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‘The proof is in the eating.’ So goes the old proverb, indicating that the 
customer is the final arbiter for assessing (getting the ‘proof’ of) the success 
of any venture, not least of all the production of a pudding, or of any other 
product resulting from the processing of grain – bread, beer or biofuel; cake, 
cookie or corn-on-the-cob; porridge, polenta or puff pastry; rice risotto or 
rye bread.
 This proverb provides the underlying basis for this book. While getting 
proof or assessment of quality is inevitable for the final product from a 
process, the achievement of final success requires assessment throughout 
the process, coupled to suitable management of the process based on the 
results of the ongoing quality assessment. 
 Grain production and processing starts with the plant breeder producing 
genotypes (varieties) suited to the proposed end-use; the process continues 
through planting, on-farm management, harvesting, quality-based segregation, 
storage and transport, processing, packaging and retailing to the consumer 
who is the final arbiter, providing ‘proof in the eating’, either literally (for 
food) or figuratively (for the many non-food products from grains).
 We trust that the advice provided in this book will find useful application 
with its readers, thereby assisting with the production and processing of 
cereal grains worldwide.
 We acknowledge gratefully the contributions of many people to the 
production of this book. Dr Ferenc Bekes was deeply involved in the initial 
stages of planning the contents, the chapters, and potential authors, as well 
as making contact with authors. We were sorry when Ferenc had to withdraw 
from acting as an editor due largely to health reasons, but his input has been 
invaluable. 
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 We have also appreciated the contributions of several experts who have 
acted as chapter reviewers, thereby adding their expertise to that of the 
chapter authors. Reviewers included Drs Wal Anderson, Scott Bean, Ferenc 
Bekes, Bob Cracknell, Ray Hare, Ailsa Hocking, Pekka Lehtinen, Finlay 
MacRitchie, Laura Nystrom, Russell Reinke, Sophie Roumeliotis, Marc 
Savard, Siri Siriamornpun, Mike Sissons, Peter Stone, John Taylor, Surjani 
Uthayakumaran and Chuck Walker. 
 Several members of the editorial staff of Woodhead Publishers have made 
valuable contributions: Beatrice Bertram, Francis Dodds, Bonnie Drury, 
Mandy Kingsmill, Aidan Russell and Sarah Whitworth.
 The old proverb about ‘the proof of the eating’ is also relevant to the 
production of a book: its success lies in the reading and application of its 
advice.

C. W. Wrigley
I. L. Batey
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Abstract: Cereal grains are essential to our dietary needs, as well as for animal 
feeding and for industrial processing. The cereal species of agricultural significance 
are wheat, triticale, rye, barley, oats, maize, rice, sorghum and the millets, all 
members of the grass family. The grain industry can only meet consumer needs by 
managing grain quality at all stages of the grain chain, from breeding to production, 
harvesting, storage and finally processing into foods and animal feed. Assessment of 
grain quality is needed at all stages for effective management. The many analytical 
methods available need to be adapted to the specific needs at each stage of the value-
addition chain.

Key words: value-addition chain, taxonomy, quality-assessment methods, consumer 
preferences, climate change.

1.1 Introduction

The cereal grains are a major source of our dietary energy and protein 
requirements. They are also needed for animal feeding and industrial processing. 
The three major cereal species (wheat, maize and rice, Table 1.1) represent 
nearly 90% of cereal grain production; over 600 million tonnes of each is 
produced annually (Wood and Johnson, 2003; Champagne, 2004; Khan and 
Shewry, 2009). The other cereal grains of economic significance are triticale, 
rye, barley, oats, sorghum and the millets (Table 1.1). The range of cereal 
species is narrower than for the dicot grains, which are mainly oilseeds and 

1
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legumes. On the other hand, the volume of production of the cereals is much 
greater than the production of the dicot grains.
 The term ‘quality’ has different significance, depending on the stage being 
considered along the ‘grain chain’ – the continuum from breeding, through 
growing and management of the crop, to harvesting, segregation, storage 
and transport, to processing and final consumption.
 The assessment of grain quality is essential to effective management of 
grain production and processing. Analysis of grain quality provides critical 
knowledge about the defects and advantages of the grain involved, thereby 
assisting those concerned along the value-addition chain on how best to 
manage processing for the financial benefit of the specific stage of the overall 
process (Atwell, 2001; Dixon, 2007).
 Effective management of grain quality relies on analytical information 
along the consumption chain, providing a sound basis for assuring customer 
satisfaction. The ‘customer’ at any stage may be the next step along the grain 
chain, but the ultimate customer is the consumer. The degree of satisfaction 
is obviously related very closely to the price that will be paid at each stage 
of the value-added chain.

1.2 Grains and people

1.2.1 Grains in our diet
The cereal grains are produced by plants of the grass family (Poaceae or 
Gramineae). The species of agricultural significance are wheat, triticale, 

Table 1.1 The major monocotyledonous (cereal) species listed in approximate order of 
economic significance

Cereal species  Annual Annual 
 production*  trade*

Common name Botanical name (in 2007) (in 2002)

Maize (corn) Zea mays 791.8 79.1
Paddy rice  Oryza sativa  659.6 28.0
Wheat (bread and Triticum aestivum 606.0 99.6
 durum wheats) Triticum durum
Barley Hordeum vulgare 133.4 17.9
Sorghum Sorghum bicolor 63.4 6.0
Millets (Broom, Species include 33.9 0.1
 Japanese and  Echinochloa esculentum,
 pearl millets) Panicum miliaceum,
  Pennisetum glaucum
Oats Avena sativa 24.9 2.0
Rye Secale cereale 14.7 1.5
Triticale xTriticosecale sp. 12.0 0

*World production and international trade (in millions of tonnes)
Source: FAOSTAT data, November, 2009 (www.fao.org)

�� �� �� �� �� ��



An introduction to the cereal grains 5

© Woodhead Publishing Limited, 2010

rye, barley, oats, maize, rice, sorghum and the millets. These are the grains 
described in this book. They are listed in approximate order of production 
volume in Table 1.1. Most important are wheat, rice and maize (corn).
 The cereal group of plants has been very successful in contributing to 
mankind’s food needs. The success is indicated by the cultivation of many 
trillions of cereal plants worldwide (probably over 1012), resulting in an 
annual harvest totalling over 2.2 billion tonnes of cereal grain each year.
 This level of production equates approximately to one kilogram of grain 
per person per day for the world’s population. However, world hunger 
does not reflect this statistic, because of the vast distances between the 
major production regions and the areas of human need, and because of the 
considerable amounts of grain used for industrial processing and animal 
feeding.
 An assortment of cereal grains is illustrated in Fig. 1.1. The word ‘grain’ 
relates to the use of this part of the grass plant by mankind. In contrast, the 
word ‘seed’ relates to the plant’s means of producing another plant, thereby 
perpetuating the species. The words ‘kernel’ and ‘caryopsis’ are botanical 
terms for the grain. ‘Kernel’ is a relatively general term. The ‘caryopsis’ 
is defined as ‘a one-seeded indehiscent fruit in which the pericarp is fused 
with a seedcoat’. The grains of cereal grasses represent an entire fruit, and 
the term ‘caryopsis’ is generally limited to the cereal grains (as distinct from 
the grains of various dicot species).

Fig. 1.1 Various grains from cereal species.
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 The cereal grains share one central attribute that accounts for their success 
both in perpetuating themselves and in serving the needs of mankind; that 
characteristic is their ability to remain intact as a store of nutrients for long 
periods of time. For the seed, this period extends from the time that the 
mature plant sheds its dry seed until the ‘rainy day’, when the seed encounters 
moisture, triggering the processes of germination, sprouting and plant growth; 
in this way, the cycle of plant-seed reproduction goes on. The waiting period 
of the apparently dead seed may be long or short, depending on the timing of 
the ‘rainy day’. Safe storage of the seed’s nutrients throughout this waiting 
period is essential to the plant’s survival, irrespective of the conditions that 
may occur before the right combination of moisture and temperature arrives 
to initiate the germination response.
 The ability of seed-bearing plants to preserve these stores of nutrients 
for long periods was the major reason for our ancient ancestors’ interest in 
the cereals as a food source. The harvested grain could be stored ready for 
the metaphorical ‘rainy day’, such as winter time, when other food sources 
were not available. In the same way, the storability of grains makes them 
an essential food source for us today.

1.2.2 Grains in our culture
Because the storability of grains helped ancient man to survive the ‘rainy 
day’ periods of his existence, the cereal grains were a major catalyst in 
transforming Homo sapiens from a hunter-gatherer into an agriculturalist, 
permitting ancient people to remain in one place, harvesting intentionally 
sown grain. As a result, fixed dwelling places were established near cereal 
crops, using the stored grain as a reliable source of food for family and 
feed for animals. This agricultural existence thus laid the foundations of a 
civilisation that could find spare time for the building of permanent dwellings, 
for cultural activities and for specialisation of occupation.
 Grains have been recognised as an important food source since pre-history. 
The ongoing propagation and improvement of seed-bearing plants were 
important phases in the development of mankind. The selection of plant 
species that best suited our food needs commenced from those times. These 
activities continued on to the selection of genotypes with superior attributes, 
such as improved grain size, disease resistance and processing quality.

1.2.3 Grains in our language and festivities
Our intimate and long-lasting relationships with the cereal grains, with 
wheat especially and with grain-based foods, are indicated by the many 
ways in which they enter in our culture and vocabulary, becoming symbols 
of social interaction. As examples, ‘Give us this day our daily bread’, ‘Man 
shall not live by bread alone’, and ‘Cast thy bread upon the waters’ are 
everyday expressions in English derived from the Bible. There are equivalent 
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expressions in other languages, cultures and religions.
 Centuries ago, celebration of the grain harvest in Western Europe was 
justification for celebration and thanksgiving by farmers and villagers. 
This tradition was carried by the settlers in North America, leading to the 
traditional Thanksgiving Day celebrations of the USA and Canada.
 In Eastern Europe, the completion of the grain harvest is a great occasion 
for celebration, known as ‘dozynki’ in Poland. Traditionally, villagers donned 
colourful folk costumes, sang and played instruments for the lord and lady 
of the manor, presenting wreaths made of corn, wheat stalks and flowers, 
together with bread baked from the freshly harvested wheat. Figure 1.2 
illustrates how these traditions are perpetuated even today. Year round, these 
cultures continue to show reverence to cereal-based foods, for example by 
the presentation of a loaf of bread to an honoured guest.
 Likewise, in the Middle East, bread (Persian ‘nan’) may be taken as a gift 
when visiting friends. This special gift bread is commonly a sweet bread, 
covered with frosting. Unleavened bread is central to the Jewish Passover 
celebration, acting as a reminder of the Israelites’ hurried departure from 
slavery in Egypt, when there was no time to leave the bread to rise overnight. 
In an Iranian wedding ceremony, bread often assumes a symbolic place on 
the table in front of the married couple.
 We use the word ‘cereal’ colloquially to describe ready-to-eat breakfast 
foods, such as corn flakes. This use is not incorrect, because breakfast cereals 

Fig. 1.2 Celebrations in present-day Poland of the end of the grain harvest 
(‘dozynki’), involving ornamental structures made of wheat, barley and corn, 

augmented with flowers.
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are mainly manufactured from various cereal grains, but the term ‘cereal’ 
botanically refers to a family of species in the grass family (Poaceae or 
Gramineae), whose seeds are used for human food and animal feed. The 
word ‘cereal’ comes to us originally from the Roman goddess of grain, Ceres 
(Fig. 1.3). Her name meant ‘wheat’ or ‘grain’, coming from the root Latin 
word creare, referring to her ability to create or produce grain-based foods. 
Demeter was the equivalent in Greek mythology, shown (in Fig. 1.4) with 
garlands of ripe stalks of wheat and barley as garlands in her hair and as 
sheaves in her arm and at her feet. As the goddesses of the harvest, Ceres 
and Demeter were credited with teaching humans how to grow, preserve, 
and prepare grain and corn, thus being responsible for the fertility of the 
land.

