and
seems to prefer conditions of low alcoholic content. This
type of spoilage is characterized by an increased volatile
acidity, a silky type of cloudiness, and later in the course
of spoilage, a “mousey” odor or taste.

2. Distilled Spirits

Distilled spirits are alcoholic products that result from the
distillation of yeast fermentations of grain, grain products,
molasses, or fruit and fruit products. Whiskeys, gin, vodka,
rum, and liqueurs are examples of distilled spirits. Although
the process for producing most products of these types is
quite similar to that for beers, the content of alcohol in the
final products is considerably higher than for beers.

a. Whiskey
Whiskey is an alcoholic distillate made from fermented
mash of grain. Rye whiskey may be made from rye and
barley malt. At least 51% of the mash must be rye. For
bourbon (corn), the mash must contain more than 51% corn.
For example, a typical mash could contain 70% corn, 15%
rye and 15% malt. The cereals are first ground, mixed
with acidified water, and made into an uniform mash by
starch gelatinization. A sour wort is maintained to keep
down undesirable organisms, the souring occurring natu-
rally or by the addition of acid. The mash is generally soured
by inoculating with a homolactic such as L. delbrueckii,
which is capable of lowering the pH to around 3.8 in 
6–10 h (3). Saccaharification is then accomplished by incor-
porating 15% kiln-dried malt in a pre-mashing vat and stir-
ring constantly at 56°C. Saccharification proceeds rapidly
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through the action of malt diastase enzymes. The enzymes
are inactivated by heating the mash to 62°C, followed by
cooling to 19–23°C. The cooled mash is then pitched with
a suitable strain of Saccharomyces cerevisiae for the pro-
duction of ethanol. When fermentation is completed, the
liquid is distilled to obtain higher alcohol levels. Whiskey
is aged in white oak barrels. This process increases the
solids, esters, acids, fusel oil, aldehydes, furfural and
color (1).

b. Rum
Rum is an alcoholic distillate made from the fermented juice
of sugar cane, sugar cane syrup, sugar cane molasses or
other sugar cane by-products. The alcoholic content is less
than 80%. Strains of Saccharomyces cerevisiae or Schizosac-
charomyces pombe are used in the fermentation. Phosphorous
and a nitrogen source are added to black-strap molasses
(12–14% sugar) or a similar carbohydrate material. The pH
is adjusted to 4.0–4.7 with H2SO4. This is done to speed up
the fermentation and produce a light-flavoured rum. The fer-
mentation is usually run at 21°–35°C for 3 to 7 days. The
mash is then distilled to increase the alcohol content of the
beverage. Rum is normally aged in charred white oak bar-
rels. The flavour, color, and aroma develop during aging due
to an increase in esters, organic acids, and solids (1).

3. Vinegar

Vinegar is a clear, sour tasting liquid that may be colour-
less, may take the colour of the raw substrate or be
coloured by the addition of caramel (144). Vinegars are
classified according to the raw material from which they
are made e.g. grapes are the substrate for wine vinegar (7).
Basically, vinegar can be produced from any food that can
be fermented by yeasts to ethyl alcohol. Frequently used
substrates include fruits, honey, coconut, malt and cereal
grains (44). Distilled grain or spirit vinegar is made from
an alcoholic solution that has been distilled.

The common types of vinegar in a region often reflect
the local alcoholic beverage, e.g., rice vinegar is popular in
Japan, wine vinegar in France and malt vinegar in the UK
(18, 145). This suggests that vinegar was discovered as a
consequence of defects occurring during alcoholic beverage
production. In fact the term vinegar comes from the French
for “sour wine”, vin aigre (18). The extensive history of
vinegar is confirmed by reference to it in ancient texts (146).

Vinegar is frequently used as a condiment, but is also
an important preservative and flavouring agent in products
such as pickled vegetables, sauces and dressings. Higher
strength vinegars are frequently used for pickling (7).
Some types of vinegar, e.g., komesu, which is made from
polished rice, are used as health drinks (145). Increasing
consumer interest in health has made any health benefits
of traditional vinegar a matter of interest (7, 145, 146).

Vinegar is the product of a two-stage fermentation:

1. Yeasts convert sugars to ethanol anerobically,
an alcoholic fermentation. The alcoholic vine-
gar stock is produced using essentially the
same processes to those used to make alcoholic
beverages. Alcoholic fermentation should be
complete before vinegar production occurs
since acetic acid and the environmental condi-
tions inhibit further alcohol production.

2. Ethanol is oxidised to acetic (ethanoic acid)
aerobically by bacteria of the genera Acetobacter
and Gluconobacter. In a reaction known as
acetification, this is a common reaction in the
spoilage of alcoholic drinks. Acetification can
be represented by the reaction

C2H5OH � O2 � CH3COOH � H2O

The minimum acceptable acetic acid content of vinegar is
between 4–6% w/v (40 and 60 g/l ) and the pH value
should fall between pH 2.0 and pH 3.5 (18, 144).

There are various systems for converting the alcoholic
vinegar stock to vinegar. All the methods provide a means
of effectively combining alcohol, air, and acetic acid bac-
teria. Acetic acid bacteria gain energy during the oxida-
tion of ethanol. As members of the genera Acetobacter
and Gluconobacter are strict aerobes techniques for aceti-
fication have been developed to maximize the available
oxygen supply to the bacteria. Increasing the available
oxygen is not only desirable in that it increases the meta-
bolic rate of the bacteria and hence the rate of vinegar pro-
duction, it is also essential. An interruption in the oxygen
supply, even for a short period of time will result in death
of the bacteria and failure of the process (18).

Acetobacter are better acid producers and are more
commonly used in commercial vinegar production.
However, they can oxidise acetic acid to CO2 and H2O
(over-oxidation) which is not a problem with Gluconobacter
(146). Ethanol represses over-oxidation. Consequently, to
reduce the risk of over oxidation during acidification a resid-
ual level of ethanol is always maintained. This is easier to
achieve using semi-continuous methods where samples of
fresh alcoholic vinegar stock are added into residual
amounts of finished vinegar (18, 144, 147).

Three main techniques are used in vinegar production,
namely surface culture, the trickling method (quick vinegar
process) and submerged fermentation (18, 146, 147).
Static, surface fermentation is the oldest method and is
still employed in making traditional vinegars. The Orleans
method is one of the oldest, static, surface fermentation
methods. In the Orleans process a large wooden barrel is
laid on its side and partially filled with vinegar stock. Air
holes situated just above the level of the stock increase the
level of available oxygen Figure 63.3. The inlets to the
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barrels are covered with muslin or similar material to pre-
vent insects entering, but to allow free flow of air.

A surface culture of acetic acid bacteria forms at the
interface between the acetifying medium and the air,
forming a bacterial ‘mat’ (Figure 63.3). The barrel is left
undisturbed until the acidity reaches the required level,
then point about two-thirds of the volume of the vinegar is
removed through a port near the bottom of the barrel
(Figure 63.3). New stock is added through a tube to the bot-
tom of the mix so that the film of bacteria remains undis-
turbed. The residual volume charges the next batch and
the process restarts. It usually takes about 14 days for one
acidification cycle (18) but the same barrel may be used
continuously for extended time periods. The surface film
of acetic acid bacteria has oxygen readily available and
consequently is active. Whilst succeeding batches of vine-
gar will proceed if this mat is broken, they will start and
proceed more rapidly if the layer remains intact. The opti-
mum temperature for this conversion is about 29°C.

The advantages of this technique are that it is simple
and does not require expensive plant investment, also the
quality of the product in terms of both aroma and flavour
is excellent. The rather long time required to complete the
fermentation makes the Orleans technique less attractive
for mass production and only a small proportion of vine-
gar is now produced by this method.

The “quick vinegar process” or “trickling method” gets
its names from the faster rate of vinegar production or from
the fact that the alcoholic stock trickles down over the bac-
teria. This process employs a larger area of bacterial film in
conjunction with improved oxygen transfer to the acetifying

stock. The acetifying stock is sprayed onto the surface of
packing material and slowly trickles down against a counter
current of air (Figure 63.4). The packing material is loosely
packed and lignocellulosic in nature, e.g., birch, vine, rattan,
corn cobs, beachwood shavings. Films of active bacteria
develop throughout the packaging material greatly increas-
ing the surface area of bacteria that the stock comes into
contact with. Making the acetator larger also increases the
distance that the stock travels through the packaging and the
time of contact between the bacteria and the vinegar stock.
The process is operated semi-continuously; samples are col-
lected at the bottom of the equipment and recirculated until
the required acidity is achieved (Figure 63.4). When the
vinegar is harvested most of the bacteria are retained in
biofilms in the packaging material. The process time is
about 4–5 days in a well-controlled system (18, 147).

The latest advance in vinegar technology is the use of
submerged fermentation, which began around 1952. In this
system the entire volume of vinegar stock is oxygenated by
tiny bubbles of air that continually sparge through the cul-
ture (Figure 63.5). This enables the acetic acid bacteria to
grow and metabolise suspended within the volume of the
stock. The culture is mixed to ensure homogeneity. Semi-
continuous runs are used. The most commercially success-
ful system is the Frings Acetator (18, 144, 146).

Due to the sensitivity of the bacteria, submerged cultures
require continuous monitoring. Bacteriophage infection can
also result in fermentation failures. The enhanced efficiency
of these systems can reduce the time for conversion of alco-
holic vinegar stock to vinegar to 24–48 h (18, 144, 146).

Many of the acetobacter species are difficult to culture
on conventional media, however they have been extensively
studied. Genes have been characterized which encode indis-
pensable components of the acetic acid fermentation, such as
alcohol dehydrogenase and aldehyde dehydrogenase. In
addition, spheroplast fusion of the Acetobacter strains has
been applied to improve their properties for use in vinegar
production (148, 149).

F. FERMENTED PROTEINS

Initially, the main purpose for fermenting meat and fish was
to extend the shelf-life of these highly valued, perishable
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foods. Sausages became the most popular method of pre-
serving meat with a host of different recipes and tech-
niques developing around the world. Although many other
preservation methods are now available the production of
fermented sausages and fermented fish continues, as they
are highly valued for their enhanced flavours.

1. Fermented Sausages

The characteristic properties of fermented sausages are
partially or completely dependent on the fermentative activ-
ity of bacteria. Sausage processing may also include cur-
ing, smoking, drying and ageing. The two principle groups
of fermented sausages are semi-dry and dry (Table 63.10).
The meat used in semi-dry sausages is often finely chopped
resulting in spreadable products.

Fermented sausages are prepared by mixing ground
meat with various combinations of spices, flavourings, salt,
sugar, additives and frequently bacterial cultures. The lev-
els and types of spices and flavouring agents influence the
flavour and odour of the final product (150). It is not pos-
sible to cover all the types and potential variants of fer-
mented sausages, but the typical ingredients of European
sausages are:

Lean meat 55–70%
Fat 25–40%
Curing salts 3%
Fermentable carbohydrates 0.4–2.0%

Additional ingredients include, spices, flavourings, acidu-
lant, colouring etc. (18).

The quality of the meat is critical to both the safety and
sensory properties of the sausage. Most production meth-
ods do not heat the meat before processing as this leads to
defects in the texture of the sausage (18). Also, fermented
sausages are frequently eaten without cooking. The hygienic
properties of the raw meat influence the production of bio-
genic amines (tyramine, cadaverine, putrescine; aromatic

amines such as histamine, phenylethylamine, or trypta-
mine; polyamines, e.g. spermine and spermidine) (151) By
using appropriate conditions to favor starter development
and the use of the raw materials with good hygienic qual-
ity it is possible to produce fermented sausages nearly free
of biogenic amines (152). Spices can be heavily contami-
nated with microorganisms, which makes contamination
control of spices critical. Sometimes spices are sterilized
by radiation.

The physical characteristics of the meat and fat parti-
cles affect drying. The size of the meat particles must
encourage efficient release of moisture and the cut edges
must not be smeared with fat.

Sausages were traditionally produced in sections of gas-
trointestinal tract and then regenerated animal hides as they
provided the required range of properties (Table 63.11)
(18). When the casings are filled air should be excluded as
this will lead to discolouration of the meat and reduce the
shelf life of the sausage.

The mixed ingredients are allowed to ferment at dif-
ferent temperatures for varying periods of time. Natural
fermentations are still used, but more often starter cultures
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TABLE 63.10
Properties of Semi-Dry and Dry Sausages
Property Semi-Dry Sausages Dry Sausages

Starter culture Frequently used Less successful than 
with semi-dried

Flavour Tangy, predominantly From fermentation,
from fermentation and biochemical 

and physical 
changes during 
drying and aging

Processing time Usually �several days May be up to 90 days
Approx. water 35–50% �35%

content
Examples Lebanon bologna Pepperoni, Lola

sausages, Genoa 
Mortadella Salami

Semi-continuous
supply of alcoholic
stock Antifoam

Continually mixed,
cooled and aerated
culture

Air
exhaust

Finished
productAir

FIGURE 63.5 Schematic diagram of the submerged process for acetification in vinegar production.
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are added. The principal components of starter cultures
are lactic acid bacteria and nitrate reducing bacteria and
the high salt tolerant yeast Debaryomyces hansenii (18,
153). Lactobacillus spp. and Pediococcus acidilactici are
primarily responsible for converting sugars into lactic acid
thereby lowering the pH of the meat product. Whilst
species such as Micrococcus varians and Staphylococcus
carnosus are important for conversion of nitrates to
nitrates (18, 154). A major role for nitrates is to control 
C. Botulinum. Lactobacilli with or without micrococci are
components of starter cultures used to slow fermentations
whereas pediococci with or without micrococci are used
for rapid fermentation. Pediococci spp. do not occur in
fresh meat at high enough levels to be significant in tradi-
tional slow fermentations and therefore are only important
in meat product fermentation when added in starter 
cultures.

Following fermentation, the product may be smoked
and/or dried under controlled conditions of temperature
and relative humidity, further developing the flavour and
odour of the final product. Several chemical changes
occur during the ripening of dry-fermented sausages
including 1) acidification of the sugars by lactic acid bac-
teria 2) reduction of nitrates and nitrites to nitric oxide by
micrococci 3) degradation of the proteins and lipid.

Superficial mold growth can occur on unsmoked
sausages which has been shown to significantly improve
the sensory properties, including the flavour, of sausages
at the end of ripening by altering the levels of amino and
free fatty acids, and volatile compounds (155). The fungi
should be atoxigenic and have proteolytic, lipolytic and
antioxidative activity (155).

Microbial growth and the activity of endogenous meat
enzymes are only partially responsible for the development
of flavour and odour compounds (90). Lipid autooxidation
reactions also have an important fuction in sausage ripening.
Research has focused on the breakdown of triglycerides into
free fatty acids, diglycerides, and monoglycerides during
ripening. Carbonyl compounds probably play a significant
role in determining flavour (90). Protein breakdown to pep-
tides and amino acids is involved in microbial and chemical
reactions that generate many flavour compounds (90). Also
smoking sausages provides distinctive flavours e.g. in
salami and hot dogs by accumulation of phenolic componds
from the wood smoke (18).

A number of parameters contribute to the final micro-
bial safety of sausages (Table 63.12). The extent of drying

varies; the weight loss in less shelf-stable varieties like
Bologna is about 20–30%, and reaches 50% in the more
stable salamis (156). The lowered water activity inhibits
the proteolytic spoilage Gram negatives and allows the
proportion of LAB to increase. LAB growth results in a
decrease in pH and available oxygen, these inhibitory fac-
tors help control both Gram negative and Gram positive
pathogens that are commonly present on the raw meats.
When the growth of aerobic spoilage bacteria is inhibited,
lactic acid bacteria may become the dominant component
of the microbial flora (157). The safety and stability of
fermented sausages depends upon fermentation caused by
lactic acid bacteria (157).

A combination of antimicrobial hurdles (Table 63.7) in
fermented sausages usually provides a shelf-stable, safe
product. However, outbreaks of disease following inges-
tion of fermented sausages caused by Staphylococcus
aureus, Salmonella, and verotoxigenic E. coli, and more
dramatically, C. Botulinum. Salmonellae have been shown
to survive during the production of pepperoni. Their per-
sistence was lowest in sausages fermented with a lactic acid
starter (158). Although the counts of Salmonella and other
Enterobacteriaceae have been shown to decline during fer-
mentation and drying we can not rely on this being suffi-
cient to eliminate these organisms, again emphasising the
need for high-quality meat and the fermentation process to
be controlled (18, 159).

To minimize the risk from outgrowth of C. botulinum
spores and toxin development in the shelf-stable cured
product nitrite/nitrate salts should be added. However, the
level should not interfere with the process of fermentation.

2. Fermented Fish

Fermented fish products fall into two major groups, sauces
and pastes; they are most popular in Asia. In this region of
the world, fish provides a major contribution to the human
diet. They are often used as condiments much like salt in
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TABLE 63.12
Parameters Contributing to the Microbial Safety of
Sausages
Parameter Comments

Phenolic componds From smoking, have important antioxidant 
and antimicrobial properties

Acidity Approximately 2.5% w/w as lactic acid
Salt Approximately 3% NaCl and curing salts
pH 4.9–6.0
Various antimicrobial E.g. hydrogen peroxide

compounds
Drying Reduces the water activity
Spices Stimulate LAB and inhibit normal spoilage

microflora
Low availability Oxygen reduced by growth of LAB

of oxygen

Adams and Moss (18); Adams and Nout (153).

TABLE 63.11
Properties Required from Sausage Casing Material
Permeable to moisture and smoke
Acceptable to the consumer
Shrink as the meat is dried
Retain the sausage mixture
Form the required sausage shape
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Western cooking and soy sauce in Chinese cooking. They
are often the most important flavouring ingredient of the
diet. They can be added to soups, curries, salads, rice etc.

Sauces and pastes are primarily made from whole or
eviscerated small schooling fish that are found in abundance
and that would otherwise have little value for consumption,
many of which are anchovies or related species. Larger vari-
eties of fish, such as mackerel and sardines, also make good
fish sauce, but because they are relatively more expensive
due to their value as a food fish, they are seldom used in
the commercial production of fish sauce. Fresh water fish,
fish roe and shrimps are also used to a lesser extent.

Fish sauce and paste are considerably different prod-
ucts, but are produced by similar processes. The fish vari-
ety, fermentation conditions, cure duration and technique
all affect the texture, amino acid content and volatile
flavour profile of the finished product. Good-quality fish
sauce imparts a distinct aroma and flavour. Products
where less extensive autolysis of the fish occurs are clas-
sified as fish pastes (18). Some example of fermented fish
sauces and pastes are shown in Table 63.13.

To obtain products with a pleasant, fragrant aroma
and taste, the fish must be very fresh. Fresh whole fish are
rinsed and drained, then mixed with salt usually in an
approximate ratio of three parts fish to one part salt. The
salted fish are packed into concrete tanks or earthenware
jars, and are frequently weighted down to prevent them from
floating as liquid accumulates inside the tank as a conse-
quence of autolysis. The tanks are sealed and left undis-
turbed for at least six months and possibly up to eighteen
months. To maintain a relatively high temperature the
tanks are either placed in sunshine or buried in the ground.

The amount of salt added is sufficient to produce 
a water activity value below 0.75 (18) inhibiting most
microbiological activity and spoilage, with the possible
exception of growth of anaerobic extreme halophiles. The
higher the concentration of salt, the slower the production
rate of fermented fish products, but the longer the shelf
life of the product (153, 160).

During “fermentation” the fish protein undergoes
hydrolysis by autolytic enzymes (e.g. gastric juices), which
are naturally present, and becomes liquefied. This process
releases free amino acids and creates volatile flavour com-
ponents. At the end of the liquefaction process the liquid is

harvested and filtered to remove any sediment. The filtrate
is transferred to clean jars and ripened in the sun for a cou-
ple of months; this allows the strong fish odors to dissipate.
The fish sauce is then ready for use. Good fish sauce is clear
without any sediment, brown in color, has a pleasant aroma
of the sea, not an overpowering fishy smell, and should not
be overly salty. Fish sauce is high in protein (up to 10%),
and contains all the essential amino acids. It also provides a
rich supply of B vitamins, especially B 12, pantothenic acid,
riboflavin and niacin. Other beneficial nutrients include
calcium, phosphorous, iodine and iron. Low numbers of
streptococci, micrococci, staphylococci and Bacillus spp.
have been isolated from fish sauces and associated with
the development of flavour and aroma (161).

Fermented fish paste is prepared from salted fish with
or without flavouring ingredients which is allowed to fer-
ment or ripen. It has a smoother consistency and lower
moisture content than sauces. Fat is often added to the
final product so that it is spreadable and can be used for
example as a sandwich spread.

The carbohydrate content of fish is low, usually less
than 1%; therefore, for lactic fermentation of fish to occur
an additional source of carbohydrate is required. A range
of fish/carbohydrate/salt products are available, although
they tend to be less popular than the traditionally made
and time-tested fish sauces and pastes. Garlic and rice are
often used as carbohydrate sources, and inulin is the fer-
mentable carbohydrate in garlic (162, 163).

The higher the level of supplemented carbohydrate the
faster the fermentation. Using this technique the product is
often ready after only a few weeks, enabling the production
of large quantities of product in a shorter time period.
Fermentation of the carbohydrate leads to a product with an
acidic flavour. Natural fish sauce production is a lengthy
process and substantial investment is necessary for large-
scale production. This has resulted in the search for more
rapid, cost-effective techniques. These have included
adding enzymes or acid to accelerate the fermentation.

The high salt content and consequent reduced water
activity of fish sauces and pastes usually guarantees micro-
bial safety of the products however fermented fish prod-
ucts have been implicated in outbreaks of botulism (164,
165). Other potential risks of fermented fish products are
disease from products contaminated with L. monocytogenes
(166) and cancer (167, 168).

IV. OTHER MICROBIAL PROCESSES

A. TREATMENT OF INDUSTRIAL WASTEWATERS

The treatment of industrial wastewater should be consid-
ered as part of the total effort towards conservation of the
quality of the natural environment.

The wastewater to be treated varies depending on the
type of the industry. It can include floating matter; sand
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TABLE 63.13
Examples of Fish Sauces and Fish Pastes
Country of Origin Fish Sauce Fish Paste

Cambodia and Vietnam Nuoc-mam Ngapi
Burma Ngapi Ngam-pya-ye
Philippines Patis Bagoog
Thailand Nampla Kapi
Indonesia Ketjap-ikan Bladchan
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and grit; oil and grease; toxic elements; biological pollu-
tion; chemical pollution; and thermal pollution.

The treatment process required will depend on the
composition of the wastewater and the required effluent
quality. The main constituents in the wastewater from food
processing are animal or vegetable fat, protein and carbo-
hydrates. These can normally be removed by traditional
biological wastewater treatment, but it can sometimes be
advantageous or even necessary to take special precau-
tions, such as adjusting the nutrient balance, pH etc. (169).

The choice of method to tackle a specific industrial
wastewater problem will be based on experience with
similar wastewater, analysis of the actual situation and, if
it is unusual process, on testing. Testing can determine
whether the wastewater will settle or whether it is biolog-
ically degradable (170). In principle four types of treat-
ment can be distinguished:

● Mechanical treatment system
● Biological treatment system
● Physico-chemical treatment system
● Combinations of the above three systems

As this chapter deals with microbiology, we will look only
at the biological treatment system. For more detail on all
the systems the reader is referred to Droste (171).

1. Biological Wastewater Treatment

This is primarily used to remove dissolved and colloidal
organic matter in a wastewater. Some suspended organics
will also be metabolized and because of the natural floc-
culation and settling characteristics of the biomass formed
in biological treatment, the biomass along with other sus-
pended matter can be removed in a sedimentation.

2. Aerobic Biological Treatment

In aerobic treatment, microorganisms which need oxygen
are used to convert the wastewater compound. In this
process, air (oxygen) is supplied to microorganisms that are
in contact with the wastewater. The microorganisms metab-
olize the organic material into carbon dioxide and other end
products and new biomass. Several types of aerobic systems
are possible for the aerobic biological removal of dissolved
and suspended organics. These are the activated sludge,
the trickling filters, the lagoons, and the tower technology.

The common activated sludge process is a suspended
growth process where the microorganisms are mixed with
the wastewater. Air is pumped into a basin to supply oxy-
gen and mixing. Pure oxygen may be supplied as an alter-
native to air but supplemental mixing is required.

Some processes such as trickling filters use a 
solid support media to provide surfaces on which bacte-
ria grow and accumulate. In this system wastewater is

sprayed over a rock or synthetic media bed. Wastewater is
applied on a continuous or an intermittent basis. Bacteria
attach and grow on the media. Natural air currents supply
oxygen.

A recent development is the use of tower reactors. The
microorganisms can be dosed in flocculated form (com-
parable to activated sludge systems) or attached to grains.
The main advantages of theses processes are: saving 
of space, more efficient use of oxygen, and cheaper off-
gas treatment.

Processes may also be designed to oxidize nitrogen or
remove nitrogen from the wastewater.

3. Anaerobic Biological Treatment

Anaerobic treatment or anaerobic digestion processes are
biological degradation processes in the absence of oxygen.
Instead of oxygen other electron-acceptors are used. High-
strength wastewaters are amenable to treatment by anaer-
obic process. Industrial and agricultural wastewaters are
often highly concentrated. Anaerobic treatment occurs in
enclosed reactors to prevent access of oxygen. Biodegrad-
able substances in wastewater are converted by anaerobic
bacteria that are in contact with the wastewater into biomass
and methane. Thus, anaerobic treatment is a process which
not only removes pollution from wastewater but also 
generates a by-product, methane gas, which is rich in energy
and therefore valuable. As in aerobic biological treatment
operations, some processes incorporate solid support media
to the microorganisms (fixed film process), whereas others
keep the microorganisms in suspension. The biological
solids produced in an anaerobic process must be settled in a
clarifier that may follow the process or be incorporated into
the anaerobic reactor.

B. MICROBES AS FOODS

1. Single Cell Protein

In most fermentation production of biomass is incidental;
however, there has been considerable interest in the use of
microbial biomass as a food or feed supplement to meet
the expanding demands for foods. Algae, bacteria, yeasts
and fungi have been considered as protein sources. The
food value of the cells is dependent upon their protein and
amino acid composition and their lipid, vitamin and
nucleic acid content (172). Many attempts have been
made to manufacture foods that are protein rich as
cheaper alternatives to meat. Microorganisms can grow on
waste materials that contain appropriate nutrients (e.g.
paper, whey, wood, sugar-refining waste, ethanol and
paraffins) (173). The protein-rich cellular microbial mass
is commonly known as “single cell protein.” It is often
odorless and tasteless and can therefore be used in a wide
variety of foods.
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2. “Quorn” Mycoprotein

The production of mycoprotein represents an economical
means of converting any surplus carbohydrate into foods of
much higher nutritional and commercial value. From the
many studies into single cell proteins one that has obtained
commercial success is Quorn which is mycoprotein, the
consumption of which is widespread and increasing (174).
Cleverly anticipated consumer demand for healthy, vege-
tarian, convenience foods led to the development of Quorn.
Quorn is the processed cellular mass obtained by continu-
ous, aerobic cultivation of the filamentous fungi Fusarium
venenatum under steady-state conditions. The taxonomic
status of this organism has recently been reevaluated. 
This organism was previously classified as Fusarium
graminearum (174, 175, 176).

Before Quorn could be marketed, an evaluation of 
its safety was required (177). Growth conditions that were
not conducive to mycotoxin production were determined. 
F. venenatum is grown at a high rate without any nutri-
tional limitations. The culture is supplied with a nutrition-
ally balanced chemically defined fermentation medium
containing easily metabolizable nutrients, including glu-
cose as a carbon source, growth factors and ammonium
salts (18, 177). Studies have shown the product to be free
from mycotoxins that could have posed a major risk to
human health (174).

The biomass removed from the fermenter is rapidly
heated by injection of steam to kill the cells. The cellular
mass is subsequently harvested by centrifugation. The
combination of rapid heating and centrifugation reduces
the content of RNA in the cellular mass.

To be acceptable for human consumption the RNA
content must be reduced. RNA constitutes about 10% of
the mycoprotein (18, 177) which is high when compared
to traditional sources of protein, such as meat, fish, or soy-
beans (178, 179). Ingested RNA is ultimately broken down
to purines and pyrimidines, and purines are subsequently
converted to uric acid. Elevated levels of uric acid can
increase the risk of developing gout and kidney stones in
susceptible individuals. The RNA content is reduced to
below 2% of the dry weight of the mycoprotein (177). The
processed cellular mass is subjected to numerous tests to
demonstrate compliance with specifications.

Quorn can be prepared following a variety of recipes.
Its texture and “mouth feel” are much like chicken, the
mycelium is bound together with egg which does not
come unglued in cooking (as do some soy products) and
flavoring ingredients are added. The filamentous nature of
the cells gives the cellular mass a meat-like texture that
makes it suitable for a variety of applications in food
including use as a muscle fiber replacer in meat-alternative
products, a fat replacer in certain dairy products and as a
cereal substitute in products such as breakfast cereals or
puffed snacks (177). A range of commercially available
products are available based on Quorn, these include

meat-free burgers and fillets and prepared meals (e.g., stir-
fries, curries, and pasta dishes in which mycoprotein is the
central component).

Quorn is low in fat, cholesterol-free, and a good source
of protein (about 44%, (18)) and dietary fiber (177). The
high fiber content of Quorn derives from the cell wall con-
stituents e.g. chitin and beta-glucans. There are indica-
tions that the fiber content may also act as a prebiotic in the
lower gut (177).The fat content of mycoprotein typically
ranges from 12 to 14% dry weight and is more like veg-
etable fat than animal fat having a low proportion of satu-
rated fatty acids and a high proportion of mono- and
polyunsaturated fatty acids (177).

There was concern that inhalation or ingestion of
mycoproteins could lead to adverse reactions in allergenic
individuals (180). So far studies have given reassuring,
largely negative results although this area is still a matter
for concern and study (180, 181). The trouble-free history of
Quorn in Europe suggests that the levels of adverse reac-
tions are no higher that for other foods.

C. MICROBIAL PRODUCTS

1. Microbial Metabolites Used in the Food
Industry

Biocatalysis is an important part of fermentation.
Research and development of microbial products is
becoming increasingly important. Enzymes enable reac-
tions to occur under milder conditions, making them 
particularly beneficial to the food industry. Some microor-
ganisms do not participate in fermentations, but are used
to produce metabolites. Vitamins and amino acids
increase the nutrient content, whilst gums and dextrins
improve the physical characteristics, and enzymes provide
a range of functions including improved flavours (182,
183). E.g., the amino acid, glutamic acid is used in the
production of monosodium glutamate, which is a flavour
enhancer in many foods (44). Microbial gums are used in
the food industry for thickening, emulsion stabilization
and rheological modifications. One gum that has wide
commercial use is xanthan gum, which is produced by
Xanthomonas spp. as an extracellular polysaccharide coat
surrounding the cell wall (44). Yeasts and bacteria are an
excellent source of group B vitamins. Autolysed yeast
extract can also be used as a flavouring agent in many
foods such as soups, sauces, gravies, snack foods, canned
meats (173).

In some cases enzymes can be used more effectively
than live microbial cells. When a series of reactions or sev-
eral types of reactions are desired, such as in wine produc-
tion, the intact microorganism is the system of choice, but
if only one reaction is needed, separated enzymes may be
beneficial.

Since microorganisms can be grown in large amounts in
controlled conditions they offer an unlimited source of many
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enzyme systems and metabolites, only a limited number
have wide commercial use. Some examples are shown in
Table 63.14.

Microorganisms synthesize enzymes internally,
although some may be secreted into the surrounding 
substrate. Extracellular enzymes are easier to obtain (98). 
To obtain intracellular enzymes it is necessary to break the
cell wall and membrane.
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I. INTRODUCTION

Various fermented products have an origin of spontaneous
fermentation of a raw material, such as milk, meat or veg-
etables. Initially, the main focus was on preservation of
the raw material. Raw milk, for example, will be suscep-
tible to microbial spoilage at room temperature; the milk
will rapidly acidify, due to the activity of lactic acid bac-
teria. Apart from preservation, fermented products also
develop distinctive tastes and smells, which are widely
appreciated. During the years, many variations developed,

partly on purpose and partly spontaneous and in relation
to the technology used. Their nature depends very much
on the type of raw material used, on the pre-treatment of
it, on the temperature (climate) and the conditions of fer-
mentation. This practice is still common in various parts
of the world: a part of a spontaneous fermented product is
transferred deliberately into a new batch of raw material
in order to maintain or even strengthen it. This principle is
the basis for controlled preservation, sustainable and safe,
with many times an attractive flavour, although the
process is not controlled.
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Many fermented products contain lactic acid bacteria,
but other bacteria, yeasts and moulds may be involved as
well. In order to be able to produce products with a more
consistent quality, starter cultures for the preparation of
fermented food have been developed. These cultures are
composed of selected micro-organisms, propagated as
defined mixtures of pure cultures or as undefined mixtures
of different types of bacteria. The use of starters, on the
one hand, has been tremendously positive with respect to
the quality of the product, but, on the other hand, it has
decreased the diversity of fermented products. Since the
food industry is keen to explore new possibilities for
enhancing the diversity of its product range, there is a new
interest nowadays in searching for potential starter organ-
isms from the pool, which existed at the time of sponta-
neous fermentations. This chapter gives an overview of
various fermented products and the main organisms used
with their functionalities. It focuses in particular on dairy
fermentations, since these fermentations belong to the
best-studied cases and information obtained from these
studies can also be applied to other fermentations.

II. VARIOUS FERMENTED FOOD 
PRODUCTS AND STARTER 
ORGANISMS USED

The preparation of fermented foods is a practice with a
very long history. Already thousands of years ago, for
instance as reported in scriptures like the Bible, the mak-
ing of wine and cheese have been reported. In those times,
hardly anything was known about the underlying mecha-
nisms, however, many interesting products evolved. All of
them were the result of spontaneous fermentations, essen-
tially resulting in products with an extended shelf life and
(often) tasteful characteristics. The extension of the shelf
life was obviously a major reason for fermentation prac-
tices. Later on, after the discovery of micro-organisms as
the causal agents for the fermentation processes, these
micro-organisms were isolated and used in order to be
able to produce products with a consistent quality. This
led to the practice of using industrial starter cultures and
gave the manufacturer more control about the technologi-
cal, safety and consistent quality aspects of their food
products.

Many fermented products exist and for each of them
cultures with specific characteristics are involved. 
For instance, in the fermentation of meat, combina-
tions of various bacterial species are used. In almost all
cases, lactic acid bacteria are present in these starter 
cultures, with Lactobacillus sakei, L. curvatus, L. plan-
tarum, Pediococcus pentasaceus and P. acidilactici as
most important species. Also Micrococcus varians,
Staphylococcus carnosus and S. xylosus species are used.
These micro-organisms are able to grow under low pH

(4.5–5.0), low water activities (Aw 0.9–0.95), anaerobic
conditions, and in the presence of salt (2–3%). Not only
do these organisms cause a decline in pH, but they 
also contribute in the typical flavour of fermented meat
products.

A number of fermented meat products also exhibit 
a fermentation on the surface, resulting from the growth
of yeasts (Debaromyces hansenii, Candida famata and 
C. utilis) and moulds (Penicillium chrysogenum and 
P. nalgiovense). The surface flora usually adds to the flavour
formation through specific lipolytic and proteolytic 
activities.

For the production of bread and sourdoughs, yeast
(Saccharomyces cerevisiae) and lactic acid bacteria, e.g.,
Lactobacillus sanfransiscensis, L. amylovorum, are
employed. The required gas formation in these products is
by enlarge due to the sugar fermentation of the yeast cells,
although also some heterofermentative lactobacilli can
add to this. The fermentation of sourdough is more com-
plex, since it requires the interaction of various micro-
organisms. The various flavour components formed in
these products, like aldehydes, alcohols, pyrols, etc. are
partly the result of biochemical conversions by the 
starter cultures, but also result from the baking process
itself [54, 27].

The fermentation of vegetables, such as olives, cab-
bage and pickles, belong to the least developed practices.
The production methods are still rather simple. Basically
lactic acid bacteria like L. plantarum, Leuconostoc spp,
Pediococcus and Lactococcus are used in these produc-
tions. The acid formation results in the extended shelf life,
and also flavour formation by the micro-organisms adds
to the overall quality of these products. For the fermenta-
tion of soy, which is a very common and traditional process
in the East Asia, various mould species are used like
Rhizopus oligosporus and R. oryzae. These fermentations
are often solid state fermentations, for which the raw mate-
rial is inoculated with micro-organisms which grow at the
surface of the raw material, making it essentially an aero-
bic fermentation process. For some of the products there is
an extensive proteolysis, leading to products like soy sauce,
whereas in other fermentations (e.g., tempeh) only limited
proteolysis occurs [10].

Wine and beer are fermented with various yeast strains
(S. cerevisiae). In some wines, also Leuconostoc oenos is
used. In these cases, the main pathway related to preser-
vation is the formation of alcohol from sugar of the grain
or the grapes, respectively. Again, like in other fermenta-
tion processes, many other reactions occur, which con-
tribute to the final sensory quality of the products and
which are in fact even more important for the final qual-
ity. In the preparation of the malt, for beer brewing,
micro-organisms are also employed in order to lower the
pH and to reduce the outgrowth of spoilage organisms,
e.g., certain moulds [88, 72].
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III. CULTURES USED FOR THE 
MANUFACTURE OF DAIRY 
PRODUCTS

All types of lactic acid bacteria as well as other micro-
organisms are used for the manufacture of various dairy
products. Since dairy fermentations are among the best-
studied fermentations, with several new developments, we
focus on starter cultures in these fermentations and their
characteristics. This section will give examples of the
main species used, various characteristics required for the
quality of the final products and flavour formation in par-
ticular. Many of the described characteristics are also of
importance in other fermented products.

A. LACTIC ACID BACTERIA

When raw milk is left at room temperature for some time,
a microflora will develop in which lactic acid bacteria
generally dominate. These bacteria acidify the milk and,
as a consequence, inhibit the growth of other bacteria.
Concomitantly, they give the milk a pleasant flavour. This
spontaneous fermentation has been the basis of several
fermented dairy products in the history. The discovery of
the role of lactic acid bacteria in milk fermentation paved
the way for their isolation, characterisation and exploita-
tion. This started more than a century ago and has resulted
in the development of starter cultures for the manufacture
of fermented dairy products. Both industrial and small-
scale manufacture now almost always relies on industri-
ally prepared starters [100].

The lactic acid bacteria used in the dairy fermenta-
tions can roughly be divided into two groups on the basis
of their growth optimum. Mesophilic lactic acid bacteria
have an optimum growth temperature between 20 and 30°C
and thermophilic strains with an optimum between 30 and
45°C. Traditional fermented products from sub-tropical
countries harbour mainly thermophilic lactic acid bacteria,
whereas the products with mesophilic bacteria originate
mainly from Western and Northern European countries.
Currently, most dairy industries use starter cultures for rapid
acidification, because a spontaneous fermentation acidi-
fies the milk too slowly. This method of working has
reduced the number of strains present, and is responsible
for certain uniformity in dairy products. On the other hand,
it has made the production very reliable and efficient. The
micro-organisms present in natural niches still form a very
interesting potential for product diversification, due to
their large biodiversity (see below).

Industrial (dairy) starter cultures can be divided into
two groups: undefined and defined starters. The undefined
starters are a mixture of an unknown number of lactic 
acid bacteria types, which are originally derived from an 
artisanal production practice and further selected for the
production of good-quality dairy products. Mesophilic

undefined starter cultures are commonly used for the
manufacture of Cheddar, Gouda and other cheese types.
Their use is based on their consistent performance, espe-
cially their well-recognised phage resistance [110, 71].

Defined-strain starters are blends of two of more
strains; in the case of Cheddar cheese they are frequently
used nowadays in stead of the former undefined mixed-
strain starters. Since the risk of phage attacks is greater
here than with the use of undefined mixed-strain cultures,
cultures with different phage sensitivity profiles are used
in rotation [55, 71, 56]. Another well-known example of a
defined-strain starter is mixture of thermophilic lactic acid
bacteria in the manufacture of yoghurt.

B. LACTOCOCCI

It is interesting to consider that the industrial starters for
the majority of cheeses are based on a single mesophilic
species, namely Lactococcus lactis. Strains of this species
are employed for the manufacture of various cheese types
and, although they exhibit different characteristics, they
have several biochemical attributes in common [25, 31].
The most important properties are their ability to produce
acid in milk, and to form flavour components.

For the manufacture of Gouda cheese, the undefined
mixed-strain starters are composed of acid-forming lacto-
cocci, Lactococcus lactis subsp. lactis and L. lactis subsp.
cremoris, possibly in combination with the citrate-utilising
strains L. lactis subsp. lactis biovar diacetylactis and
Leuconostoc spp (Fig. 64.1). These starters are thus com-
posed of complex mixtures of strains, forming a bacterial
population, which is equipped with the properties suitable
for the production of the desired cheese. Since their com-
position would change depending on the conditions of
cultivation [58], their subculturing is minimised and the
cultures are preserved by freezing or lyophilisation.
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FIGURE 64.1 Composition of some commercial mixed-strain
undefined starter cultures used for cheese making.
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Also, the manufacture of Cheddar cheese and several
other cheese types is entirely dependent on the fermenta-
tive activity of lactococci, sometimes in the form of
defined-strain starters, consisting of L. lactis subsp. lactis
varieties in case of Cheddar cheese, but frequently still in
the form of undefined mixed-strain starters.

Mesophilic lactococci are generally considered to be
associated with the milk environment [99], but they can
also be isolated from other sources [65]. Lactococci iso-
lated from artisanal manufacture of fermented dairy prod-
ucts without the application of industrially prepared starter
cultures and from non-dairy environments are generally
referred to as ‘wild’ lactococci. In an international project
funded by the European Community many wild strains 
of lactic acid bacteria were isolated and partially charac-
terised [21]. Initial studies showed that this pool of lactic
acid bacteria contained many L. lactis strains, which dif-
fer in a number of phenotypic properties from the strains
commonly present in industrial starters. Among those
characteristics is the ability to form flavour components
[122, 4, 5, 6]. This aspect, interesting for diversification in
the manufacture of fermented dairy products, will be dis-
cussed below.

C. MESOPHILIC LACTOBACILLI

Although mesophilic lactobacilli are undoubtedly inhabi-
tants of raw milk and the dairy environment, upon acidifica-
tion of raw milk they are frequently overgrown by strong
acidifiers of the genus Lactococcus. However, they do gain
access to the cheesemaking process, because they are often
found as secondary flora during the ripening of different
cheese varieties. This is especially true for raw-milk cheese,
but mesophilic lactobacilli are also common in cheese man-
ufactured with modern technologies, using pasteurisation of
the milk, defined-strain starters and hygienic processing.
The starter is responsible for the acidification during the first
stages of cheese manufacture and may reach up to 109

colony-forming units (cfu) per gram of cheese. During
ripening, however, the number of starter cfu generally
decreases rather quickly to lower than 107 g�1, whereas
subsequently the non-starter adventitious lactobacilli
grow out and may reach numbers higher than those of the
starter culture [103].

The secondary flora in Cheddar cheese have been
examined most extensively; they consists mostly of
mesophilic lactobacilli and sometimes include pediococci.
These bacteria are collectively referred to as non-starter
lactic acid bacteria (NSLAB). Isolates from this group
belong to the species Lactobacillus paracasei, Lb. plan-
tarum, Lb. rhamnosus and Lb. curvatus. The composition
of the NSLAB in the cheese varies with the day of manu-
facture and with the age of the cheese [123, 21].
Adventitious NSLAB have also been reported for
Emmental, Comté and other type of cheeses [29, 51, 13].

The NSLAB have the unique ability to grow under the
highly selective conditions prevailing in a ripening cheese.
Lactose is largely depleted in the first hours of cheese
manufacture by the fermentation of the starter bacteria.
The pH is between 4.9 and 5.3, the temperature below
13oC, the moisture content less than 50%, the salt concen-
tration in moisture is 4–6% and oxygen is barely available.
All in all, the ripening cheese seems a hostile environment
for micro-organisms. Yet, the adventitious lactobacilli
manage to grow, obviously with a low rate, but the gener-
ally long ripening period allows them enough time to reach
considerably high levels of cfu per g of cheese. They
apparently consume compounds other than lactose such as
lactate, citrate, glycerol, amino sugars, amino acids and
perhaps even on material released from lysed starter bacte-
ria. Although the NSLAB, like other lactobacilli, exhibit
fastidious nutritional requirements, they clearly find ample
opportunities for growth in a ripening cheese. They pos-
sess a wide range of hydrolytic enzymes and are able to
effect proteolysis and lipolysis [62, 123].

Since NSLAB dominate the microflora of many long-
ripened cheeses, they are believed to contribute to the mat-
uration of cheese. The numbers of NSLAB are reported to
be higher in Cheddar cheeses made from raw milk than in
those from pasteurised milk [78]. Differences in flavour
between these cheeses, with a more intense flavour in raw
milk cheeses, suggest that the indigenous NSLAB play an
important role in flavour development. Indeed, they have
been shown to contribute to the formation of small peptides
and amino acids, which are the precursors for the flavour
components [45].

The observation that the presence of NSLAB in cheese
on the one hand leads to a desirable flavour, and on the
other hand may induce possible defects or spoilage [115,
114, 60] makes it a delicate choice for the cheese maker
to use a certain lactobacillus as adjunct starter. This strain
should be selected with care, because only a limited number
of the NSLAB present in cheese combine all the required
properties with the concomitant lack of imperfections.
McSweeney et al [79] were successful in improving the
flavour of Cheddar cheese by using strains isolated from raw
milk cheese. This improvement was believed to be due to
increased formation of amino acids. Cheese made from milk
inoculated with strains of Lb. plantarum or Lb. casei subsp.
pseudoplantarum received the best gradings [75].

D. THERMOPHILIC LACTIC ACID BACTERIA

The thermophilic lactic acid bacteria are best known as
starters for fermented milks. Several varieties of fermented
milks originate from countries in Asia Minor and the
Balkans, e.g. Bulgarian yoghurts. These yoghurt products
have emerged from spontaneous acidification of raw milk
by indigenous organisms, and have now been developed 
into microbiologically well-controlled industrial processes.
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The two most frequently used starter bacteria are classified
as Lactobacillus delbrueckii subsp. bulgaricus and Strep-
tococcus salivarius subsp. thermophilus, generally short-
ened as Lb. bulgaricus and S. thermophilus, respectively.

Yoghurt is usually made by inoculating an equal 
mixture of S. thermophilus and Lb. bulgaricus in milk 
and incubating it at 37–45°C. S. thermophilus grows opti-
mally at these temperatures and hydrolyses lactose via a 
β-galactosidase. S. thermophilus is nutritionally fastidious
and requires a complex mixture of amino acids for growth.
Since it is proteolytic negative, the coupling with the more
proteolytic Lb. bulgaricus stimulates its growth in milk.
The production of formic acid and carbon dioxide from
lactose by S. thermophilus on the other hand stimulates
the growth of Lb. bulgaricus (Fig. 64.2; [35]).

Thermophilic lactic acid bacteria also play an essen-
tial role in the manufacture of some cheese types. The
starters of Swiss-type and Italian cheeses consist mainly
of S. thermophilus, Lb. helveticus and Lb. bulgaricus
[111, 9]. Also in the ripening of Greek hard cheese types
made from ewes’ and goats’ milk, the thermophilic lactic
acid bacteria play a dominant role [61]. The specific high
cooking temperature used in the manufacture creates their
niche in these cheese types. They convert lactose to lactic
acid as in all dairy fermentations. This acid plays its usual
role as preservative and, for the Swiss-type cheese, is the
substrate for the subsequent propionic acid fermentation,
leading to large eye formation in the cheeses.

Since thermophilic lactic acid bacteria were found to
be very active, they are employed as adjunct cultures in the
manufacture of various cheeses. In some cases they are
specifically selected to address certain flavour aspects of
cheese, e.g. bitterness. Smit et al. [104, 105, 106] reported
on thermophilic lactic acid bacteria with high debittering
activities, which were found to be very useful in debitter-
ing of cheeses made with a mesophilic starter culture which
causes bitterness (Fig. 64.3). Various thermophilic adjunct
cultures are also employed to enhance the formation of
desired flavour notes in a given cheese.

E. YEASTS

Although yeasts play a minor role in dairy fermentations,
several fermented milk products with a natural yeast-
containing microflora exist. A distinctive feature of these
products is that, in addition to the lactic acid fermentation
induced by lactic acid bacteria, a slight alcoholic fermenta-
tion due to yeasts takes place [68, 93]. The best known exam-
ples of fermentation of milk by a combination of yeasts and
lactic acid bacteria are kefir and koumiss, both originating
from countries of Eastern Europe and Asia. The predomi-
nant species of yeast in kefir and koumiss are Kluyveromyces
marxianus, Candida kefir, Saccharomyces cerevisiae and
Saccharomyces delbrueckii. The heterogeneity of the
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0

1

2

3

B
itt

er
 s

co
re

3

B

4

B+

I233

1

A

2

A+

I233

Starter

Adjunct

FIGURE 64.3 Effect of addition of the thermophilic adjunct
culture I233 on the flavour development of a Gouda cheese after
3 months of ripening. The application of this adjunct culture
results in a strong decrease in the bitter score during sensory
evaluations. Starters A and B are known for the production of
bitter-tasting peptides during cheese ripening.

DK9848_C064.qxd  18/Oct/05  06:03 PM  Page 5



species found can be explained by the different techniques
of kefir grain cultivation. Yeasts play an important role in
promoting symbiosis among the micro-organisms present,
CO2 formation and development of the characteristic taste
and aroma [67].

Yeasts are also involved in the ripening of surface-
ripened cheeses. Their primary role is to lower the acidity
of the cheese surface, which allows the development of a
secondary microbial flora [95, 17]. Positive interactions
between yeasts and starter organisms are well documented
for semi-soft cheeses, like Limburger and Tilsit [43]. The
yeasts metabolise lactate, which causes an increase of the
pH, and may secrete factors that promote the growth of
Brevibacterium linens, which is essential for the ripening
of these cheeses [17]. Yeasts are also believed to promote
the development of Penicillium roquefortii in blue cheeses.
They may contribute to the open structure of these cheeses
by formation of gas [22]. On the surface of Camembert,
the dominating yeast flora inhibits the growth of the
spoilage moulds. The most prominent yeasts in cheese are
Debaromyces hansenii, Kluyveromyces marxianus,
Kluyveromyces lactis, Yarrowia lipolytica, Saccharomyces
cerevisiae and Zygosaccharomyces rouxii [8; 14].

F. MOULDS

Moulds are mainly used in the manufacture of semi-soft
cheese varieties together with the lactic acidifiers. Their
major role is to enhance the flavour and aroma and to mod-
ify the body and the structure of cheese. On the basis of
their colour and growth characteristics, they can be divided
into white and blue moulds. The former type grows on the
outside of the cheese, e.g. Camembert and Brie, and is
known as Penicillium camembertii. The blue mould is
named Penicillium roquefortii and grows inside the cheese.
Examples of ‘blue’ cheeses are Roquefort, Blue Stilton,
Danish Blue and Gorgonzola [113]. Several varieties of
these two Penicillium species have been described in the
past, but they should all be considered as biotypes. The
characteristic feature of mould-ripened cheese is the exten-
sive proteolysis and lipolysis. These biochemical activities
ultimately result in the formation of precursors for the typ-
ical volatile flavour components of the cheeses. Methyl
ketones have a key role in the typical flavour. There is a
positive correlation between the free fatty acid level and the
amount of methyl ketones formed, and cheeses with limited
lipolysis score lower in flavour [52, 53]. Other typical com-
pounds besides methyl ketones are secondary alcohols,
esters, aldehydes and lactones. Various compounds arising
from the proteolysis and amino acid conversion of course
complete the aroma of these cheeses. Clearly, the flavour of
mould-ripened cheese is a delicate balance of several com-
pounds, produced by a succession of micro-organisms,
which each performs their particular activity. Not only 
the choice of the Penicillium strain is important for the

successful production of the soft surface mould cheeses;
the selection the concomitant starters is also crucial.

Geotrichum candidum is used as one of the starters for
the manufacture of the Finnish fermented milk viili and
Camembert cheese. The starter of viili consists of mesophilic
lactococci and Leuconostoc strains with G. candidum.
Viili is made from non-homogenised milk and the fungus
forms a mouldy layer on the cream. Its growth is gener-
ally limited due to the restricted amount of oxygen pres-
ent in the container with the fermenting mixture [77]. 
G. candidum is one of the contributors to the flora that
plays a key role in the ripening of Camembert cheese. It
starts to grow on the surface of the rind of Camembert,
Pont l’Evêque and Livarot cheeses at the beginning of the
ripening process and contributes to typical cheese flavours
[57, 81]. Most notably, G. candidum is known for its
potential to form sulphur-containing flavour components,
which contribute to the typical flavour characteristics of
Camembert cheeses [30, 11, 108].

G. OTHER BACTERIA

Finally, some other groups of bacteria, which have not
been covered above, are nevertheless worth mentioning.
The propionic acid bacteria constitute the essential sec-
ondary flora in Swiss-type cheese. After the homofermen-
tative lactic acid fermentation, they convert lactate into
propionate, acetate and carbon dioxide. The latter is respon-
sible for the characteristic eye formation in these cheeses.
Interest in the role of propionic acid bacteria in flavour
formation has recently been renewed [48]. Also for this
group of bacteria, the raw milk environment appears to be
a versatile and interesting source of strain variation [42].

A second group of bacteria, which play a major role
in the maturation of surface-ripened cheese, comprises the
brevibacteria and other coryneform bacteria. They are obvi-
ously present in the smear of these cheeses and are strongly
proteolytic, which results in high levels of sulphur-
containing volatiles [16, 17]. They also show some lipolytic
and esterolytic activity, and produce distinct red-orange
pigments [92]. The variation in proteolytic activity, antimi-
crobial activity and pigment biosynthesis in these bacteria
may offer opportunities for the selection of appropriate vari-
ants for specific applications in the manufacture of smear-
ripened cheeses or even other types of cheeses [15].

IV. STARTER FUNCTIONALITIES

As listed above, various micro-organisms are used as a
starter culture for the production of fermented products, e.g.,
dairy products. Apart from acidification and thus preser-
vation, it is found that these organisms often possess cer-
tain characteristics, which offer specific benefits to the
consumer. These benefits are now leading in the develop-
ment of new and improved starter cultures. A number of
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specific characteristics will be discussed below. Special
attention is paid to the flavour-forming abilities of starter
cultures, since flavour perception is the most prominent
motivator for the consumer to choose a food product.

A. BACTERIOCINS

Different lactic acid bacteria are able to produce bacteri-
ocins, proteinaceous substances with bactericidal activity
against micro-organisms closely related to the producer
strain [63, 64, 26; 89]. Lactic acid bacteria are generally
regarded as safe micro-organisms and so are their bacteri-
ocins. Thus these bacteriocins can potentially be used to
control the growth of spoilage and pathogenic organisms
in food [32]. Bacteriocin-producing lactococcal strains
have been used successfully in starter cultures for cheese-
making in order to improve the safety and quality of the
cheese [73, 76, 28]. For instance, the use of nisin-producing
starter cultures was found to effectively reduce the spoilage
by Clostridium tyrobutyricum strains (Fig 64.4).

Recently it was found that the production of bacteriocins
and bacteriocin-like compounds is a property which is very
common among strains isolated from natural sources [65,
21, 39, 7]. This phenomenon can possibly be explained by
the fact that the ability to produce antimicrobial compounds

offers these wild strains the power to withstand the compe-
tition of other micro-organisms and thus to survive in their
hostile natural environment. The bacteriocin-producing wild
lactococcal strains may be useful as starters in cheese mak-
ing, not only because of their antimicrobial activity but also
because of their potential to synthesise interesting flavour
compounds (see below). These strains should then be com-
bined with other strains, which are bacteriocin-resistant.

B. VITAMIN PRODUCTION

Lactic acid bacteria are able to produce certain vitamins,
for in yoghurt a higher concentration of folic acid is found
than in milk [44]. S. thermophilus is known to produce
folic acid during growth in milk [90, 91]. The amount of
folic acid found in cow’s milk ranges from 20 to 60 µg
L�1, whereas its concentration in yoghurt may be increased
depending on the strains used for the fermentation and on
the storage conditions to values above 200 µg L�1. This
level appears also to be dependent on the strain of Lb. bul-
garicus used, because the latter organism has been shown
to use and to degrade folic acid during its growth [124]. It
is therefore of utmost importance to select the optimal
combination of S. thermophilus and Lb. bulgaricus strains
leading to organoleptically acceptable yoghurt with con-
comitantly an increased folic acid concentration. The pools
of available strains will undoubtedly harbour such strains.

C. EXOPOLYSACCHARIDES

By producing exopolysaccharides, both S. thermophilus and
Lb. bulgaricus contribute to the viscosity and the smooth
texture of fermented products like yoghurt. They stabilise
the gel and decrease its tendency to synerise [102]. These
bacteria produce rather low amounts of exopolysaccharides
with a wide variety of chemical structures. Glucose, galac-
tose and rhamnose are its main monomers and the composi-
tion might be affected by the fermentation conditions [74,
120]. The chemical structure of the polymer apparently has
an effect on the rheological properties, because the use of
different starters results in differences in its microscopic
structure and viscosity [119]. The underlying mechanism of
this effect, however, is not well understood. The emerging
knowledge on the genetics of exopolysaccharide biosyn-
thesis by L. lactis and S. thermophilus strains (Fig. 64.5;
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[112, 117]) will offer opportunities to modify the structure
of the polymer and to regulate the amount synthesised.

D. EYE FORMATION

Lactic acid bacteria are able to ferment citrate, which is
present in many raw materials used for food fermentations
such as fruit, vegetables and milk. Citrate can be fermented
by a limited amount of mesophilic lactic acid bacteria [59,
83] for a review). Its degradation results in acetate, diacetyl,
acetoin, 2,3-butanediol, and CO2. Besides the formation
of the flavour component diacetyl, which is a crucial
flavour attribute in buttermilk, ripened cream butter, sour
cream, and quark, the formation of CO2 is responsible for
eye formation in cheese.

In the production of Swiss-type of cheeses, such as
Gruyere, Emmental and Maasdammer, propionibacteria are
used to achieve the characteristic sweet and nutty flavour
notes as well as the large eyes. Various metabolic pathways
have been described for the utilisation of lactate as energy
source and aspartate as electron acceptor [24]. The eye-
formation in Swiss-type of cheese can be controlled by a
combination of aspartate-weak propionibacteria in combi-
nation with facultative heterofermentative lactobacilli [46].

E. PROBIOTIC FEATURES OF STARTER CULTURES

Probiotics are live microbial food supplements, which
benefit the health of consumers by maintaining, or improv-
ing their intestinal microbial balance [47]. Species of
Lactobacillus and Streptococcus have traditionally been
used in fluid fermented dairy products to promote the
human health [98]. These probiotic starters may influence
the microbial ecology of the host, lactose intolerance, inci-
dence of diarrhoea, mucosal immune response, levels of
cholesterol and cancer. Besides the traditional carrier of
probiotics, which is yoghurt, the market share of probiotic
drinks is expanding rapidly. The most common probiotic
strains are lactobacilli. A number of them are now being
successfully commercialised, such as Lactobacillus rham-
nosus GG [101], L. casei Shirota [3] and L. acidophilus
LA-1 [12]. The scientific basis of these strains in relation
to their proposed positive effects on the human health is
quite extensive, however most of the evidence is obtained
with diseased human populations. Evidence for probiotic
claims in healthy populations has still a weak basis.

V. FORMATION OF FLAVOUR 
COMPOUNDS DURING FERMENTATIONS

Flavour development in fermented products results from 
a series of (bio)chemical processes in which the starter 
cultures provide many of the enzymatic activities. Particu-
larly the enzymatic degradation of proteins leads to the
formation of key-flavour components, which contribute to

the sensory perception of the products [36, 37, 107]. In the
following section, the flavour forming enzymes of lactic
acid bacteria will be discussed, with dairy products as the
main example. On the other hand, it is important to note
that very similar activities can be found in other fermented
products, such as meat and sourdoughs.

The formation of flavours in fermented dairy products
is a complex and, in the case of cheese ripening, rather
slow process involving various chemical and biochemical
conversions of milk components. Three main pathways
can be identified: the conversions of lactose (glycolysis),
fat (lipolysis), and caseins (proteolysis) (Fig. 64.6). The
enzymes involved in these pathways are predominantly
derived from the starter cultures used in these fermentations.

In the case of the lactose fermentation, the main con-
version obviously leads to the formation of lactate by LAB,
but a fraction of the intermediate pyruvate can alterna-
tively be converted to various flavour compounds such as
diacetyl, acetoin, acetaldehyde, or acetic acid, some of
which contribute to typical yoghurt flavours.

Lipolysis results in the formation of free fatty acids,
which can be precursors of flavour compounds such as
methylketones, alcohols, and lactones. Lactic acid bacte-
ria contribute relatively little to lipolysis, but additional
cultures, e.g. moulds in the case of surface-ripened cheeses
[82] often have high activities in fat conversion. Flavours
derived from the conversion of fat are particularly impor-
tant in soft cheeses like Camembert and Roquefort.

The conversion of caseins is undoubtedly the most
important biochemical pathway for flavour formation in
hard-type and semi-hard-type cheeses [118]. Degradation of
caseins by the activities of rennet enzymes, and the cell-
envelope proteinase and peptidases from lactic acid bacteria
yields small peptides and free amino acids. A good balance
between proteolysis and peptidolysis prevents the formation
of bitterness in cheese [104, 105]. Although it is known that
peptides can taste bitter and that amino acids can taste
sweet, bitter, or broth-like [84], the direct contribution of
peptides and amino acids to flavour is probably limited 
to a basic taste [36]. For specific flavour development,
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leading to typical cheese flavours.
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further conversion of amino acids is required to various
alcohols, aldehydes, acids, esters and sulphur compounds.
The current knowledge on these pathways is shown in
Figure 64.7.

A. PROTEOLYSIS LEADS TO PEPTIDES AND FREE

AMINO ACIDS

Since the concentrations of free amino acids and pep-
tides are very low in milk, the starter cultures depend for
growth in milk heavenly on their proteolytic systems. The
degradation of milk proteins (caseins) leads to peptides
and free amino acids, which can subsequently be taken up
by the cells [69, 23]. Proteolysis is initiated by a single
cell-wall-bound extracellular proteinase (Prt), which can be
either chromosomally or plasmid-encoded. While most
dairy LAB strains contain such an extracellular proteinase,
several do not and these are mainly dependent on other
strains in the starter culture for the production of peptides
and amino acids. Such dependency of strains is rather
common in starter cultures, and indicates the relevance of
knowledge on the population dynamics between strains in
order to be able to develop stable starter cultures.

Peptide and amino acid transport systems have been
studied extensively in lactococci, but far less is known for
other lactic acid bacteria such as mesophilic and ther-
mophilic lactobacilli (see for a review Kunji et al. [69]).
Peptide and amino acid uptake occurs via oligopeptide
transport systems, di-/tri-peptide transporters, and various

amino acid transport systems [66]. Following uptake, the
peptides are degraded intracellularly by a variety of pepti-
dases [69, 23]. These peptidases of lactic acid bacteria can
be divided into endopeptidases, aminopeptidases, di-/tri-
peptidases, and proline-specific peptidases. The spe-
cialised peptidases in LAB for hydrolysis of
Pro-containing peptides have been postulated to be impor-
tant for the degradation of casein-derived peptides, since
these are known to have a high proline content.

The balance between the formation of peptides and
their subsequent degradation into free amino acids is very
important, since accumulation of peptides might lead to a
bitter off-flavour in cheese [109, 121, 104, 105]. Various
bitter-tasting peptides have been identified and especially
these peptides should be degraded rapidly in order to pre-
vent [109, 121, 70]. Specific cultures have been selected
with high bitter-tasting-peptide degrading abilities [104,
105] and such cultures are nowadays frequently used in
the preparation of various types of cheese (Fig. 64.3).

The ability of cultures to degrade bitter-tasting pep-
tides was not only found to be dependent on the strain used,
but also on the growth conditions. For example, it was
found that pH-controlled growth conditions resulted in a
higher debittering activity [106]. The mechanism behind
these differences was found to be strongly correlated with
the sensitivity of the cells to lyse. Meijer et al. [80] showed
that the introduction of a transposon in L. lactis SK110
not only increased the stability of the cells, but also the
bitterness in cheese made with this culture. These results
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indicate that the cell membrane can be a barrier between
the enzymes, located intracellularly, and the peptide sub-
strates, present in the cheese matrix. Apparently, there is
not enough active transport anymore with the starter cul-
tures once they are present in the cheese matrix for a cer-
tain ripening time.

B. AMINO ACID CONVERTING ENZYMES (AACES)

Amino acids are the precursors of various volatile cheese
flavour compounds, which have been identified in cheese
Engels and Visser, 1996; Engels, 1997]. They can be con-
verted in many different ways by enzymes such as deam-
inases, decarboxylases, transaminases (aminotransferases),
and lyases (Figure 64.7). Transamination of amino acids
results in the formation of α-keto acids that can be con-
verted into aldehydes by decarboxylation and, subsequently,
into alcohols or carboxylic acids by dehydrogenation. Many
of these components are odour-active and contribute to
the overall flavour of the dairy product. Moreover, other
reactions may occur, e.g. by hydrogenase activity towards
α-keto acids resulting in the formation of hydroxyacids,
which contribute little to the flavour.

Using biochemical and genetic tools, various flavour-
forming routes from amino acids and enzymes involved
have recently been identified, mostly in L. lactis (see [128,
107 and 118] for a review).

Aromatic amino acids, branched-chain amino acids,
and methionine are the most relevant substrates for cheese
flavour development. Conversion of aromatic amino acids
can result in formation of undesirable flavours, so-called
off-flavours, such as p-cresol, phenylethanol, phenylac-
etaldehyde, indole, and skatole, which contribute to putrid,
faecal or unclean flavours in cheese [23]. Many of these
reactions can also occur under cheese conditions and are
highly dependent on the strain used [49]. This implies that
by target selection of starter bacteria the formation of unde-
sirable flavours can be avoided. A similar strain depen-
dency is also found for enzyme activities, which result in
the formation of desired flavour compounds, indicating
that a strong potential for starter improvement exists (see
below).

Conversion of tryptophan or phenylalanine can also
lead to benzaldehyde formation. This compound is found
in various hard-type and soft-type cheeses and contributes
positively to the overall flavour [37, 82]). In Lb. plantarum
as well as in other LAB, the formation of benzaldehyde
out of phenylalanine is initiated by an aminotransferase
reaction followed by a chemical conversion of the inter-
mediate phenylpyruvic acid into benzaldehyde [86, 85].
The latter reaction requires the presence of manganese,
for which an efficient uptake system was found [87]. Since
this chemical conversion occurs at a high pH and in the
presence of oxygen, it is not very likely a main conversion
pathway in cheese.

Branched-chain amino acids are precursors of various
aroma compounds such as isobutyrate, isovalerate, 3-
methylbutanal, 2-methylbutanal and 2-methylpropanal.
These compounds are found in various cheese types.
Several enzymes that are able to convert these amino acids
have been detected in L. lactis (see [128, 107 and 118] for a
review). The aromatic aminotransferases can convert aro-
matic amino acids, but also leucine and methionine, while
the branched-chain aminotransferases can convert the
branched-chain amino acids leucine, isoleucine and
valine, but also methionine, cysteine, and phenylalanine.

Volatile sulphur compounds derived from methionine,
such as methanethiol, dimethylsulphide, and dimethyl-
trisulphide, are regarded as essential components in many
cheese varieties [116]. In fact, a Gouda cheese-like flavour
can be generated by incubation of methionine with cell
extracts of L. lactis [36]. Conversion of methionine can
occur via a aminotransferase-initiated pathway by
branched-chain or aromatic aminotransferases, or via an
α,γ-elimination of methionine by the lyase activities of
cystathionine β-lyase (CBL), cystathionine γ-lyase
(CGL), or methionine γ-lyase (MGL) (Figure 64.2) [1, 18,
33, 34, 38, 49, 50, 96, 125, 40, 41, 118].

It was found that the amount of α-keto acids deter-
mines the rate of the first step in the conversion of amino
acids. Overproduction of the transaminases alone did not
lead to a strong increase in amino acid conversion without
a simultaneous addition of keto acids as co-substrate [126].
The introduction of a glutamate dehydrogenase gene from
Peptostreptococcus in L. lactis resulted in a similar effect
[97]. However, whether this activity also results in a strong
increase in the desired flavour components remains to be
determined. Ayad et al. [6] found that also the presence of
enzymes required for subsequent conversions might be of
crucial importance (Fig. 64.8).

Although cystathionine lyases are active under cheese-
ripening conditions [1], their activity towards methionine
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could not be detected using 13C nuclear magnetic reso-
nance [49]. With this technique, only the aminotransferase-
initiated pathway was observed suggesting that this pathway
is most prominent in methionine catabolism to produce
methanethiol. On the other hand, strains that overproduce
cystathionine β-lyase, where found to be able to degrade
methionine, indicating the potential of this enzyme in the
production of sulphury flavours [40, 41]. The specificity
of CBL [1] is a particular advantage in this respect, since
one might expect that only sulphury flavour components
would increase in strains with high activity. In case of
overproduction of other less-specific enzymes such as
transaminases more pathways will be influenced at the
same time.

Biosynthesis and degradation of some amino acids are
intricately coupled pathways. For instance, the above men-
tioned cystathionine β-lyase can convert methionine to
various volatile flavour compounds, but in bacteria its
physiological function is the conversion of cystathionine
to homocysteine, which is the penultimate step of methio-
nine biosynthesis [118]. This means that many of the
AACEs are in fact involved in the biosynthesis of amino
acids. It is well known that biosynthesis of amino acids is
highly regulated, and therefore the growth conditions of the
starter cultures might affect their flavour forming capaci-
ties. For instance, in L. lactis the expression of the gene
coding for cystathionine β- lyase is strongly influenced by
the amounts of methionine and cysteine in the culture
medium [40, 41]. High concentrations of these amino
acids completely abolish transcription and result in L. lac-
tis cells almost deficient of cystathionine β-lyase activity.

Similarly, it is found that the branched-chain amino-
transferase is also regulated at the transcriptional level in
L. lactis [127]. The physiological role of branched-chain
aminotransferases in bacterial metabolism is to catalyse
the last step in the biosynthesis of branched-chain or aro-
matic amino acids. Several enzymes can thus been consid-
ered as being involved in both biosynthesis and degradation
of amino acids, and α-keto acids are intermediates in both
directions. These examples illustrate that the choice of cul-
ture conditions can strongly influence the flavour-forming
capacities of starter cultures like L. lactis.

C. NATURAL BIODIVERSITY

It is already mentioned that various lactic acid bacterial
strains differ in amino acid converting abilities and that
these activities are in fact linked to the ability to synthe-
sise amino acids. [4, 5] focused on the flavour-forming and
the amino acid forming abilities of Lactococcus strains
isolated from various natural sources, the so-called ‘wild
lactococci’ (Fig. 64.8). These strains originated from dairy
and non-dairy environments and they were found to have
unique properties, when compared to commercially avail-
able starter strains. For instance, many of these strains 

do not degrade caseins, produce antimicrobial compounds
and/or have low acidifying activity. When the amino acids
forming capacities of these strains were determined using
the single omission technique [20], it was found that these
strains had a much larger potential to synthesise amino
acids as compared to industrial strains. Lactococci used in
dairy fermentations are known for their limited capacity
for biosynthesis of amino acids, which explains their com-
plex nutritional requirements; they require several amino
acids for growth [2, 94, 19, 4]. For instance, most dairy
Lactococcus strains need glutamate, valine, methionine,
histidine, serine, leucine and isoleucine. Industrial L. lactis
subsp. cremoris strains require even more different amino
acids for growth [4]. Wild L. lactis subsp. cremoris strains
generally require two to three amino acids while some 
L. lactis subsp. lactis strains only need one amino acid. The
absence of some amino acid biosynthetic pathways in dairy
lactococci might be a consequence of their adaptation to
dairy products, since in milk, the amino acids are readily
available from the proteolytic degradation of caseins. Wild
strains are not naturally associated with a rich environment
such as milk, which makes them more dependent on their
own biosynthesis of amino acids compared to industrial
strains. The large natural biodiversity, which is found within
LAB species, offers good possibilities for flavour diversi-
fication. It can obviously also be applied in various other
fermented food products.

VI. CONCLUSIONS AND FUTURE 
PERSPECTIVES

Fermented products bring the consumer a sense of appre-
ciation, which is by enlarge due to the interaction of the right
starters cultures, technology and care in manufacturing. The
starter cultures play a specific role in this respect and for that
reason deserve specific attention. Not only are the starter cul-
tures responsible for the preservation, due to lowering of the
pH or increase of ethanol, but they also form various impor-
tant compounds, most notably flavour components, which
contribute directly to the perception of the consumers.

This knowledge makes it necessary to put special
emphasis on the research in the area of starter cultures and
their functionalities. Especially in view of the natural bio-
diversity, which still exists in food-grade micro-organisms,
it is important to preserve this pool of microbial strains for
future applications. The product innovator is challenged to
use strains from them in his trials to create the flavour or
other attributes the consumer demands.

The variation in microbes and their intrinsic biochem-
ical potential is huge in size. This will make it necessary
to have a better understanding of the enzymatic pathways
in these starter cultures, in order to be able to select strains
with specific desired characteristics. For instance, the rap-
idly growing knowledge of pathways prevailing in these
bacteria which are active in the flavour formation offers
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new insights in the required properties of a given starter
culture. This should lead to the design of probes to screen
collection of microbes (pools of genes) very effectively
for the presence of certain desired traits. Moreover, apart
from the best-studied examples of starter cultures, e.g. the
lactococci, also other micro-organisms receive more
attention recently. This will even enlarge the potential
possibilities in this field. An interesting time is ahead of
us, not only from a scientific point of view, but also from
the perspective of manufacturers of fermented products.
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I. INTRODUCTION

Fermented foods can be defined as products whose specific
properties are mainly due to the effects of bacterial meta-
bolism during their manufacture. Although meat products
are not the most representative examples of fermented
foods, it is clear that microbes contribute to both the con-
serving and flavouring effects of salt added to meat, a prac-
tice dating back to the Neolithicum, e.g. anywhere between
5,000 and 10,000 years ago (1). Such contributions are
evident when the meat surface flora is evenly distributed
by chopping, grinding or comminution of the meat
together with the salt. The stuffing of such mixture into a
casing produces a « sausage», a product first referred to in
writing by Homerus in 900 BC. Centuries BC, a similar
product (« lup-cheong ») was already produced in China,
adding more sugar however than salt as a preservative.
Since these beginnings, variable degrees of mixing and

comminution of different « meats » with salt, together
with spices, herbs and other plant material have been
applied, resulting in a range of products, the stability of
which is mainly determined by a combinations, varying in
relative importance, of

● acidulation, brought about by lactic acid pro-
duction and

● lowering of water activity (aw), brought about
by the addition of salt (« curing ») and drying.

Campbell-Platt (2) discusses 36 whole and 56 commin-
uted fermented meat products, including e.g. an East-
African sausage made from fat and bones, a ham like
product made by the Greenland Inuits from the eider
duck, as well as 33 species of country or raw ham. The
contribution of microbial activity in the production of
large whole meat products is limited: as the meat interior
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is practically free of microbes, the specific characteristics
of such products are largely determined by remaining
muscle proteolytic and lipolytic activity (3), with a limited
contribution of bacterial activity to nitrate reduction, color
formation and acceleration of salt introduction by some
lactic acid production (4). This introductory discussion
will therefore be limited to comminuted products or
sausages, subjected to a variable combination of fermen-
tation and drying. The first production of such “fermented
sausages ” started in Italy in 1730 and spread from there
to Germany, Hungary and other countries, including the
U.S. and Australia. The basic concept of processing
involves comminution of muscle and fat tissue with salt,
nitrate and/or nitrite and spices including eventually
sugar, starter cultures and other additives such as non
meat proteins. After stuffing the mixture into a casing, the
resulting sausage is left to ferment and dry. This “ripening”
often occurs in two consecutive and separate stages, referred
to as fermentation and drying respectively. The lowering
of aw resulting from the presence of salt and drying and
the exclusion of O2 selects for salt tolerant lactic acid bac-
teria, producing lactic acid from carbohydrates added or
present. This lowers pH to final values between 4.5 and
5.5, inducing denaturation of salt solubilised protein to a
gel structure that can be sliced. The adequate (fast) reduc-
tion of pH and the lowered aw ensure both product stabil-
ity and safety. Once these basic requirements are met, the
production technology allows for many but imprecise
variations, yielding a variety of very different products. A
broad distinction can be made between:

● Northern type products (NP): they contain beef
and pork and are characterised by relatively
short ripening periods, up to about 3 weeks,
involving clearly separated fermentation (about
3 days) and drying periods. Rapid acidulation
to final pH values just below 5 followed by
product dependent weight losses during drying
ensure safety and shelf life. Smoking is applied
to add specific flavour (taste and aroma).

● Mediterranean or Southern type products (MP)
are predominantly pure pork products and pro-
duction involves longer ripening periods, up to
several months. Fermentation occurs at lower
temperatures (ca. 20°C vs. �25°C), and acidu-
lation to final pH values above 5 is therefore
slower and often not clearly separated from dry-
ing. Superficial mold growth is often involved,
smoke is not applied (with the exception of
Hungarian type salami) and shelf life is mainly
determined by drying and lowered water activity.

More detailed or official classification of fermented
sausages is done in various ways, based on e.g. moisture

content, moisture/protein ratio, weight loss, water activity
aw, surface treatment, texture and fat particle size. It has
become increasingly clear that the major characteristics of
these products are determined by numerous interactions
within the trialogue (meat � fat) � (micro-organisms) �
(processing technology), whose control presents a consid-
erable challenge to standardization and management of
quality. Such lack of control — and thus standardization —
is apparent from the between and in batch variability
observed in the levels of end products of biochemical
changes as well as of volatile flavour compounds, showing
variation coefficients between 15 and 35% and exceeding
50% respectively for both NP and MP in a collaborative
European project (5, 6). Several aspects of each actor in
the trialogue determining variability have been discussed
in several recent papers on e.g. meat enzymes (7), the role
of bacteria in flavour development (8), the control of bac-
teriological safety (9), starter cultures (10), overall
sausage metabolism (11) and process engineering (12).
This paper does not want to add to existing excellent com-
prehensive literature reviews (4, 11) but to briefly sum-
marize some aspects of the subject, emphasizing the
importance of interactions for product quality. The text is
inspired mainly by the long term interest of the author’s
laboratory in an integrated approach to sausage fermenta-
tion (13, 14, 15) and the role of muscle enzymes (16).

II. SAUSAGE MANUFACTURE

Table 65.1 lists representative conditions for industrial
production of both NP and MP, as studied in a recent col-
laborative research project (6).

A. INGREDIENTS

1. Meat and Fat

The meat/fat ratio is 2/1 in most industrial sausage mixes,
containing 50–70% of frozen and “tempered” (��4°C)
lean meat, consisting of pork and beef in equal amounts for
NP and exclusively pork for the more valued MP. For pork,
ham trimmings, shoulders and bellies are used, as well as
jowls and throats, in proportions determined by the sausage
quality level as reflected in more than twofold price differ-
ences (F. Vandendriessche, personal communication, 2002).
Pork necks are avoided as well as beef head meat, because
of risks of antibiotic and BSE contamination respectively.
Only frozen (��18°C) pork back and belly fat (excluding
less firm sites from the groin and teat line) after removal of
rind (lard) and classified according to a visual estimation of
fat content (50% vs. 30% respectively) are used as fat
source. Pork rind may be added after cooking. Lard and
“sausage meat” account for about 10% and 20% of the pig
carcass respectively (17) and classic selection criteria for
these raw materials are mainly based on bacteriological
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quality and pH (�5.8) and on oxidation status and unsatu-
ration of fat (�12% of polyunsaturated fatty acids, minimal
peroxide vlue) (18,19). Recent developments however
report the use of differently specified alternative sources of
“meat” and fat as well as the need for more specification for
actual meat and fat to improve flavour in the more valued
products. Technology for producing fermented sausage
from poultry, including ostrich (20), from carp (21) and

using olive oil (22) has been proposed. Lyophilized meat
can be incorporated to shorten drying time (23), but this may
require the lowering of salt addition, unless used after rehy-
dration (24). For the more valued MP, muscle protease and
muscle and fat lipase activities are probably important for
(spieces dependent) sausage flavour development (25) as
described for raw ham (3). Relationships of pig muscle
enzyme activities with both carcass and meat quality have
been demonstrated (26, 27). Analogous to suggestions made
for raw ham production, enzymes and corresponding genes
might be considered for specification of raw materials (3)
and selection of animals (28) in the production of fermented
sausages.

2. Additives

Generally used additives and their ranges of incorporation
level include salt (2–4%) containing NaNO2 (80–240 mg/kg
aded as curing salt containing 0.4–0.6% NaNO2), glucose
(0.5–1%), sodium ascorbate or ascorbic acid (0.5–1%)
and spices. The use of nitrite is considered essential because
of its antibacterial, color forming, anti-oxidant and flavour-
ing properties. The use of lower nitrite levels, imposed
because of health considerations, requires adaptation of
technology including e.g. minimal fermentation tempera-
tures and oxygen free chopping (29). For MP part or all of
the nitrite is substituted for by KNO3, although there is little
technological and microbiological necessity for the use of
nitrate and its reported positive effects on colour and flavour
development may in fact be more related the accompany-
ing lower nitrite levels (30, 4). Both the amounts and the
nature of carbohydrates have been related to the rate and
extent of acidulation (31) but only the use of lactose clearly
results in lowering both rate and extent of acidulation (32)
whereas its residual presence may improve sensory qual-
ity (33). Optimal levels of glucose (dextrose) are reported
to be 0.3 and 0.7% for MP and NP respectively (34). Both
ascorbate and ascorbic acid are used to improve stability
of the red nitrosylated pigment, an effect closely associ-
ated with the prevention of lipid oxidation. Both effects
may also associated with the presence of anti-oxidants
such as BHT and vitamin E in the raw materials, due to
their use in animal feeding. However, although protective
effects on lipid oxidation and colour stability of supranu-
tritional dosing of animal feeds with γ-tocopherol are clear
for beef, and less so, for fresh and cured pork (35), it would
seem that it cannot prevent sausage colour deterioration due
to incorporation of polyunsaturated fat (36). Ground pep-
per (0.2–0.3%) is usually present in all types of sausages
and especially MP may contain higher levels (1–3%) of
other spices such as paprika and garlic that were shown to
be effective anti-oxidants, comparable to ascorbate (37).
Besides yielding flavor compounds, spices may stimulate
lactic acid bacterial activity, e.g., by supplying manganese,
and decontamination should be considered (38). Apart

TABLE 65.1
Main Production Characteristics for Northern and
Mediterranean Types of Fermented Sausages Produced
in Belgium (6)
Characteristic Northern Type Mediterranean Type

Diameter (mm) 90 60
Weight 1 kg 0.8 kg
Meat species pork/beef, 1/1 pork only
Lean meat cuts pork shoulder � beef shoulder
Fat tissue Pork back fat Pork back fat
Meat/fat ratio 2/1 2/1
Starter bacteria (CFU) �107/gb �107/gc

Additives (g/kg)e

NaCl 30 30
Nanitritef 180 180
Knitratef 0 0
Saccharose 0 0
Dextrose 7 7
Na-ascorbate 0.9 0.9
Ascorbic acid 0 0
Skimmed milk 0 0
Caseinate 11.5 11.5
Spicesf 7000h 7000h

Fungial starters � �

Particle size 1–2 mm 1–2 mm
Smoking � �

Ripening conditions
Fermentation

°C/hrs 20–26/62 5–24/113
pH after 24hrs 5.70 5.80

3 days 4.68 5.20
%rH/hrs 50–90/62 10–90/89

Drying
°C/% rH 14/78 14/78

Total ripening time 2 weeks 4 weeks

a Unspecified Lactobacillus b 2.106 each of Pediococcus pentosaceous
and Lactobacillus Sake as lactic acid bacteria and Staphylococcus xylo-
sus, Kocuria varians and Staphylococcus carnosus as flavor enhancers.
c 7.105 each of Pediococcus pentosaceous and Lactobacillus Sake as lac-
tic acid bacteria with 4.106 and 2.106 of Staphylococcus xylosus and
Micrococcus varians (now properly called Kocuria varians) respectively
as flavor enhancers. d A commercial powder containing a mixture of
Lactobacillus curvatus and Kocuria varians (2.1010/g) was used
(50 g/100 kg). e per kg meat and fat mince f mg/kg g oleoresins containing
mainly black pepper, with coriander, paptika and cognac (140 mg/kg)
and garlic (400 mg/kg) h pure black pepper only i cracked whole black
pepper (700), white pepper (300) and garlic (100).
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from these “classic” additives, additional additives are
sometimes used for NP: phosphates (0.5%) to improve
stability vs. oxidation (39), glucono-δ-lactone (GdL, 0.5%)
to ascertain fast but chemical acidulation with generally
negative effects on flavor development and vegetable pro-
teins (mainly soya isolate) that may also accelerate fer-
mentation (40).

3. Starter Cultures

Starter bacteria were first introduced in the US to ensure
rapid fermentation. In Europe, lower fermentation tem-
peratures were and are more common and, certainly in
MP, rapid fermentation results in color and flavor defects.
In order to avoid the latter, Micrococci were introduced as
starters by Niïvaara (41). Although excellent fermented
sausages can be produced without the addition of starter
cultures or re-inoculation with finished sausages, the major-
ity of fermented sausage produced in Europe nowadays
makes use of “combined” starter inoculation (1–2.106/g) as
frozen cultures of both Lactobacilli and Micrococcaceae
to ensure rapid acidulation and optimal flavor develop-
ment respectively (4). Their desired properties have been
discussed at length (e.g., 42) and obviously include lag
time and rate of lactic acid production for Lactobacilli and
the resistance of Micrococcaceae to an acid environment.
Inhibition of the latter by rapid acidulation was indeed
found to impair the typical flavor of MP (43). For flavor
development lipolytic and proteolytic activities have long
been emphasized. It is now realized however that muscle
and fat tissue enzymes are by far the more important
actors in this respect and more important selection criteria
for flavor producing starters such as S. carnosus may be
their potential for leucine degradation to 3-methyl butanal
and for protection of poly-unsaturated fatty acids against
oxidation (5, 8). Attention has also been directed recently
to biogenic amine (44) and bacteriocin (45) production by
starter bacteria. These aspects are considered of less
importance, as raw material quality and processing appear
to be the main factor controlling amine production (46),
and bacteriocin effects are bound to be limited (10).
Bacterocin production by L. sakei strains, isolated from
fermented sausages, may however contribute to safety,
without inhibition of Micrococcaceae and, thus, of flavor
development (46, 47). Besides bacteria, yeasts and fungi
are used to a limited extent in the production of MP.
Dabaryomyces hansenii and Penicillum nalgiovense are
the major species sold as starters for MP production (19).
They are both aerobic organisms and thus situated at the
periphery or surface of the sausage, where they oxidize
lactic acid and produce ammonia. Their contribution to
flavor development is less clear, may involve fatty acid
oxidation to methyl-ketones and the strongest argument
for the use of fungal starters may be the prevention of
growth of mycotoxin-producing fungi (19).

B. PROCESSING

1. Comminution or Chopping

Industrial processing generally uses the cutter, involving 
a rapidly rotating set of knives (1–3.103 rpm) producing a
batter in a slowly rotating bowl (10–20 rpm) within less
than 5 minutes. The relative speeds of rotation of bowl
and knives as well the sequence of addition of raw mate-
rials and additives determine fat particle size (1–25 mm2)
and are optimized to minimize both, damage to the fat tis-
sue added and increase of the batter temperature
(��2°C). Because air bubbles in the batter and oxygen
may interfere with drying and color development respec-
tively, chopping is best carried out under vacuum. The use
of blunt rather than sharp knives is to be preferred for
good texture (48). For traditional preparation of MP, often
characterized by larger particle sizes, a meat grinder
rather than a cutter may be used.

2. Stuffing

Traditional methods using nitrate, may still incorporate a
“pan curing” phase (49), leaving the batter 24 hrs at low
temperatures before stuffing to allow for optimal colour
development. In most industrial processes however, vac-
uum filling devices are used, to immediately stuff the bat-
ter into natural or man made collagen or cellulose based
casings, permeable to water and air. The size of sausage
diameter (e.g., 2–15 cm) is related positively to the rela-
tive importance of fermentation (pH) vs. drying (aw) for
stability and a small diameter of collagen casing is
required to ensure sufficient oxygen supply for full devel-
opment of the mould aroma in MP (4, 50).

3. Fermentation and Drying

For industrial production of NP, fermentation and drying
are usually carried out in separate rooms. Representative
temperature/time/rh combinations for NP and MP respec-
tively are shown in Table 65.1. It is recommended to have
air rh values not more than 0.10 points below the associated
aw values of the sausage, to prevent case hardening. When
pH � 5.3 a steeper rh gradient may be applied. Recom-
mended air speeds are approximately 0.1 m/sec and a back
and forth shifting of rh between 80% and 88% during dry-
ing is recommended (34). Controlled fermentation and ripen-
ing in air conditioned surroundings consumes considerable
amounts of energy and alternative methods, involving the
use of fresh air, have been proposed, inspired by the tra-
ditional methods for MP, adapted to local climatic condi-
tions (51).

4. Smoking

At the end of the fermentation period, NP are subjected 
to smoke, generated by controlled combustion of wood
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(300–600°C) to minimize the production of polycyclic
hydrocarbons. Smoke contributes to anti-microbial and
anti-oxidant effects, besides generating specific flavor and
color components. Smoking is not used in the production
of MP, except for Hungarian and Roemanian products,
where a light smoking period precedes fermentation (34).

III. THE NATURE AND DYNAMICS OF
RIPENING

It has been repeatedly confirmed that safety, stability and
sensory quality of fermented sausages are the result of a
complex and interacting set of microbiological, physical
and chemical changes (4, 11, 13, 14). Within this com-
plexity, most attention has been directed to the role of bac-
teria in relation to both safety and flavor: a “Web of
Science” search for “fermented sausage” in April 2002
shows 194 papers published since 1977 (0.00075% of all
documents!), 100 of which were published since 1997,
containing 62 dealing exclusively with the behaviour of
desirable or undesirable micro-organisms. Safety has
been the subject of excellent reviews, describing the “hur-
dle concept” (34) as well as focussing on the potential of
bacterocinogenic lactic acid bacteria (52) and will not be
further discussed here. Besides an adequate redox-potential
and the presence of nitrite and competitive desirable bacte-
ria, major hurdles ensuring bacteriological safety are con-
sidered to be either the rate and extent of acidulation (10)
or the extent of drying (lowered aw) (9) for NP and MP
respectively.

A. THE DYNAMICS OF ACIDULATION AND

DRYING

Both the rates and extents of acidulation and drying can
be quantified using simple exponential models (13) allow-
ing demonstration of effects of processing factors such as
the use of back slopping and starter cultures, sausage
diameter, as well as the use of additives such as spices and
soy protein (13, 53, 54, 55). The same models allow for
the quantitative evaluation of the relations between rates
of acidulation and those of drying and texture develop-
ment (19). Predicted changes of DM content are assumed
to be determined by water loss (drying) only, can thus be
used to predict weight losses (55), for the calculation of
empirical or “effective” diffusion rates (13,56) and,
together with data for salt content, for the prediction of aw

values with acceptable precision (57, 58).

B. THE NATURE AND DYNAMICS OF

SAUSAGE METABOLISM

The carbohydrate, protein and lipid fractions of the sausage
are subject to changes, brought about by chemical as well
as biochemical changes and the latter are mediated by

microbial as wells by muscle and fat tissue enzymes.
Multifactorial effects involving raw materials, additives,
starter cultures as well as processing determine the rela-
tive intensities of these changes, mainly reflected in the
rate and extent of acidulation and the development of sen-
sory quality characteristics.

1. Sausage Metabolism and Acidulation

It is now clear that acidulation of the sausage matrix is
induced by the interaction of salt solubilized muscle pro-
teins with both lactic acid and ammonia formed during
fermentation (33, 59). Molar amounts of lactate and ammo-
nia present (59) as well as produced (54) during sausage
ripening have indeed been related to pH and pH changes
respectively. Lactate is mainly produced from (added) car-
bohydrates but may also be formed during microbial fer-
mentation of glycerol, liberated in lipolysis, and, together
with ammonia, from fermentation of amino acids. Besides
lactic acid, variable amounts of acetic acid are produced,
determined by the nature of the bacteria and their metab-
olism, both affected by the processing conditions. Finally,
considerable amounts of oxygen are consumed during
“fermentation”, therefore better referred to as “metabo-
lism”(60). This overall “sausage metabolism” affects the
relationship between the amounts of carbohydrate “fer-
mented” and lactate produced and has been described in a
simplified “stoichiometric model” (61, 14), represented in
Fig. 65.1.

Such model ignores the complexity of bacterial amino
acid metabolism (11), representing it by either deamination
to ammonia or decarboxylation to amines. Nevertheless, it
has been supported by experimental data, within experi-
mental error (60). Together with simple exponential ana-
lytical models, stoichiometry can be used to characterize
the respective rates and relative importance of carbohydrate
and protein oxidation (respiration) and fermentation, as
well as the nature of fermentation (lactate/acetate) (14). 
In contrast to the kinetic and analytical models, referred 
to under III.A, models for metabolism are mechanistic,
require more analytical data and are therefore better suited
for comprehensive rather than predicting purposes (62).
They have e.g. been used to illustrate effects of the process-
ing factors mentioned earlier (IIIA) as wells as chopping
intensity (63) on the relative importance of respiration and
protein fermentation. Table 65.2 shows that in a series of
experiments characterizing ripening metabolism of NP,
carbohydrate disappearance accounted for between 82
and 94% of pyruvate equivalents metabolized.

An increase of diameter was shown to increase the
relative contribution of protein fermentation as well as the
accumulation of free amino acids, buffering the increased
rate of lactate production. The relative importance of pro-
tein (amino acid) fermentation with ammonia production
was lowered by addition of active lactic acid bacteria.
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When the latter were added during backslopping however
or as isolates from fermented sausages, proteolytic activ-
ity is apparent, an important effect for flavour, as recently
confirmed (47). Inhibitory effects on deamination activi-
ties of both rates and extent of acidulation, more outspo-
ken with larger diameters, associated with lower rates of
drying have been confirmed in recent work (Demeyer
http://fltbwww.rug.ac.be/animalproduction). Protein fer-
mentation seems to be associated with the importance of

acetate in the recovery of pyruvate equivalents. The most
striking finding however is the large variability in respired
substrate: between 7 and 43% of pyruvate equivalents
metabolized. These calculated values obviously reflect an
enormous variability in oxygen consumption, one that
may involve chemical oxidations besides respiration.
Factors determining variation are probably related to pro-
cessing characteristics such as sausage diameter and
chopping (Table 65.2), but variability in factors such as
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TABLE 65.2
Effect of Processing Contitions on the Pattern of Sausage Metabolism
During Ripening of NP (21 days): % of Pyruvate Equivalents Derived of
Carbohydrate and Protein and Utilised in Fermentation to Lactate and
Acetate and in Respiration

Chopping Timec (min)

Effect of Added Startersa Sausage Diameterb 4.5 7

Metabolism (%) None S1 S2 47 mm 90 mm (1) (2) (1) (2)

of:
carbohydrate 82 86 91 93 92 87 89 89 88
protein 18 14 9 7 8 13 11 11 12
to:
lactate 54 57 86 60 78 73 83 69 77
acetate 16 7 7 7 6 6 10 6 10
respiration 30 35 7 33 16 21 7 25 13

a Data from (52): starters used were fermented sausage, e.g. back slopping (S1) or a lyophylized 
culture of bacteria (S2) b Data from (13) c Data from (62): results of two experiments are shown involv-
ing longer chopping with salt (1) or pork back fat (2) respectively.

FIGURE 65.1 Reaction scheme underlying the stoichiometric model of sausage metabolism.
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vacuum stuffing, gaseous exchanges during ripening and
respiratory activity of bacteria and molds may be more
important.

2. Sausage Metabolism and Sensory Quality

Estimates of the nature of sausage metabolism as discussed
above, allow better comprehension of the mechanisms
determining both rate and extent of acidulation. It is how-
ever clear that the generalized pathways used in such esti-
mates cover and/or accompany a set of detailed (bio)
chemical reactions and end products affecting the develop-
ment of sensory quality. Flavor is considered to be the more
important sensory characteristic, determining renewed
purchase by the consumer, whereas texture and color deter-
mine initial purchase and rejection respectively (64).

a. Texture
Texture, measured e.g. as the force necessary to penetrate
the sausage surface or interior (sausage slice) under stan-
dardised conditions, e.g., “hardness”, is determined by
two processes, occurring consecutively in NP and simul-
taneously in MP:

● Gel formation because of acidulation. During
chopping, myofibrillar structures are degraded
(65) and myofibrillar proteins are solubilized
into a sol, e.g. a network of filamentous aggre-
gations of myosine molecules, whose dimen-
sions and formation depend on factors such as
pH and NaCl concentration that determine the
relative rates of filament formation and aggre-
gation (66). Acidulation induces coagulation,
e.g. the conversion of a sol into a gel by inten-
sification of aggregations, associated with the
release of water and the formation of a matrix
surrounding fat and connective tissue particles.
The pH necessary for coagulation increases
with increasing salt concentration and is 5.3 for
salt concentrations between 2 and 3% (67)

● Drying: after gel formation, hardness is further
increased because of loss of water, determined
by diffusion limited water transport.

The rate and extent of pH decline in the
sausage, itself a reflection of overall sausage
metabolism, determines both processes. During
fermentation, muscle cathepsin D is activated by
the decrease in pH and degrades sausage myosin
(68, 69). It is known that such damage lowers
the strength of heat coagulated myosin gels
(16) and negative effects on texture of sausage
proteolytic activity (70) and of increased myosin
degradation because of added proteases (71)
have indeed been reported. It is therefore clear
that acidulation during fermentation induces

two opposing effects on texture development:
coagulation of the myosin sol into a gel as 
well as accelerating proteolytic cleaving of
myosin molecules, lowering their contribution
to gel strength, and, possibly, to water retention
within the gel. Differences in gel structure 
and its water retention because of different rel-
ative rates of acid induced coagulation and 
proteolysis may explain the positive relation-
ship found between initial rates of acidulation
and texture development during drying. 
The use of PSE pork (72), spices (54), starter
organisms (13) and soy protein (40) increase
rates of acidulation and drying and thus, of 
texture development. For obvious reasons,
an increase of sausage diameter decreases rate
of drying and thus, rate of hardness develop-
ment (73). Also however the rate of pH decline
is lowered because of an increasing contribu-
tion of proteolytic processes to metabolism 
(14, 74).

b. Colour
The stable red colour of fermented sausage is due to nitro-
sylation and subsequent acid induced denaturation of
myoglobin. In MP, formation of the nitrosylating NO
occurs after bacterial reduction of added nitrate to nitrite,
a process generally attributed to Micrococceae. Its inhibi-
tion by pH values below 5.2 hampers the use of lactic acid
bacterial starters to ensure rapid acidulation. In NP, char-
acterised by rapid acidulation, nitrite is the additive ensur-
ing colour development. However, upon addition it acts as
a very reactive oxidant for myoglobin: it is reduced to NO
during chopping with an immediate grey discoloration of
the batter, due to (nitrosylated) metmyoglobin formation.
The rates of both this initial oxidation and the subsequent
reduction and denaturation to the red nitrosylated myochro-
mogen during ripening, as well as the stability to subse-
quent oxidation of the colour formed are determined by a
complex set of factors, including e.g. the amounts of nitrite
used, the rate of pH drop during fermentation, the use of
anti-oxidant additives and the anti-oxidant activities of the
meat and starter bacteria used. It would seem that for the
Northern ripening process the use of sodium ascorbate
(e.g. 600 ppm) with minimal amounts of sodium nitrite
(e.g. 150 ppm) is sufficient to obtain an acceptable colour
stability also reflected in a low redox potential (30) and
minimal lipid oxidation (75). These conditions are promoted
by the use of starter organisms with antioxidant activities
(catalase, superoxide dismutase and/or nitrate reductase
activities in Micrococcaceae) also contributing to flavour
development (76) and/or low hydrogen peroxide producing
activity (lactic acid bacteria). Net peroxide production is
low at lower rates of acidulation (4) and minimal oxida-
tion during sausage metabolism because of a low redox
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potential may be reflected in its high potential of oxygen
removal/ consumption (Torfs & Demeyer, in preparation).

c. Flavor
The simultaneous confrontation of the consumer with tex-
ture, taste and smell of the product during chewing creates
his impression of flavour. Aroma (smell, odour) deter-
mined by volatile compounds, is considered to be the
most important component because of the very high sen-
sitivity of the nasal receptors. It is often considered sepa-
rately from taste, determined by non-volatiles sensed by
the receptors predominatly situated on the tongue. One
should however be conscious of a “taste-olfaction integra-
tion” of senses (77) also apparent from the aroma
enhancement due to the glutamate-umami taste. Peptides
in fermented sausages may have a similar effect. In this
respect it may be significant that fermented sausages were
found to be better distinguished by taste than by odour for
the descriptor “dry-sausage” (78).

i. Volatile aroma compounds More than 200 chemical
compounds have been identified by gas chromatography
— mass spectrometry or gas chromatography-olfactometry
in volatiles present in the sausage “head space” or isolated
by steam distillation (5, 19). Not all compounds in such
“spectra” are of sensory relevance and the majority is
derived from spices and smoking (NP). A limited group of
compounds, thought to be responsible for the specific
“fermented sausage” flavour however, consists of:

● Compounds considered to be derived from car-
bohydrate metabolism represented by acetic,
propionic and butyric acids, acetaldehyde,
diacetyl and acetoin.

● Compounds considered to be derived from pro-
tein metabolism, mainly represented by branched
aldehydes and the corresponding acids and
alcohols.

● Compounds derived from lipid degradation,
mainly represented by methyl ketones, pro-
duced by microbial β-oxidation. Chemical
autooxidation of unsaturated fatty acids 
produces a whole range of volatile carbonyl
compounds, such as hexanal, contributing to
the rancid notes and as such important for the
overall flavour.

These compounds have been clearly associated with sen-
sory descriptors such as maturity and salami and their rel-
ative importance, as well as that of esters, is increased by
the Mediterranean low temperature and long time ripen-
ing process with use of Staphylococci as starter organisms
(79). Higher temperatures and the use of Pediococci as
lactic acid producing starters promote the production of
dairy related volatiles such as diacetyl and accelerate the
rate of pH drop, inhibiting Staphylococci (5).

ii. Non volatile taste compounds In contrast to MP, an
“acid” taste is often sought for in NP and is positively cor-
related with the contents of D-lactate and acetate (61, 80).
The extent of proteolysis, as reflected in the levels of low
molecular weight peptides and free amino acids is clearly
correlated with sensory analysis (14), specifically in rela-
tion to mould growth (10) and it is known that peptides
affect taste rather than aroma, as shown for raw ham (81).
Preliminar data (15) have associated small peptide (�500
D) and amino acid containing fractions isolated by gel
permeation chromatography with sensory descriptors
such as salami and bouillon, in analogy with the known
importance of such fractions for raw ham flavour (82).
Also, the non-protein nitrogen fraction will affect sausage
pH (59) and may thus affect liberation of aroma deter-
mining acid compounds during chewing (83). ATP
metabolites such as IMP and hypoxanthine contribute to
taste, whereas free higher fatty acids are generally consid-
ered of less importance (64).

The relative importance of the different flavour com-
pounds is determined by interactions between muscle and
microbial metabolism as well as chemical reactions. The
use of antibiotics and paucibacterial meat incubations has
clearly established that initial proteolytic changes mainly
involve myosin and actin degradation through the action
of cathepsin D like enzymes. The contribution of bacteria
in further endo- and, mainly, exoproteolytic changes
increases down to ammonia production, the end of the
proteolytic chain. Mediterranean, low temperature ripen-
ing, lowers rate of pH drop and thus, cathepsin D activity
and initial protein degradation, but further proteolysis is
not affected. Paucibacterial meat incubations demonstrate
free amino acid production by meat enzymes.

In similar experiments, it was clearly demonstrated
that endogenous lipases are by far the main responsible
enzymes for the liberation of free fatty acids during ripen-
ing, with preferential release of poly-unsaturated fatty acids,
both because of the more important phopholipase activity
on muscle membrane phospholipids and the specificity of
fat cell lipases. The importance of lipolysis for lipid oxi-
dation and thus, flavour, remains unclear but a promoting
effect is often assumed (15). Our laboratory has partici-
pated in studies on the impact of processing and of bacte-
ria on the production of volatiles important for flavor in
meat and meat products (6, 15, 84), using standardized
methodology and our results suggest that the major con-
tribution of bacteria to dry sausage ripening may be more
related to lowering of lipid oxidation than to amino acid
fermentation. Anyway, both amino acid fermentation and
anti-oxidant characteristics are probably more important
selection criteria for flavor enhancing starter bacteria than
their lipolytic and proteolytic properties. It is indeed now
generally accepted that initial proteolytic and lipolytic
changes during dry sausage ripening are brought about by
enzymatic activity of the raw materials, rather than from
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micro-organisms (10). It is known that such activity in
muscle shows considerable variation, related to anatomi-
cal location, gender, animal age and post-mortal rate of
pH drop (26, 27, 85) The effects of such metabolic vari-
ability on flavour development in relation to bacterial
activity should be further investigated.
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I. INTRODUCTION

Fermented milk products have been an important part 
of the diet for thousands of years. These products are
believed to have originated in the Middle East region as a
means of extending the shelf life of milk and over time
they have spread around the world. They now form an
important industry in most countries of the world (1) and
consumption in many countries is considerable (2), espe-
cially in Europe (Table 66.1). Scandinavian countries and
Russia are among the world’s largest consumers of fer-
mented milks (1).

In the early years the objective in fermented milks man-
ufacture was primarily that of production of acid (usually
lactic) to enable extended storage of milk in the absence
of refrigeration. Now, consistency in fermentation and
production of selected specific flavors along with a clean
acid flavor are the norm. With the proper selection and
propagation of cultures it is possible to produce numerous
types of cultured products with a wide range of flavor and
texture characteristics. In addition, these products offer
various functional and nutritional characteristics for ingre-
dient applications and therapeutic value for the maintenance
of proper intestinal microbial ecology. The therapeutic

properties of fermented milks have been recognized for
many years (3). Many of these properties are generally not
available in the original milk from which they are produced.
Fermented milk products have thus added much to the
diversity of the diet. While the commercial technology for
the production of these products has advanced significantly

TABLE 66.1
Consumption of Fermented Milks around the World,
1998 (Ref 2)

Per Capita Per Capita
Country (kg) Country (kg)

Netherlands 45.0 Czech Republic 10.0
Finland 38.8 Portugal 9.8 (1997)
Sweden 30.0 Hungary 9.4
Denmark 27.3 Poland 7.4
France 26.9 Slovakia 7.4
Iceland 25.3 USA 7.1 (1997)
Germany 25.0 Australia 6.4
Israel 24.8 Argentina 6.0
Norway 19.3 Canada 3.6
Bulgaria 15.6 Ukraine 3.4
Austria 14.7 South Africa 3.1
Spain 14.5 China 0.2
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in the realms of cultures, production techniques and pack-
aging, many types of cultured products are routinely pre-
pared on a small scale in the home because of the relative
ease of manufacture.