Jone Lewis 2003 womenshistory.about.com

Fig. 1.3 The Roman goddess Ceres, the source of our word cereal, seen here holding 
a cornucopia of agricultural foods.
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1.3 Agricultural grains

1.3.1 The grass family (monocotyledonous grains)
Despite the diversity of the grass family, only a relatively few species are 
used on a large scale for our food needs and for animal feed. The most 
common species are listed in Table 1.1. Of these, maize (corn), rice and wheat 
are grown to the greatest extent, each accounting for an annual production 
worldwide of over 600 million tonnes. World production of the remaining 
six cereals totals less than half of that for any one of the ‘big three’.
 The statistics in Table 1.1 show only a one-year snap-shot of production; 
actual amounts of grain produced vary widely for specific grains in specific 
regions from year to year. Table 1.2 illustrates some year-to-year variations 
for the ‘big three’ cereal species and for groupings of other major agricultural 
grains.
 The various cereal species are listed in Table 1.1 according to volume of 
production, so taxonomic relationships are not evident. Wheat, triticale, rye, 
barley and oats are classified together in the broad family Pooids (subfamily 

Fig. 1.4 The Greek goddess of cereal grains, Demeter.

�� �� �� �� �� ��



10 Cereal grains

© Woodhead Publishing Limited, 2010

Pooideae), distinct from rice (a Bambusoid), and from tef (Indian millet, 
a Chloridoid). Maize is classified as a Panicoid, together with sorghum, 
Japanese millet and pearl millet (Graybosch, 2004; Morrison and Wrigley, 
2004). The descriptions of the specific cereals in this book (Chapters 4–10) 
are arranged roughly according to their taxonomic relationships, namely, 
wheat, triticale, rye, barley, oats, maize, rice, sorghum and the millets.
 The entry in Table 1.1 for rice production is for the amount of ‘paddy’ 
rice, thus including the mass of the outer husk which is removed during 
initial processing and rice milling. The rice entry does not include the near 
relative of rice, known as ‘wild rice’ (Zizania aquatica), whose production 
is much less than that for normal rice. The statistic for wheat in Table 1.1 
includes both species (common (‘bread’) wheat, and durum (‘pasta’) wheat); 
the production of durum is much less than for common wheat. The statistic 
for maize (known as ‘corn’ in the Americas) does not include a further ten 
million tonnes of green plants that are harvested primarily for animal feed 
(Wood and Johnson, 2003). 
 Total cereal-grain production totals over 2.2 billion tonnes per year. 
Table 1.2 gives a glimpse of how this total may vary from year to year 
for all cereal species. Cereals known as ‘coarse grains’ in world trade are 
a sub-set of the cereal species (plus a few non-cereals), generally referring 
to the common cereals other than rice and wheat, on the basis that these 
‘other cereals’ are used to a lesser extent for direct food production, being 
largely used for brewing, industrial purposes and animal feed. However, 
this assumption is incorrect for many countries; for example, most maize 
production in Mexico is for human food. On the other hand, much of the 
corn production of the USA goes to industrial processing, for starch and 
oil production. Furthermore, sorghum and the various millets are used as 
food sources in many developing countries, generally after de-husking and 
boiling, in the form of porridge, or as a source of starch for fermentation 
into beer-type drinks.

Table 1.2 World production of the major groupings of agricultural grains

Grain group World production in millions of tonnes

 2005 2006 2007

Monocots
Maize 714.9 706.2 791.8
Paddy rice 632.3 641.6 659.6
Wheat 626.8 605.1 606.0
Cereal grains 2267 2239 2351
Coarse grains 1008 993 1086
Dicots 
Oilseeds 143 147 148
Soy beans 214 218 221
Legumes 60 60 56

Source: FAOSTAT data, November, 2009 (www.fao.org)
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 Statistics for world trade between countries differ considerably from those 
for production (Table 1.1). International trade in wheat is highest, usually 
about 100 million tonnes annually, and much less than for rice, since major 
regions of rice production and consumption are within the same country. 
This last generalisation applies even more to crops such as the millets and 
sorghum, which are favoured in developing countries.
 The processing of cereal grains into their compositional fractions constitutes 
an important group of industries. For example, starch and protein fractions 
are separated for wheat and corn in vast quantities. Furthermore, annual 
production of maize oil worldwide exceeds two million tonnes. Thus the 
grains may be used for food directly, or after a significant extent of pre-
processing. For example, cereal starch is a major source of glucose and 
fructose for use as sweetening agents in foods and drinks. The grains also 
contribute to many non-food uses, such as fuel alcohol for motor vehicles, 
adhesives, paper production, and agents for mineral processing.

1.3.2 The oilseeds and legumes (dicotyledonous grains)
World production of the non-cereal grains (Tables 1.2 and 1.3) is much 
less than that for the cereals. The cereal grains (Table 1.1) all belong to 
the hierarchical sub-class of monocotyledonous plants (‘monocots’), which 

Table 1.3 The major dicotyledonous plant species (legumes and oilseeds) producing 
grain of economic significance

Grain species  Annual 
 production*

Common name Botanical name (in 2007)

Soybean Glycine max 220.5
Cotton seed Gossypium spp. 73.6
Canola, rape seed Brassica napus 50.6
Groundnut Arachis hypogaea 37.1
 (Peanut, in shell)
Sunflower Helianthus annuus 26.8
Beans (Navy and Species include  18.3
 broad beans, dry) Phaseolus vulgaris and
  Vicia faba
Pea (dry) Pisum sativum 9.3
Chick pea Cicer arietinum 9.7
Cow pea Vigna unguiculata 3.2
Lentil Lens culinaris 3.3
Buckwheat Fagopyrum esculentum 2.0
Linseed Linum usitatissimum 1.9
Lupin (blue and Lupinus angustifolius and 0.6
 white lupins) Lupinus albus
Safflower Carthamus tinctorius 0.6

* World production (in millions of tonnes)
Source: FAOSTAT data, November, 2009 (www.fao.org)
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are distinguished from dicotyledonous plants (‘dicots’), by having only one 
embryonic leaf (cotyledon) in the seed and young seedling (Morrison and 
Wrigley, 2004).
 Production of grains from dicot plants (Table 1.3) includes the major 
groupings of oilseeds and legumes (pulses), which together cover a much 
wider range of species than the common cereals. Soy is the most significant 
of the dicot grains for volume of both production and processing. Because 
of its high oil content, the soybean may also be classed as an oilseed, but 
taxonomically it is a legume – a member of the large family Fabaceae 
(Leguminosae) together with beans, peas, lentils, lupins and peanuts. The true 
oilseeds are classified separately. Canola (oilseed rape) is a member of the 
Brassicaceae (Cruciferae) family, cottonseed of the Malvaceae, linseed of the 
Linaceae, and sunflower and safflower of the Compositae (Asteraceae).
 The range of commercially grown dicot grain species extends beyond 
those listed in Table 1.3, which is restricted to species produced in excess 
of half a million tonnes. Other grains of agricultural significance include 
amaranth, lentils, coix, sesame, quinoa and various mustards (Graybosch, 2004; 
Morrison and Wrigley, 2004). In addition, there is the class of dicot grains 
termed ‘pseudocereals’. These, like buckwheat, are mis-named, as they are 
not members of the cereal (grass) family; they are dicots – broadleaf plants. 
Their seed can be ground into flour and otherwise used as cereals. Examples 
of pseudocereals are amaranth, quinoa and buckwheat. The pseudo-cereals and 
the many other dicot grains have been reviewed by Belton and Taylor (2002), 
Graybosch (2004), Fletcher (2004) and Adel-Aal and Wood (2005).

1.4 Grain quality

1.4.1 The importance of assessing grain quality
What is meant by ‘grain quality’? Just as ‘Beauty is in the eye of the beholder’, 
as the old saying goes, so also the assessment of grain quality depends 
on the needs of the grain user. Those needs are likely to involve different 
combinations of attributes depending on the purpose for which the grain is 
being bought and used. Accordingly, the price that will be paid is determined 
by the quality – the suitability of the grain for the customer’s purposes. In 
addition, the term ‘quality’ has different significance, depending on the 
stage being considered along the ‘grain chain’ – the continuum (Fig. 1.5) 
from breeding, through growing and management of the crop, to harvesting, 
segregation, storage and transport, to processing and final consumption.
 Effective management of grain quality along the consumption chain is 
thus essential to customer satisfaction – the ‘customer’ being the next step 
along the grain chain, the ultimate customer being the retail consumer. The 
degree of satisfaction is obviously related very closely to the price that will 
be paid at each stage of the value-added chain. Effective assessment of grain 
quality provides critical knowledge about the defects and advantages of the 
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grain involved. The ‘grain involved’ may be thousands of tonnes in the hold 
of an ocean-going bulk-grain ship, or it may be a few grains being nurtured 
by a breeder as the basis for selecting a revolutionary new genotype. What 
is to be done with the grain after analysis depends largely on the analytical 
results. Thus, effective management of grain production and processing 
depends on effective analysis.

1.4.2 The grain chain
The value-addition chain for grain has been dubbed ‘field to fork’ (Dixon, 
2007). The many transactions involved are summarised in Fig. 1.5. This 
sequence of events is reflected in the order of the assessment chapters in this 
book (Chapters 11–13) and the management chapters (Chapters 14–17). The 
increase in value can be seen by comparing the cost of a handful of wheat 
(say, 100 grams, with a value of about two cents on a per-tonne basis) with 
the cost (two US dollars) of a glossy Danish pastry, containing the flour 
yielded by 100 grams of grain.