A selection of fermented milks from around the world
is listed in Table 66.2. A comprehensive list can be found
in the Encyclopedia of Fermented Fresh Milk Products (4)
and some are described elsewhere (5, 6). The primary
focus of this chapter is on the discussion of Acidophilus
milk, Kefir, and Koumiss.

II. ACIDOPHILUS MILK

Acidophilus milk is produced mainly by the fermentation
of milk with Lactobacillus acidophilus and it can have up
to 2% lactic acid (1). The manufacture of acidophilus milk
is outlined in Figure 66.1. With DNA-DNA homology stud-
ies, the acidophilus group of bacteria has been classified
in to six major species: Lactobacillus acidophilus (A1),
Lactobacillus crispatus (A2), Lactobacillus amylovarus
(A3), Lactobacillus gallinarum (A4), Lactobacillus gasseri
(B1), and Lactobacillus johnsonii (B2) (7). It is possible
therefore, that acidophilus milks manufactured prior to
this classification may have actually contained one or more
of the above species. Currently, Lactobacillus acidophilus
and Lactobacillus johnsonii are used in the manufacture
of fermented milks commercially.

Therapeutic properties of Lactobacillus acidophilus
have been recognized for long (8) and it is believed that
this organism is able to implant in the large intestine and
survive (9, 10). Consequently, acidophilus milk is found
in health food stores and is used as a therapeutic product.
A major characteristic that limits its consumption is poor
palatability owing to its extremely high acid content.
Furthermore, the sterilization treatment applied to the milk
also imparts a strong cooked flavor to the product. Most
strains of Lactobacillus acidophilus are not able to survive
the high acid conditions created by their growth in milk so
maintenance of high numbers in products is difficult.
Various alternative products have therefore been devel-
oped that have better flavor qualities but supposedly have

therapeutic properties similar to acidophilus milk because
of the presence of large population of Lactobacillus aci-
dophilus. Among these are sweet acidophilus milk (11), also
marketed as AB milk in the USA, BRA in Sweden (1),
Actimel (Dannon company), which contains Lactobacillus
casei, and LC1 of the Nestle company in Switzerland.
This product contains Lactobacillus johnsonii.

As implied by the name, some of these alternative liq-
uid products are not fermented, hence the term “sweet”.
Early versions of sweet acidophilus milk contained only
Lactobacillus acidophilus but now also include one or more
strains of bifidobacteria. The strain used for such milk
generally is Lactobacillus acidophilus NCFM, which is a
member of the Lactobacillus acidophilus A1 group (12).
The BRA milk of Sweden has viable bifidobacteria,
Lactobacillus acidophilus and Lactobacillus reuteri. 
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TABLE 66.2
Examples of Fermented Milks (Refs 1, 4)
Name Characteristics

Acidophilus milk Medium acid
Bulgarian buttermilk High acid
Cultured buttermilk Low acid
Kefir Acid and alcohol
Koumiss (Kumys) Acid and alcohol
Lassi Medium acid (with added salt or sugar)
Langfil Medium acid, ropy
Mala Medium acid with added fruits
Viili Medium acid, mold, ropy

Cool to 4°C and distribute rapidly

Cool quickly to 10°C and package 

Incubate at 38°C for 18 to 24 hours to
curd with >1% titratable acidity

Add 5% inoculum of Lactobacillus
acidophilus starter

Temper autoclaved milk to 38°C

Autoclaving: 120°C for 20 min

Standardization of milk to up to 2% fat
by centrifugal separation

FIGURE 66.1 The manufacture of acidophilus milk.
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The latter produces an antibiotic (reuterin) that inhibits
the growth of undesirable bacteria in the intestinal tract. In 
the manufacture of these acidophilus beverages, concen-
trated cell masses of the above selected bacterial strains
are added to pasteurized, cooled, low fat milk, packaged
and stored at 4°C until consumed. The cell count of the
added bacteria is approximately 5 million per milliliter of
milk. There is no fermentation, hence no acid is produced
but the consumer ingests large amounts of live lactobacilli
and/or bifidobacteria cells that are subsequently implanted
in the intestinal tract. The shelf life of such milks is limited
to 2 weeks under refrigeration because of the presence of
live lactic acid producing bacteria. Extended storage
under refrigeration or exposure to higher temperatures
during storage will initiate the growth of the added cul-
tures and rapid production of acid, followed by curdling
of milk, which would be regarded by consumers as
spoilage even though the curdling is caused by lactic acid
bacteria.

In Finland a liquid product is manufactured by fer-
menting demineralized, lactose-hydrolyzed whey concen-
trates or concentrated whey with Lactobacillus strain GG
(1). This strain, named after Goldin and Gorbach, the sci-
entists who discovered the organism, is isolated from the
human intestinal tract and is believed to possess therapeu-
tic properties especially those pertaining to gastrointestinal
disorders. This product is produced with or without any
added fruit flavors and has a pleasant acid flavor.

III. KEFIR

Kefir has a long history in Russia, where it originated, but
is now manufactured and consumed in several other parts
of the world as well (1, 13), though the per capita con-
sumption remains high in Russia at 4 to 5 kilograms. The
name kefir is derived from the Turkish term kef or from
kefy in the Caucasus region implying pleasant taste (4).
Kefir is a viscous pourable liquid, with a smooth, slightly
foamy body and whitish color. It is yeasty, acidic, mildly
alcoholic, refreshing and slightly effervescent. Kefir is
generally made from cows’ milk but in the early years it
was also made from goats’ and sheeps’ milk in leather
sacks. It perhaps still is in some rural areas. Industrial
manufacture of kefir began in Russia in 1930 (14).

Like many other milk products, Kefir ranges in fat
content from nonfat to 3.5% but it is in many ways a
unique product in that it entails acid and alcohol fermen-
tation. Alcohol fermentation is the result of the addition of
yeasts in the form of kefir grains. Because of the multiple
fermentation process, the resulting product possesses fla-
vor that is characterized by a balance of lactic acid (0.8%),
diacetyl, acetaldehyde, and ethanol (1%). Diacetyl and
acetaldehyde in a 3:1 ratio provide optimum flavor. The
complex flavor is rounded out by fizz from carbon diox-
ide that is also produced during fermentation.

Kefir is manufactured using one of two main proce-
dures. In the traditional process, kefir grains are employed
for fermentation. Another method involves the use of
lyophilized concentrates of cultures. In the latter method,
kefir grains are not used.

A. MANUFACTURE OF KEFIR WITH GRAINS

Kefir may be manufactured with grains in one of two
ways (1). In the traditional system, Kefir grains are added
to cows’ milk that has been heated to 85°C for 30 min and
cooled to 22°C. Incubation is for 24 hours at 22°C with
occasional stirring. The grains are sieved when they rise to
the surface due to carbon dioxide production and ripening
for alcohol production continues at 10 to 15°C for 24
hours.

In another process a kefir starter is first obtained from
the grains for fermentation. Here, freeze dried kefir grains
are rehydrated in a sterilized 0.9% sodium chloride solu-
tion at 20°C for 5 hours. The grains are then washed with
sterile water and added in a 1:30 ratio to skim milk that
has been heated to 95°C for 30 min and cooled to 25°C.
After incubation for a day the grains are sieved and the
process of fermentation in skim milk is repeated two more
times. After the final fermentation, the grains are sieved
and the skim milk without the grains is then added as the
kefir culture at the rate of 5% to milk that has been heated
to 85°C for 30 min and adjusted to 22°C. Fermentation
ensues for 12 hours (pH 4.5 to 4.6) followed by ripening
for 1 to 3 days at 8 to 10°C. During ripening yeast fer-
mentation occurs.

The ratio of kefir grains to milk affects the microflora
of the starter. If a relatively large proportion of grains are
added to milk (e.g., ratio of 1:10), the proportion of lacto-
cocci and yeasts is lower than when the proportion is
smaller (1:30 to 1:50) because of the rapid accumulation
of lactic acid. The optimum development of all groups of
organisms in the grains takes place at a ratio of 1:50 (14).

B. MANUFACTURE OF KEFIR FROM

CONCENTRATED CULTURE

Kefir may also be produced with a concentrated culture
that is prepared from isolates obtained from kefir grains
(1, 15). In the actual manufacturing process, no grains are
used, as the organisms have already been isolated as a
concentrated culture. This culture consists of 75% homofer-
mentative lactococci, 24% citric acid fermenting lacto-
cocci, 0.5% lactobacilli, and 0.1% Candida kefir yeasts. A
bulk starter made from this concentrated culture is added
to heated milk (94°C, 5 min, cooled to 22°C) at the rate of
1%. Incubation is for 18 to 22 hours until pH is 4.5 to 4.6.

C. KEFIR GRAINS

Kefir grains are the most important components of kefir
manufacture (Figure 66.2). The concept of kefir grains is
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believed to have originated in the accidental discovery of
kefir many hundreds of years ago in the Caucasus region.
These grains vary in size from a wheat grain to the size of
a walnut. They are of whitish to yellowish color and gelat-
inous and irregular in shape and with a rough surface. The
dominant microflora of kefir grains are listed in Table 66.3
and consist of mesophilic, homofermentative and hetero-
fermentative lactococci, heterofermentative lactobacilli,
lactose fermenting and lactose non-fermenting yeasts, and
acetic acid bacteria. The microbial ecology within the
grains depends on the origin and method of cultivation of
the grains (4, 16, 17, 18). In one study 120 strains of lac-
tobacilli were isolated from kefir grains. The most pre-
dominant was Lactobacillus kefirogranum (19). These
groups of bacteria when purified do not grow at all or
grow very slowly in milk. In fact it has been demonstrated
that manufacture of good quality kefir by using isolated

bacteria is difficult (20). Thus, the symbiosis within kefir
grains is critical in optimal growth for kefir production.
Koroleva has described such symbiosis (14), i.e., proteol-
ysis and vitamin production by yeasts and acetic acid bac-
teria stimulates lactic acid bacteria, which in turn utilize
lactose to promote growth of lactose non-fermenting
yeasts. The metabolites of growth of lactic acid bacteria
also check the growth and alcohol production by yeasts.

Newer strains from kefir grains such as Lactobacillus
kefiranofaciens (21) and Saccharomyces turicensis (22)
have been isolated. It is conceivable that as new micro-
biological techniques become available, newer strains will
be identified and the microbial ecology of kefir grains will
be better understood.

Kefir grains may be contaminated with coliforms,
bacilli, micrococci, and mold, which will rapidly spoil the
product manufactured with such grains. According to
Koroleva, a good quality kefir culture prepared in skim
milk should contain 108 to 109 lactococci, 107 to 108 leu-
conostocs, 105 thermophilic lactobacilli, 102 to 103

mesophilic lactobacilli, 105 to 106 yeasts and 105 to 106

acetic acid bacteria per milliliter (23).
Kefir grains consist of approximately 24% polysac-

charide called kefiran, which consists of glucose and
galactose in equal proportion and is not easily attacked by
enzymes. Various lactobacilli such as Lactobacillus kefi-
ranofaciens (24) and others (25, 26) that are present in the
grains produce these polysaccharides. The polysaccharide
content of kefir is approximately 0.2 to 0.7% and provides
a slightly ropy texture to the final product.

Kefir grains are an excellent example of the coexistence
of yeasts and bacteria. When kefir grains are soaked in
milk, they swell and turn white and fermentation proceeds.
During this process the grains also increase in number,
possibly by splitting into smaller ones. Viable microbes
from the grains are also shed into the milk during this
process. The grains can be propagated and recovered in
this manner and used in subsequent kefir production but 
it has not been possible to synthesize kefir grains.

Newly purchased kefir grains become fully active
after two or three propagations (1). Kefir grains when left
wet have a limited shelf life. When stored at 4°C they lose
activity within 8 to 10 days if not used. Dried grains are
active for 12 to 18 months of storage. Kefir grains if prop-
erly used and maintained can be reused many times. Grains
that are recovered in a strainer should be washed with
sterile water and can be stored wet in cold sterile water for
reuse within a few days. Excessive washing can alter the
microflora of the grains and hence the quality of the final
product. They can be dried at room temperature for 36 to
48 hours and stored in a cool and dry place until reused (1)
or be maintained in frozen state (�20°C) for extended
storage (27).

In place of kefir grains freeze-dried kefir microflora
have been suggested for kefir manufacture for uniformity
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FIGURE 66.2 Kefir grains. Courtesy F. V. Kosikowski LLC.

TABLE 66.3
The Microflora of Kefir Grains

Species

Yeasts Candida kefir 
Candida pseudotropicalis
Kluyveromyces marxianus subsp. marxianus
Saccharomyces kefir
Saccharomyces turicensis
Torula spp.
Other Yeasts

Bacteria Acetobacter aceti
Lactobacillus casei
Lactobacillus helveticus
Lactobacillus kefir
Lactobacillus kefirogranum
Lactobacillus kefironafaciens
Lactococcus lactis subsp. lactis
Leuconostoc mesenteroides subsp. dextranicum
Leuconostoc mesenteroides subsp. cremoris
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in quality (15). This was accomplished by cultivating kefir
bacteria and yeast isolated from grains under controlled
pH and incubation conditions. Bacterial concentrates
obtained by centrifugation were freeze-dried with protec-
tive agents with survival rates of up to 70%. Including
20% sucrose and starch solutions enhanced survival rates
of yeasts during freeze-drying.

D. APPLICATION OF NEW TECHNOLOGIES

Kefir has gained popularity in many parts of the world
outside its location of origin because of its refreshing taste
and potential therapeutic value. The product has therefore
continued to evolve and manufacturing procedures have
been modified to produce products that meet consumer pref-
erences and also improve the efficiency of manufacture.

Acid and alcohol fermentation can continue in fin-
ished kefir during storage because of the relatively high
residual lactose content and the presence of yeasts. The
result of this is extremely strong and undesirable products.
Methods have been developed to control such post-
production fermentation. In one such method (28), kefir is
manufactured with selected lactic acid bacteria and
yeasts. The selected lactic acid bacteria, which include
Streptococcus fecalis, Lactobacillus casei, Lactobacillus
lactis, Lactobacillus fermenti, and Lactobacillus yogurtii,
are able to hydrolyze galactose and prevent the build up 
of galactose. Yeasts strains that do not hydrolyze lactose
and galactose are used, e.g., Saccharomyces bisporus,
Saccharomyces mellis, etc. Calculated amounts of sugars
fermented by these yeasts such as glucose and fructose are
added such that all sugar is utilized by the time the
required amount of alcohol has been produced. During
storage therefore, there is no more alcohol production.

Kefir with enhanced nutritional value may be pro-
duced by the application of ultrafiltration (29). In this
process, milk is ultrafiltered to raise the solids content by
0.5 to 4%. This increases the protein content and reduces
the lactose content of the milk and hence kefir. After high
heat treatment, this milk is fermented to a pH of 4.5 to 4.7
and packaged. This product is especially designed for
patients who rely heavily on kefir for therapeutic purposes
but do not have other significant sources of protein. It has
been recommended that for manufacturing kefir, skim
milk should be ultrafiltered to no more than 1.8 fold in
order to retain optimum texture quality (30). The applica-
tion of ultrafiltration to increase the protein content by 0.2
to 0.3% is also useful for improving the consistency of
low fat kefir (31).

Kefir products with added value have also been devel-
oped such as kefir fortified with a patented colostrum
product for enhancing the immune system (32). Kefir
products with prebiotics such as fructooligosaccharides
(33) and probiotics such as bifidobacteria (34) have also
been developed.

IV. KOUMISS (KUMYS)

Koumiss is a frothy beverage with greyish-white color, a
refreshing taste and characteristic aroma (1). The name
Koumiss is derived from the Kumanes tribe of the central
Asian steppes, where it is believed to have originated many
hundreds of years ago and was a common drink of the
Tartar and Mongol tribes. Traditionally, this product was
obtained by fermentation in a vessel made of horse-skin
(35) but now it is made on a large scale in some parts of
the world from mares’ milk. It is an important product of
Russia and Mongolia, where horses have been maintained
especially for the production of this product. A distinctive
feature of koumiss is that it, like kefir, is also produced by
acid-alcohol fermentation. Koumiss is regarded as a prod-
uct of high therapeutic value and a thirst-quenching bev-
erage of high nutritional value in Russia.

Vladimir, Soviet and Russian heavy draft horse breeds
are used for koumiss production in Russia and they yield
10 to 20 liters of milk per day (36). Milking occurs every
2 to 3 hours because of a low milk-holding capacity of the
udder (37). Mares’ milk resembles human milk more than
it does cow-milk. On average, it has 1.9% fat, 1.3% casein,
1.2% whey proteins, 6.2% lactose and 0.5% ash (38),
which gives it a lower viscosity than cows’ milk. There is
no visible curd when the milk is set and there is no whey-
ing off. Protein characterization studies of mares’ milk
have shown that the isoelectric point of casein is 4.2 com-
pared to 4.6 for cows’ milk (39).

While Koumiss is traditionally made from mares’
milk, limited availability of such milk has led to the devel-
opment of procedures for its manufacture from cows’ milk
as well. There is however, a concerted effort in Russia to
increase the production of mares’ milk for koumiss pro-
duction via improvements in horse breeding and manage-
ment techniques (40, 41, 42).

There are several types of Koumiss available depend-
ing on the amount of acid and alcohol (Table 66.4). The
manufacture of Koumiss therefore requires controlled lac-
tic acid using Lactobacillus delbrueckii subsp. bulgaricus
and alcohol fermentation using yeasts such as Torula spp.
and others. In addition to acid and alcohol, carbon dioxide
is also produced to impart fizziness to the final product.

Various regional products similar to koumiss are also
made in central Asia on a relatively small scale. Examples
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TABLE 66.4
Types of Koumiss

Lactic Acid Alcohol
% %

Weak 0.7 1.0
Ordinary 1.1 1.8
Strong 1.8 2.5
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include Chal, which is manufactured from camels’ milk,
Kuban and Kurunga (4).

A. MANUFACTURE OF KOUMISS

1. Mares’ Milk

Koumiss can be manufactured using a previous batch as
bulk starter or by preparing a bulk culture from pure
strains. For preparing a bulk starter, yeast and lactic cul-
tures are propagated separately (1). Two liters of nonfat
cows’ milk that has been heated to 70°C for 30 min and
cooled to 30°C is inoculated with Torula spp. yeast.
Incubation is for 15 hours at 30°C. A liter of similarly
treated milk is inoculated with a lactic culture (Lactobacillus
delbrueckii subsp. bulgaricus) and incubated at 37°C for
7 hours. The two separately fermented milks are mixed with
a liter of mares’ milk and incubated at 28°C. Additional
mares’ milk is added until about day four when the acid-
ity is 1.4%. This mixture is then used as bulk starter for
the production of koumiss as outlined in Figure 66.3.
Aeration during incubation is important to allow the
yeasts to grow. The three categories of acid-alcohol in
koumiss cited in Table 66.4 can be achieved by adopting
short or long ripening periods as follows: 1 day for weak,
2 days for ordinary, and 3 days for strong. Obviously,
koumiss should be consumed quickly after production, as

acid and alcohol production may continue during storage
and the product will become stronger.

2. Cows’ Milk

Koumiss that is similar in sensory and therapeutic quali-
ties to mares’ milk can be manufactured from cows’ milk
if appropriate adjustments are made for composition (43).
As stated above, mares’ milk has a significantly lower
protein content and higher lactose content than cows’ milk
and the proportion of whey proteins is higher relative to
casein in mares’ milk. In one procedure utilizing cows’
milk (1), 2.5% beet sugar is added to skim milk and pas-
teurized and a 10% culture consisting of Lactobacillus
delbrueckii subsp. bulgaricus, Lactobacillus acidophilus,
and Saccharomyces lactis is added. The mixture is incu-
bated at 27°C until curd forms and acidity is 0.8%. It is
then held at 17°C with aeration via stirring until acidity is
0.9%. Aeration permits the growth of yeasts. The product
is then packaged and ripened for a further 2 hours at 17°C
before cooling to a storage temperature of 4°C.

In another procedure (23), cows’ milk is first stan-
dardized as follows: 34.6 parts whole milk, 0.8 parts skim
milk and 64.6 parts of cheese whey are mixed. Starter sim-
ilar to the one described above for cows’ milk is added to
the mixture at the rate of 20%. Ascorbic acid is also added
at the rate of 0.2 grams per kilogram. Standardization
lowers the casein content, and raises the whey protein and
lactose contents. Ascorbic acid is added as a supplement
to match the vitamin C content of mares’ milk. The mixture
is incubated at 28 to 30°C for 3 to 4 hours under continu-
ous stirring. When the titratable acidity is approximately
0.7%, it is cooled to 16 to 18°C and stirred for 1 to 2
hours. The product is then packaged and ripened at 6 to
8°C for 1 to 3 days.

A Swiss process (44) employs the ultrafiltration of
whey prior to standardization of cows’ milk to simulate the
composition of mares’ milk. The lactose in the mix is partly
hydrolyzed by beta-galactosidase to improve yeast fermen-
tation. The sensory quality and composition of the result-
ing koumiss were similar to that made from mares’ milk.

3. Starters

In the early years, koumiss from a previous batch was
used as starter but purified starters have since become
available (14). Such purified starters may be in the form
of concentrates and include Lactobacillus bulgaricus and
Saccharomyces lactis (45). The microflora of commercial
koumiss is a reflection of the microflora of the starter.
Various strains of lactic acid bacteria and yeasts have been
isolated from commercial koumiss. One study, for exam-
ple, isolated 43 strains of lactic acid bacteria and 20
strains of lactose-fermenting yeasts (46) and another iso-
lated 417 yeast cultures from 94 samples of koumiss (47).
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Cool quickly to 4°C

Incubate at 20°C for 2 hours
at 20°C

Package koumiss warm

Incubate at 28°C – stir for 30 to 60
min and then intermittently for up to

 4 hours of total incubation

Add 30% bulk starter or koumiss
from a previous batch

Pasteurized mares milk is
adjusted to 28°C

FIGURE 66.3 Manufacture of Koumiss from mares milk.
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Lactose-fermenting as well as lactose non-fermenting
yeasts were isolated (Table 66.5).

V. THERAPEUTIC PROPERTIES OF LIQUID
FERMENTED MILK PRODUCTS

The medicinal value of liquid fermented milk products
has been suggested for hundreds of years and various
studies have implied that individuals for whom fermented
milks such as acidophilus milk, Bulgarian buttermilk and
kefir is a part of the diet as in some parts of Russia, live
long lives (1). This value goes beyond the accepted high
nutritional quality of unfermented milk. The fermentation
process apparently adds therapeutic qualities to milk that
are not found in the original milk. These properties are
imparted by the cultures used that have the ability to sur-
vive product manufacturing and storage procedures and
the harsh environment in the gastric system and establish
themselves in the intestinal tract. Through their activities
in this environment they are able to perform functions that
are of benefit to the consumer. Also, some metabolic
products of their growth during the fermentation process
add therapeutic value to the finished fermented product.
For example, a pasteurized Japanese product (Ameal S) is
produced by the fermentation of a milk-based medium
with Saccharomyces cereviseae and Lactobacillus helveti-
cus. The fermentation process produces two tripeptides,
valine-proline-proline, and isoleucine-proline-proline,
which have the ability to reduce blood pressure. In this
product live bacteria do not exist and are not important but
the products of their growth are (48).

Much has been written about studies on the therapeu-
tic value of fermented milks involving in vitro, animal and
human studies. Various benefits have been suggested
including the reduction in risk of gastrointestinal illnesses
such as diarrhea, lactose digestion, enhancement of 
the immune function, decreasing Helicobacter pylori
infection, reduction of cholesterol and certain allergies,

anticarcinogenic action, etc (49, 50). As a result of this,
commercial fermented milks with health claims have been
developed in some countries and in Japan the Ministry for
Welfare developed FOSHU (Foods for specified health
use) regulations in 1993 for such products (51).

Lactobacilli such as the types used in the manufacture
of some liquid fermented milks described above have been
linked to various therapeutic properties (12). Lactobacillus
acidophilus, casei and reuteri are believed to control the
growth of undesirable microorganisms such as Escherichia
coli and Salmonella in the intestinal tract (50). A large
amount of acid produced by these organisms is one method
of such control, as is competitive exclusion, but these bac-
teria are also able to produce bacteriocins that are antago-
nistic against undesirable organisms. Lactobacillus
acidophilus LB (52), Lactobacillus johnsonii LA1 and
Lactobacillus casei YIT9209 (53) produce antimicrobial
substances against Helicobacter pylori, which is a human
gastric pathogen. The antibiotic reuterin produced by
Lactobacillus reuteri is effective against a wide range of
organisms including pathogens (50). Control of undesirable
microorganisms that produce carcinogenic metabolites in
the intestines may also result in anticarcinogenic effects
by limiting the production of such metabolites (50).

Some lactic acid bacteria have been shown to stimu-
late immune functions by activating macrophages, increas-
ing the levels of cytokines, and increasing immunoglobulin
levels (especially those of IgA). Organisms identified in
such functions include Lactobacillus johnsonii LA1,
Lactobacillus GG, and Lactobacillus casei Shirota, among
others (48).

The improvement of lactose digestion, for which
Lactobacillus acidophilus has particularly been identified,
is useful for individuals who are not able to digest lactose.
Lactobacillus acidophilus, unlike yogurt bacteria, is able
to survive and grow in the intestinal tract. Here the
increased permeability of the bacterial cells allows for 
the permeation of lactose and subsequent hydrolysis by
beta-galactosidase (50).

A reduction in serum cholesterol has also been linked
to certain lactobacilli, including acidophilus, johnsonii
and casei (50, 54). This activity is believed to occur by the
assimilation of cholesterol or via deconjugation of bile acids
in the small intestine and subsequent excretion from the
body. Bile acids are precursors for cholesterol; hence their
removal from the body helps in reduction of cholesterol.

The therapeutic properties of traditional kefir have
been identified as an increase in the excretion of urea and
some nitrogen metabolism products (14) and the treatment
of atherosclerosis, allergic disease, and gastrointestinal dis-
orders (55). The polysaccharides are able to decrease the
cholesterol content of blood and bind toxins. Anti-cancer
effects of kefir have also been suggested (14). The inclu-
sion of pre- and probiotics, as stated earlier, and colostrum
products has expanded the therapeutic value of kefir.
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TABLE 66.5
Microflora of Koumiss (Refs 14, 46, 47)

Species

Yeasts Candida kefir 
Candida buensis
Kluyveromyces marxianus subsp. lactis
Saccharomyces unisporus
Saccharomyces cartilaginosus
Other yeasts

Bacteria Lactobacillus causasicum
Lactobacillus curvata
Lactobacillus delbrueckii subsp. bulgaricus
Lactobacillus paracasei subsp. paracasei
Lactobacillus paracasei subsp. tolerans
Lactobacillus rhamnosus
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Koumiss made from mares’ milk has been used widely
in Russia for many years for the treatment of tuberculosis
(56, 57), and chronic enteritis and gastrointestinal disor-
ders (58). The first hospital specializing in koumiss therapy
was established in 1858 in Samara, Russia. The intestinal
microflora is apparently normalized with koumiss therapy
and partly because of the intense yeast fermentation, the
vitamin B12 absorption and levels in blood are raised
(59). The dose for adults is 1.5 liters per day and 0.4 to 0.8
liters for children (1). Koumiss is readily digested and
assimilated because of its lower casein content and a larger
proportion of peptones and free fatty acids that are gener-
ated during fermentation.

Many of these therapeutic properties of fermented
milks are strain specific, i.e., not all strains have all of the
above characteristics. In the manufacture of fermented
milk, therefore, it is important to use specific strains if
health claims are made (60, 61, 62).
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I. SEMI-SOLID CULTURED DAIRY
PRODUCTS

A. INTRODUCTION

Fermented semi-solid dairy foods have a long history of
consumption worldwide. This category of dairy foods that
include yogurt, sour cream, fromage frais and many vari-
ations continue to show increased sale because of their

healthful reputation and convenience. The $2.9 billion
yogurt industry saw a 10.5% increase in sales from 1999 to
2000 (1). Within the yogurt category, new product entries
are continually appearing in marketplaces that promote
probiotic-enhanced benefits. Innovative packaging concepts
that target convenience and fun also drive the market surge.

Classification of fermented semi-solid dairy products
is difficult because of the wide variety of products that can
be manufactured. Traditional dairy products such as
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cheese varieties have been classified based on moisture
content (2). Although widely used, this system suffers a
serious drawback in that dairy products with different
characteristics and manufacturing protocols are grouped
together. In other attempts products are classified based
on similarities that exist, such as starting ingredients, the
type of fermentation and rheology (3). However, it is
important to define rheology, which is the mathematics of
a set of behaviors rather than as a set of materials (4).
Rheology of a product is related to the flow of fluids and
the deformation of matter. Texture is defined as the ten-
dency to resist flow, and is often used interchangeably
with rheology. Typically, texture relates to solid foods and
viscosity relates to fluid products. Many foods can exhibit
characteristics of both solids and liquids (5). Fluid milk and
cream are considered liquids and hard cheeses are classified
as solids. Semi-solid fermented dairy foods show an inter-
mediate behavior, with properties of both solids and liquids,
and can be defined as viscoelastic (6). As viscoelasticity
characteristics are very dependent on the protein network
structure formed by casein micelles (6), a great deal of
research has focused on processing parameters that optimize
a network structure that favors good rheological properties
and desired firmness without syneresis.

In this chapter, yogurt, fromage frais and sour cream
are considered semi-solid fermented dairy products based
on the consensus in the literature. Typical manufacturing
protocols for these products require raw milk selection,
milk pretreatments, ingredient blending and standardiza-
tion, heat processing, starter addition and other technolog-
ical procedures to produce satisfactory products with
desired body, texture, flavour and organoleptic and rheo-
logical properties. Keeping these aspects in mind, princi-
ples and applications of fermented milk manufacture are
discussed under two sections, Section I involving selection
of raw milk, milk pretreatments, ingredient addition, heat
processing, role of lactic starter system, gel formation
during fermentation and proactive phage control program.
Section II is devoted to probiotics in semi-solid dairy foods
covering health issues, probiotic cultures and product
development and production of probiotic dairy foods.

B. SELECTION OF RAW MILK

As the old saying goes — there is no substitute for good
quality raw milk. This is also true for milk destined for
fermented milk manufacture. Quality criteria for raw milk
should be based on compositional quality of milk, micro-
bial count, somatic cell count, freedom from inhibitory sub-
stances and reception temperature (7). In the U.S., grade A
milk is required for fermented milk manufacture. Such milk
has a standard plate count of less than 100,000 cfu/ml and
a storage temperature not exceeding 7°C (within 2 hr of
milking). Somatic cells are indicators of udder health and
individual states have set the limits for acceptable somatic

cell count (8). Generally somatic cell counts above
750,000/ml are not acceptable. A high somatic cell count
is indicative of mastitis conditions; and milk may also be
abnormal in composition. Leucocytes in milk may cause
inhibition of lactic starters by phagocytosis and abnormal
composition can influence other technological parameters
affecting quality of resultant fermented milks.

Good quality raw milk is free from all kinds of
inhibitory substances including residual antibiotics, traces of
detergents, sanitizers or insecticides. Mastitis treatment of
cows involves application of various antibiotics, and milk
from treated cows may occasionally contain residual antibi-
otics if it is not withheld for the recommended period. The
resulting low-level contamination may be sufficient to
inhibit starter microorganisms (9); for example, penicillin at
0.01 IU/ml of milk will inhibit thermophilic starters. Apart
from the possibility of partial or complete inhibition of
starter bacteria due to antibiotic action, antibiotic testing is
also mandatory for consumer safety reasons due to potential
allergic reactions in sensitive individuals (10). High levels of
residual detergents and sanitizers can inhibit starter bacteria.
Under good sanitation practices, the amount of residual san-
itizers that might enter into milk from milk contact surfaces
is not sufficient to cause culture inhibition except when the
sanitizer solution is not completely drained from tanks or
trucks (11). Quaternary ammonium compounds (QAC)
present a potential problem due to their residual activity, and
lactic-acid bacteria are sensitive to low concentrations of
QAC. For example, Lactococus strains are inhibited at
10 µg/mL level of QAC (12) and thermophilic cultures are
inhibited at 0.5 to 2 µg/mL of QAC (13).

C. MILK PRETREATMENTS

Commonly employed pretreatments in the fermented 
milk manufacture include filtration, clarification and 
homogenization.

1. Filtration

Filtration is carried out by pumping milk through specially
woven cloth. This results in the removal of extraneous mat-
ter. Filtration of the recombined dairy powders is also help-
ful in the removal of undissolved or scorched particles
from base mix. This may be further helpful in minimizing
wear and tear to the homogenizer orifice and minimizing
the deposition of milk solids on the heat exchanger plates.

2. Clarification

Clarification refers to the process of centrifugal separation
carried out in a specially designed separator, called a clar-
ifier. This process removes extraneous matter such as straw,
hay and large clumps of bacteria and thereby improves the
aesthetic quality of fermented milks. A specially designed
centrifuge can be used to carry out bactofugation. This
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process can reduce bacterial load by about 80–90%. It is
especially effective for removal of spores and leucocytes
from milk (�98%).

3. Homogenization

Homogenization is a process of attaining homogeneous
emulsions. This is achieved by passing the milk under high
pressure through a small orifice; the shearing effect
reduces the average diameter of the milk fat globules to less
than 2 µm. As a result, globules are less inclined to coalesce
into large units and do not rise to form a cream line.

Homogenization is an important processing step in
order to improve consistency and viscosity of yogurt due
to incorporation of the finely divided fat globules within
the coagulum structure. Further, coagulum stability also
improves due to adsorption of casein micelles onto fat
globules. The increased number of small fat globules tends
to enhance the ability of the milk to reflect light, and as a
result the fermented milk appears whiter.

Use of unhomogenized milk leads to fat accumulation
on top of the packaged product which is disliked by most
customers except in products where cream line is specifi-
cally required, e.g., crusty yogurt in Greece.

Milk processing for fermented milk manufacture typi-
cally employs homogenization pressure in the range of
10–20 MPa at 50–70°C temperature. Homogenization pre-
ceding heat processing is preferable to avoid risk of con-
tamination after heat processing.

D. INGREDIENT ADDITION AND BLENDING

Optional ingredients can be added to base mix to improve
viscosity and to minimize syneresis in fermented milk prod-
ucts. Additionally, with the development of low-fat dairy
products, stabilizers are often added to improve mouthfeel
and to reduce calories (14).

1. Stabilizers

Stabilizers serve two basic functions when added to semi-
solid fermented dairy foods. Good stabilizer systems will
have the ability to bind water, react with milk proteins to
increase their level of hydration, and stabilize protein
molecules into a network that prevents the movement of
water. Gelatin and hydrocolloids such as guar gum,
pectin, carageenan and pre-gelatinized starch are the most
common stabilizers (15). A stabilizer is added as a single
component or as a blend. Blends of stabilizers have the
benefit of overcoming a limiting property of a single sta-
bilizer. It is important to balance the desired level of sta-
bilizer with undesirable flavor changes the stabilizer may
impart. The stabilizer concentration will vary widely
depending on the type of system chosen. Processing con-
ditions may need to be considered when choosing the sta-
bilizer system.

2. Sweeteners

Products are typically sweetened by sucrose, honey, high
fructose corn syrup (HFCS), and aspartame. Some manu-
facturers use apple and pear concentrates when a healthier
image is desired (15).

3. Fruits, Colorants, and Flavorings

Addition of fruit, colorants and flavorings are also com-
mon in fermented semi-solid dairy products and are typi-
cally added following fermentation. Typically, heat-treated
purees that range from 30–50° Brix are used. Because 
fruit is commonly added after the dairy product is heat
treated, the microbiological quality is critical to the safety
and shelf life of the product. In set yogurts, a layer of
gelled or pureed fruit is placed into the container prior to
addition of cultured milk (14).

4. Other Ingredients

Recently, other less common ingredients are making their
way into fermented dairy products. Addition of vitamins
and minerals has become a method for increasing nutri-
tional value. Adding calcium to the fermented milk base
has been difficult due to solubility and bioavailability
issues. Recent patents for methods of increasing calcium
in fermented dairy products focus on technology that
overcomes the low solubility of calcium salts in milk (16).

5. Prebiotics

Prebiotics are defined as “non-digestible food that benefi-
cially affects the host by selectively stimulating the
growth or activity of one or a limited number of bacteria
in the colon” (17). Prebiotics, such as oligosaccharides,
are therefore used to maximize the effectiveness of probi-
otic microorganisms. Based on their chemical structure,
some oligosaccharides are resistant to digestive enzymes
and are bioavailable to bifidobacterium in the large intes-
tine as a carbon and energy source (18). Research suggests
that fructo-oligosaccharides, lactose derivatives, galacto-
oligosaccharides, and soybean oligosaccharides have
commercial significance as prebiotic ingredients (19).
Addition of the prebiotic fructo-oligosaccharide and
galacto-oligosaccharide in combination with bifidobac-
terium in yogurt has been shown to increase the intestinal
probiotic level by two log cycles. The current trend in
yogurts marketed in Australia, Europe and Japan is to con-
tain a prebiotic component (18).

E. HEAT PROCESSING

Pasteurization of milk is a legal requirement in the United
States for manufacture of fresh cultured products (CFR
Title 21, part 133:1995). Heat treatments typically
employed for selected fermented milk products are
depicted in Table 67.1.
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The most important impact of heat processing is
microbiological. Due to heat treatment, most vegetative
bacteria, yeast, molds and pathogens are destroyed (�5 log
cycle reduction is required). This has a strong impact on
safety and quality of the resultant product. Surviving spores
are unlikely to cause problems, as bacillus and clostridium
endospores do not germinate at the pH of most fermented
milks, i.e., pH � 4.5 (20). Heat-stable enzymes are
reported to not pose a significant problem in semi-solid
fermented milk products (21) with the exception of prod-
ucts like sour cream that may be critical for lipolytic or
proteolytic spoilage. With regard to starter culture, reduced
competition between surviving flora and starter organisms
is beneficial for the growth of the latter. Due to high heat
processing employed for milk destined for fermented milk
preparation, germicidal activity of milk is destroyed along
with natural inhibitors of milk making conditions more
suitable for starter growth. Severe heat treatment denatures
whey proteins in milk and α-lactalbumin and β-lactoglob-
ulin become attached to casein micelles, especially k-
casein. This leads to increased viscosity and enhanced
water-binding capacity of coagulum (22).

F. ROLE OF LACTIC STARTER SYSTEM

In the limited context of fermented milks discussed in this
chapter, starter culture systems can be defined as safe,
pure, actively growing, selected lactic acid bacteria that
bring about desirable changes to produce a satisfactory
fermented product.

Typical starter microflora, inoculation rates, incuba-
tion temperature and incubation periods employed in fer-
mented milk manufacture are summarized in Table 67.2.
Typical starter flora for yogurt include: Streptococcus
thermophilus (ST) and Lactobacillus delbrueckii ssp. bul-
garicus (LB). In the United States, the National Yogurt
Association recommends the level of at least 10 million
live yogurt bacteria per g at the time of consumption if
manufacturers wish to display the “Live and Active
Cultures” symbol on yogurt packages (23).

The relationship between ST and LB is best described
as that of protocooperation and antibiosis (24) as the 

former is stimulated by free amino acids and peptides pro-
duced by LB (25). In turn, LB is stimulated by formic
acid, pyruvic acid and carbon dioxide produced by ST at
low oxygen concentration (26). As a result, acid produc-
tion is significantly enhanced in mixed cultures compared
to ST and LB grown individually, and yogurt gel tends to
set faster. The unique relationship between the two starter
organisms also makes yogurt flavour unique compared 
to other dairy products. Unique flavouring compounds in
yogurt include acetaldehyde (optimum flavour and aroma
at 23 to 41 ppm), acetone and butanone (contributed from
milk), diacetyl, and acetoin (27). Presence of diacetyl
(0.5 ppm) contributes to delicate and full flavor and
aroma. Acetaldehyde production is mainly attributed to
LB. However, in association with ST, acetaldehyde pro-
duction is considerably enhanced as compared to LB
alone (28).

Typical starter flora of sour cream or cultured cream
includes: Lactococcus lactis ssp. lactis (LL) and/or
Lactococcus lactis ssp. cremoris (LC), Lactococcus lactis
ssp. lactis biovar. diacetylactis (LD), Leuconostoc mesen-
teroides ssp. cremoris (LeuC). The main sensory attrib-
utes of cultured cream are sour taste (lactic acid), buttery
aroma (due to diacetyl) and nutty flavor. Starter flora in
sour cream exhibit positive (mutually beneficial) associa-
tion. LD and LC can ferment citrate under aerobic condi-
tions to produce diacetyl. Acetaldehyde in cultured cream
is not desirable because it imparts “green” flavor. In such
cases inclusion of LeuC in the starter system is advanta-
geous as it scavenges acetaldehyde produced by lacto-
cocci. Conversely, Leuconostocs that lack proteolytic
activity and do not grow well in milk grow better in asso-
ciation with Lactococci.

During sour cream manufacture when the citrate level
is depleted, diacetyl is reduced to acetoin. Increasing oxy-
gen content in milk may enhance production of diacetyl,
however, addition of citrate in milk (0.05 to 0.1%) is a
preferable option. Production of cultured cream requires
proper selection of bacteria as well as manufacturing con-
ditions to induce the right balance of acid and flavour,
because flavor producers are fastidious in their tempera-
ture requirements. If the temperature of incubation is
maintained much above 22°C, insufficient diacetyl will be
produced (29).

Purity and activity checks are very important for opti-
mum performance of the starter system. Purity can be
checked by microscopic examination of culture suspen-
sion or a catalase test to detect contamination. Starter flora
are typically gram-positive, catalase-negative, nonsporu-
lating rod or cocci. An activity test or vitality test can be
conducted by monitoring rate of acid development (30).
For active cheese culture, acidity development is expected
to be at least 0.4% lactic acid after 3.5 hr incubation at
37.8°C with 3% inoculation. For cultured cream and
cheese cultures, the activity test can be run at 30°C instead
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TABLE 67.1
Typical Heat Treatments Employed for Fermented Milk
Preparations
Product Typical Heat Treatment(s) Reference

Yogurt 90 to 95°C for 2 to 5 min 20
80 to 85°C for 30 min

Sour cream 74°C for 30 min 21
85°C for 25s
80°C for 30 min 7
90°C for 5 min

Fromage frais 93 for 120s
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of 37.8°C. For checking aroma-producing starter bacteria
in a mixed culture, a Voges-Proskauer or creatine test can
be used. It is also useful to detect gas producing contami-
nants in a non-gas-forming culture (31).

G. GEL FORMATION DURING FERMENTATION

During the manufacture of semi-solid dairy foods, an irre-
versible gel is formed due to the destabilization of the
casein micelle. The gel can be classified into one of the
following groups based on whether it is enzymatic,
acid induced, or salt/heat induced (14).

The gel or coagulum formation in fermented semi-
solid dairy foods is primarily of the acid type, similar to that
of acid-set cheeses. In acid-set cheeses, however, synere-
sis is desirable, whereas in yogurt or other semi-solid fer-
mented foods it is not desirable.

In studies investigating the acidification of skimmed
milk with glucono-δ-lactone at 30°C, the following changes
were observed in the casein micelles:

● pH 6.6–5.9, casein micelles were homogeneously
distributed with no appearance of change

● pH 5.5–5.2, appearance of micellar disintegra-
tion and at pH 5.2 or less, aggregation of casein
micelles was observed

● pH 5.2–4.8, casein aggregates contracted and
micelles were much larger than the native form

● pH � 4.5, protein network formed with
rearrangement and aggregation of casein consist-
ing of micellular chains and clusters with trapped
water and milk constituents in the network (32)

H. PROACTIVE PHAGE-CONTROL PROGRAM

Current trend in the fermented milk industry is consolida-
tion of smaller plants in to larger plants and increased 
production volume. Starter suppliers are now offering

ranges of options like direct vat set cultures or frozen con-
centrated cultures. As a result, the problem of bacterio-
phage and other microbiological risk factors has been
reduced considerably. Nevertheless, preparation of bulk
culture cannot be entirely eliminated due to certain prac-
tical considerations and in such situations bacteriophage
contamination remains a distinct possibility, especially
during in-house handling.

In light of this, a proactive phage-control program is
necessary. Such a program can be very helpful in main-
taining consistent starter performance and thereby in
assuring consistent quality of fermented milks.

Many strategies employed in bacteriophage control
are summarized below.

● Good whey handling and processing practices.
Whey is a principal site where phage multipli-
cation and buildup can occur.

● Adequate heat treatment of bulk culture milk,
e.g., 95°C for 30 min to inactivate phages in
milk.

● Use of phage-resistant starter cultures or multiple-
strain starter or mixed-strain starter used in
rotation. Where feasible, direct-vat inoculation
with deep-frozen or lyophilized concentrated
bulk cultures.

● Use of phage-inhibitory media or phage-resistant
media for bulk culture propagation.

● Use of exopolysaccharide-producing strains
that are more resistant to phages (33).

● Use of a mechanically protected (e.g., Lewis
Jones Alfa Laval) system to maintain asepsis
and to avoid contamination of bulk culture.

● Good sanitation practices to ensure freedom from
phage build-up on vat surfaces and other poten-
tial milk contact surfaces. Chlorine is a better
sanitizer compared to iodine or acid sanitizers
for phage control.
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TABLE 67.2
Typical Starter Microflora, Inoculation Rates, Incubation Temperature, and Incubation Period
for Selected Fermented Milk Products

Inoculation Incubation Incubation
Product Starter Microflora Rate Temperature Period

Yogurt Streptococcus thermophilus and 2–3% 40–45°C 2.5–4 hr
Lactobacillus delbrueckii ssp. 30°C 18 hr

bulgaricus
Sour cream Lactococcus lactis ssp. lactis and or 1–2% 18–21°C 14–20 hr

Lactococcus lactis ssp. cremoris
Lactococcus lactis ssp. lactis bio var. diacetylactis
Leuconostoc mesenteroides ssp. cremoris

Fromage frais Lactococcus lactis ssp. lactis and or 0.5–3% 27°C 14–16 hr
Lactococcus lactis ssp. cremoris
Lactococcus lactis ssp. lactis bio var. diacetylactis
Leuconostoc mesenteroides ssp. cremoris
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II. PROBIOTICS IN SEMI-SOLID DAIRY
FOODS

A. INTRODUCTION

In the early 1900s, Nobel Prize-winning scientist Élie
Metchnikoff was the first to propose that acid-producing
organisms in fermented dairy foods offered a prolongation
of life by preventing fouling in the large intestine (34). From
his idea evolved the idea of functional foods as a marketing
term in the 1980s. This term is used to describe foods forti-
fied with ingredients capable of producing health benefits.
The trend for healthful foods is becoming increasingly pop-
ular with consumers because of the awareness that diet can
influence health. Probiotic foods are defined as foods con-
taining live microorganisms in significant concentrations
that actively enhance the health of consumers by improving
the balance of microflora in the gut when ingested (18). This
restricts probiotics to products that contain live microorgan-
isms, improve health and well being of humans or animals,
and can affect host mucosal surfaces, including the mouth
and gastrointestinal tract, and the upper respiratory tract, and
the urogenital tract (35). In Japan, a standard for probiotic
foods was developed stipulating that a product contain more
than 1 � 107 viable bifidobacteria/g or mL of product (36).
The probiotic must be viable and available at a high enough
concentration to effect health benefits (18). These factors are
often overlooked or ignored and many of the commercially
available probiotic products have shown low populations of
probiotics (37).

Fermented dairy products have evolved as the predom-
inant carriers of probiotics in foods. They already have a
healthful image that facilitates recommendations of daily
consumption, and consumers are aware that fermented
foods contain live microorganisms (38). Many of the fer-
mented dairy foods have been optimized for survival of
the fermentative microorganisms, which creates important
technological advantages for the use of dairy products as
probiotic carriers (39).

B. HEALTH ISSUES

Foods that help prevent disease are becoming increasingly
popular with consumers, with 70% of American shoppers
believing that certain foods contain components that reduce
the risk of diseases and improve long-term health (35).
Additionally, 97% of shoppers surveyed in the United
Kingdom were willing to change their eating habits to bet-
ter their health. The benefits of probiotics include inflam-
matory disease control, the treatment and prevention of
allergies, cancer prevention, immune stimulation, and res-
piratory disease reduction. Many of the suggested benefits
of probiotic dairy foods are based on the involvement of
the gastrointestinal microflora in resistance to disease.
Unfortunately, few well-controlled studies have looked at
clearly defined health effects, and many of the reported
health benefits are based on unsubstantiated reports.

However, the use of probiotics for the treatment of lactose
maldigestion, diarrheal disease, lowering of serum cho-
lesterol, and prevention of cancer or formation of carcino-
gens appear to be well-substantiated (41). Lactose
intolerance or maldigestion causing abdominal discomfort
affects approximately 70% of the world’s population to
varying degrees (35). The probiotic bacterium Lactobacillus
acidophilus has been clinically shown to alleviate the
symptoms of lactose intolerance. The recent work in this
area indicates that lactose in yogurt, possibly due to lactase-
producing bacteria, can be utilized more efficiently than
lactose in milk. Additionally, many of the probiotic strains
that produce lactase have shown promise in alleviating
symptoms of lactose intolerance (40).

Rotavirus is one of the leading causes of gastroenteritis
worldwide (41). Gastroenteritis characterized by acute diar-
rhea and vomiting is a leading cause of death and illness
among children, affecting approximately 16.5 million chil-
dren annually (35). Ample evidence has shown that the pro-
biotic strain Lactobacillus GG reduced the duration and
severity of rotavirus infection. Oral administration of
Bifidobacterium bifdum has shown potential for reducing
the incidence of diarrhea in infants hospitalized for rotavirus
infection (41). Other research suggests that the probiotic
bacteria Bifidobacterium longum and Saccharomyces
boulardii prevent antibiotic-associated diarrhea (35).

Much attention has been given to the cholesterol-
lowering potential of probiotics. However, the influence
of lactic-acid bacteria such as Lactobacillus acidophilus,
although widely studied, remains controversial (42).

The role of lactic acid bacteria in reducing the inci-
dence of DNA damage and other carcinogenic changes has
also been investigated (43). In addition, microflora and
composition of the intestinal flora with probiotics might
suppress the growth of bacteria that convert procarcinogens
to carcinogens. An important index of carcinogenic activity
is the activity of enzymes that convert procarcinogens to
carcinogens. Several studies have shown an inhibitory
effect on these enzyme activities following the consump-
tion of probiotics (41).

Additional research on the prevention or delay of tumor
development by probiotic bacteria suggests that they might
bind to mutagenic compounds in the intestinal tract. A
reduction of mutagens in urinary excretions was found
when meals were supplemented with fermented milk con-
taining Lactobacillus acidophilus. This suggests that lac-
tobacilli were binding to the mutagenic compounds,
thereby reducing their absorption in the intestine. It is
inconclusive whether this will lead to a decreased inci-
dence of cancer, but research looks promising (41).

C. PROBIOTIC CULTURES

LB and ST are the bacteria traditionally used in yogurt man-
ufacture. While these bacteria have some health benefits,
they do not naturally inhabit the gastrointestinal tract.
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They do not survive the acidic conditions of the stomach
and the bile concentration of the GI tract (18). The probi-
otic bacteria used currently in commercial products
include members of the genera Lactobacillus (Lb) and
Bifidobacterium (B). The Lactobacillus (Lb) strains that
are mainly used in commercial production include: Lb.
acidophilus, Lb. johnsonii, Lb. casei, Lb. rhamnosus, Lb.
gasseri, Lb. reuteri, Lb. helveticus and Lb. plantarum.
Bifidoacterium bifidum, B. longum, B. infantis, B. breve
and B. lactis are some of the bifidobacterium strains that
are used commercially (38). Therefore, to be considered a
probiotic product, many of these strains are incorporated
into the fermented dairy product. Typically, combinations
of these strains are used. A product manufactured entirely
with probiotic bacteria would require a long incubation
time and lowered taste quality. Therefore, it is common
practice to manufacture products with both yogurt and
probiotic cultures (39).

D. PRODUCT DEVELOPMENT AND PRODUCTION

OF PROBIOTIC DAIRY FOODS

1. Food Interactions and Probiotics

There are several basic requirements for the development
of marketable probiotic products. The most basic require-
ment is that the probiotic bacteria survive manufacturing
and storage in sufficient numbers in the product so that
they are viable when consumed. Additionally, the probi-
otic of choice should not have an adverse effect on the
sensory properties of the food product. The chemical
composition of the food product will also be important in
determining the metabolic activity of the probiotic and
how successfully it will survive. The amount and type of
carbohydrate available, the degree of hydrolysis of milk
proteins (amino acid content) and the composition and
availability of short-chain fatty acids are essential vari-
ables in developing a probiotic semi-solid dairy food.

The interaction between the probiotic organisms and
the starter organisms is another important factor to con-
sider in the production of semi-solid fermented dairy
foods. Both synergistic and antagonistic effects between
organisms exist. This will require the identification of
specific strains of probiotics that work in synergy with the
starter organisms to achieve efficient acidification and
multiplication of organisms during the fermentation
process. Antagonistic effects that cause the production of
undesirable compounds, such as hydrogen peroxide, ben-
zoic acid and bigenic amines, have been investigated and
can be a limiting factor for combinations of starters and
probiotics (38).

A critical factor in the development of probiotic dairy
foods is the manufacturing procedure. When the probiotic
is added following fermentation and before or after cool-
ing, the interactions are kept to a minimum. The metabolic
activity of both the starter organisms and the probiotic is

drastically reduced at this point and will dramatically
reduce interactions. It is critical to maintain cold storage of
the product without fluctuations in temperature in order to
maintain the quality of the finished product (38).

Another factor of considerable importance is the
physiological state of the probiotic. When the probiotic
culture is harvested, whether it is in the logarithmic or the
stationary phase of its growth and how it is handled fol-
lowing harvesting are critical to it successful addition to a
food product. Bacteria from the logarithmic phase have
been shown to be much more susceptible to environmen-
tal stresses. Environmental conditions that signal to the
bacteria the transition from the logarithmic phase to the
stationary phase will have an effect on survival during the
stationary phase.

2. Production of Semi-Solid Dairy Foods with 
Probiotic Properties

Because each semi-solid dairy product is manufactured
differently, there is considerable variation with respect to
starter culture, processing temperatures, ingredients and
fermentation time and temperature. All of these factors
influence the successful production of fermented dairy
products containing probiotics. The methods used to man-
ufacture stirred yogurt and yogurt drinks are best suited to
probiotic incorporation following fermentation.
Immediately before packaging, the probiotic can be stirred
into the product. With set yogurts, the probiotic must be
added during fermentation, because stirring in the final
stages of manufacturing can destroy the products’ consis-
tency (38). The chosen strain must first meet the techno-
logical and functional requirements and thus might
compromise the full expression of the health properties.

The addition of probiotics to the manufacturing of
cottage cheese can also vary. When the probiotic is added
with the starter culture during fermentation, a high amount
of the probiotic organism will be lost from the coagulum
during draining of the whey. It is therefore very difficult
to control the concentration of probiotics in the final prod-
uct. During manufacturing, the whey–coagulum mixture
temperature is raised to 50–55°C; this temperature can be
destructive to the probiotic organisms. The addition of the
probiotics with the cream and spices in the final stages of
manufacturing offers the best chance of survival for the
probiotic bacteria (38).

III. CONCLUSIONS

Despite considerable advances in scientific understanding
of semi-solid cultured dairy products, their manufacture
involves fine art and skill. A full understanding of the
complex interplay between biological, chemical and tech-
nological entities is slowly emerging. Cultured dairy prod-
ucts are different from other dairy products in that they
contain deliberately added live lactic acid bacteria with or
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without other probiotic bacteria. Therefore, the choice of
starter cultures and control of the fermentation process are
key parameters in producing quality products. The
demand for probiotics-based foods is growing. However,
it can be expected that consumer confidence will decrease,
unless the dairy industry offers products that have been
scientifically proven to exhibit probiotic effects. Thus,
additional research on the mechanisms by which probiotic
cultures exert their effects on the host is required.
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Cheese, which can be considered as a nutritious and deli-
cious concentrate of valuable nutrients of milk in a stable
form, has been produced since prehistoric times. The basic
steps of modern cheese production are the same as empiri-
cally based cheese making thousands of years ago. The pres-
ent scientific knowledge on cheese production, however, has
been developed mainly during the last 125 years.

I. BASIC PRINCIPLES OF CHEESEMAKING

A. CONCENTRATION

The first step in making cheese is coagulation of milk.
Milk can be coagulated by the action of rennet enzyme or
by acidification. The coagulum has a natural tendency
toward syneresis — contraction and expelling of whey
(i.e., water and water-soluble compounds of the milk (Fig.
68.1)). Larger particles such as fat globules and bacteria
will be retained in the shrinking coagulum, the cheese
curd. The syneresis can be accelerated by cutting up the
gel and by heating. The resulting firm curd can be pressed
and formed into cheeses of various shapes.

B. PRESERVATION

The fresh curd contains valuable nutrients and can there-
fore be quickly spoiled by bacteria, yeasts and moulds if
not preserved. The main factors contributing to preserva-
tion are low moisture content (concentration), acidification
by adventitious or added lactic acid bacteria, and salting.
Spoilage of the cheese by moulds on the surface can be pre-
vented by drying and cleaning the surface or by exclusion
of oxygen by immersion in brine or by coating the cheese
with wax or synthetic film material.

C. RIPENING

Cheese may be consumed as fresh curd or it may undergo
ripening by means of enzymes from the milk, from the

rennet and from microorganisms in the cheese or on its
surface. During ripening, which may last for months, the
organic solids of the cheese are gradually hydrolysed and
metabolized, during which time the characteristic flavour,
consistency and texture of the cheese is developed.

In Table 68.1 some of the important types of cheeses
are listed and grouped according to method for coagulation
of the milk, their firmness and the degree of acidification.

II. YIELD OF CHEESE

The majority of cheeses produced in the world are made
from cow’s milk. Substantial amounts of cheese, however,
are also produced from milk of sheep, goat and buffalo.
Many of the milk components vary quantitatively, both
between and within species. Estimated mean component
figures are shown in Table 68.2.

Milk Coagulum Cheese curd + Whey

Fat globule

Lactic  acid bacteria

Casein micelle

Precipitated para-casein

Whey

FIGURE 68.1 Outline of the structure of milk, rennet coagu-
lum and cheese curd (1).
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A. RECOVERY OF MILK SOLIDS AND THE YIELD OF

CHEESE

When milk is coagulated, either by rennet or by acid, the
caseins form a three-dimensional network enclosing all
the other milk constituents. When the coagulum contracts,
water and water soluble constituents will be squeezed out,
whereas fat globules and bacteria will be retained in the
casein network as outlined in Fig 68.1.

1. Retention of Protein

The caseins, constituting about 75 to 80% of the milk pro-
teins, are the basic structure-forming elements of coagulated
milk and cheese curd. “Casein” is defined as those proteins
of milk which become non-soluble when milk is acidified to
pH of 4.6 (i.e., αs1-casein, αs2-casein, β-casein, κ-casein and
γ-casein; see Table 68.3). The caseins in milk are aggregated
in micelles 0.01 to 0.3 µm in diameter, and of the milk salts,

much of the calcium, phosphate, magnesium and citrate are
associated with these micelles. When cheese is made by
means of rennet enzymes, coagulation takes place at about
pH 6.6. The coagulation is brought about by enzyme-
catalysed hydrolysis of a single peptide bond of κ-casein:

κ-casein ----> para-κ-casein � glyco-macro-peptide
(GMP).

The glyco-macro-peptide (GMP) constitutes about one-
third of the mass of the κ-casein. The para-κ-casein com-
ponent of the κ-casein remains as a part of the para-casein
in the curd. The GMP is soluble and separates with the
other soluble compounds (whey proteins, lactose, water-
soluble vitamins and the soluble salts) into the whey.
Typical figures for the amount of the various groups of
milk proteins as percent of total nitrogen, and their distri-
bution on the non-soluble part (in the cheese curd) and the
soluble part (in the whey) after precipitation of casein
with acid at pH 4.6 or with rennet at pH 6.6, are listed in
Table 68.3; 76% is given as a typical value for retention of
protein for rennet cheese. Variations in the relative amounts
of the various protein fractions can cause actual protein
retention values to vary from about 75 to 78% of total pro-
tein (N x 6.38).

Heat treatment of the milk can cause denaturation of
the whey proteins. Heat-denatured whey proteins precipitate
together with the caseins, giving higher protein retention.
Higher retention of protein can also be achieved by 
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TABLE 68.1
Cheeses Grouped According to Method of Coagulation, Firmness, and pH Minimum
Coagulation Firmness (Moisture Content on Acidification, pH of
of Milk By Fat-Free Basis, MFFB) Young Cheese Examples of Cheese Types

Rennet Extra hard (�51% MFFB) 5.10 Grana
Hard (49–56% MFFB) 5.30 Emmentaler

5.10 Cheddar
Semihard (54–63% MFFB) 5.20 Gouda, Danbo, Edam, Jarlsberg, Herrgård, Fontina, Svecia,

Havarti, Tilsiter
Heated after acidification: Mozzarella, Kashkaval, Provolone

Semisoft (61–69% MFFB) 6.10 Heated in whey: Halloumi
5.20 Heated after acidification: Soft Mozzarella
5.15 Esrom, Limburger, St.Paulin
4.70 Blue-veined mould cheeses: Roquefort, Gorgonzola, Stilton,

Danablu
Soft (�67% MFFB) 4.60 White mould cheeses: Camembert, Brie

Ripened in brine: Feta
Milk salted: Domiati

Acid Semisoft (61–69% MFFB) 4.50 Matured sour milk cheese:Gamal ost, Pult ost, Harzer Käse,
Olomoucke tvaruzky

Soft (�67% MFFB) 4.50 Fresh unmatured curd: Homogenous curd: Tvorog, Quarg,
Skyr Curd in grains: Cottage cheese

Made from cheese whey:
Proteins of whey are precipitated by heating Ricotta, Anari, Whey protein cheese
Solids of whey concentrated by evaporation Myse ost, Whey cheese

TABLE 68.2
Estimated Mean Figures for Gross Composition of
Main Solids of Milk
Species Fat Total Protein Lactose Citrate Ash

Cow 3,8 3,3 4,7 0,2 0,7
Buffalo 7,4 3,8 4,8 N.D. 0,8
Goat 5,6 3,8 4,8 N.D. 0,7
Sheep 7,4 5,5 4,8 N.D. 1,0

N.D.: not determined.
Adapted after Edelsten (2)
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concentrating the protein by ultrafiltration. Lower reten-
tion of protein may be caused by inflammation of the
udder or by growth of psychrotrophic, proteolytic bacteria
during cold storage of cheese milk.

2. Retention of Fat and Bacteria

The fat globules with diameters 0.5 to 10 µm will be incor-
porated into the casein network. Consequently, the reten-
tion of fat is high (85 to 95%).

For bacteria the retention is of the same magnitude as
for the fat globules.

3. Retention of Lactose

Lactose is dissolved in the water phase of milk and fol-
lows the whey out of the curd; hence retention of lactose
in curd is low, usually in the range of 3 to 5%, depending
on the final moisture content of the cheese and on the
amount of water added.

4. Retention of Ash Compounds

Some of the minerals (K� Na�, Cl�) in milk are dissolved
in the aqueous phase and these minerals separate with the

whey. Others are present as colloidal particles integrated
into the casein micelles (Ca2�, Mg2�, PO4

3�). At the pH of
fresh milk, these salts remain in the curd, but as the pH
decreases during the syneresis these salts gradually
become dissolved.

Some of the phosphate is covalently bound in the
casein molecules as serin-phosphate. This phosphate, which
accounts for about 2½% of the mass of casein, will be
included in the ash in analysis of both milk and cheese, a
fact which should be taken into consideration in calculations
of cheese yield. The figures found for retention of ash typ-
ically are about 35 to 40% for hard and semihard rennet
cheese. For Cheddar cheese, with a higher degree of acid-
ification during syneresis, retention of ash is lower — 30
to 35%. For cheeses with acid precipitation of the casein
at pH around 4.6 the retention of ash is low — 10 to 15%
of total ash.

5. Retention of Citrate

Most of the citrate in milk is in aqueous solution, with 10%
linked to the caseins together with calcium in the same way
as with inorganic phophate. The retention of citrate there-
fore depends partly on the whey content of the cheese and
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TABLE 68.3
Typical Values for Distribution of Nitrogen Compounds (Protein Nitrogen and Nonprotein Nitrogen) of
Whole Milk in the Nonsoluble Versus the Soluble (Whey) Components after Precipitation of Casein by Acid
at pH 4.6 or by Rennet at pH 6.6

Percent of Total Nitrogen

After Precipitation at pH 4.6 After Precipitation by Rennet at pH 6.6

Non-soluble Non-soluble
Fat globule membrane 1 1 Fat globule membrane 

protein (FGMP)a protein (FGMP)
αs1- and αs2-casein 37 37 αs1- and αs2-casein
κ-casein 10 para-κ-casein 6.5 6.5 Para-κ-casein

GMP 3.5
γ-caseinb 3 3 γ-casein
β-caseinb 27 27 β-casein

1.5 Non-soluble proteose-peptone
Total acid casein � FGMP 78 76 Total rennet casein � FGMP

Soluble Soluble
3.5 Glyco-macro-peptide (GMP)

Proteose-peptone (pp)b 3 Non-soluble 1.5c

Soluble 1.5c 1.5 Soluble proteose-peptone
Whey proteins 13.5 13.5 Whey proteins
NPN (non-protein-N) 5.5 5.5 NPN (non-protein-N)
Total acid-whey-N 22 24 Total rennet-whey-N

a When cheese is made from whole or part skimmed milk the proteins of the fat globule membrane will be incorporated in the network of the 
precipitated caseins.
b I milk a part of β-casein may be hydrolysed by the action of the milk enzyme plasmin resulting in γ-caseins (the more hydrophobic parts of 
�-casein) and proteose-peptones (the more hydrophilic parts).
c A part of the proteose-peptones, which all are soluble at pH 4.6 , is precipitated with the caseins at pH 6.6. The partition of proteose-peptones
on the soluble and the non-soluble parts, after precipitation by rennet at pH 6.6, which in the table is set to 1:1, may be somewhat lower or
higher (3, 4).
Source: Data from various sources.
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partly on the acidification during syneresis. For semihard
cheeses the retention of citrate is typically around 10%.

B. CALCULATION OF COMPOSITION AND YIELD

OF CHEESE

Table 68.4 shows an example of the calculation of yield of
cheese and of composition of cheese. The example is based
on typical figures for production of a semihard cheese,
e.g., Danbo or Gouda.

III. MILK FOR CHEESE

For production of cheese the milk has to be of good quality.

A. STORAGE OF MILK FOR CHEESE

Unless the cheese is made shortly after milking, the milk
should be kept cool until the start of cheese production in
order to prevent excessive growth of bacteria. During storage

at low temperatures the rennetability may be slightly
reduced.

B. PASTEURIZATION

Cheese is often made of raw milk, and it is a common
assumption that cheese made of raw milk of good quality
can be more rich in flavour. Some pathogenic bacteria, how-
ever, such as Mycobacterium tuberculosis and Listeria
monocytogenes, can survive in cheese for months, and in
many countries pasteurization of milk for cheese is
mandatory. Pasteurization at 72°C for 15 seconds typically
kills about 99% of the bacteria of the raw milk. Bacterial
spores, however, will not be killed. About 95% of milk
lipase will be inactivated at 72°C for 15 seconds, a fact
which may help to explain a part of the assumed richer
flavour of raw milk cheese. Most of the whey proteins
remain unchanged by pasteurization at 72°C for 15 seconds,
but at slightly more intensive heat treatment, the whey
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TABLE 68.4
Example of Calculation of Milk Solids in Cheese Curd, Yield of Cheese, and Composition of Cheese, Based on
Typical Figures for Composition of Cheese Milk and for Retention of Milk Solids in Cheese Curd

Milk Solids in Cheese Curd

Gross Calculated Net Calculated for Cheese Curd from 1kg Milk,
Retention in for Cheese Curd with Correction the Part of the Phosphate in 

In 1 kg Milk Cheese Curd from 1 kg Milk the Ash Originating from Serine-PO4

Fat (standardized to give minimum 30.0 g 0.92 27.60 g 27.60 g
45% fat in dry matter of cheese)

Protein 34.0 g 0.76 25.84 g 25.84 g
Lactose (anhydride) 46.0 g 0.035 1.61 g 1.61 g
Ash 7.2 g 0.35 2.52 g 1.87 g
Citrate 1.8 g 0.10 0.18 g 0.18 g
Total solids in fresh cheese curd 57.10 g

from 1 kg milk

Yield of cheese:
In addition to the milk solids, the cheese after salting includes extraneous NaCl. If the cheese after salting cheese contains 43% moisture and 57%
dry matter, of which 2% NaCl and 55% milk solids, the yield of cheese per kg milk will be:
57.1 � 100/55 � 103.8 g.
Then the composition of the salted cheese can be calculated:

Composition: %

Fat: 27.60 � 100/103.8 � 26.59
Protein: 25.84 � 100/103.8 � 24.89
Lactose: 1.61 � 100/103.8 � 1.55
(converted to lactic acid in cheese)
Ash: 2.52 � 100/103.8 � 2.43

Less the casein-PO4 included in ash: �0.62
Citrate:a 0.18 � 100/103.8 � 0.17
Total milk solids in cheese 55.0

Plus extraneous NaCl 2.0
Total dry matter in cheese 57.0
Moisture in cheeseb 43.0

a In cheeses like Danbo with citrate fermenting starter bacteria, the citrate is converted within 1 to 2 weeks to volatile compounds such as carbon
dioxide, diacetyl and acetic acid.
b Under storage and ripening the moisture content of the cheese (and the weight of the cheese) will decrease because of evaporation, unless the
cheese is packed in synthetic film or covered with cheese wax.
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proteins begin to denature. Denatured whey proteins pre-
cipitate together with the caseins by the action of rennet,
or by acid at pH 4.6, yielding a higher total retention of the
proteins. For most cheeses, however, a heating greater than
72°C for 15 seconds is normally not applied, because more
intensive treatment entails certain drawbacks: slower ren-
neting of the milk and a weaker coagulum; inactivation of
the enzyme xanthine oxidase, which catalyzes the reduc-
tion of added nitrate to nitrite; and slower development of
cheese flavour and texture during ripening.

C. HOMOGENIZATION

For some types of cheese, e.g., Danablu and Feta produced
by ultrafiltration, homogenization may be applied in order
to whiten the cream and increase the water-binding capacity
of the cheese curd. Homogenization also increases the
lipolysis of the fat, provided active lipase is present.

D. BACTOFUGATION AND MICROFILTRATION

These processes are widely used in the production of cheese
types liable to damaging fermentation by the spore form-
ing bacteria Clostridium tyrobutyricum (e.g., Emmental
and Gouda/Danbo cheeses). With bactofugation a large part
of the bacteria, and more than 90% of the spores, can be
removed from the milk. With microfiltration more than
99.9% of all bacteria and spores can be removed from the
skim-milk part of the milk. The cream of the milk then has
to be heat-treated separately, as the fat globules otherwise
would block up the filter membranes.

In both processes a part of the bacterial spores follow
the cream, adhering to fat globules. In order to produce
cheese with a low number of Clostridium tyrobutyricum
spores, the cream can be pasteurised at about 120°C for a
few seconds, prior to mixing cream with skim milk from
bactofugation or with permeate from microfiltration. Both
the retentate from microfiltration and the bactofugate from
bactofugation contain most of the spores from the milk and
also a part of the casein, and for utilization of this casein,
the retentate/bactofugate can be mixed with the cream
before the heat treatment.

E. ULTRAFILTRATION

By ultrafiltration, milk can be separated into a retentate in
which fat, bacteria, casein micelles and whey proteins are
concentrated, and a permeate containing water and lactose.
Salts linked to the caseins in the micelles (most of the cal-
cium and phosphate and a part of the citrate) will be con-
centrated in the retentate, whereas other salts will follow
the water into the permeate. Ultrafiltration thus resembles
the natural filtration process in the curd grains in traditional
cheesemaking, in which the casein network acts as a filter,
with the exception that the ultrafiltration membranes also
retain the whey proteins. Concentrating milk for cheese by

ultrafiltration is utilized in large scale for production of
UF-Feta cheese, where the retentate, with about 40% total
solids after addition of starter culture and rennet, can be cast
directly into tins. Because the whey proteins are retained
in the retentate, the yield of cheese by ultrafiltration is higher
than in conventional cheesemaking. By ultrafiltration of a
part of the milk, the protein content of the cheese milk can
be increased and standardized for conventional cheese
production.

F. STANDARDIZATION OF FAT CONTENT

Cheeses are usually classified by percent fat in dry matter
(FDM) according to legal standards. The fat content of the
cheese milk has to be adjusted according to the percent FDM
desired and according to the protein content of the milk.

IV. ADDITIVES TO CHEESEMILK

A. COLOURING AGENTS

The colour of cheese is determined by the carotene colour
of the milk fat, which may vary with the seasons and with
type of milking animals. Jersey milkfat, for example, is usu-
ally high in carotene, while sheep milk fat is low. Where
colouring is permitted, the colour of cheese may be adjusted
by means of annatto extract or carotene dye.

B. SALT

All cheeses are salted, either by addition of salt to milled
curd after acidification and before moulding or by absorp-
tion of salt by diffusion after the cheese has been formed.
A special case is Domiati cheese, where 8 to 15% salt is
added to the milk, yielding coagulum and resulting cheese
that is very soft.

C. SPORE-INHIBITING ADDITIVES

For cheese of Gouda/Danbo type there is a risk of 
Clostridium tyrobutyricum spore growth during ripening,
resulting in excessive gas production and the development
of an unpleasant smell. The spores can be inhibited by
means of nitrate added to the milk (0.1 to 0.2 g KNO3/L);
the nitrate is reduced to nitrite (NO�

2) which inhibits the
spores. This reduction is catalyzed by the milk enzyme
xanthin oxidase, which is active in milk heated to about
72°C for 15 seconds but inactive at a slightly higher heat
treatment. Other possible additives for inhibition of spores
are the enzyme lysozyme (from hen’s egg white) and nisin
(bacteriocin). The use of spore-inhibiting additives is
legally restricted in cheese-producing countries.

D. STARTER CULTURES AND ACIDIFICATION

For most cheese varieties, starter cultures of lactic-acid bac-
teria are added to the cheese milk. Where the curd is either
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not heated or heated to about 40°C, starters with mesophilic
Lactococcus sp. and Leuconostoc sp. are used. If formation
of carbon dioxide is undesirable (e.g. for Cheddar cheese,
and for Feta cheese destined to be put in tins) mesophilic
starters without citrate-fermenting Leuconostoc sp. and
Lactococcus lactis subsp. lactis biovar. diacetylactis
(�Lactococcus diacetylactis) are utilized. In cheeses scalded
at higher temperatures (e.g. Grana, Emmental), lactic-acid
fermentation is performed by thermophilic cultures of
Streptococcus thermophilus and Lactobacillus helveticus.

Starter cultures can be local natural starters or labora-
tory cultures from culture manufacturers either for propa-
gation in the dairy or, as frozen or lyophilized starter
concentrates, for direct inoculation in the cheese milk.
The amount of starter culture added to the milk is typi-
cally about 1% for starter propagated in milk and about
0.01–0.05% for starter concentrates.

Slow acidification due to antibiotics in the milk or the
development of bacteriophages can cause serious problems.
Bacteriophages will not be destroyed by heat treatment of
the milk at about 72°C for 15 seconds, so there will always
exist a risk of development of bacteriophages, along with
the starter bacteria, in a cheese factory. Counteractive meas-
ures include careful cleaning and disinfection with chlorine
or disinfectants with peracetic acid (hydrogen peroxide has
no effect on bacteriophages), preventing any contamination
of milk and curd with whey, propagation of starter culture
in highly heated milk in a separate room, the use of starter
cultures with good bacteriophage resistance, and if neces-
sary, change of starter culture. Fast development of lactic
acid bacteria is of utmost importance for cheese quality. For
each type of cheese there is an optimal range for minimum
pH; Table 68.5 gives some examples.

The effects of lactic acid bacteria are:

1. Coagulation and syneresis: The lactic acid pro-
motes the action of rennet enzyme and the acid-
ification of the curd increases syneresis. In the
production of sour milk cheese (Quarg, etc.)
the milk is coagulated only by the acid pro-
duced by the starter bacteria.

2. Inhibition of detrimental bacteria: Lactic acid
bacterial growth inhibits harmful bacteria by

fermentation of the lactose and by the forma-
tion of lactic acid. Some of the lactic acid bac-
teria also produce bacteriocins which may
inhibit other bacteria.

3. Control of consistency: The acidification con-
trols the consistency and texture of the cheese.
If the pH becomes too low, much of the calcium
is dissolved from the casein network and the
cheese will be brittle and less coherent. If the
acidification is weak, little calcium is dissolved
and the cheese mass will be rubbery. For 
semihard, sliceable cheese, the best consistency
is obtained with a fresh cheese pH at about 
pH 5.2.

4. Control of enzyme activity: pH determines the
activity of the various enzymes of the cheese dur-
ing ripening.

5. Taste: The lactic acid is important for the fresh
acid taste of young cheese.

6. Low redox potential: The lactic acid bacteria
lowers the redox potential to about �150 mV,
yielding cheese that can be kept for a long time
without the development of off-flavours owing
to oxidation of milk fat.

7. Formation of proteolytic enzymes: The lactic-
acid bacteria have proteolytic enzymes impor-
tant for the breakdown of proteins during 
ripening. Intracellular peptidases, released after
autolysis of the cells, are responsible for the for-
mation of free amino acids; starter bacteria may
also contribute to conversion of amino acids into
various flavour compounds.

8. Formation of CO2 and diacetyl: If the starter
contains citric-acid-fermenting bacteria, such
as Leuconostoc sp. and Lactococcus diacety-
lactis, the citric acid will be converted to acetic
acid, diacetyl/acetoin, and CO2.

E. THE COURSE OF THE ACIDIFICATION OF CHEESE

As described above, acidification is of fundamental impor-
tance for the quality of cheese. The velocity of the acidifi-
cation is also important. A too-rapid drop in pH may cause
the cheese to become too sour and too hard (increased
syneresis); on the other hand, slow acidification gives the
opposite effects, and there will be a risk for growth of
detrimental bacteria. Fig. 68.2, left, illustrates the rate of
acid development during the first 24 hours for a typical
semihard cheese such as Gouda/Danbo, for a blue-veined
cheese (Danablu) and for milk, all starting with inocula-
tion with 1% mesophilic starter culture at 30°C. Fig. 68.2,
right, shows the rise in pH for both types of cheese during
ripening owing to release of ammonia by the breakdown
of proteins and by degradation of lactic acid. The faster
increase in pH during ripening for Danablu compared to
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TABLE 68.5
Optimal pH Minima for Various Cheeses
Cheese pH Minimum

Emmental 5.25
Gouda/Danbo group 5.20–5.25
Tilsiter/Havarti 5.15–5.20
Mozzarella 5.15–5.25
Cheddar 4.95–5.10
Feta, Danablu 4.65–4.7
Camembert 4.60–4.70
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Gouda/Danbo is a result of very active proteolytic
enzymes from the mould and aerobic degradation of lactic
acid. In milk acidification stops at about pH 4.4 because the
bacteria are completely inhibited by lactic acid at low pH,
although there will still be surplus of nonfermented lac-
tose. In cheese the inverse situation prevails: The growth
of the bacteria and the decrease in pH end when all of the
lactose is used up, not because pH has become too low.

For the Gouda/Danbo cheese the pH levels off at
about pH 5.2, while for the blue-veined Danablu cheese
pH continues to decrease until a minimum pH at 4.7. This
difference is due to a difference in the lactose/buffering
capacity ratio. The amount of lactose determines the amount
of lactic acid formed, and the amount of buffers (i.e., pro-
tein and inorganic phosphate) determines the change in
pH for a given amount of acid. In the young blue-veined
cheese there is a higher moisture content compared to the
Gouda/Danbo cheese, hence a higher content of lactose.
At the same time, the blue-veined cheese has a lower con-
tent of buffers (protein and inorganic phosphate) than the
Gouda/Danbo cheese.

A further important factor which contributes to a higher
pH minimum in Gouda/Danbo cheese compared to the blue-
veined cheese is that for Gouda/Danbo, water is added to the
mixture of whey and cheese grain in order to dilute the
whey, thereby reducing the lactose concentration.

However, the pH minimum is not solely a function of
the ratio lactose/buffers. As long as the curd grains are dis-
persed in the whey, lactose can diffuse from the whey into
the grains in replacement of that which has been fermented
into lactic acid during stirring. (About 90% of the lactic bac-
teria are concentrated in the curd grains, hence the lactose
fermentation mainly takes place here). Consequently, the
total decrease in pH may be seen as two phases: Phase

one, the decrease of pH in the curd grains until their final
separation from the whey, and phase two, the decrease in
pH in the cheese curd after it has been finally separated
from the whey; in this phase the decrease in pH is deter-
mined solely by the lactose/buffers ratio.

An approximate calculation of pH minimum:

pH minimum � pH1 � 0.8298 � (L/B) � (pH1)
2

� 24.89 � pH1 � (L/B)2,

where pH1 is pH at moulding/start of pressing (when
cheese grains are finally separated from the whey), L is %
lactose hydrate of the pressed cheese, and B is buffering
capacity � % protein of the pressed cheese � 19 x % inor-
ganic phosphate (5). For Cheddar cheese the addition of salt
to the milled curd may, depending on the concentration of
salt, delay or stop the acidification before all lactose has
been completely fermented (5). In the model it is assumed
that all lactose is converted to lactic acid. Lactose is calcu-
lated here as hydrate; therefore, one weight unit of lactose
corresponds to one weight unit of lactic acid.

Calculation:

L �

Lm(100-A(100-Tw-h*Pw)/(100-Tm-h*Pm))
*((100-Tc-h*Pc)/100)

(100-Tm-h*Pm)-A(100-Tw-h*Pw)/100 � W 
,

where Lm is % lactose hydrate in milk, Tm and Pm are %
total solids and % protein, respectively, in milk, Tw and Pw
are % total solids and % protein in whey, and Tc and Pc are
% total solids and %protein in cheese (24 h). A is the amount
of whey (% of milk by volume) removed during stirring,
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FIGURE 68.2 The course of acidification for a Gouda/Danbo cheese, for a blue-veined cheese (Danablu) and for milk, respectively,
during the first 24 hours after inoculation with 1% mesophilic starter culture, all starting at 30°C (left). The graph to the right show
pH changes during storage and ripening. The fall in pH during the first 24 hours is caused by the fermentation of lactose into lactic
acid by the lactic acid bacteria. The rise during storage is caused by release of amino acids and ammonia by breakdown of proteins
and by degradation of lactic acid. The bottom curve applies to milk inoculated with lactococci and which is protected from infection
by yeasts and moulds during storage (1).
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W is Water (as % of milk by volume) added to the mix-
ture of whey and curd grains during stirring. h (exclusion
factor (2)) is the amount of water bound to protein in such
a way that it cannot function as solute for lactose. h can be
set to 0.3 g H2O per g protein (6).

F. NON-BACTERIAL ACIDIFICATION

In some countries it is allowed for certain types of cheeses
(eg. Quarg, Cottage Cheese and Mozzarella) to acidify the
curd by phosphoric, acetic or citric acid, or by glucono-
delta-lactone which is slowly converted to gluconic acid.

G. OTHER MICROORGANISMS

1. Propionibacteria. For Emmental cheese and
other types with large eyes, cultures of Propi-
onibacterium sp. are added in order to initiate
fermentation of lactic acid to propionic acid,
acetic acid and CO2, the latter contributing to
the formation of the large holes.

2. Moulds. For blue-veined mould cheeses, spores
of Penicillium roqueforti are added to the milk.
For white mould cheeses, spores of Penicillium
camemberti and other Penicillium species are
added to the milk or onto the surface of the
cheese.

3. Secondary flora of lactic acid bacteria. In semi-
hard cheeses the number of starter bacteria culmi-
nates at about 109 cells per gram after 1–2 days.
Thereafter these bacteria gradually die out and
autolyse. During the first month of ripening 99%
of the lactococci may die out, and simultaneously
a secondary flora of lactobacilli develops and may
grow to a number of 107–108 cells per gram (7).
These lactobacilli, mainly belonging to the group
of facultatively heterofermentative lactobacilli
(e.g., Lactobacillus casei/paracasei) develop
spontaneously in the cheese and are found only in
low numbers, e.g., 1–10 per mL or less, in pas-
teurized cheese milk; they may originate from the
flora in the cheese factory or they may be lacto-
bacilli surviving pasteurization. Pediococci have
also been found in the secondary flora. Although
the presence of a secondary flora in cheese has
been known for more than hundred years, knowl-
edge of their growth and their effects on the
cheese is still relatively scarce. There are indica-
tions that the secondary flora may have positive
effects on the quality of cheese, for example, by
inhibition of detrimental bacteria such as hetero-
fermentative lactobacilli (8) and Clostridium
tyrobutyricum (9) and by the consumption of oxy-
gen diffusing into the cheese (10).

H. RENNET

The primary effect of rennet is coagulation of the milk.
Later, rennet enzymes play an important role in the
hydrolysis of proteins during ripening. The coagulating
activity of calf rennet, or standard rennet, is due to the
enzyme chymosin. Traditionally rennet is made from the
fourth stomach of calves, abomasum, which is sliced and
extracted in a weak-acid/salt solution. The extract is fil-
tered and the pH adjusted to 5.5. Finally, 15–20% salt and
benzoic acid is added. Milk-coagulating enzymes can also
be extracted from stomachs of oxen or from other animals,
by the fermentation of certain moulds, or by microorgan-
isms into which the gene for chymosin has been cloned.

1. The Enzymatic Coagulation Process

The coagulation takes place in two phases. First a negatively
charged part of the κ-casein (1/3 of the κ-casein molecule)
is split off by hydrolysis (catalysed by the rennet enzyme)
of one peptide bond (no. 105, phenylalanin/no. 106,
methionin) in κ-casein. The casein micelles thereby lose a
part of the negative charge which otherwise prevents the
micelles from coagulating. The casein (paracasein) is now
insoluble in the presence of Ca2�. In the second phase of
renneting the paracasein micelles aggregate by hydropho-
bic attraction between hydrophobic amino acid residues in
the caseins. With 30 mL standard rennet per 100 L and at
30°C, the first phase takes about 10 minutes and the sec-
ond phase about 1 minute. It then takes about 20 minutes
before the coagulum is sufficiently firm for cutting.

I. ADDITION OF CALCIUM CHLORIDE

Addition of CaCl2, 5 to 20 g per 100 L, can increase the
rate of renneting partly because the addition of CaCl2 

produces a slight reduction in pH.

V. PRODUCTION OF CHEESE CURD

After the milk has formed a firm coagulum, the next steps
(cutting, stirring and heating/scalding) have the purpose of
controlling the syneresis of the curd in order to achieve the
appropriate level of moisture.

A. CUTTING

The coagulum is cut in grains by means of knives or fine
steel wires. The size of the grains influences the syneresis —
the finer the cut, the lower the moisture content in the cheese.
For soft cheese the grain size is 15 mm or larger, for semi-
hard cheese 5 to 10 mm, and for hard cheese 2 to 5 mm.

B. STIRRING

After cutting, whey begins to be squeezed out of the grains
and the syneresis begins. The mix of whey and grains is
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then stirred, at first gently, in order to enhance syneresis.
The stirring is continued until the grains have reached the
desired firmness. The stirring may take from one to two
hours. The main factors for the syneresis are: fat content of
milk, size of the grains, pH and temperature during stirring.
Lower fat, smaller grains, lower pH and higher tempera-
ture increase syneresis.

C. HEATING/SCALDING

Heating during stirring is usually not applied for soft and
semi-soft cheeses; however, for semi-hard cheese heating to
34 to 38°C is typical, for hard/semi-hard cheeses to 37 to
40°C and for hard cheeses 50 to 56°C (scalding). The heat-
ing/scalding can be done by heating the mixture of whey
and grains by steam in the jacket of the cheese vat or by the
addition of hot water to the whey. Addition of water reduces
the lactose content of the curd and, consequently, the
amount of lactic produced in the pressed cheese. Another
effect of heating/scalding is that the lactic-acid bacteria,
and their acid production under stirring, will be inhibited
because the temperatures applied are above their optimum.

If a higher heating temperature for Gouda/Danbo
cheese is used, the starter bacteria will grow more slowly
in the cheese grains, and the pH at the end of
stirring/moulding will consequently be higher. Although
higher pH during stirring will in itself reduce syneresis, the
higher heating temperature will increase syneresis.
Experience shows that the net result will be lower mois-
ture content in the cheese. A higher heating temperature
will also cause a higher pH minimum of the cheese,
because the cheese grains will have a higher pH at the end
of stirring/at moulding and because the pressed cheese has
a lower moisture content, and consequently, a lower con-
tent of lactose. In summary: Higher heating temperatures
for a semihard cheese such as Gouda/Danbo type will
result in a more firm, less acid cheese.

D. FINAL TREATMENT OF THE CHEESE CURD

When the cheese grains have reached the desired firmness
they must be separated from the whey. The curd can then
be put directly in moulds or it can be given further treat-
ment before final moulding.

On the whole, a few different moulding methods are
used for the many varieties of cheese:

● Curd grains are pressed under whey before mould-
ing (round-eyed cheeses).

● Curd grains are pressed under whey before
moulding and boiled in whey (Halloumi cheese).

● Grains are separated from the whey before
moulding (granular cheeses, soft cheeses).

● Grains are separated from the whey and the curd
is left a few hours for continued acidification
(cheddaring) and then milled, salted and moulded

(Cheddar, Stilton) or milled and then warmed and
kneaded before moulding (e.g. Mozzarella).

● After being concentrated by ultrafiltration and
added rennet etc., the cheese is cast directly in
moulds or in the package (e.g., UF-Feta).

● Sour-milk cheese: After acidification of the
milk to about pH 4.6 the whey is separated
from the precipitated curd, which can then be
packed for consumption (Tvorog, Quarg, Skyr)
or formed into small cheeses and ripened
(Olmützer quargeln, Harzer käse, Pult ost).

● Grains of acid precipitated coagulum, gently
cut and stirred and heated, are separated from
the whey and the loose grains are packed for
sale (Cottage cheese).

The following describes more in detail some of the
above-listed principles for handling the curd.

1. Round-eyed cheeses: The curd grains are col-
lected under whey, avoiding mixing with air,
lightly pressed and cut in pieces, one for each
cheese, placed in moulds, and finally pressed
for 1 to 2 h or more. The moulds are equipped
with clothes or perforated for drainage of whey
and for formation of a closed rind on the cheese.
This method results in a closed texture with
only microscopic bubbles of air. The closed
texture is an important factor for obtaining the
desired structure of round-eyed cheeses. The
starter cultures used for semi-hard round eyed
cheeses, e.g., Gouda/Danbo, contain bacteria
which in 1 to 2 weeks can ferment the citric
acid, thereby producing CO2.

Initially CO2 is dissolved in the cheese but
eventually the combined pressure of CO2, and
that of the N2 dissolved in the cheese begins to
expand the largest of the microscopic air bub-
bles. If the velocity of the formation of CO2 is
suitable, the gas will expand only a few of the
largest air bubbles because of the physical law

Pressure in a bubble � ,

which states that less gas pressure is required
for enlarging a large hole than a small one (11).
The same applies for large-eyed cheeses, e.g.,
Emmental and Jarlsberg, where the eyes are
expanded by CO2 produced by propionic-acid
bacteria by fermentation of lactic acid.

2. Halloumi cheese. After stirring, the grains are
pressed under whey, then cut in 300-gram pieces,
put into boiling whey and kept at about 90°C

surface tension
���
radius of the bubble
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for 30 minutes. After cooling, the Halloumi
cheese is stored in brine.

3. Granular cheeses, soft cheeses. The whey is
drained from the curd grains, which are then
scooped into moulds. If the grains are relatively
firm, as in semi-hard cheeses, e.g., Tilsiter, air
will be mixed in between the grains, which then
cannot fuse completely; therefore a large num-
ber of tiny air pockets will be incorporated, giv-
ing a granular texture. When CO2 is formed
during ripening, the gas enlarges the air pockets,
producing irregularly shaped holes.

In blue-veined cheeses, e.g., Roquefort and
Danablu, the air pockets, enlarged by CO2 from
bacteria and yeasts, make up the spaces in which
Penicilium roqueforti can grow provided atmos-
pheric oxygen is given access via openings in
the cheese. If the curd grains are large and soft
when put in moulds, as for Camembert and Brie,
the texture of the cheese can be without mechan-
ical openings between the grains. Production of
CO2 may produce holes, but most of the CO2 will
diffuse out of small-sized cheeses. Soft cheeses
are usually pressed only by their own weight.

4. Cheddar and “Pasta filata” cheese — Provolone,
Mozzarella and Kashkaval. The curd grains are
separated from the whey and the curd is left for
a few hours for continued acidification (ched-
daring) until a pH value about 5.1 to 5.3. Then
the curd is milled into chips.

For Cheddar, salt is added (2–2½%). Some of
the whey, which dissolves about 25% of the
added salt, is squeezed out from the chips,
while the remaining 75% of the salt is absorbed
in the cheese. Finally the curd is hooped,
pressed, wrapped in plastic film and packed in
cartons and placed in storage for ripening.

In the production of Provolone, Mozzarella
and Kashkaval, the chips of milled, acidified
curd are conveyed or shovelled into a container
filled with hot water or brine at 75 to 85°C and
the curd is kneaded until it is smooth and elastic.
The curd then is formed in moulds and cooled.

VI. SALTING OF CHEESE

Salt is important for conservation of cheese and for a bal-
anced, pleasant taste and for consistency. For many cheeses
salting also plays a role in reduction of the moisture con-
tent. For most semi-hard and semisoft cheeses, 1.5 to 2%
NaCl is suitable. For Emmental and other large-eyed
cheeses the salt content is lower, 0.8 to 1.4% , in order to
facilitate the growth of propionic-acid bacteria. For blue-
veined cheese, 3 to 3.5% NaCl is suitable.

The salting can be achieved either by adding salt to
the curd before moulding, or by diffusion of salt into the
cheese after moulding, by immersion in brine or by dry salt-
ing. The lactic-acid bacteria are sensitive to salt and will
be severely inhibited if the cheese is salted before acidifi-
cation has finished.

A. SALTING BEFORE MOULDING

For Cheddar cheese and Stilton, the curd is allowed to con-
tinue acidification until about pH 5.2 during the cheddar-
ing process. Then the curd is milled, salted and moulded.

B. SALTING AFTER MOULDING

For most other cheeses made without a cheddaring process,
the curd is put in moulds and pressed shortly after the end
of stirring. At that point the pH typically will be about 6.2
to 6.4, and, if more than a small amount of salt is added,
the growth of starter bacteria and the acidification will be
severely inhibited; the formed cheese therefore has to be
salted by absorption of salt from dry salt or from brine.

1. Dry Salting

For dry salting the surface of the cheese is rubbed with dry
salt or a salt paste.

2. Brine Salting

For salting in brine, cheeses are immersed in brine (20 to
22% NaCl) at 10 to 15°C. Salt is taken up by the cheese
while at the same time some moisture is forced out. The loss
of moisture, which is higher than the uptake of salt, gives
the cheese a firm rind. The uptake of salt and loss of mois-
ture depends on the geometrical dimensions of the cheese,
its moisture content, and its fat content and on the con-
centration of the brine.

Some examples for salting duration in brine with 20
to 22% salt:

● Grana cheese, high cylinder, 45 kg, 1.7% NaCl:
3 weeks.

● Emmental cheese, flat cylinder, 100 kg, 0.8 to
1% salt: 3 days.

● Semi hard cheeses (Gouda/Danbo etc.), 2 to
12 kg, 1.6 to 2.2% NaCl: 1 to 3 days.

● Soft cheeses (Camembert, Brie etc.), 0.1 to
1 kg, 1.5 to 2.5% NaCl: 0.5 to 3 hours.

The uniform diffusion of the absorbed salt throughout
the cheese may take up to several week depending on the
weight, moisture content and dimensions of the cheese.

VII. RIPENING OF CHEESE

Although cheeses like cottage cheese and Quarg are con-
sumed fresh, most cheeses require a ripening period (from
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a few weeks up to several years) for development of char-
acteristic flavour, consistency and appearance. The changes
during ripening are brought about by enzymes and microor-
ganisms. The effects of the enzymes and the microorgan-
isms depend on pH and temperature, on the content of
moisture and salt and the surface treatment.

Examples of regimens for storage for ripening:

● Emmental: 2 weeks at 12°C; 3 to 6 weeks at 20
to 24°C; then at 8 to 10°C.

● Cheddar: 4 to 12 months at 6 to 10°C.
● Semihard cheeses, Gouda/Danbo, etc.: 2 to 4

weeks at 12 to 18°C; then at 6 to 10°C.
● Blue-veined cheese: 3 to 5 weeks at 8 to 12°C;

1 to 3 months at 2 to 6°C.
● White mould cheese: 1 to 2 weeks at 12 to 15°C;

1 to 2 weeks at 6 to 10°C; 2 to 6 weeks at 2 to 5°C.

A. FERMENTATION OF LACTOSE AND CITRIC ACID

The fermentation of lactose to lactic acid by lactic-acid
bacteria and the fermentation of citrate by citrate using
bacteria in DL-starters are described in the sections above.
In cheeses such as Emmental and other large-eyed cheeses
lactic acid is further fermented by propionic acid bacteria
to propionic acid, acetic acid and CO2.

B. PROTEOLYSIS

The caseins are gradually hydrolysed by rennet proteinase
enzymes and by plasmin, an indigenous milk protease,
which yields a number of large polypeptides, but which do
not influence the flavour of the cheese (some hydrophobic
peptides may be astringent or may have a bitter taste,
however). These first steps of the proteolysis are impor-
tant for changing the structure of semi-hard cheeses from
a rubber-like to a sliceable consistency.

Some of the peptide bonds in the polypeptides can be
further hydrolyzed by enzymes from the lactic-acid bacte-
ria to yield smaller peptides and free amino acids, contribut-
ing to the basic taste of cheese. Amino acids may be further
converted to smaller molecules — ammonia, organic acids,
amines, esters, low molecular sulphur compounds, etc.,
contributing to the aroma of ripened cheese.

1. Extent and Depth of Proteolysis

The speed of the breakdown of proteins and the amounts
of resulting compounds produced during ripening are very
different for the various kinds of cheese and depend on a
range of factors: Type and amount of rennet, type of starter
bacteria, level of moisture, pH of the cheese, salt percentage
and storage temperature.

The progression of proteolysis can be monitored by
electrophoresis, by HPLC and by separation of the casein
and its breakdown products into groups according to their

solubility. In the classical ripening analysis the extent of pro-
teolysis is defined as the amount of total nitrogen which is
soluble at pH 4.4 (12). The depth of the ripening is defined
as the amount of the nitrogen present as amino acids and low
molecular nitrogen compounds. The amount of free amino
acids can be estimated by nitrogen determination in the fil-
trate after precipitation with phosphotungstic acid (13) or by
a titration with formaldehyde (14) or by other methods (15).

Fig. 68.3 shows curves for soluble nitrogen produc-
tion during ripening for blue-veined Danablu cheese, for
semi-hard Danbo cheese with moderate smear ripening,
for Cheddar cheese and for Feta cheese. For the Danbo
curves are also given for amino nitrogen (determined by
phospho-tungstic acid or by formol titration) and for NH3

nitrogen. (Based on data from (5) and (16)).

2. Surface-Ripening

Aerobic microorganisms may develop on the surface of
cheese. If the surface is moist, bacteria and yeasts may
form a red-brownish smear, in which protein and fat is
catabolized, producing fatty acids, amino-acid breakdown
products such as ammonia, and various low molecular
sulphur compounds; these compounds diffuse into the
cheese and impart a spicy flavour to the cheese, the inten-
sity of which depends on the growth of the surface flora,
the dimensions of the cheese, its moisture content, and the
temperature and duration of surface ripening.

3. Feta and Similar Cheeses

Feta and similar cheeses are acidified to a low pH, about
4.4 to 4.6, and kept in brine. The enzymes of rennet retain
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some activity; the peptidases of the lactic-acid bacteria,
however, are practically inactive at this low pH. Hence
proteolysis in Feta is rather limited, and the amounts of
free amino acids and ammonia produced are low and there
is no increase in pH during ripening.

4. White Mould Cheeses

Like Feta, fresh white mould cheeses are low in pH, about
4.5 to 4.7. The ripening of a Camembert cheese is depend-
ent on the growth of white mould on its surface, which
consumes lactic acid and produces ammonia from pro-
teins. The pH of the rind soon rises to pH �7, and a pH
gradient is created from the surface to the center (17). The
pH increases gradually throughout the cheese, thereby
activating peptidases of the lactic acid bacteria and releas-
ing amino acids from the peptides. The ammonia and
other metabolic products from the mould diffuse into the
cheese and contribute significantly to the flavour.

5. Blue-Veined Mould Cheeses

The pH of fresh blue-veined cheeses is rather low, about
4.6 to 4.8, so a complete ripening process is dependent on
the growth of mould, analogous to that described above
for white-mould cheeses. Penicillium roqueforti is able to
grow at rather low oxygen tension, hence it can develop in
openings and caves inside the cheese, if there is oxygen
access via perforations of the cheese. The moulds in blue-
veined cheeses produce highly active protein- (and fat-)
degrading enzymes.

C. LIPOLYSIS

By lipase enzymes the triglycerides of milk fat can be
hydrolysed into free fatty acids and glycerol. The short-
chain fatty acids have a sharp, pungent flavour, which
although undesirable in milk and butter, may contribute to
a balanced flavour in some ripened cheese because of these
fatty acids and other metabolites, such as metyl ketones
and esters. In some cheeses, lactones, produced from
hydroxy acids of the fat, may also contribute to flavour.

1. Lipolytic Activity in Cheese

a. Milk lipase. The indigeneous lipase of milk can
produce a significant lipolysis in cheese made
from raw milk (Table 68.6). Pasteurization of
the milk at 72°C for 15 seconds inactivates
about 95% of the milk lipase.

b. Rennet and starter bacteria. Standard rennet do
not contain lipase and the starter cultures of lac-
tic acid bacteria do not produce enzymes which
can liberate fatty acids from milk triglycerides.

Consequently there will be only slight lipolytic acitiv-
ity in cheese made of good quality pasteurized milk.

c. Added enzyme preparations. Traditional rennet
paste, made by macerating the stomachs and
pregastric regions of lambs or kid goats, con-
tains pregastric lipases with high specificity for
the liberation of short-chain fatty acids, which
in cheese can contribute to a piquant flavour, e.g.,
Provolone and Feta (18).

d. Lipases from psychrotrophic bacteria. In raw
milk psychrotrophic, Gram negative bacteria may
produce lipases (and proteases). These bacteria
are killed by pasteurization, but their enzy-
mes may persist (19). If the milk is high in psy-
chrotrophic bacteria before pasteurization, ther-
moresistant bacterial lipases can split fat during
ripening. Concomitantly an unclean flavour
may develop, owing to thermoduric protein
degrading enzymes from the psychrotrophic
bacteria.

e. Lipases from surface microflora. Bacteria and
yeasts in the smear on surface-ripened cheeses
can hydrolyse fat on the surface and the liber-
ated fatty acids can diffuse into the cheese (20)
and contribute to the flavour, in combination
with ammonia and other low molecular com-
pounds from degraded proteins of the surface
smear.

f. Mould lipases. The moulds of blue-veined 
and white-mould cheeses produce very active
lipases. However, in Camembert, for example,
the contribution of free fatty acids to the flavour
is reduced because of the dissociation of the
acids at the high final pH.
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TABLE 68.6
Examples of Typical Acid Degree Values for Cheese 
Fat (16)

Acid Degree*
Cheese (BDI)

Non hydrolyzed milk fat 0.5–0.8
Flavour threshold value for milk 1.2
Semi hard cheese from raw milk, ripened 6 months 3–5
Semi hard cheese, made of pasteurized milk of good 1–2

quality, ripened 6 months
Semi hard cheese, made of pasteurized milk with 3–5

500,000 of psychrotrophic bacteria per mL before 
pasteurization, ripened 6 months

Blue-veined cheese (Mycella) made of raw milk, 10–20
ripened 3 months

Blue-veined cheese (Danablu) made of raw 30–50
homogenized milk, ripened 3 months

* mL 1 N alkali per 100 g fat
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2. The Influence of Homogenization on Lipolysis

Homogenization increases the effect of lipase dramati-
cally. If raw milk is homogenized, e.g., for blue-veined
cheese, then significant lipolysis, catalyzed by the milk
lipase, will occur quickly in the cheese vat. The combined
effect of milk lipase and the mould lipases during ripen-
ing is also increased by homogenization of the milk (21).

3. Extent of Lipolysis

The hydrolysis of fat can be measured by titration of fat
extracted from the cheese, e.g., by boiling with BDI-reagent
after adjustment of pH to 4 (21). This method recovers
about 70% of the free fatty acid. Table 68.6 give some
examples for acid degree of fat from various cheeses.

D. FINISHING THE CHEESE

Hard and semi-hard cheeses after a stable rind has been
formed are often given a layer of cheese wax in order to pre-
vent further loss of moisture. For semi-hard cheeses with
surface ripening, the smear should be removed after 2 to 3
weeks, and the cheese dried carefully, before waxing can be
applied. Mould cheeses, soft cheeses and formed, ripened
sour-milk cheeses usually are packed in aluminium foil.
Feta-type cheeses and Halloumi, kept in brine in contain-
ers, are sold directly from the container or packed in plas-
tic bags with brine.
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I. INTRODUCTION

The general public is often confused between baking pow-
der, incorrectly called “chemical yeast,” and baker’s yeast,
which is biological in origin. The availability of active
dried yeast, a staple product, only adds to the confusion.
The packaging is similar and contains a powder, whilst the
baker retails or sells small 42-gram cubes of a semi-moist
product, with a plastic appearance.

The craft baker, however, knows that the bread he
makes will not be as light, or have the same texture and
organoleptic properties as the first product. Bread is a
symbolic food about which there is universal agreement,
despite the different ways it is made, because a special
production method is used: fermentation.

Fermentation is a 5,000-year-old process which was
based on the renewal of a previously risen dough: the starter
dough (levain). Since earliest antiquity, the manufacture
of bread and beer went hand in hand. In the palaces of
ancient Egypt, leavens were activated by collecting the
foam which rose to the surface of mash tubs. Pliny the
Elder, a 1st century Roman naturalist, writes that the bread
made in Gaul and on the Iberian peninsula owed its incom-
parable lightness to the addition of this foam. This method,
which was taken up again in the 17th century to make a
soft bread and was much talked about, was subsequently
widely used (1). When brewers in the 16th century opted
for low-fermentation yeast, instead of high-fermentation
yeast, it was not at all suitable for bread manufacture.
Distiller’s yeast filled the gap. It soon opened the door in
Europe to a fledgling industry, which expanded, particu-
larly in Austria in 1846 with the Mautner process, then in
England in 1886, with continuous aeration of a culture
medium. This was the beginning of the biotechnology era,
although people were unaware of this at the time. In fact,
it was only in the years between 1857 and 1863 that Louis
Pasteur demonstrated the role of yeast as the microorgan-
ism responsible for fermentation. The yeast industry made
a crucial advance between 1910 and 1920 when Sak, a
Dane, and Hayduck from Germany developed the contin-
uous sugar-feed process in the presence of oxygen, known
as “Zulaufverfahren” or feed-batch process (2).

Worldwide production of baker’s yeast was about 2.8
million tonnes a year in 2003. This is the largest quantity
of microorganisms produced, thanks to the enormous tech-
nical and scientific progress this industry has been able to
exploit and develop. As a result of the innovative processes
it uses, the yeast industry has also supplied all the fer-
mentation industries, which are a feature of biotechnology
today: production of enzymes, amino acids, vitamins, and
substances with a therapeutic use: hormones, antibiotics,
vaccines, and more.

II. YEAST: A LIVING ORGANISM MADE
UP OF A SINGLE CELL

A. BIOLOGY

1. Its Place in the Living World

The yeasts found in the flora of cereals belong to different
genuses: Pichia, Candida, Saccharomyces. The latter is the
most common comprising the species cerevisiae (80%),
exiguus, minor, uvarum, ellipsoïdus, turbidans (3).

Although the Saccharomyces genus is generally used
in brewing, wine-making and baking, the cerevisiae species
does not give the best results in each of these applications.
This is why S. carlsbergensis (which became S. uvarum)
is used in the first instance and S. bayanus in the second.
Within the cerevisiae species, some varieties have been
improved by genetics, giving rise to new strains which are
better suited to their specific applications. Although
Saccharomyces cerevisiae is used throughout the world 
in bread-making, there are other groups of yeasts which
have very specialized applications in baking (Table 69.1)
(4, 5, 6).

Saccharomyces cerevisiae is undoubtedly the most
cultivated yeast. All research and development work focuses
on it because it has the cell characteristics of higher organ-
isms, simple nutritional requirements, and a beneficial
multiplication rate, although it does not multiply quite as
fast as bacteria. From an economic point of view, its suit-
ability for industrial production and its wide range of
applications make it unique. Strains are generally stable,
can be improved, and pose no risk in terms of food safety.
Some of the different genuses and species of yeast listed
above for special applications cause production problems,
such as flocculation or very low yields.

Yeasts as a whole are microorganisms which have a
high nutritional value and are completely harmless.
However, a few of them are pathogenic. This applies to
some species belonging to the Candida genus. Yeast 
producers are very cautious about using some genuses
whose taxonomy is uncertain. They can be classified more 
accurately using very delicate genetic techniques when
morphological or biochemical characteristics are not 
sufficient.
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TABLE 69.1
Yeasts for Different Baking Applications
Applications Genus Species

Multipurpose Saccharomyces Cerevisiae
High sugar doughs Saccharomyces Rosei

Saccharomyces Rouxii
Flavor enhancement Saccharomyces Delbrukii

Candida Lusitaniae
Sourdough starters Saccharomyces Exiguus

Torulopsis Holmii
Candida Milleri

Source: G. W. Sanderson (1985).
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2. The Cell: Organized in a Similar Way to
Higher Life Forms

A baker’s yeast preparation, through the electron scanning
microscope, reveals a multitude of distinctive cells 
(Fig. 69.1), ovoid in shape. Some of them have buds or
scars which they have left. They vary in size from 6 to 8
micrometers. One cm3 of compressed yeast with a 30%
dry matter content contains about 10 billion cells!

Transmission electron microscopy reveals the following
ultrastructure (Fig. 69.2), from the outside toward the inside:

● The cell wall: composed of glucans and man-
nans bound to proteins, it provides physical
external protection. It is completely permeable
to water, minerals and small organic molecules.

● The cytoplasmic membrane: made up of glycol-
ipids and glycoproteins, it controls the exchanges
between the intracellular and extracellular media.
It is characterized by a selective permeability, i.e.
it allows water and some solutions to circulate,
whilst retaining the large molecules.

● The cytoplasm: a colloidal substance in which
a multitude of biochemical reactions take place
and which contains organelles in suspension:
– The nucleus, which contains the chromosomes

(carriers of genetic information) which
transmit hereditary characters and control
the synthesis of proteins.

– The ribosomes, sites of protein synthesis.
– The endoplasmic reticulum and Golgi bod-

ies, a network of membranes involved in the
secretion of proteins.

– The mitochondria, energy-producing bodies
in the cell in the presence of oxygen.

– The vacuoles, places where different storage
substances are found.

B. BIOCHEMICAL COMPOSITION

The composition of yeast depends on its type and the con-
ditions in which it is stored. Table 69.2 gives average
indicative values for samples of fresh European yeast.

● The proteins contribute to a considerable
degree of potential metabolic activity as they
are made up of a high proportion of enzymes.
The protein content is therefore directly related
to fermenting power and the ability to produce
biomass (Cf. § III.C. et IV.B.).
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● The carbohydrates are mainly:
– glucans and mannans, wall constituents;
– glycogen, a storage macromolecule usually

found in animal cells, which is used when
there is a long-term deficiency of nutrients;

– trehalose, a disaccharide which is called up
preferentially when there is a short-term
deficiency. The storage of this sugar is very
important whenever the yeast cell has to
undergo stress, such as drying, high osmotic
pressure or freezing.

● The lipids, particularly lipoproteins and phos-
pholipids, are involved in the make-up of the
cytoplasmic membrane and in maintaining its
properties in the various processes used for 
drying active dried yeast.

● The minerals, including phosphorus which is
essential as it is involved in the formation of
nucleic acids, molecules with a high energy
potential (ATP) and membrane phospholipids.

Due to its high number of proteins with the presence of all
the essential amino acids in addition to phospholipids,
minerals and vitamins, deactivated yeast is regarded as a
top quality food supplement.

III. BEHAVIOR OF YEAST DURING BREAD
FERMENTATION

A. THE ROLES oF YEAST IN BREAD-MAKING

1. Dough Rising

This is the most obvious phenomenon for anyone who is
unfamiliar with bread manufacture. Air is incorporated
into dough during mixing and the yeast is able to establish
respiratory-type metabolism. A few minutes after mixing,

all the oxygen which has been introduced is used up by the
yeast. Due to the anaerobic conditions, yeast metabolism is
geared towards fermentation. The carbon dioxide pro-
duced firstly dissolves in the free water in the dough.
When it reaches a saturation point, it accumulates in
gaseous form, exerting internal pressure on the imperme-
able gluten network. This network, which is elastic and
extensible, enables the dough to rise, whilst the external
structure is maintained. Contrary to what is generally
thought, the pores in the crumb of bread have nothing to do
with the distribution of yeast cells but correspond to the
dilatation of the CO2 they produce. This diffuses into the
air bubbles which are incorporated and dispersed in the
dough during mixing and various mechanical operations.

2. Acidification

The formation of carbon dioxide and organic acids results in
a lowering of pH and an increase in the total titratable acid-
ity (TTA) of the dough during fermentation, in spite of the
high buffering capacity of proteins in the flour. This acidifi-
cation confirms that bread fermentation is working properly.
It is often measured (pH and TTA) in routine checks in
industrial bakeries using prefermentation processes as water
brew, stiff or liquid sponge. (Cf. § II.D.4.).

3. Flavor Production

The alcohol formed, the lowering of pH, and the release of
metabolites from secondary fermentation are directly
involved in, or act as precursors to, the development of
bread taste and flavor (7, 8, 9). Long fermentation times,
slightly low dough temperatures and sensible quantities of
yeast result in a bread with excellent organoleptic proper-
ties. This assumes, of course, that the dough has not been
subjected to excessive oxidation which is the result of
high-speed mixing and the presence of bean or soya flour.
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TABLE 69.2
Average Composition of European Yeasts
Dry Matter * (DM) 30.0 to 33.0 (%) (%)

Nitrogen/DM 6.5 to 9.30
Proteins/DM (nitrogen x 6.25) 40.6 to 58.0 of which Glutathione 0.5 to 1.5
Carbohydrates/DM 35.0 to 45.0 of which Glycogen 5 to 10

Trehalose 8 to 20
Cell lipids/DM 4.0 to 6.0 of which Phospholipids 1 to 2
Minerals/DM 5.0 to 7.5 of which Potassium 0.8 to 2.0

Sodium 0.01 to 0.2
Calcium 0.02 to 0.15
Magnesium 0.04 to 0.18
Phosphorus 0.8 to 1.3
(P2O5) 2.0 to 3.0

Vitamins of which Thiamin (B1) 0.002 to 0.015
Riboflavin (B2) 0.002 to 0.008
Pyridoxine (B6) 0.002 to 0.006
Niacin (PP) 0.010 to 0.050
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Particular genuses and species of yeast have metabo-
lisms which result in bread products with very character-
istic flavors (Cf. § 1.A.1.).

4. Change in Dough Rheology

Apart from the physical changes dough undergoes during
the various operations of mixing, dividing, rolling or mould-
ing, its viscoelastic properties are transformed throughout
the fermentation process. This is a very familiar phenome-
non to the craft baker, for whom the effects of bread fer-
mentation do not simply mean the inflation of dough (10).
The dough strengthening to which bakers refer, and which is
occurring during bulk fermentation, is a perfect illustration
of this. It involves a reduction in gluten extensibility com-
bined with an increase in its elastic resistance (Fig. 69.3).

The causes are known but it is difficult to find a sci-
entific explanation for the mechanisms because of the
complexity of the dough system. It involves:

● Firstly, a purely mechanical effect which is the
result of gluten development, namely, its exten-
sion and organization into a three-dimensional
network under gaseous pressure;

● Secondly, the formation of physicochemical
bonds, strengthening the cohesion of the gluten
network. The lowering of pH, reactions with
the different metabolites produced by second-
ary fermentation and variations in surface ten-
sion between the different dough phases seem
to play a part in these phenomena. According to
K. Hoseney, the phenomenon is essentially
oxidative, involving the production of oxygen
peroxide by the yeast (11).

Understanding the notion of dough strength is complicated
by certain factors which can cause confusion, particularly
in long fermentation processes. After a long first 

fermentation, or the fermentation of a sponge, the dough
softens, which seems to go against this idea of strength. This
effect, which is real, is heightened by the undermixing
inherent in this type of dough. In fact, it is linked to the grad-
ual hydration of gluten and to the action of enzymes in the
flour: the amylolytic activity, which contributes to the
release of water previously fixed by the starch, a slight pro-
teolysis affecting the gluten; and possibly the reducing effect
of the glutathione excreted by some types of dried yeast.

These changes in no way preclude the strengthening
of dough elasticity that takes place in the gluten and is
evident during the moulding operations. Too much
strength will affect the external and internal characteris-
tics of the finished product, so the baker’s skill lies in
knowing how to control fermentation processes to fit the
characteristics of the flours and the type of mixing used.
This skill is somewhat restricted by high-speed mixing
methods and the use of dough conditioners. The fact
remains that in reality the technology is complex, making
it difficult for bakers and technicians or engineers in the
world of industry or applied research to communicate.
The only way forward is for the latter to “get their hands
dirty” if they wish to establish a fruitful dialogue based on
mutual trust.

B. USE OF FERMENTABLE SUBSTRATES: THE

ENZYMES INVOLVED

● Monosaccharides, simple sugars with six car-
bon atoms (such as glucose, fructose and galac-
tose), are preferentially used by S. cerevisiae.
Nevertheless, the assimilation of galactose
depends on the concentration of glucose, with
the latter exerting catabolic repression. It is
generally acknowledged that glucose and fruc-
tose can penetrate the cell by facilitated diffu-
sion, involving phosphorylation.

● Disaccharides can be assimilated after enzy-
matic hydrolyses.
– The sucrose already present in flour or

added to the ingredients is converted to glu-
cose and fructose by invertase in the yeast.
This reaction takes place in the periplasmic
space between the wall and the cytoplasmic
membrane. The two hexoses then diffuse
into the cytoplasm, where they are metabo-
lized. Invertase acts very quickly, practically
doubling the osmotic pressure in the region
next to the cell.

– Maltose, which mainly comes from the con-
version of starch by action of the α- and β-
amylases in flour, is split into two glucose
molecules by maltase, an enzyme in yeast
cells. However, the maltose must have 
previously been carried inside the cell by 
maltopermease.
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Not all strains of yeast have the same ability to ferment
maltose. Strains used in the U.S. and in Japan have 
adaptive maltopermease and maltase. The synthesis of
these enzymes is catabolically repressed by glucose 
and induced by maltose. So the cell can only produce 
the two enzymes which enable it to use the maltose 
present in the medium after the glucose has been
exhausted (13, 14).

In Europe, most industrial baker’s yeasts have 
constituent maltopermease and maltase. These strains
were developed in Great Britain in the early 1960s for 
the Chorleywood Bread Process. They were then used 
on the continent, where high-speed mixing was catching
on. These types of strains were able to rapidly adapt to
maltose in bread-making processes with no added 
sugar, since mechanical dough development replaced 
first fermentation in straight doughs, or sponge in 
sponge-and-dough processes. The risk of exhausting 
the fermentable sugars in the dough was thus eliminated
by systematically supplementing flours with malt or 
α-amylases.

● There are also small quantities of tri- and poly-
saccharides which are fermentable to varying
degrees.

C. FERMENTATIVE PROFILES

This ability to ferment maltose is easily demonstrated by the
rheofermentometer, a device for recording the variations in a
yeast’s rate of fermentation as a function of time (for exam-
ple, CO2 released per min). The dough used must have no
sugar added to the flour (so-called “normal” dough).

Depending on the quantity of yeast, its fermentative
capacity, and the fermentation temperature, a “depression of
adaptation to maltose” varying in size can be seen on the
curve. This depression in fermentation speed is linked to the
exhaustion of directly fermentable sugars already present. If
the yeast contains constituent maltase and maltopermease,
the depression is much less pronounced or non-existent,
depending on the above-mentioned conditions.

If there is added sugar (sucrose, glucose/fructose
syrup), the depression disappears as yeast preferentially
uses these substrates (Figs. 69.4 and 69.5).
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D. INFLUENCE OF VARIOUS FACTORS ON

FERMENTATIVE ACTIVITY

For a strain with a given biochemical composition, the
conditions of the medium affect the rate of fermentation
of yeast. The effects must be taken into account in baking,
not only for the sake of productivity and economics but also
for technological reasons. For example, there are the prob-
lems with varying dough density when it is passed through
a volumetric divider, or variations in dough strengthening
between the start and end of moulding (the larger the dough
mass being divided, the greater the difficulty).

Although numerous factors have a bearing on the fer-
mentative activity of yeast, we should remember that the
baker judges this activity by the rising of the dough. This
is the result of the force exerted by the increase in internal
pressure (impermeability plus CO2 production) and the
resistance of the dough to deformation. Extensibility, elas-
tic resistance, permeability, viscosity of dough (cold or
warm, soft or firm) are among the many parameters which

affect the rate of dough rising, regardless of the activity of
the yeast itself. This is clearly demonstrated by observing
a dough piece as it rises in a mould, in a fermentation
chamber at 43°C and 85% relative humidity. The dough
“moves” slowly at first but its volume grows more and
more quickly. Over a final fermentation period of one
hour, the last five minutes are crucial as, in that time, there
is a spectacular increase in the height of dough in the
mould. This is related, amongst other things, to a reduc-
tion in internal pressure as the dough swells, as can be
seen on the alveograph curve.

1. Effect of Temperature

Enzymes activity in the yeast depends on the temperature
of the medium. Within the range of 20 to 40°C, an increase
in dough temperature of 1°C results in an increase in fer-
mentation speed of 8 to 12% according to the type of
yeast (Fig. 69.6). In production conditions, therefore, it is
vital to check and control dough temperatures very 
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accurately at the end of mixing, and particularly in the lab-
oratory when comparative studies are being carried out.

This explains the variations of dough and fermenta-
tion temperatures required for various applications.
Cooler doughs are needed for baguette production (22 to
24°C) in order to restrict dough strength, an excess of
which would hinder moulding, and to encourage certain
flavors to develop. When working with raw frozen
doughs, temperatures of between 18 and 20°C restrict the
start-up of yeast activity. At 4°C fermentation is held up.
Whilst final fermentation temperatures of 30 to 35°C are
used for tinned sandwich bread in France, the general
average in the U.S. is 48°C, which increases productivity
but at the expense of the overall quality of the finished
product. In the United Kingdom, fermentation tempera-
tures of 55°C for soft bun manufacture are quite common,
and can be as much as 75°C in the case of industrially
produced pizza crusts, all at a relative humidity of 95%. It
should be noted that yeast is very quickly killed when the
internal dough temperature exceeds 55°C.

2. Effect of Osmotic Pressure

The semi-permeable cytoplasmic membrane of the cell
delimits two compartments. When there is a difference in
concentration between the medium inside and outside the
cell, water gradually moves from the less concentrated
medium to the more concentrated one so that equilib-
rium can be established. This transfer is influenced by 
a force which exerts a virtual pressure linked to the 
semi-permeability of the membrane. This movement of
water can be prevented by exerting hydrostatic pressure.
The difference in pressure between the two media defines

the osmotic pressure. This is in proportion to the number
of dissolved particles per unit of volume. A solution 
containing 1 mmol/l of sodium chloride (58 mg/l) will
release 2 ions per molecule, and the osmotic pressure can
be twice that of a glucose solution also containing
1 mmol/l (180 mg/l).

In a dough, osmotic pressure mainly depends on the
proportions of sugar and salt used. It can be very high, as
much as 35 to 100 atmospheres. This explains the slow-
down in the activity of yeast in which metabolism cannot
take place normally because water has leaked outside the
cell and fewer fermentable sugars can enter.

In bread-making, sugar, often added with fat, is respon-
sible for a reduction in dough consistency. It then becomes
necessary to decrease dough hydration, which accentuates
the concentration phenomenon in the medium. The baker
compensates for the drop in fermentative activity by
increasing dough and fermentation temperatures, reducing
the quantity of salt and increasing the amount of yeast. The
rheofermentometer shows the fermentation rate of yeast
with different levels of sucrose, or salt (with or without cal-
cium propionate added in the dough) (Figs. 69.7, 69.8). For
a standard French yeast, there is a low level of sugar stim-
ulating fermentation and prolonging it, whilst from 5% of
sugar upwards, the rate of fermentation is slowed down and
tends to decrease. The rapid accumulation of alcohol, to
which the yeast is very sensitive, could be the reason for
this. The higher the fermentation temperature, the more
obvious this phenomenon is.

There are some bread-making processes where the con-
centration of sugars is such that the methods described above
cannot guarantee that dough will rise within a reasonable
time using ordinary yeasts. This has led to the development

Effect of sucrose dosage on  fermentation rate
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of osmotolerant strains (Fig. 69.9) which are used in
France, (Vendée brioche), the U.S. (Danish pastries, sweet
doughs, Hawaiian sweet bread), Indonesia (roti mani),
and Japan (kashipan), and where the levels of sugar vary
from 20 to 50% based on flour weight.

The osmotolerance of these strains is associated with
various characteristics, including:

● a low level of invertase so that sucrose is grad-
ually converted to glucose and fructose, result-
ing in fewer dissolved molecules at a given
moment. Obviously, this ability does not apply
to sugars such as glucose/fructose syrups.

● the capacity to synthesize molecules such as
glycerol or trehalose, so that the exit of water

from a cell is counterbalanced when the 
concentration of the medium outside the cell is
too high.

● the propagation conditions on which, regardless
of strain, the osmotolerance of a yeast depends.

3. Effect of Yeast Dosage

At a given temperature, the rate of fermentation depends
on the quantity of yeast used (Fig. 69.10). We can see a
depression in the curves in the 1st hour because the sug-
ars already present are being used up more quickly.

If no sugar is added, the quantity of maltose resulting
from amylolysis is a limiting factor. When the amount of
yeast is too high, a flour with low levels of damaged starch

Behavior of different strains in sweet doughs 10% sucrose
Yeast 3% – Temperature 27°C
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or α-amylases can be exhausted before proofing is 
completed. Adding fungal α-amylases at a level of 40,000
SKB units per 100 kg of flour prolongs fermentation 
by about 1 hour in standard bread-making conditions 
(Fig. 69.11).

4. Effect of pH

The internal pH of a yeast cell is of the order of 5.6 to 5.8
and varies very little. The enzyme systems involved in the
metabolism of S. cerevisiae are intracellular as a whole,
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which explains why yeast is very tolerant to variations in
the pH of a medium, within the range of 2 to 8.

At pH of between 4 and 6, the fermentative activity of
yeast is at its optimum. These conditions are found in most
bread-making processes with yeast, where the pH at the
end of final fermentation is of the order of 5.2 � 0.2. This
pH can be lower when using sourdough starters (cf. chap-
ter II, § III. 1), deactivated sourdoughs or organic acids,
particularly for rye bread manufacture. Unlike glucose, the
fermentation of maltose is affected when the pH is less
than 4.

The actual acidity of a dough cannot be assessed by
pH alone due to the high buffering capacity of flour pro-
teins. It is often associated with titratable total acidity
which is an arbitrary notion often used in the U.S. (TTA)
and Germany (Säuergrad). In the first case, it corresponds
to the quantity of 0.1 N sodium hydroxide (4 g/l) needed
to neutralize a ground mixture of 15 g of dough in 100 ml 
of distilled water to pH 6.6. In the second, the pH is 8.5.
This method enables plant bakers to control the consistency
of their fermentation processes (Table 69.3).

Volatile organic acids and their salts inhibit fermenta-
tive activity in their non-dissociated form. A low pH,
which shifts the balance of dissociation toward the non-
dissociated form, means that the acetic acid or propionates
used as anti-mould agents will have a much more detrimen-
tal effect. The critical zone falls right inside the range of
pH (4 to 5) found at the end of fermentation in most types
of bread-making methods (Table 69.4).

5. Inhibiting Ions

In the cases, fortunately rare, where bread fermentation is
inhibited, water is often responsible as a carrier of certain
ions which are toxic to yeast. Cu�� from the copper in old
pipes, quaternary ammoniums in antiseptic products from

poorly rinsed equipment, and excess Cl� in city supply
water have often been blamed.

IV. INDUSTRIAL PRODUCTION OF YEAST

In 2003, an estimated 2.8 million tonnes of baker’s yeast,
expressed as compressed yeast, was produced throughout
the world. Half was produced on the continent of Europe,
with the other half equally divided between the Americas
and the rest of the world. Regardless of their physical
forms (compressed, dried, etc.), the yeasts produced are
not the same in the various regions of the globe as manu-
facturers have to adapt them to the local bread-making
conditions. However, they have one problem in common,
ensuring that the fermenting capacity of the product they
supply is consistent and stable. This is achieved by con-
trolling the quality of raw materials, production technol-
ogy and logistics.

A. RAW MATERIALS

The raw materials used must satisfy the nutritional
requirements necessary for the growth and multiplication
of yeast cells.

Molasses are the substrates of choice both economi-
cally and technically. Viscous, highly colored liquids, their
composition varies according to the sugar-making process
from which they derive, and the quality of the sugar-beet
or cane harvest. 77 to 82% of dry matter essentially pro-
vides: sucrose as a source of carbon (45 to 55%), miner-
als, trace elements and vitamins. However, they supply
very little nitrogen for protein synthesis (the betaine they
contain cannot be assimilated) and not enough minerals
such as phosphorus, magnesium and often zinc. The prob-
lems they cause are rarely related to any deficiencies but
are more likely to be due to the presence of elements
which are toxic to yeast. They may be substances which
derive from farming methods or sugar-producing processes:
fungicides, quaternary ammonium, sulfites, but also an
excess of minerals (Na��), short chain fatty acids and a
great many trace elements.

In order to homogenize the composition of the nutri-
ent medium and reduce the risks of toxicity, all batches
are analyzed and tested before they are mixed (up to 10 
or 12 different sources).

Yeast 69-11

TABLE 69.3
Changes in Dough Acidity at Different Stages of 
Fermentation

pH TTA

American Sandwich Bread
Sponge (70% flour) 4.8 4.6
Dough at start of proofing 5.2 4.0
Dough at end of proofing 5.0 5.3
American Sandwich Bread
Liquid preferment (20% flour) 4.5 12
Liquid preferment (50% flour) 4.8 10
French Bread — Straight Dough
Dough at end of mixing 6.1 1
Dough at end of proofing (2 h 1/2 fermentation) 5.8 1.5
French Bread — 30% Sourdough
Dough at end of mixing 5.3 2.0
Dough at end of proofing (6 h fermentation) 4.2 7.0

TABLE 69.4
Dissociation of Acetic and Propionic Acids at 
Different pH

Non-Dissociated Fraction (%)

pH 2 pH 3 pH 4 pH 5 pH 6 pH 7

Acetic acid 99.8 98.2 84.7 35.7 5.3 0.6
Propionic acid 100 99 88 42 6.7 0.7
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After an initial filtration to remove coarse foreign ele-
ments, the molasses are diluted and heated to reduce the
viscosity. Clarifiers continuously remove the fibers and
colloids by centrifugation. The next is flash pasteurization
when the molasses are heated to 130°C under pressure for
a very short time. This treatment removes vegetative
forms of microbial contaminants as well as Clostridium
and Bacillus spores, without caramelizing or degrading
the sugars. After they have cooled down on plate exchang-
ers, the molasses are stored in a buffer tank, ready for use.

Cane molasses, which contain a lot of fibers and col-
loids, are difficult to process but have a very high nutrient
content. When they are mixed at a level of 20% with sugar
beet molasses, biotin does not need to be added.

Minerals which are added as nutrients (phosphoric
acid, ammonium salts, ammoniac) or to control pH (sulfu-
ric acid, soda) comply with food standards, in particular
for heavy metal content. The water for diluting the medium
is potable and chlorinated to avoid any contamination.

B. STORAGE AND PROTECTION OF STRAINS

Thousands of strains have resulted from research studies
but fewer than about ten are used in large-scale industrial
production. Manufacturers store them in their own labora-
tories but also, as a precautionary measure, in public col-
lection centers. With the development of identification
methods, the claims of patent applications dealing with
the creation and improvement of strains can be described
more accurately.

The methods of storing strains vary, for example �80°C
on a glycerol medium with subcultures made after 1 to 5
years, or 4°C on a gelose medium and subcultures after 
1 to 3 months.

C. PROPAGATION

How yeast cells multiply (wrongly called “fermentation”)
is of major importance in carrying out the yeast manufac-
turer’s two objectives.

The first relates to quality. A specific strain must sat-
isfy several criteria:

● the best fermentative power in a specific appli-
cation (“normal”, sweet, or acid doughs….), or
fermentation kinetics which are most suited to
a given bread-making method (sponge and
dough, Chorleywood bread process, etc.);

● the nature of the finished product: compressed
yeast, rehydratable dry yeast or instant yeast;

● the stability of fermenting power.

The second objective has to do with economics. The man-
ufacturer must achieve the quality dough for the best
price. The result is a compromise between:

● yields (% of yeast obtained in proportion to the
substrate used);

● productivity (rate of multiplication and opti-
mum use of tank equipment).

It is evident, therefore, that there are many complex — and
sometimes contradictory — obstacles. To untangle the knot,
engineers and researchers rely on data on the biochemistry
and physiology of cells. Although attempts at modeling
have been made in order to optimize production, experi-
ence and a certain degree of pragmatism are still called for.

Yeast is propagated in sequences during which cells
multiply under different conditions. Multiplication has
two aims which follow from each other:

● to massively increase the cell population so that
a final so-called “commercial” generation can
be seeded;

● to multiply the yeast so that its biochemical
composition and physiological condition meet
the requirements of producer and user.

The number and method of these stages can differ notice-
ably from manufacturer to manufacturer, but the principle
is the same. In each stage, enough yeast is produced to
inoculate the next stage (Fig. 69.12). This is carried out
using a series of containers, from lab to plant, whose con-
tents must be managed extremely well when the industrial
stage is reached.

The third industrial generation (commercial genera-
tion) must finish with a maturing phase, the aim of which
is to ensure the yeast is stable. It means making the yeast,
at the end of the manufacturing process, synthesizing as
many stock sugars as possible (trehalose and glycogen)
and reducing the rate of budding to very low levels. In
order to do this, the yeast is deprived of nitrogen, and is
supplied with molasses only, and the temperature is
slightly increased above the 32 � 2°C which is the aver-
age temperature during production.

Next comes the separation of yeast cells from the
wort. This operation takes place continuously using cen-
trifugal equipment where the yeast is washed and a cream
is obtained, i.e., a suspension of cells in water at a dry
matter concentration of between 15 and 20%. This figure
is equivalent to about 50% of cells, in volume. Above 23%
dry matter, the suspension becomes too viscous and can-
not be pumped. This cream is cooled down to 4°C in a
plate exchanger and kept at this temperature in storage
tanks. About 400 tonnes of yeast (compressed yeast equiv-
alent) will be finally collected 10 days after the first test
tube was cultured in the laboratory. The principle of yeast
manufacture is summarized in Fig. 69.13.

French yeast producers, who are concerned about
environmental regulations, have concentrated on investing
in methods of pollution control. After the yeast cream has
been separated, there is a great deal of effluent which can-
not be discharged, as is, into the environment. The most
diluted effluent is treated by aerobic or anaerobic 
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biological methods. The must from which the yeast has
been removed and which still contains non-assimilated
organic nitrogen (betaine) and mineral salts rich in potas-
sium sulfate is very highly concentrated by evaporation
and inverse osmosis. The vinasse obtained is used as a fer-
tilizer, spread on directly as manure or in the form of
potassium extracts after crystallization, decantation and
drying. It can also be used in animal feed after treatment
to reduce the potassium content. Pollution control treat-
ments have a considerable effect on production costs.

V. COMMERCIAL YEASTS

A. STRAINS

The strains used in France and in Europe as a whole are of
the “rapid adaptation to maltose” type. They were devel-
oped in the early 1960s in response to straight bread-making
methods which had appeared as a result of high-speed
mixing used in bread-making with no added sugar.
Because of their poor performance in very sweet doughs
(over 15% of sucrose/flour), osmotolerant strains already
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used for the large export markets were introduced onto the
French market at the end of the 1980s. The difficulty bak-
eries had in using several qualities of yeast resulted in
research work into strains with a wide range of applica-
tions (Table 69.5).

B. BIOCHEMICAL COMPOSITIONS ADAPTED FOR

APPLICATIONS

The need to increase the rate of fermentation, particularly
in an industrial environment, is met by yeasts with a high
nitrogen — and therefore protein — content. The major
drawback of these yeasts is their instability, which is due
to higher enzyme activity and a storage sugar content
which is proportionally lower. In the case of compressed
yeast, as has been mentioned earlier, the increase in pro-
tein level calls for a decrease in DM content so that the
product maintains its physical cohesion. The stability of
its fermentative activity is affected by this, which means
that low temperatures must be maintained. The higher the
protein level, the more rigorously these low temperatures
need to be observed. An increase in temperature acceler-
ates the consumption of trehalose, then glycogen to cover
the needs of energy metabolism. When these carbohy-
drates are exhausted, the yeast attacks its own proteins.
This autolysis is responsible for the degradation of yeast
activity and its physical appearance (Table 69.6). The
nitrogen content of the various types of dried yeast is
restricted to the maximum level, which is unlikely to be
detrimental to them during drying.

C. CONTROLS ON THE FINISHED PRODUCT

A yeast, regardless of its form, must comply with several
criteria before it can be marketed:

● Physical and organoleptic: consistency and fri-
ability in the case of compressed yeast, shape

and size of particles in the case of dried yeast,
color and smell.

● Biochemical: dry matter, nitrogen and phos-
phorus composition, stocks carbohydrates.

● Bacteriological: appearance of cells, budding
rate; most attention is given to identifying and
counting foreign microflora.

● Fermenting power: most of the methods used
measure the release of carbon dioxide which 
is produced over a given time, by fermentation
of a medium with known characteristics.
Mostly, it is a wheat flour dough whose consis-
tency varies from liquid to very firm. Various
levels of sugar can also be used to evaluate 
the behavior of yeast at increasing osmotic
pressure (18).

● Suitability of yeast for storage: the stability of
the fermenting power of various types of yeast
can be evaluated in storage tests, at tempera-
tures of between 20 and 43°C. There are corre-
lations between the results of these accelerated
tests and those obtained in real time, at temper-
atures found in different markets.

● Bread-making tests: for specific applications,
laboratory fermentation tests, although useful,
do not supply enough information about the
overall yeast activity (cf. § II.A.). Bread-making
tests can result in a better understanding of the
effect of yeast on dough rheology, on dough
behavior during proofing and baking, and finally
on its effect on bread properties: color, structure,
crumb texture, and flavor. Monitoring the dough
in a rheofermentometer at the same time can
provide a wealth of information.

D. COMMERCIAL FORMS AND METHODS OF USE

The different commercial forms of baker’s yeast can 
be discussed in the order in which they appear in the 
manufacturing process, which corresponds to a continuity
in their historical development. And although the 1990s
saw a sudden demand for liquid yeast in industry, this was
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TABLE 69.5
Comparison of Commercial Strains and Wide-Range
Laboratory Strains

Fermenting Fermenting  
Power Power 25% Invertase 

Type of Yeast Lean Dough Sweet Dough Activity 
and Strain (Base 100) (Base 100) (Ui)*

Commercial — Rapid 100 60 60 to 200
Adaptation to maltose
Commercial — Osmotolerant 50 100 5 to 10
Lab — Hybrid wide range 85 105 �5
Lab — Genetic engineering 90 100 �10
Wide range

Source: P. Clément, ICC Conference, Paris 1992.
* 1 Unit invertase � 1 µmole of reducing sugar released/5min/mg of
yeast DM.

TABLE 69.6
Change in the Fermenting Power of Various Types of
Yeast in Accelerated Storage Tests

Fermenting
Power Loss After

Nitrogen/ Lean Dough Storage 7 
Yeast Quality DM (%) DM (%) (Base 100) Days/26°C

“Standard” �33 7.0 100 �10%
“Rapid” �32 7.3 110 �25%
“Ultra rapid” �31 8.2 125 �50%
“High activity” �29 9.3 165 Autolysed
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no revolutionary product unless we are thinking of the
mechanical meaning of the term revolution: a return to the
point of origin!

1. Liquid Yeast

Until 1825, when compressed yeast was introduced by
Tebbenhof, yeast was sold in liquid form (2) . The return to
this form correlates with the demand from plant bakeries.
In general use in Australia, it is used much less widely in
the U.S. and Canada and has its followers in the United
Kingdom and Ireland.

● Advantages
– dosage of the yeast can be automated, as it 

is for the other raw materials, resulting in
improved control and stock management;

– no handling and no packaging materials to
dispose of;

– even dispersion in the dough during high-
speed mixing;

– yeast activity is standardized: the producer
controls fermenting power using a substitu-
tion rate, for example 1.5 liters of cream per
1 kg of compressed yeast;

– stability is noticeably improved compared
with other forms, because the cream is cooled
immediately on a plate exchanger. This stabil-
ity is ensured by monitoring the storage
temperature (Table 69.7). However, a tem-
perature of less than 4°C must be maintained
to prevent any bacteriological contamination.

● Specific points
– the installation must be specially designed

for each user;

– profitability is guaranteed when the quantity of
yeast used at the same site is sufficiently large;

– hygiene, cleaning and disinfection condi-
tions must be strictly observed.

The installation made entirely of stainless steel consists of
two double-walled storage tanks with separate cooling
systems, as well as feed systems for the tanks and mixers.
The metering systems must be accurate and reliable. The
whole unit is supplemented by a cleaning plant and equip-
ment for discharging liquids: soda, antiseptics, rinsing
water. The capacity of each tank must allow at least one
week’s production.

The liquid yeast is stirred in the tank and circulates
continuously through the distribution system so that it
remains homogeneous and there is no risk of infection.
The temperature is strictly controlled and held at between
2 and 4°C. The system must be cleaned and disinfected
once a week or whenever the installation is shut down,
hence the need for two tanks. The receiving circuits must
be cleaned each time there is a delivery. Procedures should
be put in place and followed meticulously by operators.

2. Compressed Yeast

This is the most widely used form in industrialized coun-
tries, for economic and practical reasons. It comes in the
form of compact blocks so that there is limited contact
with the oxygen in the air. White in color and very friable
in France, it can have a deeper color and a plastic consis-
tency in other countries. The packaging of “waxed paper”
or “sulfurized paper and cellophane” restricts gaseous
exchanges and controls the migration of moisture, giving
a longer shelf life.
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TABLE 69.7
Change in the Fermenting Power of Different Quality Liquid Yeasts, Stored at 
Different Temperatures

Loss of Fermenting Loss of Fermenting
Length of Capacity Lean Dough (%) Capacity Sweet Dough (%)

Yeast Quality Storage (Days) 4°C 12°C 4°C 12°C

“Standard” 7 0 0 0 0
14 0 0 0 0

“Rapid” 7 0 0 0 0
14 0 0 0 0

“Ultra-rapid” 7 0 0 0 0
14 3 4 5 10

“High activity” A 7 0 0 – –
(Great Britain)* 14 0 4 5 10
“High activity” B 7 0 3 5 10
(Great Britain)* 14 5 30 15 50

* Yeasts made using two different propagation methods. The stability of yeast B can only be achieved by 
positive temperatures of less than 4°C.

DK9848_C069.qxd  15/Oct/05  04:27 PM  Page 15



The stability of the fermenting power of yeast in its
packaging depends on the storage temperature. One month
is guaranteed for a “standard” quality French yeast stored
at 10°C maximum (ideally 4°C). At 20°C, its activity is sta-
ble for two weeks but is reduced by 60% after 1 month; the
DM loses 4 points, which corresponds to the consumption
of storage sugars and to the product drying out; there is
considerable contamination from mould. At 35°C com-
pressed yeast is only stable for 24 hours; after 3 days the
loss of activity is equivalent to that found after 1 month at
20°C, and the product becomes brown, soft and sticky.

The performance of “high activity” English yeast is
guaranteed for 17 days if the storage temperature is strictly
kept at a maximum of 2°C.

No special precautions are necessary when using
compressed yeast; it can be easily crumbled into the mixer
and there are no repercussions when it is dispersed in cold
water. It should not be in contact with salt for too long,
although this is not actually harmful in practice, contrary
to common ideas.

Compressed yeast tolerates slow freezing very well
(�1°C/min) and maintains its initial performance after a
year’s storage at �18°C (Table 69.8), provided that when
it is used, it is thawed at positive temperatures (°C) and is
used within 24 hours.

It is worth noting that there is an increase in the fri-
ability of yeast due to the evaporation of free water and a
loss of dry matter as a result of storage sugar consumption.

3. Crumbled Yeast

This is in the form of relatively fine, free flowing particles
which means that it can be either weighed or measured auto-
matically. It is packed in 25-kg, multi-layer polyethylene-
lined paper sacks which are sealed to keep the product
airtight. Crumbled yeast is very sensitive to oxygen in the
air because of its large surface of contact. Respiration
which continues in a very active manner after extrusion
and during the bagging operation causes the yeast to heat
up, making it very difficult to cool it down. However, the
carbon dioxide released creates an inert atmosphere which
stabilizes it.

The storage temperature must be under 10°C. Under
these conditions, the crumbled yeast loses 5% of its initial

fermentative power after a week and 10% after a month
(losses are much higher in sweet dough).

Opened sacks should be used up within a day, as the
product heats up quickly (Table 69.9).

Crumbled yeast is often used by plant bakers as a sus-
pension in water so that metering can be automated. The
installation includes a storage tank with identical charac-
teristics to those previously described for liquid yeast.
Upstream, a smaller tank with a very vigorous stirring
action is used to disperse the yeast in water.

4. Rehydratable Active Dry Yeast

Rehydratable active dry yeast (Fig. 69.13) is packed in air
in 125-g or 500-g containers (metal or plastic), 10- or 
25-kg sacks, or 25-kg plastic drums. It is packed in 5 to
11 g sachets for the consumer market. It is stored at 
ambient temperature. This rustic product is very stable, a
fact appreciated in parts of the world where the climatic
conditions are unfavorable (high temperature and 
humidity).

When reconstituted, the yeast undergoes a rehydration
stage in about 5 times its weight of water, at a temperature
between 35 and 42°C, the optimum being 38°C.
Rehydration takes 15 minutes, during which time attempts
should not be made to disperse the yeast mechanically or
it will be damaged. After this resting time, it goes into sus-
pension very easily and forms a cream.

Observing the rehydration temperature is vital as it
ensures that the enzymatic mechanisms by which the cell
membranes become semipermeable again are functioning
properly. If the temperature is too low (�5°C), the mem-
branes do not regain these properties quickly enough and
the cells release their contents, resulting in their death. At
20°C, the loss of gassing power is about 30 to 40%.

In view of its dry matter content and fermentative
capacity, its rate of substitution compared with “standard”
quality French compressed yeast is about 40 to 50%,
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TABLE 69.8
Change in the Properties of Compressed Yeast after
Freezing
Properties t 0 11 Months at �18°C

Dry matter % 32.9 30.5
Nitrogen %/DM 7.2 –
Fermenting power % 100 97
Appearance White, Friable White, Very Friable,

Normal Smell

TABLE 69.9
Change in the Temperature of Crumbled Yeast, Not
Refrigerated
Conditions Time Temperature (°C)

“Standard” Quality yeast t 0 8
Ambient temperature: 20°C 0H30 10
Quantity of yeast: 1.5 kg 1H00 14
Thickness of layer: 9 cm 1H30 21

2H00 26
– –

3H30 41
4H30 49
5H00 50
5H30 47
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i.e., 1 kg of rehydratable dried yeast instead of 2 to 2.5 kg
of compressed yeast.

Rehydratable dried yeast releases enough glutathione
to change dough consistency and reduce its development
time during mixing. Adjustments are therefore necessary;
in particular, the quantity of oxidizing agent may need to
be increased.

5. Instant Dry Yeast

Instant dry yeast vermicelli-like particles are vacuum
packed in 125-g or 500-g sachets, or in packs of 10 kg or
more. There are also 7- to 12-g sachets packed with inert
gas for home bread-making. The vacuum-packed sachets
are hard: They ensure that the product is stable at ambient
temperature. (Strict checks after packing eliminate
sachets which no longer have this vacuum.) At tempera-
tures of under 20°C, a loss of fermentative activity is
apparent during the first month, and then stabilizes; after
1 year it is about 10% � 2. At 35°C, 1/3 of activity is lost
in 1 year. Sachets which have been partially used should
be kept in a cold place, carefully closed: the yeast’s nor-
mal activity will be maintained for at least a week.

Instant dry yeast owes its name to the fact that it 
does not need to be rehydrated before it is added to flour.
It is as easy to use as compressed yeast. In most applica-
tions, the fineness and porosity of the particles mean that
the yeast can be dispersed quickly and evenly in the
dough. However, the use of very high-speed mixers (mix-
ing times of less than 3 min) can pose some dispersion
problems.

Nevertheless, when using instant dry yeast, it should not
come into direct contact with cold water, ice or the refriger-
ated walls of mixers. It should just be mixed dry with the
flour or sprinkled over the dough during mixing at first
speed. In these conditions, the water heats up before it
reaches the yeast cells, the membranes of which can regain
their biological properties normally. However, it is less sen-
sitive to cold than rehydratable dried yeast (�15% at
20°C/38°C).

The high fermentative power and dry matter content
mean that it can be substituted at 33% for compressed
yeasts with an equivalent composition. In other words, 1 kg
of instant dry yeast can be used instead of 3 kg of com-
pressed yeast. In view of the difference in dry matter con-
tent, it is essential to compensate for the difference in weight
of water, i.e., 2 kg in the example given.

As a small amount of glutathione may be released, it
is advisable to reduce the mixing time slightly or increase
the quantity of oxidizing agent in some applications.

Because of the additional energy costs arising from
drying and packaging technology, instant dry yeast is a
product which cannot compete economically with com-
pressed yeast when the latter is of good quality and the
distribution networks are effective.

6. Free-Flowing Frozen Dry Yeast with 
Intermediate Moisture

In applications such as frozen dough, the results achieved
with instant dry yeast are only comparable to those
obtained with compressed yeast (CY) when the dough is
stored for about two weeks. In fact, the yeast membranes,
weakened by drying, cannot withstand being frozen in the
dough, then stored, and thawed again without damage. At
lower dry matter contents (�75%) the yeast membranes
remain intact. In its physical appearance as a powder, it
has the characteristics of CY. It can be packed in air and
frozen. It can be stored for long periods and exported to
distant regions where there is no compressed yeast, and
used in applications where instant dry yeast is unsuitable.

7. Dry Yeast with Reducing Power

● Active
In the form of small granules packed in air in
plastic containers, this yeast is used by pizzerias.
Its moderate, consistent fermenting power gives
the tolerance during fermentation which is nec-
essary for this type of application. The quantity
of glutathione released means that pizzas can
be easily moulded, dough extensibility is
increased and shrinkage phenomena are reduced.

● Deactivated
This yeast has no fermenting capacity at all. In
dough, the membranes which have been made
completely permeable, allow all the cell con-
tents through including glutathione which has a
reducing effect on the gluten.

The quantities used vary from 0.3 to 1%,
depending on the flour type and the effects
required. The reducing effects work in the fol-
lowing way:
– by improving the machinability of doughs

which are too stiff or very strong;
– by accelerating dough development during

mixing, which requires a 15 to 20% reduc-
tion in mixing time. In the absence of
lipoxygenase (from bean or soya flour), this
property can be exploited to preserve the
flavor of bread by limiting the oxidation of
the flavor compounds.

Deactivated dried yeast is packed in polyethylene-lined
paper sacks. As the product is very hygroscopic, sacks
should be closed carefully after use to prevent it becom-
ing lumpy and to ensure it retains all its functions.

VI. CONCLUSIONS

Very little is known about yeast by the people who use it
and its true worth is certainly underestimated. Indeed, it is
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a product which has become banal in industrial countries,
perhaps because the manufacturing process is well con-
trolled and problems are therefore quite rare. Nevertheless,
the yeast industry is a high-tech industry in the field of
biotechnology where progress has been made due to
intensive research and development work. As a result of
genetic techniques, strains are being improved all the
time. There have been advances in methods of culturing
strains as we have gained a better understanding of biol-
ogy and cell physiology. A good grasp of raw materials
and manufacturing methods, intensive automation, and
logistical controls are guarantees of product quality in a
world increasingly concerned by food safety issues.
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I. QUALITY ASSURANCE

A. INTRODUCTION

This section is not designed to explain how pickles are man-
ufactured in the United States. Rather, it is designed to show

you the critical factors you should look for in assuring the
quality of your pickles. The information has been modified
from a document issued by the United States Department 
of Agriculture: United States Standards for Grades of
Pickles. Consult the original document for complete details.
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This section contains 11 tables of reference data, num-
bered 1 to 11, and they do not appear in the same order as
the text.

B. PRODUCT DESCRIPTION

Pickles means the product prepared entirely or predom-
inantly from cucumbers (Cucumis sativus L). Clean, sound
ingredients are used that may or may not have been previ-
ously subjected to fermentation and curing in a salt brine.
The product is prepared and preserved through natural or
controlled fermentation or by direct addition of vinegar to an
equilibrated pH of 4.6 or below. The equilibrated pH value
must be maintained for the storage life of the product. The
product may be further preserved by pasteurization with
heat or refrigeration, and may contain other vegetables,
nutritive sweeteners, seasonings, flavorings, spices, and
other permissible ingredients defined by the U.S. Food
and Drug Administration (FDA). The product is packed in
commercially suitable containers to assure preservation.

C. STYLES OF PICKLES

1. Whole style means the pickles are whole and
are relatively uniform in diameter as indicated
in a later discussion (Table 70.2).

2. Whole, mixed sizes style means the pickles are
whole pickles of mixed sizes.

3. Sliced lengthwise style means the pickles are
cut longitudinally into halves, quarters, or other
triangular shapes (spears, strips, or fingers), or
otherwise into units with parallel surfaces with
or without ends removed.

4. Sliced crosswise, Crosscut, or Waffle-cut style
means the pickles are cut into slices transversely
to the longitudinal axis. The cut surfaces may
have flat-parallel or corrugated-parallel surfaces.

5. Cut style means the pickles are cut into chunks
or pieces that are of various sizes and shapes.

6. Relish style means finely cut or finely chopped
pickles containing no less than 60 percent of
cucumber ingredient and possibly containing
other vegetable ingredients (cauliflower,
onions, pepper, tomatoes, cabbage, olives, mus-
tard or any other suitable vegetable).

D. TYPES OF PACK

1. Cured Type

The pickles are cured by natural or controlled fermenta-
tion in a salt brine solution and may contain the dill herb
or extracts thereof. The pickle ingredient may be partially
desalted. The pickles may be further processed or preserved
by the addition of vinegar and may contain other ingredients
(spices, flavorings, firming and preserving agents) that
constitute the characteristics of the particular type of pickle.

The pickles are preserved by acidification to maintain an
equilibrated pH of 4.6 or below. The characteristics of the
various types of cured pickles are as follows:

1. Dill pickles (natural or genuine) are cucumbers
that are cured in a brine solution with dill herb
and other flavoring agents.

2. Dill pickles (processed) are brine-cured pickles
that have undergone a freshening process and
are packed in a vinegar solution with dill fla-
voring and other flavoring agents.

3. Sour pickles are cured pickles that are packed
in a vinegar solution with or without spices.

4. Sweet pickles and mild sweet pickles are cured
pickles that are packed in a vinegar solution
with suitable nutritive sweetening ingredient(s).

5. Sour mixed pickles are cured pickles that are
packed in a vinegar solution. The pickles may be
of any style or combination of styles other than
relish and may contain other vegetable ingredi-
ents as outlined in Table 70.1 or any other suit-
able vegetable.

6. Sweet mixed pickles and mild sweet mixed pick-
les are cured pickles that are packed in a vinegar
solution with suitable nutritive sweetening
ingredient(s). The pickles may be of any style or
combination of styles other than relish and may
contain other vegetable ingredients as outlined
in Table 70.1 or any other suitable vegetable.

7. Sour mustard pickles or sour chow chow pick-
les are cured pickles of the same styles and
ingredients as sour mixed pickles except the
pickles are packed in a prepared mustard sauce
of proper consistency with or without spices
and flavorings.

8. Sweet mustard pickles or sweet chow chow
pickles are cured pickles of the same styles and
ingredients as sweet mixed pickles except the
pickles are packed in a sweetened, prepared
mustard sauce of proper consistency with or
without spices and flavorings.

9. Sour pickle relish consists of finely cut or
chopped cured pickles that are packed in a vine-
gar solution. Sour pickle relish may contain
other chopped or finely cut vegetable ingredi-
ents as listed in Table 70.1, and may contain a
stabilizer such as a starch or gum.

10. Sweet pickle relish and mild sweet pickle relish
are finely cut or chopped cured pickles that are
packed in a vinegar solution with a suitable
nutritive sweetening ingredient(s). Sweet
pickle relish and mild sweet pickle relish may
contain other chopped or finely cut vegetable
ingredients as listed in Table 70.1 and may con-
tain a stabilizer such as a starch or gum.
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11. Hamburger relish consists of relish style pick-
les and other chopped or finely cut vegetable
ingredients as listed in Table 70.1 with tomato
product added.

12. Mustard relish consists of sweet pickle relish
with mustard and other chopped or finely cut
vegetable ingredients as listed in Table 70.1.

13. Dill relish consists of relish style pickles con-
taining dill flavoring and other chopped or finely
cut vegetable ingredients as listed in Table 70.1.

2. Fresh-Pack Type

The pickles are prepared from uncured, unfermented
cucumbers and are packed in a vinegar solution with other
ingredients to produce the characteristics of the particular
type of pack. The pickles are preserved by acidification to
maintain an equilibrated pH of 4.6 or below. In addition,
the pickles are sufficiently processed by heat to assure
preservation of the product in hermetically sealed con-
tainers. The distinguishing characteristics of the various
types of fresh-pack pickles are as follows:

1. Fresh-pack dill pickles are pickles that are
packed in a vinegar solution with dill flavoring.

2. Fresh-pack sweetened dill pickles are pickles
that are packed in a vinegar solution with 

suitable nutritive sweetening ingredient(s) and
dill flavoring.

3. Fresh-pack sweetened dill relish consists of
finely cut or chopped pickles packed in a vine-
gar solution with suitable nutritive sweetening
ingredient(s) and dill flavoring. The relish may
contain other finely cut or chopped vegetable
ingredients as listed in Table 70.1.

4. Fresh-pack sweet pickles and fresh-pack mild
sweet pickles are pickles that are packed in 
a vinegar solution with nutritive sweetening
ingredient(s).

5. Fresh-pack sweet pickle relish and fresh-pack
mild sweet pickle relish consists of finely cut or
chopped pickles that are packed in a vinegar
solution with suitable nutritive sweetening
ingredient(s). The relish may contain other
finely cut or chopped vegetable ingredients as
listed in Table 70.1.

6. Fresh-pack hamburger relish consists of relish
style pickles and other chopped or finely cut
vegetable ingredients as listed in Table 70.1
with tomato product added.

7. Fresh-pack mustard relish consists of sweet
pickle relish with mustard and other chopped 
or finely cut vegetable ingredients as listed in
Table 70.1.

Pickle Manufacturing in the United States: Quality Assurance and Establishment Inspection 70-3

TABLE 70.1
Proportions of Pickle Ingredients in Certain Types and Styles

Cured; Fresh-Pack; and Refrigerated Types
(Percent by Weight of Drained Weight of Product)

Sour Mixed; Sweet Mixed; and Mild 
Sweet Mixed; Sour Mustard or Sour Sour Pickle Relish; Sweet Pickle 

Chow Chow; Sweet Mustard or Sweet Relish; Dill Relish; Hamburger Relish; 
Pickle Ingredients and Styles Chow Chow Mustard Relish

Cucumbers, and style other than relish 60 to 80%
Cucumbers, chopped or finely cut 60 to 100%
Cauliflower pieces 10 to 30%
Cauliflower, chopped of finely cut 30% maximum (optional)
Onions, whole (maximum diameter 5 to 12%

of 1-1/4 inches), sliced or cut
Onions, chopped or finely cut 12% maximum (optional)
Green tomatoes, whole or pieces 10% maximum (optional)
Green tomatoes, chopped or finely cut 10% maximum (optional)
Red, green, or yellow peppers, or Optional Optional

pimientos, cut, finely cut, or pieces
Celery Optional Optional
Cabbage Optional Optional
Olives Optional Optional
Tomato paste Optional Required in hamburger relish
Mustard or prepared mustard Required in chow chow and mustard Required in mustard relish, optional in

pickles hamburger relish
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8. Fresh-pack dill relish consists of relish style pick-
les containing dill flavoring and other chopped
or finely cut vegetable ingredients as listed in
Table 70.1.

9. Fresh-pack dietetic pickles are pickles that are
packed with or without the addition of sweet-
ening ingredient(s), salt (NaCl), or other suitable
ingredient(s) as declared and permitted under
FDA regulations.

3. Refrigerated Type

The pickles are prepared from fresh cucumbers and are
packed in a vinegar solution with other ingredients to pro-
duce the fresh crisp characteristic of refrigerated type. The
pickles are preserved by acidification to maintain an
equilibrated pH of 4.6 or below. They are stored, distrib-
uted, and displayed under refrigeration and may or may
not contain one or more chemical preservatives. The vari-
ous types of refrigerated pickles are the same as the types
listed for fresh-pack type in earlier discussion with respect
to ingredients except that they conform to the require-
ments for refrigerated type.

E. SIZES OF WHOLE PICKLES

Sizes of whole pickles are based on the diameter and the
relationship of diameter to the count per gallon. Size des-
ignations, applicable counts, and diameters are outlined 
in Table 70.2 of this subpart. The diameter of a whole
cucumber is the shortest diameter at the greatest circum-
ference measured at right angles to the longitudinal axis
of the cucumber.

F. DEFINITIONS OF TERMS

For an interpretation of this standard, some definitions of
terms are:

Analytical definitions refer to analytical laboratory
requirements.

1. Acid means total acidity calculated as acetic
acid in accordance with the Official Methods of
Analysis of the Association of Official Analytical
Chemists (AOAC).

2. Brix value (Brix) means the percent sugar, by
weight, corrected to 20°C (68°F), as determined
with a sugar scale, Brix hydrometer or other
instrument that gives equivalent results.

3. Degrees Baumé means the density of the pack-
ing medium determined with a Baumé hydro-
meter (modulus 145) corrected to 20°C (68°F).

4. Equalization means the natural (osmotic) or
simulated blending between the soluble solids of
the pickle ingredient and the packing medium.

Natural equalization means equalization
brought about after a period of time has elapsed
after processing as follows. Sweetened pickles
are considered to be equalized 15 days or more
after processing. If the pickles have been sweet-
ened in a tank prior to packing, the pickles will
be considered equalized 15 days after the sweet-
ening process began. Sour and dill pickles are
considered to be equalized 10 days or more after
processing.

Simulated equalization means a method of
simulating equalization by comminuting the
finished product in a mechanical blender, filter-
ing the suspended material from the commin-
uted mixture and making the required tests on
the filtrate.

5. Total chlorides or salt means the salt content
expressed as grams NaCl (sodium chloride) per
100 milliliters packing medium; except that
total chlorides in mustard pickles and chow is
determined and expressed in grams NaCl per
100 grams of product.

Blemished means any unit that is affected by discoloration,
pathological injury, insect injury, or similar causes to the
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TABLE 70.2
Sizes of Processed Whole Pickles

Approximate Counts In
Glass Metal

Word Designation Diameter 1 qt 1/2 gal 1 gal No. 10 No. 12 (1 gal)

Midget 19 mm (.75 in) or less 67 or more 135 or more 270 or more 202 or more 270 or more
Small gherkin Up to 2.4 cm (.94 in) 33–66 67–134 135–269 101–201 135–269
Large gherkin Up to 2.7 cm (1.06 in) 16–32 32–36 65–134 48–100 65–134
Small Over 2.7 cm (1.06 in) but 10–15 20–31 40–64 30–47 40–64

not over 3.5 cm (1.38 in)
Medium Over 3.5 cm (1.38 in) but 6–9 13–19 26–39 19–29 26–39

not over 3.8 cm (1.50 in)
Large Over 3.8 cm (1.50 in) but 4–5 9–13 18–25 13–18 18–25

not over 4.4 cm (1.73 in)
Extra large Over 4.4 cm (1.73 in) 2–3 6–8 12–17 9–12 12–17
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extent that the appearance or edibility of the product is
adversely affected:

1. Slightly — those blemishes which detract only
slightly from the appearance of the unit;

2. Seriously — those blemishes which strongly
detract from the appearance or edibility of the
unit.

1. Color

1. Good color in cured type means the typical skin
color of the pickles ranges from a translucent
light green to dark green and is practically free
from bleached areas. Not more than 10 percent,
by weight, of the pickles may vary markedly
from such typical color. In mixed pickles, chow
chow pickles, and pickle relish, all of the ingre-
dients possess a practically uniform color typi-
cal for the pertinent ingredient. The pickles and
other vegetable ingredients are free of off-colors.

2. Good color in fresh-pack and refrigerated types
means the typical skin color of the pickles ranges
from an opaque yellow-green to green. Not
more than 15 percent, by weight, of the pickles
may vary markedly from such typical color. In
pickle relish, all of the ingredients possess a
good uniform color typical for the pertinent

ingredient. The pickles and other vegetable
ingredients are free of off-colors.

3. Reasonably good color in cured type means the
typical skin color of the pickles ranges from
light green to dark green and is reasonably free
from bleached areas. Not more than 25 percent,
by weight, of the pickles may vary markedly
from such typical color. In mixed pickles, chow
chow pickles, and pickle relish, all of the 
ingredients possess a reasonably uniform color
typical for the pertinent ingredient. The pickles
and other vegetable ingredients are free of 
off-colors.

4. Reasonably good color in fresh-pack and
refrigerated types means the typical skin color
of the pickles ranges from light yellow-green to
green. Not more than 30 percent, by weight, of
the pickles may vary markedly from such typi-
cal color. In pickle relish, all of the ingredients
possess a good, fairly uniform color typical for
the pertinent ingredient. The pickles and other
vegetable ingredients are free of off-colors.

5. Poor color in all types of pickles means the
pickles fail to meet the requirements for good or
reasonably good color for the pertinent type.

Also see the definition of misshapen.
Crooked pickles mean whole pickles that are curved at an

angle greater than 60 degrees, as illustrated by Figure 70.1.
Curved pickles mean whole pickles that are curved at an

angle of 35 to 60 degrees when measured as illustrated by
Figure 70.2.

Diameter in whole style means the shortest diameter
measured transversely to the longitudinal axis at the greatest
circumference of the pickle. Diameter in cross-cut style is
the shortest diameter of the largest cut surface.

Defect means an imperfection such as curved, mis-
shapen, mechanically damaged, discolored, and other
imperfection that affects the appearance or edibility of the
product.

End cut means a pickle unit intended for crosscut
(sliced crosswise) style that has only one cut surface.

Extraneous Vegetable Material (EVM) means any
harmless vegetable material, other than stems, that is not

Pickle Manufacturing in the United States: Quality Assurance and Establishment Inspection 70-5

FIGURE 70.1 Crooked pickles (also see the definition of 
misshapen).

60°

35°

FIGURE 70.2 Curved pickles.
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normally part of the pickle ingredient. EVM such as leaves
or other vegetable material not associated with proper
pickle preparation or packaging is considered a defect if it
affects the appearance or edibility of the product either:

Slightly — Practically free of EVM and does not more
than slightly affect the appearance or edibility; or

Materially — Reasonably free of EVM and does not
more than materially affect the appearance or edibility.

2. Flavor and Odor

1. Good flavor and odor means characteristic fla-
vor and odor (e.g. characteristic dill flavor or
the like) typical of properly processed pickles,
for the type, that is free from objectionable fla-
vor and odor of any kind.

2. Reasonably good flavor and odor means flavor
and odor that may be lacking in characteristic
flavor for the type but is free from objection-
able flavor and odor.

3. Poor flavor and odor means flavor and odor that
fails to meet the requirements for good or rea-
sonably good flavor and odor.

Length in sliced lengthwise style means the longest straight
measurement at the approximate longitudinal axis.

Mechanical damage refers to crushed or broken units
that affect the appearance of the units. In relish, mechani-
cal damage refers to units that are poorly cut and have a
ragged or torn appearance.

Misshapen pickles mean whole pickles that are
crooked or otherwise deformed (such as nubbins). Also,
see the definition for crooked pickles.

Nubbin is a misshapen pickle that is not cylindrical in
form, is short and stubby, or is not well developed.

Texture means the firmness, crispness, and condition of
the pickles and any other vegetable ingredient(s) and free-
dom from large seeds, detached seeds, and tough skins that
may be present. The following terms also relate to texture:

1. Hollow centers in whole style, means the pickles,
when cut transversely to the longitudinal axis,
are missing 1/3 or more of the seed cavity.

2. Soft, shriveled, and slippery units refers to pick-
les that are wrinkled, not crisp, slick, flabby, or
lack firmness.

3. Good texture means the pickle units have been
properly processed and possess a texture that is
firm and crisp.

4. Reasonably good texture means the pickle units
have been properly processed but lack some of
the firmness and crispness that is characteristic
for the style and type of pack.

5. Poor texture means the pickle units do not meet
the requirements for good or reasonably good
texture.

3. Uniformity of Size (Relish Style Only)

1. Practically uniform in size means the size of
the units may vary moderately in size but not to
the extent that the appearance or the eating
quality is seriously affected.

2. Poor uniformity of size means the units fail the
requirements for practically uniform.

Unit means one whole, half, slice, or piece of pickle as
applicable for the style.

Units missing one third or more of the seed cavity in
crosscut style means pickles that have lost a substantial
portion of the seed cavity such as a crosscut unit missing
one third or more of the seed cavity portion.

G. RECOMMENDED FILL OF CONTAINER

The recommended fill of container is not a factor of qual-
ity for the purposes of these grades. Each container of
pickles should be filled with pickle ingredient, as full as
practicable, without impairment of quality. The product
and packing medium should occupy not less than 90 per-
cent of the total capacity of the container.

H. QUANTITY OF PICKLE INGREDIENT

The recommended minimum quantity of pickle ingredient
is designated as the percentage of the declared volume of
product in the container for all items except pickle relish.
Minimum quantity of pickle relish is designated as a rela-
tionship of the drained weight of the pickle ingredient to the
declared volume of the container. The minimum quantities
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TABLE 70.3
Recommended Pickle Ingredients

All Styles Except Relish

Type of Pack Minimum Fill (Volume)

Cured 55 percent
Fresh-Pack 57 percent
Refrigerated 57 percent

TABLE 70.4
Recommended Drained Weight to Container
Volume, Relish
Type of Pack Minimum Fill (Weight/Volume)

Cured:
Sweet 92 percent
Other than sweet 88 percent

Fresh-Pack:
Sweet 85 percent
Other than sweet 80 percent
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recommended in Tables 70.3 and 70.4 are not factors of
quality for the purposes of these grades.

The percent volume of pickle ingredient is determined
for all styles, except relish, by one of the following methods
in accordance with the procedures prescribed by the USDA:

1. Direct displacement (overflow-can method)
2. Displacement in a graduated cylinder
3. Measurement of pickle liquid
4. Any other method that gives equivalent results

and is approved by the USDA

Drained weight/volume. The percent weight/volume (w/v)
of relish shown in Table 70.4, is determined as follows:
The drained weight of pickle relish of all types is deter-
mined by emptying the contents of the container upon a
U.S. Standard No. 8 circular sieve of proper diameter con-
taining 8 meshes to the inch (0.0937 inch �3 percent,
square openings) so as to distribute the product evenly,
inclining the sieve slightly to facilitate drainage, and
allowing to drain for 2 minutes. The drained weight is the
weight of the sieve and the pickles less the weight of the
dry sieve. A sieve 8 inches in diameter is used for 1 quart
and smaller size containers and a sieve 12 inches in diam-
eter is used for containers larger than 1 quart in size.

I. SAMPLE UNIT SIZE

For all styles of pickles and types of pack, the sample unit
used in analyzing the quality factors is the entire contents
of the container unless otherwise specified in 7 CFR Part.

J. GRADES

1. U.S. Grade A is the quality of pickles that meets
the applicable requirements of Tables 70.5–11
and scores not less than 90 points.

2. U.S. Grade B is the quality of pickles that meets
the applicable requirements of Tables 70.6–11
and scores not less than 80 points.

3. Substandard is the quality of pickles that fails
the requirements of U.S. Grade B.

K. FACTORS OF QUALITY

The grade of pickles is based on the following quality 
factors:

1. Analytical requirements in Table 70.5
2. Flavor and odor
3. Color
4. Uniformity of size
5. Defects
6. Texture

L. REQUIREMENTS FOR GRADES

See tables 70.5–11.

II. ESTABLISHMENT INSPECTION

The FDA has issued guidelines for the inspection of a
pickles processing plant. Some of the information is 
provided in this chapter. The quality control officer in
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TABLE 70.5
Analytical Requirements a

Totally Acidity Expressed as Total Chlorides Expressed
Acetic Acid Grams/100 mL, as NaCl Grams/100 mL, Degrees Degrees 
Unless Otherwise Indicated Unless Otherwise Indicated Brix Baumé

Cured Type Pickles, All Styles Maximum Maximum Minimum Minimum

Dills (natural, genuine or processed) 1.1 5.0
Sour, sour mixed, dill pickle relish, 2.7 5.0

sour relish
Sweet whole, sweet mixed, and 2.7 3.0 27.0 15.0

sweet relish
Mild sweet, mild sweet mixed, mild 20.0 12.0

sweet relish
Sour mustard or sour chow chow 2.7 b 3.0 b

Sweet mustard or sweet chow chow 2.7 b 3.0 b 28.0 15.5
Fresh pack and refrigerated types,

all styles
Dills and sweetened dills 1.1 4.25
Sweetened dill relish 1.1 4.25
Sweet and mild sweet relish 1.65 2.75
Sweet and mild sweet pickles 1.65 2.75
Dietetic

a All pickle products must have an equilibrated pH of 4.6 or below.
b Expressed as “grams/100 grams.”
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TABLE 70.6
Quality Requirements

Grade A Grade B

Whole Style Pickles Maximum (By Count) Score Maximum (By Count) Score

Flavor and Odor Good Reasonably Good a

Color Good 18–20 Reasonably Good a 16–17
Uniformity of Size b 18–20 16–17

Diameter variation
Midget and Gherkin [over 8 mm (.31 in)] 10% 20%
Small and medium [over 10 mm (.39 in)] 10% 20%
Large and extra large [over 12 mm (.47 in)] 10% 20%

Defects Practically Free 27–30 Reasonably Free a 24–26
Blemished (slightly and seriously) 15% 25%
Blemished (seriously) 5% 10%
Curved pickles 10% 20%
Misshapen 5% 15%
Mechanical damage 10% 15%
Attached stems [over 2.5 cm (.98 in)] 10% 20%

Extraneous Vegetable Material (EVM) Practically Free Reasonably Free a

Texture Good 27–30 Reasonably Good a 24–26
Large seeds, detached seeds, tough skins 5% 10%
Soft, shriveled, and slippery units 5% 10%
Hollow centers 15% 25%

Total Score (minimum) 90 points 80 points

a Cannot be graded above U.S. Grade B, regardless of the total score.
b Pickles that are Substandard for uniformity of size cannot be graded above U.S. Grade B, regardless of the total score.

TABLE 70.7
Quality Requirements

Grade A Grade B

Whole Style Pickles, Mixed Sizes Maximum (By Count) Score Maximum (By Count) Score

Flavor and Odor Good Reasonably Good a

Color Good 18–20 Reasonably Good a 16–17
Uniformity of Size b 18–20 16–17
Defects Practically Free 27–30 Reasonably Free a 24–26

Blemished (slightly and seriously) 15% 25%
Blemished (seriously) 5% 10%
Curved pickles 10% 20%
Misshapen 5% 15%
Mechanical damage 10% 15%
Attached stems [over 2.5 cm (.98 in)] 10% 20%

Extraneous Vegetable Material (EVM) Practically Free Reasonably Free a

Texture Good 27–30 Reasonably Good a 24–26
Large seeds, detached seeds, tough skins 5% 10%
Soft, shriveled, and slippery units 5% 10%
Hollow centers 15% 25%

Total Score (minimum) b 90 points 80 points

a Cannot be graded above U.S. Grade B, regardless of the total score.
b Total score is adjusted by dividing the total score by .80 to allow for the absence of the quality factor of uniformity of size in whole mixed
sizes style.
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such a plant should use the information to implement its
in-plant inspection procedure.

The information is presented in the teacher/student
format for ease of reference. 

1. Direct special attention to the following areas
when inspecting these types of food estab-
lishments. If the establishment is producing 
acidified fresh-pack pickles, determine if the

establishment is complying with the require-
ments of 21 CFR 114, Acidified Foods.

2. Salt Stations and Salt Stock Tanks.
3. Insects which breed in decomposed pickles or

other decaying organic matter such as the lesser
or little house fly, the latrine fly, the house fly,
the rat-tailed maggot, and drosophila spp are of
major sanitary significance. Examine 25% of
the tanks for insect filth.
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TABLE 70.8
Quality Requirements

Grade A Grade B

Sliced Lengthwise Style Pickles Maximum (By Count) Score Maximum (By Count) Score

Flavor and Odor Good Reasonably Good a

Color Good 18–20 Reasonably Good a 16–17
Uniformity of Size b 18–20 16–17

Length variation [over 2.6 cm (1.02 in)] 10% 20%
Defects Practically Free 27–30 Reasonably Free a 24–26

Blemished (slightly and seriously) 15% 25%
Blemished (seriously) 5% 10%
Mechanical damage 10% 15%
Attached stems [over 2.5 cm (.98 in)] 10% 20%

Extraneous Vegetable Material (EVM) Practically Free Reasonably Free a

Texture Good 27–30 Reasonably Good a 24–26
Large seeds, detached seeds, tough skins Practically Free Reasonably Free a

Soft, shriveled, and slippery units 5% 10%
Total Score (minimum) 90 points 80 points

a Cannot be graded above U.S. Grade B, regardless of the total score.
b Pickles that are substandard for uniformity of size cannot be graded above U.S. Grade B, regardless of the total score.

TABLE 70.9
Quality Requirements

Grade A Grade B

Sliced Crosswise or Crosscut Style Pickles Maximum (By Count) Score Maximum (By Count) Score

Flavor and Odor Good Reasonably Good a

Color Good 18–20 Reasonably Good a

Uniformity of Size b 18–20 16–17
Diameter [over 5.4 cm (2.13 in)] 10% 20%

Defects Practically Free 27–30 Reasonably Free a 24–26
Blemished (slightly and seriously) 15% 25%
Blemished (seriously) 5% 10%
Mechanical damage 15% 25%
Broken pieces and end cuts 10% 15%
Thickness over 10 mm (.38 in) 10% 15%
Attached stems [over 2.5 cm (.98 in)] 10% 15%
Units missing 1/3 seed cavity 10% 15%

Extraneous Vegetable Material (EVM) Practically Free Reasonably Free a

Texture Good 27–30 Reasonably Good a 24–26
Large objectionable seeds, detached Practically Free Reasonably Free a

seeds, and tough skins
Soft, shriveled, and slippery units 5% 10%

Total Score (minimum) 90 points 80 points

a Cannot be graded above U.S. Grade B, regardless of the total score.
b Pickles that are substandard for uniformity of size cannot be graded above U.S. Grade B, regardless of the total score.
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4. “Mill run” salt may be used but workers should
not walk in the salt.

5. Tanks should be skimmed daily for debris and
insects, and the skimmings should be properly
disposed of.

6. Newly salted stock ferments: scum growth
should be removed regularly and disposed of so
that insects are not attracted.

A. PICKLE PRODUCTS

Examination of raw materials used in relish.

1. Obtain the usual composition of relish in per-
cent by weight of cucumbers as well as other
ingredients to help appraise the filth load found
in the sample.

2. Salt stock used for relish may consist of 
poor quality pickles, i.e., deformed, bloated, or
blemished. However, in the absence of filth,
grit, or partly or wholly rotted pickles, there is
no objection to their use. Mushy pickles are
caused by certain pectin-splitting enzymes 
during fermentation. Soft pickles may be
invaded by bacteria and fungi, but it is 
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TABLE 70.10
Quality Requirements

Grade A Grade B

Cut Style Pickles Maximum (By Count) Score Maximum (By Count) Score

Flavor and Odor Good Reasonably Good a

Color Good 18–20 Reasonably Good a 16–17
Uniformity of Size b 18–20 16–17

Small pieces 5 g or less 5% 10%
Defects Practically Free 27–30 Reasonably Free a 24–26

Blemished (slightly and seriously) 15% 25%
Blemished (seriously) 5% 10%
Mechanical damage 10% 15%
Attached stems [over 2.5 cm (.98 in)] 10% 20%

Extraneous Vegetable Material (EVM) Practically Free Reasonably Free a

Texture Good 27–30 Reasonably Good a 24–26
Large objectionable seeds, detached Practically Free Reasonably Free a

seeds, and tough skins
Soft, shriveled, and slippery units 5% 10%

Total Score (minimum) 90 points 80 points

a Cannot be graded above U.S. Grade B, regardless of the total score.
b Pickles that are substandard for uniformity of size cannot be graded above U.S. Grade B, regardless of the total score.

TABLE 70.11
Quality Requirements

Grade A Grade B

Relish Maximum (By Weight) Score Maximum (By Weight) Score

Flavor and Odor Good Reasonably Good a

Color Good 18–20 Reasonably Good a 16–17
Uniformity of Size b 18–20 16–17

Overall appearance Good Reasonably Good a

Defects Practically Free 27–30 Reasonably Free a 24–26
Blemished (slightly and seriously) 15% 25%
Blemished (seriously) 5% 10%
Poorly cut 10% 15%
Loose stems over 3.0 mm (.12 in) 10% 15%

Extraneous Vegetable Material (EVM) Practically Free Reasonably Free a

Texture Good 27–30 Reasonably Good a 24–26
Large objectionable seeds, Practically Free Reasonably Free a

detached seeds, and tough skins
Soft, shriveled, and slippery units 5% 10%

Total Score (minimum) 90 points 80 points

a Cannot be graded above U.S. Grade B, regardless of the total score.
b Pickles that are substandard for uniformity of size cannot be graded above U.S. Grade B, regardless of the total score.
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frequently difficult to determine if any mold or
bacteria are present by field examination.

3. Examination of cucumber salt stock for relish:
When whole pickles or large pieces are used,
examine a representative sample of 100 units
going to chopper.

4. Segregate and list objectionable pickles as 
follows:

Class Number Percent
– with rot spots over 1/2 in. ______ ______
– insect-infested or damaged ______ ______
– mushy or very soft ______ ______

5. For class 1 pickles, make a further determination
of the surface area of the rot spots by size; up to
1 inch; from 1 inch to half of the pickle; and
over half of the pickle. Take close-up color
photographs of objectionable pickles. Collect
exhibits of pickles showing typical rot and
insect damage.

6. Laboratory examination of mushy pickles for
mold is necessary to establish if they are objec-
tionable. If over 5% of the units are mushy, cut
a thin cross-section from each pickle. Place the
slices in a quart jar with water and add 20 cc
formaldehyde for later examination.

7. When small pieces of salt stock cucumbers, cau-
liflower, and peppers are used, rot determina-
tion by count is impractical. If rotten pieces are
observed, collect a separate quart of each pick-
led vegetable. Preserve the samples with 20 cc
formaldehyde. At the same time, collect a sam-
ple totaling half a gallon of finished relish.

B. PEPPERS

1. Check for insect larvae (maggots or larvae 
of pepper weevil) in fresh and salt stock 
peppers and figure percent of infestation on a
representative sample. Examine any fresh pack
peppers in which infested stock was used.

2. If peppers with rot are found, evaluate in the
same fashion as for cucumbers.

3. Examine vinegar storage tanks for drosophila
infestation and for vinegar eels.

4. Insect filth in sweet stock pickles: insects, par-
ticularly drosophila, are attracted to the sweet-
ening tanks, and may be found in the finished
sweet pickle products.

5. Sweet brine is frequently circulated within a
tank and from one tank to another dispersing
insects in the circulating brine. It is sometimes
difficult to estimate the number of insects and
parts in such circulating brine. Close examination
of the inside tank walls may reveal drosophila

above the brine level. These are the best indices
of infestation in a tank.

When insects are found in a sweetening tank:

1. Determine whether sweet brine in the tank is an
intermediate or finishing brine and if it is circu-
lated within the tank or between sweetening
tanks.

2. If the finishing brine is used as a packing
medium, determine whether it is filtered prior
to use and evaluate the filtration step.

3. If sweet stock is held in infested tanks, deter-
mine anticipated date of packing.

4. Evaluate tank covers used.
5. List quantitatively, the extent of insect infesta-

tion by the collection of representative samples
of filth from a definite area, e.g., square feet 
of the walls of the tank on the sweet stock and
in a specified amount of brine from different
areas of the tank if the infestation is wide-
spread. If infestation seems to be isolated, col-
lect specimens showing the types of insects.

C. OTHER POINTS OF INTEREST

1. Grit in pickles: Excessive grit is frequently
found in fresh pack pickles and in midget sweet
pickles. Salt stock may occasionally contain
excessive grit. If dirty cucumbers are packed,
collect in-line and finished product samples.

2. Use of color and preservatives: Green artificial
color is sometimes used in relish without label
declaration. Ascertain if the color is permitted
for use and declared on the label.

3. Sorbic acid may be used in salt stock, to pre-
vent yeast growth, and in finished pickle prod-
ucts, as a preservative. Where sorbic acid is
present in the finished product, determine if it
is declared on the label.

4. Examination of warehouse stocks: Examine for
evidence of spoilage, particularly in fresh pack
pickles that may have been inadequately 
pasteurized.

5. If heavy insect infestation is found, examine 24
jars of the pickle product (other than relish)
most likely to contain insects by inverting jars
under strong light. Collect jars containing
insects as a factory sample.

D. SAMPLE COLLECTION

1. Bulk Salt Stock for Filth

If in barrels, collect a minimum of 12 half-gallon jars of
salt with their brine; 2 from each of 6 previously unopened
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barrels to make 6 duplicate subs. Collect 1 sub from the
top and the other sub from the bottom, if possible. If in
tank cars, collect a minimum of twelve 1/2 gallon jars of
salt stock and brine. If live flies are observed inside tank
during sampling, note and estimate their number.

2. Finished Pickle Product — All Types

Filth and Grit
Quarts and smaller jars Minimum to collect
Up to 100 cases in lot 24 jars
More than 100 cases 48 jars

Gallon jars Minimum to collect
Up to 100 cases 12 jars
More than 100 cases 24 jars

3. Undeclared Color and Chemical Additives

Collect 6 quarts or 12 pints for examination.
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I. INTRODUCTION

In the United States, three federal agencies have responsi-
bility to make sure that processed foods (excluding meat
and poultry) in the market are safe and do not pose any
economic fraud. The U.S. Food and Drug Administration
(FDA) issues regulations or mandatory requirements to
achieve both goals. The U.S. Department of Agriculture
(USDA) and U.S. National Marine Fisheries Service
(NMFS) issue voluntary guides to achieve the same goals.
However, “voluntary” can become “mandatory” under
certain circumstances.

When studying information in this chapter, please
note the following premises:

1. It is most useful for food companies of all sizes
that sell products across state lines.

2. It is most useful for small food companies,
especially new ones.

3. Although the information is designed for
domestic food companies, it is definitely bene-
ficial for foreign food manufacturers that export
food to the United States.

4. Abbreviations used:
CFR � U.S. Code of Federal Regulations.
21 CFR 113 � U.S. Code of Federal Regula-
tions, Title 21, Part 113.

II. FDA FOOD STANDARDS

Food standards are a necessity for both consumers and the
food industry. They maintain the general quality of a large
part of the national food supply and prevent economic
fraud. Without standards, different foods could have the
same names or the same foods could have different names.
Both situations would be confusing and misleading to
consumers and create unfair competition.

Section 401 of the Federal Food, Drug, and Cosmetic
Act requires that whenever such action will promote hon-
esty and fair dealing in the interest of consumers, regula-
tions shall be promulgated fixing and establishing for any
food, under its common or usual name so far as practi-
cable, a reasonable definition and standard of identity, a 
reasonable standard of quality, and reasonable standards
of fill-of-container. However, no definition and standard
of identity or standard of quality may be established for
fresh or dried fruits, fresh or dried vegetables, or butter,
except that definitions and standards of identity may be
established for avocados, cantaloupes, citrus fruits, and
melons.

Standards of identity define what a given food product
is, its name, and the ingredients that must or may be used
in the manufacture of the food. Standards of quality are
minimum standards only and establish specifications for
quality requirements. Fill-of-container standards define
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how full the container must be and how this is measured.
FDA standards are based on the assumption that the food is
properly prepared from clean, sound materials. Standards
do not usually relate to such factors as deleterious impuri-
ties, filth, and decomposition. There are exceptions. For
example, the standards for whole egg and yolk products
and for egg white products require these products to be
pasteurized or otherwise treated to destroy all viable
Salmonella bacteria. Some standards for foods set nutri-
tional requirements, such as those for enriched bread, or
nonfat dry milk with added vitamins A and D, etc. A food
which is represented as, or purports to be, a food for which
a standard of identity has been promulgated must comply
with the specifications of the standard in every respect.

The standards that have been promulgated by the
FDA are listed below.

A. 21 CFR 131 — MILK AND CREAM

1. Requirements for Specific Standardized Milk
and Cream 

21 CFR.110 — Milk.
21 CFR.111 — Acidified milk.
21 CFR.112 — Cultured milk.
21 CFR.115 — Concentrated milk.
21 CFR.120 — Sweetened condensed milk.
21 CFR.125 — Nonfat dry milk.
21 CFR.127 — Nonfat dry milk fortified with vitamins A

and D.
21 CFR.130 — Evaporated milk.
21 CFR.147 — Dry whole milk.
21 CFR.149 — Dry cream.
21 CFR.150 — Heavy cream.
21 CFR.155 — Light cream.
21 CFR.157 — Light whipping cream.
21 CFR.160 — Sour cream.
21 CFR.162 — Acidified sour cream.
21 CFR.170 — Eggnog.
21 CFR.180 — Half-and-half.
21 CFR.200 — Yogurt.
21 CFR.203 — Lowfat yogurt.
21 CFR.206 — Nonfat yogurt.

B. 21 CFR 133 — CHEESES AND RELATED

CHEESE PRODUCTS

1. Requirements for Specific Standardized
Cheese and Related Products

21 CFR 133.102 — Asiago fresh and Asiago soft cheese.
21 CFR 133.103 — Asiago medium cheese.
21 CFR 133.104 — Asiago old cheese.
21 CFR 133.106 — Blue cheese.
21 CFR 133.108 — Brick cheese.
21 CFR 133.109 — Brick cheese for manufacturing.

21 CFR 133.111 — Caciocavallo Sicilian cheese.
21 CFR 133.113 — Cheddar cheese.
21 CFR 133.114 — Cheddar cheese for manufacturing.
21 CFR 133.116 — Low sodium cheddar cheese.
21 CFR 133.118 — Colby cheese.
21 CFR 133.119 — Colby cheese for manufacturing.
21 CFR 133.121 — Low sodium Colby cheese.
21 CFR 133.123 — Cold-pack and club cheese.
21 CFR 133.124 — Cold-pack cheese food.
21 CFR 133.125 — Cold-pack cheese food with fruits,

vegetables, or meats.
21 CFR 133.127 — Cook cheese, Koch kaese.
21 CFR 133.128 — Cottage cheese.
21 CFR 133.129 — Dry curd cottage cheese.
21 CFR 133.133 — Cream cheese.
21 CFR 133.134 — Cream cheese with other foods.
21 CFR 133.136 — Washed curd and soaked curd cheese.
21 CFR 133.137 — Washed curd cheese for manufacturing.
21 CFR 133.138 — Edam cheese.
21 CFR 133.140 — Gammelost cheese.
21 CFR 133.141 — Gorgonzola cheese.
21 CFR 133.142 — Gouda cheese.
21 CFR 133.144 — Granular and stirred curd cheese.
21 CFR 133.145 — Granular cheese for manufacturing.
21 CFR 133.146 — Grated cheeses.
21 CFR 133.147 — Grated American cheese food.
21 CFR 133.148 — Hard grating cheeses.
21 CFR 133.149 — Gruyere cheese.
21 CFR 133.150 — Hard cheeses.
21 CFR 133.152 — Limburger cheese.
21 CFR 133.153 — Monterey cheese and Monterey jack

cheese.
21 CFR 133.154 — High-moisture jack cheese.
21 CFR 133.155 — Mozzarella cheese and scamorza

cheese.
21 CFR 133.156 — Low-moisture mozzarella and scamorza

cheese.
21 CFR 133.157 — Part-skim mozzarella and scamorza

cheese.
21 CFR 133.158 — Low-moisture part-skim mozzarella 

and scamorza cheese.
21 CFR 133.160 — Muenster and Munster cheese.
21 CFR 133.161 — Muenster and Munster cheese for

manufacturing.
21 CFR 133.162 — Neufchatel cheese.
21 CFR 133.164 — Nuworld cheese.
21 CFR 133.165 — Parmesan and reggiano cheese.
21 CFR 133.167 — Pasteurized blended cheese.
21 CFR 133.168 — Pasteurized blended cheese with 

fruits, vegetables, or meats.
21 CFR 133.169 — Pasteurized process cheese.
21 CFR 133.170 — Pasteurized process cheese with 

fruits, vegetables, or meats.
21 CFR 133.171 — Pasteurized process pimento cheese.
21 CFR 133.173 — Pasteurized process cheese food.
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21 CFR 133.174 — Pasteurized process cheese food with 
fruits, vegetables, or meats.

21 CFR 133.175 — Pasteurized cheese spread.
21 CFR 133.176 — Pasteurized cheese spread with fruits,

vegetables, or meats.
21 CFR 133.178 — Pasteurized Neufchatel cheese spread 

with other foods.
21 CFR 133.179 — Pasteurized process cheese spread.
21 CFR 133.180 — Pasteurized process cheese spread 

with fruits, vegetables, or meats.
21 CFR 133.181 — Provolone cheese.
21 CFR 133.182 — Soft ripened cheeses.
21 CFR 133.183 — Romano cheese.
21 CFR 133.184 — Roquefort cheese, sheep’s milk blue-

mold, and blue-mold cheese from sheep’s milk.
21 CFR 133.185 — Samsoe cheese.
21 CFR 133.186 — Sapsago cheese.
21 CFR 133.187 — Semisoft cheeses.
21 CFR 133.188 — Semisoft part-skim cheeses.
21 CFR 133.189 — Skim milk cheese for manufacturing.
21 CFR 133.190 — Spiced cheeses.
21 CFR 133.191 — Part-skim spiced cheeses.
21 CFR 133.193 — Spiced, flavored standardized cheeses.
21 CFR 133.195 — Swiss and Emmentaler cheese.
21 CFR 133.196 — Swiss cheese for manufacturing.

C. 21 CFR 135 — FROZEN DESSERTS

1. Requirements for Specific Standardized
Frozen Desserts

21 CFR.110 — Ice cream and frozen custard.
21 CFR.115 — Goats milk ice cream.
21 CFR.130 — Mellorine.
21 CFR.140 — Sherbet.
21 CFR.160 — Water ices.

D. 21 CFR 136 — BAKERY PRODUCTS

1. Requirements for Specific Standardized
Bakery Products

21 CFR.110 — Bread, rolls, and buns.
21 CFR.115 — Enriched bread, rolls, and buns.
21 CFR.130 — Milk bread, rolls, and buns.
21 CFR.160 — Raisin bread, rolls, and buns.
21 CFR.180 — Whole wheat bread, rolls, and buns.

E. 21 CFR 137 — CEREAL FLOURS AND

RELATED PRODUCTS

1. Requirements for Specific Standardized
Cereal Flours and Related Products

21 CFR 137.105 — Flour.
21 CFR 137.155 — Bromated flour.
21 CFR 137.160 — Enriched bromated flour.
21 CFR 137.165 — Enriched flour.

21 CFR 137.170 — Instantized flours.
21 CFR 137.175 — Phosphated flour.
21 CFR 137.180 — Self-rising flour.
21 CFR 137.185 — Enriched self-rising flour.
21 CFR 137.190 — Cracked wheat.
21 CFR 137.195 — Crushed wheat.
21 CFR 137.200 — Whole wheat flour.
21 CFR 137.205 — Bromated whole-wheat flour.
21 CFR 137.211 — White corn flour.
21 CFR 137.215 — Yellow corn flour.
21 CFR 137.220 — Durum flour.
21 CFR 137.225 — Whole durum flour.
21 CFR 137.250 — White corn meal.
21 CFR 137.255 — Bolted white corn meal.
21 CFR 137.260 — Enriched corn meal.
21 CFR 137.265 — Degerminated white corn meal.
21 CFR 137.270 — Self-rising white corn meal.
21 CFR 137.275 — Yellow corn meal.
21 CFR 137.280 — Bolted yellow corn meal.
21 CFR 137.285 — Degerminated yellow corn meal.
21 CFR 137.290 — Self-rising yellow cornmeal.
21 CFR 137.300 — Farina.
21 CFR 137.305 — Enriched farina.
21 CFR 137.320 — Semolina.
21 CFR 137.350 — Enriched rice.

F. 21 CFR 139 — MACARONI AND NOODLE

PRODUCTS

1. Subpart B — Requirements for Specific
Standardized Macaroni and Noodle Products

21 CFR 139.110 — Macaroni products.
21 CFR 139.115 — Enriched macaroni products.
21 CFR 139.117 — Enriched macaroni products with 

fortified protein.
21 CFR 139.120 — Milk macaroni products.
21 CFR 139.121 — Nonfat milk macaroni products.
21 CFR 139.122 — Enriched nonfat milk macaroni 

products.
21 CFR 139.125 — Vegetable macaroni products.
21 CFR 139.135 — Enriched vegetable macaroni products.
21 CFR 139.138 — Whole-wheat macaroni products.
21 CFR 139.140 — Wheat and soy macaroni products.
21 CFR 139.150 — Noodle products.
21 CFR 139.155 — Enriched noodle products.
21 CFR 139.160 — Vegetable noodle products.
21 CFR 139.165 — Enriched vegetable noodle products.
21 CFR 139.180 — Wheat and soy noodle products.

G. 21 CFR 145 — CANNED FRUITS

1. Requirements for Specific Standardized
Canned Fruits

145.110 — Canned applesauce.
145.115 — Canned apricots.
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145.116 — Artificially sweetened canned apricots.
145.120 — Canned berries.
145.125 — Canned cherries.
145.126 — Artificially sweetened canned cherries.
145.130 — Canned figs.
145.131 — Artificially sweetened canned figs.
145.134 — Canned preserved figs.
145.135 — Canned fruit cocktail.
145.136 — Artificially sweetened canned fruit cocktail.
145.140 — Canned seedless grapes.
145.145 — Canned grapefruit.
145.170 — Canned peaches.
145.171 — Artificially sweetened canned peaches.
145.175 — Canned pears.
145.176 — Artificially sweetened canned pears.
145.180 — Canned pineapple.
145.181 — Artificially sweetened canned pineapple.
145.185 — Canned plums.
145.190 — Canned prunes.

H. 21 CFR 146 — CANNED FRUIT JUICES

1. Requirements for Specific Standardized
Canned Fruit Juices and Beverages

146.114 — Lemon juice.
146.120 — Frozen concentrate for lemonade.
146.121 — Frozen concentrate for artificially sweetened 

lemonade.
146.126 — Frozen concentrate for colored lemonade.
146.132 — Grapefruit juice.
146.135 — Orange juice.
146.137 — Frozen orange juice.
146.140 — Pasteurized orange juice.
146.141 — Canned orange juice.
146.145 — Orange juice from concentrate.
146.146 — Frozen concentrated orange juice.
146.148 — Reduced acid frozen concentrated orange juice.
146.150 — Canned concentrated orange juice.
146.151 — Orange juice for manufacturing.
146.152 — Orange juice with preservative.
146.153 — Concentrated orange juice for manufacturing.
146.154 — Concentrated orange juice with preservative.
146.185 — Pineapple juice.
146.187 — Canned prune juice.

I. 21 CFR 150 — FRUIT BUTTERS, JELLIES,
PRESERVES, AND RELATED PRODUCTS

1. Requirements for Specific Standardized Fruit
Butters, Jellies, Preserves, and Related
Products

150.110 — Fruit butter.
150.140 — Fruit jelly.
150.141 — Artificially sweetened fruit jelly.
150.160 — Fruit preserves and jams.

J. 21 CFR 152 — FRUIT PIES

1. Requirements for Specific Standardized 
Fruit Pies

152.126 — Frozen cherry pie.

K. 21 CFR 155 — CANNED VEGETABLES

1. Requirements for Specific Standardized
Canned Vegetables

155.120 — Canned green beans and canned wax beans.
155.130 — Canned corn.
155.131 — Canned field corn.
155.170 — Canned peas.
155.172 — Canned dry peas.
155.190 — Canned tomatoes.
155.191 — Tomato concentrates.
155.194 — Catsup.
155.200 — Certain other canned vegetables.
155.201 — Canned mushrooms.

L. 21 CFR 156 — VEGETABLE JUICES

1. Requirements for Specific Standardized
Vegetable Juices

156.145 — Tomato juice.

M. 21 CFR 158 — FROZEN VEGETABLES

1. Requirements for Specific Standardized
Frozen Vegetables

158.170 — Frozen peas.

N. 21 CFR 160 — EGGS AND EGG PRODUCTS

1. Subpart B — Requirements for Specific
Standardized Eggs and Egg Products

§160.100 — Eggs.
§160.105 — Dried eggs.
§160.110 — Frozen eggs.
§160.115 — Liquid eggs.
§160.140 — Egg whites.
§160.145 — Dried egg whites.
§160.150 — Frozen egg whites.
§160.180 — Egg yolks.
§160.185 — Dried egg yolks.
§160.190 — Frozen egg yolks.

O. 21 CFR 161 — FISH AND SHELLFISH

1. Requirements for Specific Standardized Fish
and Shellfish

161.130 — Oysters.
161.136 — Olympia oysters.
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161.145 — Canned oysters.
161.170 — Canned Pacific salmon.
161.173 — Canned wet pack shrimp in transparent or 

nontransparent containers.
161.175 — Frozen raw breaded shrimp.
161.176 — Frozen raw lightly breaded shrimp.
161.190 — Canned tuna.

P. 21 CFR 163 — CACAO PRODUCTS

1. Requirements for Specific Standardized
Cacao Products

163.110 — Cacao nibs.
163.111 — Chocolate liquor.
163.112 — Breakfast cocoa.
163.113 — Cocoa.
163.114 — Lowfat cocoa.
163.117 — Cocoa with dioctyl sodium sulfosuccinate for 

manufacturing.
163.123 — Sweet chocolate.
163.124 — White chocolate.
163.130 — Milk chocolate.
163.135 — Buttermilk chocolate.
163.140 — Skim milk chocolate.
163.145 — Mixed dairy product chocolates.
163.150 — Sweet cocoa and vegetable fat coating.
163.153 — Sweet chocolate and vegetable fat coating.
163.155 — Milk chocolate and vegetable fat coating.

Q. 21 CFR 164 — TREE NUT AND PEANUT

PRODUCTS

1. Requirements for Specific Standardized Tree
Nut and Peanut Products

164.110 — Mixed nuts.
164.120 — Shelled nuts in rigid or semirigid containers.
164.150 — Peanut butter.

R. 21 CFR 165 — BEVERAGES

1. Requirements for Specific Standardized
Beverages

165.110 — Bottled water.

S. 21 CFR 166 — MARGARINE

166.40 — Labeling of margarine.
166.110 — Margarine.

T. 21 CFR 168 — SWEETENERS AND TABLE SIRUPS

1. Requirements for Specific Standardized
Sweeteners and Table Sirups

168.110 — Dextrose anhydrous.
168.111 — Dextrose monohydrate.

168.120 — Glucose syrup.
168.121 — Dried glucose syrup.
168.122 — Lactose.
168.130 — Cane syrup.
168.140 — Maple syrup.
168.160 — Sorghum syrup.
168.180 — Table syrup.

U. 21 CFR 169 — FOOD DRESSINGS AND

FLAVORINGS

1. Requirements for Specific Standardized Food
Dressings and Flavorings 

169.115 — French dressing.
169.140 — Mayonnaise.
169.150 — Salad dressing.
169.175 — Vanilla extract.
169.176 — Concentrated vanilla extract.
169.177 — Vanilla flavoring.
169.178 — Concentrated vanilla flavoring.
169.179 — Vanilla powder.
169.180 — Vanilla-vanillin extract.
169.181 — Vanilla-vanillin flavoring.
169.182 — Vanilla-vanillin powder.

III. USDA STANDARDS FOR GRADES OF
PROCESSED FRUITS AND VEGETABLES

Voluntary U.S. grade standards are issued under the
authority of the Agricultural Marketing Act of 1946, which
provides for the development of official U.S. grades to
designate different levels of quality. These grade stan-
dards are available for use by producers, suppliers, buyers,
and consumers. As in the case of other standards for
grades of processed fruits and vegetables, these standards
are designed to facilitate orderly marketing by providing
a convenient basis for buying and selling, for establishing
quality control programs, and for determining loan values.

The standards also serve as a basis for the inspection
and grading of commodities by the Federal inspection
service, the only activity authorized to approve the desig-
nation of U.S. grades as referenced in the standards, as
provided under the Agricultural Marketing Act of 1946.
This service, available as on-line (in-plant) or lot inspec-
tion and grading of all processed fruit and vegetable prod-
ucts, is offered to interested parties, upon application, on a
fee-for-service basis. The verification of some specific rec-
ommendations, requirements, or tolerances contained in
the standards can be accomplished only by the use of on-
line inspection procedures. In all instances, a grade can be
assigned based on final product factors or characteristics.

In addition to the U.S. grade standards, grading man-
uals or instructions for inspection of several processed
fruits and vegetables are available upon request for a 
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nominal fee. These manuals or instructions contain
detailed interpretations of the grade standards and provide
step-by-step procedures for grading the product.

Grade standards are issued by the Department after
careful consideration of all data and views submitted, and
the Department welcomes suggestions that might aid in
improving the standards in future revisions.

Those products with such grade standards are listed
below. They are all located in 7 CFR 52.

A. CANNED FRUIT

Apples
Apple Butter
Apple Juice
Applesauce
Apricots, Regular and Solid Pack
Blackberries and Other Similar Berries
Blueberries
Cherries, RTP
Cherries, Sweet
Cranberry Sauce
Figs, Kadota
Fruit Cocktail
Fruit Jelly
Fruit Preserves (Jams)
Fruits for Salad
Grapefruit
Grapefruit Juice, from Concentrate and Concentrated
Grapefruit Juice for Manufacturing
Grapefruit and Orange for Salad
Grapefruit Juice and Orange Juice (Blend)
Grape Juice
Grapes
Lemon Juice
Lemon Juice, Concentrate for Manufacturing.
Orange Juice: from Concentrate, Pasteurized, Concentrated,

and Concentrate for Manufacturing
Orange Marmalade
Peaches, Clingstone
Peaches, Freestone
Pears
Pineapple
Pineapple Juice and Pineapple Juice from Concentrate
Plums
Prunes, Dried
Raspberries
Tangerine Juice
Tangerine Juice Concentrate for Manufactuing

B. CANNED VEGETABLES

Asparagus
Beans, Baked, Dried, Pork and

Beans, Green and Wax

Beans
Beets
Carrots
Celery
Chili Sauce
Corn, Cream Style
Corn, Whole Kernel
Hominy
Leafy Greens
Mushrooms
Okra
Okra and Tomatoes and Tomatoes and Okra
Olives, Green
Olives, Ripe
Onions
Peas
Peas and Carrots
Peas, Field and Blackeye
Pickles
Pimientos
Potatoes, White
Pumpkin (Squash)
Sauerkraut
Spinach
Squash (Summer type)
Succotash
Sweet potatoes
Tomatoes
Tomato Catsup
Tomato Juice and Tomato Juice from Concentrate
Tomato Juice, Concentrate
Tomato Paste
Tomato Puree (pulp)
Tomato Sauce

C. FROZEN FRUIT

Apple Juice, Concentrate
Apricots
Berries (Black, Boysen, etc.)
Blueberries
Cherries (red tart pitted)
Cherries, Sweet
Cranberries
Grape Juice, Concentrate, Sweetened
Grapefruit
Grapefruit Juice
Conc. Grapefruit Juice
Conc. Grapefruit Juice for Manufacturing
Grapefruit Juice and Orange Juice Concentrate, Blended
Lemonade, Concentrate
Limeade, Concentrate
Melon Balls
Orange Juice
Orange Juice from Concentrate
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Pasteurized Orange Juice
Concentrate Orange Juice
Concentrate Orange Juice for Manufacturing
Reduced Acid Orange Juice, Concentrate
Peaches
Pineapple Juice
Pineapple Juice from Concentrate
Pineapple
Plums
Raspberries
Strawberries

D. FROZEN VEGETABLES

Asparagus
Beans, Green and Wax Beans, Lima
Beans, Speckled Butter (Lima)
Broccoli
Brussels Sprouts
Carrots
Cauliflower
Corn, Whole Kernel
Corn on the Cob
Leafy Greens (includes Spinach)
Okra
Onion Rings, Breaded
Peas
Peas and Carrots
Peas, Field and Black-eye
Peppers
Sweet Potatoes
French Fried Potatoes
Hash Brown
Rhubarb
Squash (Cooked)
Squash (Summer)
Succotash
Sweet Potatoes
Tomato Juice
Tomato Juice from Concentrate
Turnip Greens with Turnips
Vegetables, Mixed

E. DRIED DEHYDRATED PRODUCTS

Apples, Dehydrated
Apples, Dried
Apricots, Dehydrated
Apricots, Dried
Dates
Figs
Grapefruit Juice, Dehydrated
Orange Juice, Dehydrated
Peaches, Dehydrated

Pears, Dried
Prunes
Prunes, Dried
Raisins, Processed

F. SUGAR PRODUCTS

Honey, Comb
Honey, Extracted
Maple Syrup
Molasses, Sugarcane
Syrup, Refiners’
Syrup, Sugarcane

G. MISCELLANEOUS PRODUCTS

Cherries, Sulphured
Olive Oil
Peanut Butter
Potatoes, Peeled
Sauerkraut, Bulk

IV. NMFS STANDARDS FOR GRADES OF
FISHERY PRODUCTS

The regulatory agency, the National Marine Fisheries
Service (NMFS), has issued some minimal criteria for
several seafood and seafood products: what they are, what
types and styles are available, and so on. A product grade
is established to achieve two objectives: assure product
safety and minimize economic fraud. The fishery products
with standards for grades include the following.

A. 50 CFR 261 — UNITED STATES STANDARDS

FOR GRADES OF WHOLE OR DRESSED FISH

Whole or Dressed Fish 
Frozen Headless Dressed Whiting

B. 50 CFR 262 — UNITED STATES STANDARDS

FOR GRADES OF FISH STEAKS

Frozen Halibut Steaks

C. 50 CFR 263 — UNITED STATES STANDARDS

FOR GRADES OF FISH FILLETS

Fish Fillets
Cod Fillets
Flounder and Sole Fillets
Haddock Fillets
Ocean and Pacific Perch Fillets
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D. 50 CFR 264 — UNITED STATES STANDARDS

FOR GRADES OF FROZEN FISH BLOCKS AND

PRODUCTS MADE THERE FROM

Frozen Fish Fillet Blocks
Frozen Minced Fish Blocks
Frozen Raw Fish Portions
Frozen Raw Breaded Fish Sticks
Frozen Raw Breaded Fish Portions
Frozen Fried Fish Sticks
Frozen Fried Fish Portions

E. 50 CFR 265 — UNITED STATES STANDARDS

FOR GRADES OF CRUSTACEAN SHELLFISH

Fresh and Frozen Shrimp
Frozen Raw Breaded Shrimp

F. 50 CFR 266 — UNITED STATES STANDARDS

FOR GRADES OF MOLLUSCAN SHELLFISH

Frozen Raw Scallops
Frozen Raw Breaded Scallops and Frozen Fried Scallops

G. 50 CFR 267 —  UNITED STATES STANDARDS

FOR GRADES OF NORTH AMERICAN

FRESHWATER CATFISH AND THEIR PRODUCTS

ACKNOWLEDGMENT

The information in this chapter has been derived from
Food Safety Manual, published and copyrighted by
Science Technology System, West Sacramento, California,
2004©. Used with permission.