Breeding
Despite the term ‘chain’, the sequence (Fig. 1.5) is a circle, starting and 
ending with the consumer, who must be the motivating force setting the grain-
quality agenda for the breeder, who is otherwise at the top of the sequence 
of events that lead back to the consumer. The breeder is responsible for 

Assess consumer demands for processing and product quality
Ø

Select parent lines for breeding
Ø

Make crosses and screen progeny for quality traits
Ø

Propagate elite lines in field trials at various sites
Ø

Select best line(s) to register for Plant breeders’ Rights
Ø

Multiply seed for commercial release
Ø

On-farm sowing and management
Ø

Harvest grain Æ Saved seed retained for next season
Ø

Receive grain at elevator or mill; assess quality and segregate
Ø

Transport and store grain; quality-based identity preserved
Ø

Process and utilise grain for food and feed
Ø

The consumer
Ø

Obtain feedback on grain quality from consumers throughout the chain

Fig. 1.5 The value-addition chain of events that determines the essential aspects of 
grain quality.
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the development of new varieties that suit the agronomic and quality needs 
of the subsequent stages along the chain. This responsibility is primarily 
limited to genetic potential, because many aspects of grain quality also 
depend on management and environmental factors, and later on processing. 
Nevertheless, the breeder has significant opportunity to build-in genetic 
tolerance to various threats to quality loss, such as resistance to premature 
sprouting due to rain at harvest.

Grain growing
Beyond the breeder are the seed producers and grain growers. Initial assessment 
for them is the assurance that the seed being traded and sown is the correct 
variety. On-farm management of grain quality for the grower is interactive 
with grain yield, because of the need to maximise financial returns, represented 
by the combination of grain volume and market value.

Grain receival
Beyond the farm gate is the critical stage of assessing the many aspects of 
grain quality that will determine the price to be paid to the grower. This 
assessment of quality also determines the manner of segregation of the 
grain delivery, thereby ensuring that it is combined with grain of similar 
quality type. Beyond this stage, there is the need to preserve the value of 
the aggregated grain that has been assessed to be of a specific quality, by 
storing and transporting it with its quality type preserved.

Grain processing
Suitability for processing is a basic factor determining quality-based 
segregation. Therefore, quality assessment will again be a priority when 
the grain arrives at the flour mill, malt house, feed mill or other form of 
processing factory. The knowledge thus obtained will determine how a 
specific grain shipment will be stored, utilised and managed in the sequence 
of events leading to the product that is offered for final sale to the consumer. 
This sequence may be as short as the milling and boiling of rice grown by 
a subsistence farmer, with his family commenting on the eating quality. It 
may involve the stages of flour milling and bread or cake baking for sale 
in a hot-bread shop. Alternatively, there may be the much longer route of 
animal feeding to produce meat, milk, cheese or eggs.

The consumer
The ultimate arbiter of quality is the consumer, who provides an assessment 
of quality by voting with his or her buying power. Preference for the bread 
or cakes in Mr Jones’ shop means that the vote for quality may go to Mr 
Jones instead of to the supermarket on some occasions, or possibly the 
reverse on other occasions. For the subsistence rice farmer, his family is 
the ‘customer’, assessing quality according to their individual preferences 
for cooked rice.
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 Eating quality is not the only basis for assessing quality at the consumer 
level. Various other factors come into play, one of which is consumer perception 
of nutritional quality. Nutritional guidelines, developed for many countries, 
recommend the consumption of grain-based foods as a major part of food 
intake. This concept has been illustrated pictorially in the form of a pyramid, 
with grain-based foods forming the base, and thus the major contributor to 
the diet. Painter et al. (2002) have reviewed the various pictorial formats 
used in many countries to illustrate the need to emphasise some food sources 
(especially grains) in preference to others. This emphasis on grains in the diet 
provides a major boost for the grain-growing and grain-processing industries 
of the world.
 Nevertheless, consumer preferences may stray from this central message 
to diverse concepts of nutritional quality involving the presence or lack of 
specific grain types or of additives. Gluten-free is one of these concepts 
that is fully justified for individuals with specific dietary restrictions, such 
as coeliac disease, but that may be less justified in other cases.

Consumer feedback
The feedback loop from the consumer to others up the chain may be short 
or long. It may be as short as reactions within the family or village in a 
subsistence farming community. At the other extreme, feedback may involve 
great distances and long time periods, taking into account the extent of the 
world grain trade and the many years involved in bringing a new grain variety 
from an initial cross to the selection of an elite line ready for commercial 
sowing. Another lag factor is the many months or even years that grain may 
be in storage and transport before it is processed. In addition, feedback may 
involve long distances, such as a flour miller in the Middle East or a legume 
trader in India reporting grain defects to grain traders or breeders in grain-
producing countries such as the Americas, Australia or Europe.

1.4.3 The assessment of grain quality
Such feedback obviously relies on effective and reproducible assessment of 
quality factors (Table 1.4) that determine the management of grain processing. 
The assessments may relate to a grain shipment that has just arrived: ‘We 
checked for pesticide residues and this grain is contaminated at an unacceptably 
high level. It cannot be received. Send it back!’ Assessment may relate to 
long-term experience that determines company policies: ‘We continue to 
buy grain from a certain country because their grain is always clean and dry 
(both factors relate to good value) and our down-stream customers like the 
protein quantity and quality (suiting processing needs).’

No nasty surprises
Bakers may complain that the quality of the flour provided by the flour mill 
varies in its dough-handling properties, and thus in its overall baking quality. 
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Some bakers would even claim that they can cope with many types in flour 
quality, but that they want consistency in quality – ‘no nasty surprises’. The 
result may be for the blame game to flow up the value chain; for example, 
the baker blames the miller and the miller blames the quality of the grain 
supplied. The grain buyer must make subjective decisions, in the context of 
commercial realities, about how far to go in assessing grain quality so as to 
fulfil the demands of millers and bakers for consistent and acceptable grain 
quality (Hajselova and Alldrick, 2003).
 ‘No nasty surprises’ is a generalisation that processors often quote to 
indicate their approach to quality assessment. Such a ‘nasty surprise’ may 
be a metal object hidden in the grain that would cause significant damage to 
processing equipment if undetected and removed. Extensive contamination 
with a noxious agent such as ergot is another example, which in this case could 
cause illness in consuming humans or animals. Unacceptable contamination 
may involve a small amount of weed seeds that produce scent, thereby giving 
an off-flavour to the whole consignment. ‘No nasty surprises’ can overall 
be construed as the provision of a consistent and continuous supply of grain 
with uniform quality.
 Another form of ‘nasty surprise’ for a large consignment of grain may be 
lack of homogeneity – wide variations in quality throughout the load. This 
problem accentuates the initial need (before even performing any quality 
assessment) of establishing adequate sampling procedures, so that quality is 
assessed on sub-samples that are representative of the whole consignment 
of grain (Hajselova and Alldrick, 2003).

Table 1.4 Major aspects of grain quality requiring assessment at various stages of the 
grain chain

Stage of production Major assessments needed Analytical approaches

Breeding Quality type matches Small-scale screening methods
 target utilisation Gene and protein markers
Pure seed  Authenticity of variety Variety identification based on
production Germination viability protein or DNA composition
  Germination testing
At harvest – on Bulk density Chondrometer test 
farm and at Moisture content Sieve, weigh and inspect 
grain delivery Protein content (quality)  NIR spectroscopy
 Contaminants and defects
 Variety identification
Storage and Insect contamination Visual inspection 
transport Moisture content NIR spectroscopy 
 Mycotoxins Immuno-assays
Processing Contaminants and defects Visual inspection
 Moisture and protein content NIR
Food products Food safety Immuno-assays
 Appearance, taste Customer reaction
Animal-feed Mycotoxins, pesticides NIR spectroscopy 
products Energy value Immuno-assays
 Essential nutrients Chromatography
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Assessing grain quality along the grain chain
Although general considerations of grain quality may be similar at all stages 
of the grain-supply chain (Fig. 1.5), there are specific concerns about grain 
quality at some stages (Table 1.4). As a result, the methods used to assess 
quality differ along the chain. In addition, methods of assessment have 
different constrictions according to speed and sample size. For example, 
the presence of pesticide residues is not relevant at the stage of breeding, 
but it is at grain receival and throughout processing. On the other hand, 
the breeder must be able to determine quality traits on very small samples, 
whereas having sufficient sample to test is not a problem at harvest. 
 Rapid methods are needed to check grain quality when the rush of the 
grain harvest may decree that a truck-load must not be left waiting for 
more than a few minutes before quality-grade has been finalised to indicate 
where the load should be tipped (Table 1.5). On the other hand, the breeder 
requires analytical methods that can cope efficiently with large numbers of 
small samples, whereas methods may be acceptable for the breeder even if 
they require many hours to complete.

1.4.4 Technical approaches to assessing grain quality 
Methods of analysis described in this book reflect the range of quality 
attributes that need to be assessed at the various stages of grain production 
and processing, together with the diversity of restrictions due to practical 
factors such as speed, labour requirement and accuracy. The contrasts in such 
criteria are illustrated in Table 1.5 with respect to strategies for assessing 
the quality of grain delivered following harvest. Ideally, the major quality 
attributes should be determined within the few minutes that a truck-load is 
waiting prior to discharge of the grain. If this ideal condition cannot be met 
for some aspects of quality, it may be acceptable to have a grain sample 

Table 1.5 Criteria and tolerances for grain-quality test methods following harvest

Criteria Tests at grain receival Tests at regional laboratory

Speed Within a few minutes Within an hour, but up to 24
  hours may be acceptable 
Accuracy and Requirements not so strict Stricter requirement, e.g. + 5%
precision of result
Cost of equipment Costs must suit cost- Costs per sample be justified, 
and consumables benefit analyses but more expensive equipment 
  justified at regional laboratory 
Safety concerns Methods must satisfy 
 safety requirements
Expertise needed Modest experience Laboratory technician with
for supervisor is expected experience is acceptable
Expertise needed No laboratory experience Ideally, only modest 
for general staff may be expected laboratory experience

�� �� �� �� �� ��



18 Cereal grains

© Woodhead Publishing Limited, 2010

sent to a regional laboratory for assessment, with the result being provided 
overnight. 

Standard methods of analysis
Most analyses involve more conventional methodologies that require laboratory 
equipment and significant levels of expertise on the part of the operator. 
Conventional testing procedures have been developed and standardised to 
determine many of the grain-quality attributes required along the grain chain. 
The development of these standard methods is a laborious process, involving 
collaboration between various combinations of scientists from a range of 
laboratories involved in the type of analyses being evaluated (Wrigley, 
2004). Final agreement on procedural details often involves interactions 
via a relevant scientific society. Associations involved in developing and 
publishing standard methods of grain analysis include AOAC International 
(www.aoac.org), the International Seed Testing Association (www.seedtest.
org), AACC International (www.aaccnet.org), the International Association 
for Cereal Science and Technology (www.icc.or.at), the European Brewing 
Convention, the International Organization for Standardization (www.iso.
org) and the American Society of Brewing Chemists (www.asbcnet.org). 
Details of the various approved methods are available at the respective web 
sites and in publications of the societies, e.g., AACC (2002), AOAC (2002) 
and ICC (2002).

‘Instant’ technologies of quality assessment
Although rapid analysis is especially needed at certain stages of the grain 
chain, swift provision of results is welcome at any stage. The best promise 
of rapid analysis is provided by near infrared spectroscopy (NIR). Over 
recent decades, NIR methods have become widely adopted at mill or elevator 
receival for the determination of moisture and protein content in cereal grains 
generally, both for analysing single samples and for continuous monitoring 
on-line (Burns and Ciurczak, 2007). The results of this testing have been 
adopted as a primary means of grading grains, especially wheat and barley. 
Grain hardness for wheat is also routinely measured by NIR. Among further 
applications of this approach to grain analysis is monitoring the degree of 
milling of the rice grain (Saleh et al., 2008).
 Originally this technology was applied to milled grain, but more recent 
advances have brought the great advantage that this technology can be applied 
to whole grain. The consequence is that no sample preparation is required 
– a grain sample can be simply tipped into the top of the NIR machine and 
results are generated automatically. NIR works in a similar manner to any 
other spectroscopic technique; different chemical groups in the sample absorb 
radiation at characteristic wavelengths and the extent of absorption depends 
on the concentration of the analyte. However, NIR has been most effective 
for determining major grain components such as moisture, protein and oil 
contents; the analysis of minor components by NIR may not be so simple. 
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Nevertheless, NIR technology has great potential to be extended to a wide 
range of analytical applications.

1.5 The management of grain quality

Throughout the grain chain, efficiencies in management towards specified aims 
only become achievable if adequate analysis of quality trends is provided.

1.5.1 Breeding to grain-quality targets
The genetic improvement of grain genotypes has traditionally involved three 
major aims, namely: increasing grain yield, overcoming the impediments of 
biotic and abiotic stresses, and improving the processing and end-use quality 
of the grain. The breeder’s management approaches towards the last of these 
three aims (grain quality) are different in the early stages of the breeding 
process, compared to the final phase. Initially, when there are large numbers 
of lines to be screened, a management aim is to identify and exclude lines that 
are unlikely to meet quality targets. Their deletion at an early stage means 
that they will not be propagated unnecessarily, thus conserving resources. At 
this stage, tests that identify selected protein and DNA markers are especially 
effective, as they target aspects of genotype directly.
 Later in the breeding process, there are fewer individual lines and more 
grain sample is available for each line, permitting more extensive testing, 
such as the use of small-scale simulation of grain processing, namely, malting 
(for barley), actual milling and baking (for wheat) and cooking/tasting tests 
(for rice). Results from these forms of quality assessment will be critical at 
the stage when specific lines are finally approved for release. At that stage, 
the management of registration will probably also involve ‘DUS’ testing, 
namely, assessing that the potential new variety is distinct, uniform and stable, 
thus meeting the guidelines of the International Union for the Protection of 
New Varieties of Plants (UPOV) (Mauria, 2000).

1.5.2 Sowing and growing the grain
The pure-seed supplier has a critical management responsibility to provide 
seed of the correct variety, free from contaminating seeds and free from seed-
borne diseases. Detailed assessments should be provided to the farmer as 
assurance of the aspects of quality at the time of sowing, when management 
responsibility transfers to the farmer. Grain quality in the harvested grain will 
depend on farm management and climatic factors, as well as on the quality 
of the seed. Many computer-based systems are now available to facilitate on-
farm management towards specific quality goals, but none of these strategies 
can completely overcome the uncertainties of climatic factors. Nevertheless, 
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the ‘precision agriculture’ approach to farm management offers possibilities 
for achieving quality as well as yield targets (Wrigley, 2005).

1.5.3 Grain receival
Harvest time presents a major opportunity to manage grain quality, provided 
adequate analytical information is available promptly. As harvest time is busy 
for all concerned, the priority is more often to ‘get the grain off’ and into 
storage before wet weather threatens to damage quality, rather than to spend 
precious time checking that grain quality is adequately assessed to permit the 
separate binning of grain of different quality type. Despite the time constraints 
of checking grain quality before deliveries are combined in the same storage 
cell, there it the possibility of retaining small samples of all the deliveries 
that contribute to each storage cell, so that this ‘running sample’ can later be 
analysed in detail, thereby providing information about the overall quality 
of the grain in each storage cell. This information, if available, is valuable 
in marketing the grain, thus to satisfy the processing specifications of the 
food or feed manufacturer in the next step of the grain chain.

1.5.4 Processing
Whatever type of grain processing is involved, assessment of its quality is 
integral to efficient processing. Blending of grain streams from different 
storages or deliveries is the first avenue of management available to the 
processor. In the milling of wheat to white flour, it is estimated that about 
75% of flour quality is determined by the quality of the incoming wheat; 
i.e., management factors (mill adjustment and environmental conditions) 
contribute only 25% (Posner and Hibbs, 2005). This example illustrates 
the importance of adequate assessment of grain quality as a basis for sound 
management with respect to safe-guarding the quality of the product – in 
this case, flour for the specific processing requirement at the next stage, 
possibly large-scale bread manufacture, pastry production or processing into 
cookies and confectionery.
 The milling of wheat flour requires the miller to achieve tight specifications 
that are set by the flour customer. The blending of flour streams is an important 
management tool in meeting these specifications, but this approach is totally 
dependent on effective assessment of quality prior to and during milling.
 Barley for malting is another grain for which detailed information about 
grain quality is critical to achieve effective management in processing. In 
this case, the maltster must have uniformity of grain size, of variety and 
of germination rate, thus to achieve uniform germination and maximise the 
extraction of soluble sugars for malting.
 For feed mill operation, a primary concern is for the absence of disease 
or contaminants that may cause injury to stock. As a result, analyses for 
mycotoxins and contaminating grains are conducted on incoming grain.

�� �� �� �� �� ��



An introduction to the cereal grains 21

© Woodhead Publishing Limited, 2010

1.6 Future trends 

A logical extension of the assessment-management philosophy described 
above is the integration of analytical and management tools to provide ‘expert 
systems’ that can be used to assist in the overall process. Currently, decisions 
within the management function are largely taken by practised operators, 
acting upon analytical information, but also drawing upon the intangible 
characteristic that is summarised by the words ‘experience’ and ‘wisdom’. 
Technological advances have been made in various management systems via 
the development of computer-based ‘expert systems’ that ‘learn’ to make 
decisions, or at least recommendations, based on previous experience. Maybe 
such approaches to grain utilisation will in the future serve to complement 
the accumulated experience of professional managers.
 The future will certainly bring us novel and improved analytical methods 
to provide more detailed and accurate information about grains in shorter 
time, probably permitting the move out of the laboratory literally into the 
‘field’, thereby providing real-time analysis. These developments are likely 
to transform where, when and how many management decisions are made 
about grain processing. 
 Although the consumer has been slow to accept genetically modified 
grains in many countries, this resistance will progressively dissipate in 
coming years, when the advantages to production, processing and nutrition 
become more evident, together with a fuller realisation of food safety. Gene 
technology has the potential to transform breeding for specific quality traits 
and also to simplify the task of identifying specific aspects of processing 
quality at harvest. These changes will in turn facilitate segregation and 
identity preservation of grain according to quality type.
 Future years will also see the fruition of current predictions about global 
warming and climate change. A significant aspect of these changes may be 
lower protein content for grain, due to increasing starch synthesis under the 
influence of the ‘carbon-fertilising’ effect of higher levels of atmospheric 
carbon dioxide. Other likely effects relate to altered rainfall and more frequent 
heat-stress episodes during grain filling. The latter are already known to 
alter grain quality in wheat by reducing dough strength and thus damaging 
baking quality. However, the expectation of less frequent frost episodes is 
expected to permit earlier sowing times, so that heat-stress episodes may be 
avoided. 

1.7 Sources of further information and advice

Useful web sites:
www.usda.gov – United States Department of Agriculture
www.grainscanada.gc.ca – Canadian Grains Commission, Winnipeg, 

Canada 
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www.niab.co.uk – National Institute of Agricultural Botany, United 
Kingdom

www.campden.co.uk – Campden & Chorleywood Food Research Association, 
Chipping Campden, Gloucestershire, United Kingdom

www.awb.com.au – AWB Ltd, Melbourne, Australia
www.crop.ccri.nz – New Zealand Institute of Crop & Food Research
See also web sites listed on page 18 relevant to standardised methods of 

analysis.
Reference books are published by AACC International, describing the 

‘chemistry and technology’ of each of the cereal grains, namely, wheat, 
rye, barley, oats, corn, rice, sorghum and the millets. The AACC web site 
(www.aaccnet.org) also provides free access to information about grains; 
go to sections entitled ‘The Grain Bin’, ‘Approved Methods Online’, 
‘Definitions’ and ‘Check Samples’. See also a recent review of wheat 
by Shewry (2009).
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2

Cereal-grain morphology and 
composition
C. W. Wrigley, formerly CSIRO Food and Nutritional Sciences, 
Australia

Abstract: The cereal grains come in a wide range of shapes and sizes. Importantly, 
there is diversity in their grain composition, and thus in their suitability for utilisation. 
Nevertheless, the fact that they are grouped together taxonomically means that there 
is also uniformity. This chapter describes these contrasting attributes of diversity and 
uniformity as a prelude to the species-specific chapters that follow (Chapters 4 to 10). 
The chapter also complements the tables of composition provided in Appendix 1.

Key words: species identification, morphology, protein content, carbohydrates, lipids, 
analysis of composition.