U.S. Food Standards and Food Grades 71-9

DK9848_C071.qxd  10/Sep/05  11:45 AM  Page 9



DK9848_C071.qxd  10/Sep/05  11:45 AM  Page 10



72-1

72 Standards for Meat and Poultry 
in the United States

Nanna Cross
Chicago, Illinois

CONTENTS

I. Introduction ........................................................................................................................................................72-16
II. Definitions ..........................................................................................................................................................72-16

Red Meat ..........................................................................................................................................................72-16
Poultry ..............................................................................................................................................................72-16

III. Abbreviations ....................................................................................................................................................72-16
IV. Standards, Labels, and other Information ..........................................................................................................72-16

Andouille (FR) ..................................................................................................................................................72-16
Arroz Con Pollo (SP) ........................................................................................................................................72-16
Au Gratin Potatoes and Bacon ..........................................................................................................................72-16
Baby Food ........................................................................................................................................................72-16
Baby Food with Fresh Ham or Bacon ..............................................................................................................72-17
Bacon ................................................................................................................................................................72-17
Bacon and Pork Sausage ..................................................................................................................................72-17
Bacon Arkansas and Arkansas Style Bacon ......................................................................................................72-17
Bacon (Canned — Pasteurized) ........................................................................................................................72-17
Bacon (Canned, Prefried) ..................................................................................................................................72-17
Bacon (Cooked) ................................................................................................................................................72-17
Bacon Dressing for Stuffing ..............................................................................................................................72-17
Bacon-Like Products ........................................................................................................................................72-17
Bacon Products ..................................................................................................................................................72-17
Bangers ..............................................................................................................................................................72-17
Barbecue (BBQ) Products ................................................................................................................................72-18
Barbecue (Infrared Cooked) ..............................................................................................................................72-18
Barbecue Meat or Poultry “Eastern North Carolina Style” ..............................................................................72-18
Barbecue Sauce with Chicken ..........................................................................................................................72-18
Barbecue Sauce with Meat ................................................................................................................................72-18
Beef a La King ..................................................................................................................................................72-18
Beef a La Mode ................................................................................................................................................72-18
Beef Almondine with Vegetables ......................................................................................................................72-18
Beef and Dumplings with Gravy ......................................................................................................................72-18
Beef and Gravy ..................................................................................................................................................72-18
Beef Blood ........................................................................................................................................................72-18
Beef Blood Glaze ..............................................................................................................................................72-18
Beef Brisket (Canned) ......................................................................................................................................72-19
Beef Burgundy or Bourguignonne ....................................................................................................................72-19
Beef Burgundy with Noodles ............................................................................................................................72-19
Beef Cheek Meat and Beef Head Meat and Pork Cheek Meat and Pork Head Meat 

(Use and Labeling as an Ingredient in Meat Food Products) ......................................................................72-19
Beef Concentrate and Salt ................................................................................................................................72-19

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 1



72-2 Handbook of Food Science, Technology, and Engineering, Volume 2

Beef Consomme ................................................................................................................................................72-19
Beef (Dried or Air-Dried) ..................................................................................................................................72-19
Beef Fibrin ........................................................................................................................................................72-19
Beef Gravy Mix ................................................................................................................................................72-20
Beef Marsala ......................................................................................................................................................72-20
Beef Oriental or Oriental Beef ..........................................................................................................................72-20
Beef Roulade ....................................................................................................................................................72-20
Beef Slices a-La-Pizzaiola ................................................................................................................................72-20
Beef Stroganoff ..................................................................................................................................................72-20
Beef Stroganoff with Noodles ..........................................................................................................................72-20
Beef Sukiyaki ....................................................................................................................................................72-20
Beef Tripe Stew ................................................................................................................................................72-20
Beef Wellington ................................................................................................................................................72-20
Beerwurst, Bierwurst ........................................................................................................................................72-20
Berliner ..............................................................................................................................................................72-20
Berliner Blood Sausage ....................................................................................................................................72-20
Bier Schinken (GR) ..........................................................................................................................................72-20
Binders in Poultry, Boneless, Raw or Cooked ..................................................................................................72-20
Blockwurst ........................................................................................................................................................72-21
Blood and Tongue Sausage ..............................................................................................................................72-21
Blood Sausage ..................................................................................................................................................72-21
Boingghetti ........................................................................................................................................................72-21
Bone-In Meat with Sauce ..................................................................................................................................72-21
Boneless Breast Trimmings ..............................................................................................................................72-21
Breakfast Links or Patties ..................................................................................................................................72-21
Breakfasts (Containing Meat) ..........................................................................................................................72-21
Broth, Beef or Pork ..........................................................................................................................................72-21
Brotwurst ..........................................................................................................................................................72-21
Brown and Serve Sausage ................................................................................................................................72-21
Brown and Serve Sausage (Canned) ................................................................................................................72-21
Brunswick Stew ................................................................................................................................................72-21
Buffalo Style ......................................................................................................................................................72-21
Burgundy Sauce with Beef and Noodles ..........................................................................................................72-22
Burritos ..............................................................................................................................................................72-22
Burritos with Sauce or Gravy ............................................................................................................................72-22
Butifarra-Sausage ..............................................................................................................................................72-22
Caddies ..............................................................................................................................................................72-22
Cajun ..................................................................................................................................................................72-22
Cajun Style/Cajun Recipe ................................................................................................................................72-22
Calabrese (IT) ....................................................................................................................................................72-22
Calzone, Calzoni (IT) ........................................................................................................................................72-22
Canadian and Canadian Style Bacon ................................................................................................................72-22
Canadian Style Bacon Made with/from Pork Sirloin Hips ..............................................................................72-23
Canned Chopped Beef or Pork ..........................................................................................................................72-23
Canned Meat ......................................................................................................................................................72-23
Cannelloni (IT) ..................................................................................................................................................72-23
Cantonese Style Species ....................................................................................................................................72-23
Capacollo, Cooked (Capicola, Capocolla, Capacola, Capicollo, Cappicola, Capacolo) (IT) ..........................72-23
Caramel Coloring ..............................................................................................................................................72-23
Carbonade (FR) ................................................................................................................................................72-23
Carriers ..............................................................................................................................................................72-23
Casing, Artificial ................................................................................................................................................72-24
Casserole ............................................................................................................................................................72-24
Cassoulet (FR) ..................................................................................................................................................72-24
Center Slice ......................................................................................................................................................72-24
Certified ............................................................................................................................................................72-24

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 2



Standards for Meat and Poultry in the United States 72-3

Cervelat ..............................................................................................................................................................72-24
Cha Shu Bow (CH) ............................................................................................................................................72-24
Cheek Meat, Beef ..............................................................................................................................................72-24
Cheese ................................................................................................................................................................72-24
Cheese (Pasteurized Processed Cheese Food or Spread) ..................................................................................72-25
Cheese Products Containing Meat ....................................................................................................................72-25
Cheese Standardized Products ..........................................................................................................................72-25
Chicharrones (PR) ............................................................................................................................................72-25
Chicharrones de Pollo (PR) ..............................................................................................................................72-25
Chicken, Aloha ..................................................................................................................................................72-25
Chicken and Noodles au Gratin (FR) ................................................................................................................72-25
Chicken Cordon Bleu (FR) ..............................................................................................................................72-25
Chicken Enchilada Suiza ..................................................................................................................................72-25
Chicken Ova ......................................................................................................................................................72-25
Chicken Paprika ................................................................................................................................................72-25
Chicken Tocino ..................................................................................................................................................72-25
Chicken Wellington ..........................................................................................................................................72-25
Chili ..................................................................................................................................................................72-25
Chili Colorado ..................................................................................................................................................72-26
Chili-Mac ..........................................................................................................................................................72-26
Chili Pie ............................................................................................................................................................72-26
Chili Pups ..........................................................................................................................................................72-26
Chili Relleno ......................................................................................................................................................72-26
Chili Spaghetti ..................................................................................................................................................72-26
Chili Verde (SP) ................................................................................................................................................72-26
Chili with Beans ................................................................................................................................................72-26
Chimichanga ......................................................................................................................................................72-26
Chinese Brand Links ........................................................................................................................................72-26
Chinese Pepper Steak ........................................................................................................................................72-27
Chinese Style Barbecue Meat ..........................................................................................................................72-27
Chinese Style Beef ............................................................................................................................................72-27
Chinese Style Sausage ......................................................................................................................................72-27
Chipped Beef ....................................................................................................................................................72-27
Chitterlings ........................................................................................................................................................72-27
Choice Grade, Fancy Grade Poultry ................................................................................................................72-27
Chopped Chicken Livers ..................................................................................................................................72-27
Chopped Chicken Livers Combined with Other Characterizing Components ................................................72-27
Chopped Ham ....................................................................................................................................................72-27
Chop Suey, American ........................................................................................................................................72-27
Chop Suey (Vegetables with Meat) ..................................................................................................................72-27
Chorizo (SP) ......................................................................................................................................................72-27
Chorizo, Fresh ..................................................................................................................................................72-27
Chorizo in Lard ................................................................................................................................................72-27
Chorizo in Lard, Canned ..................................................................................................................................72-28
Chow Mein with Meat ......................................................................................................................................72-28
Chulent (Cholent) ..............................................................................................................................................72-28
Coarse Ground Meat Trimmings ......................................................................................................................72-28
Colored Casing ..................................................................................................................................................72-28
Composite Ingredients Statement ......................................................................................................................72-28
Cooked Beef, Equivalency ................................................................................................................................72-28
Cooked Breakfast Sausage ................................................................................................................................72-28
Cooked Red Meat Products Containing Added Substances ..............................................................................72-28
Corn Dog or Korn Dog ......................................................................................................................................72-29
Corn Dog or Korn Dog (Poultry) ......................................................................................................................72-29
Corn Meal Mush with Bacon ............................................................................................................................72-29
Corned Beef and Cabbage ................................................................................................................................72-29

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 3



72-4 Handbook of Food Science, Technology, and Engineering, Volume 2

Corned Beef (Canned, Cooked with Natural Juices) ........................................................................................72-29
Corned Beef, Gray ............................................................................................................................................72-29
Corned Beef with Juices ....................................................................................................................................72-29
Cornish Style Pasty ..........................................................................................................................................72-29
Cotechino (IT) ..................................................................................................................................................72-29
Country ..............................................................................................................................................................72-29
Country Fried ....................................................................................................................................................72-29
Country of Origin ..............................................................................................................................................72-29
Country Style Chicken ......................................................................................................................................72-29
Country Style (Farm Style) Sausage ................................................................................................................72-30
Creamed Beef (Chipped or Dried) ....................................................................................................................72-30
Creamed Cheese with Chipped Beef ................................................................................................................72-30
Creamed Sauce with Meat or Creamed Meat Products (Chipped Beef, Cooked Beef, Sausage,

Ham, Franks, Meatballs, etc.) ......................................................................................................................72-30
Creole Style ......................................................................................................................................................72-30
Crepe Filling ......................................................................................................................................................72-30
Crepes ................................................................................................................................................................72-30
Croissant ............................................................................................................................................................72-30
Croquette ..........................................................................................................................................................72-30
Curdlan ..............................................................................................................................................................72-30
Cured Meat Products — Labeling of Mechanically Reduced ..........................................................................72-30
Cured Meat Products — Packed in Brine ........................................................................................................72-30
Cured Pork Bellies ............................................................................................................................................72-30
Cured Pork ........................................................................................................................................................72-31
Cured Turkey Thigh Meat ................................................................................................................................72-31
Curried Sauce with Meat (Poultry) and Rice Casserole ..................................................................................72-31
Curry Product ....................................................................................................................................................72-31
Cutlet, Beef ........................................................................................................................................................72-31
Cutlet, Pork ........................................................................................................................................................72-31
Cutlet, Poultry ....................................................................................................................................................72-31
Cutlet Veal ........................................................................................................................................................72-31
Dehydrated Meat Calculation Factor ................................................................................................................72-31
Dehydrated Poultry Calculation Factor ............................................................................................................72-31
Dehydrated Products when Water is Added ......................................................................................................72-31
Deviled Poultry ..................................................................................................................................................72-31
Dinner Dog ........................................................................................................................................................72-32
Dinners and Suppers, Frozen ............................................................................................................................72-32
Dipped Steaks ....................................................................................................................................................72-32
Dixie Bacon ......................................................................................................................................................72-32
Dixie Square ......................................................................................................................................................72-32
Dog Food ..........................................................................................................................................................72-32
Dough Conditioner ............................................................................................................................................72-32
Dried Egg White Added ....................................................................................................................................72-32
Dry Aged ..........................................................................................................................................................72-32
Dry Cured ..........................................................................................................................................................72-32
Dry Milk Products ............................................................................................................................................72-32
Dry Salt Cured ..................................................................................................................................................72-33
Dual Weight Requirement for Stuffed Poultry Labels ......................................................................................72-33
Duck, Salted ......................................................................................................................................................72-33
Dumplings with Beef ........................................................................................................................................72-33
Dutch Brand Loaf ..............................................................................................................................................72-33
Easter Nola ........................................................................................................................................................72-33
Egg Foo Young with Meat ................................................................................................................................72-33
Egg Foo Young with Poultry ............................................................................................................................72-33
Egg Roll, Vietnamese Style ..............................................................................................................................72-33
Eggs Benedict ....................................................................................................................................................72-33

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 4



Standards for Meat and Poultry in the United States 72-5

Eggs, Fresh ........................................................................................................................................................72-33
Empanadillas (SP) ............................................................................................................................................72-33
Empanadillas Chorizo ......................................................................................................................................72-33
Encapsulation ....................................................................................................................................................72-33
Enchilada (SP) ..................................................................................................................................................72-33
Enchilada with Beef Chili Gravy or Enchilada Prepared with Meat and Sauce ..............................................72-33
Enchilada — Sonora Style ................................................................................................................................72-33
Entree (Principal Dish or Main Course) ..........................................................................................................72-33
Enzyme Treated Product ....................................................................................................................................72-34
Enzyme Trimmings from Ante-Mortem Injected Beef ......................................................................................72-34
Enzymes — Proteolytic ......................................................................................................................................72-34
Exotic/Non-Amenable Products — Use of Cure Agents ..................................................................................72-34
Extra and More than ..........................................................................................................................................72-35
Fabricated Steak ................................................................................................................................................72-35
Fajitas ................................................................................................................................................................72-35
Farm Style Sausage ............................................................................................................................................72-35
Farmer Sausage Cervelat ....................................................................................................................................72-35
Farmer Summer Sausage ....................................................................................................................................72-35
Fiber Products ....................................................................................................................................................72-35
Fillet Style ..........................................................................................................................................................72-35
Flanken in the Pot ..............................................................................................................................................72-35
Flavored with ......................................................................................................................................................72-36
Flavoring ............................................................................................................................................................72-36
Foie Gras Products, Duck Liver and/or Goose Liver ........................................................................................72-36
For Further Processing ......................................................................................................................................72-36
“Fresh,” “Not Frozen” and Similar Terms when Labeling Poultry Products ....................................................72-36
Fresh Thuringer ..................................................................................................................................................72-37
Fried Noodles with Pork ....................................................................................................................................72-37
Fried Products ....................................................................................................................................................72-37
Fried Rice with Meat ..........................................................................................................................................72-37
Fries ....................................................................................................................................................................72-37
Fritters ................................................................................................................................................................72-37
Frizzes ................................................................................................................................................................72-37
Galician Sausage ................................................................................................................................................72-37
Gelatin ................................................................................................................................................................72-37
Gelatin in Poultry Rolls ......................................................................................................................................72-38
General Offices ..................................................................................................................................................72-38
Genoa or Genoa Salami ....................................................................................................................................72-38
Geographic and Related Terms (Requirements for the Use on Product Labels) ..............................................72-38
Geographic Terms ..............................................................................................................................................72-38
German Potato Salad with Bacon ......................................................................................................................72-38
German Sausages with Milk ..............................................................................................................................72-38
Giblet Gravy (Kind) ..........................................................................................................................................72-39
Giblets and/or Necks Sold with Carcasses ........................................................................................................72-39
Glazes ................................................................................................................................................................72-39
Glycerin ..............................................................................................................................................................72-39
Goetta ................................................................................................................................................................72-39
Goettinger Cervelat ............................................................................................................................................72-39
Goose Liver or Goose Liver Sausage ................................................................................................................72-39
Gorditas, Meat/Poultry ......................................................................................................................................72-39
Goteborg ............................................................................................................................................................72-39
Gothaer Cervelat ................................................................................................................................................72-39
Goulash ..............................................................................................................................................................72-39
Goulash, Hungarian Style ..................................................................................................................................72-39
Grade Marks ......................................................................................................................................................72-40
Gravies ..............................................................................................................................................................72-40

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 5



72-6 Handbook of Food Science, Technology, and Engineering, Volume 2

Gravy and Beef ..................................................................................................................................................72-40
Gravy and Dressing with Pork or Gravy and Pork with Dressing ....................................................................72-40
Gravy and Poultry Salisbury Steak ..................................................................................................................72-40
Gravy and Swiss Steak ......................................................................................................................................72-40
Gravy and Yankee Pot Roast ............................................................................................................................72-40
Greek Sausage ..................................................................................................................................................72-40
Ground Beef ......................................................................................................................................................72-40
Ground Beef Chuck and Round ........................................................................................................................72-40
Ground Beef — Hamburger and Soy Products ................................................................................................72-40
Gum Arabic ......................................................................................................................................................72-40
Gum Tragacanth ................................................................................................................................................72-40
Gum-Vegetable ..................................................................................................................................................72-40
Gumbo ..............................................................................................................................................................72-41
Gyros ................................................................................................................................................................72-41
Halal and Zabiah Halal ......................................................................................................................................72-41
Ham a La King ..................................................................................................................................................72-41
Ham and Bacon Loaf ........................................................................................................................................72-41
Ham and Cheese Loaf ......................................................................................................................................72-41
Ham and Cheese Salad ......................................................................................................................................72-41
Ham and Cheese Spread ....................................................................................................................................72-41
Ham and Dumplings and Sauce or Gravy ........................................................................................................72-41
Ham, Boiled ......................................................................................................................................................72-41
Hamcola ............................................................................................................................................................72-41
Ham Capacolla, Cooked ....................................................................................................................................72-41
Ham Chowder — Condensed ............................................................................................................................72-41
Ham, Cooked — Sectioned and Formed ..........................................................................................................72-41
Ham Croquettes ................................................................................................................................................72-41
Ham, Fresh (or Uncured) ..................................................................................................................................72-41
Ham Half ..........................................................................................................................................................72-42
Ham Omelet ......................................................................................................................................................72-42
Ham/Parma Ham/Prosciutto Di Parma ..............................................................................................................72-42
Ham, Quarter, Semi-Boneless (No Slices Removed) ........................................................................................72-42
Ham Roll Sausage ............................................................................................................................................72-42
Ham Salad ........................................................................................................................................................72-42
Ham, Scotch Style ............................................................................................................................................72-42
Ham, Shankless ................................................................................................................................................72-42
Ham Shortcake ..................................................................................................................................................72-42
Ham, Smithfield ................................................................................................................................................72-42
Ham Trimmings ................................................................................................................................................72-42
Ham, Westphalian or Westphalian Style Ham ..................................................................................................72-42
Handling Statements ..........................................................................................................................................72-42
Handling Statements on Retorted Products ......................................................................................................72-42
Head Meat ........................................................................................................................................................72-42
Headcheese ........................................................................................................................................................72-43
Hearts/Heart Meat ............................................................................................................................................72-43
Heat and Eat Sausage ........................................................................................................................................72-43
Hickory Smoked ................................................................................................................................................72-43
High Fructose Corn Syrup (HFCS) ..................................................................................................................72-43
Holstein or Holsteiner ......................................................................................................................................72-43
Honey Claim in Product ....................................................................................................................................72-43
Honey Cured or Sugar Cured ............................................................................................................................72-43
Hors d’oeuvre (Snack) ......................................................................................................................................72-44
Hot Dog Chili Sauce with Meat ........................................................................................................................72-44
Hot Dog Chili with Meat ..................................................................................................................................72-44
Hunan Style Seasoned Pork ..............................................................................................................................72-44

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 6



Standards for Meat and Poultry in the United States 72-7

Hydrolyzed Beef Stock ....................................................................................................................................72-44
Hydrolyzed Gelatin ..........................................................................................................................................72-44
Hydrolyzed Oat Flour ........................................................................................................................................72-44
Hydrolyzed Protein ............................................................................................................................................72-44
Hydroxypropyl Methylcellulose (HPMC) ........................................................................................................72-44
Ice-Glazed Breaded Chicken Nuggets ..............................................................................................................72-45
Imitation Flavors ................................................................................................................................................72-45
Incidental Additives ..........................................................................................................................................72-45
Ingredient Labeling ..........................................................................................................................................72-45
Insert Labels for Use at Retail Stores ..............................................................................................................72-45
Inspection Legends (Dual) ................................................................................................................................72-45
Inspection Mark on Wing Tag ..........................................................................................................................72-45
Intestines ............................................................................................................................................................72-45
Irish Stew ..........................................................................................................................................................72-46
Isolated Soy Protein ..........................................................................................................................................72-46
Italian Sausage ..................................................................................................................................................72-46
Italian Style ........................................................................................................................................................72-46
Italian Style Smoked Sausage ..........................................................................................................................72-46
Jagwurst ............................................................................................................................................................72-46
Jamaican Style ..................................................................................................................................................72-46
Jamaican Style Patties ......................................................................................................................................72-46
Jambalaya ..........................................................................................................................................................72-46
Jamon ................................................................................................................................................................72-46
Jardiniere (FR) ..................................................................................................................................................72-46
Jerk or Jerk Style ..............................................................................................................................................72-46
Jerky ..................................................................................................................................................................72-47
Junior Meat Snacks ..........................................................................................................................................72-47
Juniper Berries ..................................................................................................................................................72-47
Kabobs ..............................................................................................................................................................72-47
Kalbelwurst ........................................................................................................................................................72-47
Katrifitas ............................................................................................................................................................72-47
Kelco-Gel ..........................................................................................................................................................72-47
Kidneys from Enzyme Injected Beef ................................................................................................................72-47
Kielbasa ............................................................................................................................................................72-47
Kippered Beef ....................................................................................................................................................72-48
Kiska; Kisba, Kishka, or Stuffed Derma ..........................................................................................................72-48
Knishes ..............................................................................................................................................................72-48
Konjac Flour ......................................................................................................................................................72-48
Kosher and Kosher Style ..................................................................................................................................72-48
Kosher (Product Containers) ............................................................................................................................72-48
Krakow ..............................................................................................................................................................72-48
Kreplach ............................................................................................................................................................72-48
Kubbee ..............................................................................................................................................................72-48
Kuemmelwurst ..................................................................................................................................................72-48
Kurma ................................................................................................................................................................72-48
Labeling, Check-Off Blocks ..............................................................................................................................72-48
Labeling for Substitute Products ......................................................................................................................72-49
Labeling of Modified Breakfast Sausage, Cooked Sausage, and Fermented 

Sausage Products Identified by a Nutrient Content Claim ..........................................................................72-49
1. Maintaining Product Integrity ..........................................................................................................72-49
2. Performance Characteristics ............................................................................................................72-49
3. Safe and Suitable Ingredients ..........................................................................................................72-50
4. Product Identity ................................................................................................................................72-50
5. Ingredients Statement ......................................................................................................................72-50

Labeling of Meat and Poultry Stick Items ........................................................................................................72-50

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 7



72-8 Handbook of Food Science, Technology, and Engineering, Volume 2

Labeling of Modified Substitute Versions of Fresh (Species) Sausage,
Hamburger or Ground Beef Products ............................................................................................................72-50

Labeling of Product Names, Fanciful Names, Word Size ................................................................................72-51
Labeling of Products Containing Meat with Added Solutions or other 

Nonmeat Ingredients in Secondary Products ................................................................................................72-51
Labeling of Products which are Artificially Colored ........................................................................................72-52
Labeling of Products which Include Packets of other Components ................................................................72-52
Labeling of Safe Thawing Instructions on Consumer Packages ......................................................................72-52
Labeling Prominence Guidelines for Cured, Cooked Products with 

Added Substances that Do Not Return to Green Weight ..............................................................................72-52
Labeling Requirements for Pump-Cured Bacon Products Treated with 

D- or D1-Alpha-Tocopherol in Surface Applications ..................................................................................72-53
Lamb Curry ......................................................................................................................................................72-53
Landjaeger Cervelat ..........................................................................................................................................72-53
Lard Continuous Process ..................................................................................................................................72-53
Lard — Cured Pork Tissue Use ........................................................................................................................72-53
Lard Refined ......................................................................................................................................................72-53
Lasagna ..............................................................................................................................................................72-53
Lau–Lau ............................................................................................................................................................72-53
Lebanon Bologna ..............................................................................................................................................72-53
Legends ..............................................................................................................................................................72-53
Lentil Soup with Bacon — German Style ........................................................................................................72-53
Leona ................................................................................................................................................................72-54
Lima Beans with Ham or Bacon in Sauce ........................................................................................................72-54
Linguica ............................................................................................................................................................72-54
Links ..................................................................................................................................................................72-54
Little Smokies ....................................................................................................................................................72-54
Liver and Onions ..............................................................................................................................................72-54
Liver, Chopped ..................................................................................................................................................72-54
Liver, Onions and Eggs ....................................................................................................................................72-54
Liver Products ....................................................................................................................................................72-54
Liver Spread (Streich Leberwurst) ....................................................................................................................72-54
Liverwurst or “Pate De Foie — Style Liverwurst” ..........................................................................................72-54
Loaf ....................................................................................................................................................................72-54
Loaf, Canned, Perishable ..................................................................................................................................72-54
Lola and Lolita (IT) ..........................................................................................................................................72-54
London Broil ....................................................................................................................................................72-54
Long Island Style or Type ................................................................................................................................72-55
Longaniza ..........................................................................................................................................................72-55
Longaniza and Puerto Rican Style Longaniza ..................................................................................................72-55
Loukanika ..........................................................................................................................................................72-55
Lumpia or Loompya ..........................................................................................................................................72-55
Luncheon Meat ..................................................................................................................................................72-55
Lyoner Wurst ....................................................................................................................................................72-55
Lyons Sausage (FR) ..........................................................................................................................................72-55
Macaroni and Beef in Sauce ............................................................................................................................72-55
Macaroni and Cheese with Ham ......................................................................................................................72-55
Macaroni Salad with (Meat or Poultry) ............................................................................................................72-55
Made with … Qualifiers ....................................................................................................................................72-56
Made with 100% Real Cheese ..........................................................................................................................72-56
Malic Acid ........................................................................................................................................................72-56
Manicotti (IT) ....................................................................................................................................................72-56
Margarine Substitutes ........................................................................................................................................72-56
Marengo ............................................................................................................................................................72-56
Marinated ..........................................................................................................................................................72-56
Marine Oil ........................................................................................................................................................72-56

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 8



Standards for Meat and Poultry in the United States 72-9

Marking ............................................................................................................................................................72-56
“May Contain” Statements ................................................................................................................................72-57
Meat and Dressing ............................................................................................................................................72-57
Meat and Dressing with Gravy ..........................................................................................................................72-57
Meat Base ..........................................................................................................................................................72-57
Meat Broth or Meat Stock ................................................................................................................................72-57
Meat Byproducts ..............................................................................................................................................72-57
Meat Casseroles ................................................................................................................................................72-57
Meat Curry ........................................................................................................................................................72-57
Meat Flavoring ..................................................................................................................................................72-57
Meat Foldover Mit Dressing ............................................................................................................................72-57
Meat Food Products Containing Poultry Ingredients — Labeling ..................................................................72-57
Meat Loaf ..........................................................................................................................................................72-57
Meat Loaf, Canned (Perishable) ........................................................................................................................72-57
Meat Loaf, Canned (Sterile Packed) ................................................................................................................72-58
Meat Pasty or Pasties ........................................................................................................................................72-58
Meat Pie Filling ................................................................................................................................................72-58
Meat Pies (or Vegetable Meat Pies) ..................................................................................................................72-58
Meat/Poultry Extended Products ......................................................................................................................72-58
Meat Ravioli ......................................................................................................................................................72-58
Meat Ravioli in Meat Sauce ..............................................................................................................................72-58
Meat Ravioli in Sauce ......................................................................................................................................72-58
Meat Sauce ........................................................................................................................................................72-58
Meat Spreads ....................................................................................................................................................72-58
Meat Stick and Cheese Combination Products ................................................................................................72-58
Meatballs ..........................................................................................................................................................72-58
Meatballs in Sauce ............................................................................................................................................72-59
Meatball Stew ....................................................................................................................................................72-59
Meatballs, Swedish Style ..................................................................................................................................72-59
Meatballs, Turkey ..............................................................................................................................................72-59
Mediterranean Style ..........................................................................................................................................72-59
Merguez, Mergues, or Merghez Sausage ..........................................................................................................72-59
Methyl Cellulose ..............................................................................................................................................72-59
Mettwurst ..........................................................................................................................................................72-59
Mettwurst, Cooked ............................................................................................................................................72-59
Metz Sausage ....................................................................................................................................................72-59
Mexican Style ....................................................................................................................................................72-59
Mexican Style Dinners ......................................................................................................................................72-59
Mexican Style Sauces ........................................................................................................................................72-59
Milan or Milano Salami ....................................................................................................................................72-60
Mince Meat ........................................................................................................................................................72-60
Mixtures ............................................................................................................................................................72-60
Mock Drumsticks ..............................................................................................................................................72-60
Mock Turtle Soup ..............................................................................................................................................72-60
Mofongo ............................................................................................................................................................72-60
Moisture Protein Ratio (MPR) ..........................................................................................................................72-60
Moisture Protein Ratio (MPR) — PH ..............................................................................................................72-60
Mondongo ..........................................................................................................................................................72-60
Morcella Blood Pudding ..................................................................................................................................72-60
Mortadella ..........................................................................................................................................................72-60
Mortadella (Canned) ..........................................................................................................................................72-60
Mortadella — Poultry ........................................................................................................................................72-60
Mortadella without Fat Cubes or Chunks ........................................................................................................72-60
Mousaka, Moussaka, Musaka (GK) ..................................................................................................................72-60
Mullicatawny Soup ............................................................................................................................................72-61
Mulligan Stew ....................................................................................................................................................72-61

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 9



72-10 Handbook of Food Science, Technology, and Engineering, Volume 2

Mustard Bran ....................................................................................................................................................72-61
Mustard Flour ....................................................................................................................................................72-61
Myvacet ............................................................................................................................................................72-61
Nacho Style, Nacho Flavor, and Similar Terms ................................................................................................72-61
Natural Claims ..................................................................................................................................................72-61
Natural Smoked Color ......................................................................................................................................72-61
Navarin ..............................................................................................................................................................72-62
Negative Labeling ..............................................................................................................................................72-62
Net Quantity of Contents on Combination Packages ........................................................................................72-62
Net Weight Statement ........................................................................................................................................72-62

1. Divider Pak ......................................................................................................................................72-62
2. Double Packing ................................................................................................................................72-63
3. Additional Net Weight Information ..................................................................................................72-63
4. Open Net Weights ............................................................................................................................72-63
5. Net Weight Requirements ................................................................................................................72-63
6. Multi-Unit Retail Packages ..............................................................................................................72-63

Net Weight Statements on Packages with Header Labels ................................................................................72-63
“New” and Similar Terms ................................................................................................................................72-63
New England Boiled Dinner ............................................................................................................................72-63
New Orleans Style ............................................................................................................................................72-63
Nitrite ................................................................................................................................................................72-64
Non-Amenable Product/Voluntary Inspection ..................................................................................................72-64
Non-Dairy White Sauce or Non-Dairy Sauce ..................................................................................................72-64
Nonspecific Meat Food Products ......................................................................................................................72-64
Nonstandardized Cooked Sausage Products Containing Both Livestock and Poultry Ingredients ..................72-64
Noodle Chicken Vegetable Dinner or Noodle Chicken Dinner with Vegetables ..............................................72-64
Nugget Labeling ................................................................................................................................................72-64
Oat Fiber ............................................................................................................................................................72-65
Oleomargarine ..................................................................................................................................................72-65
Omelet, Denver or Western Style ......................................................................................................................72-65
Omelet, Florentine ............................................................................................................................................72-65
Omelets with ......................................................................................................................................................72-65
Open Dating ......................................................................................................................................................72-65
Ostrich and other Ratites (Emu) ........................................................................................................................72-65
Paella con Bacalao (SP) ....................................................................................................................................72-65
Papain ................................................................................................................................................................72-65
Paprika ..............................................................................................................................................................72-65
Partially Cooked ................................................................................................................................................72-66
Partially Defatted (Beef or Pork) Fatty Tissue ..................................................................................................72-66
Partially Defatted Chopped (Beef or Pork) (PDCB, PDCP) ............................................................................72-66
Partially Defatted Cooked (Beef or Pork) Fatty Tissue ....................................................................................72-67
Partially Hydrolyzed Whey Protein ..................................................................................................................72-67
Pastelles (SP) ....................................................................................................................................................72-67
Pastellillos (SP) ................................................................................................................................................72-67
Pastitsio ..............................................................................................................................................................72-67
Pastrami ............................................................................................................................................................72-67
Pastrami Jerky ....................................................................................................................................................72-67
Pastrami, Turkey ................................................................................................................................................72-67
Pate de Foie ......................................................................................................................................................72-67
Pattie Foldover Mit Dressing ............................................................................................................................72-67
Patties ................................................................................................................................................................72-67
Paupiette (FR) ....................................................................................................................................................72-67
Peanut Flour ......................................................................................................................................................72-68
Pectin ................................................................................................................................................................72-68
Pepper ................................................................................................................................................................72-68
Pepperoni ..........................................................................................................................................................72-68

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 10



Standards for Meat and Poultry in the United States 72-11

Pepperoni, Cooked ............................................................................................................................................72-68
Pepperoni with Poultry ......................................................................................................................................72-68
Peppers and Cooked Sausage in Sauce ............................................................................................................72-68
Perishable Uncured Meat and Poultry Products in Hermetically Sealed Containers ......................................72-68
Pet Food ............................................................................................................................................................72-68
Pfefferwurst (GR) ..............................................................................................................................................72-69
Phosphated Trimmings in Loaves ....................................................................................................................72-69
Phosphates in Dipping Solutions Containing Proteolytic Enzymes ................................................................72-69
Picadillo (SP) ....................................................................................................................................................72-69
Pickled Products, Dry Packed ..........................................................................................................................72-69
Pie Filling ..........................................................................................................................................................72-69
Pies ....................................................................................................................................................................72-69
Pies, English Style–Australian Style ................................................................................................................72-69
Pimento (SP) ......................................................................................................................................................72-69
Pimiento Sausage ..............................................................................................................................................72-69
Pinkelwurst (GR) ..............................................................................................................................................72-69
Piroshki or Pirogi ..............................................................................................................................................72-69
Pizza ..................................................................................................................................................................72-69
Pizza, Chicago Style ..........................................................................................................................................72-69
Pizza, Combination or Deluxe ..........................................................................................................................72-70
Pizza Containing Cheese Substitutes ................................................................................................................72-70
Pizza Dogs ........................................................................................................................................................72-70
Pizza, Pan Style ................................................................................................................................................72-70
Pizza Pups ..........................................................................................................................................................72-70
Pizza Roll ..........................................................................................................................................................72-70
Pizza Sausage ....................................................................................................................................................72-70
Pizza, Sicilian Style ..........................................................................................................................................72-70
Pizza Topping Containing Sausage ..................................................................................................................72-70
Pizza Topping Mix ............................................................................................................................................72-70
Pizza, Word Size ................................................................................................................................................72-70
PFF (Protein Fat Free) Adjusting for Use ........................................................................................................72-70

1. Adjusting for “Ham and Water Product X% of the Weight is Added Ingredients” ..........................72-71
Plantation ..........................................................................................................................................................72-71
Point of Purchase Materials ..............................................................................................................................72-71
Polish Sausage ..................................................................................................................................................72-71
Polynesian Style Sausage ..................................................................................................................................72-72
Polysorbate ........................................................................................................................................................72-72
Pork and Bacon Sausage ..................................................................................................................................72-72
Pork and Dressing ............................................................................................................................................72-72
Pork and Dressing with Gravy ..........................................................................................................................72-72
Pork Cracklings ................................................................................................................................................72-72
Pork Fat ............................................................................................................................................................72-72
Pork Jowls ..........................................................................................................................................................72-72
Pork Sausage ....................................................................................................................................................72-72
Pork Skin Residue after Gelatin Extraction ......................................................................................................72-72
Pork Skins ..........................................................................................................................................................72-72
Pork Skins, Fried ..............................................................................................................................................72-72
Pork Spare Ribs, Center Cut ............................................................................................................................72-72
Pork Spareribs, St. Louis Style ........................................................................................................................72-73
Potato Sausage, Swedish Style or Potato Ring Swedish Style ........................................................................72-73
Poultry ..............................................................................................................................................................72-73
Poultry Standards ..............................................................................................................................................72-73
Poultry, Assorted Pieces ....................................................................................................................................72-74
Poultry Bacon ....................................................................................................................................................72-74
Poultry Breasts ..................................................................................................................................................72-74
Poultry Frankfurters (Similar Cooked Sausages) ..............................................................................................72-74

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 11



72-12 Handbook of Food Science, Technology, and Engineering, Volume 2

Poultry Grading: (Labeling) ..............................................................................................................................72-74
1. Applying Grademarks to Shipping Containers ................................................................................72-74
2. Wing Description ............................................................................................................................72-74
3. Grading Backs with Necks ..............................................................................................................72-74
4. Pressure Sensitive Stickers and Tape ..............................................................................................72-75

Poultry Hindquarters ........................................................................................................................................72-75
Poultry Hindsaddles ..........................................................................................................................................72-75
Poultry Parts ......................................................................................................................................................72-75
Poultry Products ................................................................................................................................................72-75
Poultry Products Containing Meat Ingredients-Labeling ................................................................................72-75
Poultry Products with other than Natural Proportions of White and Dark Poultry ..........................................72-75
Poultry Puffs ......................................................................................................................................................72-76
Poultry, Raw Solution ........................................................................................................................................72-76
1986 Poultry Roast ............................................................................................................................................72-76
Poultry Salami Products ....................................................................................................................................72-76
Poultry Sausage ................................................................................................................................................72-76
Poultry Skin ......................................................................................................................................................72-76
Poultry Tenders and Poultry Tenderloins ..........................................................................................................72-76
Poultry Wing Sections (Kind) ..........................................................................................................................72-76
Premier Jus or (Oleo Stock) ..............................................................................................................................72-77
Pressure-Sensitive Labels ..................................................................................................................................72-77
Pressure-Sensitive Stickers ................................................................................................................................72-77
Primal Parts and Subprimal Meat Cuts ............................................................................................................72-77
Prime Rib of Beef or Standing Beef Rib Roast for Prime Rib ........................................................................72-77
Principal Display Panel, Alternate ....................................................................................................................72-77
Product Names ..................................................................................................................................................72-77
Product Name Qualifiers ..................................................................................................................................72-77
Product Name Qualifiers in Secondary Products ..............................................................................................72-78
Product of USA ................................................................................................................................................72-78
Prosciutto ..........................................................................................................................................................72-78
Prosciutto, Cooked ............................................................................................................................................72-78
Prosciutto Cotto, Cooked Ham ..........................................................................................................................72-78
Protective Coverings (Meat) Processed or Prepared Product ..........................................................................72-78
Protective Coverings (Poultry) ..........................................................................................................................72-78
Pudding ..............................................................................................................................................................72-78
Pulled Pork ........................................................................................................................................................72-78
Quality Grade Terms and Subjective Terms on Labels ....................................................................................72-78
Quiche Products ................................................................................................................................................72-79
Ranch ................................................................................................................................................................72-79
Ravioli (Meat) ..................................................................................................................................................72-79
Rehydrated Dehydrated Vegetables ..................................................................................................................72-79
Relleno de Papa (PR) ........................................................................................................................................72-79
Rendered Beef Fat Tissue Solids ......................................................................................................................72-79
Rework ..............................................................................................................................................................72-79
Rice and Meat ....................................................................................................................................................72-79
Roasted ..............................................................................................................................................................72-79
Rolls ..................................................................................................................................................................72-79
Rolls, Poultry ....................................................................................................................................................72-80
Romano Cheese ................................................................................................................................................72-80
Rumaki ..............................................................................................................................................................72-80
Salad — Freeze Dried Ham ..............................................................................................................................72-80
Salad — German Style Potato Salad with Bacon ............................................................................................72-80
Salad Mix, Poultry ............................................................................................................................................72-80
Salads ................................................................................................................................................................72-80
Salami ................................................................................................................................................................72-80
Salami, Beef ......................................................................................................................................................72-81

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 12



Standards for Meat and Poultry in the United States 72-13

Salami, Cooked ..................................................................................................................................................72-81
Salami, Cotto ....................................................................................................................................................72-81
Salami, Hard ......................................................................................................................................................72-81
Salami, Italian ....................................................................................................................................................72-81
Salchichon (SP) ................................................................................................................................................72-81
Salisbury Steak ..................................................................................................................................................72-81
Salisbury Steak, Turkey ....................................................................................................................................72-81
Salpicao ............................................................................................................................................................72-81
Salsiccia (IT) ....................................................................................................................................................72-81
Salt as a Cure ....................................................................................................................................................72-81
Samosa ..............................................................................................................................................................72-82
Samples ..............................................................................................................................................................72-82
Sandalwood ......................................................................................................................................................72-82
Sandwich — Closed ..........................................................................................................................................72-82
Sandwich — Open ............................................................................................................................................72-82
Sandwiches (Meat or Poultry as Components of “Dinner Products”) ..............................................................72-82
Santa Fe Style ....................................................................................................................................................72-82
Sarno ..................................................................................................................................................................72-82
Satay ..................................................................................................................................................................72-82
Sauce with Meat or Meat Sauce ........................................................................................................................72-82
Sauerbrauten (GR) ............................................................................................................................................72-82
Sauerkraut Balls with Meat ..............................................................................................................................72-82
Sauerkraut with Franks and Juice ....................................................................................................................72-82
Sausage Classification ......................................................................................................................................72-82

1. Fresh Sausage ..................................................................................................................................72-82
2. Uncooked Smoked Sausage ............................................................................................................72-83
3. Cooked Sausages and/or Smoked Sausages ....................................................................................72-83
4. Dry and Semi-Dry Sausages ............................................................................................................72-83

Sausage Containing Cheese ..............................................................................................................................72-83
Sausage — Liquids Added ................................................................................................................................72-83
Sausage — Shelf Stable ....................................................................................................................................72-83
Sausage Rework ................................................................................................................................................72-83
Sausage Type Products with Fruits and Vegetables ..........................................................................................72-84
Sausage with Sauerkraut in Sauce ....................................................................................................................72-84
Sausage (Species) ..............................................................................................................................................72-84
Scalloped Potatoes and Ham ............................................................................................................................72-84
Scalloped Potatoes and Sausage ........................................................................................................................72-84
Scalloped Potatoes Flavored with Sausage ......................................................................................................72-84
Scalloppini ........................................................................................................................................................72-84
Schickenwurst (GR) ..........................................................................................................................................72-84
Scrambled Eggs with Bacon ............................................................................................................................72-85
Seaweed ............................................................................................................................................................72-85
Select or Higher ................................................................................................................................................72-85
Shepherds Pie (with or without Vegetables) ......................................................................................................72-85
Shipping Containers ..........................................................................................................................................72-85
Shu-Mai ............................................................................................................................................................72-85
Signature Line ..................................................................................................................................................72-85
Sloppy Joe ........................................................................................................................................................72-85
Smoke ................................................................................................................................................................72-85
Smoke Flavoring ................................................................................................................................................72-85
Smoked Products ..............................................................................................................................................72-85
Smoked Thuringer Links ..................................................................................................................................72-86
Snacks (Hors d’oeuvres) ..................................................................................................................................72-86
Sodium Alginate ................................................................................................................................................72-86
Sodium Benzoate ..............................................................................................................................................72-86
Sofrito with Pork ..............................................................................................................................................72-86

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 13



72-14 Handbook of Food Science, Technology, and Engineering, Volume 2

Soppresate (IT) ..................................................................................................................................................72-86
Sorbitol ..............................................................................................................................................................72-86
Souffle (Species) or (Kind) ..............................................................................................................................72-86
Soujouk (TK) ....................................................................................................................................................72-86
Soup ..................................................................................................................................................................72-86
Soup Products ....................................................................................................................................................72-86
Souse ..................................................................................................................................................................72-87
Southern Fried ..................................................................................................................................................72-87
Southwestern Style ............................................................................................................................................72-87
Soy Protein Products ........................................................................................................................................72-87
Spaghetti ............................................................................................................................................................72-87
Spaghetti Sauce with Meat Stock ......................................................................................................................72-87
Spaghettios in Cheese Sauce with Ground Beef ..............................................................................................72-87
Spanish Rice with Beef ....................................................................................................................................72-87
Speckwurst ........................................................................................................................................................72-87
Starch ................................................................................................................................................................72-87
Steak, Chinese Pepper ......................................................................................................................................72-87
Steak, Country Style ..........................................................................................................................................72-88
Steak, Pepper ....................................................................................................................................................72-88
Sticks ................................................................................................................................................................72-88
Stroganoff, Meatball ..........................................................................................................................................72-88
Stroganoff Sauce ................................................................................................................................................72-88
Stroganoff Sauce with/and Beef ........................................................................................................................72-88
Stroganoff Sauce with/and Meatballs ................................................................................................................72-88
Stromboli (IT) ....................................................................................................................................................72-88
Stuffed Cabbage with Meat in Sauce ................................................................................................................72-88
Stuffed Peppers with Meat in Sauce ................................................................................................................72-88
Sukiyaki ............................................................................................................................................................72-88
Sulfiting Agents ................................................................................................................................................72-88
Summer Sausage ..............................................................................................................................................72-89
Swiss Steak ........................................................................................................................................................72-89
Sweet and Sour Pork, Beef or Poultry ..............................................................................................................72-89
Szechwan Style ..................................................................................................................................................72-89
Taco ..................................................................................................................................................................72-89
Taco Filling ........................................................................................................................................................72-89
Taco Filling, Kind ..............................................................................................................................................72-89
Tags, Tissue Strips, Brands ................................................................................................................................72-89
Tallow ................................................................................................................................................................72-89
Tamales ..............................................................................................................................................................72-89
Tapioca Product ................................................................................................................................................72-89
Taquitos ............................................................................................................................................................72-90
Tasajo Salted Beef (SP) ....................................................................................................................................72-90
Teawurst or Teewurst ........................................................................................................................................72-90
Tempura ............................................................................................................................................................72-90
Teriyaki, Meat or Poultry ..................................................................................................................................72-90
Teriyaki Products ..............................................................................................................................................72-90
Tetrazzini, Poultry or Beef ................................................................................................................................72-90
Textured Vegetable Protein (Textured Vegetable Protein Product) for Cooked Meat 

and/or Poultry Meat ......................................................................................................................................72-90
Textured Vegetable Protein (TVP) Products — Fresh Meat or Poultry Meat Ratios ......................................72-90
Thai Style ..........................................................................................................................................................72-90
Thuringer ..........................................................................................................................................................72-90
Tips ....................................................................................................................................................................72-91
Titanium Dioxide ..............................................................................................................................................72-91
Tocino ................................................................................................................................................................72-91

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 14



Standards for Meat and Poultry in the United States 72-15

Tocino, Poultry ..................................................................................................................................................72-91
Tocino (Filipino or Philippine Style) ................................................................................................................72-91
Tocopherol ........................................................................................................................................................72-91
Tomato and Bacon Spread ................................................................................................................................72-91
Tongue Trimmings ............................................................................................................................................72-91
Topping — (Species) or (Kind) ........................................................................................................................72-91
Tortellini with Meat ..........................................................................................................................................72-91
Tortilla with Meat ..............................................................................................................................................72-91
Tostada with Meat ............................................................................................................................................72-91
Touristen Wurst ..................................................................................................................................................72-91
“Tropic Cure” Pork Products ............................................................................................................................72-92
Truffles ..............................................................................................................................................................72-92
Turkey Braunschweiger ....................................................................................................................................72-92
Turkey Chops ....................................................................................................................................................72-92
Turkey Ham Products Containing Added Water ..............................................................................................72-92
Turkey Ham and Water Products Containing Binders ......................................................................................72-92
Turkey Ham Products Containing Ground Turkey Thigh Meat (Labeling) ......................................................72-92
Turkey Loaf: Cured, Chopped (Canned) ..........................................................................................................72-93
Turnovers ..........................................................................................................................................................72-93
Tzimmes ............................................................................................................................................................72-93
Ukrainian Sausage ............................................................................................................................................72-93
Variety Meats in Franks ....................................................................................................................................72-93
Variety Packs — Hors d’oeuvres ......................................................................................................................72-93
Veal and Peppers in Sauce ................................................................................................................................72-93
Veal Birds ..........................................................................................................................................................72-93
Veal Cordon Bleu (FR) ......................................................................................................................................72-93
Veal Drumstick, Breaded ..................................................................................................................................72-93
Veal Fricassee ....................................................................................................................................................72-94
Veal Parmigiana ................................................................................................................................................72-94
Veal Patties ........................................................................................................................................................72-94
Veal Scaloppini ..................................................................................................................................................72-94
Vegetable Declaration on Labels ......................................................................................................................72-94
Vegetable Extract ..............................................................................................................................................72-94
Vegetable Gum ..................................................................................................................................................72-94
Vegetable Pie with ............................................................................................................................................72-94
Vegetable Stew with: Minimum Meat Content ................................................................................................72-94
Vienna Sausage — Packed in Beef Broth ........................................................................................................72-94
Vinegar ..............................................................................................................................................................72-95
Vinegar Pickle ....................................................................................................................................................72-95
Water Base Solutions in Red Meat in Meat Products ......................................................................................72-95
Water-Declaration ..............................................................................................................................................72-96
Water in Canned Sausage ..................................................................................................................................72-96
Water-Misted and Ice-Glazed Meat and Poultry Products ................................................................................72-96
Weisswurst ........................................................................................................................................................72-96
Welsh Rarebit Sauce with Cooked Ham ..........................................................................................................72-96
Wheat Gluten ....................................................................................................................................................72-96
Whole Hog Sausage ..........................................................................................................................................72-96
Wiener Schnitzel (GR) ......................................................................................................................................72-96
Wild Boar ..........................................................................................................................................................72-96
Wing Sections ....................................................................................................................................................72-97
With Natural Juices (Poultry) ............................................................................................................................72-97
Wraps ................................................................................................................................................................72-97
Yearling ..............................................................................................................................................................72-97

Acknowledgment ........................................................................................................................................................72-97

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 15



I. INTRODUCTION

In the United States, the federal government has total con-
trol over the safety of all land muscle foods, i.e., beef,
pork, chicken, and many others. This approach is similar
to that of major Western countries. The federal agency is
called Food Safety Inspection Service (FSIS). FSIS is one
arm of the United States Department of Agriculture
(USDA). FSIS has the major responsibility of assuring
that nation’s meat supply and other land muscle foods are
save for the public to consume. However, apart from
safety, the FSIS has another responsibility, assuring that
economic fraud is kept to a minimum. Because meat and
many land muscle foods are high-priced items, many dis-
honest food operations cannot resist the temptation to
cheat the consumers when the opportunities arise.
Fortunately, most operators are honest businessmen. Still
the FSIS has spent an enormous amount of effort to pre-
vent economic fraud.

All information in this chapter has been derived from
publication documents issued by the USDA, with legal
citation and languages removed. To obtain original docu-
ments, please consult the USDA with respect to standards
and labeling of products under USDA jurisdiction.

II. DEFINITIONS

For ease of reference, some important terms are 
defined here.

RED MEAT

Required percentages of meat required for red meat prod-
ucts are shown on the basis of fresh uncooked weight unless
otherwise indicated. Whenever the terms beef, pork, lamb,
mutton, or veal are used they indicate the use of skeletal
muscle tissue from the named species (9 CFR 301.2).

POULTRY

Required percentages for poultry products are based on a
cooked deboned basis unless otherwise stated. When the
standards indicate “poultry,” the skin and fat are not to
exceed natural proportions per (9 CFR 381.117(d)).

III. ABBREVIATIONS

AMS Agriculture Marketing Service
BHA Butylated Hydroxyanisole (antioxidant)
BHT Butylated Hydroxytolune (antioxidant)
CRDSM Calcium Reduced Dry Skim Milk
FDA Food and Drug Administration
FR French
FSIS Food Safety and Inspection Service
FTC Federal Trade Commission
GRAS Generally Recognized as Safe

HVP Hydrolyzed Vegetable Protein
IMPS Institutional Meat Purchase Specifications
IT Italian
LCPS Labeling and Consumer Protection Staff
MPR Moisture Protein Ratio
MSG Monosodium Glutamate
NAMP National Association of Meat Purveyors
NFDM Nonfat Dry Milk
OPPD Office of Policy Program Development
PDBFT Partially Defatted Beef Fatty Tissue
PDCB Partially Defatted Chopped Beef
PDCP Partially Defatted Chopped Poultry
PDPFT Partially Defatted Pork Fatty Tissue
PER Protein Efficiency Ratio
PFF Protein Fat Free
pH Measure of Acidity
PPM Parts Per Million
SP Spanish
TVP Textured Vegetable Protein
URMIS Uniform Retail Meat Identity Standards
USA United States of America
USDA United States Department of Agriculture
VPP Vegetable Protein Product

IV. STANDARDS, LABELS, AND OTHER 
INFORMATION

ANDOUILLE (FR)

Made with pork and/or pork byproducts stuffed into large
intestines. Product can be sold cooked or uncooked.
Andouille is a coined name and must be accompanied by
a true product name, e.g., “sausage” or “pudding” depend-
ing on formulation. If beef is used, it must be shown in the
product name, e.g., “Beef Andouille Sausage” or “Beef
Andouille Pudding.”

ARROZ CON POLLO (SP)

The product must contain at least 15% cooked chicken
meat. The label must show, the true product name, in
English, i.e., “Rice with Chicken,” except if the product is
distributed solely in Puerto Rico.

AU GRATIN POTATOES AND BACON

At least 8% fully cooked bacon (based on 40% yield).

BABY FOOD

High Meat Dinner — At least 26% meat. High Meat Poultry
Dinner — At least 18.75% cooked poultry meat, skin, fat
and giblets. Meat and Broth — At least 61% meat. Vegetable
with Meat — At least 8% meat. Poultry with Broth — At
least 43% cooked poultry meat, skin, and giblets. Poultry
and Rice — At least 5% cooked deboned poultry meat.
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Note: Wine, mechanically separated species, nitrites,
and nitrates are not acceptable in baby and toddler foods.

BABY FOOD WITH FRESH HAM OR BACON

Ham or bacon without nitrates or nitrites must be shown
in the ingredients statement as ham or bacon (water, salt,
sugar, etc., without nitrates or nitrites).

BACON

The term “bacon” is used to describe the cured belly of a
swine carcass. If meat from other portions of the carcass
is used, the product name must be qualified to identify the
portions, e.g., “Pork Shoulder Bacon.” “Certified” refers
to products that have been treated for trichinae.

BACON AND PORK SAUSAGE

Product is formulated with a high percentage of bacon
(usually bacon ends and pieces) with at least 20% pork.

BACON ARKANSAS AND ARKANSAS STYLE BACON

Product which is identified as Arkansas Bacon or
Arkansas Style Bacon is produced from the pork shoulder
blade Boston roast. The pork shoulder blade Boston roast
includes the porcine muscle, fat and bone, cut interior of
the second or third thoracic vertebrae, and posterior of the
atlas joint (first cervical vertebrae), and dorsal of the cen-
ter of the humerus bone. For Arkansas Bacon, the neck
bones and rib bones are removed by cutting close to the
underside of those bones. The blade bone (scapula) and
the dorsal fat covering, including the skin (clear plate), are
removed, leaving no more than one-quarter inch of the fat
covering the roast. The meat is then dry cured with salt,
sugar, nitrites, and spices, and smoked with natural
smoke. The meat may not be injected or soaked in curing
brine, nor may any artificial or liquid smoke be applied to
the meat. Product that is prepared outside the state of
Arkansas but in the manner prescribed may be identified
as “Arkansas Style Bacon.” The true product name must
be shown as “Boneless Cured Pork Shoulder Butt.”

BACON (CANNED — PASTEURIZED)

A shelf stable item, which must have at least 7% brine
concentration.

BACON (CANNED, PREFRIED)

In “Canned Prefried Bacon,” e.g., “Bacon Crumbles,” the
following criteria should be applied:

1. M/SP Index of 0.4 or more. M/SP � Moisture/
(Salt � Protein).

2. A Brine Ratio of 9.0 or less. Brine
Ratio � Moisture/Salt.

3. A Brine concentration of 10% or more. Brine
concentration � Salt/(Moisture � Salt).

4. Maximum 40% yield.

BACON (COOKED)

Not to yield more than 40% bacon — 60% shrink required.
BHA and BHT may be used as antioxidants in precooked
bacon at level of 0.01% individually or 0.02% collectively,
based on fat content. TBHQ can be used in products as an
antioxidant in combination with BHT and BHA; but it can
not be used alone except in cooked bacon.

BACON DRESSING FOR STUFFING

The product must contain at least 8% bacon.

BACON-LIKE PRODUCTS

Bacon-like products, including poultry bacon, labeled with
“bacon” in the name must follow the same requirements as
those applied to pork bacon. These requirements include,
but are not limited to, limits on restricted ingredients and
the requirement that the bacon must return to green weight.

Beef bacon is a cured and smoked beef product sliced
to simulate regular bacon. It is prepared from various beef
cuts and offered with a variety of coined names, including
“Breakfast Beef,” “Beef Bacon,” etc. A common or usual
name is required, e.g., “Cured and Smoked Beef Plate,”
and should be shown contiguous to the coined name.

Poultry bacon products are acceptable and may be
designated as (Kind) Bacon. However, a true descriptive
name must appear contiguous to (Kind) Bacon without
intervening type or design, in letters at least one-half the
size of the letters used in the (Kind) Bacon, and in the
same style and color and on the same background. An
example of an acceptable designation is “Turkey Bacon-
Cured Turkey Breast Meat-Chopped and Formed.”

The descriptive name can serve alone as the 
product name.

BACON PRODUCTS

The bacon products intended for further cooking before
consumption, i.e., slab bacon for deli slicing, can be labeled
“certified,” “roasted” or “partially cooked” provided the
product is cooked to 148°F and the labeling clearly indi-
cated the product is intended to be further cooked before
consumption.

BANGERS

A sausage-like product prepared with meat and varying
amounts of rusk or other cereals. The label must show
percentage of rusk (or other cereal) adjacent to product
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name in prominent lettering. May be labeled British,
Scottish or Irish Style.

BARBECUE (BBQ) PRODUCTS

Barbecue (BBQ) products that are composed of uncured
red meat products that are injected, massaged, tumbled,
etc., and which are cooked back to or below the weight of
the raw meat product (green weight), must use the term
“seasoned” or “flavored,” in conjunction with the meat
product in the product name, e.g., “BBQ Seasoned Pork,”
or “Sliced Seasoned Beef with Barbecue Sauce.”

The labeling for uncured red meat products containing
some solutions that are used to make BBQ products (9
CFR 319.312 or 319.80) which are not cooked back to
green weight or are not in compliance with the cooking
yield must have a containing statement on the label. A con-
taining statement is required in the product name when the
cooking yield is not met, e.g., “BBQ Pork Containing up
to 15% of a solution.” Similarly, a containing statement is
required in the product name when the product does not
have sufficient quantities of meat minus the solution to
meet the minimum meat requirement. However, in limited
situations when the minimum meat requirement (minus
the solution) is met and when cook yield is compensated
for by adding additional meat, the containing statement
can either be placed in the product name or attached to the
meat component in the ingredients statement, e.g.,
“Ingredients: Beef Containing up to 25% … sugar, spices.”

Red meat components that contain binders and exten-
ders and do not meet one of the barbecue standards (9 CFR
319.80, 319.312) shall be descriptively labeled to include
the extender, nomenclature in the product name, e.g., “BBQ
Seasoned Beef, Modified Food Starch and Gelatinized
Wheat Starch,” “Pork and Binder Product with Barbecue
Sauce”, or “BBQ Cooked Beef and Binder Product” fol-
lowed by a parenthetical list of all of its ingredients.
Bone-in red meat products do not have to comply with
Federal meat regulation, 9 CFR 319.312 or 319.80 with
regard to cooking yield and must indicate the presence of
bones in product name, e.g., “Seasoned Cooked Pork Ribs
with Barbecue Sauce” or “Barbecue Beef Ribs.”

When bone-in red meat products are injected, mas-
saged, tumbled, etc., and do not return to green weight
after cooking, the containing statement shall appear once
on the label in (1) the ingredients statement as part of the
red meat component (only if there is enough Beef Ribs
without solution to meet the requirement for “Beef Ribs
and BBQ Sauce”), or (2) in the product name, e.g., “Beef
Ribs, containing 10% of a solution and BBQ Sauce.”

BARBECUE (INFRARED COOKED)

The label must indicate heat source, e.g., “infrared
cooked,” with lettering no less than one-half the size of
the largest letter in the word “barbecue.”

BARBECUE MEAT OR POULTRY “EASTERN NORTH

CAROLINA STYLE”

Acceptable identification for a product that is enhanced in
a vinegar-based solution, apple or white. The solution is
seasoned with pepper, i.e., black pepper, red pepper, or
cayenne pepper. Other ingredients may include salt, sugar,
and hot pepper sauce.

BARBECUE SAUCE WITH CHICKEN

The product must contain at least 15% cooked chicken
meat. Changing the size of the term “Chicken” does not
change the 15% cooked chicken meat requirement.

BARBECUE SAUCE WITH MEAT

The product must contain at least 35% cooked meat.
When the name of the product shows meat in smaller let-
ters, not more than one-half the size of the largest letter in
the product name, 25% cooked meat is required.

BEEF A LA KING

The product must contain at least 20% cooked beef.

BEEF A LA MODE

A product consisting of sliced beef (marinated in wine,
cognac, vegetable stock) with carrots, onions, and other
ingredients covered with wine sauce. The product must
contain at least 50% beef.

BEEF ALMONDINE WITH VEGETABLES

The product must contain at least 18% cooked meat on the
ready-to-serve basis. The product must contain almonds.

BEEF AND DUMPLINGS WITH GRAVY

The product must contain at least 25% meat and not more
than 25% water blanched dry dumplings.

BEEF AND GRAVY

The product contains at least 50% cooked beef.
See: Gravy and Beef

BEEF BLOOD

This is an acceptable ingredient for beef patties provided
the product name is qualified, such as “Beef and Blood
Patties” or “Beef Patties with Blood.”

BEEF BLOOD GLAZE

A coating of beef blood is permitted on cured products
(e.g., ham, hamette, etc.) if the product name is prominently
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qualified to reflect the coating. Nitrite is not permitted in
the glaze.

BEEF BRISKET (CANNED)

The minimum brine concentration required is 5.5%.

BEEF BURGUNDY OR BOURGUIGNONNE

The product must contain at least 50% beef. Product con-
tains beef cubes, mushrooms, onions, and red wine or bur-
gundy gravy. May include other vegetables, e.g., carrots,
shallots, tomato paste, or potatoes. Other acceptable names
include “Beouf A La Bourguignonne,” “Beef Burgundy
Style,” “Beef Burgundy,” and “Burgundy Beef.”

BEEF BURGUNDY WITH NOODLES

The product must contain at least 50% beef in the beef
burgundy portion. Total product should not contain more
than 50% cooked noodles.

BEEF CHEEK MEAT AND BEEF HEAD MEAT AND

PORK CHEEK MEAT AND PORK HEAD MEAT (USE

AND LABELING AS AN INGREDIENT IN MEAT

FOOD PRODUCTS)

Beef cheek meat and pork cheek meat refers to beef and
pork cheeks from which the glandular material has been
removed.

Beef head meat and pork head meat refer to muscle
tissue remaining on the beef and hog skull after removal
of the skin, cheeks, tongue, and lips. The meat normally
attached to and considered as part of the tongue trimmings
when detached from the tongue trimmings may also be
included as beef head meat or pork head meat although it
can be labeled as “beef” or “pork.”

When beef cheek meat and/or beef head meat are
included in boneless beef, its presence must be specifically
declared. Examples include: “Boneless Beef — Contains
Beef Cheek Meat and Beef Head Meat,” “Boneless Beef
Head Meat,” “Boneless Beef — Ingredients: Beef, Beef
Head Meat, Beef Cheek Meat,” or “Boneless Beef — 20%
Beef Head Meat, 15% Beef Cheek Meat.”

Beef cheek meat and/or beef head meat may be used
in unlimited quantities and identified as “beef” in meat
food products unless restricted by regulatory standards 
for specific products as indicated in 9 CFR 319.15(a)
(Chopped beef, ground beef), 319.15(b) (Hamburger),
319.15(d) (Fabricated steak), 319.81 (Roast Beef par-
boiled and steam roasted), 319.100 (Corned beef),
319.300 (Chili con carne), 319.301 (Chili con carne with
beans), and 319.303 (Corned beef hash).

The presence of pork head meat is not required to be
identified on the labeling of boneless pork. However, pork
cheek meat and/or pork head meat may be used in unlimited

quantities and identified as “pork” in meat food products,
unless restricted by regulatory standards as indicated in 9
CFR 319.300 (Chili con carne) and 319.301 (Chili con
carne with beans).

BEEF CONCENTRATE AND SALT

Broth derived from cooking fresh beef containing 3% to 4%
solids is centrifuged and evaporated to approximately 60%
solids under vacuum. The water fraction is salted to a level
of 25.5% of the water weight (100 lbs. concentrated stock at
60% will have 10.2 lbs. of salt added, making a total weight
of 110.2 lbs.). There is no need for refrigeration.

BEEF CONSOMME

The standard requires beef as an ingredient and a minimum
protein content of at least 3% in the finished product.

“Beef stock” or “beef broth” (or mixture of both) may
be used to comprise the beef ingredient. Additional
optional ingredients are gelatin, beef extract, tomato
puree, hydrolyzed plant protein, and seasoning.

BEEF (DRIED OR AIR DRIED)

Product name is “Air Dried Beef” or “Dried Beef.” MPR
2.04:1. It is usually cured by rub and/or stitch pump followed
by cover pickle for 4 to 8 weeks with several overhauls
(turned over for the application of additional cure), then
placed in smokehouse or drying chambers for 3 to 10 days.

BEEF FIBRIN

This is a component mixture of beef fibrinogen and beef
thrombin plasma protein used to bind pieces of meat or
poultry together. It is limited to ten percent.

1. If used from seven percent of ten percent, it
must appear in the product name, e.g., “Bacon
Wrapped Beef Tenderloin Steak Formed with
Beef Fibrinogen and Thrombin.” Therefore, the
smallest letter in the product name must be at
least 1/3 size of the smallest letter in the prod-
uct name.

2. If used at less than seven percent, it must be a
product name qualifier, e.g., “Formed with Beef
Fibrinogen and Thrombin.” As a product name
qualifier, there is no size requirement, however,
it must contiguous to the product name and be
prominent and conspicuous. Additionally, the
terms “Beef Fibrin” or “Fibrin” may be used in
the product name as a qualifier and its compo-
nents identified elsewhere on the principal dis-
play panel. In this situation, the terms “Beef
Fibrin” or “Fibrin” and its components are
linked to each other by means of asterisks.
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Acceptable terminology’s for the components
are “Beef Fibrinogen and Thrombin Plasma
Protein,” or “Beef Fibrinogen and Thrombin.”

BEEF GRAVY MIX

The product must contain at least 15% dried beef.

BEEF MARSALA

The product must contain at least 50% beef. Product con-
tains beef cubes, Marsala wine sauce, and usually mush-
rooms and onions. White wine may be used, but it may
not replace Marsala wine.

BEEF ORIENTAL OR ORIENTAL BEEF

The product must contain at least 12% meat and oriental
style vegetables and sauce. The label must show true
product name, e.g., “Beef Oriental with Vegetables.”

BEEF ROULADE

The product must contain at least 50% cooked meat.
Usually a thin strip of flank meat wrapped around vegeta-
bles and cooked.

BEEF SLICES A-LA-PIZZAIOLA

The product must contain at least 50% cooked beef.

BEEF STROGANOFF

A dish with a creamy sauce prepared with beef cut into
narrow strips or cubes and sautéed. Product labeled “Beef
Stroganoff” should be prepared with a formula, which
includes at least 45% beef, or 30% cooked beef.

1. The product must contain at least 10% sour
cream, or

2. 7.5% sour cream, and 5% wine, or
3. 9.5% whole milk, 2% sour cream, and 2½%

wine.

BEEF STROGANOFF WITH NOODLES

Meat and sauce portion must meet the standard for Beef
Stroganoff. Total product shall contain no more than 50%
cooked noodles.

BEEF SUKIYAKI

The product must contain at least 30% meat based on total
product. Consists of thinly sliced beef and various vegeta-
bles cooked in a flavored beef stock. This is not a stew as
the vegetables and components are mixed during the
cooking process. Vegetables used with this food are cel-
ery, bean sprouts, leeks, onions, mushrooms, Chinese
cabbage, carrots, spinach, water chestnuts, bamboo shoots,
and bean curds.

BEEF TRIPE STEW

There are two versions of this product. One is of Mexican
origin and merchandised in association with the term
“Menudo.”

Corn is a prominent ingredient in its formula. The
standard for an item of this nature requires that it contain
not less than 33% beef tripe computed on the basis of the
uncooked tripe in relation to total ingredients.

The second product is popular in Puerto Rico. It is
referred to as “Mondungo.” The product is made with
25% raw beef tripe. The remainder consists principally of
potatoes, a squash with pumpkin-like appearance and fla-
vor, and a native vegetable called “Tanier.” When the veg-
etables are not distinguishable, this product can be labeled
as “Dominican Style Mondungo.”

BEEF WELLINGTON

It is made with beef tenderloin that is roasted very rare. It
is then spread with a liver pate, covered with pastry, and
baked in a hot oven until pastry is brown. The product
must contain at least 50% cooked meat and no more than
30% pastry.

Alternatively, mushroom duxelle is an acceptable sub-
stitute for liver pate, but a true descriptive product name is
required, e.g., “beef tenderloin covered with mushroom
duxelle and wrapped with pastry.”

BEERWURST, BIERWURST

A cooked smoked sausage. Same requirements as beef
salami, with the exception that pork may be used.

BERLINER

A cooked smoked sausage usually made from coarsely cut
cured pork in large casings. When beef is used, it shall not
exceed 50% of the meat block. Pork stomachs or beef
tripe not permitted.

BERLINER BLOOD SAUSAGE

A cooked blood sausage containing diced bacon. After
cooking it is dried and smoked. Ham fat, snouts, and lips
are not permitted.

See: Blood Sausage

BIER SCHINKEN (GR)

The literal translation is “Beer Ham.” If product is made
of all pork, it may be labeled “Bier Schinken.”

BINDERS IN POULTRY, BONELESS, RAW, OR COOKED

Binding agents may be added individually or collectively
in amounts not to exceed 3% for cooked poultry products
and 2% for raw poultry products based on total finished
product. When binders are added in excess of these levels,
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the common or usual name of the binder or the generic
term “Binders Added” shall be included in a product name
qualifier, e.g., “Turkey Breast-Gelatin Added.” In all cases,
the presence of these ingredients must be shown in the
ingredients statement.

This policy is intended to apply to binders which are
used in chopped or chunked poultry products that are
formed into rolls, loaves, etc., but not to binders added
directly into whole muscle by injection, massaging, tum-
bling, etc., which then act as extenders.

BLOCKWURST

A semi-dry type sausage. The maximum MPR is 3.7:1.

BLOOD AND TONGUE SAUSAGE

Same as blood sausage, except cured and cooked pork or
beef tongues are used.

BLOOD SAUSAGE

A cooked sausage formulated with blood and some meat.
Usually contains pork skins and/or pork jowls. May also
contain sweet pickled ham fat, snouts, and lips. If the
product does not contain meat, it must be labeled as
“Blood Pudding.”

BOINGGHETTI

This label must show a true product name, “Spaghetti
with Chicken Sauce.” The product must contain at least
6% cooked chicken meat.

BONE-IN MEAT WITH SAUCE

Must have at least 50% meat (cooked basis). Product with
barbecue sauce must comply with 9 CFR 319.312.

BONELESS BREAST TRIMMINGS

Boneless breast trimmings (turkey or chicken) are defined
as trimmings that are removed from the breast portion
only. When a product is formulated with boneless breast
trimmings, the amount of skin should be indicated in
order to determine that the meat requirement is met for 
a standardized product and that the product is properly
labeled. Trimmings from the ribs may be identified as
white turkey or white chicken trimmings, or white turkey
or white chicken rib meat (excluding skin).

BREAKFAST LINKS OR PATTIES

The names “Breakfast Links” and “Breakfast Patties” can
be considered fanciful names, which must be followed by 
a descriptive product name. Such products are acceptable
without compliance with the fresh pork sausage or break-
fast sausage standard. If the names “Breakfast Links” or

“Breakfast Patties” are used without further qualification,
the products must meet either the fresh pork sausage stan-
dard or the breakfast sausage standard.

BREAKFASTS (CONTAINING MEAT)

The product must contain at least 15% cooked meat or
poultry or meat or poultry food product based on the total
net weight of breakfast.

BROTH, BEEF OR PORK

No distinction has been made between “broth” and
“stock.” They may be used interchangeably as the result-
ing liquid from simmering meat and/or bones in water
with seasonings. Both products have an MPR of 135.1 or
a 67.1 MPR for concentrate.

BROTWURST

A cured and cooked sausage that may be smoked.

BROWN AND SERVE SAUSAGE

The standard is based on one of the four options as listed
below:

1. Moisture Protein Ratio (MPR) is no more than
3.7:1, fat limited to 35%, and 10% water at 
formulation.

2. No more than 10% added water at formulation
and a yield of no greater than 80%.

3. No more than 8.8% added water at formulation
and a yield no greater than 85%.

4. Product must meet fresh sausage standard
before cooking. The label must show true prod-
uct name, e.g., “Brown and Serve Pork Sausage.”

BROWN AND SERVE SAUSAGE (CANNED)

A cooked sausage, usually without cure, and not more
than 8% water. The weight of the sausage at canning shall
not exceed weight of fresh uncured meat ingredients plus
weight of curing and seasoning ingredients.

BRUNSWICK STEW

The product must contain at least 25% (fresh basis) of at
least two kinds of meat, one of which may be poultry.
Product must contain corn as one of the vegetables.

See: Poultry Brunswick Stew

BUFFALO STYLE

Buffalo style is acceptable on any product (e.g., poultry
parts other than wings, chicken patties, nuggets etc.) that
is cooked and coated with a mild or spicy sauce containing,
Cayenne red pepper, vinegar, salt and garlic. It is no longer
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exclusive to chicken wings only. It would also be accept-
able on any product made in Buffalo, NY.

BURGUNDY SAUCE WITH BEEF AND NOODLES

The product must contain at least 25% cooked beef in the
product, with up to 20% cooked noodles. Product must
contain enough wine to characterize the sauce.

BURRITOS

A Mexican style sandwich-like product consisting of a
flour tortilla, various fillings, and at least 15% meat or
10% cooked poultry meat. The flour tortilla is rolled and
may or may not have tucked ends. Fillings may contain, in
addition to meat or poultry meat, such major ingredients
as beans, potatoes, cheese, rice, tomatoes, and chilies.

Examples of product names are “BEEF BURRITO,”
“TURKEY BURRITO,” “CHICKEN FAJITA BUR-
RITO,” AND “CHILI VERDI WITH BEANS BUR-
RITO.” If ingredients, e.g., rice or beans, are declared in
the product name, they must appear in the proper order of
predominance. Ingredients cannot be mentioned in the
product name unless all other ingredients present in
amounts equal to or above the declared ingredient are
included in the name, e.g., “BEANS, BEEF, TOMATO,
ONION, AND RICE BURRITO.”

The use of “Red Chili” or “Green Chili” or a similar
designation of the chili content in a starburst, flag, or simi-
lar display, separated from the product name, is acceptable.
If such designations are used as part of the descriptive
name, the presence of the chilies must appear in the correct
order of predominance, and all other ingredients present
in amounts equal to or greater than the chilies must appear
in the product name.

A claim or name that identifies the use of shredded
meat or shredded poultry meat is permitted. However, if
ground meat or ground poultry meat is also used, its pres-
ence must also be identified in the claim or name, e.g.,
“Shredded Beef and Ground Beef Burrito.”

“BURRITO” alone, may be used to name the product
without a descriptive name. However, the ingredients
statement must appear directly beneath “burrito.”

BURRITOS WITH SAUCE OR GRAVY

Product must contain at least 50% burritos.

BUTIFARRA-SAUSAGE

An uncured sausage. Labeling that features the term
“Butifarra” would require an additional product name:

Pork Sausage — for those products that meet the fresh
pork sausage standard.

Fresh Sausage — for those products that include
byproduct but do not meet the standard for pork sausage.

Sausage — for those products that are incubated or
fermented. The term Puerto Rican Style would be appli-
cable if manufactured in Puerto Rico.

CADDIES

Caddies or display cards used to display fully labeled
product shall not bear an inspection legend and, therefore,
can be reused. The caddies or display cards may contain a
picture of a product that has a legend on it.

CAJUN

Refers to product made in Louisiana.

CAJUN STYLE/CAJUN RECIPE

Acceptable identification for products containing
onion/onion powder/dehydrated onion, garlic/garlic 
powder/dehydrated garlic, white pepper, red pepper, and
black pepper.

CALABRESE (IT)

A salami originating in Southern Italy. Usually made
entirely of pork seasoned with hot peppers.

CALZONE, CALZONI (IT)

Turnover-like product made with dough stuffed with meat
or poultry, cheese, and seasonings and baked. It must con-
tain 25% meat or 14% poultry meat. The label must show
a true product name, e.g., “Sausage and Cheese Calzone.”

CANADIAN AND CANADIAN STYLE BACON

“Canadian Bacon” and “Canadian Style Bacon” are syn-
onymous and should not be considered geographical terms.

The term “Canadian Style Bacon,” when featured on
the label as a product name or part of a product name (i.e.,
as a description, etc.), may stand alone without an addi-
tional qualifier indicating the true geographical origin of
the product.

“Chunked and Formed” and “Water Added” products
are permitted, provided proper labeling is applied.

Uncooked and/or unsmoked “Canadian Style Bacon”
is also permitted, provided labeling describes the product
as uncooked and/or unsmoked.

Product which is identified as “Canadian Style
Bacon” is made from a trimmed boneless pork loin. On
the shoulder end, the cross section of the longissimus
dorsi muscle shall be equal to or larger than the combined
cross sectional areas of the splenius and semispinalis capi-
tis muscles. The ham end shall be removed anterior to the
ilium. The exposed faces shall be approximately perpendi-
cular with the skin surface. The dorsal and ventral side on
each end of the “Canadian Style Bacon” shall not be more
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than 1.0 inch different in length. The belly is removed
adjacent to the longissimus dorsi muscle. All bones and
cartilage shall be removed. The tenderloin and the flesh
overlying the blade bone are excluded. The surface fat (and
false lean when necessary) shall be trimmed to 0.3 inches
thick at any point. The fat on the ventral and dorsal sides
is neatly beveled to meet the lean.

CANADIAN STYLE BACON MADE WITH/FROM

PORK SIRLOIN HIPS

The sirloin is obtained by removing a 5- to 7-inch section
of the pork loin immediately in front of the hip or pelvic
bone. The sirloin hip is obtained by removing the half of
the sirloin which comprises the posterior end of the pork
loin. The tenderloin is not included and surface fat shall
be trimmed to 0.3 inches in thickness.

The labeling for these Canadian Style Bacon products
must bear a qualifying statement, adjacent to the product
name, clarifying that pork sirloin hips are included or that
the product is made entirely from pork sirloin hips, e.g.,
“Canadian Style Bacon — Includes Pork Sirloin Hips” or
“Canadian Style Bacon — Made from Pork Sirloin Hips.”
The smallest letter in the qualifier should not be less 
than one-third the size of the largest letter in the product
name. The qualifier must be of equal prominence to the
product name.

Chunked (or chopped) and formed varieties and sub-
stances controlled by the protein fat free (PFF) regulation
for cured pork products 9 CFR 319.104 shall be labeled in
accordance with applicable guidelines.

Use of this type of product in a secondary product,
e.g., a pizza, requires complete identification only in the
ingredients statement; the product name of the secondary
product need only refer to Canadian Style Bacon, e.g.,
Canadian Style Bacon Pizza.

CANNED CHOPPED BEEF OR PORK

Cured product with no more than 3% water in formula.

CANNED MEAT

“Canned meat with Natural Juices;” is acceptable for
product that has been pumped or contains up to 10% of a
solution before canning and processing. Processed canned
uncured meat products, when water or broth is added to
the can may not be called “with natural juices,” but the
acceptable name would be “with juices.”

CANNELLONI (IT)

Product must contain at least 10% meat or 7% cooked
poultry meat. Cannelloni is an Italian term referring to a
product with the same characteristics as “Ravioli” except

Cannelloni has a tubular form. The product name should
show the type of species, e.g., “Beef Cannelloni.”

CANTONESE STYLE SPECIES

Marinated in a solution of soy sauce, cooked and returned
weight. In addition, product is mildly seasoned with
sugar, salt, wine, and spices.

CAPACOLLO, COOKED (CAPICOLA, CAPOCOLLA,
CAPACOLA, CAPICOLLO, CAPPICOLA, CAPACOLO) (IT)

Boneless pork shoulder butts which are cured and then
cooked. The curing process may be dry curing, immersion
curing, or pump curing. The cured product is coated with
spices and paprika before cooking. This product shall
always be labeled with “Cooked” as part of the product
name. Water added is permitted.

CARAMEL COLORING

Caramel is considered a natural color. However, when
caramel coloring is added to a product, the product name
must be qualified to indicate the presence of artificial col-
oring, e.g., “Cooked Roast Beef-Caramel Coloring
Added” or “Artificially Colored.” This requirement does
not apply to gravies, sauces, and similar products where
the use of such coloring is customary. Seasoning mixes
containing small quantities of caramel coloring may be
used if the caramel coloring does not impart color to the
finished product.

Caramel coloring may be used on the surface of raw
products, e.g., beef patties, if the name is appropriately qual-
ified. However, caramel coloring may not be added directly
to the formulation of a raw product where the caramel col-
oring becomes an integral part of the total product.

CARBONADE (FR)

Product must contain at least 50% meat. It may contain
beef, pork, or mutton, and beer or wine. Product is slowly
cooked, either by braising or stewing.

Label must show a true product name, e.g., “Beef
Carbonade.”

CARRIERS

Substances, as defined by the Food and Drug Administration,
that carry flavoring compounds, e.g., essential oils, on their
surface, and are not expected to provide a functional effect,
e.g., binding and emulsifying, in the finished food product
and are considered incidental. Some substances, e.g., mal-
todextrin and modified food starch, are not carriers but actu-
ally diluents or bulking agents, and must be declared in the
ingredients statement. Dextrose and/or sugar are commonly
used as carriers for spice extracts and resins of spices. The
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carrier must be declared in the ingredients statement, except
in those cases where a sweetening agent is used separately
in formulating the meat or poultry product and the use of the
spice mixture will not result in the quantity of the carrier
being more than 0.75% of the seasoning mix. When a
determination cannot be made from the information on the
label application, declaration is required.

Salt, when used as a carrier, will always be declared
regardless of amount used.

CASING, ARTIFICIAL

Frankfurters packaged in retail containers with the artifi-
cial casing left on must bear a prominent statement, e.g.,
“Remove casing before eating,” contiguous to the product
name on the label.

CASSEROLE

Product must contain at least 25% meat or 18% cooked
meat.

CASSOULET (FR)

Product must contain at least 25% meat. A complex stew
consisting of dried white beans and a combination of
pork, lamb, game, and sausages. The ingredients are
cooked, then put into a casserole, usually covered with
crumbs, and baked. Label must show true product name,
e.g., “Beans and Bacon in Sauce.”

CENTER SLICE

When the term “Center Slice” is used on labels for slices
of ham from smoked and cooked, smoked, or water
cooked hams, product must be sliced from an area of the
original ham positioned about 1 inch on each side of a
center cut.

CERTIFIED

With the exception of the term “Certified Pork” the term
“certified” implies that the United States Department of
Agriculture (USDA) and the Agriculture Marketing
Service (AMS) have officially evaluated a meat product
for class, grade, or other quality characteristics. When
used under other circumstances, the term should be
closely associated with the name of the organization
responsible for the “Certification” process (e.g., “XYZ
Company’s Certified Meat,” or “Our Certified Meat”).

CERVELAT

A cured and cooked sausage, often a semi-dry or dry sum-
mer sausage. Hog stomachs, beef tripe and extenders are
permitted. There is no MPR (moisture protein ratio)
requirement.

CHA SHU BOW (CH)

A steamed bun with a dry roasted pork filling requiring
15% cooked pork. Label must show true product name,
e.g., “Steamed Bun with a Pork and Cabbage Filling.”

CHEEK MEAT, BEEF

Natural proportions are considered to be 2%.
See: 9 CFR 319.15.
The use of cheek meat is limited to 25% in ground

beef, chopped beef and similar type products. If cheek
meat exceeds 2% (natural proportions), its presence must
be declared.

CHEESE

1. When cheese is declared in the ingredients
statement of a fabricated product, cheddar
cheese must be used in the product’s formu-
lation.

2. Swiss, Gruyere: The term “Gruyere” pertains to
a cheese that closely resembles “Swiss Cheese”
both in its appearance and on analysis, although
it has smaller holes than Swiss Cheese. FDA
advises that Gruyere Cheese is a suitable sub-
stitute for Swiss Cheese and gives the same
character to a finished food product, e.g.,
“Chicken Cordon Bleu.”

3. The term Cheese may appear in the product
name, e.g., “Ham and Cheese Loaf,” provided
the common name is declared in the ingredients
statement.

4. When a cheese product and meat or poultry
food product are packaged together, the prod-
uct name shown on the label must show the
name of each component product.

For example, if slices of ham and slices of a
cheese product are packaged together, the prod-
uct name should include “Ham” and the name of
the cheese product (e.g., Ham and Pasteurized
Processed American Cheese). Alternatively,
the Pasteurized Processed American Cheese
could be parenthetically qualified contiguous 
to the product name (e.g., “Ham and Cheese
(Pasteurized Processed American Cheese”). The
name “Ham and Cheese” alone would be accept-
able if the cheese used was “Cheddar Cheese.”

5. Use of substitute or imitation cheese in products
where real cheese is expected (e.g., Cordon
Bleu) requires the product name be changed or
qualified to indicate the presence of the ersatz
cheese. Substitute and imitation cheeses cannot
be described as “cheese” in the product name.
There is no limitation on the amount of ersatz
cheese used.
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6. Reduced fat cheeses may be identified on the
label as “Reduced Fat Cheese.” However, the
name of a standardized cheese may not be asso-
ciated with the phrase “Reduced Fat Cheese”
(e.g., Reduced Fat Cheddar Cheese).

7. Cheese is a standardized product. See: 21 CFR
130.10 and 133 for a listing of standardized
cheeses.

CHEESE (PASTEURIZED PROCESSED CHEESE FOOD

OR SPREAD)

A cheese food product with a standard of identity, but is
not considered a cheese. Therefore, it cannot be used in
meat food products where cheese is an expected ingredi-
ent, e.g., “Cheesefurters” or “Veal Cordon Bleu.” It is
acceptable in non-specific loaves, etc.

CHEESE PRODUCTS CONTAINING MEAT

Homogeneous cheese products, e.g., cheese balls, must
contain more than 50% meat to be amenable. When
cheese and meat are separate components, the products
are amenable with 2% meat.

CHEESE STANDARDIZED PRODUCTS

Cheese standardized products that require real cheese,
e.g., chicken cordon bleu, must use FDA standardized
cheese or those FDA standardized cheeses specified. Use
of a substitute, imitation cheese or other non FDA stan-
dard cheeses, if permitted, must be declared in the prod-
uct name, or a suitable qualifier, e.g., chicken cordon bleu
made with reduced fat cheese. The 90/10-cheese rule is
only applicable to pizza.

CHICHARRONES (PR)

The Spanish name for fried pork skins. Product must have
an English product name, “Fried Pork Skins” except in
Puerto Rico.

CHICHARRONES DE POLLO (PR)

An acceptable product name for “Marinated Cut-up Fried
Chicken” sold in Puerto Rico. When product is destined
for sale only in Puerto Rico, “Chicharrones de Pollo” can
be the product name. When destined for sale in other
places, “Chicharrones de Pollo” must be explained with
true product name.

CHICKEN, ALOHA

“Aloha Chicken” is acceptable as a coined name which
must be followed by a true product name, e.g., “Chicken
and Sauce with Rice.” The standard for the product is 22%
cooked poultry meat.

CHICKEN AND NOODLES AU GRATIN (FR)

Product must contain at least 18% cooked chicken meat.

CHICKEN CORDON BLEU (FR)

Product must contain not less than:

1. 60% chicken breast meat (sliced). If it is made
from any other part of the chicken, then the
product name must be qualified to indicate the
part used.

2. 5% ham or Canadian Style Bacon.
3. Cheese (either Swiss, Gruyere, Mozzarella, or

Pasteurized Processed Swiss).
4. Not more than 30% batter and breading (if used).

CHICKEN ENCHILADA SUIZA

The product consists of chicken enchiladas with a cream
sauce. The sauce used must be made with sour cream,
heavy cream, or whipping cream in an amount sufficient
to characterize the sauce. The label must show a true prod-
uct name, e.g., “Chicken Enchilada with Cream Sauce.”

CHICKEN OVA

These can not be used for human consumption without
first going to an egg products plant for pasteurization
(because of problem with potential Salmonella contami-
nation). Chicken Ova can not use the poultry inspection
legend.

CHICKEN PAPRIKA

Product must contain at least 35% chicken. A Hungarian
dish. Sauce must contain either sour or sweet cream and
enough paprika to give a pink color.

CHICKEN TOCINO

Acceptable with a true product name such as sliced, mar-
inated, cured chicken thigh meat.

CHICKEN WELLINGTON

It is made with roasted chicken that is spread with liver
pate, covered with pastry, and baked in a hot oven until
pastry is brown. The product must contain at least 59%
cooked meat and no more than 30% pastry.

CHILI

1. “Brick Chili” or “Condensed Chili” requires
80% meat. Cereal is limited to 16%.

2. Chili with reconstitution directions should meet
the chili standard when reconstituted.

3. When beef heart meat, cheek meat, or head
meat is used in excess of 25% of the meat
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block, it must be reflected in the product name,
e.g., “Chili with Beef and Beef Heart Meat.”

4. When beef appears in the product name, BEEF
MAY BE THE ONLY MEAT SOURCE
USED. Beef Chili may not contain beef fat or
other beef byproducts.

5. “Chili Gravy with Meat” requires at least 40%
fresh meat and no more than 8% cereals.

6. Cured meats are not an expected ingredient in
chili; when used, they must be shown as part of
the product name.

7. The terms “Chili” or “Chili con Carne” may be
used interchangeably.

8. Since “con carne” means “with meat,” products
labeled as chili con carne should include only
red meat and not poultry. Products which meet
the chili standard and include poultry may be
labeled “beef and chicken chili,” “beef chili,
chicken added,” etc., as appropriate. The binder
and extender limitation of 8% is based on total
formulation.

See: 9 CFR 319.300.

CHILI COLORADO

Product must meet 9 CFR 319.300 requirements. Chili
peppers must be exclusively of the red variety. If a pre-
pared chili powder is used, it must be prepared exclusively
from red chili peppers.

The term “Colorado” is used for red more than “Rojo”
in Mexico. The term “Rojo” is used more in Spain, Puerto
Rico, and Cuba.

CHILI-MAC

Product must contain at least 16% meat. The label
requires a true product name, e.g., “Bean, Macaroni and
Beef in Sauce.”

CHILI PIE

Chili component of the total product must have at least
40% fresh meat.

CHILI PUPS

An emulsion stuffed in casing and smoked. Label requires
a true product name, e.g., “Chili con Carne and Ground
Beans Product.” Product must contain at least 60% fresh
meat in total formulation.

CHILI RELLENO

Product must contain at least 12% fresh meat and be
coated with a batter and then fried. Sometimes product is
called “Chili Pepper Relleno.” Relleno means stuffed.

CHILI SPAGHETTI

Product must contain at least 16% meat.

CHILI VERDE (SP)

Product must meet 9 CFR 319.300 requirements. Chili
peppers must be exclusively of the green chili or Verde
chili pepper varieties. If a prepared chili powder is used, it
must have been prepared exclusively from green chili or
Verde chili peppers. Products, e.g., “Chili Verde with
Beans” shall comply with 9 CFR 319.301 and the above
requirements for “Chili Verde.”

CHILI WITH BEANS

1. “Brick Chili with Beans” or “Condensed Chili
with Beans” requires 50% meat and cereal is
limited to 16%.

2. Chili with Beans with reconstitution directions
should meet the Chili with Beans standard
when reconstituted.

3. When beef heart meat, cheek meat, or head meat
is used in excess of 25% of the meat block, it
must be reflected in the product name, e.g., “Chili
with Beef and Beef Heart Meat with Beans.”

4. When beef appears in the product name, beef
may be the only meat source used. Beef Chili
with Beans may not contain beef fat or other
beef byproducts.

5. Cured meats are not an expected ingredient in
Chili with Beans; when used, they must be
shown as part of product name.

6. “Chili with Beans” formulae usually contain up
to 25% of beans in a product. About one-fourth
of these beans may be incorporated in the prod-
uct as ground beans and should be listed in the
ingredients statement as ground beans.

7. The terms “Chili with Beans” or “Chili con
Carne with Beans” may be used interchangeably.

8. The binder and extender limitation of 8% is
based on total formulation. 

See: 9 CFR 319.301.

CHIMICHANGA

Product must contain at least 15% meat or 10% poultry
meat. A Mexican specialty from the State of Sonora. Like
burritos, product is made by wrapping a flour tortilla
around a filling; but unlike the burrito, chimichanga is
fried until brown and crisp. “Fried Burritos” is acceptable.

CHINESE BRAND LINKS

Raw nonspecific sausage-like products. These products
are permitted to contain artificial red coloring; however, if
pork is used it must be certified. Unlike the term “links,”
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“Chinese Brand Links” is considered a coined or fanciful
name, and [as a] nonspecific product, it must be accom-
panied by an ingredients statement. Furthermore, “made in
USA” must be contiguous to the word “brand” but cannot
intervene between “links” and the ingredients statement.

CHINESE PEPPER STEAK

A Chinese main dish, usually served with rice, must contain
at least 30% cooked beef. Beef steak is cut into thin strips,
browned in fat or oil, and added to a soy flavored sauce.
Vegetables are also added to the sauce. Green pepper strips
are always used and other vegetables may be included.

CHINESE STYLE BARBECUE MEAT

Acceptable identification for a product that is enhanced in
a solution with soy sauce, grain alcohol or dry sherry
wine, and a sweetener, i.e., sugar or honey. Other ingredi-
ents may include garlic or scallions, ginger or ginger
juice, sesame or peanut oil. The product may be artifi-
cially colored. If artificially colored, a qualifier is needed.

CHINESE STYLE BEEF

Product must contain grain alcohol and soy sauce.

CHINESE STYLE SAUSAGE

Product must contain grain alcohol and soy sauce.

CHIPPED BEEF

Beef that is dried, chipped, or sliced and may be cured or
smoked. An MPR 2.04:1 is required. It may be chunked,
ground, chopped, and formed. If so, the product name
must be qualified, e.g., “Chipped Beef, Chunked and
Formed.”

Acceptable fill:

1. 2 oz. in a 4 fluid oz. glass, or
2. 2 1/2 oz. in a 5 fluid oz. glass, or
3. 5 oz. in a 9-5/8 fluid oz. glass.

CHITTERLINGS

Approved label must identify the species of food animal
from which the product is derived. Hog bungs may be
labeled “Pork Chitterlings.” The purge under normal con-
ditions should not exceed 20% of the net weight of frozen
chitterlings.

See: 9 CFR 317.8(b)(30).

CHOICE GRADE, FANCY GRADE POULTRY

“Choice” or “Fancy” may not be used in conjunction with
“Grade” on poultry labels. These terms and others like

“Prime” and “Top Quality” on poultry labels indicate only
that product is equal to U.S. Grade A.

CHOPPED CHICKEN LIVERS

Total product must contain at least 50% cooked chicken
livers. Wheat flour and similar ingredients are acceptable.

CHOPPED CHICKEN LIVERS COMBINED WITH OTHER

CHARACTERIZING COMPONENTS

Product must contain at least 30% cooked livers, e.g.,
“Chopped Chicken Livers with Eggs and Onions.”

CHOPPED HAM

A total of 15% shank meat is permitted. This is 3% above
the normal proportion of 12% shank meat found in a
whole ham.

See: 9 CFR 319.105.

CHOP SUEY, AMERICAN

Product must contain at least 25% fresh meat in total for-
mulation. A stew-like dish prepared with beef, pork, or veal.
Vegetables include onion and celery. Macaroni, noodles,
or rice are usually incorporated in the product, although
recipes suggest serving chop suey over one of these.

CHOP SUEY (VEGETABLES WITH MEAT)

Product must contain at least 12% fresh meat.

CHORIZO (SP)

The product name “Chorizo” can be used for any type of
chorizo sausage that is cooked, dry, semi-dry, cured and
fresh without further product name qualification. Other
requirements for various types of chorizo apply, including
the sausage standard. It is seasoned with Spanish pimento
and red pepper.

Partially defatted pork fatty tissue is acceptable in
Chorizo. Wine is considered a flavoring and need only
appear in the ingredients statement. However, the liquid is
credited as added water.

CHORIZO, FRESH

These products may contain vinegar. The vinegar used
must have a strength of no less than 4 grams of acetic acid
per 100 cubic centimeters (20°C).

See: 9 CFR 318.7(c)(1).

CHORIZO IN LARD

Product must contain at least 55% chorizo.
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CHORIZO IN LARD, CANNED

Canned chorizos that are packed hot, usually in lard, and
are not thermally processed must have a moisture protein
ratio of 1.8:1 and a pH of not more than 5.5. An alterna-
tive standard is a water activity (Aw) of 0.92.

CHOW MEIN WITH MEAT

Product must contain at least 12% fresh meat.

CHULENT (CHOLENT)

Product must contain at least 25% fresh meat. A meal-in-
one dish of Jewish cuisine made in various ways. The
product name can stand without qualification.

COARSE GROUND MEAT TRIMMINGS

Coarse ground trimmings may be shipped from an estab-
lishment without meeting the 30% fat limitation if a spe-
cific fat content is declared, e.g., “Coarse Ground Beef
Trimmings — 40% fat beef.” If the labeling terminology
is “Coarse Ground Beef” or “Ground Beef,” the 30% fat
limitation shall apply.

COLORED CASING

Colored casings on meat and poultry products which do
not transfer color to the product, but which change and
give a false impression of the true color of the products,
must be labeled to indicate the presence of the casings.
Acceptable terminology includes “Casing Colored” or
“Artificially Colored.” These phrases must appear con-
tiguous to the product name.

Casings which are the same color as the product and
not misleading or deceptive, e.g., a white opaque casing
on a summer sausage, do not have to be so labeled. Also,
products consisting of whole muscle bundles, e.g., hams,
pork butts, etc., packaged in colored wrappings where a
cut surface is not visible through the casing are exempt.
The color agent must be specifically identified on the
label either in the product name qualifier or ingredient
statement.

See: 9 CFR 319.15(d).

COMPOSITE INGREDIENTS STATEMENT

Processors who use a multi-ingredient product, e.g., pep-
peroni from various sources, as an ingredient, may iden-
tify all the ingredients that may be present from all the
various formulations (i.e., a composite ingredients state-
ment). However, the ingredients identified as those that
may be present can only be those ingredients that are
minor in nature and cannot include ingredients, e.g., the
meat component that have a bearing on the overall char-
acteristics or value of the product. The minor ingredients

must be identified using one of the following examples of
acceptable formats:

1. pepperoni (pork, beef, water, salt, spices,
sodium nitrite. May also contain lactic acid
starter culture, sugar, and sodium ascorbate).

2. bacon bits (cured with water, salt, dextrose
and/or sugar, sodium nitrite).

3. pepperoni, pork, beef, water, sweeteners (con-
tains one or more of the following: sugar, dex-
trose, fructose, corn syrup), salt, spices, sodium
nitrite).

Labeling records must identify all the ingredients of each
type of component that is used so the accuracy of the com-
posite ingredients statement can be determined. All label-
ing for meat and poultry products must either comply with
this type of format or, alternatively, accurately list all
ingredients used in the product.

COOKED BEEF, EQUIVALENCY

In lieu of fresh beef, a 70% yield figure is used if no yield
information is provided.

COOKED BREAKFAST SAUSAGE

Antioxidants are permitted when product is formulated on
a raw basis (no more than 3% water).

COOKED RED MEAT PRODUCTS CONTAINING

ADDED SUBSTANCES

Cooked corned beef products and cooked cured pork
products not addressed by the cured pork products regula-
tion (9 CFR 319.104), that weigh more than the weight of
the fresh uncured article, may be prepared if they are
descriptively labeled to indicate the presence and amount
of the additional substances. Acceptable product names
include: “Cooked Corned Beef and X% Water” or
“Cooked Cured Pork and Water Product, X% of Weight is
Added Ingredients,” and “Cooked Pastrami and Up to
20% of a Solution.” The ingredients of the solution may
accompany the product name or appear in locations pre-
scribed for ingredient statements. Product name promi-
nence guidelines are found in Policy Memo 087A and
Policy Memo 109. If product name qualifiers, such as
“X% of Weight is Added Ingredients,” are used, the label-
ing prominence guidelines used for cured pork products
as found in 9 CFR 319.104(b) apply.

Uncured red meat products that weigh more than the
weight of the fresh article after cooking should be labeled
with a qualifying statement indicating the amount of solu-
tion remaining after cooking, e.g., “After cooking, con-
tains X% of a seasoning solution of ….” The ingredients
of the solution may accompany the qualifying statement

72-28 Handbook of Food Science, Technology, and Engineering, Volume 2

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 28



or appear in locations prescribed for ingredient state-
ments. The qualifying statement must be one-fourth the
size of the largest letter in the product name. If the ingre-
dients of the solution accompany the qualifier, they must
appear in print one-eighth the size of the most prominent
letter in the product name. Other labeling prominence
guidelines are found in Policy Memo 087A.

If cooked, uncured red meat products that contain
added solutions/substances prior to cooking are cooked
back to or below the weight of the fresh (green weight)
article, words, such as “seasoned” and “flavored,” are to
be used to reflect the addition of the added substances,
e.g., “Seasoned Cooked Beef.”

For cooked products, the percent added substances for
the label statement is determined by subtracting the fresh
(green) weight of the article from the weight of the fin-
ished cooked product, (i.e., after injecting, marinating,
etc., and cooking), dividing by the weight of the finished
product, and multiplying by 100. This policy is intended
to apply to solutions that impart favorable flavor and other
sensory characteristics, but not to solutions containing
ingredients used to extend a product, such as isolated soy
protein and carrageenan.

Uncooked red meat products containing added sub-
stances are addressed in Policy Memo 066C.

CORN DOG OR KORN DOG

A coined name which must be accompanied by a true prod-
uct name, e.g., “Batter Wrapped Franks on a Stick.” Product
is limited to 65% batter and a minimum of 35% frankfurter.

CORN DOG OR KORN DOG (POULTRY)

“Corn Dogs” made from poultry cooked sausage, e.g.,
poultry franks or poultry frankfurters, must show the
“kind” of poultry used in conjunction with the coined
name “Corn Dogs,” e.g., “Chicken (or Turkey) Corn
Dogs.” The “kind” name should be shown in type size at
least one-third the size of the largest letter of the coined
name. A descriptive name, e.g., “Batter Wrapped Chicken
Frank on a Stick,” must accompany the coined name. If the
descriptive name is at least one-third the size of the coined
name, the “kind” name need not precede the coined name.

CORN MEAL MUSH WITH BACON

Product must contain at least 15% cooked bacon.

CORNED BEEF AND CABBAGE

Product must contain at least 25% cooked corned beef.

CORNED BEEF (CANNED, COOKED WITH

NATURAL JUICES)

Canned product labeled “Cooked Corned Beef with Natural
Juices,” is limited to 10% added solution before cooking. If

the added solution is greater than 10%, the label must indi-
cate the total added solution, e.g., “Cooked Corned Beef
and Water product-X% of weight is added ingredients.”

See: Cooked Corned Beef Products with Added
Substances.

CORNED BEEF, GRAY

Gray corned beef is not a cured product but one that con-
tains water, salt, sugar, flavorings, etc. It should be labeled
as “Gray Corned Beef,” “Gray Corned Beef Rounds,” etc.
The label must show an ingredients statement rather than
a curing statement as shown on other corned beef labels.

CORNED BEEF WITH JUICES

Uncooked corned beef with juices (or without juices and
spices) is unacceptable terminology for corned beef prod-
ucts meeting standards in 9 CFR 319.101 and 319.102 for
corned beef brisket and corned beef round (and other
cuts). The presence of free flowing juices in a package
does not change this policy. The net weight includes free
flowing juices.

CORNISH STYLE PASTY

Product must contain at least 25% beef. Product consists
of a round or square of piecrust with a filling of chopped
beef, potatoes, and onions.

COTECHINO (IT)

Pork skin sausage. Meat and meat by-products other than
pork skin can be used in this product. It could also be given
the name of pork skin sausage in parentheses as a com-
mon name. Italian sausage. A variety of cooked sausage.

See: 9 CFR 319.140.

COUNTRY

A geographical term that refers to an unincorporated area.
To use country, the product must be made in the country.

COUNTRY FRIED

Refers to a fried product that is usually breaded. It is not
considered a geographical term.

COUNTRY OF ORIGIN

Statement, “Product of …” need only appear beneath the
product name on the principal display panel on imported
product.

COUNTRY STYLE CHICKEN

Cut up chicken in which the wishbone is left whole.
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COUNTRY STYLE (FARM STYLE) SAUSAGE

When sausage products are labeled “farm style” or “coun-
try style,” they must be prepared with natural spices with
the exclusion of oleoresins, essential oils, or other spice
extractives. Sugar is the sweetening agent for “farm style”
or “country style.” HVP, MSG, and antioxidants are per-
mitted ingredients. Products so labeled are not necessarily
prepared in the country (on the farm) but are expected to
have these characteristics.

See: 9 CFR 317.8(b)(2).

CREAMED BEEF (CHIPPED OR DRIED)

Product must contain at least 18% dried beef. It may be
produced using a cured beef, or beef product which has
been chopped, pressed, or cooked.

CREAMED CHEESE WITH CHIPPED BEEF

Product consists of cream cheese, chipped beef, cream
and chopped onions. The meat component must be at least
12% of the total formulation.

CREAMED SAUCE WITH MEAT OR CREAMED MEAT

PRODUCTS (CHIPPED BEEF, COOKED BEEF,
SAUSAGE, HAM, FRANKS, MEATBALLS, ETC.)

Product must contain at least 18% meat or meat products
(on a cooked basis). The kind of meat product used should
be reflected in the product name (e.g., “Creamed Cured
Beef, Chopped, Pressed, Cooked”).

CREOLE STYLE

Term applies to many dishes made with tomatoes, spices,
and green peppers. Spices include onion, garlic, bell pep-
per, white pepper, red pepper, black pepper, parsley, and
other Louisiana seasonings, e.g., bay leaf, filét, paprika, or
pepper sauce.

CREPE FILLING

Must contain at least 40% cooked meat or 20% cooked
meat if filling has one other characterizing ingredient, e.g.,
cheese, and at least 14% cooked meat when the filling has
two other characterizing ingredients, e.g., cheese and
mushrooms. This is based on the total weight of the filling.

CREPES

Product must contain:

1. At least 20% cooked meat when the filling con-
tains no other major characterizing component.

2. At least 10% cooked meat when the filling con-
tains one other major characterizing component
(e.g., cheese).

3. At least 7% cooked meat when the filling con-
tains two or more other major characterizing
components (e.g., cheese and mushrooms).

These percentages are based on the total weight of the
product.

CROISSANT

A crescent shaped roll requiring 18% cooked meat. Label
must show a true product name, e.g., “Croissant with a
ham and cheese sauce filling.”

CROQUETTE

Product must contain at least 35% cooked meat, based on
total formulation. Beef, ham, etc., must appear as part of
the product name.

CURDLAN

A substance identified by the common or usual name “curd-
lan” has been approved for use in foods (see 12/16/1996
Federal Register), and for non-standardized meat products,
poultry products, and in Policy Memo 123 and 121B
products as a binder/stabilizer/thickener/texturizer.

CURED MEAT PRODUCTS — LABELING OF

MECHANICALLY REDUCED

The traditional names of cured meat products, e.g., bacon,
may be used even though mechanical reduction-like chop-
ping or chunking has taken place before the product has
acquired the characteristics expected of the product, pro-
vided the finished product acquires the characteristics
expected. Furthermore, the mechanical reduction must be
noted in the product name or in a qualifier to the product
name (e.g., chopped bacon or bacon-chopped and formed).

CURED MEAT PRODUCTS — PACKED IN BRINE

Cured meat products, e.g., pork tails, pork snouts, and
cured boneless beef brisket, that contain 120–200 PPM
nitrite and are packed and sold in brine solution, do not
require a handling statement, e.g., “Keep Refrigerated,”
provided the finished product has at least 10% brine con-
centration, and the packing medium contains a sufficient
quantity of salt to maintain the 10% brine concentration in
the product.

CURED PORK BELLIES

Such products are assumed to be further processed into
bacon. Therefore, cured pork bellies must meet the
restricted ingredients requirement for bacon.
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CURED PORK

Cured pork products, that contain modified food starch,
X% solution ISP, carrageenan or sodium caseinate, that
fall into the PFF value of “Ham, Water Added” and the
“Ham and Water product X% solution” category, must be
labeled with the appropriate PFF Nomenclature, Descriptive
Labeling, e.g., “ham, water and binder product,” will be
used if:

1. Binders are at levels above those permitted by
the regulations

2. Binders other than those permitted are used
3. Two or more binders are used in combination or
4. The PFF value of the finished product falls in

the “ham” or “ham with natural juice” category
which do not permit binders.

CURED TURKEY THIGH MEAT

A product labeled “cured turkey thigh meat” (without
turkey ham in the name) must follow the turkey ham stan-
dard. The product “cured turkey thighs” (which includes
skin and bone), is not required to meet the standards for
turkey ham and cannot be labeled “turkey ham.”

CURRIED SAUCE WITH MEAT (POULTRY) AND

RICE CASSEROLE

Product must contain at least 35% cooked meat or poultry
meat based on the sauce and meat portion only.

CURRY PRODUCT

1. Meat Curry — Must contain at least 50% meat
(lamb, beef, etc.)

2. Poultry Curry — Must contain at least 35%
cooked poultry meat.

CUTLET, BEEF

Beef cutlet may be chopped and formed.

CUTLET, PORK

“Pork Cutlet” may consist of pork temple meat, inside
masseter muscles, and small pieces of lean from the tip of
pork jaws. These are flattened and knitted together in
“cutlet” size products by means of “cubing” or “Frenching”
machines, or by hand pounding with “cubing hammers.”
The term “cutlet” relates to thin slices of meat. They can
be identified as sliced pork meat product when the desig-
nation clearly states the specific part of the carcass from
which the meat in the product is derived (e.g., “Pork Loin
Cutlets”). All of the terms should be conspicuously dis-
played on labels.

CUTLET, POULTRY

Poultry cutlets may be fabricated as opposed to using
whole pieces of poultry meat. However, the term “cutlet”
must be properly and distinctly qualified to describe the
product, e.g. “Turkey Cutlet from a Turkey Loaf”
“Chicken Cutlet from Chicken Roll” “Turkey Cutlet,
Chopped and Formed”

Cooked poultry cutlets, which are solid pieces and
contain added water, should not be labeled as patties. 
A solution statement is not needed.

CUTLET VEAL

Must be a solid piece of meat from the round; slice thick-
ness may vary. However, combining several thin slices to
represent a single cutlet is not permitted.

DEHYDRATED MEAT CALCULATION FACTOR

The fresh meat equivalent based on a given amount of
dehydrated meat can be found by multiplying the weight
of the dehydrated beef by the factor 2.8. This factor was
derived as follows: Assuming canners and cutters grade
beef was used, the composition of meat would be approx-
imately 12% fat, 18% protein, 69% water, and 1% ash.
Then 100 pounds of beef, when dehydrated to 5% mois-
ture, would be 100 less 64 or 36 pounds dehydrated meat.
Thus, 100 divided by 36 equals 2.8.

Assuming that the amount of dehydrated beef equiva-
lent of 100 pounds of fresh beef is that quantity contain-
ing 18 pounds of protein, then 18 divided by the
percentage of protein found by analysis of dehydrated
beef would be the amount of dehydrated beef equivalent
to 100 pounds of fresh meat.

DEHYDRATED POULTRY CALCULATION FACTOR

The moist deboned cooked poultry or poultry meat equiv-
alent based on a given amount of dehydrated poultry or
poultry meat which can be found by multiplying 
the weight of the dehydrated poultry or poultry meat by
the factor of 4.0.

DEHYDRATED PRODUCTS WHEN WATER IS ADDED

Three methods are acceptable for listing dehydrated prod-
ucts. Listing of the ingredients (1) As “water, dehydrated
potatoes” or “dehydrated potatoes, water,” whichever is
the proper order, (2) As “reconstituted potatoes,” or (3) As
“rehydrated potatoes.” If the reference was to meat instead
of potatoes, the word beef, pork, or whatever was appro-
priate would be substituted for the word “potatoes.”

DEVILED POULTRY

Is a semi plastic cured poultry food product made from finely
comminuted poultry in natural proportions and containing
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condiments. Deviled poultry may contain poultry fat, pro-
vided that the total fat content shall not exceed 35% of the
finished product and the moisture content shall not exceed
that of the fresh unprocessed poultry. When skin is in excess
of natural proportions, skin must be included in the prod-
uct name (e.g. “Deviled (Kind) with (Kind) Skin Added”).

DINNER DOG

A coined name — must show true product name, e.g., “A
Meat and Soy Protein Concentrate Product.”

DINNERS AND SUPPERS, FROZEN

Frozen products labeled as “dinner” or “supper” must
weigh at least 10 ounces and shall contain at least 3 com-
ponents consisting of the following: meat, poultry, cheese,
eggs, vegetables, fruit, potatoes, rice or other cereal-based
products (other than bread or rolls). This is not intended to
include products like casseroles and stews that have all of
the components combined. Sauces and gravies are not
considered one of the components. They may also contain
other servings of food, e.g., soup, bread or rolls, appetizer,
beverage, and dessert, and these components may be
included in the minimum 10-ounce net weight require-
ment. If meat is featured in the product name, e.g., Beef
Dinner, the requirement is 25% or 2.5 ounces cooked
meat. If a meat food product is featured in the product
name, e.g., Beef Burgundy Dinner, then 25% or 2.5 ounces
of meat food product is needed. If poultry is featured in
the name, e.g., Chicken Dinner, the standard is 18% or 
2 ounces cooked deboned poultry meat, whichever is greater.
However, if a poultry food product is featured in the prod-
uct name, e.g., Chicken a La King Dinner, the 25% or 2.5
ounces of poultry food product, whichever is greater, is
needed. The meat requirement for products with net
weights greater than 10 ounces may be established exclu-
sive of the appetizer, bread, and dessert, provided the
remaining components weigh not less than 10 ounces.

The name for dinner and supper products shall consist
of or include a listing of each of the dish components in
descending order of predominance by weight, for exam-
ple, Fried Chicken Dinner — Fried Chicken, Mashed
Potatoes, Peas and Carrots. Dinner or supper identification
may appear on side panels without the complete product
name shown, for example, “Fried Chicken Dinner” or
“Beef Dinner.”

When a dessert is one of the components of a frozen
dinner or supper, i.e., a multi-component item, it may appear
out of the order of predominance in the product name and
appear as the last component in the product name.

DIPPED STEAKS

Steaks made from a solid piece of meat may be dipped in
a solution of water and flavoring. The result in gain shall
not be more than 3% above the weight of the untreated

product. A prominent statement, like “Dipped in a Solution
of contiguous to the product name,” shall show.

DIXIE BACON

True product name, e.g., “Pork Jowl Dixie Bacon, Cured
and Smoked” shall appear on the label.

DIXIE SQUARE

Same as for Dixie Bacon.

DOG FOOD

See: 9 CFR 355.29.

DOUGH CONDITIONER

A generic or class name that cannot stand alone in the
ingredients statement. The term “Dough Conditioner” must
be followed immediately by the common or usual name of
all ingredients present.

DRIED EGG WHITE ADDED

See: Wheat Gluten Dried Soup Mixes (Meat).
Dried meat soups are not amenable. Poultry — See: 9
CFR 381.15.

DRY AGED

Fresh Meat is held (without vacuum packing) for various
periods of time (usually 10 days to 6 weeks) under con-
trolled temperatures (34°F to 38°F), humidity, and airflow
to avoid spoilage and ensure flavor enhancement, tender-
ness, and palatability.

There is a difference of opinion regarding the best
cooler humidity. Some prefer low humidity of from 70 to
75% so that exposed surfaces of meat remain dry. Others use
humidity’s up to 85 to 90% in order to purposely develop
a mold growth on the outside of the meat and reduce evap-
oration losses. Ultraviolet light may be used to reduce
microbial load in the aging room. The number of days
aged does not have to appear on the label when the prod-
uct is identified as “Dry Aged” (e.g., “Dry Aged Beef”).

DRY CURED

Product labeled as “dry cured” shall not be injected with
a curing solution or processed by immersion in a curing
solution.

DRY MILK PRODUCTS

Approved dry milk items include whole dry milk, nonfat
dry milk, calcium-reduced dried skim milk, dried whey
and lactose-reduced dried whey. If nonfat dry milk is
reconstituted prior to addition to product, it would be
declared on the label as “Reconstituted Skim Milk.”

72-32 Handbook of Food Science, Technology, and Engineering, Volume 2

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 32



DRY SALT CURED

Dry salt cured product may contain a curing solution
injected directly into the tissue but not through the circu-
latory system before it is covered with a dry curing mix-
ture. It may be momentarily moistened to facilitate initial
salt penetration but shall not be immersed in a curing 
solution.

DUAL WEIGHT REQUIREMENT FOR STUFFED

POULTRY LABELS

Poultry products that consist solely of bone-in poultry and
stuffing, e.g., a “Stuffed Turkey,” shall bear weight state-
ments on the label indicating the total net weight of the
product and a statement indicating the minimum weight
of the poultry in the product.

When a stuffed poultry product is a component of a
dinner or an entree, only the total net weight needs to be
shown on the label.

DUCK, SALTED

This product should reach an internal temperature of 155°F.

DUMPLINGS WITH BEEF

The product must contain at least 18% meat in total 
formulation.

DUTCH BRAND LOAF

A nonspecific loaf that must be qualified as “Made in USA.”

EASTER NOLA

Salami that is made with pork that is coarsely chopped
and mildly seasoned with black pepper and garlic.

EGG FOO YOUNG WITH MEAT

The product must contain at least 12% meat.

EGG FOO YOUNG WITH POULTRY

The product must contain at least 3% poultry meat.

EGG ROLL, VIETNAMESE STYLE

The product must contain soy bean noodles or cellophane
noodles, and fish sauce or anchovy extract. They are usually
rolled in a thin spring roll skin or a dry rice paper skin.

EGGS BENEDICT

The product must contain at least 18% cured smoked ham.
A poached egg on a toasted English Muffin, topped with
a slice of ham, and covered with hollandaise sauce.

EGGS, FRESH

For breakfast-type foods the egg portions may be referred
to in the product name and the ingredients statement as
“Fresh U.S. Grade A Large.” The eggs must be received in
shells or broken and blended and not in dry or frozen
form.

EMPANADILLAS (SP)

A turnover containing 25% fresh meat or poultry (raw
basis). The species or kind is part of the product name,
e.g., “Beef Empanadillas.” The product may vary in size
from large to hors d’oeuvre size.

EMPANADILLAS CHORIZO

An empanadilla that contains at least 25% fresh chorizo or
17% dry chorizo.

ENCAPSULATION

An encapsulated additive, e.g., salt is an acceptable name.
It does not require a sublisting if encapsulated in veg-
etable oil. If encapsulated in an animal fat, the specific
animal fat must be identified in the ingredient statement.

Encapsulated lactic acid starter culture does not need
to be sublisted.

ENCHILADA (SP)

The product must contain at least 15% meat or 10.5%
poultry meat. A Mexican type food consisting of a “tor-
tilla” which has been filled with a variety of fillings and
then rolled. The species must appear in the product name,
e.g., “Beef Enchilada.”

ENCHILADA WITH BEEF CHILI GRAVY OR

ENCHILADA PREPARED WITH MEAT AND SAUCE

The product must contain at least 50% Enchilada.

ENCHILADA — SONORA STYLE

The product consists of two or more tortillas stacked
“pancake style” with filling spread between each tortilla.
Cheese may be mixed into the tortilla dough prior to frying.

ENTREE (PRINCIPAL DISH OR MAIN COURSE)

Product labeled entree should fall into one of the follow-
ing categories:

1. All meat or meat food product — 100% meat
or meat food product.

2. Meat or meat food product and one vegetable;
or meat or meat food product and gravy — 50%
cooked meat or meat food product.
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3. Meat and Vegetable with Gravy — 30% cooked
meat portion; meat and gravy portion at least
50%, (e.g., Salisbury Steak with Potatoes and
Gravy).

4. Meat or Entree portion of a meal type — 
25% cooked meat or meat food product,
(e.g., Meat Loaf Dinner would require 25%
meat loaf).

ENZYME TREATED PRODUCT

Product from carcasses of animals injected with papain;
liver, heart, tongue, cheek and head meat, trimmings, bone-
less beef, tenderloin, tails, tripe and cuts of meat not
showing an imprint of the roller brand reading, “tenderized
with papain,” shall be properly identified and kept sepa-
rate from other product. Kidneys must be segregated and
properly labeled.

When such product leaves an official establishment,
the immediate container shall bear a label showing, in
addition to the other required labeling, a statement like
“tenderized with papain” prominently displayed contigu-
ous to the product name.

The establishment will furnish retail dealers handling
such product with labels bearing the statement, “tender-
ized with papain” prominently displayed contiguous to
the product name for use by such dealers on consumer
packages or on product prepared from carcasses of ani-
mals injected with papain. Inspection personnel visiting
retail markets should observe the effectiveness of this
requirement. When retail outlets do not follow this identi-
fication, these facts should be immediately reported to the
Food Labeling Division.

ENZYME TRIMMINGS FROM ANTE-MORTEM

INJECTED BEEF

Beef trimming from this operation may be used in fresh
meat products without label declaration.

ENZYMES — PROTEOLYTIC

A 3% limit permitted pickup on dipped items, e.g., steak
and solid pieces of meat. The label must declare the pres-
ence of the enzyme, e.g., “Tenderized with Papain.”
Trimmings from this method may be used in fresh meat
products up to 25% of the formula, provided the finished
product is immediately frozen and that distribution is lim-
ited to institutional use only. The labeling record should
state the conditions and means of inspection control. Meat
from this method may be used in cooked ground beef
products up to 25% of the formula without showing the
ingredients of the solution.

See: 9 CFR 317.8(b)(25) 9 CFR 318.7(a)(1) 9 CFR
381.120.

EXOTIC/NON-AMENABLE PRODUCTS — USE OF

CURE AGENTS

Only amenable meat/poultry products can contain curing
agents (i.e., nitrites etc.), with the exception of ratites
(ostrich, rhea, emu) and squab. The prior function of nitrite
and nitrate, according to FDA regulations, applies only to
those species that were considered “meat” or “poultry”
prior to September 1958. Therefore, amenable species
that can contain cure agents are identified as the following:

1. Poultry — (domesticated birds) chicken,
turkey, duck, geese, and guineas.

2. Meat — cattle, sheep, swine, and goat. Non-
amenable products, such as buffalo, reindeer
and pheasant, can not contain curing agents;
such products are considered to be regulated
under FDA regulations. However, if non-
amenable products are included in an amenable
product, curing agents would be permitted. The
curing agents would be calculated based on
both the amenable meat/poultry product and
non-amenable meat/poultry product. For exam-
ple, the formula includes 3 lbs. Cooked chicken
and 97 lbs. buffalo. The calculation for the cur-
ing agents would be based on 100 lbs. of meat.
In addition, in those situations where the meat
block consists of an amenable product and a
nonamenable product (refer to the example),
the appropriate inspection legend should repre-
sent the amenable product. Therefore, using the
example above, the label would have a poultry
legend.

Product derived from exotic/non-amenable
species that contain over 3% raw meat (cattle,
sheep, swine, goat, horses or other equine) are
subject to inspection. The game meat used in
these products must be derived from carcasses
slaughtered under the Food Safety and Inspection
Service. Products made with meat from exotic
and non-amenable exotic species with 3% or less
of meat or edible portion from cattle, sheep,
swine, goat, horses or other equine, or up to 30%
fat from these species are non-amenable pro-
vided the only reference to meat or meat byprod-
ucts on the labeling is in the statement of
ingredients and the product name includes the
term “flavored with (amenable species).”

Custom prepared products composed of meat
from exotic/nonamenable species and up to 30%
animal fat are not amenable. Labeling such prod-
ucts with the term applies (see: 303.1 (a) (2)).

Products made with meat from game animals
with 3% or less of meat or edible portion from
cattle, sheep, swine, goat, or up to 30% meat fats
provided the only reference to meat or meat
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byproducts on the labeling is in the statement of
ingredients or referred to as “flavored with.”

Custom prepared products composed of
meat from game animals and up to 30% animal
fat. Labeling “Not For Sale” applies.

See: 303.1 (a)(2)
Buffalo and venison must be federally or

state inspected; however, venison may also be
produced under the supervision of inspection
officials of a country approved to export meat
products into the United States. All other meat
from exotic/non-amenable species that is used in
formulating amenable products must be derived
from carcasses slaughtered under the Food
Safety and Inspection Service.

EXTRA AND MORE THAN

The terms “extra” or “more (component) than” may be
used provided the following guidelines are followed:

1. There is at least a 10% increase in the particu-
lar component of interest over the amount that
is found in the usual or “regular” formulation.

2. Information must be provided with the label
application that compares the product formula-
tion containing the “extra” amount of the compo-
nent to the regular formulation of the same
product to establish that at least a 10% increase in
the component has occurred. Therefore, the usual
or “regular” component claims at the time of
label review must be presented so that the neces-
sary comparison of formulations can be made.

3. In the situation where production of the “regu-
lar” product formulation ceases, the “extra” or
“more (component) than” product labels would
be given a 6-months temporary approval.

4. A comparison to a similar product on the market
may be made to support the “extra” or “more/
than” type claim, provided suitable market bas-
ket data are submitted with the label applica-
tion that establish the similarity of formulations
and show the increased amount of the compo-
nent over the “usual” amount.

FABRICATED STEAK

1. Steaks that include large sections or pieces of
meat that are molded or shaped to form one
large piece and the sliced. A qualifier such as
“formed” must be included in the product.

2. Fabricated steaks may contain added solutions
if labeled in accordance with Policy Memo 066B.

3. Antioxidants are permitted.
4. When made from simulated fat covering and or

marbling, the name must reflect this fact, e.g.,
artificially marbled-simulated fat covered.

FAJITAS

The Spanish translation is “little belts” or strips of meat.
Fajitas are strips of seasoned or marinated red meat or
poultry meat, which have been cooked. Red Meat Fajitas
require labeling in accordance with the current policy
memo on added solutions. Fajitas may also be sandwich-
like product, requiring 15% strips of cooked meat or poultry
meat (excluding the marinade), topped with onions, pep-
pers, and sauce, and rolled in a flour tortilla. Fajita,
including the name of the meat or poultry, may stand
alone, e.g., “Beef Fajita,” “Chicken Fajita.”

FARM STYLE SAUSAGE

See: Country Style (Farm Style) Sausage.

FARMER SAUSAGE CERVELAT

Is usually a semi-dry sausage; but may be made in dry
form. Usually made of equal parts of pork and beef deli-
cately seasoned without garlic.

FARMER SUMMER SAUSAGE

This is a special type of sausage made of beef and pork,
salt, spices, nitrite or nitrate, and heavily smoked. It is
classed as “Cervelat,” and no extenders are permitted. It
is dry with an MPR of 1.9:1. The word “Farmer” is con-
sidered a generic term, and labels can be approved with-
out any qualifying words like “Style” or “Brand.” Such
labels are not required to bear a statement identifying the
place of manufacture. The product must be trichina-
treated.

FIBER PRODUCTS

Fiber products such as bran are acceptable only in non-
specific products. Fiber type foods are permitted in meat
and poultry products and must be identified by their com-
mon or usual name, such as oat bran. However, fiber is not
permitted in meat or poultry products, e.g., soy fiber, oat
fiber, and wheat fiber. Presently, there is no recognized
definition for fiber.

FILLET STYLE

“Fillet style” must be qualified, e.g., “chunked and
formed,” if the meat or poultry product is not made from
a solid piece of meat or poultry. The term “fillet” is
defined as a solid piece of meat or poultry.

FLANKEN IN THE POT

The product must contain at least 25% beef. Product is
made from beef plates and may contain such components
as Matzo Balls, Noodles, and Vegetables. True product
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name, e.g., “Flanken in the Pot with Matzo Balls, Noodles
and Vegetables” must be used.

FLAVORED WITH

Any product with a standard in Section 9 CFR 319 and 9
CFR 381 of the regulations must meet that standard and
may not be designated “flavored with.” If a product does
not meet the standard as it appears in the Policy Book it
can be labeled “Flavored with.” “Flavored with” can be
anything from over 3% fresh meat or 2% cooked meat to
below the standard for the product.

FLAVORING

Ingredients, e.g., thiamine hydrochloride, monosodium
glutamate, disodium inosinate, disodium guanylate,
hydrogenated vegetable oil, and other commonly used
materials must be listed separately.

Such ingredients as diacetyl, hexanal, ethyl alcohol,
dimethyl sulfide, diallyl sulfide, and furfuryl mercaptan
may be declared as artificial flavors or artificial flavorings
without naming each.

When spices and/or flavorings are presented on labels
coming from foreign countries, the identity of the spices
and/or flavorings must be made known.

FOIE GRAS PRODUCTS, DUCK LIVER AND/OR

GOOSE LIVER

Goose liver and duck liver foie gras (fat liver) are obtained
exclusively from specially fed and fattened geese and
ducks. Products in which foie gras is used are classified
into the following three groups based on the minimum
duck liver or goose liver foie gras content:

These are products in which goose liver or duck liver
foie gras are the only animal tissues present. They may
contain added substances, e.g., seasonings and cures and
when truffles are featured in the product name, they are
required at a minimum 3% level.

These products are composed of a minimum 85%
goose liver or duck liver foie gras, although “parfaits”
may contain mixtures of goose liver and/or duck liver foie
gras. These products may also contain a wrapping or
stuffing consisting of the lean or fat of pork, veal, or poul-
try, pork liver, and/or aspic jelly. When these ingredients
are used, their presence must be indicated in a product
name qualifier. Truffles, when featured in the product
name, are required at a minimum 3% level.

These products must contain a minimum of 50% duck
liver and/or goose liver foie gras and may also contain a
wrapping or stuffing of the lean or fat of pork, veal, or poul-
try, pork liver, aspic jelly, extenders, and/or binders. When
these ingredients are used, their presence must be indicated
in a product name qualifier. Truffles, when featured in the
product name, are required at a minimum 1% level.

In all groups, an English translation of the term “foie
gras” is not required, although all other product name
terms must be translated into English. The kinds of poul-
try liver(s) used must be indicated in the product name.
Also, other species and/or binders used must be indicated
in a product name qualifier immediately following the
product name, while the ingredients statement must fol-
low the product name or qualifier as the case may be.

FOR FURTHER PROCESSING

Products which require further processing at another fed-
erally inspected plant may leave a federally inspected
plant under one of the following three conditions:

1. With the name of the finished product qualified
by a “For Further Processing” statement (e.g.,
Turkey Ham For Further Processing); or

2. With a fully descriptive name (e.g., uncooked
ham contains up to 30% of a solution).

3. Not acceptable on a label when a product is for-
mulated or processed in a manner contrary to
the regulations.

“FRESH,” “NOT FROZEN” AND SIMILAR TERMS

WHEN LABELING POULTRY PRODUCTS

The word “fresh” may not be used to describe:

1. Any cured product, e.g., corned beef, smoked
cured turkey, or prosciutto.

Acceptable English
(C) French Product Name Product Name

Pate de Foie d’Oie Pate of Goose Liver
Pate de Foie de Canard Pate of Duck Liver
Galantine de Foie d’Oie Galantine of Goose Liver
Galantine de Foie de Canard Galantine of Duck Liver
Puree de Foie d’Oie Puree of Goose Liver
Puree de Foie de Canard Puree of Duck Liver

Acceptable English
(B) French Product Name Product Name

Foie Gras d’Oie Goose Foie Gras
Foie Gras de Canard Duck Foie Gras
Bloc de Foie Gras d’Oie Block of Goose Foie Gras
Bloc de Foie Gras de Canard Block of Duck Foie Gras
Parfait de Foie Gras d’Oie Parfait of Goose Foie Gras
Parfait de Foie Gras de Canard Parfait of Duck Foie Gras

Acceptable English
(A) French Product Name Product Name

Foie Gras d’Oie Entier Whole Goose Foie Gras
Foie Gras de Canard Entier Whole Duck Foie Gras
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2. Any canned, hermetically sealed shelf stable,
dried, or chemically preserved product.

3. Any raw poultry, poultry part, or any edible
portion thereof whose internal temperature has
ever been below 26 degrees Fahrenheit.

4. Any injected, basted, marinated poultry, poul-
try part or any edible portion thereof whose
internal temperature has ever been below 26
degrees Fahrenheit.

5. Any other finished processed poultry product
(including cooked poultry products) where its
temperature has ever been below 26 degrees
Fahrenheit, e.g., turkey sausage, chicken meat-
balls, cooked breaded chicken nuggets, etc.

6. Any uncured red meat product permitted to be
treated with a substance that delays discol-
oration, such as, ascorbic acid, erythorbic acid,
or citric acid.

7. Any product treated with an antimicrobial sub-
stance or irradiated.

8. The phrase “never frozen” or similar verbiage
is not permitted on an unprocessed or
processed poultry product where the internal
temperature of the product has ever been below
0 degrees Fahrenheit or on any red meat prod-
uct that has ever been frozen. Further, the
phrase “never frozen” or similar verbiage is not
permitted on refrigerated secondary products
where the meat or poultry component has ever
been frozen, e.g., multi-component meals, din-
ners, etc.

Generally, trademarks, company names, fanciful names,
etc., containing the word “fresh” are acceptable, even on
products produced in a manner described in one through
seven above, provided the term is used in such a manner
that it remains clear to the purchaser that the product is
not fresh.

Secondary products, e.g., pizza, multi-component
meals, dinners, etc., sold in the refrigerated state, i.e., not
frozen or previously frozen, may be labeled as “fresh”
when the term is used to describe the product as a whole
even when made from components processed in a manner
described in one through seven above.

This entry cancels Policy Memo 022C dated January
11, 1989, since 022C is out of date.

FRESH THURINGER

Not an acceptable name.

FRIED NOODLES WITH PORK

The product must contain at least 12% fresh pork in total
formulation.

FRIED PRODUCTS

1. Frying medium need not be shown on the label.
2. Breading is not limited to 30% unless breaded

is in the product name.
3. Fried chicken labels do not need to state “fully

cooked” or refer to breading because fried
denotes fully cooked and breading is expected.
Fried poultry products in dinners are limited to
30% breading.

FRIED RICE WITH MEAT

The product must contain at least 10% meat; may contain
eggs and vegetables.

FRIES

1. Beef testicles may be labeled as “Beef Fries.”
They are not permitted to be used as an ingre-
dient in meat food products.

2. “Fries” is not a required part of the product
name, “species mountain oyster.”

FRITTERS

The product must contain at least 35% raw red meat/
poultry or red meat/poultry food product in the total for-
mulation depending on the name, i.e., “Beef Fritter” must
contain 35% beef and a “Chicken Patty Fritter” must con-
tain 35% chicken patty. Fritters can contain up to 65%
batter/breading (coating). If “breaded” is included in the
product name, the batter/breading is limited to 30%.

FRIZZES

An acceptable name. Similar to pepperoni but not
smoked. MPR of 1.6:1.

GALICIAN SAUSAGE

Cured beef and pork is seasoned and stuffed into beef
rounds. It is then smoked at a high temperature. Cooling
is done in a blast of air which produces a wrinkled appear-
ance which is characteristic of Galician sausage.

GELATIN

Gelatin is a binder/extender and is only permitted in a few
meat and poultry products. Examples where gelatin is per-
mitted include:

1. Non-specific products
2. Jellied products, e.g., souse, jellied beef loaf

and head cheese
3. As a covering for products such as paté, to bind

two pieces of meat together and in products
where “gelatin” would be part of the prod-
uct name
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Gelatin is permitted as a thickening agent in menudo (i.e.,
beef tripe stew). If it is used in red meat paté products, its
presence must be indicated by product name qualification.

It is not permitted in products like sausage, luncheon
meat, and meat loaves. Gelatin is an acceptable ingredient
in souse, jellied beef loaf, headcheese. Canned whole
hams require qualifier if gelatin is added.

GELATIN IN POULTRY ROLLS

If gelatin or some other binder comprises more than 3%
of the formula, the name of the product must be qualified
by wording, e.g., “Gelatin Added.”

GENERAL OFFICES

The company’s grant of inspection permits the general
office address to be used in the signature line for any firm
“doing business as.”

GENOA OR GENOA SALAMI

Is a dry sausage product with an MPR not in excess of
2.3:1. It is prepared with all pork or with a mixture of pork
and a small amount of beef. The meat is given a coarse
grind and enclosed in a natural casing. No smoke is used
in its preparation.

GEOGRAPHIC AND RELATED TERMS (REQUIREMENTS

FOR THE USE ON PRODUCT LABELS)

Any label representation that expresses or implies a par-
ticular geographical origin of the product, or any ingredi-
ent of the product, shall not be used except when such
representation is:

1. A truthful representation of geographical ori-
gin, e.g., “Virginia Ham” for a ham produced in
the State of Virginia; or

2. A trademark or trade name which:
a. has been so long and exclusively used by a

manufacturer or distributor that it is gener-
ally understood by consumers to mean the
product of the particular manufacturer or
distributor, e.g., “Swiss Chalet;” or

b. is so arbitrary or fanciful that it is generally
understood by the consumer not to suggest
geographical origin, e.g., “Moon Sausage;”
or

3. A part of the name required or allowed by an
applicable Federal law, regulation or standard,
e.g., “Frankfurter,” “Vienna;” or

4. A name whose market significance is generally
understood by consumers to connote a particular
class, kind, type or style of product, or prepara-
tion rather than to indicate geographical origin of
the product, e.g., “Mexican Style Dinner,”

“Italian Style Pizza.” Such terms must be quali-
fied with the word “style” or “type,” unless
specifically approved by the administrator as a
generic term, e.g., “Lebanon Bologna,” “Genoa
Salami,” “Milan Salami.”

Any geographical representation that does not meet the
aforementioned guidelines should be qualified by the word
“brand,” provided that the word “brand” is not used in such
a way as to be false or misleading. A qualifying statement
identifying the place where the product was actually made 
is required in proximity to the brand name, e.g., “Milwaukee
Brand Bacon, Made in Chicago, Illinois.” The word
“Brand” must be in the same size and style of type as the
geographical term. If the product has a foreign brand name,
it may be identified as having been made in this country,
e.g., “Scandinavian Brand Bacon, Made in U.S.A.”

GEOGRAPHIC TERMS

1. Country, Ranch, and Farm in Trade, Branch
and Fanciful Names: Trade names, brand
names, or fanciful names that include the words
country, ranch, or farm, e.g., “Country
Kitchen,” “Ranch House,” “Hickory Farms,” or
“Carabeef Ranch Brand” do not invoke section
9 CFR 317.8 of the regulations regarding the
use of the term “Country” or “Farm.” However,
if the terms are used alone in conjunction with
the product name, e.g., “Country Stew,” then
such products must be prepared in the country
or on the ranch or farm and meet any other
requirements prescribed.

2. Southern: The term “Southern” is restricted to
use only in areas south of the Mason-Dixon
Line and east of the Mississippi River as well
as Arkansas, Louisiana, and Missouri, which
are also considered southern states.

GERMAN POTATO SALAD WITH BACON

The product must contain at least 14% cooked bacon in
total formulation.

See: Salad–German Potato Salad.

GERMAN SAUSAGES WITH MILK

Whole milk is a permitted ingredient in the following meat
food products when the ingredients statement is shown
immediately under the name of the product or the milk is
shown in a qualifying statement contiguous to the product
name: Speckblutwurst, Kalbsbratwurst, Langblutwurst,
Blutwurst, Gelbwurst, Zengenwurst, Brand Tongue and
Blood Pudding Kalbslebenwurst. (Swiss Liver Sausage,
Kalbslebenwurst should be considered on the same basis as
Bockwurst (e.g., no limit on water or milk).)
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Milk is a characterizing ingredient in German sausages
and not an extender. Products which contain milk should
be called by their proper names.

GIBLET GRAVY (KIND)

Requires 7.25% giblets. The product must contain an
equal number of livers, hearts, and gizzards.

GIBLETS AND/OR NECKS SOLD WITH CARCASSES

Poultry giblets consist of approximately equal numbers of
hearts, gizzards, and livers, as determined on a count basis.

Although often packaged with them, the neck is not a
giblet. Rabbit giblets consist of the liver and heart. Giblet
packs are expected within the cavities of eviscerated
whole birds or eviscerated whole rabbits or when pack-
aged with cut-up whole birds or cut-up whole rabbits,
therefore, qualifying the presence of giblets is not
required on labeling. However, when giblets are not
expected, therefore, a product name qualifier is required,
e.g., “Packed with Giblets.”

In situations where parts of giblets are missing, a
product name qualifier is required, e.g., “Parts of Giblets
Missing” or “Parts of Giblets May Be Missing.” In situa-
tions where the giblets are missing entirely from an evis-
cerated carcass or a cut-up whole carcass, a product name
qualifier is required, e.g., “Packed Without Giblets.” In
addition, an excess of one of the giblet components can be
added to make up for another missing giblet component.
In this case, a proper qualifying statement is required, e.g.,
“Packed with 2 Gizzards, 1 Liver.”

A neck, when not attached to the carcass of a whole
bird, is also expected to be present within the carcass or
packed with the cut-up whole carcass. Accordingly, a
product name qualifier is not required to flag the presence
of the neck. Rather, when the neck is missing, a product
name qualifier is required, e.g., “Without Neck.”

See: 9 CFR 381.170 (b) (21) and 9 CFR 354 (m).

GLAZES

If a glaze component contributes to the flavor profile of
the product, we will allow the ice glaze coating to be
counted toward the total net weight of the finished prod-
uct. However, the coating and coating percentage must be
included as part of the descriptive product name in accor-
dance with Policy Memo 044A, e.g., “chicken breast filets
with rib meat, coated with a butter garlic flavoring and
containing up to 22.5% of a solution of…” or “chicken
breast filets with rib meat, coated with a 6.5% butter gar-
lic flavoring and containing up to 16% of a solution of….”

GLYCERIN

May not be added to any product as such; may be used in
proprietary mixes.

GOETTA

An oatmeal product similar to scrapple. Goetta is prepared
with a formula containing not less than 50% meat and meat
byproducts. The cereal component should consist of oats or
oat products and just enough water to prevent product from
sticking and burning during the preparation process. The
term “Old Fashioned” when noted on a label for “Goetta”
refers to the round shape.

GOETTINGER CERVELAT

A dry cervelat with no byproducts or binders.

GOOSE LIVER OR GOOSE LIVER SAUSAGE

At least 30% cooked goose liver. When pistachio nuts are
added, product name must be qualified, i.e., “pistachio
nuts added.”

GORDITAS, MEAT/POULTRY

The product must contain at least 15% cooked meat/poul-
try based on the weight of the total product. The “species”
or “kind” gorditas name (Beef Gordita, Chicken Gordita)
may stand alone. If other characterizing ingredients such
as potatoes, rice, beans, etc, are included in the name, they
must be reflected in their order of predominance, e.g.,
Beef and Potato Gorditas, Rice and Chicken Gorditas, as
determined by the formula.

GOTEBORG

A Swedish dry sausage made of coarsely chopped beef
and sometimes pork. Mildly seasoned with thyme. It has
a somewhat salty flavor and is heavily smoked, usually in
long casings and air dried.

GOTHAER CERVELAT

Originated in Gotha, Germany. Usually made of very lean
pork finely chopped and cured.

GOULASH

A stew-like product with at least 25% meat or 12% poul-
try meat. Unless designated “Hungarian,” generally
means stew, whether veal, pork, beef, turkey, etc., are
used. Product may be just meat and gravy or meat and
gravy with vegetables served with or without rice, pota-
toes, or noodles.

GOULASH, HUNGARIAN STYLE

The product must contain paprika and at least 25% meat
or 12% poultry meat. May not contain noodles, potatoes
or dumplings.
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GRADE MARKS

There are no acceptable grade marks for products
imported from foreign countries. Foreign countries do not
have a grading service exactly like AMS.

The grading term “good” on poultry is considered
puffery and is acceptable.

Red meat grading terms, “prime,” “choice,” “select,”
may not be used immediately preceding “kind” poultry,
unless the poultry is equivalent to USDA Grade A. For
example, “Choice Turkey” or “Select Chicken” must
come from Grade A birds.

GRAVIES

The product must contain at least 25% meat stock or
broth, or 6% meat. Mono and diglycerides allowed in
amount of 1% in gravies.

GRAVY AND BEEF

The product must contain at least 35% cooked beef (beef
same size lettering as gravy). For 25% cooked beef (beef
lettering no larger than one-half size gravy).

GRAVY AND DRESSING WITH PORK OR GRAVY

AND PORK WITH DRESSING

The product must contain at least 14% cooked pork.

GRAVY AND POULTRY SALISBURY STEAK

Not more than 65% gravy and at least 35% poultry salis-
bury steak.

GRAVY AND SWISS STEAK

The product must contain at least 35% cooked meat.

GRAVY AND YANKEE POT ROAST

The product must contain at least 35% cooked beef. Beef
is cooked with or without vegetables.

GREEK SAUSAGE

The product must contain orange peel.

GROUND BEEF

May not contain added fat. Maximum total fat 30%.
Cheek meat is permitted up to 25% and must be declared
in the ingredients statement. For more than 25%, show as
“Ground Beef and Cheek Meat,” all the same size.

Beef of skeletal origin, or from the diaphragm or
esophagus (weasand) may be used in the preparation of
chopped beef, ground beef, or hamburger. Heart meat and
tongue meat as organ meats are not acceptable ingredients
in chopped beef, ground beef, or hamburger.

GROUND BEEF CHUCK AND ROUND

Product to be labeled “Ground Beef Chuck” or “Ground
Beef Round” must comply with the following guidelines:

1. “Ground Beef Chuck” must be derived from all
or part of the primal part of the beef carcass com-
monly referred to as the “Beef Chuck,” except as
provided for in 3. The product must comply with
the fat requirements of 9 CFR 319.15(a).

2. “Ground Beef Round” must be derived from all
or part of the primal part of the beef carcass
commonly referred to as the “Beef Round,”
except as provided for in 3. The product must
comply with the fat requirements of 9 CFR
319.15(a).

3. Generally, shank meat may be added but may
not exceed the natural proportion of the beef
carcass, which is considered to average 6%.
Higher quantities of shank meat may be used if
the shank meat remains attached during the cut-
ting and boning of the boneless chuck or round,
or if the processor can demonstrate that a
higher percentage is applicable.

GROUND BEEF — HAMBURGER AND

SOY PRODUCTS

Combinations of ground beef or hamburger and soy prod-
ucts may be descriptively labeled, e.g., “Hamburger and
Textured Vegetable Protein Product” or “Ground Beef and
Isolated Soy Protein Product” if the combination product
is not nutritionally inferior to hamburger or ground beef.
If the combination products are nutritionally inferior, they
are to be labeled as Imitation Ground Beef (or Imitation
Hamburger) or Beef Patty or Beef Patty Mix in accor-
dance with Section 9 CFR 317.2(j)(1) and Section 9 CFR
319.15(c) respectively.

GUM ARABIC

May be used up to 2% in breading and batter mixes.

GUM TRAGACANTH

A carrier and stabilizer in liquid spice extractives not to
exceed 0.1% in finished product. Not permitted in sausage
products.

GUM-VEGETABLE

Spice extractive products which employ vegetable gums
as emulsifiers have been approved. The addition of vege-
table gum is limited to no more than 15% in the seasoning
blend emulsion.
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GUMBO

A Creole word for okra. It is now recognized as meaning
a dish or a soup thickened with okra. To qualify, the dish
must have okra as an ingredient. Either the soup or the
stew standard would apply, depending on product name
(“Chicken Gumbo”). Product identified as “Creole Style —
Gumbo” does not contain okra; however, it must contain
a roux (flour, milk, or water, etc.) or gumbo file (dried
powder from young leaves and leaf buds of sassafras).

GYROS

Products identified with this term must contain at least
65% meat and no more than 12% extenders and binders.
Examples include gyro loaf, gyro cone, gyro portions, and
gyro slices.

HALAL AND ZABIAH HALAL

Products prepared by federally inspected meat packing
plants identified with labels bearing references to “Halal”
or “Zabiah Halal” must be handled according to Islamic
law. The federal meat and poultry inspection program does
not certify to the “Halal” or “Zabiah Halal” preparation of
products, but rather accepts the statements and markings
in this regard offered and applied under the supervision of
any Islamic organization. The words “Halal” or “Zabiah
Halal” may be used only on the labeling of meat and poul-
try products prepared under such Islamic authority. The
identity of the Islamic organization should be available
upon request by agency official. Qualification of the
words “Halal” or “Zabiah Halal” by such terms as “style”
or “brand” does not negate these requirements.

HAM A LA KING

Must contain at least 20% ham (cooked basis).

HAM AND BACON LOAF

There is a limit of 3% water in this product.

HAM AND CHEESE LOAF

Nonspecific loaf. Cheese is chopped into small cubes and
combined with finely ground ham.

HAM AND CHEESE SALAD

Product must contain at least 25% ham (cooked basis).
See: Salads.

HAM AND CHEESE SPREAD

Product must contain at least 25% ham (cooked basis).

HAM AND DUMPLINGS AND SAUCE OR GRAVY

Product must contain at least 18% cooked ham.

HAM, BOILED

A fully cooked, boneless product which must be cooked
in water and may be processed in a casing or can. The
product may be of various shapes and may be partially
cooked in boiling water.

HAMCOLA

Not an acceptable product name; should be accompanied
by true product name, i.e., “Boneless Cooked Ham
Coated with Spices.”

HAM CAPACOLLA, COOKED

Ham that has been cured and then cooked.

HAM CHOWDER — CONDENSED

Product must contain at least 10% cooked ham.

HAM, COOKED — SECTIONED AND FORMED

The qualifying phrase “sectioned and formed” is no longer
required on boneless ham products, e.g., “ham” and “ham-
water added.” The addition of small amounts of ground
ham added as a binder to such products may be used with-
out declaration. The amount of ground ham that may be
used can represent no more than 15% of the weight of the
ham ingredients at the time of formulation. Products con-
taining more than 15% ground ham trimmings must be
labeled to indicate the presence of the ground ham, e.g.,
“a portion of ground ham added.” Policies regarding the
required use of terminology such as “chunked and for-
med” and “ground and formed” will continue.

Whole hams require a cooking temperature to differ-
entiate the ready-to-eat products from trichinae-treated
products. The reason that the temperature is required is to
determine the label requirements (e.g., safe handling) and
proper serving size.

HAM CROQUETTES

Product must contain at least 35% cooked ham. If
chopped ham is used, the product name must be
“Chopped Ham Croquettes.”

HAM, FRESH (OR UNCURED)

Ham that does not contain a cure must be labeled either
“Fresh” or, if the ham meets the requirements of 9 CFR
319.2, “Uncured.” This also applies to cooked product, and
must be labeled cooked product “Cooked Uncured Ham.”
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HAM HALF

“Half Ham” is permitted on labels for semi- boneless ham
products which during their processing have had the
shank muscles removed. The two halves of the finished
product have approximately an equal amount of bone. The
term “No Slices Removed” has also been deemed suitable
for use with a ham item referred to as “Half Ham.”

HAM OMELET

Product must contain at least 18% cooked ham.

HAM/PARMA HAM/PROSCIUTTO DI PARMA

Ham, when labeled “Parma Ham” and/or “Prosciutto di
Parma,” would have to be produced in the region of Parma,
Italy, in accordance with Italian Law, which defines the
denomination of origin, the territorial limits of produc-
tion, characteristics of the product, and the method of
manufacture.

HAM, QUARTER, SEMI-BONELESS (NO SLICES

REMOVED)

The product consists of a ham prepared as a “Regular
Semi-Boneless, Half Ham” which is sectioned again to
result in four pieces just about equal not only in weight
but also in content of bone.

HAM ROLL SAUSAGE

Ham trimmings and ham shank meat are permitted.

HAM SALAD

Product must contain at least 35% cooked ham. Chopped
ham may be used without it appearing in the product name.

See: Salads.

HAM, SCOTCH STYLE

A cured, uncooked, boned, and rolled whole ham either
tied or in a casing.

HAM, SHANKLESS

When the term, “shankless” is used in reference to a ham,
it indicates that the shank has been removed by a cut
through the joint at a right angle to the femur bone. The
distal tip of the semitendinous muscle may be severed
above its tendinous attachment, leaving an extension
approximately 2 inches long. The extension is considered
an integral part of the ham’s body and is usually folded
over the femur’s end.

HAM SHORTCAKE

Product must contain at least 25% cooked ham.

HAM, SMITHFIELD

This is an aged, dry cured ham made exclusively in
Smithfield, Virginia. The use of the words “brand” or
“style,” e.g., “Smithfield Brand Ham,” “Smithfield Style
Ham,” does not eliminate this requirement.

HAM TRIMMINGS

Ham trimmings, to be labeled as ham, cannot contain
excess shank meat. The fat content will not exceed 35%.
It will consist of at least 65% lean meat as determined by
chemical analysis.

HAM, WESTPHALIAN OR WESTPHALIAN STYLE HAM

Ham is cut with bone in, the hip bone cut out, cured in a
combination of dry and pickle cure but not a pickle alone.
It is smoked in a medium warm (no greater than 100°F.)
smokehouse until a shining red brown or chestnut color is
acquired. Beechwood may be used and will impart the
characteristic Westphalian flavor. Other hard woods are
also acceptable. Juniper berries are permitted.

HANDLING STATEMENTS

Acceptable handling statements, in addition to those
required in sections 9 CFR 317.2(k) and 9 CFR 381.125,
include “Keep Refrigerated — May be Frozen” or “Keep
Refrigerated — Can be Frozen.”

HANDLING STATEMENTS ON RETORTED PRODUCTS

Handling statements may appear on labels for shelf stable
product, even though such product does not have to be
refrigerated or frozen, and provided the statement will
accurately reflect conditions of distribution and sale.
These products are to be handled in the plant as shelf sta-
ble items including incubation and condition-of-container
examinations. Once the product is refrigerated or frozen
for shipment, distribution, and display for sale it is to be
handled as a refrigerated or frozen item.

The statement “previously handled frozen for your
protection, refreeze or keep refrigerated” is now accept-
able on poultry products under the usual restriction of use
for such statements.

HEAD MEAT

After removal of the cheeks, lips, snout, skin, and tongue
from the head, there remains small pockets and areas on
the skull to which muscle tissue is attached. This muscle
may be removed and used in product and declared on
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labeling as beef or pork as the case may be. However,
there are a few standardized products in which the regula-
tions limit the amount of this meat that may be used and
require that it be specifically declared on the label (e.g.,
chili, chili with beans, and corned beef hash).

See: Beef Cheek Meat and Beef Head Meat (Use and
Labeling as an Ingredient in Meat Food Products).

HEADCHEESE

A jellied product consisting predominantly of pork
byproducts and seasoning ingredients. It must contain
some product from the head. Extenders like cereal, soy
derivatives, nonfat dry milk, etc., are not permitted ingre-
dients of headcheese.

HEARTS/HEART MEAT

Hearts/heart meat may not be labeled as “beef,” “pork,”
etc. in the ingredients statement. When used in a product,
they must be identified by species, e.g., “Beef Hearts.”
Hearts/Heart Meat, including the heart cap, may be con-
sidered meat for calculating the meat to textured vegetable
protein ratios.

HEAT AND EAT SAUSAGE

Not the same as Brown and Serve Sausage. When the
“heat and eat” term is used, product must comply with
cooked sausage regulations, e.g., limitation of 10% added
water and not more than 3½% binder.

HICKORY SMOKED

“Hickory flavored” ad “hickory taste” are acceptable
terms on products that have been smoked with some hick-
ory in the sawdust. They do not need to be smoked with
100% hickory smoke.

HIGH FRUCTOSE CORN SYRUP (HFCS)

HFCS may be used to flavor meat or poultry products in
amounts sufficient for its intended purpose, provided the
following conditions are met:

1. HFCS must contain not less than 40% fructose
on a solids basis.

2. HFCS must have a dextrose equivalence (D.E.)
of not less than 93.

3. HFCS must have a sweetening power greater
than or equal to sugar (sucrose).

4. HFCS must be identified on the label as High
Fructose Corn Syrup in the ingredients state-
ment, curing statement, etc.

HOLSTEIN OR HOLSTEINER

Product is the same as FARM STYLE SAUSAGE, except 
that it is stuffed into wide casings and heavily smoked,

usually in long casings, and air dried. No extenders are
permitted.

HONEY CLAIM IN PRODUCT

A honey claim may be made or implied on a product 
label if:

1. The product contains at least 3% honey.
2. Honey contains at least 80% solids, U.S. grade

C or above.
3. When other sweeteners, (sugar, dextrose, malt-

ose, invert sugar, corn syrup solids, and similar
ingredients) are used, the quantity may not
exceed one-half that of the honey, e.g.. If 3%
honey is used, then no more than 1½% of all
other sweeteners may be used.

4. Product to be identified as “Honey Glaze” must
contain honey to other sweeteners at a ratio no
less than 2:1. If dried honey is used, the ratio is
to be no less than 1.6:1.

5. When honey is included in a breading, a honey
claim may be made regardless of the quantity
of honey used.

HONEY CURED OR SUGAR CURED

“Honey Cured” may be shown on the labeling of a cured
product if:

1. the honey used contains at least 80% solids or
is U.S. grade C or above;

2. honey is the only sweetening ingredient or
when other sweetening ingredients are used in
combination with honey, they do not exceed
one-half the amount of honey used; and honey
barbecue —  touch of honey.

3. honey is used in an amount sufficient to flavor
and/or affect the appearance of the finished
product.

Traditionally, cured products which are labeled to indicate
the presence of honey, e.g. Honey ham, must meet the
parameters prescribed herein.

“Sugar Cured” may be used on the labeling of a cured
product if:

1. the sugar used is cane sugar or beet sugar;
2. sugar is the only sweetening ingredient or when

other sweetening ingredients are used in com-
bination with sugar, they do not exceed one-
half the amount of sugar used; and

3. sugar is used in an amount sufficient to flavor
and/or affect the appearance of the finished
product.
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“Honey and Sugar Cured” or “Sugar and Honey Cured”
may also be used on labeling if:

1. the honey and sugar are of the nature described
above;

2. the honey and sugar are the only sweetening
agents or when other sweetening ingredients
are used in combination with the honey and
sugar, they do not individually exceed either
the amount of honey or sugar used and collec-
tively do not exceed one-half the total amount
of honey and sugar; and

3. the honey and sugar are used in amounts suffi-
cient to flavor and/or affect the appearance of
the finished product.

HORS D’OEUVRE (SNACK)

Product must contain at least 15% cooked meat or 10%
bacon (cooked basis). True product name must be shown,
e.g., “Puffed Pastry Wrapped Frank.”

HOT DOG CHILI SAUCE WITH MEAT

Product must contain at least 6% meat.

HOT DOG CHILI WITH MEAT

Product must contain at least 40% meat. Sausages and
bologna rework not permitted.

HUNAN STYLE SEASONED PORK

Acceptable for pork shoulder sliced into one inch pieces
and marinated in a solution of soy sauce, garlic, and gin-
ger, cooked and returned to green weight. The product may
be flavored with other seasoning ingredients, e.g., star
anise and coriander.

HYDROLYZED BEEF STOCK

A beef stock which has been treated with acid, alkali, or
enzymes to digest the protein. The protein molecules are
broken down into amino acids, peptides, polypeptides,
and peptones. As the digestion is carried out for longer
periods of time, more and more of the larger molecules
are broken down into amino acids, with free alpha-amino
groups. By analyzing these alpha-amino nitrogens one
can determine the degree of hydrolysis. 100% hydrolysis
would mean that all the nitrogen (protein) is in the form 
of amino acids. 10% of hydrolysis would mean that only
10% of the nitrogen is in the form of free amino acids,
while the rest is still present in polymeric form.

The label should indicate the degree of hydrolysis.
This is determined from the ratio of amino nitrogen to
total nitrogen.

amino nitrogen � % hydrolysis total nitrogen

A product labeled 50% Hydrolyzed Beef Stock must,
therefore, have 50% of the total nitrogen present as amino
nitrogen. Adding % solids is optional. The % solids would
not necessarily be the same % as hydrolysis depending on
the thickness (consistency) of product.

HYDROLYZED GELATIN

Hydrolyzed gelatin is permitted in frankfurters and simi-
lar products (9 CFR 319.180) at levels typically used for
flavorings (less than 2%). Hydrolyzed gelatin may cur-
rently be used a 2% in 9 CFR 319.180 and like products
as a flavoring. If gelatin is used in a product, make sure it
is permitted for use in the product. Hydrolyzed gelatin is
acceptable in poultry franks 9 CFR 319.180 and like prod-
ucts at levels not to exceed 2% of total formula until oth-
erwise notified.

Hydrolyzed gelatin is recognized as a binder rather
than flavoring and may be used at levels of 2% or less in
9 CFR 319.180 type products.

HYDROLYZED OAT FLOUR

Hydrolyzed oat flour is safe and may be used in non-
standardized meat/poultry products as a binder at below
typical binder use levels, i.e., 3%. It may be used in low
fat hamburger, water, and hydrolyzed oat flour product as
per Policy Memo 121.

HYDROLYZED PROTEIN

“Hydrolyzed Protein (milk, egg, soy)” is an acceptable
common or usual name provided all components are
hydrolyzed. “Hydrolyzed Protein (potato, gelatin)” is an
unacceptable ingredient declaration and must be declared
as “hydrolyzed potato protein and hydrolyzed gelatin.”

Salt is present in hydrolyzed protein and must appear
in the sublisting of the hydrolyzed protein if it does not
appear elsewhere in the ingredients statement.

HYDROXYPROPYL METHYLCELLULOSE (HPMC)

Emulsifying agent, binder, thickener, and a stabilizer. This
is accepted for its emulsifying qualities when prepared as
a solution and applied as a dip.

1. Not more than 2% in solution
2. Not more than 4% weight gained in product
3. Not more than .08% hydroxypropyl methyl-

cellulose in finished product
4. Must be identified in the ingredients statement

for purpose
5. Approved on individual basis only

72-44 Handbook of Food Science, Technology, and Engineering, Volume 2

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 44



ICE-GLAZED BREADED CHICKEN NUGGETS

If an ice glaze is applied for the purpose of setting the
breading, the term “ice glazed” needs to appear in close
contiguous to the product name. The water cannot be
included as part of the net weight statement and the trans-
mittal form should indicate this.

IMITATION FLAVORS

Imitation beef flavor, imitation mushroom flavor, flavor
base for gravies and similar substances which enhance, for-
tify, or help to simulate a flavor are usually composed of
food additives and, as such, are not “artificial flavors” for
labeling purposes. This class of imitation flavors can be
composed of such ingredients as flour, fats, oils, salt,
hydrolyzed vegetable protein, vegetable gums, thiamine
hydrochloride, beta alanine, disodium inosinate, glutamic
acid, and a host of other ingredients. These flavorings must
be identified on labels by showing each individual ingredi-
ent by its common name. Class names, e.g., amino acids are
not acceptable. Each specific amino acid must be listed.

INCIDENTAL ADDITIVES

As defined in the Food and Drug Administration regula-
tions (21 CFR 101.100(a)(3)), incidental additives are
substances present in foods at insignificant levels and that
do not serve a technical or functional effect in that food.
In determining whether a substance is an incidental addi-
tive, the following criteria may be applied:

1. Substances that are present in a food as a result
of having been present in an ingredient added to
the food and have a technical or functional effect
on the ingredient but not on the finished food, or

2. Substances that are processing aids, defined as:
a. substances added during processing but

removed before the food is packaged in its
finished form, or

b. substances added during processing but that
are converted to constituents normally pres-
ent in the food, and do not significantly
increase the amount of those constituents
naturally found in the food, or

c. substances that are added to a food for their
technical or functional effect in the process-
ing but are present in the finished food at
insignificant levels and do not have any
technical or functional effect in that food.

INGREDIENT LABELING

1. All ingredients in FDA standardized products,
e.g., Cheddar Cheese (Water, salt, cheddar,
etc.), and on standardized products, e.g., Soy

sauce, Worcestershire sauce, require complete
disclosure of all ingredients on the labels of
meat and poultry products.

2. Protein hydrolysates must identify the common
and usual names and identify the source from
which the protein is derived, e.g., “hydrolyzed
vegetable protein” would be declared as
“hydrolyzed corn protein.”

3. FDA certified color additives require the listing
of the common or usual names, e.g., FD&C
Blue No. 1, Blue 1, or Blue 1 Lake. Color addi-
tives not subject to certification may be declared
as “artificial color,” “artificial color added,” or
“color added.” Alternatively, color additives not
subject to certification may be declared as “col-
ored with _______,” or “________ color,” with
blank space filled in with the name of the color
additive listed in 21 CFR 73, e.g., “colored with
annatto” or “caramel color.”

4. Cured meat products used as ingredients,
regardless of their level of use, require com-
plete disclosure of all ingredients in the formu-
lation of meat and poultry products.

INSERT LABELS FOR USE AT RETAIL STORES

No inspection legend is permitted on insert labels.

INSPECTION LEGENDS (DUAL)

Products consisting of mixed meat and poultry ingredients
shall bear either the official meat inspection legend or poul-
try legend, depending on which ingredients are present 
in the greater amounts. If meat or poultry ingredients exist
in equal proportions, either official legend may be used. If
meat and poultry ingredients exist in exact proportions and
both appear in the product name, the official legend must
reflect the ingredient appearing first in the product name.

Containers of products intended for sale to household
consumers can bear only the official mark of inspection of
the product enclosed. Containers of products intended for
distribution to other than the retail trade may bear both the
official meat inspection legend and the official poultry
products inspection legend.

INSPECTION MARK ON WING TAG

When the inspection mark is shown on a wing tag, either
the plant number or the firm’s name and address must also
appear.

INTESTINES

Intestines can be prepared as edible product and bear the
mark of inspection.
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IRISH STEW

Product does not require a geographical qualifying state-
ment nor the words, “Style,” “Type,” or “Brand.” Usually
it contains lamb or mutton but beef may be used. It must
meet the stew standard. Vegetables include onions, car-
rots, potatoes, and turnips. Dumplings are often used.
Beans are not acceptable in “Irish Stew.”

ISOLATED SOY PROTEIN

This food ingredient is similar to soy protein concentrate
except that additional extraction has removed more of the
non-protein fraction, thereby increasing its protein con-
tent. It is prepared by alkaline solubilization of the soy
protein and then precipitation of same in an acid bath. It
may be powdered, extruded, or spun into fibrils and has a
protein content of 90 to 95%. Products of spun fibrils may
be referred to as “Textured Soy Protein Isolate,” “Isolated
Soy Protein Fibers,” or “Spun Isolated Soy Protein.” The
PER of isolated soy protein is about 1.9 and indicates a
poorer quality protein than that of soy flour or soy protein
concentrate (PER 2.2). When hydrated textured (struc-
tured) protein isolate is added to meat food products, the
ingredients statement should read “Hydrated Textured
(Structured) Isolated Soy Protein.”

ITALIAN SAUSAGE

Beef and pork Italian sausage is acceptable. Tomato prod-
ucts and other unexpected ingredients can be added if the
product name indicates their presence. Red pepper per-
mitted under 9 CFR 319.145(b)(1).

See: 9 CFR 319.145.

ITALIAN STYLE

Acceptable term for products containing anise or fennel 
or Italian type cheese (e.g., Mozzarella, Parmesan,
Provolone, Ricotta, Romano) or at least three of the fol-
lowing: basil, garlic, marjoram, olive oil, or oregano.
Sausage products must meet the Italian Sausage require-
ments as per Regulation 9 CFR 319.145.

ITALIAN STYLE SMOKED SAUSAGE

This is a smoked sausage (10% added water) and is not 
a 9 CFR 319.145 (Italian sausage) product. However, the
product must contain Italian style ingredients found in the
policy book under Italian style.

JAGWURST

The product is the same as yachtwurst (The Americanized
name for the item). It is a cooked sausage made from a
fine emulsion with cubes of lean meat rather than fat (as
in mortadella).

JAMAICAN STYLE

Term may be used to identify meat and poultry food prod-
ucts made with allspice, garlic, onion, red pepper, and
thyme. The name of the product must be further qualified
with a statement, like “with Jamaican Style Seasoning,”
e.g., “Jamaican Style Chicken Wings-with Jamaican Style
Seasonings.” If the product formula contains textured soy
product, then the ration rules apply.

JAMAICAN STYLE PATTIES

Product has at least 25% meat enclosed in a crust. The
label must show true product name, e.g., “Beef Turnover.”
If the formula contains textured soy product, then the ratio
rules apply.

JAMBALAYA

Product must contain at least 25% cooked ham and one
other meat or seafood must be included. A New Orleans
dish involving rice and ham and usually tomatoes (shrimp
or other shellfish, other meat or poultry), together with
seasonings. Must show true product name, e.g., “Ham and
Shrimp Jambalaya.”

JAMON

Spanish word for “ham.” In the usage of Spanish-speaking
people outside Spain, it has come to mean cured pork.
“Jamon di Cocinar” is cured pork for cooking as opposed
to slicing. When the term “Jamon” appears before the name
of a limb, it means the product is cured. With the exception
of products available for sale in Puerto Rico, all Spanish
product names followed with the English translation.

Examples of acceptable product names are:

Jamon de Paleta — Cured Pork Shoulder
Jamon de Pierna — Cured Pork Leg

JARDINIERE (FR)

Must contain at least 50% cooked meat based on total
product. It means “in the manner of the gardener.” The
term applies to dishes made with diced garden vegetables
which have been cooked with meat. Jardiniere should 
be followed by a true product name, e.g., “Beef with
Vegetables.”

JERK OR JERK STYLE

The terms “Jerk” or “Jerk Style” can be used to describe
red meat or poultry whole muscle, fabricated products,
and other meat poultry food products, that are mixed or
placed in a “spicy seasoning.” The seasoning usually con-
tains scallion, onion, thyme, allspice (pimento), hot pep-
pers, and usually contains at least one or more of the
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following: nutmeg, cinnamon, sugar, brown sugar, garlic,
and rice or wine vinegar. The seasoning may be in the
form of paste, marinade, sauce, or dry seasoning mixture.
The product is mixed or placed in the spicy hot seasoning
raw or the product may be grilled, cooked, or smoked.
Examples of acceptable product names are, e.g., “Oven
Roasted Jerk Chicken,” “Jerk Pork Sausage” or “Jerk Style
Smoked Beef Sausage.”

JERKY

All Jerky products must have a MPR of 0.75:1 or less;
“species” or “kind” must be in the name. Products may be
cured or uncured, dried, and may be smoked or
unsmoked, air or oven dried. A reference to the particular
type of drying method is not a labeling requirement.

1. “Beef Jerky” — Produced from a single piece
of beef. May also be classified as “Natural
Style Beef Jerky” provided this product name is
accompanied by the explanatory statement
“made from solid pieces of beef” or compara-
ble terminology. When a “Natural” claim (not
natural style) is made, the policies as outlined
in Policy Memo 055 are to be applied.

2. “Beef Jerky Chunked and Formed” —
Produced from chunks which are molded and
formed and cut into strips.

3. “Beef Jerky Ground and Formed or Chopped
and Formed” — Produced as described,
molded and formed and cut into strips.

4. Jerky products that contain over 3½% binders
(2% ISP) must reflect the binder in the product
name, i.e., “Beef Soy Protein Concentrate
jerky, ground and formed. Jerky products that
contain binders at levels below 3½% should
express the binder in a qualifying statement,
e.g., beef jerky — soy protein added.

5. “Species (or Kind) Jerky Sausage.” The word
“Jerky” can appear on labels for product in
which the “species” or “kind” has been
processed by chopping or grinding and stuffed
into casings under the following conditions only:
a. The word “Sausage” must appear immedi-

ately contiguous to “Jerky” whenever it is
shown. “Sausage” must be in type at least
one-third as high as “Jerky” in the same
color ink and on the same background. The
words “stick,” “piece” etc. cannot be used as
substitutes for “sausage” in the product
name. “Sausage” means that the product has
been chopped.

b. The product may be dried at any stage of the
process.

JUNIOR MEAT SNACKS

Product must conform to the sausage standards going into
the jar before processing. Limited to 3½% extenders.

JUNIPER BERRIES

Juniper berries and twigs are normally thrown on the fire
from which dry cured hams are smoked. Juniper berries
have been approved in the curing ingredients of
Westphalian Ham.

KABOBS

Product consists of chunks of red meat or poultry and veg-
etables placed on a metal or wooden skewer. “Kabob”
may be included in the descriptive name, e.g., “Beef,
Mushrooms, and Onion Kabob.” A kabob may be cooked
or uncooked, but the label must clearly indicate this. This
product may contain but does not require vegetables.

KALBELWURST

Product is similar to Bockwurst with no limit on water 
or milk.

KATRIFITAS

A coined word used to describe a type of empanadillas.
The product consists of dough containing yucca made to
resemble a meat turnover and has a special meat filling.
The product must contain at least 25% raw meat (beef) in
total formulation. Label must include a true product name
in conjunction with “Katrifitas,” e.g., “Katrifitas, Beef
Turnover made with Yucca Shell,” or similar wording.

KELCO-GEL

A thickening agent used in sauces. It contains sodium
alginate, calcium carbonate, and disodium phosphate. The
amount of disodium phosphate in the finished product is
approximately 0.099%. Its use should be judged on an
individual basis.

KIDNEYS FROM ENZYME INJECTED BEEF

Product may be exported to other countries. They must be
labeled “Beef Kidneys, Tendered with Papain — For
Export Only.”

KIELBASA

A sausage that is cured, cooked, and usually smoked.
Kolbassy is Czechoslovakian spelling; other variations
include Kielbassy, Kolbasa and Kolbase. Kielbasa is 
made from coarsely ground pork or coarsely ground pork
with added beef or mutton. “Hungarian Style Kolbase” is
finely ground product, seasoned and stuffed into casings.
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The 70/30 rule can be used, however, pork must always be
the predominant meat ingredient. “Beef Kielbasa” is pre-
pared with only beef as the meat ingredient. Byproducts
are not permitted ingredients in these sausages.

An uncured (fresh), uncooked variety, with no more
than 3% water exists. “Fresh” shall be used in the name
when the product is uncured. When fresh Kielbasa is
cooked or smoked, then cooked or smoked is required in
the product name. The requirements of Policy Memo 110
apply when these perishable, cooked, uncured products
are packaged in hermetically sealed containers.

KIPPERED BEEF

A cured dry product similar to beef jerky but not as dry.
MPR of 2.03:1 is applied to product.

KISKA; KISBA, KISHKA, OR STUFFED DERMA

Ingredients statement is part of the product name. A meat
food product prepared two ways:

1. Prepared with meat byproducts, including beef
blood, pork snouts, pork livers, pork cheeks,
etc. Packaged in fully labeled retail size packages
or individually banded. When beef blood is
used, it must be shown as part of product name.

2. Prepared with no more than 30% animal fat,
mixed with farinaceous (consisting of or made
of flour or meal) materials containing no other
meat byproducts and ordinarily stuffed into
beef casings and cooked. Product containing
30% or less fat is not considered amenable to
the Federal Meat Inspection Act.

KNISHES

Product must contain at least 15% cooked meat or poultry
or 10% bacon (cooked basis). Same as snack standard.
The type of meat or poultry should be identified in a true
product name, e.g., “Chicken Knishes.”

KONJAC FLOUR

Food ingredient that provides the effects of thickening,
gelling, texturizing, and water-binding, e.g., “binder,” sim-
ilar to that of starch vegetable flours, such as potato flour.
Konjac flour can be used in meat and poultry products in
which starch vegetable flours are permitted, e.g., 3.5% in
cooked sausage products such as frankfurters and bologna.

KOSHER AND KOSHER STYLE

Products prepared by federally inspected meat packing
plants identified with labels bearing references to “Kosher”
or Rabbinical markings must be handled under Rabbinical

supervision. The Federal meat and poultry inspection pro-
gram does not certify to kosher preparation of products,
but rather accepts the statements and markings in this
regard offered and applied under the supervision of the
Rabbinical authority. The word “Kosher” may be used only
on the labeling of meat and poultry products prepared
under Rabbinical supervision. The identity of the Rabbinical
authority must be made available upon request from
agency official. Qualification of the word by such terms as
“Style” or “Brand” does not negate the requirement.

KOSHER (PRODUCT CONTAINERS)

Containers must be labeled “Kosher tags attached” when
used for hearts, livers, and other products or tissues with
attached metal tags indicating kosher inspection.

KRAKOW

Acceptable name for a cooked sausage similar to
“Berliner.”

KREPLACH

Product must contain at least 20% meat. The type of kre-
plach should be identified in a true product name, e.g.,
“Beef Kreplach.”

KUBBEE

Other acceptable names are: Kubbe, Kibbe, Kabeda,
Kilin, Kibbes, Kibby, Kabbo, or Kabe.” A product popu-
lar in Syria and Lebanon. It must contain at least 25%
meat based on total formulation; it must contain soaked
cracked wheat and show the true product name, e.g.,
“Fried Cracked Wheat and Beef Balls,” “Baked Stuffed
Wheat and Beef Patty.” Products may be shaped like a
hamburger and fried or shaped into balls and fried.

KUEMMELWURST

An acceptable name. The product is the same as
Carawaywurst and is a cooked sausage of the ring variety,
with whole caraway seeds. Usual ingredients are beef,
pork, salt, caraway, flavorings, and cure.

KURMA

Product must contain at least 50% meat or at least 35%
poultry meat.

LABELING, CHECK-OFF BLOCKS

The use of check-off blocks on immediate containers for
identifying products that look alike but are different in
composition is not permitted.
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Examples of product that may look alike but are dif-
ferent in composition are as follows:

● Ground Beef and Beef Patty Mix
● Partially Defatted Chopped Beef and Partially

Defatted Beef Fatty Tissue
● Frankfurters and Frankfurters with Variety Meats
● Finely Ground Chicken and Finely Ground

Chicken Meat
● Comminuted Chicken and Comminuted

Chicken With Kidney and Sex Glands Removed

However, exceptions to this policy may be granted.
Exceptions would require that the establishment operators
develop a procedure which the assigned inspector can read-
ily monitor to ensure correct labeling. Such procedures,
accompanied by written comments from the assigned
inspector and where possible, the circuit supervisor, must
be forwarded to the area supervisor for review and approval.

Approved procedures must be attached to the label
records accompanying new or modified labels submitted
for approval.

LABELING FOR SUBSTITUTE PRODUCTS

If a product fails to comply with a standard only because
the meat or poultry content is lower than required and the
product has generic identity as a nonmeat product (e.g.,
pizza, stew, pies), then the product may be designated by
the nonmeat terminology in the standardized name (e.g.,
“Pizza,” “Stew,” “Pie”), provided the meat/poultry content
of the product is conspicuously disclosed contiguous to
the product name along with a statement of the amount of
meat/poultry in the standardized product. (For example,
Pizza contains 5% sausage; Sausage Pizza contains 12%
sausage.) Such product may not be nutritionally inferior
to the standardized product it resembles. For this purpose,
nutritional inferiority is defined, consistent with the
requirement of 21 CFR 101.3(e)(4), as any reduction in
the content of an essential nutrient that is present at 2% or
more of the U.S. RDA per serving of protein or any of the
vitamins or minerals for which U.S. RDAs are estab-
lished. A quality control procedure must be approved for
such products by the Processed Products Inspection
Division before the label can be used.

If a product is nutritionally inferior to the standard-
ized product it resembles, it must be labeled “imitation” in
accordance with 9 CFR 317.2(j) and 9 CFR 381.1(b).

LABELING OF MODIFIED BREAKFAST SAUSAGE,
COOKED SAUSAGE, AND FERMENTED SAUSAGE

PRODUCTS IDENTIFIED BY A NUTRIENT

CONTENT CLAIM

Modified breakfast sausage, cooked sausage, and fermented
sausage products are substitute versions of the standardized

or traditional products that have been formulated and
processed to reduce the fat contents to qualify for use of
nutrient content claims, but do not comply with the stan-
dard of identity or composition as described in the meat
and poultry regulations or the Standards and Labeling
Policy Book (Policy Book) because of the use of ingredi-
ents used for fat replacement which are precluded or
restricted by these standards. The deviation from the stan-
dard or the traditional, i.e., “regular product,” is conveyed
by associating an expressed nutrient content claim for the
appropriate reduction in fat content and the standardized or
traditional product name, e.g., “Reduced Fat Frankfurter”
or “Low Fat Pepperoni.” The nutrient content claims that
may be used are those related to a reduction in fat contents
that are identified in the regulations for meat products in
9 CFR Part 317 and for poultry products in 9 CFR Part 381.

1. Maintaining Product Integrity

The following guidelines must be applied to assure that
the modified versions of the subject meat and poultry
sausage products do not violate the integrity of the stan-
dardized or traditional product for which they purport to
be substitutes: (1) the product must be similar in shape,
flavor, consistency, and general appearance to the product
as prepared according to the regulatory or traditional stan-
dard, (2) the meat or poultry used to formulate the modi-
fied product must come from the same anatomical
location when the standardized term is related to an
anatomical region on an animal, e.g., “ham” is expected to
be from the hind leg of the hog and cured; thus, “lean
smoked ham sausage” would be comprised of meat from
the hind leg of a hog that has been smoked and cured, (3)
the modified sausage product must result from the same
processing procedures as those specified for the subject
sausage products described by regulatory or Policy Book
standards, (4) there must not be deviations from product
safety criteria (e.g., salt content, curing agents, pH, water
activity and/or moisture/protein ratio) that are provided in
the regulatory or Policy Book standards for sausages, and
(5) the modified product must achieve the appropriate
reduction in fat content to be eligible to use a nutrient con-
tent claim in conjunction with the standardized or tradi-
tional product name.

2. Performance Characteristics

In producing modified, substitute versions of sausages,
the deviations from ingredient provisions of the regulatory
and Policy Book standards should be the minimum neces-
sary to qualify for the nutrient content claim while main-
taining the performance characteristics similar to the
standardized or traditional product, i.e., similar prepara-
tion, cooking, and handling characteristics. If a modified
version of the standardized or traditional sausage does not
perform in substantially the same way as the standardized

Standards for Meat and Poultry in the United States 72-49

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 49



or traditional item, the label must include a prominent
statement informing the consumer of such differences.
For example, a “low fat frankfurter” that essentially has
all of the characteristics of a frankfurter, but cannot be
grilled, would indicate “not recommended for grilling.”
A “reduced fat pepperoni” that displays essentially all the
characteristics of pepperoni, but cannot be cooked, would,
for example, indicate “not recommended for cooking” or
“do not cook.”

3. Safe and Suitable Ingredients

A modified, substitute sausage product must be formulated
with approved safe and suitable ingredients, e.g., those
identified in 9 CFR 318.7(c)(4) and 9 CFR 381.147(f)(4),
and those determined to be safe and suitable by the Food
Standards and Ingredients Branch, Product Assessment
Division. Such ingredients are to be used at the lowest
level necessary to achieve the intended effect of reducing
fat as compared to the standardized or traditional product.
Safe and suitable ingredients are those used to replace fat,
improve texture, and prevent syneresis.

An ingredient or component of an ingredient that is
specifically required by the regulatory or Policy Book
standard for characterizing purposes, e.g., cheese in a
cheesefurter, fresh livers in liver sausage, cured ham in a
ham sausage, and fennel or anise in an Italian sausage,
shall be present in the required amount, if applicable, or
otherwise in a significant amount to provide a character-
izing identity to the product. Moreover, an ingredient or
component of an ingredient that is not permitted by regu-
lations for use in any meat or poultry sausage product,
e.g., sodium benzoate, shall not be added to a modified,
substitute product.

4. Product Identity

The name of the modified version of the standardized or
traditional product that complies with all parts of the pol-
icy prescribed herein is the appropriate expressed nutrient
content claim for the meat and/or poultry product with a
reduction in fat content and the applicable standardized or
traditional term, e.g., “Lean Sausage,” “97% Fat-Free (or
“Low Fat”) Kielbasa,” “Low-Fat Frankfurter Made with
Beef, Pork and Turkey,” “Reduced Fat Pepperoni,” “Extra
Lean Turkey Italian Sausage,” and “Lite Genoa Salami.”
The size and style of type must conform to the nutrition
labeling regulations.

5. Ingredients Statement

To assist the consumer in differentiating between the stan-
dardized or traditional sausage product and the modified,
substitute version, ingredients that are not provided for by
regulatory or Policy Book standards, or used in excess of the
allowable levels specified, must be appropriately identified

with an asterisk in the ingredients statement. The state-
ment(s) defining the asterisk(s), e.g., “*Ingredient(s) not
in regular” (fill in name of the standardized or traditional
product), or “*Ingredients(s) in excess of amount permit-
ted in regular” (fill in name of the standardized or tradi-
tional product), or both as appropriate, must be legible
and conspicuous, and shall immediately follow the ingre-
dients statement in the same size and style of type.

LABELING OF MEAT AND POULTRY STICK ITEMS

Stick items such as beef jerky, pepperoni sticks, and beef
sticks must be labeled (i.e., contain the required label fea-
tures as outlined in 9 CFR 317 and 9 CFR 381, Subpart N)
according to the following guidelines:

1. If sold in fully labeled bulk containers, i.e., can-
isters, caddies, or similar containers, stick items
do not have to be fully labeled unless they are
individually wrapped. This type of container
cannot be reused.

2. If sold in bulk containers, i.e., canisters, cad-
dies, or similar containers that are not fully
labeled, stick items must be fully labeled. Bulk
containers such as these may only be refilled
with fully labeled product.

3. If sold in small, fully labeled cartons, boxes, or
similar containers (e.g., 3 oz., net weight) that are
only intended for retail sale intact, stick items
may be individually wrapped and unlabeled.

LABELING OF MODIFIED SUBSTITUTE VERSIONS OF

FRESH (SPECIES) SAUSAGE, HAMBURGER, OR

GROUND BEEF PRODUCTS

This policy allows modified versions of fresh (species)
sausages, ground beef, or hamburger to contain non-meat
or poultry, “fat-replacing ingredients” (e.g., binders such
as carrageenan, modified food starch) and to be identified
by certain nutrient content claims in accordance with
nutrition labeling regulations effective on August 8, 1994,
in conjunction with descriptive labeling, e.g., “Lean Pork
Sausage with a X% Solution of …,” or “Low Fat Ground
Beef, Water, and Carrageenan Product.”

This policy allows for the use of terms defined in reg-
ulations, e.g., “Lean,” “Reduced Fat,” “Low Fat,” etc., to
be used to describe fresh (species) sausage, ground beef,
or hamburger products with a reduction in fat content
resulting from the use of added ingredients (i.e., “fat
replacers” such as carrageenan and isolated soy protein).
These products must meet the criteria for use of the nutri-
ent content claim associated with the fat reduction. The
nutrient content claim may be used in conjunction with
the standardized name provided the consumer is informed
of the actual components of the product through labeling,
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i.e., descriptive product name, ingredients statement, and
Nutrition Facts.

Meat products, including those that meet the criteria
established for claims, such as “Lean,” “Low Fat,” “Lower
Fat,” “Reduced Fat,” etc., that combine fresh (species)
sausage, ground beef, or hamburger, and other safe and suit-
able ingredients, for the principal purpose of replacing fat,
may be descriptively labeled. Examples of such products are
“Lean Ground Beef, Water, and Carrageenan Product,”
“Low Fat Ground Beef With a X% Solution of …,” “Lean
Beef Sausage, Water, and Carrageenan Product,” or
“Reduced Fat Pork Sausage, Water, and Binders Product,”
provided conditions prescribed in the regulations, viz., 9
CFR 317, for use of the nutrient content claim are satisfied.
In contrast, modified versions of fresh (species) sausage,
ground beef or hamburger product containing added ingre-
dients that do not qualify for use of a nutrient content claim
prescribed in the nutrition labeling regulations must be
labeled as Imitation Pork Sausage, Imitation Beef Sausage,
Imitation Ground Beef, Imitation Hamburger, Beef Patty 
or Beef Patty Mix in accordance with 9 CFR Section
317.2(j)(1) and Sections 9 CFR 319.141 (Fresh pork
sausage), 319.142 (Fresh beef sausage), and 319.15
(Miscellaneous beef products), respectively.

Descriptively labeled, modified, substitute versions of
fresh (species) sausage, ground beef, or hamburger prod-
uct with a reduction in fat content must comply with the
following guidelines:

1. The descriptive name of a modified, substitute
product with a reduction in fat content is the
applicable nutrient content claim used in con-
junction with the appropriate standardized
name and fat-replacing ingredients, e.g., “Low
Fat Ground Beef, Water and Carrageenan
Product,” or “Lean Pork Sausage With a X%
Solution of Water, Modified Food Starch,
Spices, and Salt.” Words in the descriptive
name may be of a different size, style, color, or
type but, in all cases, the words must be promi-
nent, conspicuous, and legible. Moreover, no
word in the descriptive name should be printed
in letters that are less than one-third the size of
the largest letter used in any other word in the
descriptive name. The solution statement, when
used, is considered to be part of the descriptive
product name and must comply with descrip-
tive name sizing requirements.

2. Fat-replacing ingredients (e.g., binders and
water) and fat in the finished product may not
exceed 30% of the product as formulated for
the modified, substitute ground beef, hamburger,
or fresh beef sausage product, and no more than
40% of the product formulation for the substitute
fresh pork sausage. The fat content must be in

accordance with requirements for use of the
applicable nutrient content claim.

3. The product includes mandatory nutrition
labeling prescribed in the meat inspection reg-
ulations, viz., 9 CFR 317.

4. The product is formulated with approved safe
and suitable ingredients, e.g., those identified in
9 CFR 318.7(c)(4), and which are determined
to be safe and suitable by the Labeling and
Consumer Protection Staff, that are used at the
lowest level necessary to achieve the intended
effect as a fat-replacing ingredient (i.e., binder).

LABELING OF PRODUCT NAMES, FANCIFUL NAMES,
WORD SIZE

Words in product names or fanciful names may be a dif-
ferent size, style, color, or type, but in all cases, the words
must be prominent, conspicuous, and legible. Moreover,
no word in a product name, i.e., a common or usual name,
a standardized name, or a descriptive name should be
printed in letters that are less than one-third the size of the
largest letter used in any other words of the product name.
The same guidelines apply to letters of words in fanciful
names that may accompany the product name.

For example, for a product labeled Chili Mac — Beans,
Macaroni and Beef in Sauce, “Chili Mac” is the fanciful
name and “Beans, Macaroni and Beef in Sauce” is the
product name. No letter in “Chili Mac” may be smaller
than one-third the size of the largest letter in “Chili Mac.”
Similarly, no letter in the descriptive name may be smaller
than one-third the size of the largest letter in the descriptive
name. This policy is not intended to address the relative
size of words in fanciful names versus product names.
The size of words in qualifying statements, e.g., “Water
Added,” “Contains up to …,” “Smoke Flavoring Added,”
etc., are not affected by this policy memo.

LABELING OF PRODUCTS CONTAINING MEAT WITH

ADDED SOLUTIONS OR OTHER NONMEAT

INGREDIENTS IN SECONDARY PRODUCTS

In those situations where meat containing an added solu-
tion or other nonmeat ingredients, e.g., Ham-Water
Added, Corned Beef and Water Products, Beef —
Containing up to 10% of a solution, are used in secondary
products in sufficient quantities to meet the minimum
meat requirement without including the added solution, or
nonmeat ingredients, the product name need not include
any reference to the added solution or nonmeat ingredients;
e.g., Corned Beef and Cabbage would be an acceptable
name for a product if the corned beef portion of the corned
beef and water product was present in a sufficient quantity
to satisfy the 25% cooked corned beef requirement. The
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ingredients statement, however, must include nomencla-
ture as required by the regulations or policy. In this exam-
ple, the ingredients statement would list “Corned Beef and
Water Product — X% of added ingredients are …”

For products in which the added solution ingredient as
a whole is used to meet the minimum meat requirement, the
product name must include nomenclature required for the
component, e.g., Beef (containing up to 10% of a flavoring
solution) Burgundy. The ingredients statement must also
include the same nomenclature for the meat ingredient.

LABELING OF PRODUCTS WHICH ARE

ARTIFICIALLY COLORED

Labels of products which are artificially colored either by
artificial colors or natural colors must bear a statement to
indicate the presence of the coloring, e.g., “artificially col-
ored” or “colored with annatto.” Products whose true
color is disguised by packing media, e.g., colored pickling
solutions, must also have labels that include a statement
that indicates the presence of the color. The statement
must appear in a prominent and conspicuous manner con-
tiguous to the product name. When a component within a
product is artificially colored, e.g., breading, sauce, and
sausage, a qualifying statement is necessary. However, in
all cases, the presence of the coloring must appear in the
ingredients statement. Whenever FD&C Yellow No. 5 is
used, it must be declared in the ingredients statement by
FD&C Yellow No. 5 or Yellow 5. Some products, e.g.,
chorizos and some of the sausages of the longaniza vari-
ety, are expected to be characterized by coloring. In these
situations, the presence of the coloring need only be indi-
cated in the ingredients statement.

LABELING OF PRODUCTS WHICH INCLUDE PACKETS

OF OTHER COMPONENTS

Wording indicating that the product contains, in addition to
the meat or poultry product, another component, e.g., a
gravy, sauce, or seasoning packet must appear in conjunc-
tion with the name of the product in such a manner that it
is obvious to the purchaser that he or she is also purchasing
that packet along with the meat and/or poultry product.
The wording must be shown in print no smaller than one-
third the size of the largest letter in the rest of the product
name, of such color that will insure it not being overlooked
at point of purchase, and positioned contiguous to the rest
of the product name, so as not to appear in whole or part on
any panel except the main display panel. The net weight
individual components may be shown but are not required.

LABELING OF SAFE THAWING INSTRUCTIONS ON

CONSUMER PACKAGES

Thawing instructions which appear on the label of a frozen
meat or poultry product must be given in accordance with

FSIS’ recommendations for safe thawing procedures.
These procedures are as follows:

1. Thawing product in the refrigerator.
2. Thawing product in cold water, changing water

every 30 minutes until product is thawed.
3. Thawing product in a microwave oven for less

than 2 hours. Cook immediately.

Upon request, alternative thawing procedures may be
considered. However, scientific evidence which thor-
oughly establishes the safety of an alternative thawing
procedure must be presented with the procedure when it is
submitted for review.

LABELING PROMINENCE GUIDELINES FOR CURED,
COOKED PRODUCTS WITH ADDED SUBSTANCES

THAT DO NOT RETURN TO GREEN WEIGHT

The cured, cooked products covered by sections 9 CFR
319.100 (“corned beef”), 319.101 (“corned beef brisket”),
319.102 (“corned beef round and other corned beef cuts”),
and 319.104(a) (“cured pork products” under PFF) of the
Federal meat inspection regulations; and by Policy
Memos 057A (“Labeling Turkey Ham Products
Containing Added Water”) and 084A (“Cooked Corned
Beef Products and Cured Pork Products with Added
Substances”), whose weights after cooking exceed the
weight of the fresh uncured article, shall bear the product
name and qualifying statements on the principal display
panel using the following guidelines:

1. The product name and the qualifying state-
ments must be prominent and conspicuous.

2. The label will bear the product name on the
principal display panel in lettering not less than
one-third the size of the largest letter in terms
commonly associated with the product name,
e.g., cooked, boneless, chopped, pressed,
smoked, or words which could be a part of the
product name, e.g., steak, butt portion, shank
portion.

3. The product name will be judged prominent if
the lettering is of the same style and color, and
on the same color background as that which is
used for the terms commonly associated with
the product name or words which could be a
part of the product name [see guidelines (2)]. 
If other styles, colors, and/or backgrounds are
used, the prominence must be judged equal to
those terms and words which could be associ-
ated with or part of the product name.

4. The product name must be distinct and separate
from other label information. Thus, the product
name should not be part of or embedded in
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qualifying phrases or descriptions that include
a list of added solution ingredients.

Examples of acceptable terminology are
“Corned Beef and Water Product” and “Cured
Pork and X% of a Solution.”

5. The label for the products covered by this pol-
icy memo must also bear qualifying statements
that conform to established policies on the size
of the lettering in these statements in relation to
product name (as outlined in Policy Memo
087A, FSIS Directive 7110.2, and Policy
Memo 057A).

LABELING REQUIREMENTS FOR PUMP-CURED

BACON PRODUCTS TREATED WITH D- OR

D1-ALPHA-TOCOPHEROL IN SURFACE APPLICATIONS

Pump-cured bacon treated on the surface with d- or d1-
alpha-tocopherol must be labeled with a product name
qualifier which identifies the substances involved and the
method of application. The qualifier must identify both
the carrier and active substance in their order of predomi-
nance. The specific names, d- or d1-alpha-tocopherol, or
the term, Vitamin E, may be used in the name qualifier.
Examples of acceptable name qualifiers are “Sprayed
with a solution of vegetable oil and Vitamin E” or
“Dipped in a solution of corn oil and d-alpha-tocopherol.”
The name qualifier must be contiguous to the product
name and printed in a style as prominent as the product
name. The type used for the statement must be at least
one-fourth the size of the most prominent letter in the
product name, except that the ingredients of the mixture
may be in print not less than one-eighth the size of the
most prominent letter in the product name. The specific
name of the ingredients, d-alpha-tocopherol or dl-alpha-
tocopherol, and of the carrier must be listed as such in the
ingredients statement or curing statement, as required by
9 CFR 317.2(f)(1).

LAMB CURRY

Product must contain at least 50% fresh meat.

LANDJAEGER CERVELAT

A semi-dry sausage that originated in Switzerland. It 
is about the size of a large frankfurter but pressed flat,
smoked and dried giving it a black appearance.

LARD CONTINUOUS PROCESS

This nomenclature identifies the commodity produced from
clean and sound edible tissues of swine by a low-temperature
separation process in which the oil is separated from the
fatty tissue by means of a combination of heat and centrifu-
gal force. Labeling records containing the above designation

should identify in detail the process and equipment used
in producing the commodity.

LARD — CURED PORK TISSUE USE

Cured pork trimmings may be rendered to produce lard
manufactured in compliance with the lard and leaf lard
standard. Rendered bacon is not acceptable in lard.

LARD REFINED

This term is applied to open-kettle rendered, prime steam,
or dry-rendered lard put through a filter press, with or
without bleaching agent.

LASAGNA

Sauce is an expected ingredient of lasagna products and
its declaration in the product name is optional. 

Cheese Lasagna with meat: 12% meat
Lasagna with Meat and Sauce: 12% meat
Lasagna with Meat Sauce: 6% meat in total product
Lasagna with Poultry: 8% poultry meat
Lasagna with Tomato Sauce, Cheese, and Pepperoni:

8% pepperoni
Meat Lasagna: 12% meat
Poultry Lasagna: 8% poultry meat

LAU–LAU

Product must contain at least 25% meat. A Hawaiian dish
made with pork and fish, wrapped in taro leaves. Label
must have a true product name, e.g., “Pork and Fish Stuffed
Taro Leaves.”

LEBANON BOLOGNA

A coarse ground, fermented, semi-dry sausage. If the
product has a MPR of 3.1:1 or less and a pH of 5.0 or less,
no refrigeration is required. It is made with beef. No
extenders or hearts are permitted in the product. This is
not a 9 CFR 319.180 product.

LEGENDS

Products consisting of mixed meat and poultry ingredients
shall bear either the official meat inspection legend or poul-
try legend, depending on which ingredients are present in
the greater amounts. If meat or poultry ingredients exist 
in equal proportions, either official legend may be used. If
meat and poultry ingredients exist in exact proportions and
both appear in the product name, the official legend must
reflect the ingredient appearing first in the product name.

LENTIL SOUP WITH BACON — GERMAN STYLE

Acceptable name for a lentil soup containing only bacon.
The bacon requirement is 4.0% for condensed and 2.0%
for ready to eat.
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LEONA

An acceptable name. A coarse ground cooked sausage.

LIMA BEANS WITH HAM OR BACON IN SAUCE

Product must contain at least 12% ham or bacon.
See: 9 CFR 319.310.

LINGUICA

A Portuguese type sausage containing pork and excluding
other meat and meat byproducts. Usually contains nonfat
dry milk and condiments, e.g., vinegar, cinnamon, cumin
seed, garlic, red pepper, salt, and sugar. Paprika and cures
are acceptable in this product.

LINKS

This designation falls into four categories:

1. “Links” without further qualification refers to
an all pork fresh sausage in links.

2. “Links Sausage” can be used to designate any
sausage type formulation usually cured and
smoked in links, except for those formulations
containing poultry.

3. “Links cereal and nonfat dry milk added” usu-
ally formulated with meat and meat byproducts
cured and smoked, and approved with the
understanding each link is banded with an
approved band label.

4. “Links, A pork and textured vegetable protein
product” followed immediately by the ingredi-
ents statement is acceptable. “Links,” “Top’s
Links,” “Joe’s Links” are coined names and must
be followed immediately by true product name.

LITTLE SMOKIES

A smoked small variety sausage link made with beef and
pork.

LIVER AND ONIONS

Product must contain at least 45% liver.

LIVER, CHOPPED

Product must contain at least 50% liver.

LIVER, ONIONS, AND EGGS

Product must contain at least 40% liver.

LIVER PRODUCTS

The product name does not have to include the species for
multi-ingredient liver products, such as chopped liver, liver

pate, and pureed liver. However, the species must be iden-
tified in the ingredients statement. For single ingredient
liver products, such as sliced beef liver, the species must
be identified in the product name. “Kind” of liver must
always be identified.

Products with liver in the name (except for products
listed) must contain a minimum of 30% liver.

LIVER SPREAD (STREICH LEBERWURST)

The product name “Liver Spread (Stretch Leberwurst)” is
acceptable. Product name must contain at least 30% liver
in total formulation.

LIVERWURST OR “PATE DE FOIE — STYLE

LIVERWURST”

Product must meet liver sausage requirements. (See
Regulation 9 CFR 319.182.)

LOAF

A “Loaf” (other than meat loaf) consists of meat in com-
bination with any of a wide range of nonmeat ingredients.
These products are not identified with the term “Meat
Loaf,” “Beef Loaf,” or the like but with designations, e.g.,
“Olive Loaf,” “Pickle and Pimiento Loaf,” “Honey Loaf,”
“Luxury Loaf,” and others that are descriptive.

LOAF, CANNED, PERISHABLE

Canned perishable products in the loaf category must:

1. Meet the perishable requirements. (See 9 CFR
317.2(k).)

2. Show a brine concentration of not less than
3.5% in finished product. Show a brine concen-
tration of not less than 6.0% when the products
contain cereal, starch, or other extenders.

3. Be cooked to a minimum internal temperature
of at least than 150°F.

4. When extenders are added the product name
must be qualified, e.g., “(Name of extender)
added.”

LOLA AND LOLITA (IT)

Dry sausage products of Italian origin. Consists of mildly
seasoned pork and contains garlic. Lolita comes in 14 oz.
links, while Lola comes in 2 1/2 lb. links.

LONDON BROIL

Name can only be applied to a cooked product. Products
including the expression “London Broil” on labels must be
prepared with beef flank steak. Uncooked product must be
labeled to indicate this, e.g., “Beef Flank Steak for London
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Broil.” If prepared from another cut, the identity of that cut
must accompany the term “London Broil,” e.g., “Sirloin
Tip London Broil.”

LONG ISLAND STYLE OR TYPE

Not acceptable for poultry products.

LONGANIZA

Longaniza is a fresh sausage product. If it is prepared oth-
erwise, the product name must indicate its nature, e.g.,
“Cured Longaniza.” Paprika is an acceptable ingredient
because it is expected.

LONGANIZA AND PUERTO RICAN STYLE LONGANIZA

Longaniza is an acceptable name for Puerto Rican
sausage made from pork which may contain beef but does
not contain annatto. Added fat is not permitted.

Puerto Rican Style Longaniza is acceptable labeling
for sausage made from pork which may contain beef and
does contain annatto. Added fat is not permitted, although
up to 3% lard may be used as a carrier for annatto. When
annatto is used, it should be included in the ingredients
statement as “annatto” in accordance with Section 9 CFR
317.2(j)(5) of the meat inspection regulations.

LOUKANIKA

An acceptable name for cooked fresh Greek sausage. It is
usually made with lamb and pork, oranges, allspice, whole
pepper, and salt.

LUMPIA OR LOOMPYA

A Philippine style or Filipino style egg roll. There are no
special ingredient requirements, it refers to a shape of the
egg roll. Lumpia or Loompya are generally longer and
thinner than traditional egg rolls.

LUNCHEON MEAT

1. “Luncheon Meat” cannot contain livers, kid-
neys, blood, detached skin, partially defatted
pork or beef tissue, or stomachs.

2. On the label the meat components of
“Luncheon Meat” are identified in the ingredi-
ents statement as “beef,” “pork,” “beef tongue
meat,” “pork tongue meat,” “beef heart meat,”
and “pork heart meat.”

3. In the ingredients statement “Beef” and “Pork”
means lean meat with overlying fat and the por-
tions of sinew, nerve, and the blood vessels which
normally accompany muscle tissue and which
are not separated in the process of dressing but

not including bone and skin. Up to 10% of the
meat portion of the formula can consist of cured
and smoked meat trimmings which does not
require special declaration in the ingredients state-
ment except included under “pork” and “beef.”

4. Heart or heart muscle, tongues, or tongue meat
and cheek meat can be included in “Luncheon
Meat” under the following restrictions:
a. Hearts or heart meat or tongues or tongue

meat must be declared individually by species
in the ingredients statement on the label.

b. No restriction on the percentage limits of
hearts, heart meats, tongues, and tongue
meats in the formulation.

c. The terms “heart meat” and “tongue meat”
refer to the muscle tissue remaining after
heart caps, glands, nodes, connective tissue,
etc. are trimmed away.

5. Water added to “Luncheon Meat” during manu-
facture cannot exceed 3% by weight of the total
ingredients, this is controlled by weighing ingre-
dients and not by analysis. Care must be used to
see that water is not added indirectly through
the use of undrained hearts and tongues.

6. The only ingredients permitted in “Luncheon
Meat” are curing ingredients, sweetening agents,
spices, and flavoring. All of these substances must
be declared in the ingredients statement by name,
except the various “flavorings” and “spices”
which need not be named individually. “Spices”
refer to natural spices and not to extracts.

LYONER WURST

A cooked, smoked, and finely ground sausage originating
in Germany. It is usually made with beef, pork, (no
chicken) flavoring, cure, and contains green peppercorns.

LYONS SAUSAGE (FR)

A dry sausage made exclusively of pork (four parts finely
chopped lean and one or two parts small diced fat) with
spices and garlic which is stuffed into large casings, cured
and air-dried.

MACARONI AND BEEF IN SAUCE

Product must contain at least 12% beef.

MACARONI AND CHEESE WITH HAM

Product must contain at least 12% cooked ham.

MACARONI SALAD WITH (MEAT OR POULTRY)

Product must contain at least 12% cooked meat or 
poultry meat.
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MADE WITH … QUALIFIERS

Need only mention the species or kind in the statement
even when only a byproduct of the specific species or kind
is used, e.g., pork, chicken and beef hearts in a sausage
would carry a qualifier “made with pork, chicken and beef.”

MADE WITH 100% REAL CHEESE

This statement is acceptable on products as long as the
cheese components are all 100% real cheese. It is not
acceptable if a cheese food product or imitation cheese is
included in the formula.

MALIC ACID

Malic acid has been used extensively for many years as
part of flavoring/seasoning mixtures which are added to
components of meat or poultry products. It may be
approved as a flavoring agent, and is acceptable as a com-
ponent in a seasoning mix, e.g., in marinades and sauces,
but may not be added alone to a product.

MANICOTTI (IT)

Product must contain at least 10% fresh meat. An Italian
main dish consisting of rectangular-shaped pasta spread
with a filling of meat (e.g., sausage, ground beef, or
chopped prosciutto) and/or cheeses (e.g., ricotta and moz-
zarella). The pasta is rolled, edges pressed to seal, and
covered with grated parmesan cheese and tomato sauce. A
true product name must be shown, e.g., “Beef Manicotti
in Sauce.”

MARGARINE SUBSTITUTES

Meat food products that are substitutes for margarine
because they contain less than 80% fat and/or oil need not
be labeled “imitation” if the product has a fully descrip-
tive name and the finished product contains 15,000 inter-
national units of Vitamin A per pound.

The descriptive name of the product may include the
term “Spread” (or “Spred”), which has been widely
adopted as a generic fanciful name for this class of product.

The following guidelines shall be used in selecting the
appropriate descriptive product name:

1. “Animal Fat Spread (or Spred)” is an accept-
able product name for a product prepared from
animal fat as the sole source of fat.

2. “Animal Fat and Vegetable Oil Spread (or
Spred)” is an acceptable product name for a
product prepared with a combination of animal
fat(s) and vegetable oil(s) in which the veg-
etable oil(s) content is greater than 20% of the
total of the fat(s) and oil(s) used but less than
50% of the total.

3. “Animal Fat Spread (or Spred) — Vegetable Oil
Added” is an acceptable product name for a
product prepared with a combination of animal
fat(s) and vegetable oil(s) in which the veg-
etable oil(s) content is 20% or less of the total
of the fat(s) and oil(s) used but greater than 2%
of the total.

4. The fanciful name “Spread” (or “Spred”)
accompanied by a list of all ingredients indi-
vidually identified by their common or usual
name in order of decreasing predominance is
acceptable regardless of the nature and amount
of fat(s) and/or oil(s) used.

In 1, 2, and 3 above, the descriptive product name may
include the % of each fat and/or oil and may include the
common or usual name of each fat and/or oil used.

MARENGO

Product must contain at least 35% cooked meat or poultry
meat. It has chicken or veal in a sauce containing toma-
toes, mushrooms, onions, and wine, and label must show
true product name, e.g., “Chicken Marengo.”

MARINATED

To be labeled “marinated,” a product must use a marinade
that is a mixture in which food is either soaked, massaged,
tumbled, or injected in order to improve taste, tenderness,
or other sensory attributes, e.g., color or juiciness. Time
allotted in a marinade depends on many factors, e.g., thick-
ness and size of the meat and strength of the marinade.
Marinade should be that amount necessary to affect the
finished product, and limited to 10% pickup in red meat,
8% pickup in boneless poultry and 3% in bone-in poultry.

MARINE OIL

Herring oil and other marine species oils found by FDA to
be satisfactory may be combined with animal and mixture
of animal and vegetable oils processed as meat food prod-
ucts. Labels will bear statements identifying the presence
of such substances, e.g., a shortening consisting of 50%
herring oil and the remainder equal amounts of animal
and vegetable oils would be “Shortening, Prepared with
Herring Oil, Animal and Vegetable Oils.”

MARKING

Labeling may consist of a combination of printing, stencil-
ing, box dyes, etc. for large true containers and for shipping
containers. Crayons are unacceptable for applying required
labeling features except for figures indicating content
quantity. Approval of official marks appearing in newspaper
advertisements, billboards, etc. is not necessary; however,
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such marks may be reviewed locally before publication.
Such markings should conform to the illustrations in the
regulations and not be misleading.

“MAY CONTAIN” STATEMENTS

The use of “may contain” or “and/or” labeling may be
used in the ingredients statement’s sublisting of sliced
and/or diced products from various sources.

See: “Composite Ingredients Statement.”

MEAT AND DRESSING

Product must contain at least 50% cooked meat.

MEAT AND DRESSING WITH GRAVY

Product must contain at least 30% cooked meat.

MEAT BASE

A granular, paste-like product which is shelf-stable pri-
marily because of its high salt content (30–40%).

1. Beef Base — 15% beef or 10.5% cooked beef
2. Pork Base — 15% pork or 10.5% cooked pork
3. Ham Base — 18% ham

MEAT BROTH OR MEAT STOCK

MPR 135:1. Condensed 67:1.

MEAT BYPRODUCTS

Byproducts must be individually declared by species and
specific name in the ingredients statement, e.g., Pork
Liver, Beef Tripe, and Beef fat.

MEAT CASSEROLES

Product must contain at least 25% meat or 18% cooked meat.

MEAT CURRY

Product must contain at least 50% meat.

MEAT FLAVORING

Meat flavoring — when characteristic meat flavorings
such as bacon are added in amounts less than 2% in addi-
tion to the required meat component of a product, such
meat flavorings need not appear in the product label.

MEAT FOLDOVER MIT DRESSING

Product must contain at least 50% meat (chopped and
formed).

MEAT FOOD PRODUCTS CONTAINING POULTRY

INGREDIENTS — LABELING

Meat food products containing poultry ingredients in
amounts that exceed 20% of the total livestock and poul-
try product portion of the meat food product must have
product names that indicate the presence of the poultry
ingredients, e.g., “Beef and Chicken Chili” or “Chili made
with Beef and Chicken.”

Meat food products containing poultry ingredients in
amounts at 20% or less of the total livestock and poultry
product portion of the meat food product must have prod-
uct names that are qualified to indicate the presence of the
poultry ingredients, e.g., “Beef Stew — Turkey Added.”

However, meat food products that do not meet speci-
fied minimum livestock ingredient requirements because
poultry ingredients are replacing any part of the required
livestock ingredients must have product names that indi-
cate the presence of the poultry ingredients, e.g., “Beef
and Turkey Stew” or “Stew Made with Beef and Turkey.”