2.1 Introduction

There is considerable diversity amongst the various cereal grains with respect 
to their morphology and composition. These contrasts help to explain why 
some are better suited to certain types of utilisation than others. Diversity of 
grain shape and presentation on the plant at maturity is most evident when 
corn (maize) is contrasted with wheat. The corn cob is suited for direct 
consumption as ‘corn-on-the-cob’ in a way that is out of the question for 
wheat, which must be ‘milled’ (ground) before being used for food products. 
On the other hand, rice is usually consumed as a whole grain, but only after 
a distinct form of ‘milling’ to remove the outer layers. The grains of wheat, 
rye and triticale, when threshed, are provided free of the outer glumes, but 
this is not so for most genotypes of barley, oats and rice. Morphology is thus 
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an important consideration for utilisation and, of course, for distinguishing 
between species.
 An aspect of morphology that indicates uniformity across the cereal-grain 
species is the consistent presence of a large amount of endosperm tissue, 
which acts as a food store for the developing embryo during germination and 
beyond, until the early leaves start to produce nutrients via photosynthesis. 
At the microscopic and molecular levels, diversity among the cereal species 
is provided by differences in the shapes and sizes of the starch granules of 
the endosperm, and in the nature of the endosperm proteins.
 There is diversity in grain composition across the cereal grains, but all 
have a high starch content, moderate levels of protein and relatively minor 
amounts of lipid (fat). In all of the major cereal grains, most of the lipid is 
concentrated in the germ (embryo), with only small amounts in the endosperm. 
See the tables of composition, provided in Appendix 1, which contrast the 
composition of the endosperm (white flour) with that of whole grain and 
of germ and bran for a few cereals. Another example of the diversity of 
grain composition relates to protein composition; wheat alone is suitable 
for making leavened bread because of its gluten proteins.
 This chapter complements the descriptions of specific cereals (Chapters 
4 to 10) by contrasting the diversity of size and shape of the major cereal 
species, whilst also pointing out the uniformity that causes them to be grouped 
together taxonomically. 

2.2  Morphology and variety identification

The cereal species show considerable diversity in the size and shape 
(morphology) of their plants, of the grain-bearing structures and of the grains 
themselves. Obviously, the differences are greatest for the species that are 
most distant taxonomically, and least at the variety level (genotypes within 
the same species). Nevertheless, subtle morphological differences at the 
variety level can be usefully applied to the identification of varieties. This 
opportunity is especially useful if it can be applied to grain samples, although 
this is probably the most difficult growth stage for identification, based only 
on visual examination. Morphological identification is also possible throughout 
the life of the plant. Examples of these opportunities are provided below, 
with the accent on wheat, barley and oats as the examples. Illustrations are 
largely taken from the excellent handbook of Hervey-Murray (1980), now 
out of print and difficult to obtain. Reproduction in this chapter now offers 
an extension of the lifetime of some of his illustrations. Pre-dating Hervey-
Murray is the classical book ‘The Wheat Plant’ by Percival (1921).
 Now, a few decades after Hervey-Murray, the need for morphological 
identification is still important, given the requirements for enforcing Plant 
Breeders’ Rights via variety registration (by the International Union for the 
Protection of New Varieties of Plants, www.upov.int), based on the attributes 
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of distinctness, uniformity and stability (DUS). For further information, see 
Jarman (1995), Mauria (2000), Cooke and Wrigley (2004) and the UPOV 
web site. Several books and review articles are available concerning the 
morphological characteristics that are useful for variety identification, some 
of them accompanied by identification descriptions and keys for the specific 
varieties in national variety collections; for example, Ferns et al. (1975) and 
various editions thereafter to the last by Fitzsimmons et al. (1986), Jarman 
(1995, 2004) and Agrawal (1997). See also the chapters in this book that 
describe the specific cereal species (Chapters 4 to 10).

2.2.1  The cereal flower and pollination
All grain species are flowering plants, classified as angiosperms, reproducing 
sexually with the male and female organs being located in the flowers, 
although the flowers may be inconspicuous compared to those of other 
plants. The illustration of a wheat flower (floret), without the outer glumes 
(lemma and palea) (Fig. 2.1), shows the pollen-producing male anthers. 
At fertilisation (anthesis), the lodicules (at the base of the ovary) become 
swollen, forcing apart the lemma and palea. The anthers split open, releasing 
pollen grains which fall onto the stigma. Next, the anthers are pushed out 
of the floret and the remainder of the pollen is released beyond the floret. 
Some of this excess pollen may fertilise neighbouring florets on the head. 

Anther 
(male)

Ovary 
(female)

Lodicule Lodicule

Feathery stigma 
(female)

Anther

Anther

Stigma

Filament

Fig. 2.1 The flower (floret) of a wheat plant at anthesis. The outer glumes (lemma 
and palea) are not included in this illustration. Reproduced with permission from 

Hervey-Murray (1980).

�� �� �� �� �� ��



Cereal-grain morphology and composition 27

© Woodhead Publishing Limited, 2010

For wheat, however, there is only a small possibility that the pollen will 
be effective beyond the plant of origin because wheat is almost exclusively 
self-fertilising. Fertilisation of barley, oats and rice also occurs mainly within 
the floret; rye is more likely to be out-crossing. The florets (spikelets) of 
wheat, rye and barley are attached close together on the rachis (the central 
backbone of the head), whereas they are well separated on the panicle of 
rice and oats (Fig. 2.2).
 In contrast, the pollen of corn (maize) is released from the tassels on top 
of the plant, to fall onto the ‘silks’ that extend from the end of the cob’s 
covering (Fig. 2.3). Corn is out-crossing as the pollen is released far from 
(above) the target stigma, so that wind currents may carry the pollen well 
beyond the plant from which it originated. In both cases (corn and wheat), 
the next stage is similar; the pollen grain produces a tube-like structure 
which enters the style of the stigma, travelling down to fertilise the ovary 
and initiate a new grain, and thus (eventually) another plant.
 Seeds in general are protected by a surrounding fruit, but in the case 
of the cereals, the ‘fruit’ is reduced to a thin outer tissue (bran) adhering 
to the seed. The cereals are distinguished taxonomically because they are 

Spikelets

Spikelets

Wheat ear

Barley ear

Oat panicle

Spikelets

Fig. 2.2 The contrasting morphology of the seed-bearing head (ear, panicle) of three 
major cereal species – wheat, barley and oats. Reproduced with permission from 

Hervey-Murray (1980).
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monocotyledonous, distinct from the dicotyledonous grain species, such as 
legumes, pseudocereals and oilseeds. See lists in Chapter 1. The cereal-grain 
species are unified by having only one embryonic leaf (a cotyledon) in the 
germinating seed and young plant. The monocots are also characterised by 
having flower parts in threes, narrow parallel-veined leaves, scattered vascular 
bundles and a fibrous adventitious root system (Morrison and Wrigley, 2004). 
The cereal grains are all members of the grass family, known either as the 
Gramineae family (old name) or the Poaceae family (new name).

2.2.2 Plant morphology
As plants grow, the possibilities for distinction at the variety level increase, 
but even at the 3- to 6-leaf stage, some distinctions may be possible for wheat 
and barley varieties. For example, Fig. 2.4 illustrates differences in growth 
habit, these being the extremes, whilst there may also be habits intermediate 
between these. Leaf dimensions (length and width) and hairiness (pubescence) 
may also be useful for variety identification, but dimensions are generally 
subject to growth conditions as well as to genetic influences.

Fig. 2.3 The mature corn ear, showing the tassels and with the enfolding sheath 
partly opened to reveal the grains still fixed to the cob. Illustration provided by Prof 

Zoltán Győri and Dr Péter Sipos.
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2.2.3 Head morphology
At the stages of flowering through to maturity, head characteristics become 
available for identification purposes. Figure 2.5 shows how the position of the 
flag leaf (the last leaf to appear) of wheat may indicate varietal differences. 

Erect habit

Prostrate habit

Fig. 2.4 Young wheat plants, illustrating the two extremes of growth habit (erect and 
prostrate). Reproduced with permission from Hervey-Murray (1980).

Erect flag leaf Horizontal flag leaf Recurved or drooping flag leaf

Fig. 2.5 Varietal differences in the orientation of the flag leaf of a wheat plant 
approaching maturity, Reproduced with permission from Hervey-Murray (1980).
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Obvious distinguishing characteristics for wheat are head colour (brown or 
white), head density (how close together are the spikelets?) and awnedness 
– the wheat ear in Fig. 2.2 is awnless in contrast to the awned barley head 
beside it. Less evident are characters such as head shape and dimensions. 
Also useful for identifying wheat varieties is the shape of the glumes, the 
husks that envelop the primary floret (see Chapter 4), as glumes are often 
included in grain samples.
 A major morphological difference for barley is provided by the number 
of spikelets attached side-by-side on the rachis – constituting either two-row 
or six-row types. The barley head in Fig. 2.2 is two-row. Figure 2.6 shows 
that the two-row head has sterile spikelets, which are filled in the case of 
the six-row head. In some countries, the two-row/six-row distinction is used 
to differentiate malting (two-row) from feed barleys, respectively.

2.2.4 Grain morphology
The ability to identify species and variety is of greatest value for grain samples, 
because most of the distinguishing characters of plant and head are lost after 
harvest. Visual examination of grain samples has the great advantage that 
it requires little time and no equipment (apart, perhaps, from a hand lens 
and a reference chart or booklet). However, expertise and experience are 
required for variety identification based on grain samples, and distinction 
may never be unequivocal. Nevertheless, if verification of varietal identity 
can be performed at grain delivery (receival), immediately after harvest, then 
appropriate bulking of deliveries can be managed correctly, ensuring that 
deliveries of grain of different quality type are not mixed together. However, 
once unwanted mixing occurs, the process cannot be reversed.
 Distinction between varieties based on grain morphology is difficult 
because many characters that are potentially useful are also affected by 
growth conditions. Thus every grain of a homogeneous sample may appear 
slightly different. The same comment may be made about the handwriting 
of an individual, but it is nevertheless possible to recognise the writer from 
the handwriting, if the observer has had sufficient experience. Although a 
word or letter is written slightly differently each time by a specific person, 
there is a consistent and characteristic similarity in that person’s writing. A 
systematic approach to either task (handwriting or grain identification) is 
obviously needed, and assistance with the latter task is provided in the many 
relevant publications listed in this and in the species-specific chapters.
 In the case of two- and six-row barley, the distinguishing features are not 
completely lost as a result of threshing the grains from the head, because 
the lateral grains of the six-row head retain a twisted shape that is evident 
in two-thirds of the grains in a sample of six-row barley. There are several 
other valuable distinctions available for identifying variety for barley grain, 
as illustrated in Fig. 2.7, namely, rachilla length and hairiness, the colour of 
the aleurone layer (just under the husk), and the shape of the lemma husk at 
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Fig. 2.6 Morphological characters of the barley head that distinguish the two major 
types – six-row and two-row. (a) View from above. (b) Side view, with other florets 

removed. Reproduced with permission from Hervey-Murray (1980).
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the point of attachment to the rachis. Even the shape of the lodicules (see 
Section 2.2.1) is useful, but to expose them, the lemma husk must be peeled 
back from the base of the grain (Fitzsimmons and Wrigley, 1979).
 For wheat-grain identification, the hardness of the grain is valuable in 
providing distinction as well as being an important attribute for trade and 
processing quality (see Chapter 4). Grain hardness is judged by the ease of 
cutting a grain with a sharp blade or by biting it. Many varieties are either 
hard or soft, but there may be some of intermediate hardness. Grains of 
durum (macaroni) wheat are very hard. Grain hardness is related to grain 
texture (vitreosity); soft grains usually have an opaque (white) endosperm, 
whereas hard grains appear vitreous (horny or translucent). Both hardness and 
texture may be affected by seasonal variations, especially rain at harvest.
 Grain colour is also a major distinguishing character for wheat, especially 
for trade. The distinction between red and white wheats relates to the presence/
absence of pigments in the outer bran layers. Although the distinction is 