This policy does not apply to: (1) red meat products
that are expected to contain poultry ingredients, e.g.,
“Brunswick Stew and Potted Meat Food Product”
(Section 9 CFR 319.761); (2) cooked sausages identified
in Section 9 CFR 319.180 of the meat regulations (Policy
Memo 005A); or (3) nonspecific loaves, rolls, logs, etc.,
e.g., Pickle and Pimento Loaf.

MEAT LOAF

Uncooked or cooked pork, beef, veal or lamb, and other
ingredients in loaf form, but not canned.

1. Ingredients, e.g., cracker meal, oatmeal, bread
crumbs, nonfat dry milk, soy ingredients
(untextured), milk, and whole eggs are not
required in the product name.

2. Product may contain:
a. Head meat, cheek meat, heart meat, and

tongue meat under label declaration in the
ingredients statement only.

b. Not more than 12% extenders and binders.
c. Partially defatted chopped beef or pork up to

25% and declared as meat in the ingredients
statement.

3. Product must contain at least 65% meat.
4. Onion, tomato juice, water, and other liquid

extenders are not directly controlled.

MEAT LOAF, CANNED (PERISHABLE)

Canned perishable products in the loaf category must:

1. Meet the perishable labeling requirements. See:
9 CFR 317.2(k),
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2. Be cured with at least 1 ounce nitrate per 100
pounds of product and 1/2% dextrose or 1%
sugar.

3. Have a brine concentration of at least 3.5% in
the finished product. Products that contain cereal,
starch, or other extenders must have a brine
concentration of at least 6.1%.

MEAT LOAF, CANNED (STERILE PACKED)

No head, cheek, heart, or tongue meat permitted. Other
requirements are the same as uncanned cured meat loaf.
Binders and extenders must be shown in the product
name, e.g., “Meat Loaf, cereal added.”

MEAT PASTY OR PASTIES

Product must contain at least 25% meat. The label must
show the true product name, e.g., “Beef Pasty.”

MEAT PIE FILLING

Product must contain at least 37% meat.

MEAT PIES (OR VEGETABLE MEAT PIES)

Product must contain 25% meat; meat in gravy may be
counted towards meat content.

MEAT/POULTRY EXTENDED PRODUCTS

These should always be listed in the ingredients statement
of the secondary product by their correct name, e.g.,
“Beef, water and binder product,” unless it is included in
the name of the product, e.g., “Chili made with beef and
binder product.”

MEAT RAVIOLI

Product must contain at least 10% meat in ravioli.

MEAT RAVIOLI IN MEAT SAUCE

Product must contain at least 10% meat in ravioli and at
least 50% ravioli in total product, and at least 6% meat in
sauce.

MEAT RAVIOLI IN SAUCE

Product must contain at least 10% meat in the ravioli and
at least 50% ravioli in the total product.

MEAT SAUCE

Product must contain at least 6% ground meat.

MEAT SPREADS

Product must contain at least 50% meat or 35% cooked meat.
When another major component is considered a signifi-
cant source of protein such as cheese is added the require-
ment is reduced to 25% cooked meat. Product must show
a true product name, e.g., “Sausage and Cheese Spread.”

MEAT STICK AND CHEESE COMBINATION PRODUCTS

The following criteria are used for dry meat stick and
cheese combination products that need not bear a “keep
refrigerated” handling statement.

1. The dry meat stick portion must have a water
activity of less than 0.90, the cheese portion
must have a water activity of less than 0.94, and
the equilibrium of the water activity of the two
components must be no greater than 0.92;

2. the dry meat portion, if fermented, must be fer-
mented by an active fermentation culture (typi-
cally to a pH 5.0 or below) and;

3. for products where the meat portion and the
cheese portion are packaged together, there must
be a heat seal between the dry meat stick and
cheese components which separates the meat
stick from the cheese stick by at least 4 mm.

4. Dry meat stick and cheese combination products
not meeting these criteria must be labeled with
a “keep refrigerated” statement in lieu of com-
pelling data that establish safety.

Products not meeting the criteria stated above can be
labeled without a “keep refrigerated” statement if a con-
trol program ensuring safety and shelf stability is estab-
lished by the establishment.

MEATBALLS

Uncooked or cooked pork, beef, veal, and lamb, and other
ingredients in a ball form.

1. Product must contain at least 65% meat.
2. Binders and extenders are limited to 12% of the

total product. 6.8% of isolated soy protein is
considered the equivalent to 12% of the other
binders or extenders. The permitted binders and
extenders include, but are not limited to, cereal,
bread crumbs, cracker meal, soy flour, soy pro-
tein concentrate, isolated soy protein, and tex-
tured vegetable protein.

3. Cheeks, hearts, and tongues are not allowed,
but product may contain head meat, cheek meat,
heart meat, and tongue meat when declared in
the ingredients statement.
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4. Partially defatted chopped (PDC) (species)
may be used up to 25% of the meat block. PDC
(species) can be identified as (species) in the
ingredients statements. [See entry for Partially
Defatted Chopped (species).]

MEATBALLS IN SAUCE

Requires a 50% minimum of meatballs, by weight in fin-
ished product.

MEATBALL STEW

Meatball stew contains at least 25% meatballs and usually
contains vegetables such as potatoes, peas, carrots, etc., and
gravy or thick broth resulting from cooking all ingredients
together. The meatballs must meet the Meatball Standard.

MEATBALLS, SWEDISH STYLE

Product must contain at least 65% fresh meat. “Swedish
Meatballs” or “Swedish Style Meatballs” are small in size
and usually contain two or three different varieties of meat,
nutmeg and/or allspice, potatoes, and milk. “Swedish
Brand Meatballs Made in USA” means any meatball.

MEATBALLS, TURKEY

Product must contain at least 65% raw turkey meat. Skin
is permitted in natural proportions of meat used, if skin is
in excess of natural proportions, it shall be reflected in the
product name.

MEDITERRANEAN STYLE

Acceptable identification for product containing onion or
garlic, olive oil and four of any of the following groups:

1. Vegetable or fruit: dried apricot, artichoke,
dried date, dried fig, eggplant, tomato, pepper
(green or red), squash, lemon or lemon juice,
raisin and olives.

2. Legume or nut: fava bean, chick pea, white 
cannelloni bean, green bean, lentil, almond,
pine nut, pistachio.

3. Seasoning: dill, coriander, cinnamon, cumin,
fennel, basil, oregano, thyme, saffron, rose-
mary, parsley, mint, sumac, turmeric.

4. A regional dish as component, e.g., pita bread,
yogurt, Italian or Greek type cheese, pasta,
couscous or bulgur.

MERGUEZ, MERGUES OR MERGHEZ SAUSAGE

A hot and spicy fresh sausage originating in North Africa
and common in France which contains hot pepper and/or
paprika. The meat component must contain beef and may

contain lamb or mutton when labeled as “Merguez
Sausage.” When pork is used as part of meat component,
the product is labeled as “Merguez Sausage with Pork.”
When pork is the only meat ingredient, the product is
labeled “Pork Merguez Sausage.”

METHYL CELLULOSE

May be used as an ingredient in formulas for meat and
vegetable patties and various poultry products (mainly
patties) at a level of 0.15% of the total weight of the prod-
uct, which includes batter and breading of these products.

The internal technical effect is to extend and to stabilize
products as well as to act as a carrier.

See: 421.24(4) and 9 CFR 381.147(f)(4).

METTWURST

An uncooked cured smoked sausage in which byproducts
and extenders are not permitted. Beef heart meat is
acceptable. Water is limited to 3% and the fat content shall
not exceed 50%.

METTWURST, COOKED

Mettwurst which is cooked must be labeled “Cooked
Mettwurst,” and may contain up to 10% water based on
the finished product.

METZ SAUSAGE

Cured lean beef and pork and bacon are finely chopped,
seasoned, and stuffed into beef middles. It is air-dried for
5 days, then given a cool smoke. It is classed as a semi-
dry sausage.

MEXICAN STYLE

Acceptable for products that contain at least four of the
following: jalapeno peppers, chili peppers, green chilies,
cumin, cayenne peppers, red or green peppers, chili pow-
der, jalapeno powder, Monterey Jack cheese, or cheddar
cheese. This policy applies to a single food and does not
supersede Policy Memo 068.

MEXICAN STYLE DINNERS

Products like tamales, enchiladas, and tacos must make up
25% of the dinner or entree to qualify as “Mexican Style.”
The individual product standard must also be met.

MEXICAN STYLE SAUCES

A garnish (decoration) of cheese in or on the sauce of
Mexican style foods does not require the presence of the
cheese to be declared in the product name or qualifying
statement.
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MILAN OR MILANO SALAMI

A dry sausage with a maximum MPR of 1.9:1. It is an
Italian-type salami, except the meat is finely cut. It is
made with beef, pork fat, spiced with garlic, and has a dis-
tinctive cording.

MINCE MEAT

Product must contain at least 12% fresh meat or 9%
cooked meat. Heart meat may be substituted. In addition
to “Mince Meat,” the product name should include kinds
of meat, e.g., “Mince Meat with Beef” or “Mince Meat
with (species) Heart Meat.” When 2% or more cooked
meat but less than 9% cooked meat is present in the for-
mula, the product is amenable and the name must state
that the product is “Mince Meat Flavored With ____.”

A product marketed as “Mince Meat” which contains
less than 2% cooked meat or contains only beef suet as the
ingredient of animal origin, is not considered as a meat
food product and is not amenable.

MIXTURES

Mixtures of nonfat dry milk (NFDM), calcium reduced dry
skim milk (CRDSM), or dried whey, reduced lactose whey,
reduced minerals whey, and whey protein concentrate with
other substances are not allowed, except in batter and gravy
mixes and breaders. Mixtures of cereal, soy preparations
and/or sodium caseinate with other substances are permitted
to come into the plant for use in batter and gravy mixes,
but they must be labeled to show their intended use, e.g.,
“Patty Mix” or “Gravy Mix.” The labels of the mixtures
must show the ingredients in order of their predominance.

MOCK DRUMSTICKS

An imitation product; nonspecific.

MOCK TURTLE SOUP

Product must contain at least 10% beef and may be made
with beef and beef byproducts.

MOFONGO

Pork skins and plantain type product with at least 20%
pork skins in the total formulation. It must show true prod-
uct name, e.g., “Pork Skin Filling Wrapped in Plantain.”

MOISTURE PROTEIN RATIO (MPR)

Frizzes 1.6:1 Ukrainian Sausage 2.0:1 Jerky 0.75:1
Kippered Beef 2.03:1 Pepperoni 1.6:1 Dry Salami 1.9:1
Dry Sausage 1.9:1 Genoa Salami 2.3:1 Tropic Cure Pork
3.25:1 Sicilian Salami 2.3:1 Thuringer 3.7:1 Italian Salami
1.9:1 Dried Meat 2.04:1 Roast Beef, Canned 2.25:1
Chipped Beef 2.04:1 Farmer Summer Sausage 1.9:1.

MOISTURE PROTEIN RATIO (MPR) — PH

Nonrefrigerated or shelf-stable sausages must have an
MPR of 3.1:1 or less and a pH of 5.0 or less, unless com-
mercially sterilized. This does not apply to products con-
taining more than 3.5% binders or 2% isolated soy protein.

MONDONGO

A mixture of one or more of the following: (a) beef tripe,
(b) cattle feet with or without hide on, (c) chitterlings, and
(d) beef intestines.

See: Beef Tripe Stew.

MORCELLA BLOOD PUDDING

Nonspecific. The product is made from pork fat, beef
blood and/or pork blood, and may contain meat.

MORTADELLA

Normally a cooked sausage but can be dry or semi-dry. It
is similar to salami and cervelat except that it has large
chunks of pork fat. Red sweet peppers up to 4% and pis-
tachio nuts up to 1% are acceptable as long as they are
shown in the true product name.

MORTADELLA (CANNED)

Canned items designated “Mortadella” must be labeled
with the phrase “Perishable, Keep Under Refrigeration”
and must have an MPR of 3.85:1 or less.

MORTADELLA — POULTRY

Poultry Mortadella is a dry, semi-dry, or cooked sausage
formulated with poultry. The sausage must contain large
chunks of pork fat and may contain extenders and/or
binders. Red sweet peppers are permitted up to 4% and
pistachio nuts up to 1% and shown as added in the true
product name.

If product is canned, the MPR must not exceed 3.85:1,
the internal temperature must have reached 160°F and the
product labeled “Perishable, Keep Under Refrigeration”
or similar wording.

MORTADELLA WITHOUT FAT CUBES OR CHUNKS

Product must meet the standard for Mortadella and the
label be qualified to indicate the absence of Fat Cubes or
Chunks, e.g., “Mortadella without Fat Cubes” or
“Mortadella without Fat Chunks.”

MOUSAKA, MOUSSAKA, MUSAKA (GK)

Must contain at least 25% meat. Mousaka is a casserole
containing layers of meat and eggplant made in various
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ways throughout the Middle East. A true product name is
required, e.g., “Eggplant and Meat Casserole.”

MULLICATAWNY SOUP

Product must contain at least 2% cooked poultry meat and
enough curry powder and pepper to characterize the prod-
uct. The label must show a true product name, e.g.,
“Chicken Mullicatawny Soup.”

MULLIGAN STEW

Product must contain at least 25% fresh meat or meat and
poultry. Mulligan stew is a mixture of vegetables and meat
combined in a gravy or sauce. The label must have a true
product name, e.g., “Chicken and Meat Mulligan Stew.”

MUSTARD BRAN

This is not considered a spice and must be declared as
“Mustard Bran.” It is not acceptable in sausage.

MUSTARD FLOUR

It is a spice that is commonly used in sausage products.

MYVACET

(Distilled Acetylated Monoglycerides). Acceptable for
use as a coating on sausage casings. Sausages coated with
Myvacet shall show, adjacent to the product name, a qual-
ifying statement disclosing the presence of the compound,
e.g., “Summer Sausage Coated with a Solution of
Distilled Acetylated Monoglycerides.”

NACHO STYLE, NACHO FLAVOR, AND SIMILAR TERMS

Acceptable terminology for products possessing the com-
monly expected flavor characteristics associated with
“Nachos,” a Mexican hors d’oeurve. The characterizing
flavor components generally include, but are not limited
to, cheese (Cheddar or Monterey Jack), tomato (tomato
solids, tomato powder), spices, or other natural seasonings
and flavorings (usually garlic and onion), and chili pep-
pers (mild or hot). Romano and Parmesan cheese are also
often present. However, these cheeses may not be used to
satisfy the above cheese requirement.

NATURAL CLAIMS

The term “natural” may be used on labeling for meat
products and poultry products, provided the applicant for
such labeling demonstrates that:

1. The product does not contain any artificial fla-
vor or flavoring, coloring ingredient, or chemi-
cal preservative (as defined in 21 CFR 101.22),
or any other artificial or synthetic ingredient; and

2. The product and its ingredients are not more
than minimally processed. Minimal processing
may include:
(a) those traditional processes used to make

food edible or to preserve it or to make it 
safe for human consumption, e.g., smoking,
roasting, freezing, drying, and fermenting, or

(b) those physical processes which do not fun-
damentally alter the raw product and/or
which only separate a whole, intact food
into component parts, e.g., grinding meat,
separating eggs into albumen and yolk, and
pressing fruits to produce juices.

Relatively severe processes, e.g., solvent extraction, acid
hydrolysis, and chemical bleaching would clearly be con-
sidered more than minimal processing. Thus, the use of 
a natural flavor or flavoring in compliance with 21 CFR
101.22 which has undergone more than minimal process-
ing would place a product in which it is used outside the
scope of these guidelines. However, the presence of an
ingredient which has been more than minimally processed
would not necessarily preclude the product from being
promoted as natural. Exceptions of this type may be
granted on a case-by-case basis if it can be demonstrated
that the use of such an ingredient would not significantly
change the character of the product to the point that it
could no longer be considered a natural product. In such
cases, the natural claim must be qualified to clearly and
conspicuously identify the ingredient, e.g., contains
refined sugar.

All products claiming to be natural or a natural food
should be accompanied by a brief statement which
explains what is meant by the term natural, i.e., that the
product is a natural food because it contains no artificial
ingredients and is only minimally processed. This state-
ment should appear directly beneath or beside all natural
claims or, if elsewhere on the principal display panel, an
asterisk should be used to tie the explanation to the claim.

The decision to approve or deny the use of a natural
claim may be affected by the specific context in which the
claim is made. For example, claims indicating that a product
is natural food, e.g., “Natural chili” or “chili — a natural
product” would be unacceptable for a product containing
beet powder which artificially colors the finished product.
However, “all natural ingredients” might be an acceptable
claim for such a product.

NATURAL SMOKED COLOR

Approval can be properly granted to labels with this state-
ment when the products involved are “Smoked” and not
artificially colored. The results of the use of artificial smoke
materials can, by means of a number of processing opera-
tions, result in a color characteristic being acquired by the
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frankfurters, bologna, and the like. The term “Natural
Smoked Color” can be used to properly identify this point.

NAVARIN

Navarin is a stew containing lamb or mutton and vegeta-
bles and considered a national dish of France. It must
meet the meat stew standard of 25% meat. Show true
product name, e.g., “Navarin-Lamb Stew.”

NEGATIVE LABELING

1. Negative labeling is allowed if it is unclear from
the product name that the ingredient is not pres-
ent. For example, the use of the term “no beef”
on the label of “turkey pastrami” would further
clarify that the product does not contain beef.

2. Negative labeling is allowed if the statement is
beneficial for health, religious preference, or
other similar reasons. For example, highlighting
the absence of salt in a product would be help-
ful to those persons on sodium-restricted diets.

3. Negative labeling is allowed if the claims are
directly linked to the product packaging, as
opposed to the product itself. For example,
flexible retortable pouches could bear the state-
ment “no preservatives, refrigeration or freez-
ing needed with this new packaging method.”

4. Negative labeling is allowed if such claims call
attention to the absence of ingredients because
they are prohibited in a product by regulation or
policy. The statement must clearly and promi-
nently indicate this fact, so as not to mislead or
create false impressions. For example, “USDA
regulations prohibit the use of preservatives in
this product” would be an acceptable statement
for ground beef.

5. Negative labeling is allowed to indicate that
absence of an ingredient when that ingredient is
expected or permitted by regulation or policy.
This could also apply to ingredients which are
not expected or permitted by regulation or pol-
icy if the ingredients could find their way into
the product through a component. For example,
the use of “no preservatives” on the label of
“spaghetti with meat and sauce” (where regula-
tions do not permit the direct addition of preser-
vatives) would be acceptable if the product
contained an ingredient, such as cooking oil,
which could contain antioxidants but do not.

These guidelines do not preempt the requirements of the
nutrition labeling regulation. Therefore, negative claims
such as “unsalted” would have to comply with the provi-
sions stated in the nutrition labeling regulations.

NET QUANTITY OF CONTENTS ON COMBINATION

PACKAGES

The guidelines for stating the net quantity of contents on
combination packages containing both liquid and solid
products are as follows:

1. The declaration of net quantity of contents for
a combination package shall be expressed in
terms of fluid measure for individual products
that are liquid and in terms of avoirdupois
weight for individual products that are solid,
semisolid, or viscous, provided the quantity
statements for identical packages or units are
combined. For example, the fruit drink would
be expressed in fluid measure and the meat,
cheese, crackers, and cookies would be
expressed in the combined avoirdupois weight.

2. The declaration of quantity shall be preceded
by one of the following terms, as appropriate:
“Net Weight,” “Net Wt.,” or “Net Contents.”

The net quantity of contents declaration may
appear in more than one line. Therefore, both
stacked and side-by-side declarations would be
considered appropriate.
– Descriptive terms may be used to identify the

liquid and solid components of the package,
e.g., entree, meal, or drink; however, such
terms shall not include brand names.

– Connecting words such as “and” or “plus”
are permitted to be used as part of the decla-
ration of contents.

Examples of acceptable net content declara-
tions are as follows:
– Entree Net Wt. 8 oz., Drink 4 fl. oz. (120 ml)
– Net Contents: lunch 8 oz. plus fruit drink

4 fl. oz.
– Net Wt. 8 oz. Drink 4 fl. oz. (120 ml)
– Net Weight 8 oz. and 4 fl. oz.

Federally inspected meat and poultry products are exempt
from the requirements of the Fair Packaging and Labeling
Act (FPLA), including the mandatory metric labeling pro-
visions that went into effect February 14, 1994. However,
if metric labeling is included voluntarily, such labeling
should comply with the FPLA.

The guidelines contained in this policy memo will be
subject to the provisions prescribed in 9 CFR 317.2(h) and
9 CFR 381.121 of the Federal regulations.

NET WEIGHT STATEMENT

1. Divider Pak

On a product where two cans are taped together, one of
which contains the meat or poultry item and the other a
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vegetable, e.g., “Chicken Chow Mein,” the meat or poul-
try label may include the net weight on the 20% panel.
The vegetable can bears the true name of the product with
the total net weight of the other can and the drained
weight of the vegetable can.

2. Double Packing

When a poultry product and a non-poultry product are
separately wrapped and placed in a single immediate con-
tainer bearing the name of both products, the net weight
shown on the immediate container may be the total net
weight of the two products or the net weight of the poultry
product and the non-poultry product separately.

3. Additional Net Weight Information

Nonregulatory information of a net weight nature, e.g.,
4–3 oz. packages, accompanying a net weight statement is
acceptable and need not adhere to the size and spacing
restrictions.

4. Open Net Weights

Open net weights may be presented in pounds and ounces,
decimals, decimal fractions, or fractions, e.g., 1½ lbs.,
1.6 lbs.

5. Net Weight Requirements

The statement of net quantity of contents is required on all
products intended for sale at retail intact. In addition,
shipping containers must bear a net quantity of contents
statement if product inside is not uniform in weight (i.e.,
random weight). Piece counts may not be used in lieu of
a required net quantity of contents statement on a shipping
container but may be used as additional information.

6. Multi-Unit Retail Packages

Fully labeled packages of more than one of the same meat
or poultry product packages in an open (i.e., clear) over-
wrap do not have to include a net weight statement.

See: 9 CFR 317.2(h), and 9 CFR 381.121(b).

NET WEIGHT STATEMENTS ON PACKAGES WITH

HEADER LABELS

The guidelines for determining the size and location of net
weight statements on meat food product packages with
header labels are as follows:

1. The entire front of the package is considered
the principal display panel of the package and
its area is used to determine the size of the net
weight statement. Print size specifications for
the net weight statement specified by the regu-
lations must be followed.

2. The net weight statement should be placed
within the lower 30% area of the header label
if no other mandatory labeling features are
printed on the rest of the principal display
panel of the package. If mandatory features do
appear below the header label, the net weight
statement must be placed within the lower
30% of the total area containing any manda-
tory information.

A “Header Label” is a small label applied across the top
of a package usually bearing all of the mandatory labeling
information. The rest of the package is most often a clear
film containing a meat or poultry product, e.g., luncheon
meat. This type of packaging is designed to be used on
pegboard type displays.

“NEW” AND SIMILAR TERMS

Terms like “new,” “now,” “improved,” and similar terms
may be used within the following guidelines:

1. The terms may only be used for a period of 6
months from the date of the initial approval,
except as noted in 2, 3, and 4 below.

2. Extensions to the 6-month period may be
granted if:
a. Processors can demonstrate that production

or distribution delays precluded the use of
the approved labeling as scheduled. In such
situations, the lost time can be restored.

b. Processors can demonstrate that labeling
inventory needs for the 6-month period were
over estimated due to poor sales. The
processors must maintain records which
indicate the amount and the date the labeling
was originally purchased. In this situation,
up to an additional 6 months can be granted.
No further extension will be considered.

3. In those situations where it is customary to dis-
tribute “new” products to various geographical
regions, each geographic area may receive a
sketch approval for 6 months if the processor
can assure adequate controls over the segrega-
tion and distribution of the products.

4. In situations where it is customary to test mar-
ket product in no more than approximately
15% of the intended total marketing area before
total distribution begins, labeling for the test
market area can receive a sketch approval and
also be included in the 6-month sketch approval
given to the labeling of the product distributed
to the total marketing area. Processors must be
able to assure that only 15% of the total market
is involved in test marketing.
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NEW ENGLAND BOILED DINNER

Product must contain at least 25% cooked “Corned Beef.”

NEW ORLEANS STYLE

Acceptable for products that contain any five of the fol-
lowing ingredients:

Roux base, rice, onion, green onions garlic, celery, bell
peppers, cayenne pepper, white pepper, parsley, or tomato.

The product may contain various protein sources
including seafood and game.

NITRITE

Calculations should be based on the total meat block
including the muscle tissue, fat and blood (e.g., “Blood
Pudding”). If the product is cured, the blood would be
included and considered part of the meat.

NON-AMENABLE PRODUCT/VOLUNTARY INSPECTION

[Examples of non-amenable products are sandwiches con-
taining meat or poultry, clam chowder which has less than
1% bacon for export to Japan, and natural casings for
export]. Any non-amenable product can be produced
under voluntary inspection when requested [9 CFR 318.13
and Subchapter B, Part 350.3(c)]. However, most FSIS
requirements have to be met concerning labeling, i.e.,
mandatory labeling features, an accurate ingredients state-
ment, handling statement, etc. Safe Handling Instructions
are not required even for raw non-amenable products.
FDA nutrition labeling rules apply to such products.

NON-DAIRY WHITE SAUCE OR NON-DAIRY SAUCE

A sauce made with a non-dairy creamer. If this type of a
sauce is proposed for use with “Chipped Beef,” a suitable
name would be “Non-Dairy White Sauce with Chipped
Beef” or “Non-Dairy Sauce with Chipped Beef.” The ref-
erence to “Cream” or any of its derivations should not
appear in the product name.

NONSPECIFIC MEAT FOOD PRODUCTS

Red meat items of this type do not have specific require-
ments, i.e., they do not possess a standard of identity or
composition. Consequently, these products shall be identi-
fied by one of two ways: (1) A descriptive name that iden-
tifies characterizing components and/or ingredients, or (2) a
fanciful or coined name that is accompanied by an ingredi-
ents statement. The latter approach should be used when the
use of a descriptive name is not practical, e.g., when the
descriptive name would read like an ingredients statement.

When a fanciful name or coined name is used, the
ingredients statement should appear contiguous to the
product name on the principal display panel of an imme-
diate container.

NONSTANDARDIZED COOKED SAUSAGE PRODUCTS

CONTAINING BOTH LIVESTOCK AND POULTRY

INGREDIENTS

The labeling of nonstandardized cooked sausage products
must comply with 9 CFR 319.180.

Meat food products are those in which more than 50%
of the livestock and poultry product portion consists of
livestock ingredients. Such cooked sausage products
which contain poultry ingredients at more than 15% of the
total ingredients (excluding water) must have product
names that indicate the species of livestock and kind(s) of
poultry ingredients, e.g., “Beef and Turkey Frankfurter”
or “Frankfurter Made From Beef and Turkey.”

Poultry food products are those in which more than 50%
of the livestock and poultry products portion consists of
poultry. Livestock ingredients at more than 20% of the total
poultry and livestock ingredients must have product names
that indicate the kind(s) of poultry and species of livestock
ingredients, e.g., “Turkey and Beef Frankfurter” or
“Frankfurter Made from Turkey and Beef.” Such cooked
sausage products which contain livestock ingredients at
20% or less of the total poultry and livestock ingredients
must have product names that are appropriately qualified to
indicate the inclusion of livestock ingredients, e.g., “Turkey
Frankfurter — Pork Added or Turkey Frankfurter” — With
Pork.” (The product names of cooked sausage products
which contain no livestock ingredients designate the kind(s)
of poultry ingredients, e.g., “Turkey Frankfurter.”) Cooked
sausage products containing over 50% meat ingredients
would carry the red meat legend while those containing over
50% poultry ingredients would carry the poultry legend.

NOODLE CHICKEN VEGETABLE DINNER OR NOODLE

CHICKEN DINNER WITH VEGETABLES

(Canned or in glass jars). Product must contain at least 6%
cooked chicken.

NUGGET LABELING

Nuggets are irregularly shaped, usually bite-sized meat
and/or poultry products which are usually breaded and
deep fat fried and intended to be used as finger foods.
There are a number of different types of nuggets, the
labeling for which is:

1. Products made from a solid piece of meat or
poultry may use the term “Nugget” as part of
the product name without further qualification
(e.g., “Chicken Nugget,” “Beef Nugget”).

2. Products made from chopped and formed meat
or poultry may use the term “Nugget” as part of
the product name, provided a qualifying 
statement describing such process is shown 
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contiguous to the product name (e.g., “Chicken
Nugget, Chopped and Formed” or “Beef Nugget,
Chopped and Formed”).

3. Products made from chopped meat or poultry
and containing binders, extenders and/or water
may use the term “Nugget” as a fanciful name,
provided a descriptive name immediately fol-
lows “Species” or “Kind” nugget (e.g., “Breaded
Nugget-Shaped Chicken Patties”).

4. Products described in (1), (2), and (3) above
which are breaded shall be labeled as “breaded”
and shall be limited to 30% breading.

OAT FIBER

“Oat fiber,” should be identified in the ingredients state-
ment as “isolated oat product.” It may be used in non-stan-
dardized products and in products, such as, “taco fillings.”

OLEOMARGARINE

The Establishment Number may be omitted from the
outer container, provided that articles are completely
labeled including Establishment Number inside.

See: 9 CFR 317.2(i).

OMELET, DENVER OR WESTERN STYLE

Product must contain at least 18% ham with onions and
green and/or red peppers.

OMELET, FLORENTINE

Product must contain at least 9% cooked meat and must
contain spinach.

OMELETS WITH

Bacon — must contain at least 9% cooked bacon
Chicken Livers — must contain at least 12% cooked

liver
Corned Beef Hash — must contain at least 25%

corned beef hash
Creamed Beef — must contain at least 25% creamed

beef
Ham — must contain at least 18% cooked ham
Sausage — must contain at least 12% dry sausage
Sausage and Cheese (omelet with pepperoni, cheese

and sauce) — must contain at least 9% sausage
in the total product.

OPEN DATING

Labels showing further qualifying phrases in addition to
the explanatory phrase must submit with the application
sufficient documentation to support these additional
claims. See [9 CFR 317.8(b)(32) and 9 CFR 381.129(c)].

Some local authorities require that packaged foods heated
and sold hot from industrial catering vehicles be dated
with the day the foods were placed in the warming units
(e.g., Tuesday, Friday, etc.). When assured by the local
authorities that the foods are under a rigid local inspection
program, the designations may be approved without an
explanatory statement as required by the regulations. To
date, only the county of Los Angeles, California, has pro-
vided this assurance.

The packing date should be shown on immediate or
shipping containers of poultry food products as required by
regulations [9 CFR 381.126 and 381.129(c)]. When meat or
poultry products are packed and held in freezer storage for
later repacking, the explanatory phrase on repacked product
should be in terms of “sell by” or “use before.” However, if
a “packed on” phrase is desired, the date shown shall be
that of the original packing of the product.

OSTRICH AND OTHER RATITES (EMU)

Products that do not contain 3% of beef, pork, chicken or
turkey, can not contain cure ingredients, i.e., Nitrite, nitrate.

PAELLA CON BACALAO (SP)

Product must contain at least 35% cooked meat or poultry
meat and include seafood and no more than 25% cooked
rice. The label must show true product name, e.g., “Beef
and Fish with Rice.”

PAPAIN

Meat and poultry products that are dipped in a solution
containing papain shall show in conjunction with the
product name a statement, e.g., “Tenderized with a solu-
tion of (list ingredients of solution).” Carcasses of animals
treated with papain by ante-mortem injection shall be
roller branded “Tendered with Papain.” Parts not so
marked shall be labeled as “Tendered with Papain.”

See: 9 CFR 317.8(b) (25) 9 CFR 381.120
See Enzymes-Proteolytic.

PAPRIKA

Generally, paprika and/or oleoresin of paprika are not 
permitted in or on fresh red meat products, fresh ground
poultry, or fresh poultry sausage. They are permitted
under the following conditions:

1. In both red meat and poultry products where
such ingredients are acceptable and expected,
including Italian Sausage, Salisica, Chorizo,
Longaniza, and Hungarian Style products. All
requests for additional products should be
referred to the Labeling and Consumer Protection
Staff to determine their acceptability.
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2. On red meat products where their use does not
misrepresent the leanness or freshness, e.g.,
application to a surface layer of fat and not to
the muscle tissue. However, the name must be
appropriately qualified, e.g., “coated with
paprika” or “artificially colored.”

3. In or on products where they are expected and the
product name discloses this fact, or the product
name refers to a component expected to contain
the ingredients. Examples include: “Beef with
Barbecue Sauce,” “Beef — Barbecue Flavor,”
“Chicken Paprikash,” “Chicken with Orange
Sauce,” or similar type products.

4. In fresh whole muscle poultry products, pro-
vided their presence is properly described, e.g.,
“coated with paprika,” or “artificially colored,”
as appropriate.

PARTIALLY COOKED

1. Partially cooked bacon — acceptable nomencla-
ture if shrink requirement for fully cooked bacon
is not met must meet requirements for trichinae
treatment. Cooking instructions are required.

2. Partially cooked poultry — unacceptable for
cooked poultry products.

PARTIALLY DEFATTED (BEEF OR PORK) FATTY TISSUE

These are byproducts produced from fatty trimmings 
containing less than 12% lean meat. These ingredients may
be used in meat products in which byproducts are accept-
able. Products include nonspecific loaves, beef 
patties, frankfurters with byproducts, bologna with variety
meats, imitation sausage, potted meat food product, sauces,
or gravies. May be used in excess of the amounts of meat
necessary to satisfy the standard for only the products listed
in the Policy Book. However, in this situation, the PDCB or
PDCP must always be declared in the ingredients statement.

See: 9 CFR 319.15(e) 9 CFR 319.29(a).

PARTIALLY DEFATTED CHOPPED (BEEF OR PORK)
(PDCB, PDCP)

1. Partially Defatted Chopped Beef is not permit-
ted in hamburger, ground or chopped beef. The
School Lunch Program requires that when
PDCB is used in products like taco mix, which
later may be used in preparing other products
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The Amount and Labeling of PDCB and PDCP in Food Products

Class Food Category Amount Labeling

I Beef Patties No Limit Beef or Pork, or both
Imitation Sausage No Limit Beef or Pork, or both
Non Specific Loaf No Limit Beef or Pork, or both
Potted Meat Food Product No Limit Beef or Pork, or both
Patty Mix No Limit Always must be declared
Beef for Roasting 12% of Meat Block

II Chinese Eggroll and other Up to 12% of the Meat Block Beef or Pork
Chinese Specialties
Chopped Beef Steak Up to 12% of the Meat Block Beef or Pork
Corned Beef Hash Up to 12% of the Meat Block Beef or Pork
Fabricated Steaks Up to 12% of the Meat Block Beef or Pork
Pepper Steak Up to 12% of the Meat Block Beef or Pork
Salisbury Steak Up to 12% of the Meat Block Beef or Pork
Luncheon Meat (nonspecific) Up to 25% of Meat Block
Pizza Meat Topping Up to 25% of Meat Block Beef or Pork
Pizza With Meat Up to 25% of Meat Block Beef or Pork
Cooked Sausage (9 CFR 319.180 (b)) Up to 15% of Meat Block Always must be declared
Pepperoni Up to 15% of Meat Block Must be declared

III Chili Up to 25% of Meat Block or larger As beef; or pork, if larger
must be declared

Meat Loaf Up to 25% of Meat Block or larger As beef; or pork, if larger
must be declared

Meat Balls Up to 25% of Meat Block or larger As beef; or pork, if larger
must be declared

Meat Fillings for Tacos, Burritos, Up to 25% of Meat Block or larger As beef; or pork, if larger
Enchiladas, Tamales and other must be declared
Mexican Foods

IV Corned Beef Hash Up to 12% of Total Product Formulation Beef

Note: All percentages as calculated on the basis of the fresh weight of meat content.
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(e.g., tacos or patties), the PDCB or PDCP must
always be declared in the ingredients statement
on the labeling of the taco mix. All Beef or
100% Beef is acceptable as product name.

2. Partially Defatted Chopped may be used in
excess of meat necessary to satisfy the standards
on only the products listed in the Policy Book.
However, in this situation, the PDCP must
always be declared in the ingredients statement.

PARTIALLY DEFATTED COOKED (BEEF OR PORK)
FATTY TISSUE

This product may be used as an ingredient in: beef patties
(cooked and uncooked), potted meat food product, sauces,
gravies, imitation sausage, and nonspecific loaves. No
limit on quantity is made. It is believed to be self-limiting.

PARTIALLY HYDROLYZED WHEY PROTEIN

An acceptable ingredient name for a binder.

PASTELLES (SP)

Product must contain at least 10% fresh meat. Product is
always made with pork in Puerto Rico. The label must
show the true product name, e.g., “Pork Pastelles.”

PASTELLILLOS (SP)

Puerto Rican Style product containing at least 8% cooked
meat. Species is part of the product name. The label must
show the true product name, e.g., “Pork Pastellillos.”

PASTITSIO

(Greek for casserole). Product must contain at least 25%
fresh meat or 18% cooked meat. A product containing
macaroni, ground beef, tomato paste, wine, white sauce,
and Parmesan cheese that may be labeled “Greek Style
Pastitsio.”

PASTRAMI

Cooked cured beef with spices, generally made from the
plate but other cuts can be used. The product must be
smoked or treated with smoke flavoring. “Pastrami, Water
Added” is not permitted, although similar products labeled
according to Policy Memo 084A are permitted. The term
“Unsmoked Cooked Pastrami” must be used when the
product is not smoked or does not contain smoke flavor-
ing. Pastrami may or may not be coated with spices. When
product is coated, a qualifier is not required.

PASTRAMI JERKY

Acceptable name for product processed as pastrami prior
to meeting the requirements for jerky.

PASTRAMI, TURKEY

A cured turkey product that is cooked. The product must
be smoked or treated with smoke flavoring. The term
“Unsmoked Cooked Turkey Pastrami” must be used when
the product is not smoked or does not contain smoke fla-
voring. Cured turkey thigh meat is an acceptable name.

PATE DE FOIE

Product must contain at least 30% liver. Pate means paste;
foie means liver. 
See: Foile Gras Products.

PATTIE FOLD OVER MIT DRESSING

Product must contain at least 50% pattie.

PATTIES

Chopped and shaped and similar terms not required on
products labeled patties.

1. Paprika not permitted in fresh meat patties.
2. PDCB or PDCP may be listed as beef or pork,

except in patties with mechanically separated
(species) product and school lunch labeled
products.

3. PDBFT and PDPFT permitted. Must show as
such in the ingredients statement.

4. Meat patties, with added fat up to 20% of the
meat block, from a source other than that shown
in the name, show as added (ex., Veal Patties,
Beef Fat Added): over 20% to be part of the
product name, e.g., “Veal and Beef Fat Patties.”

5. Ground beef patties — no extenders or water
added. Hamburger patties — no extenders or
water added. Same requirement as hamburger.

6. Pre-broiled beef patties with simulated stripes
(patties are deposited on conveyor and pre-
broiled). Parallel stripes are applied with a
solution of caramel coloring and water through
parallel spigots. Product name will identify
artificial color marks on the label.

7. Antioxidants are permitted in pork or beef pat-
ties both raw and cooked.

8. Beef Patties: If beef byproducts are added
which are not permitted by the standard, the list
of ingredients must immediately follow the
product name. See: 9 CFR 319.15(c).

9. Pork Patties: The standard for beef patties 9
CFR 319.15(c) shall be applied with the excep-
tion that the species is pork.

PAUPIETTE (FR)

Thinly sliced pieces of meat stuffed and rolled. Same stan-
dard as “Beef Roulade,” which is at least 50% cooked meat.
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PEANUT FLOUR

Can only be used in nonspecific products that are not sub-
ject to moisture controls.

PECTIN

Can be used at a maximum use level of 3% in nonstan-
dardized meat and poultry food products. The common
and usual name of the ingredient, regardless of its source,
is “pectin” (21 CFR 184.1588).

PEPPER

The term “pepper:” as used in the Italian sausage regula-
tion refers to the pungent spices, such as: black, white,
cayenne, or red pepper. “Paprika” as an optional ingredi-
ent is less pungent and is used primarily for its coloring
qualities. Bell peppers, chilies, paprika and cayenne or red
pepper, are from the capsicum pepper family. These prod-
ucts have specific uses and are recognized by specific
names. “Paprika” should not be substituted for “pepper”
in a meat or poultry food product.

PEPPERONI

A dry sausage prepared from pork or pork and beef.
Combinations containing more than 55% beef are called
beef and pork pepperoni. Pepperoni made with beef must
be called beef pepperoni. Pepperoni must be treated for
destruction of possible live trichinae and must have an
MPR of 1.6:1 or less. Antioxidants are permitted in pep-
peroni. The casing, before stuffing, or the finished prod-
uct, may be dipped in a potassium sorbate solution to
retard mold growth. Extenders and binders are not per-
mitted in pepperoni. Hearts, tongues, and other byprod-
ucts are not acceptable ingredients.

PEPPERONI, COOKED

Cooked pepperoni is not an acceptable product name.

PEPPERONI WITH POULTRY

Poultry may be added to pepperoni if properly labeled. If
the meat block contains 20% or less poultry, the product
is labeled “Pepperoni with Turkey (kind) Added.” When
poultry over 20% of the meat and poultry block product is
labeled “Pork and Turkey (kind) Pepperoni,” an MPR of
1.6:1 is applied. If the amount of poultry exceeds that of
the meat, the product label reads “Turkey and Pork
Pepperoni.” This would carry a poultry legend.

PEPPERS AND COOKED SAUSAGE IN SAUCE

Product must contain at least 20% cooked sausage in total
formulation.

PERISHABLE UNCURED MEAT AND POULTRY

PRODUCTS IN HERMETICALLY SEALED CONTAINERS

Establishments seeking approval of label applications for
perishable, uncured products which have received a less
rigorous heat treatment than traditionally canned product
(9 CFR 318 and 381, SUBPARTS G and X, respectively)
must submit a sufficiently detailed processing procedure
either incorporated on or attached to the FSIS Form 7234-1,
APPLICATION FOR APPROVALS OF LABELS,
MARKING OR DEVICE. The procedure must include a
description of product formulation, method(s) of prepara-
tion, cooking and cooling temperatures, type of container,
and cooking and handling instructions.

Hermetically sealed containers include glass jars,
metal cans, flexible retortable pouches, plastic semi-rigid
containers, etc., that are airtight and/or impervious after
filling and sealing.

The policy does not apply to raw meat or poultry,
cooked or roast beef, cooked poultry rolls and similar
products, whole or uncut cured products, or products that
are distributed and marketed frozen. However, products
containing cured meat or poultry as components in com-
bination with raw vegetables, e.g., pasta salads and other
chilled meat/poultry meals or entrees containing raw or
partially cooked vegetables, are covered under this policy,
provided the above-mentioned procedural attributes are
indicative of the manufacturing process.

In addition, an approved partial quality control program
(PQCP) is required which must address the critical points in
the manufacturing process. As such, the PQCP must contain
a detailed description of: ingredient storage controls, prod-
uct formulation and preparation, container filling and seal-
ing, any heat treatment (times/temperatures) applied,
including a description of the equipment used, any other
treatments applied, cooling procedures (times/ tempera-
tures), lot identification procedures; finished product storage
conditions, inplant quality control procedures, and records
maintenance procedures. The PQCP must be forwarded to
the Processed Products Inspection Division (PPID) for
appropriate review and approval before the product label
may be used. Guidelines for development of PQCP’s for
these products may be obtained from PPID upon request.

PET FOOD

1. Certified pet food is manufactured under fee-
for-service inspection in a facility approved for
the manufacture of animal food. Labeling regu-
lations for certified animal food specify that
approval is granted by the labeling staff.
However, final approvals are not granted since
LCPS no longer grants final approvals. Rather,
the company should keep a copy of the final
label attached to the sketch approval.
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2. Most food for animal consumption produced
in a Federal facility is non-certified. It is not an
inspected product; therefore, it is inedible
product and does not bear any mark of inspec-
tion. The product has to be conspicuously
labeled to distinguish it from human food.
Additionally, the labeling must be in confor-
mance with 21 CFR Part 501, Animal Food
Labeling since animal food labeling is also
under the jurisdiction of the Food and Drug
Administration.

PFEFFERWURST (GR)

Product should conform to sausage standard and contain
whole peppercorn. Pork livers, pork stock, and beef blood
are not acceptable ingredients.

PHOSPHATED TRIMMINGS IN LOAVES

Trimmings from preparation of pork cuts, cured with
approved phosphates besides other curing ingredients,
may be used without limitation in loaves other than meat
loaves. When such trimmings are used, phosphates 
may be listed in the ingredients statement using the 
term “sodium phosphates” or other applicable generic
terms.

PHOSPHATES IN DIPPING SOLUTIONS CONTAINING

PROTEOLYTIC ENZYMES

Phosphates have been approved for use as buffering
agents in dry mixtures intended for solutions containing
proteolytic enzymes. The phosphates should not exceed
0.1% of the “tenderizing” solution if they are to be con-
sidered incidental additives.

PICADILLO (SP)

Product must contain at least 35% cooked meat. A Mexi-
can style hash usually made with beef, garlic, onions,
vinegar, and raisins. The species should be in the product
name, e.g., “Beef Picadillo.”

PICKLED PRODUCTS, DRY PACKED

Products that are pickled and dry packed should be quali-
fied with the name of the pickle as part of the product
name, e.g., “Knockwurst Pickled with Vinegar,” or
“Knockwurst Pickled.” The weight of the package shall be
the weight of the product less the weight of the pickle that
will weep out of the product.

PIE FILLING

Product must contain at least 37% meat. Poultry pie filling
must contain at least 18.75% cooked poultry meat.

PIES

Product must contain at least 25% meat. Meat in the gravy
may be counted. Poultry pies require at least 14% cooked
poultry meat.

PIES, ENGLISH STYLE–AUSTRALIAN STYLE

Product must contain at least 25% meat or meat byproduct.
Contains gravy and no vegetables with a puff pastry top.

PIMENTO (SP)

Refers to allspice, but must be specifically named. It is
also known as Jamaica pepper.

PIMIENTO SAUSAGE

Pimientos permitted when declared in product name as
“Pimiento Sausage.”

PINKELWURST (GR)

A cooked product that is stuffed in a casing with a diam-
eter of from 1½ to 2 inches and a length of about 10 to 12
inches. It is formulated with beef fat, pork fat, onions, oat
groats, water, and sufficient spice to satisfy seasoning
requirements.

PIROSHKI OR PIROGI

Product must contain at least 10% cooked meat. A
Russian or Jewish dish made of thin rolled dough or pas-
try that is filled and either steamed, baked, or fried. They
resemble small turnovers, pockets, or raviolis.

PIZZA

The required meat fill is to be calculated on the stated net
weight of the product, not on the formula weight.
(See: 9 CFR 319.600) with

Meat: At least 15% meat
Sausage: At least 12% cooked sausage or 10% dry

sausage (e.g., pepperoni)
Poultry: At least 12% cooked poultry meat.
Bacon: At least 9% cooked bacon.
Chili with beans: At least 25% chili with beans.
Meat Pattie Crumble: At least 15% pattie crumbles

(fresh) or 12% cooked.

An antioxidant used in pepperoni or sausage need only 
be reflected in the ingredients statement as “BHA or BHT
added to improve stability.”

PIZZA, CHICAGO STYLE

Acceptable labeling for a product which has been manu-
factured by first placing the cheese on the crust, then fol-
lowing with the meat and then the sauce. Condimental
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quantities of a grated cheese may then be placed on the
top. The product usually has the deep dish characteristics.
The requirements for pizza as designated in 9 CFR
319.600 and various policies must be met.

PIZZA, COMBINATION OR DELUXE

Product must meet the requirements for pizza as desig-
nated in 9 CFR 319.600. In a combination pizza, e.g.,
“Sausage and Pepperoni Pizza,” the component declared
last must be at least 25% of its required level in a pizza
containing a single meat component.

PIZZA CONTAINING CHEESE SUBSTITUTES

Meat requirements of 9 CFR 319.600 must be met. Labels
which contain cheese in a ratio less than one part cheese
to nine parts cheese substitute must contain additional
qualifying information. Example: Pizza — Sausage, cheese
substitute and cheese; Combination Pizza — Sausage —
Pepperoni — Imitation Cheese and Cheese.

PIZZA DOGS

A nonspecific product.

PIZZA, PAN STYLE

Pizza that is marketed in a pan and contains a thick crust.

PIZZA PUPS

Product has two crusts, filled with a mixture of pork,
tomato puree, and condimental substances. The finished
article is approximately 8 inches in length, 2½ inches
wide with a thickness of ¾ inches. It is a type of pizza.
The label must show a true product name, e.g., “Pork and
Sauce Filling in A Crust.”

PIZZA ROLL

This is a nonspecific meat food product. When the name
appears on a label, there must be a contiguous statement
identifying the major components of the product or a
complete ingredient listing. There are two major types of
pizza rolls. One is a cooked sausage-like meat food prod-
uct that contains cheese, usually contains peppers and has
no water limitation. The second type consists of a roll-
shaped dough enclosure with various fillings. A manufac-
turer of the latter type of product has asserted trademark
protection of the term “pizza roll.”

PIZZA SAUSAGE

Not an acceptable name. Product must be labeled
“Sausage for Pizza.”

PIZZA, SICILIAN STYLE

A thick crust pizza. The crust is usually 50% or greater of
the total pizza product.

PIZZA TOPPING CONTAINING SAUSAGE

The sausage portion of cooked pizza topping is permitted to
contain up to 10% water and 3.5% binders (9 CFR 319.140).
In addition, the application must indicate the sausage por-
tion within the pizza topping formula. However, the ingre-
dients statement of the cooked pizza topping does not
have to list “sausage” in its sublisting. There are no restric-
tions on the amount of seasonings in the sausage portion.

1. Pizza topping must be cooked
2. In the sausage portion:

a. Water �10% of the sausage portion
b. Binders including TV �3.5% of the sausage

portion
c. Seasonings are unlimited

3. The ingredients statement of the pizza topping
can be arranged in different ways:
a. Composite e.g., cooked pizza topping [port,

water, TVP (…), Seasonings (…)]
b. Component, e.g., cooked pizza topping

[sausage (pork, water, seasonings (…), TVP
(…), water (…)].

These parameters do not apply when specific sausage
products are governed by other regulations, e.g., Italian
Sausage. In these situations, the specific regulation (i.e.,
Italian Sausage) dictates the requirements, such as, the
amount of water permitted and binders are permitted.

PIZZA TOPPING MIX

A nonspecific product, including those products which
indicate the type of meat or poultry in the product name
(e.g., Chicken and Pork Pizza Topping or Beef Pizza
Topping). Antioxidants are permitted, see 9 CFR 318.7(c)
(4). Water, extenders, and binders are acceptable.

PIZZA, WORD SIZE

When a pizza has a true product name, e.g., “Combination
Sausage and Pepperoni Pizza,” the true product name must
be prominent, conspicuous, and legible, with all words at
least one-third the size of the largest letter in any word of the
product name. If on the label the manufacturer also elects to
display elsewhere the word “Pizza” in exaggerated fash-
ion, the word “Pizza” is not considered in the determina-
tion of the size of the letters within the true product name.

PFF (PROTEIN FAT FREE) ADJUSTING FOR USE

Protein Fat Free (PFF) controlled cured pork products with
qualifying statements, e.g., “Ham-Water Added,” may be
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used in place of PFF controlled cured pork products without
qualifying statements, e.g., Ham, to meet the minimum meat
requirements of various products. However, the amounts of
the PFF controlled cured pork products with qualifying
statements used will need to be increased. For example, if a
standard requires a certain amount of Ham and a processor
wishes to use “Ham-Water Added,” a greater amount of the
“Ham-Water Added” will be needed to meet the standard.
The magnitude of the additional amount is directly related
to the relationship between the respective PFF values.

Example: Ham Salad requires 35% Cooked Ham. “Ham
Water Added” will be used in the product formula.
Calculation: Multiply the PFF value for Ham (20.5) by
the amount of required Ham (35%). Divide this answer by
the PFF value of the product being used to formulate the
product. (In this example, PFF value for “Ham-Water
Added” is 17.0.)
Answer: [(0.35 � 20.5)/17.0] � 100 � 42.21% “Ham-
Water Added” needed in the formula.

Example: Ham Pie requires 25% Ham based on green
weight. “Ham with Natural Juices” will be used in the
product formula.
Calculation: Multiply the PFF value for Ham (20.5) by
the amount of required ham (25%). Divide this answer by
the PFF value of the product being used to formulate the
product.
(In this example, PFF value for “Ham with Natural Juices”
is 18.5.)
Answer: [(0.25 � 20.5)/18.5] � 100 � 27.70% “Ham
with Natural Juices” needed in the formula.

1. Adjusting for “Ham and Water Product X%
of the Weight is Added Ingredients”

Consider a formulated product which is required to con-
tain at least 50% Cooked Ham. If the processor chooses to
use a “Ham and Water Product (HWP)” in which 20% of
the weight is added ingredients as the source of the Ham in
the formulation, this product contains 80% Ham and 20%
added ingredients. Clearly, the processor must use more
than 50% HWP in the process. Using 50% HWP would
result in only 40% Ham in the finished product, i.e., the
added ingredients in the HWP represents 25% of the ham
content. (If it were a 10 lb. HWP, there would be 8 lbs. of
Ham and 2 lbs. of added ingredients (2/8 � 100 � 25%)).
Consequently, an additional 25% of HWP is required in
the formulation.

The following example may be used to determine the
percentage HWP needed to equal Ham:

Ham and Gravy requires 50% Cooked Ham. “Ham
and Water Product 20% of Weight is Added Ingredients”
will be used in the formulation.

Step 1: Subtract the % added ingredients from 100%.
(In this example: 1.00 � 0.20 � 0.80)

Step 2: Determine the amount of Ham needed in the
formula. (In this example: 50%)

Step 3: Divide the amount of Ham required.
Determined in Step 2 by the answer in Step 1 (In
this example: (0.50/0.80 � 0.625))

Step 4: Multiply the answer in Step 3 by 100. Answer
for this example is 62.50% “Ham and 20% Water
Product” is needed as the equivalent of 50% Ham.

PLANTATION

The regulations and policies applicable to “Farm” also
apply to plantation.

POINT OF PURCHASE MATERIALS

Point of purchase materials which refer to specific meat or
poultry products are considered labeling under certain cir-
cumstances. When printed and/or graphic informational
materials (e.g., pamphlets, brochures, posters, etc.) accom-
pany or are applied to products or any of their containers
or wrappers at the point of purchase, such materials and
the claims that they bear are deemed labeling and they are
subject to the provisions of the Federal Meat Inspection
Act and the Poultry Products Inspection Act.

Although the Food Labeling Division (FLD) does not
exercise its authority to subject point of purchase materi-
als to specific prior approval (materials shipped with the
products from the federally inspected establishment are an
exception), we do expect point of purchase materials to be
in accordance with the Federal regulations and all current
labeling policies. Upon request, FLD will review and
comment on the point of purchase materials submitted to
our office. During the review process, promotional mate-
rials will be scrutinized for special claims, particularly
those related to nutrition, diet, and animal husbandry
practices.

Claims related to nutrition and diet must be made in
accordance with all current nutrition labeling regulations.
Continuing compliance with stated claims will be assured
through periodic sampling, as necessary. Claims are
expected to be within the compliance parameters identi-
fied in the nutrition labeling regulations.

Animal husbandry claims (e.g., the nonuse of antibi-
otics or growth stimulants) may be made only for prod-
ucts shipped in containers or wrappers labeled with the
same animal production claims.

POLISH SAUSAGE

A sausage that is cured, cooked, and usually smoked. Pork
and pork byproducts shall comprise at least 50% of the
meat and meat byproducts ingredients. To have beef as a
predominant ingredient, the product name would be “Beef
and Pork Polish Sausage.” Green peppers are permitted up
to 4% in total formulation.
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An uncured (fresh), uncooked variety with no more
than 3% water also exists. “Fresh” shall be used in the
name when the product is uncured. When Fresh Polish
Sausage is cooked or smoked, then the product name is
either “Cooked Fresh Polish Sausage” or “Smoked Fresh
Polish Sausage.” The requirements of Policy Memo 110
apply when these perishable, cooked, uncured products
are packaged in hermetically sealed containers.

POLYNESIAN STYLE SAUSAGE

Product must contain fruit juices, a sweetening agent, and
soy sauce.

POLYSORBATE

Permitted in pickling solutions without declaration.

PORK AND BACON SAUSAGE

Up to 50% bacon permitted provided:

1. Bacon is brought back to green weight before use
2. Product is trichinae treated
3. Product name is “Pork and Bacon Sausage”

The standard for “Pork Sausage and/with Bacon” is 10 to
20% bacon, and for “Pork and Bacon Sausage” is more
than 20% but not more than 50% bacon.

PORK AND DRESSING

Product must contain at least 50% cooked pork.

PORK AND DRESSING WITH GRAVY

Product must contain at least 30% pork.

PORK CRACKLINGS

Product eligible to be labeled as “Pork Cracklings” must be
prepared from fatty tissues from which the skin has been
detached. If the skin is not removed from the product before
rendering, a descriptive name, e.g., “Pork Cracklings,
Fried-Out Pork Fat with Attached Skin,” must be used.

PORK FAT

Pork fat shall be declared as such in the ingredients state-
ment. Clear fatbacks and clear shoulder plates must be
declared as “Pork Fat.” Pork fat may be declared as pork in
the ingredients statement if it contains visible lean and it is
used in a standardized product which has a fat limitation.

PORK JOWLS

Product may be declared as pork if skinned.
See: Pork Skins.

PORK SAUSAGE

Product identified as pork sausage does not include the
use of pork cheeks. When such an item is offered as
“Whole Hog,” tongues, hearts, and cheeks may be used in
the natural proportion as found in the hog carcass. “Fresh”
shall be used in the name when the product is not cured,
cooked and/or smoked.

PORK SKIN RESIDUE AFTER GELATIN EXTRACTION

This material consists of back fat skins from which the gel-
atin has been extracted by means of soaking the skin in acid
and subsequent low temperature cooking for the extraction
of gelatin. It is not permitted in sausage but may be used
in imitation sausage, potted meat food product, loaves
(other than meat loaves), and other nonspecific products.

PORK SKINS

Not permitted in salami, bologna, frankfurters, Vienna
sausage, and braunschweiger. When packed in vinegar
pickle, they are not permitted to be artificially colored.
When pork skin, either attached to fat and/or muscle tis-
sue or detached from fat and/or muscle tissue, is used to
manufacture meat or poultry products, it must be specifi-
cally listed in the formulation on the label approval appli-
cation form and in the ingredients statement on the label,
e.g., “Pork Skins,” “Unskinned Pork Jowls,” “Unskinned
Pork Shoulder Trimming,” “Unskinned Pork Fat,” and
“Unskinned Pork Bellies.”

“Detached skin” refers to the portion of skin from which
most of the underlying fat is removed, e.g., skin from bacon
intended for slicing, skin from closely skinned hams, shoul-
der cuts, fat backs, etc. If removal of skin portions is inci-
dental to removal of a considerable proportion of underlying
fat from ham, shoulder, back, etc., preparatory to rendering
such fat, portions of skin so removed should not be regarded
as detached skin and may be included with fats and rendered
into lard. Ham facings are not regarded as detached skin.

PORK SKINS, FRIED

When prepared from the skin of smoked pork bellies, it may
be labeled as “Fried Bacon Skins,” “Fried Bacon Rinds,” or
“Fried Pork Skins.” The kind of skin used must be stated on
the labeling records when submitted for label approvals.

PORK SPARE RIBS, CENTER CUT

Center cut pork spare ribs refers to pork spare ribs with
the loin portion, the brisket (brisket must be removed at a
point which is dorsal to the curvature of the costal carti-
lages), the tail and two ribs from the shoulder removed,
this remaining center section may be further portioned or
left in one piece.
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PORK SPARERIBS, ST. LOUIS STYLE

St. Louis Style Spare Ribs are the same as “Pork
Spareribs” except that the sternum and the ventral portion
of the costal cartilages are removed with the flank portion.
This cut is made at a point in which the sternum and costal
cartilages are removed dorsal to the curvature of the costal
cartilages. If specified by the purchaser, the diaphragm
shall be removed.

This anatomical description of the cut must be pro-
vided with the information for label approval.

POTATO SAUSAGE, SWEDISH STYLE OR POTATO

RING SWEDISH STYLE

A cooked or uncooked meat food product with the fol-
lowing requirements:

1. At least 45% meat and no byproducts.
2. Water limited to 3% at formulation.
3. Extenders or binders limited to 3.5% of the fin-

ished product, except that 2% of isolated soy
protein shall be deemed to be equivalent of
3.5% of any of the other binders or extenders.

4. Contains at least 18% potato.

POULTRY

Cuts of poultry that are not identified in 9 CFR 381.168,
Table V, may use the maximum amount of poultry skin
permitted for that “kind.” For example, “turkey” is listed
in the table and may contain up to 15% skin. Therefore, a
product identified as “white turkey” can be placed in this
category for a maximum of 15% skin.

POULTRY STANDARDS

Name
Poultry a la King Poultry Barbecue
Poultry, Breaded
Poultry, Brunswick Stew
Brunswick Stew with Poultry
Minimum or Maximum percentage
At least 20% poultry meat
At least 40% poultry meat
No more than 30% breading
At least 12% poultry meat
At least 8% poultry meat
Poultry Burgers
Poultry Cacciatore
Poultry Canneloni
Poultry Chili
Poultry Chili with Beans
Poultry Chop Suey
Chop Suey with Poultry
Poultry Creole with Rice
Poultry Chow Mein (w/o noodles)
Poultry Croquettes

Poultry, Creamed
Poultry Dinners
Poultry Fricassee
Poultry Fricassee with Wings
Poultry Gizzards and Gravy

Name
Poultry Hash
Poultry Liver
Omelet Poultry
Meatloaf
Poultry Noodle Dinner
100% meat with skin and fat in natural proportions
At least 20% poultry meat or 40% with bone.
At least 7% poultry meat
At least 28% poultry meat
At least 17% poultry meat
At least 4% poultry meat
At least 2% poultry meat
At least 35% cooked poultry meat and sauce portion. Not 

more than 50% cooked rice in total product
At least 4% poultry meat
At least 25% poultry meat
At least 20% poultry meat
At least 18% poultry meat
At least 20% poultry meat
At least 40% poultry wings (cooked basis with bone)
At least 35% cooked gizzards
Minimum or Maximum percentage
At least 30% poultry meat
At least 12% cooked poultry liver
At least 65% raw poultry or 50% poultry meat and

at least 15% poultry meat
Poultry Noodle Dinner with Gravy
Poultry with Noodles or Dumplings
Noodles or Dumplings with Poultry
Poultry Paella
Poultry Parmigiana
Poultry Pies
Poultry Ravioli
Poultry Salad Mix
Poultry Salad
Poultry Soup
Poultry-Flavored Soup
Poultry Spread
Poultry Stew

Name
Poultry Stew with Dumplings
Poultry Subgum
Poultry Tamales
Poultry Tetrazzini
At least 6% poultry meat
At least 15% poultry meat or 30% poultry meat with bone
At least 6% poultry meat
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At least 35% poultry meat or 35% poultry meat and other
meat, no more than 35% cooked rice, must contain
seafood

At least 40% breaded poultry See: Veal Parmigiana
At least 14% poultry meat
At least 2% poultry meat
At least 45% poultry
At least 25% poultry See: Salad, Poultry
At least 2% poultry meat
No minimum requirement (less than 2% poultry meat)
At least 30% poultry
At least 12% poultry meat
Minimum or Maximum Percentage
At least 8.4% poultry meat (Based on 70% of Stew 

requirement)
At least 12% poultry
At least 6% poultry meat
At least 15% poultry meat

Poultry Turnover
Poultry with Gravy/Sauce
Gravy with Poultry 
Poultry with Gravy and Dressing
Poultry with Rice
Poultry Scrapple
Poultry with Vegetables

POULTRY, ASSORTED PIECES

At least 14% poultry meat
At least 35% poultry meat
At least 15% poultry meat
At least 25% poultry meat
At least 15% poultry meat
At least 30% poultry and/or poultry byproducts
At least 15% poultry meat

The product name “Poultry (Kind) Assorted Pieces” is
acceptable and does not require the product to be in natu-
ral proportions. In addition, the term “piece” is not the
same as the term “part,” i.e., a piece does not have to be a
whole part, e.g., a breast, thigh, or drumstick.

POULTRY BACON

See: Bacon-Like Products.

POULTRY BREASTS

When poultry breasts with ribs are boned and the result-
ing product contains portions of the scapula (shoulder)
muscles and/or muscle overlying the vertebral ribs, they
must be labeled to indicate that fact. Proper names for
such products are “Boneless Breast with Rib Meat,”
“White Chicken Meat or White Turkey Meat,” or if the skin
is left intact, “White Boneless Chicken or White Boneless
Turkey.” Product labeled “Boneless Breast” without further
qualification may not contain scapula or rib meat.

POULTRY FRANKFURTERS (SIMILAR COOKED

SAUSAGES)

Products which contain pork fat must be labeled with pork
fat added in the product name.

POULTRY GRADING (LABELING)

Indicates the quality grades of poultry (U.S. grade A, B,
or C). The shield design contains the letters “USDA,” the
U.S. grade of the product, and if not shown elsewhere, the
class of poultry. Any letter grade on a consumer package
or individual carcass indicates the product was graded by
a licensed grader of the Federal or Federal-State grading
service, and may not be applied otherwise. Letter grades
on bulk packaging or shipping containers only indicate
that the product is equal to that particular U.S. Grade.

1. Applying Grademarks to Shipping Containers

All poultry classes and kinds listed in 9 CFR 381.170,
except necks, giblets, detached tails, wing tips, skin and
stripped backs (below Grade C) are eligible for grading.

In addition, the following poultry parts may be offi-
cially graded:

Boneless, Skinless Breast and Thigh Tenderloin or
Boneless Breast without Tenderloin 

Boneless Breast Quarters
Breast Quarters with Bone in

Boneless Thigh Halves
Wing Portion or Section Breast Halves
Broiler Turkey or Duck Halves
Split Breast Split Fryers
Skinless, bone-in Thighs, Drums and Breasts
Boneless Breast, Thigh Bone-in products marinated

in a colorless solution

Poultry cuts other than those identified above may not be
eligible for grading; therefore, particular attention should
be given to the product name when approving labels for
various poultry products which include grade marks (e.g.,
“Thin Breast Fillets, Thigh Strips”).

Grade marks on raw poultry parts processed with
solutions that may impart color (e.g., injected with a solu-
tion of water, salt, butter) or cooked poultry products must
include a statement, e.g., “Prepared from Grade A
Poultry.” The USDA grader in the plant makes the final
determination concerning the necessity of the “Prepared
from” statement in situations where it is not apparent at
the time of label approval that the added solutions have
the ability to impart color to the finished poultry product.
Products which may not be grade marked:

Detached Necks
Giblets Packed Separately
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Detached Tails Wings, Tips
Stripped Backs
Below C Quality Diced or Shredded Meat

2. Wing Descriptio

The wing is made up of three sections. The section
attached to the carcass is the first section. The wing tip is
the third section.

3. Grading Backs with Necks

In applying grade standards, when necks are packed with
backs following these steps:

1. When backs are graded as provided for in the
standards, the name of the product shall read as
follows:
a. Grade A Backs “with necks,” or “and necks”
b. Grade B Backs “with necks,” or “and necks”
c. Grade C Backs “with necks,” “Graded backs

and necks,” or “backs and necks”
2. Necks are to be packed with backs in natural

proportions.
3. Necks may or may not be attached to backs.

Necks for all officially graded backs are to be free
from serious discolorations, feathers, pin feathers,
and accumulations of blood and/or excess water.

4. A neck, front, or hind portion of back, when
removed from birds which meet the stated qual-
ity, may be used to achieve exact weights. Only
one of these portions may be used per package.
Scraps of backs or necks may not be used.

5. Labels for packages with portions must indi-
cate which portions, e.g., first (1st) portion, 2nd
portion, 1st and 2nd portions, 2nd and 3rd por-
tions, etc.

4. Pressure Sensitive Stickers and Tape

1. Inserts or pressure sensitive stickers with the
grademark must have plant number.

2. Grademarks on pressure sensitive tape should
not be used on consumer packages.

3. Insert with the grademarks are not to be used
inside opaque bags.

POULTRY HINDQUARTERS

The term “hindquarters” on labels for single cut poultry
items is an acceptable alternative to the recognized termi-
nology “Leg Quarter” specified in the regulations. The use
of the term “Hindquarters” requires only a specified class
of poultry to be considered a true product name, e.g.,
“Chicken Hindquarters.” Either term refers to a poultry
thigh and drumstick, with a portion of the back attached.

POULTRY HINDSADDLES

Poultry hindsaddles are connected poultry leg quarters (the
rear of the bird). The product name “Poultry Hindsaddles”
may be used alone on the product’s label if the product is
not intended for retail sale. In contrast, the name “poultry
hindsaddles” on the label of a product intended for retail
sale must be accompanied by a fully descriptive name
(e.g., “Poultry Hindsaddles, Connected Leg Quarters”).

POULTRY PARTS

Specific net weight packages for poultry parts, usually
those containing legs or wings, include a single part, e.g., a
drumstick or thigh, to make the stated weight. The name on
the label must reflect this practice, e.g. “Chicken Legs —
Chicken Thigh added to make weight.” The single part
must be cut at the joint. Wing tips are not permitted as
added parts.

POULTRY PRODUCTS

In poultry products where “meat” appears in the product
name, e.g., “White Meat Chicken Roll,” and “Dark Meat
Turkey Loaf,” skin and attached fat are permitted in
greater than natural proportions. However, the ingredients
statement must have the poultry skin or poultry fat listed.
When skin and attached fat appear in the ingredients state-
ment, their placement should be in the correct order of
predominance and determined by the amount present over
the permitted natural proportions.

POULTRY PRODUCTS CONTAINING MEAT

INGREDIENTS-LABELING

Poultry products containing meat in amounts that exceed
20% of the total meat and poultry product portion of the
poultry product must be descriptively labeled to indicate
the presence of the meat ingredients, e.g., “Chicken and
Beef Stew or Stew made with Chicken and Beef.”

Poultry products containing meat ingredients in
amounts at 20% or less of the total meat and poultry prod-
uct portion of the poultry product must have names that
are qualified to indicate the presence of the livestock
ingredients, e.g., “Chicken Stew-Beef Added.”

However, poultry products that do not meet specified
minimum poultry ingredient requirements because meat
ingredients are replacing any part of the required poultry
ingredients must be descriptively labeled to indicate the pres-
ence of meat ingredients, e.g., “Turkey and Pork Chop Suey.”

POULTRY PRODUCTS WITH OTHER THAN NATURAL

PROPORTIONS OF WHITE AND DARK POULTRY

Poultry products containing white and dark chicken or
turkey of a distinguishable nature and in quantities other
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than natural proportions of white to dark meat must bear a
qualifying statement identifying the types of poultry meat
used in conjunction with the kind of poultry in the product
name. The poultry block of white and/dark meat [excluding
products labeled as “Mechanically Separated (Kind of
Poultry)”] solely determines the usage of the terms “white
and dark,” “dark and light,” “white,” “dark,” etc. in the prod-
uct name. Ground poultry (excluding the skin) that bears 
the terms “white/light,” “dark,” “breast,” “thigh,” etc. in the
product names is also considered as part of the poultry block
for determining the usage of terms “white and dark,” “dark
and light,” “white,” “dark,” etc. However, products labeled
as “Mechanically Separated (Kind)” do not have any bear-
ing on the use of terms “white,” “light” or “dark” in the
product name since, “Mechanically Separated (Kind)” is as
indistinguishable paste-like product that is considered a
separated standardized poultry food product ingredient.

Additionally, products with mixture of distinguish-
able poultry (white or dark) and “Mechanically Separated
(Kind)” can not bear claims of “all white,” “pure breast,”
“100% dark,” or similar terms. In this situation, the poul-
try portion of the product contains at least two separated
poultry ingredients, or one of which is “Mechanically
Separated (Kind).”

See: 9 CFR 381.117(c), Table 1.

POULTRY PUFFS

Product must contain at least 15% cooked poultry meat.
Chicken or Turkey Puffs are classified as hors d’oeuvres
and must show a true product name, e.g., “Breaded
Chicken and Rice Balls.”

POULTRY, RAW SOLUTION

Unless addressed by other regulations and policies, water
and/or oil based solutions may be added to raw poultry
and poultry parts at various levels with an appropriate
qualifying statement to the product name.

The statement must include terms adequate to inform
the consumer of the amount and manner of the addition
and include the common or usual names of the ingredients
in their proper order of predominance (e.g., “Injected with
up to 12% of a solution of water, salt, and phosphates”).
Other similar designations will be considered on their
merits. The statement must be contiguous to the product
name and printed in a style and color as prominent as the
product name. The statement of the manner and amount of
addition must be one-fourth the size of the most promi-
nent letter in the product name. The ingredients of the
solution can be printed one-eighth the size of the most
prominent letter of the product name.

Terms like “Basted,” “Marinated,” “For Flavoring,”
and similar terms contemplated within the provisions of
Section 9 CFR 381.169 of the poultry products inspection
regulation cannot be used if the amount of the solution

added is more than needed to baste, marinate, or flavor the
product. Bone-in poultry and poultry parts are limited to
3% as prescribed by the regulations. Boneless poultry is
limited to 8% to use these terms.

1986 POULTRY ROAST

May be formulated with up to 10% liquids without a qual-
ifying statement. If more than 10% liquid is used, the
name must be qualified with a statement, e.g., “containing
up to x% …”

POULTRY SALAMI PRODUCTS

Poultry sausages prepared to resemble salami and offered to
consumers as a salami shall bear product names as follows:

1. “(Kind) Salami” shall be the product name when
the moisture-to-protein ratio in the finished
product does not exceed 1.9:1. This product
resembles a dry salami made from red meats.

2. “Cooked (Kind) Salami” shall be the product
name when the product is cooked and the 
moisture-to-protein ratio is above 1.9:1. This
product resembles “cooked salami” made from
red meats.

POULTRY SAUSAGE

Sausage products made from poultry must be labeled 
to indicate kind, e.g., “(Chicken) Sausage,” “(Turkey)
Bologna,” etc. Products containing more than one kind of
poultry or red meat must declare the added ingredient in
the product name, e.g., “Chicken Bologna, Beef Added”
and “Turkey Franks, Chicken Hearts Added” per Policy
Memo 029 dated September 4, 1981. The basic sausage
standards, per meat 9 CFR 319.140, also apply to poultry,
except for added water and fat.

POULTRY SKIN

When determining the amount of poultry skin allowed,
refer to 9 CFR 381.168. If the specific part is not identi-
fied in this part, use the figure for boneless kind.

POULTRY TENDERS AND POULTRY TENDERLOINS

A “(Kind) Tender” is any strip of breast meat from the
kind of poultry designated. A “(Kind) Tenderloin” is the
inner pectoral muscle which lies alongside the sternum
(breast bone) of the kind indicated.

POULTRY WING SECTIONS (KIND)

Wing Sections is an acceptable designation for a product
consisting of equal proportions of the parts of a wing. It
may be and is usually used for equal proportions of wing
portions and drummettes.
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PREMIER JUS OR (OLEO STOCK)

The product obtained by rendering at low heat the fresh
fat of heart, caul, kidney, and mesentery collected at the
time of slaughter of bovine animals. The raw material does
not include cutting fats. Premier Jus is not an acceptable
name unless accompanied by the term “Oleo Stock.”

PRESSURE-SENSITIVE LABELS

Labels applied to packages shall be of the self-destructive
type and must adhere to the packages under all conditions
of use.

PRESSURE-SENSITIVE STICKERS

Pressure sensitive stickers are as a means for manufacturers
to use existing labeling material by covering inaccurate
and/or misleading labeling information with corrected
text or used as a promotional tool, e.g., a starburst encir-
cling sweepstakes terminology. A pressure sensitive
sticker must be the type that destroys the underlying label
or package if removed, or be self-destructive.

Temporary label approval is not required when the
entire label including the pressure sensitive sticker is
truthful, not misleading, and the product is not mis-
branded. Corrected text on the pressure sensitive sticker
can cover mandatory or non-mandatory information.

Labeling bearing pressure sensitive stickers falls
under the Provisions of the generically approved labeling
regulations 9 CFR 317.5 or 9 CFR 381.133, which indi-
cates the conditions for use of final labeling without prior
Washington approval. Companies need to create and
maintain records of all final labeling, otherwise known as
generic approvals.

Consistent with the rules on generic labeling, sketch
labeling approval is required for the entire label when pres-
sure sensitive stickers contain special claims [quality, nutri-
ent content, health, negative, geographical origin, other
claims (natural, animal production, e.g., “no antibiotics
administered,” breed claims, etc.), guarantees, foreign lan-
guage or a change of the nutrition facts serving size].

PRIMAL PARTS AND SUBPRIMAL MEAT CUTS

Red meat carcasses, primals, subprimals or cuts can be
labeled: 1) as the species of origin, e.g., beef tenderloin
bearing the simple product name of “beef,” 2) as species
without identifying the primal or subprimal when certain
terms associated with various sizes are part of the product
name, i.e., chop, cutlet, steak, fillet, filet, roast, strips, etc.,
e.g., “Beef Steak,” 3) as species and primal or subprimal
cut, e.g., “Veal Shoulder Blade Steak,” and 4) as species,
coin name (butt, cala, daisy, picnic, etc.) and primal or
subprimal cut. The species and coin name are not appro-
priate as a complete product name since it is missing the

primal or subprimal cut, e.g., the phrase “pork picnic” is
incomplete without “shoulder.”

Recent editions of the “Uniform Retail Meat Identity
Standards (URMIS),” published and distributed by the
National Livestock and Meat Board, and “The Meat Buyers
Guide,” published by the National Association of Meat
Purveyors, may be used to identify recommended names.
These guides have been prepared through extensive review
and analysis of the most recent edition of “Institutional Meat
Purchase Specifications (IMPS)” and in cooperation with
the U.S. Department of Agriculture, Agriculture Marketing
Service (AMS) and public and industry associations.

PRIME RIB OF BEEF OR STANDING BEEF RIB ROAST

FOR PRIME RIB

These products do not have to be derived from USDA
prime grade beef.

PRINCIPAL DISPLAY PANEL, ALTERNATE

The determination as to whether or not a panel is an alter-
nate principal display panel shall be based on whether or
not the panel is likely to be displayed, presented, shown,
or examined under customary conditions of sale. If the
intent of the panel cannot be determined and demon-
strated, and if it has the appearance of a principal display
panel, the presence of three or more mandatory labeling
features shall serve to characterize the panel as an alter-
nate principal panel. As such, any remaining mandatory
features required to be placed on a principal display panel
must be also included.

PRODUCT NAMES

1. A product standard should only be applied if the
product name is the same as that described by
the standard in the regulations or in the Policy
Book. For example, the product, “Beef, Cheese
and Vegetables in a Crust,” would not be required
to meet the standard for a “turnover” in the 
policy book.

2. Products such as “Pizza Pouches” must meet the
standard for pizza since they are named “Pizza”
even though they are not traditional type pizza.
Furthermore, cheese may not be substituted for
meat in products named “Pizza.”

PRODUCT NAME QUALIFIERS

Product name qualifiers have no sizing requirements other
than appearing contiguous to the product name and being
prominent and conspicuous. Examples of product name
qualifiers are “Smoked Flavor Added,” “Made in
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Sheboygan,” and “Colored with Paprika.” Examples of
phrases that are not product name qualifiers are “Water
Added,” and “Containing up to X% of a Solution.” Such
phrases are actually part of the product name and do have
particular sizing requirements.

PRODUCT NAME QUALIFIERS IN SECONDARY

PRODUCTS

Product name qualifiers, e.g., “binders added,” are not
required on secondary products with labeling, with the
exception of the statement “Calcium Propionate Added to
Retard Spoilage of Crust” on pizza labeling. Secondary
products are those meal like products that contain a multi-
ingredient meat or poultry component, e.g., “Lemon
Pepper Seasoned Chicken Breast with Rib Meat, Binders
Added in ‘Lemon Pepper Chicken Breast with Vegetable
Medley.’” The characteristics of the meat or poultry added
ingredients, are disclosed in the ingredients statement.

PRODUCT OF USA

Labeling may bear the phrase “Product of U.S.A.” under
one of the following conditions:

1. If the country to which the product is exported
requires this phrase, and the product is
processed in the U.S., or

2. The product is processed in the U.S. (i.e., is of
domestic origin). This entry cancels Policy Memo
080 dated April 16, 1985.

PROSCIUTTO

Italian for ham, dry cured. The product name “Prosciutto”
is acceptable on labeling to identify a dry-cured ham.

PROSCIUTTO, COOKED

The product name “Cooked Prosciutto” is acceptable on
labeling to identify a dry-cured Prosciutto ham that is
cooked.

PROSCIUTTO COTTO, COOKED HAM

The product name “Prosciutto Cotto, Cooked Ham” is
acceptable on labeling to identify a regular pickle-cured
cooked ham. Prosciutto Cotto is the Italian name for
cooked ham.

PROTECTIVE COVERINGS (MEAT) PROCESSED OR

PREPARED PRODUCT

Immediate containers, e.g., bags, cardboard cartons, tray
packs, and film bags enclosing processed or prepared prod-
uct can be considered protective coverings and exempt 
from the marking and labeling requirements if placed in 
a shipping container which meets all mandatory labeling

requirements of an immediate container. This does not
exempt the mandatory identification and marking which 
is specifically required on the immediate container of
cooked beef (9 CFR 318.17). In addition, the shipping
container must be clearly marked “Packed for
Institutional Use” or an equally descriptive statement of
intended limited distribution. Unlabeled product may not
be removed from shipping containers for further distribu-
tion nor displayed or offered for sale.

Unprocessed Meat Cuts — Transparent film bags
enclosing individual meat cuts in an unprocessed state can
be considered protective coverings and exempt from the
marking and labeling requirements if placed in a shipping
container which meets all mandatory labeling of an imme-
diate container. These unlabeled meat cuts may only be
removed from the shipping container for resale and fur-
ther distribution to retailers, hotels, restaurants, and simi-
lar institutions if the product itself or the film bag bears a
clearly legible official mark of inspection and the estab-
lishment number.

PROTECTIVE COVERINGS (POULTRY)

Under provision of the Poultry Products Inspection Act,
protective coverings may be exempt from labeling
requirements for immediate containers. Under certain cir-
cumstances, some protective coverings are considered
immediate containers; under different circumstances, they
are regarded only as protective product coverings.

When plastic film bags, cardboard cartons, etc., are
used for protecting poultry sold for export or to institu-
tions, e.g., hotels, restaurants, and hospitals (where the
contents are consumed on the premises), they are exempt
from the mandatory labeling of immediate containers,
provided the shipping container meets all the labeling
requirements for an immediate container. Such product
may not be diverted to retail channels and displayed for
sale or be sold to household consumers unless they bear
all labeling features required for immediate containers.

See: 9 CFR 381.65(p).

PUDDING

Nonspecific product.

PULLED PORK

Refers to pork removed from bones by hand or by mechan-
ical means. The meat must retain its natural striated mus-
cle fiber structure, i.e., it can be shredded, chunked, etc.,
but may not be ground, chopped, or comminuted.

QUALITY GRADE TERMS AND SUBJECTIVE

TERMS ON LABELS

Terms designated as grades of meat, i.e., prime, choice,
select, good, etc., may only be used on red meat which has
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been officially graded. However, the Food Labeling
Division (FLD) will take no action to rescind currently
approved labels which contain the word “select.” Labels
for new or reformulated products or new product lines
will be approved in accordance with the policy for grading
terms described above.

Letter grades A, B, C, which are designated grades for
poultry, may only be used on poultry (whole birds and
parts) that are officially graded and may not be used on
red meat. Although poultry grade terms (U.S. grade A,
etc.) are not allowed to be used on red meats, the terms
prime, choice, and select may be used on poultry (whole
birds or parts) that are equivalent to U.S. grade A. The use
of a possessive, e.g., XYZ’s Prime, does not relieve a
company of this requirement. The use of quality grade
terms on further processed meat and poultry products will
be evaluated on a case-by-case basis to determine if they
wrongly imply that the meat or poultry used in these prod-
ucts has been graded.

Terms which are subjective in nature, e.g., but not lim-
ited to, fancy, finest, super, supreme, ultimate, premium,
greatest, best, old fashioned, homestyle, hotelstyle,
deluxe, special, famous, and old time may be used unqual-
ified on labels for meat and/or poultry products. The term
“selected” as well as other terms, will be considered indi-
vidually by the Labeling and Consumer Protection Staff,
again to determine if these terms wrongly imply that the
meat or poultry has been graded.

QUICHE PRODUCTS

The term “Quiche” does not have to be qualified to indi-
cate it is a custard cheese pie. However, when character-
izing ingredients, e.g., bacon, ham, chicken, onion, etc.
are used either alone or in combination, the ingredients
shall be either clearly identified as part of the product
name or prominently displayed elsewhere on the principal
display panel (PDP) of the label (e.g., Bacon Quiche,
Ham and Onion Quiche, etc.). Similarly, the characteriz-
ing ingredients in Quiches bearing fanciful names shall be
identified as part of the product name or highlighted else-
where on the PDP (e.g., Quiche Bercy — made with ham
and wine). Since “Quiche Lorraine” is widely recognized,
the characterizing ingredients do not have to be identified
as a part of the product name or elsewhere on the PDP.

Meat and poultry quiches must contain at least 8%
cooked meat or poultry and sufficient cheese so that the
combined total at least comprises 18% of the finished
product. Quiche Lorraine must contain cooked bacon
and/or ham and the only cheeses are Swiss and/or Gruyere.

If other characterizing ingredients (excluding cheese),
e.g., onions, peppers, olives, etc., are used in addition to
the meat or poultry ingredient in Quiche Lorraine or in
any other quiche, the combination of these other charac-
terizing ingredients and the meat or poultry ingredients
must comprise at least 8% of the total product, and the

cooked meat or poultry portion must be at least 5% of the
total product.

RANCH

The regulations and policies applicable to “Farm” also
apply to ranch.

RAVIOLI (MEAT)

This product must contain at least 10% meat.

REHYDRATED DEHYDRATED VEGETABLES

Rehydrated dehydrated vegetables acceptable as name.
The specific vegetable must be identified in the ingredient
statement.

RELLENO DE PAPA (PR)

This product must contain 8% cooked meat. A Puerto Rican
product that must show a true product name, e.g., “Potato
Balls with Beef,” or “Potato Dough with a Beef Filling.”

RENDERED BEEF FAT TISSUE SOLIDS

The solid remains of a fat extraction process from beef
that was ground and rendered by a high temperature 
(180°F) continuous wet rendering system.

See: Beef Gravies.

REWORK

Rework is allowed in unlimited quantities when added 
to a like product. However, if breaded/battered rework is
added to similar products, the rework is limited to 2%.

RICE AND MEAT

The product must contain at least 12% meat.

ROASTED

The term “roasted” may be used to describe products that
have been subjected to cooking methods that result in a
roasted appearance.

ROLLS

Six uses exist for the term “Roll” in conjunction with
names for meat food products:

1. Items consisting of a solid piece of meat, e.g.,
“Boned Veal Rib,” formed and tied as a roll and
usually offered with seasonings.

2. Chopped meat in combination with condi-
ments, also formed and processed. It can be and
often is offered in the fresh meat state. Water is
not an ordinary or usual ingredient in these two
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“Meat Roll” items. If water is an ingredient in
these products, then a statement indicating the
addition of a solution has taken place must
appear contiguous to the product name wher-
ever it appears on the label.

3. “Sausage Rolls” have similar formulas and
water limitations to cooked sausage. The fin-
ished product may contain up to 10% added
water, is in roll shape, and is Cooked, or
Smoked and Cured (species) Roll Sausages.

4. Non-descriptive rolls, e.g., “Pizza Roll,”
“Pickle Roll,” “Relish Roll,” etc., contain meat
with cheese, peppers, pimentos, relishes, and
other similar materials. An ingredients state-
ment is required as a part of the product name
on the basis of instructions in 9 CFR 317.2(c)(1)
and (2), and 317.2(e).

5. Product made from meat and water that has
been chunked, ground, chipped, wafer-sliced,
etc., and formed into a roll containing a plant
protein product or other binder could be labeled
as a “Meat, Water, and Textured Vegetable
Protein Roll.” The same size lettering shall be
used for the product name.

6. Product made from meat that has been chunked,
ground, chipped, wafer-sliced, hydroflaked,
etc., and formed in a roll containing a plant pro-
tein product or other binder shall be labeled as
“Beef and Textured Vegetable Protein Roll” or
“Beef and Soy Protein Concentrate Roll.”

ROLLS, POULTRY

Only natural proportions of skin to the whole carcass or
designated part may be used. If skin is in greater than nat-
ural proportions, the name must be qualified with the term
“Skin Added.”

See: 9 CFR 381.159.

ROMANO CHEESE

Label must show “kind” of milk, e.g., (Caprino), “Romano
Cheese made with Goat’s Milk;” (Pecornia), “Romano
Cheese made from Sheep’s Milk;” or (Vaccino),
“Romano Cheese made from Cow’s Milk.” The words in
parenthesis are not required to be shown.

RUMAKI

This product must contain at least 50% chicken livers. An
hors d’oeuvre or appetizer. Rumaki is a combination of
chicken livers, water chestnuts, and bacon.

SALAD — FREEZE DRIED HAM

Antioxidants have been permitted in Freeze Dried Ham at
a level of 0.01%, based on total weight of the ham.

SALAD — GERMAN STYLE POTATO SALAD

WITH BACON

Requires at least 14% cooked bacon.

SALAD MIX, POULTRY

Product must contain at least 45% cooked poultry.

SALADS

Standards for salads:
Meat salads must include at least 35% cooked meat or

meat food product (e.g., corned beef, ham). Ingredients,
e.g., “Ham water added” or “Corned Beef and water prod-
uct” may be used if the formula is adjusted to account for
the amount of added substances. Example: if 85% of a
meat food product is meat, then 35% required meat
divided by 0.85 equals 41% required meat food product in
the salad.

Cobb Salad — Contains lettuce and chicken or turkey.
The other ingredients that may be found include bacon,
hard cooked eggs, tomatoes, Roquefort or other blue
cheese or dressing. The product name must include the
poultry component(s) and also identify any meat ingredi-
ent when present about 2%, e.g., “Bacon and Chicken
Breast Cobb Salad.”

Caesar Salad — is an acceptable product name and
normally contains cheese, meat, or poultry pieces and
may contain other vegetables.

Ham and Cheese Salad — Must contain at least 25%
cooked ham.

Macaroni with ham or beef — Must contain at least
12% cooked meat.

Poultry Salad — Must contain at least 25% cooked
poultry (natural proportions of skin and fat).

Chopped egg and ham salad — Must contain at least
12% ham.

Chopped egg and bacon salad — Must contain at least
12% bacon (9% fully cooked bacon).

Vegetable and/or fruit with poultry — Must contain at
least 25% cooked poultry.

Cracker meal, bread crumbs, and similar ingredients
may be included in meat or poultry salads up to 2% of the
total formula. If more than 2% is used, a product name
qualifier is required. Modified food starch and textured
vegetable protein cannot be substituted for cracker meal
and bread crumbs in salad products.

SALAMI

A dry sausage that requires an MPR of 1.9:1 or less.
Extenders and binders are permitted. It may be cooked to
shorten drying period.
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SALAMI, BEEF

A cooked, smoked sausage, usually mildly flavored, in a
large casing, containing coarsely ground beef. Cereals and
extenders are permitted. May contain fat. Product does
not have to be labeled cooked.

SALAMI, COOKED

The product “Salami” must be labeled to include the word
“Cooked,” regardless of the type and size of its packaging,
unless it is one of the following:

1. A salami with a moisture protein ratio of no
more than 1:9 to 1

2. “Genoa salami” with a moisture protein ratio of
no more than 2.3:1

3. “Sicilian salami” with a moisture protein ratio
of no more than 2.3:1

4. Labeled, as…
a. Kosher Salami
b. Kosher Beef Salami
c. Beef Salami
d. Beer Salami
e. Salami for Beer. Pork skins are not a per-

mitted ingredient in cooked salami.

SALAMI, COTTO

A mildly flavored cooked, cured sausage, in a large cas-
ing, usually containing coarsely ground beef and pork.
The product contains whole or visible pieces of pepper-
corns. It is cooked in dry heat.

SALAMI, HARD

A dry sausage with an MPR of 1.9:1. It is made with beef
and pork and seasoned with garlic. Less highly flavored
but usually more heavily smoked than Italian Salami. It is
tied with loops or twine that gives a scalloped appearance.

SALAMI, ITALIAN

This kind of dry salami is usually prepared in the San
Francisco area and is easily distinguished by its covering
of a white mold. This salami consists of about 80% finely
chopped pork, to which a small amount of pork fat may be
added. Nonfat dry milk can comprise 3�

1
2

�% of the finished
product. The remainder consists of chopped beef, season-
ing, salt, and curing agent. The product should have an
MPR not in excess of 1.9:1 to insure the fat content and
dryness properties associated with a “dry salami.”

SALCHICHON (SP)

This term, meaning “Large Sausage,” This term may only
be used for large casing sausage products that are 3 inches
in diameter or more. Label must show a true product name.

SALISBURY STEAK

Finished product must contain at least 65% meat. Fat is
limited to 30%. Other requirements are:

1. It is an unbreaded cooked product.
2. The meat block may contain 25% pork, with

the remainder beef. Or, the meat block may
contain up to 12% partially defatted chopped
beef and pork.

3. Extenders are permitted up to 12%. When iso-
lated soy protein is used, 6.8% is the equivalent
of 12% of the other extenders. Those extenders
include, but are not limited to: cereal, bread
crumbs, cracker meal, soy flour, soy protein
concentrate, isolated soy protein, and textured
vegetable protein.

4. Meat byproducts are not permitted. Beef heart
meat is permitted.

5. Permitted liquids include, but are not limited
to: water, broth, milk, cream, skim milk and
reconstituted skim milk (9 parts water to 1 part
NFDM).

6. Product not cooked which conforms to the
above may be labeled “Patties for Salisbury.”

SALISBURY STEAK, TURKEY

Product must contain at least 55% turkey meat in natural
proportions (light and dark) or 65% turkey with skin and
fat in natural proportions (skin 10%, turkey meat 55%).
Maximum amount of binders and extenders is 12%.

SALPICAO

A smoked sausage. The label must show a true product
name, e.g., “Smoked Sausage.” No more than 3% water
can be added at formulation.

SALSICCIA (IT)

A fresh pork sausage, highly spiced, in which paprika is
permitted. It is a rope style sausage made of finely cut
pork trimming.

SALT AS A CURE

Dry processed hams, pork shoulders, and bacon are ordi-
narily cured with mixtures that contain mostly salt along
with sugar and nitrates plus nitrites. However, some
processors use salt alone in preparing their products. The
salt in contact with the meat provides the desired cured
color, taste, and necessary product protection.

Salt is an acceptable cure when used singly in the cur-
ing and salt equalization of dry processed hams, pork
shoulders, and bacon. The cured products must have a
10% brine concentration.
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SAMOSA

This product originated in India, although it is also asso-
ciated with Pakistan. It resembles a “Meat Turnover” and
consists of a spiced vegetable and meat mixture in a
dough crust. At least 25% meat is required. Label must
show a true product name, e.g., “Beef Turnover.”

SAMPLES

Free samples included along with the meat and poultry
food products are not to be included in the net weight
statement, and the ingredients do not need to be identified
in the ingredients statement as long as the ingredients
appear on sample package.

SANDALWOOD

According to FDA regulations, Red Saunders (red sandal-
wood) is not an acceptable ingredient in meat and poultry
products. It is a permitted coloring and flavoring agent in
alcoholic beverages only. In contrast, white or yellow san-
dalwood is acceptable in meat and poultry products as a
flavoring agent in an amount that is “sufficient for pur-
pose.” White or yellow sandalwood extract may be
labeled as “sandalwood extract” or “flavoring.”

SANDWICH — CLOSED

Product must contain at least 35% cooked meat and no
more than 50% bread. Sandwiches are not amenable to
inspection. If inspection is requested for this product, it may
be granted under reimbursable Food Inspection Service.

Typical “closed-faced” sandwiches consisting of two
slices of bread or the top and bottom sections of a sliced
bun that enclose meat or poultry, are not amenable to the
Federal meat and poultry inspection laws. Therefore, they
are not required to be inspected nor bear the marks of
inspection when distributed in interstate commerce.

SANDWICH — OPEN

Must contain at least 50% cooked meat. Sandwiches are
amenable only if they are open faced sandwiches. Product
must show a true product name, e.g., “Sliced Roast Beef
on Bread.”

This regulatory policy in no way alters the Depart-
ment’s present policy with respect to caterers who include
meat sandwiches in their dinners.

SANDWICHES (MEAT OR POULTRY AS COMPONENTS

OF “DINNER PRODUCTS”)

Dinners containing a sandwich type product, e.g., a frank-
furter, hamburger, or sliced poultry meat with a bun, are
amenable and subject to inspection.

SANTA FE STYLE

Acceptable for products that contain chilies with corn or
beans and one of the following ingredients: Cheese (jack,
cheddar, Mexican Style or fresh goat), bell pepper, onion,
garlic, tomatoes, tomatillos, cumin, oregano or cilantro.
The beans should be either black, kidney, navy, pink,
pinto, red, or white beans or an indigenous variety.

SARNO

A dry smoked sausage that is air dried. The label must show
a true product name, e.g., “Smoked Sausage.” Coarsely
chopped beef, pork, and garlic are not permitted.

SATAY

This term refers more to a preparation method than to the
nature of a finished product. Satay can be made from
chicken, beef, lamb, pork, and other food items, and pre-
pared in two ways:

1. Meat is cut into one inch cubes, then dipped
into a spicy sauce, skewered, and roasted over
an open fire (similar to “Kebobs” except no
vegetables or fruit). Label must show a true
product name, e.g., “Beef Cubes on Stick.”

2. Meat is cut into one inch cubes, then dipped into
a spicy sauce and canned. Label must show a true
product name, e.g., “Beef Cubes in Spicy Sauce.”

SAUCE WITH MEAT OR MEAT SAUCE

Product must contain at least 6% ground meat.

SAUERBRAUTEN (GR)

“Sauerbraten” must contain at least 50% cooked beef.
“Gravy with Sauerbraten” must contain at least 35%
cooked meat. Sauerbrauten is cooked beef in a vinegar
flavored sauce. The beef is marinated in vinegar sauce,
then separated from the sauce and partially cooked, and
put back in the sauce and cooked completely.

SAUERKRAUT BALLS WITH MEAT

Product must contain at least 30% meat or meat food
product.

SAUERKRAUT WITH FRANKS AND JUICE

Product must contain at least 20% franks.

SAUSAGE CLASSIFICATION

1. Fresh Sausage

Made of fresh, uncured meat, generally cuts of fresh pork,
and sometimes beef. Its taste, texture, tenderness, and
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color are related to the ratio of fat to lean. Trimmings from
primal cuts, e.g., pork, loin, ham, and shoulders are often
used. When ice or water is used to facilitate chopping and
mixing, it is limited to a maximum of 3% of the total for-
mula. It must be kept under refrigeration and thoroughly
cooked before serving. Bratwurst is in this class. Binders
and extenders are permitted in fresh sausages except
where regulations do not permit the use of such ingredi-
ents, i.e., 9 CFR 9 CFR 319.140 (Pork Sausage), 9 CFR
319.142 (Beef Sausage), 9 CFR 319.144 (Whole Hog
Sausage), and 9 CFR 319.145 (Italian Sausage).

See: 9 CFR 319 Subpart E.

2. Uncooked Smoked Sausage

Has all the characteristics of fresh sausage except it is
smoked, producing a different flavor and color. It must be
thoroughly cooked before serving. “Smoked Pork Sausage”
is included in this class. If it is a mixture of pork and other
meats, regardless of size, it must be treated for trichinae.

See: 9 CFR 319 Subpart F.

3. Cooked Sausages and/or Smoked Sausages

These products are chopped or ground, seasoned, cooked
and/or smoked. Added water is limited to 10% of the fin-
ished product. Meat byproducts may be used when permit-
ted by standard. Cure is required for particular sausages,
e.g., wieners or Polish sausage. These sausages come in
various shapes and sizes, e.g., short, thin, long and chub.
Cotto salami, liver sausage, and cooked weisswurst are
included in this category. Wieners, bologna, knockwurst,
etc., are also in this class but are further distinguished by
a fat and moisture limitation.

See: 9 CFR 319.180.

4. Dry and Semi-Dry Sausages

Dry sausages may or may not be characterized by a bacte-
rial fermentation. When fermented, the intentional encour-
agement of a lactic acid bacteria growth is useful as a meat
preservative as well as producing the typical tangy flavor.

The meat ingredients, after being mixed with spices
and curing materials, are generally held for several days in
a curing cooler. Afterward, the meat is stuffed into casings
and is started on a carefully controlled air-drying process.
Some dry sausage is given a light preliminary smoke, but
the key production step is a relatively long, continuous
air-drying process.

Principal dry sausage products are salamis and cerve-
lats. Salamis are coarsely cut, cervelats finely cut with few
exceptions. They may be smoked, unsmoked, or cooked.
Italian and French dry sausage are rarely smoked; other
varieties usually are smoked.

Dry sausage requires more production time than other
types of sausage and results in a concentrated form of

meat. Medium-dry sausage is about 70% of its “green”
weight when sold. Less dry and fully dried sausage range
from 80% to 60% of original weight at completion.

Semi-dry sausages are usually heated in the smoke-
house to fully cook the product and partially dry it. Semi-
dry sausages are semi-soft sausages with good keeping
qualities due to their lactic acid fermentation.

Although dry and semi-dry sausages originally were
produced in the winter for use in the summer and were
considered summer sausage, the term “summer sausage”
now refers to semi-dry sausages, especially Thuringer
Cervelat.

SAUSAGE CONTAINING CHEESE

Sausages may contain cheese under the following 
conditions:

1. If there is a standard for that particular sausage,
it must be met as though it contained no cheese.

2. The cheese must characterize the product and
appear as part of the product name. Example
“Italian Sausage with Cheese.”

SAUSAGE — LIQUIDS ADDED

Sausages containing fluid ingredients that are expected such
as fruit and juice and vinegar, are permitted at any level as
long as the product is descriptively labeled. The sausage
portion of the product, however, must meet any applicable
standard. Vinegar is an expected ingredient in chorizos
and the name does not have to indicate its presence.

SAUSAGE — SHELF STABLE

Dry sausage must have a Moisture Protein Ratio (MPR) of
1.9:1 or less, unless an MPR is cited under MOISTURE

PROTEIN RATIO.
Non-refrigerated, semi-dry, shelf-stable sausage must

have an MPR of 3.1:1 or less and a pH of 5.0 or less, unless
commercially sterilized or unless an MPR is cited under
MOISTURE PROTEIN RATIO. Alternately, non-refrigerated,
semi-dry, shelf-stable sausages are those that:

1. are fermented to a pH of 4.5 or lower (or pH
may be as high as 4.6 if combined with product
water activity no higher than 0.91),

2. are in an intact form or, if sliced, are vacuum
packed,

3. have internal brine concentration no less than 5%,
4. are cured with nitrite or nitrate, and
5. are smoked with wood. 

SAUSAGE REWORK

This term applies to a fully or partially processed product
(excluding uncooked trimmings) re-routed for reasons
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other than unwholesomeness or adulteration (i.e., emul-
sion residue, product breakage, slicing operations,
smoked meats, returns, etc.) and intended for inclusion in
cooked sausage, loaves, and similar products. Rework
may be used provided it does not adulterate the product,
violate its standard of composition, change the order of
predominance of ingredients, or perceptibly affect the
normal characteristics of the product. Rework is subject to
the following restrictions:

1. Cooked sausage, meat loaves may be used in
similar products without limitation.

2. Except in products covered by section 9 CFR
319.180, pieces of cooked and/or smoked meat
may be used without limitation if properly
identified in the ingredients statement.

3. Pieces of uncooked, cured pork from primal
parts may be used without limitation if properly
identified in the ingredients statement.

4. Sausage products in edible collagen casings may
be used in similar finely comminuted products
without limitation and need not be peeled.

5. Finished cooked sausage in natural casings
may be used in similar finely comminuted
products without limitation, except sausages in
bungs, middles, beef rounds, bladders, or stom-
achs, which must be stripped of the casings
before use. Also, natural casings of any type
that break during the stuffing operations should
not be included in emulsions.

SAUSAGE TYPE PRODUCTS WITH FRUITS

AND VEGETABLES

Sausage type products that contain unexpected ingredients
that significantly alter the character of the product may be
descriptively labeled as (characterizing ingredient) Sausage,
e.g., “Cherry Pecan Sausage,” “Wild Rice Sausage,” or other
equally descriptive names, e.g., “Sausage with Wild Rice.”

The sausage portion of fresh sausage products must
meet any applicable standards, including fat and added
water limitations, moisture/protein ratios, and use of binders
and extenders prior to the addition of any characterizing
ingredient(s). For cooked, smoked, or dry sausages, the fin-
ished sausage type product must meet the sausage standard
prior to the addition of any characterizing ingredients.

The unexpected ingredient must be present in suffi-
cient quantity or form to characterize the sausage type
product in flavor, texture, or other sensory attributes.
However, there are no minimum use levels.

This policy applies to products containing unexpected
food ingredients, e.g., fruits and vegetables, e.g., cherries,
pecans, tomatoes, etc., that change the character of the
product by the addition of unique flavor and other sensory
characteristics. The policy does not apply to imitation
products, i.e., products formulated to resemble in taste,

texture, color, etc., the traditional sausage products, but
which are nutritionally inferior. Sausages containing cheese
are addressed Policy Memo 010, and Potato Sausages are
addressed in Policy Memo 011.

SAUSAGE WITH SAUERKRAUT IN SAUCE

Product must contain at least 40% sausage.

SAUSAGE (SPECIES)

(Species) sausages identified in 9 CFR 319.141, 319.142,
319.144, and 319.160 of the meat inspection regulations
may be cooked, cured or smoked (or any combination),
but must comply with the standards before being
processed if the product name is to include “(species)
sausage.” For example, fresh beef sausage identified in 9
CFR 319.142 which is cured and cooked may be labeled
“cured, cooked beef sausage.” Prior to this processing,
these products could not contain more than the 3% water
permitted by the standard.

Cooked cured sausages or smoked cured sausages con-
taining up to 10% added water in the finished product and
prepared from one species may be labeled as “cooked cured
sausage,” “smoked sausage,” “cooked cured sausage made
with (species),” or “smoked sausage made with (species).”

Semi-dry and dry sausages made from a single species
may be labeled “(species) sausage,” e.g., “beef sausage.”

This policy does not apply to cooked sausages identi-
fied in section 9 CFR 319.180 of the meat regulations.

SCALLOPED POTATOES AND HAM

Product must contain at least 20% cooked ham.

SCALLOPED POTATOES AND SAUSAGE

Product must contain at least 20% cooked sausage.

SCALLOPED POTATOES FLAVORED WITH SAUSAGE

Product must contain at least 3% sausage.

SCALLOPPINI

Product must contain at least 35% cooked meat or poultry
meat. Thin slices of cooked veal, sometimes beef or poul-
try, seared or fried. Label must show a true product name,
e.g., “Veal Scalloppini” or “Chicken Scalloppini.”

SCHICKENWURST (GR)

The product is made of two parts, one of which is an emul-
sion prepared from pork and beef cuts. The second com-
ponent consists of chunks of ham measuring from 2 to 3
inches in size. The two parts are mixed, stuffed into large
casings, and smoked while being cooked. The final prod-
uct appears as a luncheon sausage with large pieces of red
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ham meat held together by a light pink binder. The ham
sections comprise at least 50% of the product and the item
has a distinct smoked flavor. This product is very similar
in appearance to the product sold as “Ham Bologna.”

SCRAMBLED EGGS WITH BACON

Product must contain at least 10% cooked bacon.

SEAWEED

The term is not an acceptable ingredient declaration.
There are many types of seaweed, some are not as safe.

SELECT OR HIGHER

This phrase has been extended to retail beef products that
have been officially graded prime, choice or select.

SHEPHERDS PIE (WITH OR WITHOUT VEGETABLES)

Product must contain at least 25% meat in total formula-
tion. Shepherds Pie is a meat food product consisting of
chopped, minced, or cubed beef or lamb, seasoned with
gravy or sauce, with or without vegetables, and baked
with a covering layer or surrounding border of seasoned
mashed potatoes. The label must show a true product
name, e.g., “Beef Shepherds Pie.”

SHIPPING CONTAINERS

A mark of inspection and a handling statement is required
on all shipping containers. Safe Handling Instructions are
required with all other required features only when they
shipping container is also the immediate or primary 
container.

See: 9 CFR 316.13.

SHU-MAI

Product must contain at least 10% meat. A Chinese prod-
uct that resembles a dumpling. It is similar to a meat ravi-
oli. The label must show a true product name, e.g., “Pork
Dumpling.”

SIGNATURE LINE

It is not necessary to include the term “General Office” in
signature lines on labels used by companies with multiple
plant operations. A zip code shall appear following the
address.

See: 9 CFR 317.2(g)(1) 9 CFR 381.122.

SLOPPY JOE

A coined name that must be qualified by a true product
name, e.g., “Barbecue Sauce with Beef.” The meat con-
tent depends on the name of the product. Heart meat and

tongue meat can be used but not to satisfy the minimum
meat requirement.

SMOKE

For imported Canadian products, e.g., bacon, which are
physically smoked during processing, the word “Smoke”
is acceptable in the ingredients statement. Although not
required or customary, smoke can also appear in the ingre-
dients statement of domestically produced products which
are physically smoked. If included in the ingredients state-
ment, smoke should appear as the last item.

SMOKE FLAVORING

The use of smoke flavoring (natural or artificial) in a com-
ponent of a meat or poultry food product, e.g., ham in a
ham salad, does not require that the product name be qual-
ified to indicate the presence of the smoke flavoring.
However, the smoke flavoring must be declared in the
ingredients statement on the meat or poultry product labels.

Secondary product — when meat and extender prod-
uct is produced using a meat product in which smoke fla-
voring is added, the secondary product name does not have
to be qualified with a phrase as “smoke flavoring added.”

When smoke flavor (natural or artificial) has been
directly added to a product as part of a seasoning mix, the
presence of the smoke flavor must be identified in a qual-
ifying statement to the product name, e.g.,

1. “Chicken soup smoked flavor added,” and in
the ingredients statement.

2. “Beef soup smoke flavor.”
3. If a product is simply sprayed with liquid smoke,

it must be labeled “smoke flavoring added.”

SMOKED PRODUCTS

The guidelines for approving labels for products prepared
with natural smoke and/or smoke flavor (natural or artifi-
cial) are as follows:

1. Meat or poultry products which have been
exposed to smoke generated from burning hard-
woods, hardwood sawdust, corn cobs, mesquite,
etc., may be labeled as “Smoked” or with terms,
e.g., “Naturally Smoked” to indicate that the
traditional smoking process is used.

2. Meat or poultry products which have been
exposed to natural liquid smoke flavor which
has been transformed into a true gaseous state
by the application of heat or transformed into
vapor by mechanical means, e.g., atomization,
may be labeled “Smoked.”

3. Meat or poultry products may be labeled
“Smoked” if natural liquid smoke flavor is
applied by spraying, dipping, liquid flooding,
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or similar processes prior to or during heat pro-
cessing. In such cases, the natural liquid smoke
flavoring must be transformed into a true
gaseous state by the heat of processing. If a
product is simply sprayed with liquid smoke it
must be labeled “smoke flavoring added.”

4. Meat or poultry products to which smoke flavor
(natural or artificial) has been directly applied
to the exposed product surface, e.g., massaging
or margination, or incorporated into the product
by such means as injection, must be labeled to
identify the smoke flavor as part of the product
name, e.g., “Ham-Natural Smoke Flavor
Added,” and in the ingredients statement.

5. Meat or poultry products that are smoked, as
provided for in (1), (2) and (3) above and also
treated with smoke flavor as described in (4),
may only be labeled “Smoked” or with terms,
e.g., “Naturally Smoked,” if it is clearly dis-
closed that the product is also treated with
smoke flavor. The presence of the smoke flavor
must be identified as part of the product name,
e.g., “Smoked Ham-Smoke Flavoring Added”
and in the ingredients statement.

6. Product may be labeled as “hickory smoked”
only if the plant provides the inspector with
appropriate certification that such sawdust or
wood for smoking is 100% hickory.

SMOKED THURINGER LINKS

A cooked smoked sausage made with pork only.

SNACKS (HORS D’OEUVRES)

Product must contain at least 15% cooked meat or 10%
cooked bacon. The label must show a true product name,
e.g., “Liver Pate on Toast.”

SODIUM ALGINATE

This is added as a binder in “Taquitos.” Approval may be
given for use at a level of less than 1% with .25% of cal-
cium citrate to stabilize a pizza sauce or pizzas heated in
household toasters.

Sodium alginate when used as glue to seal burrito and
burrito like products is acceptable, if declared in the ingre-
dients statement, or if a statement such as “sealed with
sodium alginate” appears at the end of the ingredients
statement.

SODIUM BENZOATE

Sodium Benzoate is not an acceptable ingredient for meat
and poultry products, except in oleomargarine. It is
accepted as an incidental additive when it is a part of a

product prepared under FDA rules, e.g., sauces, gravies,
and similar substances.

SOFRITO WITH PORK

This is a sauce containing 6% smoked pork.

SOPPRESATE (IT)

This is an acceptable name for a dry salami with an MPR
of 1.9:1. This is an Italian salami that is lightly flavored
with garlic and, generally, hotly seasoned with paprika
and black or red peppers. It is smoked to varying degrees
depending on regional tastes.

SORBITOL

This is only permitted in 9 CFR 319.180 products, cured
pork products, dried beef, kielbasa and products similar to
kielbasa. Do not approve when used in other products.

SOUFFLE (SPECIES) OR (KIND)

Product must contain at least 18% cooked meat or 
poultry meat.

SOUJOUK (TK)

This is a Turkish sausage made from beef which is very
dry and highly spiced with an MPR of 2.04:1. The prod-
uct is usually flattened or resembles a dry salami or ring
bologna. The label must show a true product name, e.g.,
“Dried Beef Sausage.”

SOUP

1. Soups that declare meat stock in the product
name are meat food products and shall contain
at least 25% meat stock with an MPR of not
less than:
a. Condensed soup — 67:1
b. Ready-to-eat — 135:1
c. Beef Bouillon — 67:1 and at least 50% beef

stock
2. Soups made with meat shall contain not less than:

a. Condensed soup — 4% cooked meat
b. Ready-to-eat — 2% cooked meat

3. Soups containing smoked meats shall contain
not less than:
a. Condensed soup — 4.0% smoked meat
b. Ready-to-eat — 2.0% smoked meat

4. Soups made with cooked sausages shall contain
at least 4% cooked sausage.

SOUP PRODUCTS

Bean & Ham Shank: When soup is made from ham
shanks, they must be shown in the true product name, e.g.,
“Bean and Ham Shank Soup.”
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Blood: Product must contain at least 1% blood and be
made under inspection.
Chowders: Follow standard for soups.
Consomme: A broth cooked with vegetables and then
strained. Must have an MPR of 135:1.
Consomme Instant: Dehydrated — not amenable.
Cream: Condensed cream soups may be made from vari-
ous creams, whole milk, or dry milk powder. The amount
of cream, whole milk, or dry milk powder should provide a
minimum of .45% butterfat to the final product. Examples:

1. A cream containing 18% butterfat should make
up the product formulation; this provides .45%
butterfat to the product formulation.

2. Dry milk powder containing 27% butterfat
should make up 1.67% of the product for-
mulation.

Dried Meat Soup Mixes: Not amenable.
Italian Style Minestrone: Soup must contain zucchini.
Identify meat in the true product name.
Pepper Pot: Soup must contain at least 20% scalded tripe.
Petite Marmite (FR): A soup made with meat, chicken,
and vegetables.
Scotch Broth: Soup must contain at least 3% mutton in a
thick mutton broth.
Vegetable: Vegetable soups made with soup stock are not
considered amenable.

SOUSE

This is a nonspecific product that can be made with all
pork byproducts. The ingredients statement directly fol-
lows the product name.

SOUTHERN FRIED

Southern fried poultry cuts or patties are breaded and
fried. This is not geographical.

SOUTHWESTERN STYLE

An acceptable identification for products containing any
five (5) of the following types of food ingredients:

Beans (kidney beans, black beans, pinto beans, red or
pink beans), corn, chili peppers, bell peppers, cheddar
cheese, cilantro, onions or onion powder, cumin, oregano,
garlic or garlic powder, paprika, chili powder, either
mesquite smoked, or mesquite smoke flavor added.

SOY PROTEIN PRODUCTS

Whenever soy flour, defatted soy grits, soy protein con-
centrate, isolated soy protein, and similar products are
used as ingredients of meat and poultry products, they
must be called by their common or usual name (e.g., soy
flour, soy protein isolate, etc.).

Two percent isolated soy protein is equivalent to 3.5%
binders.

If these products are textured, then “textured” should
also be included in the name. We allow the use of the term
“textured vegetable protein” when the textured soy products
are mixed with spices, colorings, enrichments, etc., and
the ingredients of the textured vegetable protein are listed
parenthetically. “Vegetable Protein Product” is an accept-
able declaration for a soy product fortified in accordance
with Food and Nutrition Service regulations. The ingredi-
ents of the VPP must be listed parenthetically.

SPAGHETTI

Sauce with meatballs Sauce with meat with meatballs
with meatballs & sauce with meat and sauce with franks
and sauce. 

Must contain at least 35% cooked meatballs
Must contain at least 6% meat
Must contain at least 12% meat
Must contain at least 12% franks

SPAGHETTI SAUCE WITH MEAT STOCK

This spaghetti sauce consists mainly of tomatoes with sea-
soning. Product must contain 5% fresh beef and 12.5%
concentrated meat stock.

SPAGHETTIOS IN CHEESE SAUCE WITH

GROUND BEEF

Product must contain at least 12% meat.

SPANISH RICE WITH BEEF

Product must contain at least 20% cooked beef.

SPECKWURST

Product should conform to sausage standard (9 CFR
319.140) without the use of byproducts. Chunks of fat are
usually present.

STARCH

Starch, wheat starch, and cornstarch are synonymous in
meaning. When “Vegetable Starch” is used as a designa-
tion, it refers to the starchy materials derived from any
vegetable source, e.g., potatoes, peas, etc. Tapioca starch
cannot be declared as “starch.”

See: Tapioca Starch.

STEAK, CHINESE PEPPER

Product must contain at least 30% cooked steak. A
Chinese dish usually served with rice. Beef steak is cut in
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thin strips, browned, and added to a sauce. Vegetables are
also added to the sauce; green pepper strips are always used,
and other vegetables may include celery, onions, scallions,
red pepper, bean sprouts, tomatoes, or water chestnuts.

STEAK, COUNTRY STYLE

This term is popular in the Southern region of the country.
It resembles a “Gravy and Swiss Steak” product.
Characteristics of this product are:

1. It is prepared from the steaking portions of beef
(usually from the round) and braised.

2. The meat is mechanically “tenderized” and
floured prior to browning.

3. The meat is browned by sautéing or oven brown-
ing, but not flame browned nor cooked in water.

4. When a true product name is shown as “Gravy
and Beef Steak,” at least 35% cooked steak
must be used.

5. When a true product name is shown as “Beef
Steak with Gravy,” at least 50% cooked steak
must be used.

STEAK, PEPPER

Product must meet the standard for “Fabricated Steak” in
9 CFR 319.15(d) and contain green and/or red peppers.

STICKS

There are three types of meat or poultry sticks.

1. Meat Sticks, which are an extended “pattie-
like” product and are usually breaded. No more
than 10% extenders and 30% breading are per-
mitted. When whole egg, tomato, and nonfat
dry milk are used, they must appear as added
ingredients in the true product name, e.g.,
“BREADED MEAT STICK — NONFAT DRY
MILK ADDED.

2. The infant finger food type of sticks is usually
packed in jars. It conforms to the sausage stan-
dard and must show a true product name, e.g.,
“Meat Stick.”

3. Nonspecific dry or semi-dry sticks that do not
meet the sausage standard must be followed by
the ingredients statement. If products meet the
sausage standard, they may be identified as
“Smoked Sausage.”

STROGANOFF, MEATBALL

Product must contain at least 45% cooked meatballs.
Sauce portion shall comply with the Stroganoff Sauce
standard.

STROGANOFF SAUCE

The sauce must contain at least 10% sour cream or a com-
bination of at least 7.5% sour cream and 5% wine, or 2%
sour cream, 2½% wine, and 9½% whole milk.

STROGANOFF SAUCE WITH/AND BEEF

Product must contain at least 31% beef or 21% cooked
beef based on the total weight of the product, with sauce
portion complying with the stroganoff sauce standard.

STROGANOFF SAUCE WITH/AND MEATBALLS

Product must contain at least 31% cooked meatballs. Sauce
portion shall comply with the stroganoff sauce standard.

STROMBOLI (IT)

Product is not considered a traditional sandwich.
Minimum meat requirement is 25% fresh or 18% cooked
meat. The label must show a true product name, e.g.,
“Pepperoni and Cheese Wrapped in Dough.”

STUFFED CABBAGE WITH MEAT IN SAUCE

Product must contain at least 12% meat or at least 8%
cooked poultry.

STUFFED PEPPERS WITH MEAT IN SAUCE

Product must contain at least 12% meat or at least 8%
cooked poultry.

SUKIYAKI

Product must contain at least 30% beef. Sukiyaki consists of
cut up vegetables, e.g., mushrooms, leeks and celery, which
are cooked briefly with thin slices of beef and soy sauce.

SULFITING AGENTS

The presence of sulfiting agents (sulfur dioxide, sodium
sulfite, sodium bisulfite, potassium bisulfite, sodium
metabisulfite, and potassium metabisulfite) must be
declared on the label if their concentration in the finished
meat or poultry food product is 10 PPM or higher.
However, some finished meat and poultry food products
may be comprised of multiple separable components, e.g.,
potatoes or apple cobbler in frozen dinner. For these prod-
ucts, if a separable component contains 10 PPM or more
sulfiting agents, the sulfiting agents must be declared even
though the total product contains less than 10 PPM of sul-
fiting agents. When sulfiting agents are required to be
declared under conditions described above, their declara-
tion shall be according to the following:

1. Sulfiting agents shall be declared by their spe-
cific name or as “sulfiting agents.”
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2. Declaration shall be in the ingredients state-
ment in order of predominance or at the end of
the ingredients statement with the statement
“This Product Contains Sulfiting Agents” (or
specific name(s)).

3. When the total product contains less than
10 PPM, but a separable component contains
10 PPM or more, the sulfiting agent must be
declared as part of the component according to
(1) and (2) above.

SUMMER SAUSAGE

Product may be a semi-dry or cooked sausage. Meat
byproducts and extenders are permitted.

SWISS STEAK

Swiss Steak and Gravy: Contains not less than 50%
cooked beef.

Gravy and Swiss Steak: Contains not less than 35%
cooked beef.

Product labeled “Swiss Steak” must be floured or
dusted before searing, or may have flour added to gravy.

SWEET AND SOUR PORK, BEEF OR POULTRY

Product requires at least 25% meat or poultry meat, or
18% cooked meat or poultry meat. Product also requires
sufficient traditional sweet and sour ingredients (fruit,
fruit juices, vinegar, etc.) to impart sweet and sour char-
acteristics.

SZECHWAN STYLE

Acceptable identification for any product containing one
item from three or the four groups below.

1. Soy sauce
2. Spring onions, scallions or leeks
3. Garlic, ginger, ginger root
4. Chili, Szechwan peppercorn, Chili oil

TACO

Product must contain at least 15% meat.

TACO FILLING

Product must contain at least 40% fresh meat. The label
must show true product name, e.g., “Taco Filling with
Meat,” “Beef Taco Filling,” or “Taco Meat Filling.”

TACO FILLING, KIND

Product must contain at least 40% raw poultry meat.

TAGS, TISSUE STRIPS, BRANDS

When tags, tissue strips, brands, etc. are used to apply
ingredients statements on sausages and other products in
casings or link form, the only additional marking required
is the official inspection legend. However, if other features
are added, e.g., the product name, all applicable required
labeling features are required.

See: 9 CFR 316.10.

TALLOW

Acceptable product name for the meat food product con-
sisting of rendered beef fat or mutton fat or both.

TAMALES

Product must contain at least 25% meat. Tamales prepared
with meats other than beef and/or pork must include them
in the product name, e.g., “Chicken Tamale” or “Chicken
and Beef Tamale.”

See: 9 CFR 319.305.
When inedible wrappings are used, they must be 

indicated:

a. In the product name, e.g., “Beef Tamale Wrapped
in Corn Husk.”

b. As a qualifier to the product name, e.g.,
“remove parchment paper prior to eating,” or

c. As information in the preparation instructions,
e.g., “remove the inedible covering prior to
serving.” The wrapper cannot be included as
part of the net weight.

Filling — must contain at least 40% beef.
Pie — must contain at least 20% fresh meat. Filling

must be at least 40% of the total product.
(kind) — must contain at least 6% poultry meat.
(kind) With sauce or gravy — must contain at least 5%

poultry meat.
(species) — must contain at least 25% meat.
(species) With sauce or gravy — must contain at least

20% fresh meat.
If byproducts are used, their presence must be

included in the product name.

TAPIOCA PRODUCT

Tapioca flour — can be used as a binder in some products
in which “starchy vegetable flour” is permitted, as long as
it is declared as tapioca flour.

Tapioca starch — can be used as a binder in some
meat and poultry products in which “vegetable starch” is
permitted as long as it is declared as “tapioca starch or
food starch.” Tapioca starch cannot be declared as
“starch.”
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TAQUITOS

A Mexican dish requiring at least 15% meat. Cooked meat
product is cut into strips or shredded and placed in center
of tortilla. The tortilla is then rolled around the filling.

TASAJO SALTED BEEF (SP)

MPR not to exceed 2:1. Product is stitch pumped and
cured in salt brine for 72 hours or more after which it is
dried with circulated warm air for a period of at least 20
days. If the item is dipped in a tallow mixture, a statement
must be shown contiguous to the product name identifying
the constituents of the dipping mixture.

TEAWURST OR TEEWURST

A cooked or uncooked product processed with or without
curing and cold smoked 2 to 5 days. It is ground or
coarsely chopped and is characterized by a soft spreadable
texture. Typical meat ingredients include: pork, beef, pork
bellies, and bacon. Fresh pork bellies may be used in
place of pork fat and bacon.

TEMPURA

A Japanese dish consisting of shrimp, fish, vegetable,
meat, poultry etc., each dipped in an egg batter and deep
fried. The label must show true product name, e.g.,
“Chicken Tempura,” “Pork Tempura,” etc.

TERIYAKI, MEAT OR POULTRY

Cubes or slices of meat or poultry meat which have been
marinated in a sauce containing soy sauce, some kind of
sweetener, and usually ginger, garlic, or wine. When the
marinated product is combined with additional sauce the
product name must reflect the sauce; for example, “Beef
Teriyaki with Sauce.”

See: Teriyaki Products when product has not been
cooked.

TERIYAKI PRODUCTS

Meat and poultry teriyaki products are not required to be
cooked, provided a prominent statement is on the princi-
pal display panel informing the consumer that the product
is not cooked. Example: “Ready to Cook,” “Raw,” and
“Ready to Bake.”

TETRAZZINI, POULTRY OR BEEF

Product must contain at least 15% cooked poultry or
cooked beef. Made with diced cooked poultry or meat in
a rich cream sauce containing sherry. This is added to
cooked spaghetti or noodles in a casserole. Usually topped
with bread crumbs or grated cheese.

TEXTURED VEGETABLE PROTEIN (TEXTURED

VEGETABLE PROTEIN PRODUCT) FOR COOKED

MEAT AND/OR POULTRY MEAT

If the cooked meat and/or poultry meat to TVP ratio
exceeds 9:1, then the TVP is declared by its common or
usual name in the ingredients statement only.

If the cooked meat and/or poultry meat to TVP ratio is
less than 9:1 but at least 7:1, the label must contain a qual-
ifying phrase contiguous to the product name, e.g.,
“Chicken Salad, Textured Vegetable Protein Added.”

If the cooked meat and/or poultry meat to TVP ratio is
less than 7:1, the TVP must be shown in the product name,
e.g., “Chicken and Textured Vegetable Protein Salad.”

TEXTURED VEGETABLE PROTEIN (TVP) PRODUCTS —
FRESH MEAT OR POULTRY MEAT RATIOS

The following guidelines and labeling requirements have
been established regarding use of TVP in products other
than patties and pizza toppings.

If the ratio of fresh meat or poultry meat to TVP is
greater than or equal to 13:1, the TVP product is not con-
sidered to be characterizing or deceptive, e.g., 40% fresh
meat: 3% textured soy flour � 13.3:1, and the TVP only
needs to be shown in the ingredients statement only.

If the ratio of fresh meat or poultry meat to TVP prod-
uct is less than 13:1 but greater than or equal to 10:1, the
TVP is characterizing and must be shown contiguous to
the product name, e.g., “Hot Dog Chili Sauce made with
Beef Textured Vegetable Protein added.”

THAI STYLE

Acceptable identification for products containing at least
five of the following:

Basil, chilies or chili products, cilantro, coconut or
coconut products, coriander, cumin, fish sauce, galangal, gar-
lic, ginger, green onions, jasmine rice, lemon grass, peanuts
or peanut products, rice noodles, shallots, or soy sauce.

THURINGER

Usually classed as a “Semi-Dry” sausage with an MPR of
3.7:1. It is usually smoked and complies with the follow-
ing factors:

1. Pork fat as such may comprise up to 10% of the
total ingredients.

2. Heart meat (Beef or Pork) may comprise up to
50% of meat ingredients.

3. Tongue meat (Beef or Pork) may comprise up
to 10% of meat ingredients.

4. Cheek meat (Beef or Pork) may comprise up to
50% of eat ingredients.
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5. No binders or extenders are allowed.
6. “Cooked Thuringer” can contain up to 10%

added water.
7. Acceptable product names for uncooked

Thuringer include: “Beef Summer Sausage —
Thuringer Cervelat” and “Summer Sausage —
Thuringer Cervelat.”

TIPS

Is the sub-primal of the beef round and is often referred
to as the “Sirloin Tip.” If the term “Tips” is used for
other than from the “Sirloin Tip,” it must be qualified 
as to the specific part of the primal such as “Beef 
Ribs Tips.”

TITANIUM DIOXIDE

When Titanium Dioxide is used in poultry salads, a qual-
ifying phrase should appear under the product name stat-
ing that the product has been “Artificially Whitened” or
“Artificially Lightened.”

TOCINO

Spanish word for salt pork or bacon. Except in Puerto
Rico, must show and use true product name in English,
e.g., bacon, salt pork.

TOCINO, POULTRY

A fanciful name for a tocino product made from poultry.
The fanciful name must be followed by a true descriptive
product name, e.g., “Chicken Tocino, Sliced, Marinated,
Cured Chicken Thigh Meat.”

TOCINO (FILIPINO OR PHILIPPINE STYLE)

The thinly sliced piece of meat taken from either the hind
leg or shoulder portion of the pork carcass. The product is
treated with salt, sugar, and nitrite and/or nitrates, with
optional ingredients of ascorbic acid, spices, monosodium
glutamate, and phosphates. Acceptable color agents are
annatto, beet powder, and paprika that must be shown as
“artificially colored.” A true product name must be shown
on the label, e.g., “Sliced Marinated Cured Pork Shoulder
Butt, followed by the solution statement.”

TOCOPHEROL

May be listed as “Topcopherol (Vitamin E)” on the label
but not “Vitamin E (Tocopherol).” Tocopherol and
Vitamin E are not synonyms. Also, acceptable in rendered
or unrendered fat.

TOMATO AND BACON SPREAD

Product must contain at least 25% cooked bacon.

TONGUE TRIMMINGS

Labeling terminology for the various kinds of tongue and
cheek trimmings shall be as follows:

1. “(Species) tongue trimmings” shall be used to
identify all tissues except cartilage and bone that
are obtained by converting long-cut to short-cut
tongues. This conversion is done by making a
transverse cut anterior to the epiglottis, removing
the soft palate and epiglottis, and cutting through
the hyoid bone. Approximately 1�

1
2

� inches 
of the bone is left with the tongue. “(Species)
tongue trimmings” may also be used to identify
salivary glands, lymph nodes, and fat from which
the muscle tissue has not been removed.

2. “(Species) salivary glands, lymph nodes, and fat
(tongue)” must be preceded by the name of the
species from which derived. Tongue meat should
not include any tissues described in paragraph 2.

3. Trimmings from the tongue itself should be
identified as “tongue meat” preceded by the
name of the species from which derived.
Tongue meat should not include any tissues
described in paragraphs 2 and 3 above.

4. Trimmings with fat from tongue is acceptable
ingredient in cooked sausage products covered
under section 9 CFR 319.180 of the regula-
tions. Lymph nodes and salivary glands are not
acceptable ingredients.

TOPPING — (SPECIES) OR (KIND)

Topping is an acceptable product name for a nonspecific
product containing the species or kind indicated as well as
various other ingredients. The ingredients statement must
follow the product name.

See: Pizza Topping Mix.

TORTELLINI WITH MEAT

Product must contain at least 10% meat.

TORTILLA WITH MEAT

Product must contain at least 10% meat. Tortilla is a thin,
flat unleavened masa cake which is baked on both sides.

TOSTADA WITH MEAT

Product must contain at least 15% meat. A tortilla is usu-
ally topped with refried beans, meat, cheese, and fresh
vegetables.

TOURISTEN WURST

A semi-dry type of sausage. The MPR must not exceed 
is 3.7:1.
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“TROPIC CURE” PORK PRODUCTS

Pork products when ready for shipment from the official
establishment must have a moisture protein ratio not in
excess of 3.25:1, and a salt content not less than 6%.

TRUFFLES

Meat food product, e.g., “Liver Pate with Truffles” or
“Sandwich Spread with Truffles” would be expected to be
prepared with at the least 3% truffles. Labels of product con-
taining less than 3% truffles should indicate the amount of
truffle content in the name, e.g., “Liver Pate with 2% truf-
fles.” If the name does not feature truffles and they are men-
tioned only in the list of ingredients, we have no minimum
requirement, provided the illustration does not show truffles.

TURKEY BRAUNSCHWEIGER

The product name must be shown on the label as “Turkey
Liver Sausage.” No byproducts other than liver are per-
mitted in the product.

TURKEY CHOPS

Turkey chops are prepared by cutting the frozen breast
into slabs with each cut being made perpendicular to the
long axis of the keel bone (sternum). The larger slabs are
split in half through the center of the sternum, resulting in
two individual servings of meat with a piece of bone on
one side and a thin layer of skin on the other. The smaller
pieces at each end of the breast are left intact as individ-
ual servings. The word steak is unsuitable because a
turkey steak is boneless by definition.

TURKEY HAM PRODUCTS CONTAINING

ADDED WATER

Product otherwise conforming to the standard for turkey
ham under section 9 CFR 381.171 of the poultry products
inspection regulations but weighing more than the origi-
nal weight of the turkey thigh meat used prior to curing
shall be descriptively labeled as follows:

1. The product name must include in addition to
“Turkey Ham,” words that specify the amount of
the additional substances, e.g., “and % Water,”
“With % Water Added,” or “Turkey Ham and
Water Product % of Weight is Added
Ingredients.” (The ingredients of the added solu-
tion may be incorporated into the product name,
e.g., “Turkey Ham and Water Product % of
Weight is Added Water, Salt, Dextrose, Sodium
Phosphate, and Sodium Nitrite.”) The blank is
filled in with the % determined by subtracting
the original weight of the turkey thigh meat from

the weight of the cooked finished product.
“Turkey Ham and 12% Water” is an example.

2. In retail and non-retail size packaging, the qual-
ifying statements described in 1 above must be
shown in lettering that is either not less than
three-eighths inch in height or is at least one-
third the size of the letters used in the product
name and in the same color and style and on the
same background as the product name. Full
length of the product labeling is not required.

3. The “Turkey Ham” portion of the product name
must be qualified with the statement “Cured
Turkey Thigh Meat” in the manner described in
9 CFR 381.171(e). This may be effected by
using an asterisk as long as there is no type or
other designs between the total product name
and the qualifying statement. Other means of
qualifying “Turkey Ham” will be evaluated
based on clarity. Alternatively, the total name as
described in 1 and 2 above may be qualified
with a statement that includes “Cured Turkey
Thigh Meat” and the amount of added water,
e.g., “Cured Turkey Thigh Meat and 12%
Water.” The statement should be presented in
the manner described in 9 CFR 381.171(e).

4. The product name shall be further qualified
with the statement(s) required by section 9
CFR 381.171(f) and any other statements
required in Part 381. A product complying with
the standard for Turkey Ham, containing added
water, and descriptively labeled as stated
above, must be produced under a Partial
Quality Control (PQC) program approved by
the Processed Products Inspection Division
(PPID) prior to the use of the approved label.

TURKEY HAM AND WATER PRODUCTS

CONTAINING BINDERS

Turkey ham products containing added water and binders
must be labeled as “Turkey Ham and Water Products” X%
of weight is added ingredients as described in Policy Memo
057a to provide freeze/thaw stability and reduce purge in
packages. The binders that are acceptable for use in cured
pork product can be used in these turkey ham products. The
binders must be used in accordance with 9 CFR, Sections 9
CFR 319.104(d) and 424.21(c). Where several limits are
listed, depending upon the cured pork product, the maxi-
mum amount permitted in the regulation is acceptable.

TURKEY HAM PRODUCTS CONTAINING GROUND

TURKEY THIGH MEAT (LABELING)

Small amounts of ground turkey thigh meat may be added
as a binder in turkey ham products as defined in 9 CFR
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381.171 without declaration, provided the ground turkey
thigh meat is made from trimmings that are removed from
the turkey thighs during the boning and trimming process.
The amount of ground turkey thigh meat that may be used
can represent no more than the amount that was trimmed
and in no case more than 15% of the weight of the turkey
thigh meat ingredients when formulated. Products con-
taining any ground turkey thigh meat not removed during
the boning and trimming processes or products containing
more than 15% ground turkey thigh meat must be labeled
to indicate the presence of the ground turkey thigh meat,
e.g., “a portion of ground turkey thigh meat added.” The
provision in the regulations (9 CFR 381.171(f)) regarding
the required use of terminology, e.g., “Chunked and
Formed,” “Chopped and Formed,” and “Ground and For-
med” will continue to be followed.

TURKEY LOAF: CURED, CHOPPED (CANNED)

May contain seasonings, cures, and no more than 3% water
at formulation. Binders and extenders are not permitted.

TURNOVERS

Product must contain 25% meat or 14% poultry meat.
Similar to pies except the dough is folded. Cheese may be
substituted for meat or poultry meat in an amount not to
exceed 50% under the conditions outlined below:

1. Cheese must be part of the product name, e.g.,
“Beef and Cheese Turnover” or “Chicken and
Cheese Turnover.”

2. Imitation Cheese, substitute cheese, cheese food,
and cheese spreads are not acceptable replace-
ments for cheese.

TZIMMES

The true product name is “Beef and Vegetables” (or similar
wording) when at least 50% beef is present in the product.
“Vegetables with Beef” (or similar wording) is acceptable
when at least 35% raw beef is used.

UKRAINIAN SAUSAGE

A dry sausage made from lean pork and/or veal chunks,
containing large amounts of garlic which dominates the
flavor. It is cooked and smoked at high temperatures and
then air dried. The water activity (Aw) of the finished
product shall not exceed 0.92 or a moisture/protein ratio
2.0:1 or less.

VARIETY MEATS IN FRANKS

Cooked sausages with variety meats (byproducts) identi-
fied in 9 CFR 319.180(b) must contain not less than 15%
red skeletal meat based on total meat block weight. The

meat block includes meat, meat by-products, and if appli-
cable, poultry.

VARIETY PACKS — HORS D’OEUVRES

Whenever FDA regulated products are included as a part 
of a variety pack bearing the legend (e.g., seafood hors
d’oeuvres included with meat and poultry hors d’oeuvres),
the labeling information must still be reviewed to assure
accuracy. FDA regulated products that are found mislabeled
should be corrected according to the policies of the FDA
before the label can be approved.

VEAL AND PEPPERS IN SAUCE

Product must contain at least 30% cooked veal.

VEAL BIRDS

Product is similar to a turnover made with meat and no more
than 40% stuffing. Categories of products are as follows:

1. Veal Birds — At least 60% veal
2. Veal Birds Beef Added — At least 60% veal

and beef of which 20% may be beef
3. Veal and Beef Birds — At least 60% veal and

beef of which up to 50% may be beef
4. Veal Birds (made from patties) — Birds made

from patties shall bear a true product name
descriptive of patty used, e.g., “Veal Birds
made with Veal Patties — Beef Added.” The
patty portion shall contain 70% meat.

VEAL CORDON BLEU (FR)

The standard requires at least:

1. 60% veal;
2. 5% ham, Canadian bacon, or cooked cured

pork loin; and
3. Cheese (either Swiss, Gruyere. Mozzarella, or

Pasteurized Processed Swiss).

If the product is breaded, it must be shown in the product
name. When the product is made with other than solid
pieces of meat, “Chopped and Formed” must be shown
contiguous to the product name. Beef is not permitted in
this product.

Veal that has been injected with water and phosphates
and used for Veal Cordon Bleu should be labeled “Veal
Roll Cordon Bleu” or other descriptive names as appro-
priate.

VEAL DRUMSTICK, BREADED

May not contain more than 15% water or more than 10%
extenders.

Standards for Meat and Poultry in the United States 72-93

DK9848_C072.qxd  31/Aug/05  11:25 AM  Page 93



VEAL FRICASSEE

Must contain at least 40% meat.

VEAL PARMIGIANA

The following categories of products exist:

1. “Breaded Veal Parmigiana” is the product name
for a solid piece of veal that is breaded and
topped with cheese and tomato sauce. Breaded
cooked veal must represent 40% of the finished
product.

2. “Breaded Veal Parmigiana, Chopped and
Formed Beef (or Beef Fat) Added” is the prod-
uct name for chopped veal with up to 20% beef
and/or beef fat added that is formed, breaded,
and topped with cheese and tomato sauce. The
chopped and formed beef added statement is
shown one-third the size of “Veal” contiguous
to the product name. Breaded cooked patty
must represent 40% of the finished product.

3. “Breaded Veal Parmigiana made with Veal
Patties, Beef (or Beef Fat) Added” is the prod-
uct name for a veal patty containing at least
70% fresh meat (in unbreaded patty) of which
20% may be beef or beef fat. The patty is
breaded, topped with cheese and tomato sauce.
The entire qualifying statement in the product
name is to be shown 1/3 size of “Veal” con-
tiguous to product name. The breaded cooked
patty represents 40% of the finished product.

4. Breaded Veal and Beef Patty Parmigiana. The
patty may be prepared in proportions as gov-
erned by 9 CFR 317.2(f)(1)(v) of the regula-
tions; the minimum meat patty requirement is
50%. If the product is breaded, the name must
reflect this fact. The cheese component of the
product does not have to be shown in the name
of the product. A specific kind of cheese is not
required, although Romano, Mozzarella, and
Parmesan are the usual types used. No specific
spelling of the word “Parmigiana” is required.
Name applies to a “Cooked Product Assembled,
Ready to Heat and Eat.”

The labeling of Veal Parmigiana made from a veal patty
shall include veal patty in the product name, e.g.,
“Breaded Veal Parmigiana made with Veal Patties” or
“Breaded Veal Patty Parmigiana.” The ingredients of the
veal patty do not have to be part of the product name.

VEAL PATTIES

Up to 20% beef and/or beef fat of the meat block permitted.
Beef and/or beef fat must show in the true product name,

e.g., “Veal Patties, beef added” or “Veal Patties, beef fat
added.” Beef and/or beef fat in excess of 20% of the meat
block must show as “Veal and Beef Fat Patties.”

VEAL SCALOPPINI

Veal and sauce type product that must contain at least
35% cooked sliced veal.

VEGETABLE DECLARATION ON LABELS

1. The use of the terms onion, garlic, celery, and
parsley shall mean fresh, frozen, or canned.

2. Processed onion or garlic must be qualified in a
manner, e.g., “dried” or “dehydrated onion” or
may be shown as “onion flakes” or “powdered.”

3. It is usually not necessary to show vegetables
as whole, diced, sliced, granulated, powdered,
or pureed; however, whenever the name of the
vegetable is necessary to describe a food, then
the name of the vegetable should be modified
to show the form of its degree of processing.

4. Onion or garlic juice to which water has been
added shall be noted, e.g., onion juice with
water added.

5. Celery seed may be listed as a spice.
6. Celery salt shall be shown as celery salt.
7. Oil of celery may be listed as a flavoring.

VEGETABLE EXTRACT

The source must be identified i.e. “soy,” “corn” and “beet.”

VEGETABLE GUM

Declare common or usual name of each vegetable gum,
e.g., Guar Gum.

VEGETABLE PIE WITH

“Species” meat must contain 12% meat on a raw basis.
“Kind” poultry must contain 7% cooked poultry.

VEGETABLE STEW WITH: MINIMUM MEAT CONTENT

VIENNA SAUSAGE — PACKED IN BEEF BROTH

Product must contain 80% sausage to be in compliance
prior to inclusion in can. Broth component to have a MPR

Meatballs 12% meat
Meat 12% meat
Meat Sauce or Gravy 6% meat 
Sauce and Meat 12% meat 
Poultry 6% cooked poultry meat
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of not more than 135:1. A manufacturer holds trademark
rights to the terms “Vienna” and “Vienna Beef.”

VINEGAR

Product must contain at least 4 grams of acetic acid per
100 cubic centimeters (approximately 4% acetic acid).
This strength is referred to as 40 grain vinegar. Cider vine-
gar, which during the course of manufacture has devel-
oped an excess of acetic acid over 4%, may be reduced to
a strength not less 4%. Cider vinegar so reduced is not
regarded as adulterated but must be labeled as to its nature
as “diluted” or “water added” cider vinegar. However,
when vinegar of any concentration (not less than 4%
acetic acid) is used in a food product, the only labeling
requirement is “vinegar.” Statements like “diluted” or
“water added” are not required.

VINEGAR PICKLE

Sausage in vinegar pickle is approved with the under-
standing that sausage is completely covered with pickle
and that the pickle has a pH level not higher than 4.5.

WATER BASE SOLUTIONS IN RED MEAT IN

MEAT PRODUCTS

Solutions intended to impart flavor (not extend the prod-
uct) may be added in any amount to uncooked, cured and
uncooked, uncured red meat products including those that
have been chunked, ground, wafer sliced, etc., and formed/
shaped. Whenever an uncooked, cured red meat product is
injected, massaged, tumbled, etc., with a flavoring or sea-
soning solution, the product name must be qualified with
a statement indicating that the addition of a solution has
taken place, e.g., “Containing 6% of a Solution,” “Injected
with up to 12% of a Flavoring Solution.” The qualifier
must appear contiguous to the product name whenever it
appears on the label. The ingredients of the solution may
accompany the qualifier or appear in locations prescribed
for ingredient statements.

For products marinated (i.e., soaked, steeped, mas-
saged, tumbled, or injected in order to improve taste, tex-
ture, tenderness, or other sensory attributes, such as color
or juiciness) and identified as “marinated,” the solution
added is limited to 10%. The qualifying statement must
include the percentage of solution contained in the prod-
uct, e.g., “Marinated with up to 8% of a Solution of Water,
Salt, and Sugar.”

In situations where it has been customary to coat a
product by rubbing, spraying, or dipping water mixed
with seasonings, flavorings, etc., onto the surface of the
meat, the qualifying statement describing this treatment
does not have to include the amount and a partial quality
control program is not needed. If, however, these compo-
nents are incorporated into the meat by excessive rubbing,

massaging, or tumbling, a qualifying statement indicating
the composition and the amount of any solution absorbed
is needed as described herein. An approved partial quality
control program is also needed.

The addition of an enzyme solution to meat products
is limited to 3% of the raw meat product (green weight)
by the meat inspection regulations (9 CFR 318.7(c)(4)). If
a product is treated with an enzyme solution and a flavor-
ing solution, separately or in one step, both treatments must
be separately identified on the label, e.g., “Tenderized
with Papain,” and “Marinated with up to 7% of a Solution.”
No particular order is required for these qualifying state-
ments. Combined tenderization/marination solutions are
limited to 10% of the raw meat product (green weight).

For all products, the qualifying statement must be at
least one-fourth the size of the largest letter in the product
name. If the ingredients of the solution accompany the
qualifier, they must appear in print at least one-eighth the
size of the largest letter in the product name. Product
name labeling prominence guidelines are found in Policy
Memo 087A.

For uncooked products, the percent added substances
for the label statement is determined by subtracting the
fresh (green) weight of the article from the weight of the
finished (total) product, i.e., after injecting, marinating,
etc., dividing by the weight of the fresh article, and multi-
plying by 100.

In all situations where the percentage of a solution is
disclosed, a partial quality control (PQC) program for the
addition of solutions must be approved before the label
can be used regardless of the amount of solution added.

Since the meat inspection regulations (9 CFR 319.101
and 102) allow uncooked corned beef brisket to contain
20%, and uncooked corned beef round and other cuts to
contain 10% of a curing solution above the weight of the
fresh, uncured (green weight) product without disclosure,
the above labeling scheme does not apply until these lev-
els are exceeded. If these levels are exceeded, the total
amount of added solution, not just the level above com-
pliance, must be indicated in the format described for
other uncooked, cured products. Similarly, the labeling
scheme does not apply to uncooked cured pork trimmings
or uncooked cured pork products that are not labeled to
indicate the presence of hams, loins, shoulders, butts, pic-
nics, or cured pork made from parts not covered by the
cured pork products regulation (9 CFR 319.104) until
more than 10% added substance is present.

This policy memo does not apply to uncooked cured
pork products covered by the cured pork products regula-
tion. The labeling schemes for indicating the presence of
added substances in these products are outlined in the
meat inspection regulations (9 CFR 319.104 and 105) and
FSIS Directive 7110.2 (Rev. 1). The percentage of the
weight of added ingredients is determined as described
above.
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WATER-DECLARATION

The use of water must be declared in the ingredients state-
ment of all products with the exception of the following:

1. The water added to lactic acid starter culture
(.05% or less) for the purpose of rehydration.

2. The water added to products which are freeze-
dried or sprayed-dried.

WATER IN CANNED SAUSAGE

Water, not to exceed 8% of the total product weight, may be
used in the preparation of precooked pork sausage links
intended for canning. The amount of water used is for the
purpose of replacing that which is lost during the processing
operation that takes place prior to canning. The weight of the
sausage at the time of canning shall not exceed the weight of
the fresh uncured meat ingredients plus the weight of the
curing ingredients and the seasoning ingredients.

WATER-MISTED AND ICE-GLAZED MEAT AND

POULTRY PRODUCTS

When meat or poultry products are water-misted or ice-
glazed, the net weight of the product may not include the
weight of the water or ice. An acknowledgment to this
effect must be indicated on the label application form. A
prominent and conspicuous statement must appear on the
principal display panel adjacent to the product name,
describing that the product is protected with a water-mist
or ice glaze (e.g., “Product Protected with Ice Glaze”).

If the manufacturer can show that a water or ice glaze is
sublimed from the unpackaged product during freezing so
as not to compromise the integrity of the product’s formula-
tion or the standard with which it must comply, the labeling
of the product need not bear the statements identified above.

Because the regulatory standard 9 CFR 319.15 pre-
cludes the addition of water — hamburger, ground beef
and chopped beef patties cannot be ice-glazed and, if there
is evidence of an ice-glaze on such patties subsequent to
freezing, they must be labeled appropriately to be sold in
commerce, e.g., as “beef patties.” However, water-misting
of formed hamburger, ground beef, or chopped beef pat-
ties just prior to freezing individual patties is permitted if
(1) the water applied in misting acts as a processing aid to
prevent shrinkage of the patties, and (2) the misted water
sublimes from the surface of the patties during the freez-
ing process such that the weight of the patty exiting the
freezer does not exceed the green weight of the patty just
prior to water-misting and freezing.

WEISSWURST

An acceptable name for fresh sausage. It is usually made
of pork or veal and must be thoroughly cooked before 

eating. It is of German origin, which means White Sausage-
similar to Bratwurst. Weisswurst with milk should be
labeled “Kalbsbratwurst.” Weisswurst with milk and eggs
should be labeled “Bockwurst.”

WELSH RAREBIT SAUCE WITH COOKED HAM

Product must contain at least 20% cooked ham in the total
formulation.

WHEAT GLUTEN

Acceptable for use to bind fresh meat cuts, e.g., boneless
loins, boneless legs, and livers together, so that they may
be cooked and sliced without falling apart. The amount
used should not exceed 2% of the weight of the total prod-
uct. The product name shall be qualified by the phrase
“Wheat Gluten Added.”

Wheat gluten is not acceptable for use with chunked
and/or chopped specific products as roasts, rolls, and
reformed meat cuts.

Acceptable in nonspecific products and home-style
meat loaves within the prescribed limits of other extenders
and binders.

WHOLE HOG SAUSAGE

Must contain all primal parts of a hog. Hearts and
tongues, in natural proportions, are permitted ingredients
in whole hog sausage when declared in the ingredients
statement. Other meat byproducts are not permitted in
whole hog sausage.

See: 9 CFR 319.144.

WIENER SCHNITZEL (GR)

A veal cutlet prepared by dipping in egg, flour, and bread
crumbs and frying to a golden brown.

WILD BOAR

Products prepared from wild boar from feral swine are
amenable and subject to the meat inspection regulations.

“Wild Boar” is an acceptable label term for a product,
provided the words “Wild Boar” are directly followed by
the statement “Meat from Feral Swine.” The statement
“Meat from Feral Swine” must appear prominently on the
principle display panel as described in 9 CFR 317.2(d)(1)(2)
and (3). If the statement “Meat from Feral Swine” does not
directly follow the term “Wild Boar,” then an asterisk may
be included with the term “Wild Boar” and the statement
“Meat from Feral Swine” should appear prominently else-
where on the principal display panel. “Wild Boar from
Feral Swine,” “Wild Boar Meat from Feral Swine,” “Wild
Boar (byproduct) from Feral Swine,” are also acceptable
product names.
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In order to obtain approval for a product label bearing
the name “Wild Boar from Feral Swine,” or similar accept-
able names, a statement describing and verifying the fol-
lowing physical and environmental characteristics typical
of wild boar is required: color patterns, e.g., white stripes
or spots, longer bristly haircoat, elongated snout with visi-
ble tusks, a “razorback” body shape, and wild boar males
which are uncastrated. (We acknowledge both males and
females under the term “Wild Boar.”) The purchased hogs
should be obtained from a nonrestrictive environment
which permits foraging for uncultivated feed, natural
selection, and breeding and farrowing without confine-
ment. A letter should be submitted with “Wild Boar from
Feral Swine” labels describing the environment where
such swine live and their method of capture or entrapment.
These same criteria would also apply to imported “Wild
Boar Meat from Feral Swine” and arrangements should be
made through foreign programs for slaughter and export
from approved establishments.

In multi-ingredient products, e.g., “Beans in Sauce
with Wild Boar,” the “Wild Boar” part of the product
name must be followed by an asterisk and a statement
“(meat or meat byproduct) from Feral Swine” must appear
somewhere on the principal display panel. The ingredient
wild boar, wild boar meat, or wild boar byproduct must be
listed as “Wild Boar [(Meat or meat byproduct) from
Feral Swine]” in the ingredients statement in its proper
order of predominance.

WING SECTIONS

First wing section is described as the wing drummette
Second wing section is described as the wing portion.
Wings Sections is an acceptable wing term for both wing
drummette and wing portion when in natural proportions.

WITH NATURAL JUICES (POULTRY)

The term “With Natural Juices” may be used with poultry
products to indicate the presence of cooked out juices
derived solely from the liquid normally associated with the
poultry prior to cooking. If liquids have been added to the
poultry prior to cooking, natural can not be used.

WRAPS

A ready-to-eat meat/poultry food product that may con-
tain vegetables and seasoning ingredients and is wrapped
in a dough based component, e.g., tortilla. The product
name must bear the kind or species, e.g., “Ham Wraps.”
The minimum meat or poultry requirement is 2% cooked
meat or 2% cooked poultry meat.

YEARLING

The term “yearling” (e.g. yearling beef) may be used to
describe an animal of either sex that is too old to be clas-
sified as a calf or lamb but less than 2 years of age. The
company is required to segregate carcasses and provide
product identification to insure that no commingling
occurs between qualifying and nonqualifying products.

The terms “Yearling Ovine”, “Yearling Mutton” and
“Yearling Sheep Meat” are acceptable product names for
meat derived from sheep between 1 and 2 years of age.
Yearling Lamb is not an acceptable name for this product.
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I. INTRODUCTION

Nearly 25 years ago, the United States Food and Drug
Administration (FDA) started the approach of using
umbrella regulations to help the food industries to produce
wholesome food as required by the Federal Food, Drug,
Cosmetic Act (the Act). In 1986, the FDA promulgated the
first umbrella regulations under the title of Good
Manufacturing Practice (GMP) regulations (GMPR). Since
then, many aspects of the regulations have been revised (1).

Traditionally, industry and regulators have depended
on spot-checks of manufacturing conditions and random
sampling of final products to ensure safe food. The Current
Good Manufacturing Practice Regulations (CGMPR)
forms the basis on which the FDA will inform the food
manufacturer about deficiencies in its operations. This
approach, however, tends to be reactive, rather than pre-
ventive, and can definitely be improved.

For more than 30 years, FDA has been regulating the
low acid canned food (LACF) industries with a special set
of regulations, many of which are preventive in nature.
This action aims at preventing botulism. In the last 30
years, threats from other biological pathogens have
increased tremendously. Between 1980 and 1995, FDA
has been studying the approach of using Hazard Analysis
and Critical Control Points (HACCP). For this approach,
FDA uses the LACF regulations as a partial guide. Since
1995, FDA has issued HACCP regulations (HACCPR) (2)
for the manufacture or production of several types of food

products. These include the processing of seafood and
fruit/vegetable juices.

Since 1938, when the Act was first passed by Congress,
FDA and State regulatory agencies have worked hard to
reach a uniform set of codes for the national regulation of
food manufacturing industries and state regulation of retail
industries associated with food, e.g., groceries, restau-
rants, catering, and so on. In 1993, the first document
titled Food Code was issued jointly by the FDA and state
agencies. It has been revised twice since then. This chap-
ter discusses CGMPR, HACCPR, and the Food Code.

II. CURRENT GOOD MANUFACTURING
PRACTICE REGULATIONS (CGMPR)

The Current Good Manufacturing Practice Regulations
(CGMPR) cover the topics listed in Table 73.1. These reg-
ulations are discussed in detail here. Please note that the
word “shall” in a legal document means mandatory and 
is used routinely in FDA regulations published in the U.S.
Code of Federal Regulations (CFR). In this chapter, the
words “should” and “must” are used to make for smoother
reading. However, this in no way diminishes the legal
impact of the original regulations.

A. DEFINITIONS (SECTION 110.3)

FDA has provided the following definitions and interpre-
tations for several important terms.

1. Acid food or acidified food means foods that
have an equilibrium pH of 4.6 or below.

2. Batter means a semi-fluid substance, usually
composed of flour and other ingredients, into
which principal components of food are dipped
or with which they are coated, or which may be
used directly to form bakery foods.

3. Blanching, except for tree nuts and peanuts,
means a prepackaging heat treatment of food-
stuffs for a sufficient time and at a sufficient tem-
perature to partially or completely inactivate the
naturally occurring enzymes and to effect other
physical or biochemical changes in the food.
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4. Critical control point means a point in a food
process where there is a high probability that
improper control may cause a hazard or filth in
the final food or decomposition of the final food.

5. Food includes raw materials and ingredients.
6. Food-contact surfaces are those surfaces that

contact human food and those surfaces from
which drainage onto the food or onto surfaces
that contact the food ordinarily occurs during
the normal course of operations. Food-contact
surfaces include utensils and food-contact sur-
faces of equipment.

7. Lot means the food produced during a period of
time indicated by a specific code.

8. Microorganisms means yeasts, molds, bacteria,
and viruses and includes, but is not limited to,
species having public health significance. The
term undesirable microorganisms includes those
microorganisms that are of public health signif-
icance, that promote decomposition of food, or
that indicate that food is contaminated with filth.

9. Pest refers to any objectionable animals or insects
including, but not limited to, birds, rodents, flies,
and insect larvae.

10. Plant means the building or facility used for the
manufacturing, packaging, labeling, or holding
of human food.

11. Quality control operation means a planned and
systematic procedure for taking all actions nec-
essary to prevent food from being adulterated.

12. Rework means clean, unadulterated food that
has been removed from processing for reasons
other than insanitary conditions or that has
been successfully reconditioned by reprocess-
ing and that is suitable for use as food.

13. Safe moisture level is a level of moisture low
enough to prevent the growth of undesirable
microorganisms in the finished product under
the intended conditions of manufacturing, stor-
age, and distribution. The maximum safe mois-
ture level for a food is based on its water activity,
aw. An aw will be considered safe for a food if
adequate data are available that demonstrate that
the food at or below the given aw will not support
the growth of undesirable microorganisms.

14. Sanitize means to adequately treat food-contact
surfaces by a process that is effective in
destroying vegetative cells of microorganisms
of public health significance, and in substan-
tially reducing numbers of other undesirable
microorganisms, but without adversely affect-
ing the product or its safety for the consumer.

15. Water activity (aw) is a measure of the free
moisture in a food and is the quotient of the
water vapor pressure of the substance divided

by the vapor pressure of pure water at the same
temperature.

B. PERSONNEL (SECTION 110.10)

Plant management should take all reasonable measures
and precautions to ensure compliance with the following
regulations.

1. Disease Control

Any person who, by medical examination or supervisory
observation, is shown to have an illness, open lesion,
including boils, sores, or infected wounds, by which there
is a reasonable possibility of food, food-contact surfaces,
or food-packaging materials becoming contaminated,
should be excluded from any operations which may be
expected to result in such contamination until the condi-
tion is corrected. Personnel should be instructed to report
such health conditions to their supervisors.

2. Cleanliness

All persons working in direct contact with food, food-
contact surfaces, and food-packaging materials should con-
form to hygienic practices while on duty. The methods for
maintaining cleanliness include, but are not limited to, the
following:

a. Wearing outer garments suitable to the operation
to protect against the contamination of food, food-
contact surfaces, or food-packaging materials.

b. Maintaining adequate personal cleanliness.
c. Washing hands thoroughly (and sanitizing if

necessary to protect against contamination with
undesirable microorganisms) in an adequate
hand-washing facility before starting work,
after each absence from the work station, and at
any other time when the hands may have
become soiled or contaminated.

d. Removing all unsecured jewelry and other
objects that might fall into food, equipment, or
containers, and removing hand jewelry that can-
not be adequately sanitized during periods in
which food is manipulated by hand. If such hand
jewelry cannot be removed, it may be covered by
material which can be maintained in an intact,
clean, and sanitary condition and which effec-
tively protects against their contamination of the
food, food-contact surfaces, or food-packaging
materials.

e. Maintaining gloves, if they are used in food
handling, in an intact, clean, and sanitary con-
dition. The gloves should be of an impermeable
material.
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f. Wearing, where appropriate, hairnets, head-
bands, caps, beard covers, or other effective hair
restraints.

g. Storing clothing or other personal belongings
in areas other than where food is exposed or
where equipment or utensils are washed.

h. Confining the following personal practices to
areas other than where food may be exposed or
where equipment or utensils are washed: eating
food, chewing gum, drinking beverages, or
using tobacco.

i. Taking any other necessary precautions to pro-
tect against contamination of food, food-contact
surfaces, or food-packaging materials with
microorganisms or foreign substances including,
but not limited to, perspiration, hair, cosmetics,
tobacco, chemicals, and medicines applied to the
skin.

3. Education and Training

Personnel responsible for identifying sanitation failures or
food contamination should have a background of educa-
tion or experience, to provide a level of competency nec-
essary for production of clean and safe food. Food handlers
and supervisors should receive appropriate training in
proper food handling techniques and food-protection prin-
ciples and should be informed of the danger of poor per-
sonal hygiene and insanitary practices.

4. Supervision

Responsibility for assuring compliance by all personnel
with all legal requirements should be clearly assigned to
competent supervisory personnel.

C. PLANT AND GROUNDS (SECTION 110.20)

1. Grounds

The grounds surrounding a food plant that are under the
control of the plant manager should be kept in a condition
that will protect against the contamination of food. The
methods for adequate maintenance of grounds include,
but are not limited to, the following:

a. Properly storing equipment, removing litter and
waste, and cutting weeds or grass within the
immediate vicinity of the plant buildings or struc-
tures that may constitute an attractant, breeding
place or harborage for pests.

b. Maintaining roads, yards, and parking lots so
that they do not constitute a source of contami-
nation in areas where food is exposed.

c. Adequately draining areas that may contribute
contamination to food by seepage or foot-borne
filth, or by providing a breeding place for pests.

d. Operating systems for waste treatment and dis-
posal in an adequate manner so that they do not
constitute a source of contamination in areas
where food is exposed. If the plant grounds are
bordered by grounds not under the operator’s
control and not maintained in an acceptable
manner, steps must be taken to exclude pests,
dirt, and filth that may be a source of food con-
tamination. Implement inspection, extermina-
tion, or other countermeasures.

2. Plant Construction and Design

Plant buildings and structures should be suitable in size,
construction, and design to facilitate maintenance and
sanitary operations for food-manufacturing purposes. The
plant and facilities should:

a. Provide sufficient space for such placement of
equipment and storage of materials as is neces-
sary for the maintenance of sanitary operations
and the production of safe food.

b. Take proper precautions to reduce the potential
for contamination of food, food-contact surfaces,
or food-packaging materials with microorgan-
isms, chemicals, filth, or other extraneous mate-
rial. The potential for contamination may be
reduced by adequate food safety controls and
operating practices or effective design, includ-
ing the separation of operations in which con-
tamination is likely to occur, by one or more of
the following means: location, time, partition, air
flow, enclosed systems, or other effective means.

c. Taking proper precautions to protect food in
outdoor bulk fermentation vessels by any effec-
tive means, including:
– Using protective coverings.
– Controlling areas over and around the ves-

sels to eliminate harborages for pests.
– Checking on a regular basis for pests and

pest infestation.
– Skimming the fermentation vessels, as 

necessary.
d. Be constructed in such a manner that floors,

walls, and ceilings may be adequately cleaned
and kept clean and kept in good repair; that drip
or condensate from fixtures, ducts and pipes
does not contaminate food, food-contact sur-
faces, or food-packaging materials; and that
aisles or working spaces are provided between
equipment and walls and are adequately unob-
structed and of adequate width to permit
employees to perform their duties and to pro-
tect against contaminating food or food-contact
surfaces with clothing or personal contact.
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e. Provide adequate lighting in hand-washing
areas, dressing and locker rooms, and toilet
rooms and in all areas where food is examined,
processed, or stored and where equipment or
utensils are cleaned; and provide safety-type
light bulbs, fixtures, skylights, or other glass
suspended over exposed food in any step of
preparation or otherwise protect against food
contamination in case of glass breakage.

f. Provide adequate ventilation or control equip-
ment to minimize odors and vapors (including
steam and noxious fumes) in areas where they
may contaminate food; and locate and operate
fans and other air-blowing equipment in a man-
ner that minimizes the potential for contami-
nating food, food-packaging materials, and
food-contact surfaces.

g. Provide, where necessary, adequate screening
or other protection against pests.

D. SANITARY OPERATIONS (SECTION 110.35)

1. General Maintenance

Buildings, fixtures, and other physical facilities of the plant
should be maintained in a sanitary condition and should
be kept in repair sufficient to prevent food from becoming
adulterated within the meaning of the Act. Cleaning and
sanitizing of utensils and equipment should be conducted
in a manner that protects against contamination of food,
food-contact surfaces, or food-packaging materials.

2. Substances Used in Cleaning and Sanitizing;
Storage of Toxic Materials

a. Cleaning compounds and sanitizing agents
used in cleaning and sanitizing procedures
should be free from undesirable microorgan-
isms and should be safe and adequate under 
the conditions of use. Compliance with this
requirement may be verified by any effective
means including purchase of these substances
under a supplier’s guarantee or certification, or
examination of these substances for contamina-
tion. Only the following toxic materials may be
used or stored in a plant where food is
processed or exposed:
– Those required to maintain clean and sani-

tary conditions;
– Those necessary for use in laboratory testing

procedures;
– Those necessary for plant and equipment

maintenance and operation; and
– Those necessary for use in the plant’s 

operations.

b. Toxic cleaning compounds, sanitizing agents,
and pesticide chemicals should be identified,
held, and stored in a manner that protects
against contamination of food, food-contact
surfaces, or food-packaging materials.

3. Pest Control

No pests should be allowed in any area of a food plant.
Guard or guide dogs may be allowed in some areas of a
plant if the presence of the dogs is unlikely to result in
contamination of food, food-contact surfaces, or food-
packaging materials. Effective measures should be taken
to exclude pests from the processing areas and to protect
against the contamination of food on the premises by
pests. The use of insecticides or rodenticides is permitted
only under precautions and restrictions that will protect
against the contamination of food, food-contact surfaces,
and food-packaging materials.

4. Sanitation of Food-Contact Surfaces

All food-contact surfaces, including utensils and food-
contact surfaces of equipment, should be cleaned as fre-
quently as necessary to protect against contamination of
food.

a. Food-contact surfaces used for manufacturing
or holding low-moisture food should be in a
dry, sanitary condition at the time of use. When
the surfaces are wet-cleaned, they should, when
necessary, be sanitized and thoroughly dried
before subsequent use.

b. In wet processing, when cleaning is necessary
to protect against the introduction of microor-
ganisms into food, all food-contact surfaces
should be cleaned and sanitized before use and
after any interruption during which the food-con-
tact surfaces may have become contaminated.
Where equipment and utensils are used in a
continuous production operation, the utensils
and food-contact surfaces of the equipment
should be cleaned and sanitized as necessary.

c. Non-food-contact surfaces of equipment used
in the operation of food plants should be
cleaned as frequently as necessary to protect
against contamination of food.

d. Single-service articles (such as utensils intended
for one-time use, paper cups, and paper towels)
should be stored in appropriate containers and
should be handled, dispensed, used, and dis-
posed of in a manner that protects against con-
tamination of food or food-contact surfaces.

e. Sanitizing agents should be adequate and safe
under conditions of use. Any facility, proce-
dure, or machine is acceptable for cleaning and
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sanitizing equipment and utensils if it is estab-
lished that the facility, procedure, or machine
will routinely render equipment and utensils
clean and provide adequate cleaning and sani-
tizing treatment.

5. Storage and Handling of Cleaned Portable
Equipment and Utensils

Cleaned and sanitized portable equipment with food-
contact surfaces and utensils should be stored in a location
and manner that protects food-contact surfaces from 
contamination.

E. SANITARY FACILITIES AND CONTROLS

(SECTION 110.37)

Each plant should be equipped with adequate sanitary
facilities and accommodations including, but not limited to:

1. Water Supply

The water supply should be sufficient for the operations
intended and should be derived from an adequate source.
Any water that contacts food or food-contact surfaces should
be safe and of adequate sanitary quality. Running water at a
suitable temperature, and under pressure as needed, should
be provided in all areas where required for the processing
of food, for the cleaning of equipment, utensils, and food-
packaging materials, or for employee sanitary facilities.

2. Plumbing

Plumbing should be of adequate size and design and ade-
quately installed and maintained to:

a. Carry sufficient quantities of water to required
locations throughout the plant.

b. Properly convey sewage and liquid disposable
waste from the plant.

c. Avoid constituting a source of contamination to
food, water supplies, equipment, or utensils or
creating an unsanitary condition.

d. Provide adequate floor drainage in all areas
where floors are subject to flooding-type clean-
ing or where normal operations release or dis-
charge water or other liquid waste on the floor.

e. Provide that there is no backflow from, or cross-
connection between, piping systems that dis-
charge wastewater or sewage and piping systems
that carry water for food or food manufacturing.

3. Sewage Disposal

Sewage disposal should be made into an adequate sewer-
age system or disposed of through other adequate means.

4. Toilet Facilities

Each plant should provide its employees with adequate,
readily accessible toilet facilities. Compliance with this
requirement may be accomplished by:

a. Maintaining the facilities in a sanitary condition.
b. Keeping the facilities in good repair at all times.
c. Providing self-closing doors.
d. Providing doors that do not open into areas

where food is exposed to airborne contamina-
tion, except where alternate means have been
taken to protect against such contamination (such
as double doors or positive air-flow systems).

5. Hand-Washing Facilities

Hand-washing facilities should be adequate and conven-
ient and be furnished with running water at a suitable tem-
perature. Compliance with this requirement may be
accomplished by providing:

a. Hand-washing and, where appropriate, hand-
sanitizing facilities at each location in the plant
where good sanitary practices require employ-
ees to wash and/or sanitize their hands.

b. Effective hand-cleaning and sanitizing prepa-
rations.

c. Sanitary towel service or suitable drying devices.
d. Devices or fixtures, such as water control valves,

so designed and constructed to protect against
recontamination of clean, sanitized hands.

e. Readily understandable signs directing employ-
ees handling unprotected food, unprotected
food-packaging materials, of food-contact sur-
faces to wash and, where appropriate, sanitize
their hands before they start work, after each
absence from post of duty, and when their
hands may have become soiled or contami-
nated. These signs may be posted in the pro-
cessing room(s) and in all other areas where
employees may handle such food, materials, or
surfaces.

f. Refuse receptacles that are constructed and
maintained in a manner that protects against
contamination of food.

6. Rubbish and Offal Disposal

Rubbish and any offal should be so conveyed, stored, and
disposed of as to minimize the development of odor, min-
imize the potential for the waste becoming an attractant
and harborage or breeding place for pests, and protect
against contamination of food, food-contact surfaces, water
supplies, and ground surfaces.
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F. EQUIPMENT AND UTENSILS (SECTION 110.40)

1. All plant equipment and utensils should be so
designed and of such material and workman-
ship as to be adequately cleanable, and should
be properly maintained. The design, construc-
tion, and use of equipment and utensils should
preclude the adulteration of food with lubri-
cants, fuel, metal fragments, contaminated
water, or any other contaminants. All equip-
ment should be so installed and maintained as
to facilitate the cleaning of the equipment and
of all adjacent spaces. Food-contact surfaces
should be corrosion-resistant when in contact
with food. They should be made of nontoxic
materials and designed to withstand the envi-
ronment of their intended use and the action of
food, and, if applicable, cleaning compounds
and sanitizing agents. Food-contact surfaces
should be maintained to protect food from
being contaminated by any source, including
unlawful indirect food additives.

2. Seams on food-contact surfaces should be
smoothly bonded or maintained so as to mini-
mize accumulation of food particles, dirt, and
organic matter and thus minimize the opportu-
nity for growth of microorganisms.

3. Equipment that is in the manufacturing or food-
handling area and that does not come into con-
tact with food should be so constructed that it can
be kept in a clean condition.

4. Holding, conveying, and manufacturing systems,
including gravimetric, pneumatic, closed, and
automated systems, should be of a design and
construction that enables them to be maintained
in an appropriate sanitary condition.

5. Each freezer and cold storage compartment used
to store and hold food capable of supporting
growth of microorganisms should be fitted with
an indicating thermometer, temperature-measur-
ing device, or temperature-recording device so
installed as to show the temperature accurately
within the compartment, and should be fitted
with an automatic control for regulating temper-
ature or with an automatic alarm system to indi-
cate a significant temperature change in a
manual operation.

6. Instruments and controls used for measuring,
regulating, or recording temperatures, pH, acid-
ity, water activity, or other conditions that con-
trol or prevent the growth of undesirable
microorganisms in food should be accurate and
adequately maintained, and adequate in num-
ber for their designated uses.

7. Compressed air or other gases mechanically
introduced into food or used to clean food-
contact surfaces or equipment should be treated
in such a way that food is not contaminated
with unlawful indirect food additives.

G. PROCESSES AND CONTROLS (SECTION 110.80)

All operations in the receiving, inspecting, transporting,
segregating, preparing, manufacturing, packaging, and
storing of food should be conducted in accordance with
adequate sanitation principles. Appropriate quality control
operations should be employed to ensure that food is suit-
able for human consumption and that food-packaging
materials are safe and suitable. Overall sanitation of the
plant should be under the supervision of one or more com-
petent individuals assigned responsibility for this func-
tion. All reasonable precautions should be taken to ensure
that production procedures do not contribute contamina-
tion from any source. Chemical, microbial, or extraneous
material testing procedures should be used where neces-
sary to identify sanitation failures or possible food con-
tamination. All food that has become contaminated to the
extent that it is adulterated within the meaning of the Act
should be rejected, or if permissible, treated or processed
to eliminate the contamination.

1. Raw Materials and Other Ingredients

a. Raw materials and other ingredients should be
inspected and segregated or otherwise handled
as necessary to ascertain that they are clean and
suitable for processing into food and should be
stored under conditions that will protect against
contamination and minimize deterioration.
Raw materials should be washed or cleaned as
necessary to remove soil or other contamina-
tion. Water used for washing, rinsing, or convey-
ing food should be safe and of adequate sanitary
quality. Water may be reused for washing,
rinsing, or conveying food if it does not
increase the level of contamination of the food.
Containers and carriers of raw materials should
be inspected on receipt to ensure that their con-
dition has not contributed to the contamination
or deterioration of food.

b. Raw materials and other ingredients should
either not contain levels of microorganisms that
may produce food poisoning or other disease in
humans, or they should be pasteurized or other-
wise treated during manufacturing operations so
that they no longer contain levels that would
cause the product to be adulterated within the
meaning of the act. Compliance with this require-
ment may be verified by any effective means,
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including purchasing raw materials and other
ingredients under a supplier’s guarantee or 
certification.

c. Raw materials and other ingredients suscepti-
ble to contamination with aflatoxin or other
natural toxins should comply with current FDA
regulations, guidelines, and action levels for poi-
sonous or deleterious substances before these
materials or ingredients are incorporated into
finished food. Compliance with this require-
ment may be accomplished by purchasing raw
materials and other ingredients under a sup-
plier’s guarantee or certification, or may be ver-
ified by analyzing these materials and ingredients
for aflatoxins and other natural toxins.

d. Raw materials, other ingredients, and rework
susceptible to contamination with pests, unde-
sirable microorganisms, or extraneous material
should comply with applicable FDA regula-
tions, guidelines, and defect action levels for
natural or unavoidable defects if a manufac-
turer wishes to use the materials in manufactur-
ing food. Compliance with this requirement
may be verified by any effective means, includ-
ing purchasing the materials under a supplier’s
guarantee or certification, or examination of
these materials for contamination.

e. Raw materials, other ingredients, and rework
should be held in bulk, or in containers designed
and constructed so as to protect against con-
tamination and should be held at such tempera-
ture and relative humidity as to prevent the food
from becoming adulterated. Material scheduled
for rework should be identified as such.

f. Frozen raw materials and other ingredients
should be kept frozen. If thawing is required
prior to use, it should be done in a manner that
prevents the raw materials and other ingredi-
ents from becoming adulterated.

g. Liquid or dry raw materials and other ingredi-
ents received and stored in bulk form should 
be held in a manner that protects against 
contamination.

2. Manufacturing Operations

a. Equipment and utensils and finished food con-
tainers should be maintained in an acceptable
condition through appropriate cleaning and
sanitizing, as necessary. Insofar as necessary,
equipment should be taken apart for thorough
cleaning.

b. All food manufacturing, including packaging and
storage, should be conducted under such condi-
tions and controls as are necessary to minimize

the potential for the growth of microorganisms,
or for the contamination of food. One way to
comply with this requirement is careful monitor-
ing of physical factors such as time, temperature,
humidity, aw, pH, pressure, flow rate, and manu-
facturing operations such as freezing, dehydra-
tion, heat processing, acidification, and
refrigeration to ensure that mechanical break-
downs, time delays, temperature fluctuations,
and other factors do not contribute to the decom-
position or contamination of food.

c. Food that can support the rapid growth of unde-
sirable microorganisms, particularly those of
public health significance, should be held in a
manner that prevents the food from becoming.
Compliance with this requirement may be
accomplished by any effective means, including:
– Maintaining refrigerated foods at 45°F

(7.2°C) or below as appropriate for the par-
ticular food involved.

– Maintaining frozen foods in a frozen state.
– Maintaining hot foods at 140°F (60°C) or

above.
– Heat treating acid or acidified foods to

destroy mesophilic microorganisms when
those foods are to be held in hermetically
sealed containers at ambient temperatures.

d. Measures such as sterilizing, irradiating, pas-
teurizing, freezing, refrigerating, controlling 
pH or controlling aw that are taken to destroy 
or prevent the growth of undesirable micro-
organisms, particularly those of public health
significance, should be adequate under the con-
ditions of manufacture, handling, and distribu-
tion to prevent food from being adulterated.

e. Work-in-process should be handled in a man-
ner that protects against contamination.

f. Effective measures should be taken to protect
finished food from contamination by raw mate-
rials, other ingredients, or refuse. When raw
materials, other ingredients, or refuse are unpro-
tected, they should not be handled simultane-
ously in a receiving, loading, or shipping area if
that handling could result in contaminated
food. Food transported by conveyor should be
protected against contamination as necessary.

g. Equipment, containers, and utensils used to
convey, hold, or store raw materials, work-in-
process, rework, or food should be constructed,
handled, and maintained during manufacturing
or storage in a manner that protects against
contamination.

h. Effective measures should be taken to protect
against the inclusion of metal or other extra-
neous material in food. Compliance with this
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requirement may be accomplished by using
sieves, traps, magnets, electronic metal detec-
tors, or other suitable effective means.

i. Food, raw materials, and other ingredients that
are adulterated should be disposed of in a manner
that protects against the contamination of other
food. If the adulterated food is capable of being
reconditioned, it should be reconditioned using
a method that has been proven to be effective or
it should be reexamined and found not to be adul-
terated before being incorporated into other food.

j. Mechanical manufacturing steps such as wash-
ing, peeling, trimming, cutting, sorting and
inspecting, mashing, dewatering, cooling, shred-
ding, extruding, drying, whipping, defatting, and
forming should be performed so as to protect
food against contamination. Compliance with
this requirement may be accomplished by pro-
viding adequate physical protection of food from
contaminants that may drip, drain, or be drawn
into the food. Protection may be provided by
adequate cleaning and sanitizing of all food-con-
tact surfaces, and by using time and temperature
controls at and between each manufacturing step.

k. Heat blanching, when required in the preparation
of food, should be effected by heating the food to
the required temperature, holding it at this tem-
perature for the required time, and then either
rapidly cooling the food or passing it to sub-
sequent manufacturing without delay. Ther-
mophilic growth and contamination in blanchers
should be minimized by the use of adequate
operating temperatures and by periodic clean-
ing. Where the blanched food is washed prior
to filling, water used should be safe and of ade-
quate sanitary quality.

l. Batters, breading, sauces, gravies, dressings,
and other similar preparations should be treated
or maintained in such a manner that they are
protected against contamination. Compliance
with this requirement may be accomplished by
any effective means, including one or more of
the following:
– Using ingredients free of contamination.
– Employing adequate heat processes where

applicable.
– Using adequate time and temperature 

controls.
– Providing adequate physical protection of

components from contaminants that may
drip, drain, or be drawn into them.

– Cooling to an adequate temperature during
manufacturing.

– Disposing of batters at appropriate intervals to
protect against the growth of microorganisms.

m. Filling, assembling, packaging, and other opera-
tions should be performed in such a way that the
food is protected against contamination.
Compliance with this requirement may be
accomplished by any effective means, including:
– Use of a quality control operation in which

the critical control points are identified and
controlled during manufacturing.

– Adequate cleaning and sanitizing of all
food-contact surfaces and food containers.

– Using materials for food containers and
food-packaging materials that are safe and
suitable.

– Providing physical protection from contami-
nation, particularly airborne contamination.

– Using sanitary handling procedures.
n. Food such as, but not limited to, dry mixes, nuts,

intermediate-moisture food, and dehydrated
food, that relies on the control of aw for pre-
venting the growth of undesirable microorgan-
isms should be processed to and maintained at
a safe moisture level. Compliance with this
requirement may be accomplished by any effec-
tive means, including employment of one or
more of the following practices:
– Monitoring the aw of food.
– Controlling the soluble solids/water ratio in

finished food.
– Protecting finished food from moisture

pickup, by use of a moisture barrier or by
other means, so that the aw of the food does
not increase to an unsafe level.

o. Food, such as, but not limited to, acid and acid-
ified food, that relies principally on the control
of pH for preventing the growth of undesirable
microorganisms should be monitored and
maintained at a pH of 4.6 or below. Compliance
with this requirement may be accomplished by
any effective means, including employment of
one or more of the following practices:
– Monitoring the pH of raw materials, food-

in-process, and finished food.
– Controlling the amount of acid or acidified

food added to low-acid food.
p. When ice is used in contact with food, it should

be made from water that is safe and of adequate
sanitary quality, and should be used only if it
has been manufactured in accordance with cur-
rent good manufacturing practice.

q. Food-manufacturing areas and equipment used
for manufacturing human food should not be
used to manufacture nonhuman-food-grade
animal feed or inedible products, unless there is
no reasonable possibility for the contamination
of the human food.
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H. WAREHOUSING AND DISTRIBUTION

(SECTION 110.93)

Storage and transportation of finished food should be
under conditions that will protect food against physical,
chemical, and microbial contamination as well as against
deterioration of the food and the container.

I. NATURAL OR UNAVOIDABLE DEFECTS IN FOOD

FOR HUMAN USE THAT PRESENT NO HEALTH

HAZARD (SECTION 110.110)

1. Some foods, even when produced under current
good manufacturing practice, contain natural or
unavoidable defects that at low levels are not
hazardous to health. FDA establishes maxi-
mum levels for these defects in foods produced
under current good manufacturing practice and
uses these levels in deciding whether to recom-
mend regulatory action.

2. Defect action levels are established for foods
whenever it is necessary and feasible to do so.
These levels are subject to change upon the
development of new technology or the avail-
ability of new information.

3. The mixing of a food containing defects above
the current defect action level with another lot
of food is not permitted and renders the final
food adulterated within the meaning of the Act,
regardless of the defect level of the final food.

4. A compilation of the current defect action lev-
els for natural or unavoidable defects in food
for human use that present no health hazard
may be obtained from the FDA for printed or
electronic versions.

III. HAZARD ANALYSIS CRITICAL
CONTROL POINTS REGULATIONS
(HACCPR)

In 1997, FDA adopted a food safety program that was
developed nearly 30 years ago for astronauts and is now
applying it to seafood, and fruit and vegetable juices. The
agency intends to eventually use it for much of the U.S.
food supply. The program for the astronauts focuses on
preventing hazards that could cause foodborne illnesses
by applying science-based controls, from raw material to
finished products. FDA’s new system will do the same.

Many principles of this new system now called
Hazard Analysis and Critical Control Points (HACCP) are
already in place in the FDA-regulated low-acid canned
food industry. Since 1997, FDA has mandated HACCP
for the processing of seafood, fruit juices, and vegetable
juices. Also, FDA has incorporated HACCP into its Food
Code, a document that gives guidance to and serves as

model legislation for state and territorial agencies that
license and inspect food service establishments, retail food
stores, and food vending operations in the United States.

FDA now is considering developing regulations that
would establish HACCP as the food safety standard
throughout other areas of the food industry, including
both domestic and imported food products. HACCP has
been endorsed by the National Academy of Sciences,
the Codex Alimentarius Commission (an international,
standard-setting organization), and the National Advisory
Committee on Microbiological Criteria for Foods. Several
U.S. food companies already use the system in their man-
ufacturing processes, and it is in use in other countries,
including Canada.

A. WHAT IS HACCP?

HACCP involves seven principles:

1. Analyze Hazards. Potential hazards associated
with a food and measures to control those 
hazards are identified. The hazard could be bio-
logical, such as a microbe; chemical, such as 
a toxin; or physical, such as ground glass or
metal fragments.

2. Identify critical control points. These are points
in a food’s production — from its raw state
through processing and shipping to consump-
tion by the consumer — at which the potential
hazard can be controlled or eliminated. Examples
are cooking, cooling, packaging, and metal
detection.

3. Establish preventive measures with critical lim-
its for each control point. For a cooked food, for
example, this might include setting the mini-
mum cooking temperature and time required to
ensure the elimination of any harmful microbes.

4. Establish procedures to monitor the critical
control points. Such procedures might include
determining how and by whom cooking time
and temperature should be monitored.

5. Establish corrective actions to be taken when
monitoring shows that a critical limit has not
been met — for example, reprocessing or dis-
posing of food if the minimum cooking tem-
perature is not met.

6. Establish procedures to verify that the system is
working properly — for example, testing time-
and-temperature recording devices to verify
that a cooking unit is working properly.

7. Establish effective record keeping to document
the HACCP system. This would include
records of hazards and their control methods,
the monitoring of safety requirements and
action taken to correct potential problems.
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Each of these principles must be backed by sound 
scientific knowledge such as published microbiological
studies on time and temperature factors for controlling
foodborne pathogens.

B. NEED FOR HACCP

New challenges to the U.S. food supply have prompted FDA
to consider adopting a HACCP-based food safety system
on a wider basis. One of the most important challenges is
the increasing number of new food pathogens. For example,
between 1973 and 1988, bacteria not previously recog-
nized as important causes of foodborne illness — such as
Escherichia coli O157:H7 and Salmonella enteritidis —
became more widespread. There also is increasing public
health concern about chemical contamination of food: for
example, the effects of lead in food on the nervous system.

Another important factor is that the size of the food
industry and the diversity of products and processes have
grown tremendously — in the amount of domestic food
manufactured and the number and kinds of foods imported.
At the same time, FDA and state and local agencies have the
same limited level of resources to ensure food safety. 
The need for HACCP in the United States, particularly in
the seafood industry, is further fueled by the growing trend
in international trade for worldwide equivalence of food
products and the Codex Alimentarius Commission’s adop-
tion of HACCP as the international standard for food safety.

C. ADVANTAGES AND PLANS

HACCP offers a number of advantages over previous sys-
tems. Most importantly, HACCP

1. Focuses on identifying and preventing hazards
from contaminating food,

2. Is based on sound science,
3. Permits more efficient and effective government

oversight, primarily because the record keeping
allows investigators to see how well a firm is
complying with food safety laws over a period
rather than how well it is doing on any given day,

4. Places responsibility for ensuring food safety
appropriately on the food manufacturer or 
distributor,

5. Helps food companies compete more effec-
tively in the world market,

6. Reduces barriers to international trade.

Here are the seven steps used in HACCP plan development.

1. Preliminary Steps
a. General information
b. Describe the food
c. Describe the method of distribution and

storage

d. Identify the intended use and consumer
e. Develop a flow diagram

2. Hazard Analysis Worksheet
a. Set up the Hazard Analysis Worksheet
b. Identify the potential species-related hazards
c. Identify the potential process-related hazards
d. Complete the Hazard Analysis Worksheet
e. Understand the potential hazard
f. Determine if the potential hazard is significant
g. Identify the critical control points (CCP)

3. HACCP Plan Form
a. Complete the HACCP Plan Form
b. Set the critical limits (CL)

4. Establish Monitoring Procedures
a. What
b. How
c. Frequency
d. Who

5. Establish Corrective Action Procedures
6. Establish a Record Keeping System
7. Establish Verification Procedures

It is important to remember that apart from HACCPR
promulgated for seafood and juices, the implementation of
HACCP by other categories of food processing is volun-
tary. However, the FDA and various types of food proces-
sors are working together so that eventually HACCPR
will become available for many other food processing sys-
tems under FDA jurisdiction. Using the HACCPR for
seafood processing as a guide, the following discussion
for a HACCP plan applies to all categories of food prod-
ucts being processed in United States.

D. HAZARD ANALYSIS

Every processor should conduct a hazard analysis to deter-
mine whether there are food safety hazards that are reason-
ably likely to occur for each kind of product processed by
that processor and to identify the preventive measures that
the processor can apply to control those hazards. Such food
safety hazards can be introduced both within and outside
the processing plant environment, including food safety
hazards that can occur before, during, and after harvest. 
A food safety hazard that is reasonably likely to occur is
one for which a prudent processor would establish controls
because experience, illness data, scientific reports, or other
information provide a basis to conclude that there is a rea-
sonable possibility that it will occur in the particular type of
product being processed in the absence of those controls.

E. THE HACCP PLAN

Every processor should have and implement a written
HACCP plan whenever a hazard analysis reveals one or
more food safety hazards that are reasonably likely to
occur. A HACCP plan should be specific to:
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1. Each location where products are processed by
that processor; and

2. Each kind product processed by the processor.

The plan may group kinds of products together, or
group kinds of production methods together, if the food
safety hazards, critical control points, critical limits, and
procedures required to be identified and performed are
identical for all products so grouped or for all production
methods so grouped.

1. The Contents of the HACCP Plan

The HACCP plan should, at a minimum:

● List the food safety hazards that are reasonably
likely to occur, as identified, and that thus must
be controlled for each product. Consideration
should be given to whether any food safety 
hazards are reasonably likely to occur as a
result of the following: natural toxins; microbi-
ological contamination; chemical contamination;
pesticides; drug residues; decomposition in
products where a food safety hazard has been
associated with decomposition; parasites, where
the processor has knowledge that the parasite-
containing product will be consumed without 
a process sufficient to kill the parasites; unap-
proved use of direct or indirect food or color
additives; and physical hazards;

● List the critical control points for each of the
identified food safety hazards, including as
appropriate: critical control points designed 
to control food safety hazards that could be
introduced in the processing plant environ-
ment; and critical control points designed to
control food safety hazards introduced outside
the processing plant environment, including
food safety hazards that occur before, during,
and after harvest;

● List the critical limits that must be met at each
of the critical control points;

● List the procedures, and frequency thereof, that
will be used to monitor each of the critical con-
trol points to ensure compliance with the criti-
cal limits;

● Include any corrective action plans that have
been developed to be followed in response to
deviations from critical limits at critical control
points;

● List the verification procedures, and frequency
thereof, that the processor will use;

● Provide for a record keeping system that docu-
ments the monitoring of the critical control
points. The records should contain the actual val-
ues and observations obtained during monitoring.

2. Signing and Dating the HACCP Plan

The HACCP plan should be signed and dated:

● Either by the most responsible individual on
site at the processing facility or by a higher-
level official of the processor. This signature
should signify that the HACCP plan has been
accepted for implementation by the firm.

● Upon initial acceptance; upon any modifica-
tion; and upon verification of the plan.

F. SANITATION

Sanitation controls (3) may be included in the HACCP
plan. However, to the extent that they are otherwise moni-
tored, they need not be included in the HACCP plan.

G. IMPLEMENTATION

This book is not the proper forum to discuss in detail the
implementation of HACCPR. Readers interested in addi-
tional information on HACCP should visit the FDA
HACCP website http://vm.cfsan.fda.gov/ that lists all the
currently available documents on the subject.

IV. FDA FOOD CODE

The FDA Food Code (the Code) (4) is an essential refer-
ence that guides retail outlets such as restaurants and gro-
cery stores and institutions such as nursing homes on how
to prevent foodborne illness. Local, state and federal 
regulators use the FDA Food Code as a model to help
develop or update their own food safety rules and to be
consistent with national food regulatory policy. Also, many
of the over one million retail food establishments apply
Food Code provisions to their own operations. The Food
Code is updated every two years, to coincide with the
biennial meeting of the Conference for Food Protection.
The conference is a group of representatives from regulatory
agencies at all levels of government, the food industry, aca-
demia, and consumer organizations that works to improve
food safety at the retail level (5). A brief discussion of the
Code is provided below. Further information, including
access to the Code, may be obtained from the Food Safety
Training and Education Alliance (www.fstea.org).

The Code establishes definitions; sets standards for
management and personnel, food operations, and equip-
ment and facilities; and provides for food establishment
plan review, permit issuance, inspection, employee restric-
tion, and permit suspension. The Code discusses the good
manufacturing practices for equipment, utensils, linens,
water, plumbing, waste, physical facilities, poisonous or
toxic materials, compliance and enforcement. The Code
also provides guidelines on food establishment inspection,
HACCP guidelines, food processing criteria, model forms,
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guides, and other aids. A brief introduction to the Food
Code in this chapter is important for two reasons:

● Firstly, at the end of this book, two chapters
cover retail food protection from the perspec-
tives of food sanitation. The Food Code forms
the backbone of these chapters.

● Secondly, although this guide is designed for
retail food protection, more than half of the data
included are directly applicable to food pro-
cessing plants, e.g. equipment design (clean-
ability), CIP system, detergents and sanitizers,
refrigeration and freezing storage parameters,
water requirements, precautions against “back-
flow” (air, valve, etc.), personnel health and
hygiene, rest rooms and accessories, pest control,
storage of toxic chemicals, inspection forms,
inspection procedures, and many more. Some
of the data in the present book can be readily
traced to the Code.

The Code consists of 8 chapters and 7 annexes. Some of
the information found in the Code will be further explored
in two chapters at the end of this book. The annex that cov-
ers inspection of a food establishment applies equally as
well to both retail food protection and to sanitation in food
processing. According to the Code, the components of an
inspection would usually include the following elements:

● Introduction
● Program planning
● Staff training
● Conducting the inspection
● Inspection documentation
● Inspection report
● Administrative procedures by the state/local

authorities
● Temperature measuring devices
● Calibration procedures
● HACCP inspection data form
● Food establishment inspection report
● FDA electronic inspection system
● Establishment scoring.

Details of these items will not be discussed here; some
are further explored in various chapters in this book (please
consult the index for specific topics). Instead, the next two
sections trace the history and practices of food establish-
ment inspection and how basic sanitation controls are
slowly evolving into the prerequisites for HACCP plans in
both retail food protection and food processing plants.

A. PURPOSE

A principal goal to be achieved by a food establishment
inspection is to prevent foodborne disease. Inspection is

the primary tool a regulatory agency has for detecting pro-
cedures and practices that may be hazardous and for tak-
ing actions to correct deficiencies. Food Code-based laws
and ordinances provide inspectors science-based rules for
food safety. The Food Code provides regulatory agencies
with guidance on planning, scheduling, conducting, and
evaluating inspections. It supports programs by providing
recommendations for training and equipping the inspection
staff, and attempts to enhance the effectiveness of inspec-
tions by stressing the importance of communication and
information exchange during regulatory visits. Inspections
aid the food-service industry in the following ways.

1. Serving as educational sessions on specific Code
requirements as they apply to an establishment
and its operation;

2. Conveying new food safety information to
establishment management and providing an
opportunity for management to ask questions
about general food safety matters; and

3. Providing a written report to the establish-
ment’s permit holder or person in charge so that
the responsible person can bring the establish-
ment into conformance with the Code.

B. CURRENT APPLICATIONS OF HACCP

Inspections have been a part of food safety regulatory activ-
ities since the earliest days of public health. Traditionally,
inspections have focused primarily on sanitation. Each
inspection is unique in terms of the establishment’s 
management, personnel, menu, recipes, operations, size,
population served, and many other considerations.

Changes to the traditional inspection process were first
suggested in the 1970s. The terms “traditional” or “routine”
inspection have been used to describe periodic inspections
conducted as part of an on-going regulatory scheme. A full
range of approaches was tried and many were successful in
managing a transition to a new inspection philosophy and
format. During the 1980s, many progressive jurisdictions
started employing the HACCP approach to refocus their
inspections. The term “HACCP approach” inspection is
used to describe an inspection using the “Hazard Analysis
and Critical Control Point” concept. Food safety is the pri-
mary focus of a HACCP approach inspection. One lesson
learned was that good communication skills on the part of
the person conducting an inspection are essential.

FDA has taught thousands of state and local inspec-
tors the principles and applications of HACCP since the
1980s. The State Training Branch and the FDA Regional
Food Specialists have provided two-day to week-long
courses on the scientific principles on which HACCP is
based, the practical application of these principles includ-
ing field exercises, and reviews of case studies. State and
local jurisdictions have also offered many training oppor-
tunities for HACCP.
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A recent review of state and local retail food protec-
tion agencies shows that HACCP is being applied in the
following ways:

1. Formal Studies — Inspector is trained in
HACCP and is using the concepts to study food
hazards in establishments. These studies actu-
ally follow foods from delivery to service and
involve the write-up of data obtained (flow
charts, cooling curves, etc.).

2. Routine Use — State has personnel trained in
HACCP and is using the hazard analysis con-
cepts to more effectively discover hazards dur-
ing routine inspections.

3. Consultation — HACCP-trained personnel are
consulting with industry and assisting them in
designing and implementing internal HACCP
systems and plans.

4. Alternative Use — Jurisdiction used HACCP to
change inspection forms or regulations.

5. Risk-Based — Jurisdiction prioritized inventory
of establishments and set inspection frequency
using a hazard assessment.

6. Training — Jurisdiction is in the active process
of training inspectors in the HACCP concepts.

Personnel of every sort of food establishment should
have one or several copies of the Food Code readily avail-
able for frequent consultation.

V. APPLICATIONS

The sanitary requirements in the CGMPR and the Food
Code serve as the framework for the chapters in this book.
The HACCPR will be touched on when they help to clarify

the discussion. Essentially, this book shows how to imple-
ment the umbrella regulations provided under the CGMPR.
Each chapter handles one aspect of these complicated 
regulations. Most chapters discuss the regulations applica-
ble to all types of food products being processed. Several
chapters concentrate on the sanitary requirements from 
the perspectives of the processing of a specific category 
of food.

The appendix of this book reproduces the complete
coverage of CGMR in Section 110.
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I. THE FOOD, DRUG AND COSMETIC ACT

This chapter is based in large part on earlier reviews [1–3]
and other contributions to the scientific literature [4, 5],
but the text has been amended and expanded to include
additional information.

The language of the Federal Food, Drug and Cosmetic
Act (FD&C Act) seems rather unequivocal whenever acts
of adulteration by filth are mentioned [6–8]. One para-
graph, 301(k), prohibits any act done to a food after ship-
ment in interstate commerce that results in the food being
adulterated. Another, 402(a)(1), declares “a food shall be

74-2 Handbook of Food Science, Technology, and Engineering, Volume 2

H. Fate of Pathogens on and in Pests................................................................................................................74-8
1. Cockroaches ..........................................................................................................................................74-8
2. Flies ......................................................................................................................................................74-8
3. Ants ......................................................................................................................................................74-9

I. Role of Pest Habits in Mechanical Transmission ........................................................................................74-9
1. Houseflies and Microbes ......................................................................................................................74-9
2. Larval Nutrition ....................................................................................................................................74-9
3. Behavior of Adult Houseflies..............................................................................................................74-10
4. Other Filth Flies ..................................................................................................................................74-10

J. Correlation of Pest Populations and Disease Incidence ............................................................................74-10
1. Flies and Outbreaks ............................................................................................................................74-10
2. Cockroaches and Outbreaks................................................................................................................74-10

K. Sampling Pathogens from Foods and Pests ..............................................................................................74-11
L. Role of Vectors in Mechanical Transmission ............................................................................................74-11

M. Role of Pantry Pests in Mechanical Transmission ....................................................................................74-11
1. Indianmeal Moth Larvae ....................................................................................................................74-11
2. Beetles ................................................................................................................................................74-11
3. Weevils ................................................................................................................................................74-12

N. New Policies to Meet New Risks ..............................................................................................................74-12
1. Risks: Old and New ............................................................................................................................74-12
2. Mechanical Transmission (Again) ......................................................................................................74-13
3. Insects and Mites in Food ..................................................................................................................74-13
4. FDA Policy on Filth in Food ..............................................................................................................74-13
5. A New Enforcement Strategy ............................................................................................................74-14
6. End of an Era ......................................................................................................................................74-14

VI. Hard and Sharp Foreign Objects in Food ..........................................................................................................74-14
A. Consumer Experience ................................................................................................................................74-14
B. Literature on Hard Objects in Food ..........................................................................................................74-15
C. Product Tampering ....................................................................................................................................74-15
D. Filth ............................................................................................................................................................74-15
E. Hard Objects Absent from the Food, Drug and Cosmetic Act ..................................................................74-15
F. Defect Action Levels ................................................................................................................................74-15
G. The Processor’s Goal ................................................................................................................................74-16
H. Quality Assurance Procedures and Devices ..............................................................................................74-16
I. Ingestion and Inhalation of Foreign Objects ............................................................................................74-16

1. Food-Related Items ............................................................................................................................74-17
2. Hard and Sharp Foreign Objects in Food ..........................................................................................74-17
3. Review of Case Reports ....................................................................................................................74-18
4. The Food and Drug Administration Complaint Reporting System ..................................................74-19

J. HACCP, DALs and Hard Foreign Objects ................................................................................................74-19
VII. Conclusion: HACCP, SSOPs, Research ............................................................................................................74-19

A. HACCP ......................................................................................................................................................74-19
B. SSOPs ........................................................................................................................................................74-19
C. Foodborne Diseases ..................................................................................................................................74-19
D. Research ....................................................................................................................................................74-20

References ....................................................................................................................................................................74-20

DK9848_C074.qxd  15/Oct/05  09:24 AM  Page 2



deemed to be adulterated if it bears or contains any poi-
sonous or deleterious substance which may render it inju-
rious to health.” Still another, 402(a)(3), states that a food
shall be deemed adulterated if it consists in whole or in
part of any filthy, putrid, or decomposed substance or if it
otherwise is unfit for food. The final example, from para-
graph 402(a)(4), states that a food shall be deemed to be
adulterated if it has been prepared, packed, or held under
unsanitary conditions by which it may have been contam-
inated with filth, or by which it may have been rendered
injurious to health [9].

A. ENFORCEMENT AND GUIDANCE

In the United States of America, the U.S. Department 
of Agriculture (USDA) and the U.S. Food and Drug
Administration (FDA) share responsibility for food safety.
Federal drinking water standards are set, monitored and
enforced by the Environmental Protection Agency. The
task of enforcing the FD&C Act has been given to the FDA
[10–13]. Scientists and policy managers at the FDA, along
with collaborating personnel from other federal agencies
and from universities, have endeavored to provide helpful
guidance to the food industry by generating explanatory
documents designed to spell out in detail just what FDA
understands to be the meaning of these basic paragraphs
of the FD&C Act [14–19].

B. CODEX ALIMENTARIUS

Two United Nations agencies, the Food and Agricultural
Organization (FAO) and the World Health Organization
(WHO), have also issued food safety guidelines under the
general title of Codex Alimentarius [20, 21] that are sim-
ilar in scope and principle to the food safety guidance
documents issued by the FDA and the USDA. Moreover,
WHO has promulgated a global strategy for food safety
[22]. The European Union has established the European
Food Safety Authority (ESFA), and some European nations,
such as Spain [23], have reorganized their national food
safety programs to meet the EFSA guidelines.

II. ANALYTICAL METHODS FOR FILTH

This short review should in no way be construed as a tech-
nical guide to the detection of filth in food; it is meant
merely to put the practice of filth analysis in its proper place
in the overall arena of food safety [24]. Reliable sources
of technical information are readily available [25–30].

A. HISTORY OF FILTH ANALYSIS

The current edition of the Official Methods of Analysis of
AOAC International [25] is the product of nearly 100 years
of development of analytical methods. Dr. Harvey W. Wiley,
who helped create the USDA-sponsored Association of

Official Agricultural Chemists (AOAC) in 1894, directed
the publication of the first book of official methods, a
manual devoted to the analysis of agricultural fertilizers.
Wiley and his group of intrepid food-tasters/testers gave
much of their attention to toxic chemical adulterants [31].
However, even in those early days, around the time of the
passage of the first federal food purity law in 1906 [32],
some effort (apparently minimal) was made to detect filth
in food. Since the detection process required some form of
analysis of each kind of food, analytical methods were
created out of necessity.

Over the years, the subject matter of the official meth-
ods book was expanded to include (to mention just a few
among many) animal feeds, dairy products, filth, micro-
biological contaminants, and pesticides. Sponsorship for the
Association shifted to the FDA when that arm of govern-
ment was established in 1927. Because of the ever-
broadening scope of analytical work, the organization’s
name was changed to the Association of Official Analytical
Chemists in 1965. AOAC became a fully independent
organization in 1979 (but still retained close ties to USDA
and FDA). The ever-widening international scope of food
analysis called for a more inclusive “Association of
Analytical Communities” and a further name change in
1991 to AOAC International [33].

B. THE PRACTICE OF FOOD ANALYSIS

The practice of food analysis occurs at many different lev-
els of sophistication. The more informal the analysis,
i.e., at the lower end of the sophistication scale, the less
expensive it is. The more formal the analysis, i.e., higher
on the scale of sophistication, the more expensive it is.
This expenditure of money and effort must be justified; in
other words, there has to be some compelling reason to
carry out the analysis. Generally, the more sophisticated
procedures take place in a laboratory setting; the less for-
mal procedures may occur in a wide variety of settings,
including the laboratory.

C. WHY ANALYZE FOOD

The reasons for performing analyses vary widely, but the
basic motive of food manufacturers is to present to the
consumer food that tastes good, smells good and is good.
Achieving this maintains or enhances one’s reputation,
whether individual or corporate. The production and mar-
keting of only good and wholesome food also means that
the food establishment is complying with the pertinent
federal, state and local laws pertaining to food purity, thus
avoiding the unpleasant consequences of violating these
laws: fines, prison time, and civil law suits, to mention a
few [34–36].

Other reasons for conducting food analyses arise 
from the law enforcement side of the equation. Voluntary
compliance with the laws and with good manufacturing
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practices [37, 38] is very beneficial to the consumer, but
the only way to know for certain the purity status, as
defined by the pertinent laws and regulations, of any given
food at any given time is to analyze it. Here, with regard
to the Federal FD&C Act [39, 40], at least, analysts are
guided by the two major filth provisions in the Act,
namely that filth has no place being in food or being
around food.

D. ANALYTICAL VARIETIES

The quick and casual observations by sight and smell that
happen whenever a can or package of food is opened in
the home kitchen constitute food analysis — informal but
often quite telling. Similar things happen in the grocery;
cans and packages are usually not opened, unless in con-
nection with a deli operation, but cans and packages are
observed for defects, and substandard items of all kinds
are culled before being presented to the public. Visual
inspection (read “analysis”) takes place in the warehous-
ing and distribution sectors of the food chain. Items that
look bad or smell bad are discarded.

In the food-manufacturing sector, food analysis is an
integral part of the operation’s quality assurance proto-
cols. Similar analyses, most informal but some involving
technical expertise, happen at the places where raw mate-
rials are collected for offer as ingredients in the manufac-
ture of foods. Analyses occur, too, at the many places where
food materials are harvested.

Food materials may be visually inspected on the
wharf or in the warehouse, or at the granary or flourmill.
It is common for samples to be collected in all of these
places by FDA and USDA investigators and sent to a gov-
ernment food laboratory for further examination. In the
laboratory setting, the whole range of analytical tech-
niques may be employed, from the simplest to the most
technically complex.

III. ANALYSIS FOR FILTH, DECOMPOSI-
TION AND FOREIGN MATTER

A. HEAVY FILTH

Although the word “filth” is in the title of this chapter, it
is really just the first word in a triad of contaminants: filth,
decomposition, and extraneous materials (or foreign mat-
ter) [41]. This last term covers all the others, but in com-
mon practice it refers to sand, gravel, paint chips, metal
fragments, bits of glass, fruit pits, and a whole host of
other hard foreign objects (these kinds of extraneous
materials, often collectively called “heavy filth,” are dis-
cussed below).

Visual inspection procedures and other “macroanaly-
atical” techniques designed to detect hard or sharp foreign
objects in raw ingredients or processed foods are discussed

in the Macroanalytical Procedures Manual [42]. These
hard foreign objects can be sieved out of food; or they
tend to settle out of the food materials upon agitation.
Analytical techniques for glass detection in infant foods
packaged in glass have been developed at FDA [43].

B. DECOMPOSITION AND QUALITY EVALUATIONS

1. Decomposition

The detection of decomposition is a specialized kind of
analysis. The process of decomposition often leads to the
production of characteristic odors that a specially trained
and experienced analyst can detect by organoleptic meth-
ods (smell, in this case, but taste is also employed in some
cases). Organoleptic methods [44] have been widely used
in the past to detect decomposition in seafoods and in the
carcasses of meat animals and poultry. With the onset of
voluntary or mandatory HACCP (Hazard Analysis and
Critical Control Points) programs, organoleptic analyses
have become less common.

2. Quality Evaluations

Panels of sensory analysts are often used to evaluate the
quality status of dairy products, especially cheeses. The
organoleptic method applied here is called descriptive
sensory analysis. Considerable progress has been made in
the development of an “electronic nose” designed to do
much of the work of the human evaluation panel. The
electronic nose technology has been utilized in a wide
variety of applications including evaluating the microbial
quality status of milk and of cereal grains, cheese and
juice quality, fermentation status of sausage, and meat
quality with reference to spoilage [45].

Another line of research is focused on developing an
artificial tongue that mimics human taste buds [46]. These
sensory elements consist of various conducting polymers
embedded in an ultrathin film. Besides the basic taste cat-
egories (sweet, sour, etc.), the artificial tongue can detect
slight differences among different kinds of bottled water
or different batches of wine from the same winery. Toxic
chemicals and extremely bitter tastes, that would be very
unpleasant or dangerous for human tasters to detect, can
be identified by the artificial tongue.

3. Mold as Evidence of Decomposition

Molds often occur on fruits, nuts, berries, seeds, and many
other food materials. These defects may be detected by
visual examination — techniques that are referred to as
macroanalytical methods [42, 47, 48]. On occasion, to get
an approximation of the level of moldiness, the product in
question is subjected to a special sampling program that is
designed to make the sample representative of the entire
lot. These macroanalytical techniques are often used when
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unprocessed foods are presented to the food manufacturer
for use as ingredients.

In other techniques, such as the Howard Mold Count,
the sample of food is prepared for analysis in such a way
that the mold fragments become visible under light micro-
scopy and that the mold count in the sample accurately
reflects the level of mold contamination in the entire 
lot that was sampled [49].