Rachilla 
lying on 

the crease

Short hair 
rachilla

Long hair 
rachilla

(a) (b) (c)

1
2

(iii)
Rachilla length scale

(i) Short hair rachilla (SHR) Ventral views (ii) Long hair rachilla (LHR)

Fig. 2.7 Distinguishing characteristics that assist in variety identification for barley 
grains. Reproduced with permission from Hervey-Murray (1980). 
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genetically determined (Metzger and Silbaugh, 1970), colour differences may 
be confused by the texture of the underlying endosperm. The red colour of 
the seed coat may be enhanced by immersing grains in aqueous 5% sodium 
hydroxide solution at room temperature for about thirty minutes (Hare, 
1992).
 Various aspects of grain size and shape are also useful in distinguishing 
between wheat varieties, although these attributes may be influenced by 
growth conditions and the position of an individual grain on the head; see 
Fig. 2.8 for relevant characteristics of the wheat grain. Additional features 
include the profile shape of the germ and brush ends, and the length of the 
brush hairs (usually short on durum grains) (Ferns et al., 1975; Jarman, 1995 
and 2004).

2.3 Ultrastructure of the grain

In addition to differences between cereal species and varieties in overall 
grain morphology, there are distinctions at the microscopic level with 
respect to the ultrastructure of the grain. For example, grain species differ 
with respect to the nature and numbers of outer bran and aleurone layers 
(see chapters relevant to the cereal species). The starch granules differ with 
respect to their shape and size distribution, as illustrated in the shapes and 
sizes of native starch granules isolated from wheat, rice and corn in Fig. 
2.9. The starch granules of wheat and triticale are characterised by having 

Dorsal side 
uppermost

Embryo

Dorsal view

Brush 
hairs

Ventral view

Flange

Cheek

Ventral 
furrow or 
crease

Ventral side 
uppermost

Radicle 
tip

Fig. 2.8 Distinguishing characteristics that assist in variety identification for wheat 
grains. Reproduced with permission from Hervey-Murray (1980). 

�� �� �� �� �� ��



34 Cereal grains

© Woodhead Publishing Limited, 2010

Fig. 2.9 Scanning electron micrographs of starch granules isolated from grains of (a) 
wheat, (b) rice and (c) corn. 

(a)

(b)

�� �� �� �� �� ��



Cereal-grain morphology and composition 35

© Woodhead Publishing Limited, 2010

a bi-modal distribution of starch granules (Table 2.1), consisting of large 
(A-type) and small (B-type) granules, as shown for wheat in Fig. 2.9 and 
in the broken surface of a sectioned wheat grain (Fig. 2.10). The size 
distribution of barley starch granules is tri-modal (Table 2.1). The starch 
granules of rice and corn are classed as ‘normal’, having a continuous range 
of sizes, but many are irregularly shaped (Regina et al., 2004). Consequently, 
the distinctive differences in starch morphology offer opportunities for an 
experienced microscopist to identify species origin (not variety) based on 
starch examination. Within the starch granule, the internal structure consists 
of concentric layers (Fig. 2.11), presumably due to the diurnal day-night cycle 
of starch synthesis. Native starch granules show birefringence in the form 

Fig. 2.9 Continued

(c)

Table 2.1 Starch granule properties for the major cereal grains. Adapted from Rahman 
et al. (2000)

Cereal Size range Size Gelatinisation Amylose  
species (mm) distribution onset °C content %

Wheat 3–34 Bi-modal 61 26
Barley 2–35 Tri-modal 57 22
Rice 2–13 Normal 75 18
Maize 5–20 Normal 67 28
Waxy maize 4–18 Normal 68  0
Amylomaize 6–15 Normal 68 >70
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of a ‘maltese cross’ under crossed polariser microscopy. This characteristic 
is lost after gelatinisation.
 An early attempt to distinguish between cereal varieties involved examining 
grain sections under the light microscope (Cobb, 1905). Cobb, an American 

Fig. 2.10 Scanning electron micrograph of the endosperm of a sectioned wheat 
grain, showing the contrasting large and small starch granules and the endosperm cell 

walls.

Fig. 2.11 Scanning electron micrograph of a wheat starch granule that has been 
enzymically eroded to show the concentric layers of starch deposition. Small (B-type) 

starch granules are also present.
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phytopathologist working a century ago in Sydney, Australia, claimed that 
he could distinguish between varieties of wheat according to the shapes of 
the aleurone and endosperm cells (Wrigley and Bekes, 2002). Needless to 
say, this approach has not been adopted generally. Much more recently, 
however, machine vision involving image analysis is proving to be a more 
objective approach to identification by grain morphology than the subjective 
use of human experts; see Chapter 11. In addition, chemical methods are 
also providing objective identification of variety, as described in Chapter 
12.

2.4 Approaches to composition analysis

The many methods for determining grain composition have been thoroughly 
evaluated in collaborative testing between laboratories in many countries, 
resulting in the publication of a wide range of standard methods suited 
to the grain industry. This process and the resulting methods have been 
reviewed by Wrigley (2004). See Section 1.4 of Chapter 1 for details to 
access these standard methods. Of the many analytical methods developed 
in recent decades for analysing grain composition, the most important for 
routine use are those based on spectroscopy in the near infrared (NIR) part 
of the spectrum. These are described in Chapter 11, following the sweeping 
statement: ‘NIR spectroscopy has been the most important “breakthrough” 
in the last 50 years for rapid assessment of grain quality’.

2.5 Grain composition

Just as the various cereal species differ in appearance at the macro and micro 
levels, so there are also differences in the composition of their grains. On the 
other hand, there is a degree of uniformity of composition, most obviously 
evident when considering that they all have starch as the main source of stored 
energy. In addition, they all have a generous store of protein, providing the 
new plant with the essential resource of amino acids and nitrogen as building 
blocks for the synthetic mechanisms of the developing plant. These stored 
resources are the great attraction for the many predators (insects, animals, 
microorganisms and especially mankind) who wish to take advantage of 
the plant’s mechanism of perpetuating its species. It is thus not surprising 
to find that the range of nutrients provided by cereal grains covers most of 
the requirements of mankind and the other predators that rely on grains for 
nutrition. However, there are a few exceptions, namely, the cereal grains 
are deficient in some vitamins, and their proteins do not supply a complete 
balance of amino acids, being slightly deficient in some essential amino 
acids, particularly lysine and to a lesser extent tryptophan.
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2.5.1 Starch
The endosperm of the cereal grains consists mainly of starch, which is 
deposited in the form of the granules shown in Figs 2.9 and 2.10. In most 
cereal species, the starch of normal genotypes is made up of about one quarter 
of amylose (smaller, straight-chain polymers of glucose) and three quarters 
of amylopectin (highly branched starch with large molecular weight). These 
proportions may vary considerably for rice, maize, barley and sorghum, 
which also have ‘waxy’ types (almost all amylopectin starch). Until only a 
few decades ago, the starch type for wheat appeared to be fixed, when more 
recent knowledge about the biochemistry and genetics of starch synthesis 
(Regina et al., 2004) has led to the development of ‘waxy’ genotypes also 
in wheat (Zhao and Sharp, 1998). The term ‘waxy’ relates to the translucent 
appearance of the endosperm of cereal grains, notably maize in which it 
was first observed. The starch from waxy grains has the distinct functional 
property of greater hot-paste viscosity when heated with water, and better 
freeze-thaw stability for the resulting gel, which is optically clear. In recent 
decades, there has been the recognition that wheats lacking one of the genes 
for starch synthesis (the 4A gene, Wx-B1) produces starch properties well 
suited to noodle production as the starch has greater swelling power (Zhao 
et al., 1998; Seib, 2000). In addition, there are cereal genotypes that have 
high levels of amylose in their starch, but these have been more difficult to 
develop. Grain with low levels of amylopectin offer the functional advantages 
that they are associated with higher satiety, reduced glycaemia index, and 
reduced insulin release in comparison with normal-amylose starches. There 
is now a wide range of selected starch mutant types available throughout the 
cereal grain species, as is summarised by Regina et al. (2004).

2.5.2 Proteins
A history of methods for analysing grain composition would be a history 
of chemistry in general, because grain and flour samples have been readily 
available materials for developing and applying analytical methods as they 
have been developed. Indeed, wheat gluten was one of the first proteins to be 
isolated in 1728 by the Italian scientist, Beccari. His experiments pre-dated the 
invention of the name ‘protein’ by a century and the development of adequate 
methods of protein analysis. The cereal-grain proteins were instrumental in 
the development of protein-fractionation methods by the American chemist, 
Thomas Burr Osborne, over a century ago. He used solvent-fractionation 
procedures to distinguish four types of proteins – albumins, globulins, 
prolamins and glutelins. In wheat flour, he named the last two ‘gliadin’ and 
‘glutenin’, respectively, these being the two components comprising gluten. 
The prolamins of other cereal species have specific names – ‘secalins’ for 
rye, ‘hordeins’ for barley, ‘avenins’ for oats, ‘zeins’ for maize, ‘kafarins’ 
for sorghum (see Fig. 2.12 and the species-specific chapters). Because of an 
intervening century, Osborne’s methods of fractionation and his nomenclature 
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system have been largely replaced and up-dated, but many of his terms 
remain (see Fig. 2.12).
 The classification system of Shewry (1996) in Fig. 2.12 shows that the 
grains of the various cereal genera have representatives of most of the globulins 
and prolamins, but that the amounts in specific cereals differ according to the 
names of some of the cereals in bold, underlined. The proteins listed in Fig. 
2.12 are all found in the endosperm, except for the 7S globulins (extreme 
left) which are embryo and aleurone proteins. Also relevant to comparisons 
of the proteins of cereal species are the amino-acid compositions of the 
various cereal grains in Appendix 1. For example, oats and rice are unusual 
among the cereal grains in that their major protein class is the globulins, 
rather than their prolamins.
 The amino-acid composition of rice is distinctive amongst the cereal 
grains because the globulins and prolamins are both present in significant 
levels. Whereas most other cereals accumulate prolamins as their primary 
nitrogen reserve, the major storage proteins in rice are the glutelins, which 
are homologous at the primary-sequence level to 11S globulin proteins, a 
class which is the dominant form of nitrogen deposition in legumes. Even the 
prolamin proteins of rice have a number of characteristics that are different 
from the prolamins of most other cereals. Although milled rice contains the 
lowest amount of protein among the major cereals, the overall amino-acid 
composition of rice protein is significantly better balanced, because of its 
relatively high level of lysine.
 The protein of oats also has a higher nutritional value than other cereal 
grains, based on essential amino acids, because oat grains have a lower content 
of the prolamin class of proteins, and relatively more of the globulin class of 
proteins (Fig. 2.12). Oat globulins account for about 75% of the seed protein 

Globulins Prolamins

7S 11/12S Other prolamins the prolamin superfamily

Wheat

7S 
Globulin

Triticin Globulin Glutelin Kaffirin Avenin

HMW S-rich S- 
poor

16kDa 10kDa 13kDa

a-Zein d-Zein b-Zein c-Zein

Oats Rice Maize Sorghum Rice Maize Oats Barley 
Wheat 

Rye

Maize, 
oats, rice, 

barley, rye,  
wheat

Fig. 2.12 Classification of the cereals, according to the types of proteins in their 
grains. Adapted from Shewry (1996).
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content (Shotwell, 1999). Oat globulin is rich in glutamine and asparagine 
(amino acids that have two nitrogen atoms each), consistent with the role 
of storing nitrogen. However, oat-globulin protein is slightly deficient in the 
sulfur-containing amino acids, cysteine and methionine, being similar to the 
globulins of the legumes in this respect.
 The grain proteins of sorghum are mainly prolamins (‘kafirins’) but there 
are also glutelins. Like many cereals, sorghum is deficient in lysine, threonine 
and tryptophan, but high-lysine sorghum lines have been produced, providing 
the possibility of overcoming this nutritional deficiency. Similarly, genotypes 
of corn with high levels of lysine (opaque-2 maize) have been developed, but 
their acceptability has been hindered by their susceptibility to certain pests.
 The gluten proteins of the wheat grain are the most studied of all cereal-
grain proteins due to their importance in conferring the unique properties 
of dough formation. The name ‘gluten’ has been applied indiscriminately 
to the grain proteins of various grains, including maize, and difficulties 
of nomenclature have resulted. The prolamins of rye, triticale and barley 
(sometimes also oats) are sufficiently similar in sequence to wheat gluten 
that people with coeliac disease must avoid them. However, only wheat 
gluten has the appropriate rheological properties to sustain the production of 
good quality leavened bread. This property results from the balance of the 
component protein classes of gliadin – single polypeptides – and glutenin 
– very large disulfide-linked aggregations of polypeptides, whose overall 
molecular size is a major determinant of dough strength (see Chapter 4).

2.5.3 Fats
The cereal grains have generally low levels of lipids (fats) in their endosperm 
(white flour or pearled whole grain). Lipid levels are much higher in the 
germ (embryo), especially for rice and maize. Rice oil has the reputation of 
having a low content of linolenic acid, and being a rich source of tocopherols. 
Both rice and maize oils are good sources of the essential fatty acid linoleic 
acid. Commercial production of oil from these two major grains, a significant 
industry worldwide, makes use of the ‘bran’ fraction, containing both the 
germ and the outer layers that are removed in the respective milling processes 
(Godber, 2004). The difference between the endosperm and the outer layers 
of rice is shown by the contrast in fat levels for brown and white rice (about 
2.9 and 0.7 grams per 100 grams of the respective materials) in Table 2 of 
Appendix 1. There is a tenfold difference in fat levels between wheat germ 
and wheat flour (Table 1 of Appendix 1). Note also the differences in fat 
composition in these comparisons.

2.5.4 Fibre
Diets high in whole grains have long been advocated, largely because of 
the resulting elevated levels of fibre, as well as phytochemicals (Liu, 2007; 
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Anderson et al., 2009). The grains of barley and oats, in particular, have 
reputations for being rich sources of beta-glucans, thus conferring a range of 
health benefits (Table 2 of Appendix 1). Accordingly, these two grain species 
have been selected as suitable materials for the commercial preparation of 
beta-glucans (Bhatty, 1995). In addition, oat bran has attracted considerable 
attention as a special source of dietary fibre (Wood, 1993).

2.6 The effects of processing on composition

2.6.1 Milling
The main effect of milling is to separate the white endosperm from the 
germ (embryo) and bran layers, either for wheat and corn, for which the 
endosperm is subsequently crushed to flour, or for rice and barley, for which 
the milled grain is used as the whole of the remaining grain (endosperm). The 
process of milling (‘polishing’) rice provides a good example of the effects 
of a major form of processing (milling) on quality – both appearance and 
nutrition. During rice milling, some of the higher nutritional value of ‘brown 
rice’ is lost, because the (‘brown’) aleurone layer carries the highest levels 
of protein and nutritionally important minor components. The sub-aleurone 
region of rice plays a very significant role nutritionally because it is several 
cell layers thick. These layers are also richer in the globulin class of proteins 
than the endosperm, so their lysine content is much higher than that of the 
proteins of white rice. It is therefore desirable to mill as lightly as possible 
to retain most of the sub-aleurone layer on white rice, but on the other hand, 
consumer preferences demand a polished whiteness in their rice. Over the 
whole process of producing white polished rice, three major by-products are 
produced: husks (20%), bran (10%) and ‘brokens’ (10–22%), with protein 
contents of about 3%, 17% and 8%, respectively. Table 2 of Appendix 1 
lists the full range of nutrients in these two edible forms of rice, showing 
the progressive loss of minor nutrients.

2.6.2 Heat treatment
Starch is the major component that is altered by heating in the presence of 
water. At room temperature, there may be modest swelling of wetted starch 
granules, but this process is reversible. With heat, however, irreversible swelling 
of the starch granules occurs (starting at about 60 °C), as the granules swell, 
losing their crystalline structure, and the viscosity of the starch suspension 
increases. This process also makes the starch more readily digestible. Boiling 
in a great excess of water is a common practice for whole-grain processing, 
such as for rice, sorghum and pearled barley, but this process may lead to 
the removal of various minerals and vitamins into the water in which they 
were boiled.

�� �� �� �� �� ��



42 Cereal grains

© Woodhead Publishing Limited, 2010

2.6.3 Alkali treatment
The alkaline treatment of maize (corn) leads to nutritional advantages. The 
production of ‘masa’ involves mixing maize with lime before cooking. 
The pericarp of the cooked maize (‘nixtamal’) is partially degraded by the 
treatment so that vitamins and minerals become more readily available. 
Mycotoxin may be reduced if the sample has had fungal infection. However, 
the treatment may reduce the amount of lysine (an essential amino acid), 
due to its modification to form lysinoalanine.

2.7 Future trends

The practice of identifying grain and plants by their shape and size is very old 
and well established. Nevertheless, this approach to identification remains as a 
major part of the processes involved in variety registration. New technologies, 
such as image analysis, offer the likelihood that the traditionally subjective 
nature of this approach can be replaced by ‘machine vision’, but even this 
new technology must be applied correctly, or misinformation may result.
 Recent advances in breeding and genetics have provided novel grains, 
especially wheat, with novel starch composition and properties, mainly 
due to manipulation of the proportions of amylose and amylopectin. These 
advances open up new opportunities for novel food products and also for 
renewed interest in producing foods tailored to having desirable glycaemic 
index (GI) qualities. Intelligent manipulation of the GI of food products is 
still problematic, but novel starches and specific approaches to processing 
will assist in achieving these nutritional aims.

2.8 Sources of further information and advice

For systematic information on grain, head and plant morphology, see the 
web sites of 

∑ the International Union for the Protection of New Varieties of Plants, 
www.upov.int.

∑ the National Institute of Agricultural Botany, Cambridge, UK, www.
niab.com

∑ the International Seed Testing Association, www.seedtest.org

See also publications about plant and grain morphology, and national collections 
of cereal varieties, such as Coffman (1977), Jarman (1995, 2004), Agrawal 
(1997), Mauria (2000), Cooke and Wrigley (2004), NIAB (2004), Ferns et 
al. (1975), Fitzsimmons and Wrigley (1979) and various editions thereafter 
to the last by Fitzsimmons et al. (1986).
 For information about standard methods for determining grain composition, 
see Wrigley (2004) and page 18.
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 For further grain-composition tables, see:

∑ Schakel et al. (2004)
∑ Kent and Evers (1994)
∑ Kulp and Ponte (2000)
∑ USDA National Nutrient Database, www.nal.usda.gov/fnic/foodcomp
∑ the web site of the Nutrition Coordinating Center, University of Minnesota, 

www.ncc.umn.edu.
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Abstract: Cereal grains are the basis of human food, with the vast majority being used 
directly with minimal processing, as animal feed for the production of other foods, 
or as food ingredients or other products from major processing. Cereals have also 
become the basis of many industrial processes not designed for products for human 
consumption. More recently, ethanol for motor fuels has become a major end-use 
for several cereal grains. Biorefineries, to permit more complete use of cereal plants 
and grains, have the potential to provide many items currently made from oil-based 
materials.

Key words: food utilisation, feed utilisation, biofuels, starch processing, whole-plant 
utilisation, cross-species substitution.

3.1 Introduction

For several years up to 2008, cereal-grain production worldwide exceeded 
two billion tonnes, with growth averaging around 3.3 per cent per annum. 
However, in 2009, it is forecast that production will fall by about 9 per cent, 
partly as a result of a return to trend yields; also from a reduction in total 
plantings (Fig. 3.1). The decrease is associated with wheat and other grains, 
not rice (Fig. 3.2). Despite the decrease, if the forecast levels are achieved, 
2009 promises to be the third largest harvest ever. Utilisation is expected to 
increase by 0.7 per cent, continuing the steady trend that has continued for 
over ten years (Fig. 3.1). There is a concern that trend growth in utilisation 
for 2008 and later years has only once been exceeded by production, in 2008, 
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and may rise above the production trend. Only 10 to 15 per cent of cereal 
grain produced becomes a part of world trade and almost half of production 
is consumed as food, with 35 to 40 per cent used as feed and the remainder 
in other industrial uses. These other uses include production of starch and 
associated by-products and alcoholic beverages, and in recent years, an 
increasing amount is being converted to bio-ethanol as an automotive fuel. 
These statistics apply to total world production; for individual regions, 
and indeed for each cereal, the proportions vary considerably. This will be 
discussed under the heading for specific cereal groups later in the chapter.
 End-use quality is one of the prime determinants of the value of a grain crop. 
In order to achieve a premium value for the crop, a farmer needs to deliver 
grain that meets the requirements of the next ‘consumer’ in the production-
utilisation chain (Chapter 1). For most purposes, these requirements can be 
reasonably specific. Even for feed use, knowledge of the energy and nutrient 
composition is essential, and for industrial use specific properties may be 
needed. Thus assessment of quality is an important part of maintaining the 
value of the grain.