C. LIGHT FILTH

The detection of insect fragments, feather barbules and rat
hairs — all properly labeled filth but sometimes referred
to as light filth — has been a major focus of food analysts
for more than half a century. Basically, these kinds of ana-
lytical methods, often referred to as microanalytical meth-
ods, involve dispersing an extraction oil (usually mineral
oil) into an aqueous or alcoholic mixture of the food sam-
ple. Since the bits of insect cuticle, feather barbules and
hairs are oleophilic, they tend to rise with the oil to the
surface. The food materials, being largely hydrophilic,
tend to settle to the bottom. The analyst then simply sep-
arates the two polar opposites and examines the mineral
oil fraction under the microscope [50].

This oil/water technique, frequently utilized for rou-
tine analyses in many laboratories, is the procedure that
was most often used in the days when it was necessary to
establish (or reexamine) a food defect action level (DAL,
discussed below) for a particular product [51]. For exam-
ple, in one instance in which questions were raised about
filth adulterants in canned sardines, canned tuna and
canned crabmeat, samples were collected, using a statisti-
cally valid sampling protocol, from many localities around
the United States [52]. Before the current moratorium on
new DAL development [53], other products were sampled
and analyzed in a similar manner. These sample collection
programs produced such huge quantities of product that it
was usually not feasible for a single government labora-
tory to do all the analytical work. Therefore, contract lab-
oratories in the private sector performed most of the
microanalytical work.

D. SOLUBLE FILTH

In recent years there has been a trend to go beyond trying
to detect merely particulate filth. These efforts have focused
on identifying and quantifying the biochemical signatures
left behind by food-contaminating animals (birds, bats,
rodents, insects, mites) [54–60].

IV. QUALITY ASSURANCE

A. METHODS OF QUALITY ASSURANCE

One very important aspect of filth analysis is perhaps 
little known and little appreciated by the general public.

We refer to the great emphasis on quality assurance on the
part of the analyst population. For example, when an ana-
lyst develops a new analytical technique, that technique
does not simply and immediately become a standard
method. The technique has to be evaluated by a panel of
expert analysts to determine its reliability in the hands of
several different analytical technicians. The new tech-
nique will most likely get wide exposure by its publication
in a scientific periodical such as the Journal of AOAC
International. If it survives the examination occasioned
by the journal publication, the technique may eventually
make it into the Official Methods of Analysis of AOAC
International [25].

B. ANALYST QUALITY ASSURANCE

Most filth analysts are tested periodically to evaluate their
analytical skills. Most often, this testing is done under
programs sponsored by AOAC International. Test samples
are sent out to the analysts and the analytical results
derived therefrom are then evaluated. In this way, a high
level of consistent expertise is maintained, and any defi-
ciencies in analyst performance can be remedied.

The achievement and maintenance of a high and con-
sistent level of skill comes by way of unending practice
and the pursuit of perfection in carrying out analytical
procedures. A huge body of literature [see, for example,
references 61–65, as well as the other references at the
end of this chapter] and a wide array of analytical tech-
niques [25] must be mastered by the analyst.

C. LABORATORY QUALITY ASSURANCE

Two international bodies, the International Standards
Organization and the International Electrotechnical
Commission, have promulgated, as rule ISO/IEC 17025, a
minimum set of standards for analytical laboratories [66].
While remaining fully functional and in compliance with
internal standards, all FDA analytical laboratories (along
with virtually all commercial and governmental laborato-
ries) are in a state of transition as they strive to fully com-
ply with ISO/IEC 17025.

D. BENEFITS TO THE PUBLIC

This emphasis on quality assurance directly benefits the
general public. When any given food in found to be adul-
terated, the public can have confidence in that finding and
reassurance in knowing that such adulterated food will not
reach the dinner table. Similarly, when analysts find no
filth in food and it has been certified that all applicable
sanitation standard operating procedures (SSOPs) and
HACCP protocols have been observed, the public can be
confident that these findings reflect the actual state of the
food — it is wholesome and safe to consume [67].
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V. HEALTH SIGNIFICANCE OF 
ADULTERATION BY FILTH

A. FILTH AND THE FD&C ACT

The federal courts have never insisted that there must
always be a cause-and-effect relationship between “filth”
and “injurious to health” (see Section I, above). Since 1942,
when District Court Judge Chestnut (sometimes spelled
Chesnut) read during a trial the definition of filth from
Webster’s International Dictionary, the ordinary sense of
the word has been used in judicial interpretations of the
FD&C Act [68]. Judges and juries have rendered verdicts
both for and against the government’s allegations of filth
in food, but always based on the practical application of
this dictionary definition [35].

As used in this chapter, filth is defined as insect, bird,
rodent, or other objectionable matter, usually of animal
origin, found in or associated with food [4, 69]. The more
common kinds of filth found during food inspections and
analyses are whole insects and mites and fragments thereof;
rodent and other mammalian hairs; feathers and feather
barbules; and urine, uric acid, and feces (usually from
rodents and birds); and molds.

B. COMPETITION FOR FOOD

Human foods and animal feeds, as well as the places where
these materials are stored, processed and sold, are attrac-
tive to a wide variety of opportunistic animals and fungi.
Competition between “us” and “them” for nutritive sub-
stances is keen and continuous. Pests of the food industry
may be counted upon to take full advantage of every
opportunity to convert our foods and feeds to their own
use. To prevent this, nothing less than constant vigilance
is required of the food industry (or the housekeeper in the
home setting) [70]. But even under the best of circum-
stances, it is difficult to consistently provide the consumer
with foods and feeds that are completely free from con-
tamination by food pests [69].

C. INDICATORS OF INSANITATION: FOUR

CATEGORIES

We emphasize again that competition for food is keen.
Food pests continually search for opportunities to share
our food resources [71]. Commensal pests such as house-
flies, cockroaches, ants and mice are considered oppor-
tunistic pests. They typically exhibit synanthropic behavior,
that is, they are closely associated with human foods or ani-
mal feeds and with structures built by humans. Adventive
( facultative) pests, such as birds, bats and various insects,
sometimes utilize human-built structures for shelter and
this behavior (synanthropy) may bring them into contact
with foods or food-contact surfaces.

Pantry pests, such as the sawtoothed grain beetle
(Oryzaephilus surinamensis) or the Indianmeal moth
(Plodia interpunctella), are categorized as obligatory pests
because they are largely dependent on human or animal
foods for their own food and for shelter. All of the cate-
gories of insects noted here may also be parasitized by
small wasps or flies, termed parasitoids; this is the fourth
and final category of pests considered to be indicators of
insanitation.

D. EARLY IDEAS AND DISCOVERIES

The idea that pests might be vectors of pathogenic microbes
was very slow to dawn upon the human mind. The germ
theory itself had first to be thoroughly established, and that
was another idea that was slow to take hold. But once 
the germ theory was accepted, people began to ask about
the ways that germs make their way from a person who is
sick to one who is well.

By the dawn of the twentieth century, it was well
known that germs causing certain diseases could be trans-
mitted directly from one person to another. This method
of transmission, seemingly so simple and logical, became
the overriding theory that was applied, correctly or incor-
rectly, to a wide variety of diseases. In some cases, the
theory worked perfectly; in other cases, it seemed to work
well most of the time; and in still other cases, it did not
work at all.

E. TRANSMISSION CYCLES

Classic studies of malaria, yellow fever, and Texas cattle
fever firmly established the fact that some disease trans-
mission cycles include an obligatory intermediary, the vector
[72]. Moreover, the disease agents themselves were iden-
tified as belonging to a wide range of living organisms —
viruses, bacteria, protists/protozoa, helminths, and fungi.
The transmission cycles of these disease agents varied
from the very simple to the very complex.

Before the first half of the twentieth century came to
a close, a large number of vectorborne diseases had been
studied to the point where their mechanisms of transmis-
sion were well understood. Two basic cycles of pathogen
transmission, biological and mechanical, had been defined.
In the simplest form of biological transmission, the patho-
gen must enter the vector, undergo at least one mandatory
phase of multiplication and/or morphologic transfor-
mation, and be carried by the vector to a susceptible 
host. Biological transmission and the role of food pests as
direct agents of disease (that is, in the production of tox-
ins and allergens, as the cause of physical injury, or the
invasion of the digestive tract by insects and mites) are not
discussed is this chapter [see 72 for numerous examples],
except for very brief note below regarding biological trans-
mission. In mechanical transmission [5], the pathogen
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remains on the external surface of the vector, or in its gut,
or in its excretory system. The vector merely transports
the pathogen from an infectious source to a susceptible
host, to something that a susceptible host eats or drinks, or
to a food-contact surface.

F. MECHANICAL TRANSMISSION

The mechanical transmission of foodborne pathogens is
another idea that continues to be very slow to take hold. It
seems very easy for professional health-care providers to
accept the concept that a diarrheic food handler, emerging
from a bathroom without washing his or her hands and
immediately preparing a shrimp salad, could contaminate
food with pathogenic bacteria that might cause illness in
susceptible people who eat that food. This is, obviously,
the classic fecal-oral route of transmission that every cli-
nician and epidemiologist remembers when confronted by
a case or an outbreak of foodborne illness. However, when
an entomologist suggests that a housefly or a cockroach
might pick up pathogens from feces and mechanically
transport them to human food (or food-contact surfaces)
and that people might become ill from eating that food,
the traditional medical professional usually tends to look
for another explanation.

1. Nosocomial Infections

A good example of this kind of tunnel-vision approach can
be found in the literature on the epidemiology of nosoco-
mial infections in which the proposition that hospital pests
might be vectors is rarely considered. In spite of an extant
and growing literature on the subject (some examples are
given in the references cited in this chapter), the possibility
of mechanical transmission by insects is typically excluded
whenever environmental factors are discussed in relation
to nosocomial infections [73]. Even in those hospitals,
such as perhaps one in Calcutta, where one might under-
standably expect to have flies, ants and cockroaches as fre-
quent visitors, usually no role is given to and no discussion
is offered concerning insects as mechanical vectors [74].

In contrast to this mindset of entrenched neglect of the
evidence regarding insects as mechanical vectors, infec-
tion control specialists in an Israeli hospital were quick to
ban the carrying and use of cell phones by patient-care
personnel when Acinetobacter baumannii, a multidrug-
resistant, desiccation-resistant microbe that causes noso-
comial infections with mortality rates in the range of
50–69%, was isolated from 12% of the phones carried by
care givers [75].

2. The Housefly Menace

Before the twentieth century was even a decade old,
Dr. Harvey W. Wiley, that great champion of food purity,
had already made plans to study the role of houseflies

(Musca domestica) as mechanical carriers of bacteria [76].
In the same time period, Dr. L. O. Howard [77], an ento-
mologist, and Dr. Samuel Crumbine [78], a physician and
public health administrator (to mention just two activists
among many), castigated the housefly as a menace to pub-
lic health (Figure 74.1) [79]. Scientists have long sought to
build the case for the role of vectors in food contamination
and foodborne illnesses. Several lines of thought that
researchers and reviewers have applied to this question are
discussed here, along with examples from the literature.

G. EXAMINATION OF PESTS FOR MICROBIAL

PATHOGENS

A common approach for evaluating the role of pests as
vectors in the epidemiology of foodborne illnesses is to
capture a pest from its natural environment and then
employ microbiological culture methods to find out what
microorganisms the pest carries on its body surface and/or
in its gut. Hospitals have been a common venue for these
pest-screening programs in which ants, cockroaches and
other pests are surveyed for nosocomial and community-
acquired pathogens [80–87].

Early in the twentieth century, scientists often cultured
samples from flies and cockroaches to determine their
bacterial associates [88, 89]. Numerous investigators have
continued these vector-screening programs right up to the
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1920. Courtesy American National Red Cross Museum,
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present day [85, 90–96]. Various suspect vectors have
been assayed for pathogenic fungi [97–99], protists/proto-
zoans [100–102], helminths [103–105], bacteria [106,
107], and viruses [108].

1. Flies

The two groups of insects most frequently screened for
foodborne pathogens are houseflies and synanthropic cock-
roaches. Houseflies have been reported to carry foodborne
and other human pathogens including Campylobacter jejuni
[91, 92], Shigella spp. [109], Yersinia enterocolitica [110],
Salmonella spp. [111], Klebsiella spp. [112], Aeromonas
caviae [113], Corynebacterium pseudotuberculosis [114],
Mycobacterium spp. [115], Giardia lamblia [116], and
Cryptosporidium parvum [117]. In Japan, houseflies have
been shown to carry enterohemorrhagic Escherichia coli
O157:H7, a pathogen that causes the sometimes fatal
“hamburger disease” (hemolytic uremic syndrome and
hemorrhagic colitis) [118–120].

Enterobacter sakazakii, an opportunistic pathogen
sometimes found in powdered milk, causes neonatal
meningitis. A possible environmental reservoir has been
identified: E. sakazakii was isolated from the gut of larval
stable flies (Stomoxys calcitrans) [121]. A study of the
role of houseflies in the ecology of E. coli O157 is cur-
rently underway at Kansas State University [122].

2. Cockroaches

German cockroaches (Blattella germanica) were reported
to carry Salmonella spp. in feed mills and poultry hatch-
eries [123]. American cockroaches (Periplaneta ameri-
cana) have been reported to carry and disseminate
Cryptosporidium parvum, a pathogenic protist that causes
diarrhea [124]. The make up of the microbial population
of the American cockroach gut, long the subject of numer-
ous investigations, has been shown to include a variety of
microorganisms: bacteria, archaeans, protists (protozoa),
and nematodes [125].

H. FATE OF PATHOGENS ON AND IN PESTS

Another common technique is to expose (either externally
or orally) a “clean” potential vector, such as a fly or a
cockroach, to some known pathogen and then determine
how long the microbes remain viable in or on the insect,
how long the insect sheds viable pathogens to its environ-
ment, and how long the pathogens remain viable and
infective after being disassociated from the host insect.

Experimental work along these lines was recently car-
ried out with laboratory populations of a free-living soil
nematode, Caenorhabditis elegans (Rhabditidae) [126].
Colonies of non-pathogenic E. coli serve as the standard
food medium for these nematodes. The worms, having fed
readily on bacterial colonies representing four different

bacterial species (all non-pathogenic surrogates of known
foodborne disease pathogens), were able to transfer the
ingested bacteria to sterile substrates during a three-hour
period. In the case of fruits and vegetables that are in contact
with soil just before harvest and are promptly consumed
without further processing, there is some concern that
nematodes could transport fecal pathogens to the food
item while it is in or lying on soil.

1. Cockroaches

Pai et al. [100] recovered viable cysts of Entamoeba 
histolytica from the external surfaces and from the guts of
cockroaches (Periplaneta americana, Blattella germanica)
that had fed on cyst-laden feces. Bacteria (Salmonella
oranienburg) fed experimentally to American cockroaches
could be isolated from the fecal pellets of the roaches over
a period of 140 days [127]. American, German, and
Oriental (Blatta orientalis) cockroaches, experimentally
infected with Salmonella typhimurium, disseminated this
pathogen for at least four days and contaminated non-
infected cockroaches as well as chicken eggs [123].
Bacteria (Salmonella enteriditis), fed experimentally to
German cockroaches, were recovered from the feces for
ten days and from the gut for up to 20 days after the ini-
tial exposure [128]. Virulent mycobacteria (Mycobacterium
avium avium), recovered from cockoach nymphs (B. orien-
talis) ten days after the roaches were orally infected, caused
avian tuberculosis in chickens [129].

2. Flies

Root [130] found that cysts of Entamoeba histolytica,
ingested by flies that were subsequently drowned in water,
remained viable for seven days. Houseflies, fed on broth
containing pathogenic bacteria (Yersinia pseudotubercu-
losis), retained the microbes internally for about 36 hours
and contaminated their environment with viable microbes
for about 30 hours after ingestion [131].

Houseflies are now being considered more seriously
as potential players in the ecology and transmission of 
E. coli O157:H7 [132]. Sasaki et al. [133] investigated
epidemiological significance of housefly defecation and
regurgitation in the dissemination of Escherichia coli
O157:H7 to food. It was shown that this pathogen per-
sisted in the housefly digestive tract for at least four days
after the initial exposure and that frequent defecation and
regurgitation enhanced the dissemination of E. coli
O157:H7, especially during the first 24 hours. Kobayashi
et al. [134] postulated that houseflies are actually biolog-
ical vectors of this pathogen because the bacteria increase
in numbers while ensconced within the interstices of the
spongiform mouthparts of the fly.

Shane et al. [135] demonstrated experimentally that
houseflies can effectively transmit Campylobacter jejuni,
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cause of the most frequently reported foodborne bac-
terial illness in the Unites States and other developed
countries [136].

Zimmerman et al. [137] showed that the pseudorabies
virus persisted (but did not replicate) in houseflies for up
to 13 hours. Under experimental conditions, houseflies can
serve as transport hosts of Cryptosporidium parvum oocysts
[138]. For up to 11 days after ingesting oocyst-laden
feces, the flies regurgitated oocysts and also released them
in their own feces [139].

3. Ants

House-infesting and structure-invading ants (Formicidae)
have often been investigated for their potential role as
mechanical vectors. Several ant species, such as the
Argentine ant, Linepithema humile (�Iridomyrmex
humilis), are good candidates as mechanical vectors, but
the ants that attract the most attention here are Pharaoh
ants, Monomorium pharaonis. The frequent occurrence of
ants, especially Pharaoh ants, in health-care facilities [80,
140–144], food-manufacturing plants [145], restaurants,
and domestic venues [146, 147], has made ants especially
suspect.

This level of suspicion is heightened by the fact that
representatives of several species and genera of fecal col-
iforms and human pathogens, such as Escherichia coli,
Streptococcus epidermidis (�Micrococcus pyogenes),
Proteus vulgaris, Pseudomonas aeruginosa, Shigella
flexneri, Bordetella bronchiseptica, Klebsiella pneumoniae,
Streptococcus spp., Staphylococcus spp., Salmonella spp.,
Clostridium spp., Proteus mirabilis, Serratia marcescens,
Listeria monocytogenes and Yersinia pestis, have been
recovered from ants [148–152].

Given that these suspect ants have all the needed char-
acteristics to function as mechanical vectors, and the fact
that some species are extremely invasive, sometimes even,
in hospitals, getting into materials that are presumed to be
sterile [153, 154] and foraging on the bodies of patients,
further study of their significance in pathogen dissemina-
tion may result in enough evidence to elevate this group to
a level comparable to that of houseflies and cockroaches
as reputed mechanical vectors. Certainly, in the case of
Pharaoh ants, their indiscriminant foraging habits, involv-
ing such places as floor drains, bedpans, garbage cans,
food and food-preparation surfaces, sterile dressings, dis-
carded dressings, surgical incisions, suppurative wounds,
and the lips of sick infants, would be sufficient to make
them suspect as mechanical vectors.

I. ROLE OF PEST HABITS IN MECHANICAL

TRANSMISSION

A third approach in evaluating the role of pests as vectors
is to study the morphology, physiology and behavior of a

pest to discover what attributes it possesses that make it
especially accommodating to the acquisition, carriage,
shedding or deposition of pathogens. Some pests make
especially suitable mechanical vectors because they have
morphologic features that facilitate carriage of pathogens
[155]. Commensal rodents [156], cockroaches [157], ants
[158], and flies [159] have habits that often take them to
contaminated substrates.

1. Houseflies and Microbes

In a somewhat anthropomorphic, but nevertheless apt,
comment on houseflies, West [160] notes that “If the fly
were purely and simply a fecal feeder, it would not feel
the impulse to spend so much time exploring the human
table. This is just what makes the species so dangerous.
All day long its restless nature causes it to fly back and
forth between the privy and the kitchen, between a wound
that is infected and a fresh incision.”

Because of their anatomy, physiology and behavior,
houseflies are likely the most significant insect vectors of
foodborne disease pathogens. In terms of evolutionary ecol-
ogy, houseflies are very closely associated with microbes;
their larvae develop exclusively in decaying organic sub-
strates (manure, compost, garbage, etc.) that harbor large
and diverse microbial communities. In fact, housefly lar-
vae cannot develop in substrates free of live microbes
[161, 162]. Virtually all environments rich in decompos-
ing organic matter harbor diverse and populous microbial
communities and are, therefore, suitable substrates for
development of houseflies and other filth flies [163].

2. Larval Nutrition

Housefly larvae are morphologically and physiologically
adapted for the uptake and digestion of bacterial cells
[164–166]. However, it is not known if the microbial cell
mass serves only as a direct source of nutrients or if the
microbes also play a role in chemically breaking down the
substrate, making it available for larval nutrition [162]. 
As pupation progresses towards completion, most of the
microbes in the gut are destroyed or are left behind in the
discarded pupal tissues or puparium. Consequently, newly
emerged housefly adults are largely free of bacteria [167,
168]. In any case, newly emerged adult flies start imme-
diately feeding on the substrates in which they developed
as larvae. Consequently, their body surfaces and digestive
tracts quickly become contaminated by microbes.

Experiments conducted in Israel showed that the num-
bers of bacteria (Escherichia coli) fed to maggots (Lucilia
sericata — sometimes used in the debridement of wounds)
decreased markedly as the bacteria progressed through the
alimentary canal [169]. In contrast to these findings, Fobert
[170] demonstrated that flies, Calliphora erythrocephala
(�C. vicina) and Lucilia caesar, experimentally infected
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as larvae with Salmonella montevideo, retained the bacte-
ria through metamorphosis to the adult stage. Some bac-
teria may remain viable in or on the body of the fly after
it dies. For example, Fobert [170] showed that viable
Salmonella spp. could be recovered from flies that had
died two months previously.

3. Behavior of Adult Houseflies

Adult houseflies are often attracted to human dwellings
(synanthropic behavior) and, once there, seem especially
attracted to food and drinks. Adult flies are capable of fly-
ing long distances. They move indiscriminately between
decaying substrates (where they feed and oviposit) and
places where human food and animal feed are prepared
and stored [160]. Thus, houseflies have great potential to
transport microbes from reservoirs where they present rel-
atively low risk (animal manure, garbage) to places where
they pose a great risk (human food and food-contact 
surfaces) [171].

Another feature that significantly increases the poten-
tial of houseflies to disseminate foodborne disease and
other human pathogens is their mode of feeding. Their
sponge-like mouthparts physically limit ingested foods to
only liquids or to finely comminuted solids dispersed in a
liquid medium. Houseflies habitually regurgitate a portion
of the contents of the foregut onto food substrates that are
too large to pass through the interstices of the mouthparts
[172]. This results in the deposition of digestive enzymes
and bacterial decomposers (both immediately begin to liqu-
efy the substrate or break it up into minute particles), as
well as any pathogens that may have been ingested earlier
[173]; thus, adult houseflies contaminate the surfaces upon
which they feed or otherwise touch with their mouthparts.

4. Other Filth Flies

Other filth flies, including flesh flies (Sarcophagidae) and
blowflies (Calliphoridae), also to some small extent
synanthropic in behavior, develop in decaying organic
matter. However, they usually do not build up to such
large populations, as do houseflies. Nevertheless, all filth
flies have to be considered as potential carriers of food-
borne disease pathogens. For example, the Asian blowfly
(Chrysomya megacephala) oviposits on human feces
(commonly exposed in the Orient) and feeds on confec-
tions and fruits in the markets, greatly increasing the risk
of contamination with fecal bacteria [174].

J. CORRELATION OF PEST POPULATIONS AND

DISEASE INCIDENCE

Another line of investigation is largely statistical but still
requires intensive field and laboratory work. This involves
correlation of pathogen occurrence in a human population
(applies also to populations of domestic animals and

wildlife) with that same pathogen in the population of a
suspected disease vector. Sometimes a marked increase in
a probable vector population is followed by an epidemic
in the human population [175]. Samples for microbiolog-
ical analysis must be collected from both people and sus-
pected vectors.

A corollary approach, after an epidemic has been in
progress for some time, is to dramatically reduce the sus-
pected vector population by some control measure. If, after
allowing enough time for the required incubation periods
to play out, the epidemic curve subsequently slopes down-
ward, then the implication follows that there may have been
a cause-and-effect relationship between the drop in human
cases and the corresponding drop in the vector population.

1. Flies and Outbreaks

In some cases, outbreaks of diarrheal diseases were
observed to be closely related to seasonal peaks in filth fly
numbers or dense populations of cockroaches. Outbreaks
and cases of Vibrio cholerae, V. fluvialis and Shigella spp.
in Thailand were associated with marked increases in filth
fly populations [176]. Levine and Levine [109], in a
review of the literature on the epidemiology of shigellosis,
concluded that fly control measures tend to reduce the
incidence of shigellosis in human populations. Rates of
shigellosis were lower in communities where fly suppres-
sion measures were implemented than in communities
without fly control programs [177].

Esrey [178] reported that the suppression of the house-
fly population led to a 40% reduction in frequency of diar-
rheal diseases among children in certain communities of
Africa. West et al. [179] reported that the chance of con-
tracting trachoma (caused by Chlamydia trachomatis) was
70% higher in Tanzanian preschool children in areas with
high fly populations than in areas with few flies. Hyper-
endemicity of salmonellosis and shigellosis among infants
and young children in Beirut, Lebanon, was linked to high
populations of filth flies [180]. Khalil et al. [181] demon-
strated that there was a correlation between the reduction
of filth fly numbers and a decrease of gastroenteritis cases
among infants and young children in Lahore, Pakistan.

Houseflies were postulated to be mechanical vectors
of enterohemorrhagic Escherichia coli O157:H7 after the
pathogen was collected from the flies and from patients
during an outbreak of colitis in a Japanese nursery school
[134]. Quantitative feeding experiments showed that the
bacteria, after having apparently proliferated in the mouth-
parts (especially the labellum) of the fly, passed through
the gut of the flies over a period of three days after the 
initial feeding.

2. Cockroaches and Outbreaks

Cockroaches have been implicated as probable mechani-
cal vectors in numerous reports. The case rate during an
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outbreak of infant diarrhea in a Belgian hospital dropped
off shortly after the cockroaches (Blattella germanica)
infesting the ward were exterminated. Salmonella
typhimurium was isolated from the patients and the cock-
roaches [182]. An outbreak of infant diarrhea, attributed
to S. bovismorbificans, in an Australian hospital was
traced to defective sanitary practices. The pathogen was
isolated from patients and from cockroaches and mice
infesting the hospital [183]. S. typhimurium was isolated
from sparrows infesting the kitchen of a mental hospital
where many patients were suffering from gastroenteritis
caused by the same strain of Salmonella [184]. Shigella
dysenteriae was isolated from German cockroaches 
associated with an outbreak of shigellosis in Northern
Ireland [185].

Investigators in Poland found that certain species of
pathogenic bacteria collected from patients in a provincial
hospital were also carried by cockroaches (Blattella ger-
manica, Blatta orientalis) infesting the hospital [186]. 
In a similar situation, Indian scientists found an antibiotic-
resistant strain of Klebsiella pneumoniae in patients and
in German roaches in a New Delhi hospital [187].

K. SAMPLING PATHOGENS FROM FOODS

AND PESTS

Another technique in the investigation of foodborne ill-
ness is to sample suspect foods to see if there is a match
between the microorganisms found in the food and those
taken from suspected vectors and from people who are ill.
In 1935, Staff and Grover [188] did a classic investigation
of a foodborne disease outbreak, linking the patients (208,
with three fatalities), the food product (a filled pastry),
and the vector (Rattus norvegicus) to the etiologic agent
(Salmonella enteritidis).

L. ROLE OF VECTORS IN MECHANICAL

TRANSMISSION

The last and, so far, least productive effort is to try to estab-
lish a cause-and-effect relationship between human food-
borne disease and the activity of a probable vector [159,
189]. The Staff and Grover [188] investigation was excep-
tional; too often, the evidence is largely circumstantial.
But there is at least one disease in which the route of trans-
mission clearly involves vector contamination (via infec-
tive viruses in the urine) of food and drink: Bolivian
hemorrhagic fever and the rodent transport host, Calomys
callosus [190].

Experimental work by Klowden and Greenberg [191]
unequivocally demonstrated the importance of mechani-
cal transmission. When the mechanical transmission
occurs after the final biocidal step in food processing,
consumers may be at risk of ingesting viable organisms,
and this may lead to foodborne illness. When bacteria

(Salmonella sp.) were placed on the bodies of cockroaches
that were subsequently killed, the bacteria survived on the
dead bodies for as long as 60 days. If the cockroaches had
died in a food material that was destined to be eaten with-
out further biocidal treatment, then the consumer would
have been at risk of foodborne illness.

M. ROLE OF PANTRY PESTS IN MECHANICAL

TRANSMISSION

Left to themselves, the pantry pests — insects and mites
that make their home in raw or processed foods and are
found most often in homes, granaries, grocery stores and
food warehouses — have little opportunity to become con-
taminated with pathogens. However, the foods in which
pantry pests live are also visited by ants, flies, cockroaches,
mice, rats, birds and other mobile pests, all well known for
their habit of indiscriminately foraging on filthy substrates.
Thus the more mobile pests bring pathogens to the home
territory of the pantry pests, and they, in turn, inadvertently
pick up the pathogens and disseminate them wherever they
chance to travel within the food material.

1. Indianmeal Moth Larvae

Larvae of the Indianmeal moth (Plodia interpunctella),
one of the more common insects found in the stored foods,
were collected from various food sources and screened for
their extracellular symbionts. Surprisingly, more than 80%
of the specimens did not harbor any bacterial cells in the
digestive tract that would grow on various artificial cul-
ture media [168].

2. Beetles

On the other hand, many other insect pests of stored food,
including red flour beetles (Tribolium castaneum), lesser
mealworms (Alphitobius diaperinus) and confused flour
beetles (T. confusum), collected from various feed mills in
the Midwestern United States, carried potentially patho-
genic enterococci and aerococci [168]. Immature and adult
confused flour beetles and lesser mealworms carried a
fungus, Fusarium roseum var. graminearum (�Gibberella
zeae), that produces mycotoxin F-2 (zearalenone); this
fungus was also recovered from dead beetles [192].

De Las Casas et al. [193] exposed the lesser meal-
worm to fowl pox virus and Newcastle disease virus.
Mealworms carried fowl pox virus for six hours; Newcastle
disease virus was not recovered from these insects. Another
avian pathogen, infectious bursal disease virus, was car-
ried by lesser mealworms for up to 14 days after the ini-
tial exposure [194]. Harein et al. [195] isolated five
different species of Salmonella and 48 different serotypes
of E. coli from lesser mealworm beetles collected from
poultry farms.
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3. Weevils

Artificially infected rice weevils (Sitophilus oryzae)
retained Salmonella montevideo for at least one week
[196]. Harein and De Las Casas [197] postulated a poten-
tial role for granary weevils (S. granarius), collected from
stored wheat, in the dissemination of several species of
opportunistic pathogens including Serratia marcescens,
Streptococcus spp., Micrococcus spp., and members of
the Klebsiella-Aerobacter group.

Clearly, many species of common stored-product insect
pests have significant potential as transport hosts for vari-
ous pathogenic microbes; therefore, they should not be
considered as merely nuisance or economic pests.

N. NEW POLICIES TO MEET NEW RISKS

1. Risks: Old and New

Disease-causing foodborne pathogens have been present
throughout human history. Over past ages and right up to
the present day, transmission from person to person has
been effected via the fecal-oral route. The incidence of
such infections has always been greater where insanitary
conditions — polluted water, contaminated food, and lack
of personal hygiene — prevail due to poverty or lack of
education. Foodborne diseases, as most of us know from
personal experience, are not limited to economically chal-
lenged populations. Affluent and well-educated people on
occasion acquire foodborne infections in their own homes
and in the best of restaurants.

In spite of the denial by many in the medical commu-
nity, we strongly believe that a small but significant number
of transmission incidents are effected through the agency
of mechanical transport of pathogens by food-associated,
synanthropic pests, most especially filth flies, cockroaches,
ants, and rodents. We have supplied here abundant evidence
to support our claim. Most people in the health-care and
epidemiologic professions seem quite content to ignore
the evidence. Policy makers in the food regulatory agen-
cies of several nations have de-emphasized filth testing and
terminated filth analyst and entomologist positions in gov-
ernment laboratories. We submit that, based on the follow-
ing facts, all of which are well accepted and well known,
the health of the public is not well served by these just-
mentioned presuppositions and trends. There are also appli-
cations here to domestic animal and wildlife populations,
but we will emphasize human populations.

a. Rapid transportation
Movement of pathogens, including food-associated
pathogens, from one geographic area to another is greatly
facilitated by rapid modes of transportation, as has been
recently evidenced by the episodes of SARS (severe acute
respiratory syndrome) in Asia and North America. Mass
movements of populations between adjacent geographic

regions, due to famine, civil disorders or war, may also
facilitate translocation of foodborne disease pathogens, and
the insanitary conditions, signaled by large populations of
filth flies that often accompany such chaotic population
shifts, only serve to facilitate fecal-oral transmission.

The rapid transport of food from one geographic
region to another is also a factor in the epidemiology of
foodborne diseases. The sanitary standards in the country
or region of origin may be set at a far lower level than
what would be acceptable in most of the western world.
Difficult-to-clean fruits and vegetables that are usually eaten
raw (e.g., raspberries, strawberries, cantaloupes) represent
the greatest risks. These same foods are also often exposed
to contamination by filth flies and other food pests at var-
ious stages on the journey from farm to fork: in the pro-
duction fields, in transport vehicles, in distribution points
for the wholesale market, at retail outlets, and in the home
environment. Certain specialty food items such as smoked
fish and jerky (carne seca) are sometimes exposed to filth
flies in the early phases of production and thus to poten-
tial contamination by foodborne disease pathogens.

b. Immunocompromised people
The efficiency of the immunologic response can be under-
developed or compromised for many reasons. The very
young (with still developing immunologic systems) and
the very old (with varying degrees of deterioration of the
immunologic response) first come to mind. Then there are
the ill for any reason, some of whom may exhibit a diminu-
tion of immunologic response in varying degrees, and the
traumatized by injury or surgery (especially splenectomy
and organ transplants, both involving an immediate and
prolonged suppression of the immune response). Immuno-
suppression is the constant accessory to the radiation treat-
ment and chemotherapy administered to cancer patients.
But by far the most common sort of immunosuppression
is that occasioned by the effects of the human immuno-
deficiency virus (HIV), the precursor to AIDS (acquired
immune deficiency syndrome).

c. “Super” pathogens
Pathogens may qualify for this hyperbolic descriptor for any
of several reasons. Many pathogens have acquired varying
levels of resistance to the effects of certain antibiotics.
This is important for anyone who contracts an infectious
disease, but it is especially important for the immuno-
compromised. As a general rule, when a therapeutic agent
is administered, cure is accomplished by the combined
effects of the drug and the patient’s immune system work-
ing against the pathogen population. The effectiveness of
the drug becomes more crucial when the immune system
is (for whatever reason) suppressed. Recovery is delayed
or sometimes prevented when the pathogen has developed
resistance to the antibiotic agent. Certain strains of some
very common pathogens, among them some potential
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foodborne pathogens, have become resistant, in varying
degrees, to many of the antibiotics currently in use. A few
examples are VRE (vancomycin-resistant enterococci),
MRSA (methicillin-resistant Staphylococcus aureus), and
strains of E. coli resistant to cephalosporin or cephamycin.

The medical journal Emerging Infectious Diseases is
largely devoted to “new” pathogens or to “new” strains of
previously recognized pathogens that often produce unex-
pected symptoms or exhibit unexpected virulence. Strains
of the intestinal commensal, Escherichia coli, such as E. coli
O157:H7, have acquired exceptional virulence, dangerous
enough for healthy individuals but especially dangerous
for the immunocompromised. This latter population has
become especially vulnerable to opportunistic pathogens
such as the non-food-associated Babesia recently discov-
ered in Europe [198]. Both immunocompromised and
immunocompetent populations may be susceptible to rare
strains of foodborne disease pathogens, such as Salmonella
kiambu, that “jump” unpredictably from animal to human
populations.

d. Uncommon virulence
We have already stipulated that food pests play no more
than an incidental role, as mechanical transport hosts, in the
transmission of foodborne disease pathogens. But we sub-
mit that this “small role” is taking on greater significance
because of the increasing numbers of immunocompromised
people, because some of the pathogens are acquiring resist-
ance to antibiotic drugs, and because some foodborne 
disease pathogens have taken on enhanced virulence,
involving smaller and smaller infective doses (in amounts
easily within the capabilities of mechanical vectors to
deliver) to such a degree that otherwise healthy individu-
als, as well as the immunocompromised, may become ill.

e. Summary: why food pests are important
There may have been a time when the medical community
(perhaps with some excuse) could have been nonchalant
about food pests in or around food and the associated risks
of mechanical transmission of foodborne disease pathogens,
but now we live in a much different world. We have wit-
nessed the emergence of foodborne pathogens possessing
new virulence factors dangerous to healthy people and even
more so to the immunocompromised.

A recent report, while not bearing directly on the sub-
ject matter of this chapter, does serve to underscore several
points made here [198]. Careful investigation may reveal
previously undiscovered pathogens or may identify
microbes that have been known previously to cause only
inapparent or self-limiting infections. These newly dis-
covered pathogens can be characterized and differentiated
from pathogens previously described by the application of
the molecular and genetic typing techniques briefly noted
below (Section VII D). These same techniques may be
applied to identify and characterize microbes obtained

from potential vehicles and vectors of infection, including
human and vertebrate carriers, thus making it possible to
establish probable chains of infection. This paper [198]
also demonstrates that immunocompromised people are
prime targets for opportunistic pathogens, microbes that
would stand no chance of establishing infections in
immunocompetent hosts.

2. Mechanical Transmission (Again)

As has been demonstrated earlier in this chapter, pathogens
may be carried about by insect, rodent and bird vectors.
The pathogen load borne by such vectors has traditionally
(but not necessarily accurately) been thought of as very
small in relation to the infective dose, that is, the minimum
number of pathogenic units required to generate symptoms
in a normal human host. Even if the pathogen load carried
by a mechanical vector is quite small, it may be enough to
produce illness in an immunocompromised host.

Some of the opportunistic pathogens, such as Serratia
marcescens or even our ubiquitous commensal, Escherichia
coli, isolated from various potential mechanical vectors,
especially flies, cockroaches and ants, are thought to be
innocuous to healthy human beings. However, for the
immunocompromised, these “innocuous” bacteria may
become serious, even life-threatening, opportunistic
pathogens. Further, the pathogen may be one of the newly
emergent “super” microbes; in that case, the “small”
pathogen load, deposited by a vector, may be sufficient to
make even a healthy person ill.

3. Insects and Mites in Food

The idea that eating insects and mites in our food or eat-
ing food that has been contaminated by insects and mites
is harmless is becoming so pervasive that some food reg-
ulatory agencies have simply stopped doing filth inspec-
tions and filth analyses. This trend seems inconsistent
with the fact of a long and continuing history of numerous
successful prosecutions of filth violations in the food
industry. However, consumers may still draw some assur-
ance of safety in their food because of the fact that the pol-
icy makers still attach great importance to food pests as
“indicators of insanitation.”

Of course, it is true: Most of us will not suffer any ill
effects from ingesting a few dead insects and mites with
our food. But the occasional serious illness, such as ana-
phylaxis associated with ingesting mites [199–202], jars
the complacency usually associated with such a benign
phenomenon and justifies the establishment of regulatory
action criteria [203].

4. FDA Policy on Filth in Food

Scientists and policy makers at FDA have established and
defined categories of filth and extraneous matter and have
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developed a flow diagram for use in evaluating the signif-
icance of these several categories within the context of a
food-manufacturing operation [69].

a. Potentially hazardous
There are three categories of contaminants in the flow 
diagram: potentially hazardous extraneous materials,
indicators of insanitation, and aesthetic defects.

A contaminant is designated as potentially hazardous
if scientific and medical authorities recognize it as such,
or if the contaminant is known to have caused injury, or 
if the contaminant remains in the food even though 
the usual processing procedures could be expected to
remove it.

Hard or sharp foreign objects immediately come to
mind here. When a consumer buys unpitted fruit such as
cherries or prunes, the consumer is forewarned that pits
are present and it is the consumer’s responsibility to
remove the pits before chewing the fruit. In this case, the
pits are normal constituents of the food product and would
not be categorized as potentially hazardous. If, however, a
consumer buys pitted fruit, and it is labeled as such, any
pits or fragments thereof remaining in the product could
be considered as potentially hazardous because of the
potential for injury or choking. Even in this instance, the
consumer must be wary because FDA, in its DALs, may
permit very small amounts of pit fragments in specific
retail products.

Already noted above is a different, rather uncommon
(and very minor, according to some [204]) sort of poten-
tially hazardous filth: allergic reactions to certain mite-
infested foods [199–202].

b. Indicators of insanitation
Another category of contaminants is represented by insects,
mites, rodents and birds that are themselves not hazardous
but are placed in this category because of their potential
for serving as mechanical vectors of food-associated
pathogens. Quite apart from any proved or suspected
demonstration of pathogen carriage by these pests, their
mere presence in a food-processing facility or retail food
establishment causes them to be categorized as “indica-
tors of insanitation.” The presence of these pests in or
around food suggests that one or more basic sanitation
safeguards in the food facility have failed and that the
defect or defects must be corrected.

c. Aesthetic defects
Aesthetic defects, even though generally harmless, are
subject to regulatory action if they exceed the DALs.
Some examples are field insects or fragments thereof
accidentally carried into the food processing operation,
bits of soil picked up during harvesting and not ade-
quately removed before processing, and pieces of stems or
pods that remain in the food product.

5. A New Enforcement Strategy

In any evaluation of the significance of filth and extrane-
ous materials in food, including hard or sharp foreign
objects, FDA has placed the first priority on the question,
is it a health hazard? If the answer is yes, then HACCP
immediately comes into play and corrects the problem. 
If the answer is no, the next question is, does the contami-
nant represent a violation of good manufacturing prac-
tice? If the answer is yes, then adherence to SSOPs [205]
is reviewed for adequacy of compliance. If the answer is
no, the next question to ask is, is it an aesthetic defect? If
the answer is yes, then it must be determined whether the
applicable DAL has been exceeded. Appropriate regulatory
action may be taken if there is a DAL violation. However,
even if there has been no technical violation of a DAL (or
if, as often happens, no applicable DAL exists), regulatory
action may still ensue if other factors point to deficiencies
in sanitary operations.

6. End of an Era

The food defect action levels have had a long history of
development in the federal food regulatory agencies of the
United States [53]. At least since 1973, the DALs have
been set on the basis of a large, statistically valid sample of
a particular food product. The filth load in each subsample
of that product was determined by standardized micro-
analytical techniques. All of these individual results were
then considered, along with seasonal and geographic vari-
ations, before setting a DAL.

During the last quarter of the twentieth century, ento-
mologists, chemists and analytical technicians at the FDA
Center for Food Safety and Applied Nutrition in
Washington, D.C. (now located in Beltsville, Maryland),
and at the various regional laboratories of the FDA,
actively engaged in the development of filth detection pro-
cedures for a large variety of food products, a variety far
greater than the list represented in the DAL handbook
[206, 207]. Shifting priorities on the part of the decision-
makers within the FDA and the USDA have resulted in
the near elimination of research and development on filth
detection methods. A very few modest filth methods proj-
ects are underway or planned [208, 209], but neither the
expertise nor the funds remain within FDA to support the
setting of any new DALs.

VI. HARD AND SHARP FOREIGN OBJECTS
IN FOOD

A. CONSUMER EXPERIENCE

Most consumers are aware of the fact that hard objects that
do not belong in food are, nevertheless, sometimes present.
This is because most consumers have personally found
such objects. Furthermore, most such encounters are
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innocuous in nature. Certain foods are so frequently
endowed with physical objects (e.g., grit in spinach; bits of
shell in clam chowder) that we are surprised if such objects
are not found. In other instances, the encounter between
the consumer and a physical object in food or drink may
result in an injury, the severity of which may vary widely.

B. LITERATURE ON HARD OBJECTS IN FOOD

In view of the rather high frequency with which consumers
encounter hard and sharp objects in food, it is surprising
that the scientific literature on this subject remained
remarkably scarce for so many years, the publications by
Hyman et al. [210] and Gorham [211] being the first two
of several to follow. Since the implementation of manda-
tory seafood HACCP on 18 December 1997 [212] and the
installation of many voluntary HACCP programs in recent
years, three general reviews [1, 213, 214] and one practi-
cal paper [215] on the subject have been published, and
other numerous publications have appeared, especially
regulations, guidelines, methods and didactic materials, the
latter often quite redundant but useful nevertheless because
they are usually tailored to meet the needs of specific
audiences in the food industry [14, 16, 213, 216–220].
The USDA Food Safety and Inspection Service (FSIS)
has produced a report on a technical conference on for-
eign material contaminants [221].

Concern for the possible adverse health effects of hard
foreign objects in food and drink was evident early in the
twentieth century. One might have guessed that Harvey
W. Wiley, principal protagonist for the first federal pure
food law [30], would have been interested in this subject,
and perhaps he was. But in the record of that era, he makes
only passing reference to a study of “cocoa shells in 
cocoa products” in his 1911 report [76]. His concern then
was probably with the shells as an “economic adulterant”
(in the same sense that added water was an economic
adulterant of milk) rather than with the shell fragments as
hard foreign objects in cocoa powder.

C. PRODUCT TAMPERING

Excluded from detailed discussion in this review are acts of
fraud, sabotage, and product tampering. Hiding a big rock
inside a bale of bay leaves to boost the weight would be
considered fraud. The deliberate addition of a foreign
object to a food or beverage product by an employee of the
product’s manufacturing company would be considered an
act of sabotage. When, in an effort to cause harm to some
other person or to extort money from a manufacturer, some-
one deliberately adds a foreign substance or a physical
object such as a needle, a straight pin or bits of glass to 
a product offered for sale, the act would be considered prod-
uct tampering [222–224]. The added object does not have
to be hard or sharp to constitute product tampering: Spitting

a glob of phlegm onto a fast-food hamburger before serv-
ing it to a customer would clearly be actionable.

A common type of product tampering, rarely prose-
cuted under the Federal Anti-Tampering Act [225] or any
other statute, occurs when a consumer deliberately puts a
piece of glass, a mouse, or a cockroach — to mention just
a few of the possibilities — into a food or beverage, and
then reports the “find” to the manufacturer, the motive
being to get a free quantity of the product or money from
the manufacturer.

D. FILTH

Also excluded from discussion in this section on hard for-
eign objects are those physical objects, already noted above,
usually categorized as filth [2, 69]: rodent hairs and feces;
bird feathers and feces; insects and mites and their frag-
ments; and molds and rots associated with fruits, seeds,
nuts, and many other foods. The tiny metal fragments
sometimes generated by opening cans with a can opener
in the home or restaurant kitchen are also excluded from
this present topic.

E. HARD OBJECTS ABSENT FROM THE FOOD,
DRUG AND COSMETIC ACT

The FD&C Act says nothing about such things as paint
chips, ball bearings, or glass shards in food. When such
items happen to be found in food or drink by regulatory
officials, each incident is evaluated on its own merits and,
if deemed actionable under the FD&C Act, it is because the
foreign object has rendered the food “unfit” (402[a][3])
for human consumption due to an offensive “mouth-feel”
of the adulterated food, or has rendered it “injurious to
health” (402[a][4]).

An FDA Compliance Policy Guide [16] provides fur-
ther regulatory details based on reviews by the FDA Health
Hazard Evaluation Board of nearly 200 cases of hard or
sharp foreign objects in food. The Board concluded that
objects measuring less than 7 mm in length rarely cause
physical injury. However, special risk consumers such as
infants, the elderly, and the physically or mentally chal-
lenged may be unable to cope with objects 2 mm or less in
greatest dimension.

F. DEFECT ACTION LEVELS

The DALs [206, 207] give no ground to physical objects
that find their way into foods after the agricultural phase
of production [53]. Some modest forbearance is shown 
in the DALs toward some of the fruits with pits (e.g. cher-
ries, dates, olives, prunes), apparently because even the
best pitting technology falls short of 100% efficacy. The
DALs address these and many other unavoidable defects
That the USDA permits small numbers of bone fragments
in certain meats [226] is a fact many of us have discovered
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to be true as we seek out a dentist to repair the damage.
The DALs do not exempt from regulatory action any hard
or sharp foreign object if that object has been shown 
to constitute a hazard for physical injury or choking or if
it has been shown to cause the product to be made unfit
for food.

G. THE PROCESSOR’S GOAL

Reputable food and beverage processors prefer to produce
products that are free of foreign objects. Their zeal is
driven perhaps in part by the fact that there is little defense
against an obvious hard foreign object, especially one that
has caused injury to a consumer. No doubt, however, the
overriding motive for keeping objects out of foods and
beverages is to protect and preserve the company’s repu-
tation. Of course, the economic consequences of downtime
on the production line and recalls of shipped products
probably also play a role in a company’s pursuit of zero
defects in the product line, whatever that might be. Many
food manufacturers use vendor certification programs to
ensure that only high quality ingredients enter the food
processing plant [227].

H. QUALITY ASSURANCE PROCEDURES AND

DEVICES

Many companies have invested heavily in quality assur-
ance devices and procedures to prevent the occurrence of
foreign objects in food or to discover them before the foods
leave the factory [228, 229]. Glass, one of the early mass-
produced commercial packaging materials, continues to be
widely used. Unfortunately, glass packaging readily breaks
during the manufacturing of the container and during the
washing, filling, capping, labeling, and boxing of it on the
production line. The problem of glass shards in foods and
beverages has been reviewed in the technical literature
over a span of many years beginning early in the twenti-
eth century [1]. Reputable companies that use glass pack-
aging strictly follow the applicable good manufacturing
practice (GMP) statements [37] and carefully keep records
of problems so that container-manufacturing and food-
processing equipment can be fine-tuned to reduce break-
age to a minimum.

Virtually all detection systems for foreign objects
involve a human observer to some degree, but most pro-
duction line detection systems also involve specialized
machines to supplement visual observations. There are two
different lines of approach to the goal of preventing hard
foreign objects from getting into food and drink. One
involves various screens, shakers, air blasts, filters, mag-
nets, or other devices to remove foreign objects present in
the production stream.

The second, which may sometimes be used in concert
with the first, involves machines that “look” for foreign
objects in product ingredients or in the finished product
before or after packaging [230–236]. These machines may
be very sophisticated technically and capable of detecting
many kinds of foreign objects — glass, metal, bone, rocks,
shell fragments (from nuts, mollusks or crustaceans) and
other items.

Rigid observance of well-planned protocols for house-
keeping and plant maintenance operations, with strict
accountability of supplies, tools, and spare parts, serves
well as a further safeguard against adulteration of food
products with foreign objects [237, 238]. These protocols
should include inspections of raw ingredients for hard
objects and inspections of processing equipment and food
packaging to detect missing parts or container fragments
(Figure 74.2). The shielding of all light fixtures (to prevent
broken glass lamps from falling onto the food line) is
another essential preventive measure.

I. INGESTION AND INHALATION OF

FOREIGN OBJECTS

Human injury or death associated with the ingestion or
inhalation of foreign objects has been reported widely in
the medical literature. Many such cases have nothing to do
with food. The offending object could be a coin, thumbtack,
earring, marble, balloon — in other words, a vast array of
small objects [239].
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1. Food-Related Items

Many other cases of injury and death have been attributed
to various items of food. Hot dogs are notorious offenders,
as are grapes, hard candy, nuts, chunks of meat, popcorn,
beans, and many other such objects. Liquid foods may
cause problems also, especially for infants.

Food regulatory agencies in England, Australia and the
United States [240–242] have in recent years issued warn-
ings about a choking hazard from a small, jelly-filled candy
(Figure 74.3) made in part of konjac, a flour derived from
the tuber of Amorphophallus konjac (Araceae) and widely
used as a food ingredient in the Orient. The slippery nature
of the candy, lubricated by saliva, causes it to be readily
shifted, without chewing, into the back of the throat where
it may block the airway, sometimes with fatal results. In the
United States, a hazardous food product such as konjac
candy is subject to regulatory action by both the FDA and
the Consumer Product Safety Commission (CPSC) [243].

Another category of objects reported to cause injury
or death consists of things that are associated intrinsically
with foods: fruit pits and seeds (as in dates, grapes, apples,
cherries, limes and other citrus fruits), bones (beef, pork,
chicken, fish), shells (nuts, shrimp, clams, oysters), stems

(raisins, string beans), pig teeth in sausage, and fish scales in
canned tuna. Objects in this category sometimes are con-
sidered to be less objectionable than those in the foreign
object category because it is predictable that they may
occasionally filter through the normal safeguards of good
manufacturing practice.

2. Hard and Sharp Foreign Objects in Food

This category consists of foreign objects in foods and bev-
erages. Such objects are described as foreign because they
are not intrinsically associated with an edible portion of a
food product. Some are obviously associated with har-
vesting. The small stones or clumps of soil found in dried
beans and peas are typical, as are the sand and grit in
peanut butter and spinach (Figure 74.4).

Other objects, clearly associated with manufacturing,
occur in two cases. The first is associated with the manu-
facturing of the food container per se. Glass, plastic, and
metal fragments predominate here. The second occurs dur-
ing food processing. Glass, plastic, and metal fragments
also predominate in this phase. In earlier days, wood splin-
ters were more common in manufactured foods because
wood was then more often used in processing equipment.
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Today, plastic is frequently seen on the processing lines.
Due to normal wear and tear on the equipment, bits of
plastic may find their way into foods and beverages.

Inadvertent contamination by foreign objects, such as
wood, paper, plastic, etc., may occur during food process-
ing. But most of these unwanted objects are already in the
cans and bottles before they leave the container manufac-
turer. All food processors should have systems for clean-
ing all containers before the point at which they are filled
with the food product.

a. Foreign objects associated with can 
manufacturing

At can manufacturing plants, small curls of plastic some-
times form on the “fingers” used to move the new cans
onto pallets in preparation for shipment. On occasion, the
“fingers” rub against the sharp can lip, peeling off thin
curls of plastic. Quality-assurance protocols require the
palletizer operators to periodically inspect the “fingers”
and remove any curls; otherwise, the curls will eventually
break off and drop into cans. When it is understood that
on any given day, many thousands of cans are fabricated,
palletized and readied for shipment, it should not be sur-
prising that a few bits of plastic may escape notice and
drop into cans. This is one of the reasons why seemingly
clean cans from the can factory must be cleaned and
inspected before they are filled by the processor. Glass
containers must be similarly cleaned and inspected.

b. Insects associated with can manufacturing
While not bearing directly on the subject of hard foreign
objects, it should be noted here that insect contamination
may occur during the manufacture of cans. A relatively
minor sort of “adulteration” occurs when flying insects,
attracted to the lights over the finished cans on the con-
veyors, accumulator tables and palletizers, fall into the cans.

A far more serious kind of insect “adulteration” prob-
lem occurs during warm, humid months when conditions
are favorable for the proliferation of minute mycophagous
insects called psocids or booklice (Order Psocoptera). The
same weather conditions that favor the production of large
populations of psocids also favor the growth of fungi on
the cellulose fiber (composite) slipsheets or divider boards
used to separate tiers of cans in a palletized stack. This
abundance of food naturally leads to large numbers of
psocids. When the slipsheets are placed over the open cans
on the pallet, some of the psocids fall into the cans, creat-
ing a potential violation of the FD&C Act, even though
these insects have no importance as mechanical vectors.

c. Control of booklice
Two commonly used “control” measures are both uncom-
monly ineffective. Applying insecticidal aerosols or mists
gives only minimal temporary control. The same applies
to fumigation of the stacked cans or the slipsheets. In both

instances, many of the dead insects remain on the slipsheets
and in the cans, rendering them adulterated. Therefore, the
cans must be cleaned in order to bring them back into a
marketable state. In other words, the end result is the
same, so it would seem to be economically prudent to
avoid the purchase of ineffective “control” measures.

There is no easy or totally effective way to deal with
psocids in this situation. However, the use of plastic slip-
sheets, instead of the traditional fiberboard slipsheets, goes
a long way toward solving the psocid problem. Apparently,
plastic slipsheets do not support the fungal growth required
for proliferation of the booklice. Although the plastic slip-
sheets are more expensive than the composite board slip-
sheets, economy is derived from avoiding expenditures for
the virtually useless measures of fumigation and spraying
insecticidal mists. The use of plastic slipsheets and the
practice of keeping the palletizing area scrupulously clean
will minimize both the psocid problem and the incidence
of unwanted foreign objects in the cans [244].

d. “Chicken a la plastique”
Plastic shards in a four-ton batch of chicken nuggets
prompted a major chicken processor to initiate a recall
effort. All but about 2500 pounds of the adulterated chicken
were recovered. Children discovered the plastic pieces while
eating lunch served at a school. This kind of hard foreign
object may cause physical injury or choking; fortunately,
no injuries were associated with this incident [245].

The continuing recurrence of recalls due to glass,
plastic, metal and other foreign objects in food and drink
indicates that, while much progress has been made, much
remains to be done toward the end of preventing these
unwanted objects from entering the product stream.

3. Review of Case Reports

Case reports or reviews of collections of cases involving
foreign objects in the digestive or respiratory tracts typi-
cally refer to the more severe, the more unusual, or the
fatal cases. The degree of severity ranges from the relative
“minor” esophageal tears caused by sharp-edged, solid
objects [239, 246], through partial blockages of the esoph-
agus [247] or trachea [248], to complete and fatal obstruc-
tion of the airway [249].

A review of the medical literature readily available in
the FDA foods library, covering the span of the years
1961–1990, yielded 679 cases of injury or death associ-
ated the ingestion of inhalation of foreign objects. Many
of these cases (221) had nothing to do with food, but in a
relatively large number (437), some kind of food material
was involved. In a relatively small number of cases (28),
some food-associated, hard foreign object — pit, shell,
bone, stem, seed — was the culprit.

In this admittedly incomplete collection of cases from
the medical literature, there was no unequivocal report of
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injury, illness or obstruction caused by a hard foreign
object ingested with food or drink that was not intrinsi-
cally associated the food or drink. In other words, ball
bearings, wood splinters, conveyor-belt nuts and cleats
(staple-like wires used to hold together sections of con-
veyor belt), glass shards, bits of metal or plastic, and sim-
ilar extraneous hard foreign objects ingested with food or
drink were in no case unequivocally implicated in
obstruction of or injury to the digestive or respiratory
tracts. There was one report (not included in the above
informal survey) of intestinal injury caused by a wood
splinter that apparently had been swallowed with food,
but the patient could not recall the event [250].

4. The Food and Drug Administration Complaint
Reporting System

The situation in the preceding section stands in marked
contrast to that reported by Hyman et al. [210]. In a care-
ful analysis of just one 12-month period (October
1988–September 1989), they compiled data on 10,923
complaints about food registered with FDA. Of these
complaints, 25% (2726 cases) involved foreign objects in
food or drink, and 14% (387 cases) of these involved ill-
ness or injury associated with foreign objects ingested in
beverages or food. Most of the injuries/illnesses, as might
be expected, involved cuts or abrasions in the mouth and
throat, damage to teeth or dental prostheses, or gastroin-
testinal distress. The foreign objects were rank ordered
from most to least common: glass, slime or scum, metal,
plastic, stones/rocks, crystals/capsules, shell/pits, wood,
and paper. Foreign object complaints involving injury or ill-
ness were associated most often with soft drinks, followed
in descending order by baby foods, bakery products,
cocoa/chocolate products, fruits, cereals, vegetables, and
seafoods.

J. HACCP, DALS AND HARD FOREIGN OBJECTS

The worldwide food industry is gradually coming under
the food safety program now well known as HACCP
(Hazard Analysis and Critical Control Points). In the
United States, HACCP programs are mandatory for the
seafood [212, 251] and juice [252] industries, but many
other food processing systems in the United States [253],
Canada, and in numerous other countries [254] are protected
by voluntary programs. The Canadian Food Inspection
Agency plans to implement mandatory HACCP in all fed-
erally registered meat and poultry processing plants by
mid-2005 [255].

Since HACCP focuses on microbial hazards and their
prevention, reduction or elimination, the overall safety of
food should be enhanced. In spite of the fact that hard for-
eign objects have little to do with microbial pathogens,

hard foreign objects are nevertheless considered a Critical
Control Point. This is because hard foreign objects may be
a choking hazard or may cause injury if the consumer
attempts to chew or swallow them [1, 213, 214].

The DALs [53, 206, 207] allow very small quantities
of fruit pits to be present in food; at these low levels, they
are considered to be natural and unavoidable constituents
of food. Other hard foreign objects are considered adul-
terants under the provisions of the FD&C Act if they may
cause injury to the mouth and digestive organs [1, 210, 214],
if they simply make the food to feel gritty in the mouth, or
if they may be a choking hazard for special consumers
such as infants and physically challenged individuals of
any age who have difficulty chewing and swallowing.

VII. CONCLUSION: HACCP, SSOPs,
RESEARCH

A. HACCP

The HACCP program for food safety, when properly imple-
mented and maintained, has the ability to protect everyone
from both the traditional foodborne pathogens and parasites
and from the newly-emerging ones [253, 256]. Although
hard foreign objects are treated as a Critical Control Point,
the other adulterants generally referred to as “filth in food”
receive very little attention in the HACCP protocols.

B. SSOPS

However, this is not to say that filth is considered to be
unimportant. HACCP does not deal specifically with the
sources of filth in food because the whole edifice of
HACCP is built (and must be built) on a foundation of
thorough, persistent and dependable sanitary practices in
the food industry, usually referred to as SSOPs (sanitation
standard operating procedures) [229]. A substantial part
of preventing pathogens from getting into our food is pre-
venting pests from getting into our food — and this at all
stages of production, harvest, storage, manufacture, distri-
bution, retailing, and even to the home kitchen, this latter
being the theater where the majority of foodborne infec-
tions are staged.

C. FOODBORNE DISEASES

Estimates by the Centers for Disease Control and Preven-
tion of the annual incidence of foodborne diseases in the
United States range from 6.5 million to 76 million cases.
Annual mortality has been estimated between 5,000 and
9,000 [257, 258]. The rates of foodborne diseases in devel-
oping countries are much higher due to poor sanitation,
lack of clean water, and inadequate hygiene. With increased
international travel, the risk of introduction and spread of
pathogens around the world is very high.
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After many years of therapeutic and preventive uses of
antibiotics, many kinds of bacteria have adapted and
become resistant to antibiotics. Multiple uses of anti-
microbial agents in medicine, production of food animals,
and crop protection have caused an increasing resistance
to those agents. In addition, widespread use disinfectants
in household products may also contribute to the develop-
ment of resistance. As effectiveness of existing antimicro-
bial agents declines, it will be more difficult and expensive
to treat infectious diseases and to control epidemics.

D. RESEARCH

Within the past few decades, great advances in biology
(primarily biochemistry and molecular biology) have
offered new and more sensitive approaches for the fields of
microbial ecology and epidemiology, as exemplified in the
paper by Herwaldt et al. [198]. Techniques based on bio-
chemical analysis and amplification of nucleic acids by the
polymerase chain reaction (PCR) technique, followed by
genotyping by, for example, restriction fragment length
polymorphism (RFLP), pulse field gel electrophoresis
(PFGE), and amplified fragment length polymorphism
(AFLP), allow for tracking specific pathogens (strains/
serotypes/genotypes) in various clinical and environmental
habitats. This leads to a better understanding of bacterial
and vector ecology and consequently to formulation and
implementation of more effective food safety programs.

It is clear that the need for risk assessment and surveil-
lance programs for foodborne and other human and animal
diseases, including screening for antibiotic resistance genes
and their spread in the environment and an improved under-
standing of microbial ecology in general, is rapidly growing.
Thorough assessment of the significance of mechanical and
biological transmission of pathogens by arthropod and other
animal vectors must be an integral and essential part of new
food safety and foodborne disease prevention programs.
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I. INTRODUCTION

In the United States, an estimated 76 million persons, about
one in every four, contract foodborne illnesses each year (1).
Most cases of foodborne illness are relatively mild, with
the affected individuals suffering from a few days of gastro-
intestinal cramping, headache, vomiting and/or diarrhea.
However, some foodborne illness is much more serious,
with an estimated 325,000 cases requiring hospitalization
and 5000 resulting in death in the United States (1).
Persons who are very young, elderly, pregnant (because of
risk to the fetus) and those with weakened immune systems
are especially susceptible to foodborne illness and the
serious consequences that may result.

Consumers can reduce the risk of getting a foodborne
illness by following safe food handling guidelines when

buying, storing, preparing, cooking and serving food at
home. In the United States, consumers tend to believe that
food prepared at home is an unlikely source of foodborne
illness, although studies indicate that many kitchen envi-
ronments are contaminated with pathogens, and many
consumers are unaware of or do not practice safe food
handling methods (2). Many consumers clean their bath-
rooms more thoroughly than their kitchens, as shown in 
a bacterial survey of these rooms in 15 households. The
kitchen was more heavily contaminated with fecal coli-
forms and other bacteria than was the bathroom (3). It has
been shown that foods consumed in household settings
are three times more likely to cause foodborne illness than
foods consumed in cafeterias (2).

This chapter discusses causes and sources of common
foodborne diseases encountered by consumers, and the
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measures that consumers can take to prevent and control
foodborne illness.

II. CAUSES OF FOODBORNE ILLNESSES

There are over 200 diseases that are transmitted through
food (1), although those who work in the public arena
offering food safety advice to consumers concentrate their
concern on 10 to 30 of the most significant agents of food-
borne disease. Most foodborne illnesses are caused by
eating food that contains harmful bacteria, viruses or par-
asites, or a toxin produced by bacteria growing in the
food; metals and prions are other sources of foodborne ill-
ness/disease, but will not be discussed here.

The U.S. Centers for Disease Control and Prevention
(CDC) uses data from a number of sources to estimate the
incidence of foodborne disease in the United States,
including the frequency of diarrhea in the general popula-
tion, and active surveillance for nine pathogens in a
defined population of 20 million Americans. However,
foodborne illness is underreported for a number of rea-
sons: people who become ill may not seek medical care
(and frequently do not if the illness is mild), doctors may
not order diagnostic tests or sampling of patients with sus-
pected foodborne illnesses; diagnostic tests may not be
measuring the causal organism or detect low numbers of
organisms; and diagnosed illnesses may not be reported to
public health agencies. Sporadic illnesses, those occurring
occasionally or singly, are significantly less reported than
outbreak-related cases of foodborne illness, when two or
more people come down with the same illness from the
same contaminated food. About 81% of the 76 million
foodborne illnesses projected by CDC are caused by
unidentified or as yet unknown pathogens (1).

A. VIRUSES

Of the 13.8 million U.S. foodborne illnesses caused by iden-
tified pathogens, viruses are responsible for 9.2 million
cases, or 67% (1). Viruses are extremely small pathogens
that are able to reproduce only within a living host cell;
they do not reproduce in foods. Some viruses (such as no
rovirus and hepatitis A) can be transmitted by food and
water. Other viruses (such as Human Immunodeficiency
Virus, the cause of AIDS) are transmitted from person to
person, but not through food or water (4). Table 75.1 pro-
vides information about the incidence, costs to society,
disease severity, food sources, and the control of food-
borne illness due to fourteen major foodborne pathogens,
including norovirus and hepatitis A.

Norovirus is the most common cause of foodborne ill-
ness in the United States (1) because of its low infectious
dose, relative resistance to sanitizers and heat, many
strains, and the fact that individuals do not acquire long
term immunity (5). Fortunately, the illness is usually mild.

Norovirus is passed from the feces or vomit of infected
persons onto the hands of food handlers or into sewage.
Any food subject to human fecal contamination may
cause a norovirus infection. Outbreaks are usually associ-
ated with food or contaminated water in swimming pools,
lakes, or municipal supplies. Inadequately cooked shell-
fish or salads contaminated by food handlers have been
vehicles for norovirus-caused illness. Norovirus was
recently responsible for a series of troubling outbreaks of
illness aboard cruise ships in the Caribbean; transmission
was attributed primarily to person-to-person contact
rather than through food (6). The low infective dose
means that it is relatively easy for a person who has the
virus to spread the disease to other people. The U.S. Food
and Drug Administration (FDA) recently advised 
that hand washing is the best prevention against gastro-
enteritis (7).

Hepatitis A virus causes about 4000 foodborne ill-
nesses annually in the United States. Similar to norovirus,
hepatitis A virus is excreted in feces of infected people,
and causes infection in susceptible individuals when con-
taminated water or foods are ingested. Controlling the
spread of hepatitis A can be difficult because infected per-
sons can shed viral particles during the long, 10 to 50 day,
incubation period. The greatest danger of spreading the
disease to others occurs during the middle of the incuba-
tion period, well before the first presentation of symp-
toms. Hepatitis A is usually mild, but can be one of the
more severe foodborne illnesses (8); recovery generally
requires 1–2 weeks, but can be much longer. Hepatitis A
symptoms include fever, fatigue, nausea, vomiting and
abdominal discomfort, followed in several days by jaun-
dice. The infectious dose is thought to be fairly low, 10–100
virus particles (9).

B. BACTERIA

Bacterial pathogens are estimated to account for about 
4 million of the foodborne illnesses caused by identified
pathogens annually in the United States (1). Depending on
how the classification is made, there are 19 or so bacterial
pathogens that cause nearly all the identified bacterial
foodborne illnesses. Bacterial pathogens account for 60% 
of the hospitalizations attributable to foodborne illness, and
72% of the deaths (1). Bacterial pathogens can be found
in virtually any environment, including food, and plants
and animals produced for food. They thrive in warm,
moist foods that are low in acid. Most disease-causing
bacteria grow very slowly in foods at low temperatures,
multiply rapidly in mid-range temperatures, and are killed
at high temperatures.

Bacterial pathogens cause foodborne illness by three
mechanisms: infection, intoxication or toxin-mediated
infection; some employ more than one mechanism (10).
Some bacterial pathogens produce a literal food poisoning
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by producing a toxin as they grow in food. In this case,
ingestion of the toxin causes illness (Staphylococcus
aureus and Clostridium botulinum are examples). Most
bacterial pathogens cause an infection when ingested, bur-
rowing into the digestive tract lining and colonizing there,
increasing in number. Antibiotics are used to control 
bacterial infection from foodborne illnesses, but some
bacterial pathogens are becoming antibiotic-resistant,
resulting in illnesses that are not easily treated. Antibiotic-
resistant bacteria are increasing in the food supply 
(11, 12), making prevention of foodborne illnesses
increasingly important.

All bacteria exist as vegetative cells, which are relatively
easily destroyed by heat, sanitizers and/or other controls.
However, a few bacterial pathogens have the ability to
form spores (for example Clostridium botulinum and C.
perfringens), a structure that enables the bacteria to with-
stand harsh environmental conditions, such as heating and
the application of sanitizers. This characteristic makes
their control more difficult than that of non-spore-forming
pathogens. Some bacterial pathogens (for example,
Yersinia enterocolitica and Listeria monocytogenes) are
psychotrophs, so refrigeration temperatures are not effective
for controlling growth in food (13).

Eleven bacterial pathogens are of particular concern
in consumer food safety. The illnesses caused by these
pathogens are briefly discussed below in the order of the
amount of foodborne disease they cause in the United
States. This information is drawn primarily from the Food
and Drug Administration’s Center for Food Safety and
Applied Nutrition’s (FDA-CFSAN) Bad Bug Book web
pages (9); this is a good source for additional information.
Table 75.1 lists the estimated incidence, dollar cost to soci-
ety, and disease severity of these pathogens with organ-
isms grouped by food safety behaviors most useful in
controlling each pathogen (14). Salmonella (nonty-
phoidal) and Campylobacter are responsible for 43% and
29% of the hospitalizations caused by known bacterial
pathogens; Salmonella (nontyphoidal) and Listeria mono-
cytogenes are responsible for 43% and 38% of the deaths
caused by known bacterial pathogens (1).

● Campylobacter jejuni causes the most food-
borne illness among bacterial pathogens. Its
infective dose is small, about 400–500 bacteria
may cause illness, although individual suscep-
tibility varies. Campylobacter infections are
frequently mild, causing diarrhea, which may
be watery or sticky. Other campylobacteriosis
symptoms include fever, abdominal pain, nau-
sea, headache and muscle pain. The illness usu-
ally occurs 2–5 days after ingestion of the
contaminated food or water and generally lasts
7–10 days, but relapses occur in about 25% of
cases. The illness rarely can progress to further

complications including reactive arthritis,
hemolytic uremic syndrome, meningitis, recur-
rent colitis, and Guillain-Barré syndrome.

● Bacteria in the genus Salmonella include thou-
sands of serotypes, most of which are patho-
genic. Foodborne illness is mainly from the
nontyphoidal types. As few as 15–20 bacterial
cells may cause the infection, although suscep-
tibility depends upon individual age and health,
and on serotype differences. Symptoms of sal-
monellosis include nausea, vomiting, abdominal
cramps, diarrhea, fever, and headache. The ill-
ness usually occurs 6 to 48 hours after ingestion
of the contaminated food or water and lasts 1 to
2 days, but may be prolonged. Complications
include post infection reactive arthritis in about
2% of cases.

● Clostridium perfringens is a spore-forming
organism that frequently causes illness due to
temperature abuse of prepared foods, which
allows the spores to germinate and grow in a
competition free environment. Prefringens poi-
soning is caused by ingestion of large numbers
(greater than 100 million) bacterial cells. When
the infection takes hold, toxin produced in the
digestive tract is associated with sporulation of
the vegetative cells. Perfringens poisoning
symptoms include intense abdominal cramps
and diarrhea which begin 8–22 hours after con-
sumption of foods containing large numbers of
C. perfringens bacteria. The illness lasts about
1 day, but residual symptoms may persist for 
1 or 2 weeks.

● Staphylococcus aureus bacteria occur normally
on human skin and in the nose and throat; about
50% of people carry this pathogen. These bac-
teria can be transmitted to food during handling
or preparation. When potentially hazardous
foods are held at temperatures where S. aureus
can grow, any Staphylococcus bacteria in the
food multiply and produce a heat stable toxin
that is not destroyed by cooking. Staphylococ-
cal food poisoning occurs when less than 1 µg
of toxin is ingested, a toxin level produced
when S. aureus populations exceed 100,000 per
gram of food. Symptoms of staphylococcal
food poisoning occur within 1 to 6 hours,
depending on individual susceptibility to the
toxin, the amount of contaminated food eaten,
the amount of toxin in the food ingested, and
the general health of the victim. The most com-
mon symptoms are nausea, vomiting, retching,
abdominal cramping, and prostration. In more
severe cases, headache, muscle cramping, and
transient changes in blood pressure and pulse
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rate may occur. Recovery generally takes 
two days.

● Shigella spp. are highly infectious bacteria that
are transmitted by the fecal-oral route. As few as
10 bacterial cells can cause the gastro-intestinal
infection. The symptoms of shigellosis occur
within 12 to 50 hours of ingesting contami-
nated food or water and include abdominal pain,
cramps, diarrhea, fever, vomiting and blood or
mucus in the stools. Complications may include
reactive arthritis and hemolytic uremic syn-
drome. Infants, the elderly, and the infirm are
susceptible to the severest symptoms of disease,
but all individuals are susceptible to some degree.
Shigellosis is a very common malady suffered
by individuals with acquired immune deficiency
syndrome.

● Yersinia enterocolitica is a bacterial infection
that causes fever and abdominal pain and often
diarrhea and/or vomiting. Yersiniosis is more
common in Northern Europe, Scandinavia, and
Japan than in the United States. Complications
of yersiniosis include reactive arthritis (about
2–3% frequency) and rarely bacteremia
(entrance of organisms into the blood stream).
Fatalities are rare.

● Escherichia coli is a common bacteria, but sev-
eral strains have the potential to cause food-
borne illness, accounting for just over 4% of
known bacterial causes of foodborne illness 
in the United States. E. coli 0157:H7 causes the
most serious illness, as it is responsible for 3%
of total hospitalizations and 3% of total deaths
from known pathogens. E. coli O157:H7 can
cause severe bloody diarrhea. The symptoms
begin to occur within one to eight days, and the
illness generally lasts 5 to 10 days. About 5%
of persons who are infected with E. coli
0157:H7 develop serious complications such as
kidney failure and blood clots in the brain.
Children and the elderly are much more likely
to have serious complications from E. coli
0157:H7. In young children, E. coli 0157:H7 is
the leading cause of acute kidney failure.

● Bacillus cereus is a spore forming organism
that produces two types of toxins when envi-
ronmental conditions permit its growth in food.
These toxins cause two types of symptoms:
diarrhea is caused by a large molecular weight
protein, while vomiting is caused by a low
molecular weight, heat-stable peptide. If the
number of B. cereus bacteria exceeds one mil-
lion per gram in a food, toxin is likely to be
present. The diarrheal illness, including
abdominal cramps, occurs 6–15 hours after

consumption of contaminated food and persists
for about 24 hours. The type of illness charac-
terized by nausea and vomiting generally
occurs more quickly, within 0.5 to 6 hours after
consumption of contaminated foods, and lasts
less than 24 hours.

● Vibrio spp. At least three species of Vibrio are
involved with foodborne illness: Vibrio para-
haemolyticus, Vibrio vulnificus, and Vibrio
cholera. They cause somewhat different ill-
nesses, but all are associated with seafood.

● Vibrio parahaemolyticus causes a usually mild
to moderate infection with associated diarrhea,
abdominal cramps, nausea, vomiting, headache,
fever, and chills. Ingestion of greater than one
million organisms causes disease, although the
dose may be lowered if stomach acid is buffered
by food or antacids. Illness occurs within 4–96
hours when the organism attaches itself to the
small intestine and excretes a toxin. Illness usu-
ally lasts about 2.5 days.

● The ingestion of Vibrio vulnificus can cause seri-
ous blood infection in individuals with underly-
ing chronic disease such as diabetes or leukemia,
or those taking immunosuppressive drugs. Rapid
death occurs in about 50% of cases. For healthy
individuals, ingestion of this organism can result
in gastroenteritis. The infective dose for gas-
trointestinal symptoms in healthy individuals is
unknown, but for susceptible persons the infec-
tive dose is less than 100 total organisms.

● The infection caused by Vibrio cholera, which
attaches to the small intestine and produces a
toxin, creates mild to acute watery diarrhea,
abdominal cramps, nausea, vomiting, dehydra-
tion, and shock. If there is severe fluid and elec-
trolyte loss, death may occur. Human volunteer
feeding studies utilizing healthy individuals
have demonstrated that approximately one 
million organisms must be ingested to cause 
illness.

● Listeria monocytogenes bacteria rarely cause
illness (an estimated 2500 foodborne cases per
year), but those who get listeriosis are fre-
quently hospitalized and about 20% of cases
result in death. Pregnant women, the elderly,
and those with compromised immune systems
are vulnerable to Listeria infection. If a preg-
nant women gets listeriosis, the infection can
be passed to the unborn child and cause death
to the fetus. Listeriosis can occur within 1 day
or up to 3 weeks of ingesting contaminated
food.

● Botulism is a rare, but deadly food poisoning,
causing an estimated 58 cases and 4 deaths per
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year. This pathogen has the ability to form
spores that are very resistant to heat. Ingestion
of the spores or vegetative cells is generally
harmless (with the exception of infant botu-
lism), but when vegetative cells grow, they pro-
duce a toxin that is one of the most deadly
agents; a few nanograms is sufficient to cause
the death of an adult.

C. PARASITES

Parasitic pathogens cause about 3% of known foodborne
illnesses in the United States (1). Several types of parasites
can be found in food and water, including Toxoplasma
gondii (the cause of toxoplasmosis), Trichinella spiralis (the
cause of trichinosis), Giardia lamblia, Cryptosporidium
parvum, and Cyclospora cayetanensis. Parasites do not
reproduce in food, and usually require more than one ani-
mal species to carry out their life cycle.

● One parasite of note, Toxoplasma gondii usu-
ally causes a mild, self-limiting infection.
About 30% of Americans have likely been
infected with Toxoplasma. House cats and
many other animal species (including animals
raised for meat), as well as humans may carry
Toxoplasma. Pregnant women who become
infected with Toxoplasma gondii during preg-
nancy may transmit the disease to their unborn
child, resulting in severe illness in the child.
Toxoplasmosis has been increasing in frequency
due to increases in the numbers of immunocom-
promised individuals (15). Additional informa-
tion about Toxoplasma gondii is in Table 75.1.

Although causes of foodborne illness like those described
above have been recognized for decades, new pathogens
that can cause foodborne diseases continue to be identi-
fied, and that trend is likely to continue.

III. FOOD SOURCES OF FOODBORNE
DISEASE

Almost any food can be a source of foodborne pathogens,
but some foods are more likely to be sources, and require
more careful handling. In addition, foods which are
termed “potentially hazardous” support the rapid growth
of bacterial pathogens and must be kept out of the Danger
Zone (40° to 140°F). Sometimes these foods are also
called “perishable” foods. These foods are usually moist
and low in acid and include:

● foods of animal origin such as meat, milk,
cheese, poultry, eggs, fish, and seafoods

● foods of plant origin that have been heat treated,
including cooked vegetables, beans, and rice

● raw sprouts
● cut melons, peeled carrots, and other peeled

vegetables and fruits
● cooked pasta
● tofu and other moist soy protein products
● sauces such as Hollandaise and many other

sauces (unless they are high in acid)

The Center for Science in the Public Interest, a consumer
activist group that specializes in food issues, has compiled
a list of foods that have caused foodborne illness from
1990 to 2001 using outbreak data reported to the CDC
(16). The top six food categories linked to food-poisoning
outbreaks were multi-ingredient foods, seafood, eggs,
produce, beef, and poultry.

Some foods are more likely to be sources of specific
pathogens. The foods associated with specific pathogens are
discussed below (pathogens arranged in alphabetical order).

● Bacillus cereus, which produces two kinds of
toxins in foods, has been associated with a wide
variety of foods. Meats, milk, vegetables, and
cereal dishes are foods that have caused the
diarrheal-type illness. The vomiting-type of ill-
ness is generally associated with starchy foods,
such as rice products, potatoes, and pasta; veg-
etable sprouts and pasteurized cream have also
been implicated (17).

● Campylobacter jejuni bacteria are normally
found in warm-blooded animals such as cattle,
poultry, and pigs. These bacteria may be pres-
ent in food products that come from these ani-
mals, such as raw meat, poultry, eggs, or
unpasteurized dairy products. Handling raw
poultry and eating undercooked poultry is asso-
ciated with many sporadic cases of campylo-
bacteriosis (18). A majority of chicken
available in the U.S. (63 to 88%) is contami-
nated with Campylobacter (19, 20).
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Food Outbreaks of Cases

Multi-ingredient foods, such as salads, 337 23,142
pizza, and sandwiches

Eggs and egg-dishes 271 10,827
Produce, including sprouts, lettuce, 148 9,413

berries, and cantaloupe
Beef 134 6,089
Seafood 340 5,133
Poultry 79 4,279
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● The bacteria that cause botulism, Clostridium
botulinum, are indigenous in soil and water and
have the ability to form spores. They become
dangerous when environmental conditions of low
oxygen and low acidity allow them to multiply
and produce a toxin. Low-acid foods such as
meat, fish, poultry, or vegetables that are
improperly canned can provide a growth envi-
ronment for these bacteria. The toxin also may
be produced in low-acid cooked foods left too
long at room temperature, such as baked pota-
toes or potpies. Homemade mixtures of raw
garlic stored in oil at room temperature have
also caused outbreaks (17).

● Clostridium perfringens bacteria are widely
distributed in the environment (soil, water,
foods) and frequently occur in the intestines of
humans and many domestic and feral animals.
Spores of this bacterium persist in soil, sedi-
ments, and in areas subject to human or animal
fecal pollution. Meat, poultry, vegetables,
beans, rice, and spices are foods in which C.
perfringens have been identified. Meat dishes
that are prepared one day and served the next
day have been the source of a number of per-
fringens food poisoning outbreaks (17).

● Escherichia coli 0157:H7 can be transmitted
through food and water. A wide variety of
foods, including undercooked ground beef, raw
(unpasteurized) milk, uncooked sprouts and
unpasteurized juices as well as contaminated
drinking water have been associated with E. coli
0157:H7 outbreaks. E. coli 0157:H7 also can be
transmitted from person to person. This is par-
ticularly a problem in day care centers where
young children are in close contact. If the bac-
teria are on the hands, they can be spread by
touching another person or by touching food
that will not be cooked before eating (21).

● Listeria monocytogenes has been isolated from
a wide variety of foods including milk and
dairy products, meat and meat products, veg-
etables, and seafood. Foods associated with
outbreaks have generally been highly
processed, capable of supporting the growth of
L. monocytogenes, had extended shelf life at
refrigeration temperature and were ready to eat.
L. monocytogenes is able to colonize food-pro-
cessing environments for long periods of time,
is tolerant to sodium chloride and sodium
nitrate, and can grow on a wide variety of foods
at refrigeration temperatures. Thus, food manu-
facturers must be vigilant to prevent post-
processing contamination (22). Pregnant women
and others who are at risk of listeriosis are

advised to either avoid or reheat paté, smoked
seafood, fresh soft cheeses, luncheon meats,
hot dogs, smoked fish and deli salads because
these foods have been implicated in listeriosis
outbreaks (23).

● Salmonella are normally found in warm-blooded
animals such as cattle, poultry, and pigs, and
foods of animal origin cause most of the
Salmonella infections in humans. Consumers
need to be aware that these bacteria may be pres-
ent in raw meat, poultry, eggs, or unpasteurized
dairy products. Salmonella outbreaks have also
been associated with fresh fruits and vegetables
and packaged products (17, 24).

● Since Staphylococcus aureus is primarily 
carried on human skin and in the respiratory
tract, foods that require extensive handling dur-
ing preparation and that are kept at Danger
Zone temperatures after preparation are fre-
quently involved in staphylococcal food poi-
soning. Some of the foods that are often
involved in staphylococcal food poisoning
include meat and meat products; poultry and
egg products; salads such as egg, tuna, chicken,
potato, and macaroni; bakery products such as
cream-filled pastries, cream pies, and chocolate
éclairs; sandwich fillings; and milk and dairy
products (25).

● Shigella is principally a disease of the human
intestinal tract and is rarely found in animals.
These bacteria are found frequently in water
that is polluted with human feces. The contam-
ination of foods with Shigella occurs via the
fecal-oral route when food handlers do not fol-
low proper hand washing practices or when
fecally contaminated water is used for irrigation
or processing. Salads (potato, tuna, shrimp, mac-
aroni, and chicken), raw vegetables, milk and
dairy products, and poultry have all been
involved in outbreaks (26).

● Yersinia enterocolitica occurs naturally in ani-
mals (pigs, birds, beavers, cats, and dogs) and
in the environment (ponds, lakes). This organ-
ism has been found in meats (pork, beef, lamb,
etc.), oysters, fish, and raw milk, but the exact
cause of the food contamination is unknown.
Poor sanitation and improper sterilization tech-
niques by food handlers are postulated as con-
tributing to contamination (27). Most cases are
associated with pork (17).

● Infections with Vibrio spp. have been associ-
ated with the consumption of raw, improperly
cooked, or cooked, recontaminated fish and
shellfish. Improper refrigeration of contami-
nated seafoods will allow an increase of
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pathogen numbers, which increases the possi-
bility of infection. Infection increases during
the warmer months of the year (28). Sporadic
cases occur along all coasts of the U.S. (17).

IV. CONSUMER PREVENTION AND
CONTROL OF FOODBORNE DISEASES

Review of the pathogens of most concern in consumer
food safety indicates that the control of these pathogens
requires hand washing, kitchen cleanliness, avoidance of
cross-contamination and of unsafe foods, heating to appro-
priate temperatures, and refrigeration. Educating consumers
about food safety has coalesced around four or five basic
messages. The Partnership for Food Safety Education is a
coalition of industry, government and consumer groups
formed in 1997 to educate the public about safe food han-
dling and reduce foodborne illness. The coalition developed
the Fight BAC!® campaign to promote four steps — Clean,
Cook, Chill and Separate — that consumers “can take to
fight foodborne bacteria and reduce their risk of foodborne
illness” (29). A recent review of the food safety literature
identified and categorized common food handling mes-
sages, then used a Delphi process with a panel of food
safety experts to identify the most important messages
(30). They identified five pathogen control factors: 1)
Practice personal hygiene, 2) Cook foods adequately, 3)
Avoid cross-contamination, 4) Keep foods at safe temper-
atures and 5) Avoid foods from unsafe sources (1 through
4 are in concert with the Fight BAC!® steps). The
pathogens shown in Table 75.1 are grouped according to
these control factors needed to prevent them from causing
a foodborne illness. The details associated with these mes-
sages are presented below.

A. PRACTICE GOOD PERSONAL HYGIENE

The most important food safety message for consumers is
adequate and frequent hand washing. Most of the food-
borne illnesses that can be prevented by good personal
hygiene are those that are transmitted from an infected
person’s intestines to another person, the fecal-oral route.
These include particularly the norovirus and Hepatitis A
viruses, and the bacterial pathogen Shigella. Consumers
need to be reminded about the times to wash hands:
always after using the toilet, changing a diaper, or petting
an animal, and before handling food or eating food.
Pathogens can be transferred to the hands from a variety
of sources. Some foodborne pathogens, including
norovirus and hepatitis A virus, E. coli, and some other
types of bacteria, plus some parasites such as Giardia, can
also be transmitted directly from person to person, often
via the hands of an infected person. Animals at home, on
the farm, or in a petting zoo are also sources of pathogens,

as well as dirt, manure, or a sandbox. Toxoplasma gondii,
for example, is commonly found in dirt or sand in areas
where there are outdoor cats. Consumers should also be
encouraged to teach and model good hand washing prac-
tices to their children. Regular hand washing can help
consumers avoid transferring pathogens from raw food,
the environment, or their body onto ready-to-eat foods.

Most consumers know about the need to wash hands,
but do not always put knowledge into practice. A survey
and observational study conducted for the American
Society of Microbiology’s (ASM) Clean Hands
Campaign found 95 percent of men and women say they
wash their hands after using a public restroom, but only
67 percent of people actually do wash before leaving the
restroom (31). Hand washing studies also suggest that
consumers need to be reminded about the techniques for
hand washing that adequately remove pathogens from
hands. Use of warm water assists in dissolving foreign
materials and encourages longer washing. Soap is a sur-
factant and is necessary to loosen dirt and pathogens from
the skin so they can be rinsed away. In spite of the preva-
lence of antibacterial soaps available to consumers, they
are not necessary and may potentially contribute to the
problem of antibacterial resistance (32). A fingernail
brush helps remove dirt and feces. Hand washing research
suggests that 15 to 20 seconds are necessary for adequate
pathogen removal and that thorough drying of hands is
necessary to prevent recontamination (33). The use of
disposable paper drying towels is preferred, although fre-
quently (daily) changing of a cloth hand towel is accept-
able practice in homes.

Consumers who are sick with diarrhea should not pre-
pare food for others. Fecal matter can contain millions of
pathogenic viruses or bacteria (5), and the infectious dose
is low for many pathogens. People can easily miss a few
pathogens when hand washing and unintentionally infect
someone else. Personal hygiene messages also need to
stress that cuts and burns on hands should be covered with
a bandage and disposable plastic gloves during food
preparation because infected lesions can be a source of
Staphylococcus aureus.

Specific food handling messages for consumers that
focus on good personal hygiene should include:

● Wash hands after any contact with raw poultry,
meat, or seafood.

● Work with clean hands, clean hair, clean fin-
gernails, and wear clean clothing.

● Avoid using hands to mix foods when clean
utensils can be used.

● Keep hands away from one’s mouth, nose, and
hair.

● Cover the nose and mouth with disposable tis-
sues when coughing or sneezing, and wash
hands thoroughly afterward.
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● Use a clean spoon each time when tasting food
while preparing, cooking, or serving.

● Wash hands after smoking.

B. COOK FOODS ADEQUATELY

Cooking is an essential part of making foods safe to eat
since foodborne pathogens are killed by heat. Almost all
pathogens are killed when food is heated to 160°F for a
few seconds; lower temperatures for longer periods of
time also kill pathogens (34). The best way to be certain
food has been cooked to the proper temperature is to
check it with a food thermometer. However, only a small
percentage of consumers use food thermometers when
preparing food. For example, 12 to 24% of consumers say
they use a meat thermometer (2). Only 3 to 6% use a ther-
mometer to check endpoint temperature of hamburgers
(35). Educating and motivating consumers to use instant-
read food thermometers more frequently is the focus of
USDA’s Thermy™ Campaign (36).

Two types of instant-read food thermometers are gen-
erally available to consumers: bimetallic coil dial ther-
mometers and thermister digital thermometers. The best
kind of thermometer to use is a thermister digital ther-
mometer. The thermister is located in the tip of the probe
and is a ceramic semiconductor whose electrical resist-
ance changes with temperature. It can be used in both
thick and thin foods. Even though the temperature sensor
is in the tip, the tip still must be inserted at least ½-inch
deep into the middle of the thickest part of the food.
Digital thermometers require about 10 seconds to register
the correct temperature. When testing thin or small items
for temperature, it is best to insert the thermometer from
the side. Instant read dial thermometers use a bimetallic
coil to sense temperature; the bimetal coil generally occu-
pies the lower 2 to 3-inches of the thermometer stem, so
for these thermometers the entire lower 2 to 3 inches of
the stem must be inside the food. For thin foods, it must
be inserted sideways. Instant read thermometers, dial and
digital, are used to test for doneness near the end of the
cooking time; they are not designed to be left in the food
during cooking. Instant read thermometers should be
tested for accuracy periodically using ice water or boiling
water (37).

Consumers need to assume that raw (uncooked or
unpasteurized) meats, poultry, fish, shellfish, milk, and
eggs contain pathogens, and eating them raw or lightly
cooked presents a food safety risk. Many pathogens live
naturally in the intestinal tracts of food animals. Surveys
of poultry cuts sold in retail food stores indicate that
between 1/4 and 3/4 are contaminated with Salmonella
and/or Campylobacter (20). Due to the grinding and mix-
ing process, ground meats such as hamburger, sausage
and ground poultry products may be contaminated with
pathogens throughout the meat, requiring that ground

meat items be cooked throughout to 160°F. Parasites such
as Toxoplasma or Trichinella may be in the muscles of
some animals, particularly pigs. Thus, pork also requires
thorough cooking to kill parasitic as well as bacterial
pathogens. Roasts and steaks from other animals usually
only have pathogens on the surface of the meat unless the
meat is pierced for tenderizing or pumping. Rare beef
steaks and roasts are much less risky than rare pork or
undercooked ground meat. Wild game may have a higher
level of bacteria than commercially slaughtered meat
because of the difficulty of handling game in the field,
thus thorough cooking of all game meat is recommended.
Salmonella sometimes contaminate the inside of the egg
as well as the eggshell itself; about 1 egg out of every
20,000 contains Salmonella inside the shell (38). Shellfish
may pick up bacteria and viruses from contaminated
waters (13). Fish may contain parasitic worms. These
microorganisms then can infect anyone who eats the shell-
fish or fish if they are not cooked properly.

Seventy-four to 92 percent of consumers are aware of
risks associated with eating rare meats or poultry, raw or
lightly cooked fish and shellfish, raw milk, and foods
made with raw or lightly cooked eggs. However, 80 to
93% do not know the correct temperatures for safe heat-
ing of foods (2). Any foods likely to be contaminated with
pathogens should be heated to an internal temperature of
160°F; at this temperature, most pathogens are killed very
quickly (34). Safe heating temperatures for foods are
shown in Table 75.2. Consumers should be advised to
check the temperature with a thermometer to be certain
the food is fully cooked.

C. AVOID CROSS-CONTAMINATION

Caution to prevent the moving of pathogens from one food
to another food is an especially critical consideration when
dealing with food that is ready-to-eat. Cross-contamination
is a relatively common mistake made by home food pre-
parers. A case in point is Campylobacter jejuni, a common
contaminant of poultry from the grocery store. Campy-
lobacter is relatively easy to kill by cooking, and few peo-
ple eat undercooked poultry. Yet there are about 2 million
cases each year of foodborne illness resulting from Campy-
lobacter, good indirect evidence that cross-contamination
is common. In a United Kingdom study of consumer food
handling behavior, it was found that 17% of homemade
chicken salads prepared in a model kitchen were positive
for Campylobacter as a result of cross-contamination dur-
ing preparation (2).

Although it may be challenging within the confines of
some small domestic kitchens, consumers can prevent
cross contamination by always keeping cooked and ready-
to-eat foods separate from raw foods. Food preparation
surfaces need to be cleaned before and after preparing
food. After any contact with raw poultry, meat, seafood, or
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any other potentially hazardous foods, hands, knives, cut-
ting boards, food preparation surfaces, and sink need to be
thoroughly washed. For utensils and hard nonporous sur-
faces, washing and rinsing should be followed by sanitiz-
ing with a dilute chlorine solution and air drying. Mixing
1 tablespoon of bleach (5.25% sodium hypochlorite) to
one gallon of water produces an approximately 200 ppm
chlorine sanitizing solution (39, 40) that will kill most
pathogens. Household bleach is easily available to con-
sumers. For best efficacy, the chlorine solution should be
left in contact with the surface for two minutes before
rinsing. Storing the dilute bleach solution in a spray bot-
tle can make sanitation more convenient. Dilute bleach
solutions do lose strength over time (41) and should be 

re-made regularly. Kitchen countertops should be washed
with soap and water before food preparation if previous
use of the surface is not known; for example, if there is a
cat in the house that gets on the counters.

Fresh produce should be rinsed thoroughly under run-
ning water before preparing or eating. Rinsing does not
remove all pathogens, but it reduces the number present by
about 90 to 99 percent (42, 43). Pathogens have been iso-
lated from a wide variety of fresh produce, and outbreaks
of foodborne illness have been associated with many
types of produce, including cantaloupes, lettuce and toma-
toes. If contamination is present on the skin of the fruit 
or vegetable, the pathogens move into the fruit when it is
sliced. Removing the skin or rind reduces the risk (44).
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TABLE 75.2
Endpoint Temperatures to Control Pathogens in Specific Foods
Minimum
Interior
Temperature Food Item Details

160°F Ground meats (including Using visual signs to determine that ground beef
turkey and chicken) is done is risky because it has been shown that 1 in 4

hamburgers appears brown before reaching 160°F.
Pork and game meats These meats may contain parasites. Game meats may

contain more pathogens than commercially slaughtered
meat due to less controlled slaughter and cutting conditions.

Poultry When poultry is cooked to 160°F, the meat may not
look and taste ‘done’, although pathogens will be killed.

At 170°–180°F, the flavor, texture, or appearance will
be that associated with fully cooked poultry.

Eggs Either check the temperature with a thermometer or else
cook eggs until both the yolk and white are firm. Visual
cues are adequate since pathogens will be killed if the
yolk and white are cooked enough to be firm.

Food mixtures Visually difficult to assess doneness; use a thermometer
containing to check temperature.
eggs or raw meat

145°F Beef steaks and roasts, Heat exterior sufficiently to kill pathogens. Interior not
ham, lamb likely to contain pathogens.

Fish and shellfish Visual cues are commonly used to determine if fish and
shellfish are thoroughly cooked. Cook fish until it flakes
and loses its translucent or raw appearance, and cook
shellfish until the shell opens and the flesh is fully
cooked. Little research has been done to identify the
cooking temperatures required to kill pathogens on fish
and shellfish, and the cooking recommendations are
based more on quality of the cooked product than on
actual scientific data.

165°F Leftovers, reheating of Re-heat to kill pathogens that may have survived the
those to be served hot first cooking or that were introduced after cooking.

However, Staphylococcus aureus toxin is not destroyed
by heating leftovers.

Hot dogs, deli meats for Pregnant women, the elderly and those with
some people compromised immune systems should reheat before

eating. Because these items have been fully cooked
previously, they, like leftovers, should be heated to 165°F.
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During the preparation and storage of raw meat and
poultry items it also important to avoid cross-contamination.
It is best to have two cutting boards — one for raw meat,
fish, and poultry, and another for food that will not be
cooked before eating. Colored cutting boards, which
allow boards to be more easily restricted for use with one
food category, are increasingly available. A hard, non-
porous cutting board such as one made of acrylic is easier
to clean than a wooden board because the acrylic board
can be washed in the dishwasher. In the refrigerator, raw
meat and poultry should be placed on a tray or plate to
prevent juices from dripping onto other food. The refrig-
erator “meat drawer” should be used for the storage of either
raw or ready-to-eat meats, not both. All family members
should be aware of refrigerator storage rules. When moving
raw meats to a cooking site (such as grilling outdoors), it
is important to remember to bring a clean plate or other
clean container for the cooked meat in order to prevent
cross contamination.

Kitchen cloths and sponges can be a major source of
cross-contamination. Bacteriological surveys of kitchen
dishcloths and sponges have shown the presence of many
pathogens (45). Dishcloths and sponges need to be laun-
dered frequently. Drying dishcloths in a clothes dryer aids
in killing pathogens. Sponges can be washed in the 
dishwasher. Wet dishcloths and sponges can be sanitized
by heating them in a microwave oven for one minute on
high (45, 46). They also can be disinfected by soaking in a
bleach solution (3 tablespoons of bleach per quart of water)
for 5 minutes, then rinsed and dried (40). Paper towels
should be used to clean up spilled juices from raw meat 
or poultry.

D. KEEP FOODS AT SAFE TEMPERATURES

Most bacterial pathogens grow most rapidly at tempera-
tures of 60° to 125°F. Controlling bacterial growth in
potentially hazardous foods requires temperature control;
the old adage “keep hot foods hot” (above 140°F) and
“cold foods cold” (below 40°F) is frequently used to rein-
force the message. Figure 75.1 summarizes the temperature
information needed by consumers to control the growth of
bacteria in foods. Temperature control recommendations
for consumers differ from those used in foodservice
because consumers are unlikely to keep track of the
amount of time foods are kept at different temperatures.

Recommendations for consumers center around the
temperatures needed for hot holding, the types of foods
requiring refrigeration, proper refrigerator temperature and
the limitation of time these foods are held at room tem-
perature. Recommendations for consumer refrigerator
temperature is 40°F or below (47). Prepared and leftover
foods should not be at room temperature more than 2 to 3
hours, including all time involved during preparation, stor-
age, and serving. When shopping, consumers are advised 

to pick up perishable foods as the last stop in the grocery
store, and, especially in hot weather, get them home and
into the refrigerator quickly, using an ice chest or cooler
for transportation of perishable items when shopping is
done more than 30 minutes from home. A recent study
found that most (68%) consumers refrigerate or freeze
meat within 1 hour of purchase, but 9% did not place meat
purchases in cold storage until more than 2 hours (and up
to 8 hours) had elapsed (48). Research indicates that about
13% of consumer refrigerators are above 40°F, and most
(80%) do not have a thermometer in the refrigerator (49).
Brown and colleagues (49) also reported that 78% of peo-
ple did not know the correct temperature to maintain in
home refrigerators. It would aid consumers in maintaining
safe food if refrigerators came equipped with built in ther-
mometers that clearly marked the temperatures recom-
mended for cold food storage.

Foods need to be stored to prevent cross-contamination
in the refrigerator. It is best to store meat, poultry and fish on
a dish or tray. Refrigerators require periodic cleaning. A
recent study from Ireland found that foodborne pathogens
were commonly present in home refrigerators. Staphylo-
coccus aureus was found in 40%, E. coli and Listeria in
6%, and Salmonella in 7% of the home refrigerators, indi-
cating that some refrigerators are unclean and unsafe for
food storage (50). Washing refrigerator interior surfaces
with a solution of one gallon of water mixed with one-half
cup of unscented ammonia is a recommended cleaning
method (51).

A common consumer practice is to cool foods at room
temperature prior to refrigerating in the mistaken belief
that placing hot foods in the refrigerator is harmful to the
appliance. Small amounts of warm or hot foods may be
put into the refrigerator, but it is advisable to speed the
cooling of larger quantities by cooling the container of
food in a pan of ice water, stirring and replacing the ice
frequently until the food has cooled to about 100°F, then
refrigerating the food in shallow containers. Consumers
are advised to set a timer for about 30 to 45 minutes as a
reminder to check to see if the food is cooled enough to be
refrigerated (52).

Planning ahead for proper cooling and reheating of
food prepared in large quantities and/or prepared for
transporting to other sites, such a picnics, potluck dinners,
camping trips and packed lunches, requires special atten-
tion. This involves planning the amount of needed refrig-
erator space (to include good circulation) or ice and cooler
space to keep foods at safe temperatures. If perishable
foods from picnics or potlucks are not kept adequately
chilled or heated during serving, they should be thrown
out if in the Danger Zone for 2 to 3 hours.

Frozen perishable foods must be thawed in the refrig-
erator, under cold running water, or as a part of the cook-
ing process. If food is thawed in a microwave, it should be
cooked right after it thaws.
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E. AVOID HIGH-RISK FOODS AND WATER

Some foods have such a high probability of being con-
taminated with pathogens or toxins that their consumption
should be avoided by all individuals. The risk is highest
for people susceptible to foodborne illness. Many of these
foods are ready-to-eat and have been produced or
processed in a way that does not kill pathogens. Foods
frequently linked to foodborne illness include:

● Unpasteurized milk and milk products
● Raw or undercooked meats and poultry
● Unpasteurized fruit juice
● Raw sprouts of all types
● Raw seafood and fish
● Raw or undercooked eggs
● Contaminated water

Specific consumer advice for reducing the chance of con-
tracting a foodborne illness includes:

● Drink only pasteurized milk and fruit juices.
● Avoid eating undercooked or raw meat (such as

steak tartare).

● Use cheese and yogurt made from pasteurized
milk.

● Cook sprouts before eating.
● Cook fish and shellfish before eating them.
● Avoid eating foods containing raw eggs. Use

pasteurized eggs or egg products in food con-
taining uncooked eggs.

● Use water from a safe water supply for drinking
and for food preparation.

● Obtain shellfish from approved sources such as
grocery stores (rather than from an unlicensed
roadside vendor) (30).

V. SPECIAL INFORMATION FOR
CONSUMERS MORE SUSCEPTIBLE 
TO FOODBORNE DISEASE

Some people are more susceptible to foodborne disease
because of suppressed immune function. These include 
the very young, elderly, pregnant, people who have diseases
such as AIDS, cancer or diabetes, and those whose immune
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240° F 

212° F 

165° F 

160° F 

145° F 

140°F 

125°F 

60°F 

40°F 

32°F 

0°F 

Temperature required to safely can low-acid vegetables, meat, fish, and
poultry in a pressure canner.( At sea level,10.5 pounds pressure is 
equal to 240°F.)

Temperature of boiling water at sea level. Temperature for safe canning
of fruits, tomatoes, and pickles in a boiling water canner.

Temperature recommended for reheating leftover foods

Temperature to kill pathogens in meat and poultry. (Bacteria can be
killed at a lower temperature if the food is held at that temperature
for a longer period of time. The time required to kill bacteria increases
at temperatures below 160° F.)

Temperature recommended for cooked fish and shellfish.

Minimum temperature for holding hot food.

Some bacterial growth may occur between 125° and 140° F. Many
bacteria survive.

Temperatures between 60° and 125° F allow rapid growth of bacteria
and production of toxins by some bacteria. Do not keep foods in this
temperature zone for more than 2−3 hours.

Temperatures between 40° and 60° F  allow the slow growth of food
poisoning bacteria.

Cold temperatures permit slow growth of some bacteria, including
a few pathogens.

Freezing temperatures stop growth of pathogens, but may not kill them.

Quality of frozen food is best if stored at zero or below.

D
anger zone

OffOn

− 40/302°F

FIGURE 75.1 Safe handling food temperatures.
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