3.2 Food

When agriculture began, food would have been the main, if not only, purpose 
of growing grain. While it is not certain when grains became a raw material 
for fermentation and brewing in human prehistory, it is unlikely that the 
initial step to change from a nomadic to a settled society would have arisen 
from anything other than the ability for a tribe or group to cultivate and 
harvest sufficient food for sustaining itself in the immediate situation. In 
addition, the storability of grain, without the need for further processing, was 
a particularly attractive attribute of grain, compared to other food sources 
that were available to early humankind.
 In many parts of the world, cereal grain is still grown principally for food 
(Table 3.1). In some places, a particular grain is grown for food, while in 
others the same species is used for feed or other purposes. For example, 
the major use for barley in North Africa is for human food (see Chapter 6), 
while in most of the rest of the world, major purposes are feed and industrial 

Table 3.1 World cereal utilisation in millions of tonnes

 2006/07 2007/08 2008/09 2009/10 Mean 
   estimate forecast utilisation

Food 994 1012 1031 1045 47%
Feed 739 769 761 769 35%
Other uses 329 375 397 415 17%
Total utilisation 2062 2156 2190 2228

Source: www.fao.org.
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uses. In the case of oats, the proportion used for food can be specific for a 
country, not just a region (see Chapter 7). In Britain and Brazil, the largest 
proportion goes to human food. In many other countries, including those close 
to Britain in Europe, the major use is for feed. It has even varied within a 
nation. For example, Samuel Johnson (1709–1784) defined oats as: ‘A grain, 
which in England is generally given to horses, but in Scotland appears to 
support the people’. To which James Boswell is reported to have replied: 
‘And where do we find such fine horses as in England, or such fine men as 
in Scotland’.
 Rice is the only cereal which is consumed principally as human food 
everywhere (Table 3.2) (see Chapter 9). Overall, rice for human consumption 
makes up over 90 per cent of the total worldwide, but in a few countries, 
mostly in Europe, there is a significant use of rice for animal feed. This 
amount varies markedly, rising to as much as 50 per cent in some years, and 
is clearly a result of price/availability issues of different grains for animal 
feed. Worldwide, the amount of rice going for purposes other than food or 
feed usually exceeds the amount consumed as feed. ‘Other processing uses’ 
(in Tables 3.1–3.4) include some industrial usages that result in human 
ingestion, such as beverage and snack-food manufacture. Overall, wheat is 
also predominantly consumed as food, but in some countries feed or industrial 
usage are major outlets (Table 3.3). In developing countries, the principal 
use of sorghum is food, but elsewhere it is feed (Kleih et al., 2007) (see 
Chapter 10).
 The general analytical methods applicable to all grains for human use are 
those that are necessary to ensure safety (absence of chemical or biological 

Table 3.2 Rice utilisation in millions of tonnes. Utilisation of rice grain for feed is 
very low

 2006/07 2007/08 2008/09 2009/10 Mean 
   estimate forecast utilisation

Food 371.9 377.0 383.3 389.1 86%
Other 54.8 59.6 63.0 64.8 14%
Total utilisation 426.7 436.6 446.3 453.9

Source: www.fao.org.

Table 3.3 Wheat utilisation in millions of tonnes

 2006/07 2007/08 2008/09 2009/10 Mean 
   estimate forecast utilisation

Food 442.3 447.9 455.6 462.9 70%
Feed 113 122.6 119.9 125.3 19%
Other uses 65.3 74.3 72.1 77.0 11%
Total utilisation 620.6 644.7 647.6 665.2 

Source: www.fao.org.
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toxin residues) or end-product quality. Descriptions of these procedures will 
be found in the chapters relevant to the specific grain species and in Chapters 
11 and 13.

3.3 Feed

The ‘coarse grains’ (cereals other than rice and wheat, Table 3.4) are mostly 
utilised for feed, with industrial use being greater than consumption as food 
in many countries. There are some exceptions; for example millets, which are 
almost exclusively used as food where they are grown (Chapter 10). Maize 
has the largest annual production, and accounts for around three quarters 
of the annual coarse-grain production. Most of its production is utilised as 
feed, with industrial uses accounting for more than human consumption in 
most countries (see Chapter 8).
 Barley accounts for approximately 5 to 8 per cent of world cereal production, 
with the principle use being feed. The development and production of high-
lysine barley illustrates this important aspect of its use. Sorghum is probably 
the next in the order of production, with an annual production fluctuating 
significantly around 50 to 70 million tonnes. The fluctuations are caused both 
by climate (mainly drought) and land-use changes by farmers. In developed 
countries, the main use of sorghum is feed.
 For feed purposes, energy and nutritional value are the important 
considerations. Except where grain is used as emergency fodder, animal 
feed is formulated with careful consideration of the stage of development 
of the animal, the purpose for which the animal is being kept and the cost 
of the various grains that may comprise the feed material. Thus, analysis of 
the protein content and amino-acid composition, the digestible carbohydrate, 
lipid (oil) content and fibre content are all necessary to ensure that the final 
product meets the desired nutritional quality. As for human food, grains used 
for feed must meet standards for the presence of toxic or anti-nutritional 
components. For some animals, specific grains are considered less suitable 
and are avoided where possible.

Table 3.4 Utilisation of coarse grains (all cereal grains except rice and wheat) in 
millions of tonnes

 2006/07 2007/08 2008/09 2009/10 Mean 
   estimate forecast utilisation

Food 179.8 184.6 192.5 192.7 17%
Feed 616.3 634.6 629.1 631.5 59%
Other uses 221.3 253.1 274.2 284.8 24%
Total utilisation 1017.5 1075.3 1095.7 1109.0

Source: www.fao.org.
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3.4 Industrial uses

The amount of grain utilised for neither food nor feed purposes has grown 
in recent years. There has been an annual increase of around 10 per cent 
from 2006 to 2008. Prior to that, the increase has been much smaller, and 
the amount was fairly stable prior to 2004. It is this increase in industrial 
utilisation that has resulted in the trend growth for utilisation to rise above 
the trend for production. The main industrial use of grain is to isolate the 
starch component and then process it further. Starch comprises 60 to 80 per 
cent of the dry matter of most cereal grains, and it is isolated industrially 
from maize and wheat, and to a lesser extent from rice. The resulting starch 
may be utilised as it is, or it may be processed further.
 Modified starches (anionic, cationic and cross-linked, to name a few) have 
a wide range of purposes in food and non-food applications. A significant 
amount of starch is digested by enzymic or acid/enzymic treatment to give 
glucose, and some of this glucose is converted to high-fructose syrups for use 
as a sweetener. The starch may also be subjected to fermentation to ethanol. 
This use has traditionally been for the production of alcoholic beverages, 
but high oil prices have caused the amount of grain being converted to 
automotive fuel to increase. Much of the increase in the amount of grain being 
used for purposes other than food and feed has been for ethanol production. 
For the production of ethanol, whether for beverage or other use, grain is 
usually fermented without prior isolation of the starch component. There 
are some exceptions to this general principle. Some wheat-starch factories 
are associated with alcohol production, by utilising the B-starch (small and 
damaged granules) for fermentation. As small granules in wheat comprise 
around 20 to 30 per cent of the total starch, this practice allows a major 
reduction in the water and energy required for purifying this fraction and 
permits the production of high value products (starch and gluten, as well as 
ethanol) at a lower cost.
 Processing of wheat for industrial purposes is somewhat different from 
that for other grains. Although the starch is used as an essential industrial 
commodity, it is the protein of wheat, vital wheat gluten, which is the major 
product of value. The high value of this component makes starch production 
from wheat economically feasible. Most of the industrial applications of 
wheat involve the starch and/or gluten components.

3.5 Utilisation of individual cereals

Most cereals are utilised in the country where they are grown. Individual 
requirements for quality are set locally, and may vary from country to 
country depending on consumer preferences for food and the availability 
of methods and equipment to measure that quality. For international trade, 
specifications are often more rigid, and analytical methods have been approved 

�� �� �� �� ��



The diversity of uses for cereal grains 51

© Woodhead Publishing Limited, 2010

by organisations such as AACC International (2000) and ICC (2006). Some 
aspects of quality are discussed briefly below for wheat and rice. For these 
grains, there are many aspects of quality used to determine suitability for 
particular purposes. See also Chapters 4, 9, 11, 12 and 13.

3.5.1 Wheat
Once physical issues such as foreign matter have been considered by wheat 
traders, the important quality parameters are test weight, grade, protein content 
and dough strength (see Chapter 4). Cultivar (variety) is often important, 
but as one of the criteria used to assign wheat to a premium grade. Test 
weight will have an influence on milling yield, an important consideration 
for millers. Dough strength is affected by variety and by protein content, but 
for a specific protein content, the composition of the protein will also have 
an effect. Protein composition is not usually measured, as it is determined to 
a large extent by the genotype of the wheat. Knowledge of the variety will 
give an indication of the likely composition, although it can also be influenced 
by environmental conditions, such as heat stress during grain filling.
 Protein content is often used as a primary way of selecting wheat for a 
particular purpose (Fig. 3.3). Hardness (or softness) is also used, although 
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in commercial cultivars, soft wheat tends to have a lower protein content. 
Soft wheat is usually used for cakes and cookies where damaged starch (see 
Chapter 17) leads to undesirably increased water absorption. On the other 
hand, in wheat for bread-making, increased water absorption is seen as 
desirable and so hard wheat is preferred for this purpose. Bread wheat also 
requires higher protein content than wheat for cakes and cookies. Between 
these protein contents, there are the requirements for the various types of 
noodle (excluding pasta), as is indicated in Fig. 3.3.
 Pasta is usually made from durum wheat with a high protein content; 
the grain is very hard. Durum has a tetraploid genome, as distinct from the 
hexaploid genome of common or bread wheat. As well as hardness and 
protein content, endosperm colour is also a major determinant of durum 
quality. The presence of black point in durum grain is undesirable. Although 
there is no apparent loss in textural properties, the presence of black point 
may result in black specks occurring in the subsequent pasta. Durum grain 
should have highly vitreous endosperm, but may have non-vitreous regions 
(mottled) or even be almost completely non-vitreous (yellow berry). Durum 
with non-vitreous regions does not appear to yield lower quality pasta, but it 
tends to cause a reduction in yield of semolina from milling and so is avoided 
where possible. Grain containing significant amounts of mottled kernels will 
be downgraded. This property is usually assessed by visual inspection.
 Wheat is usually tested for protein content, moisture, small grains and 
foreign matter prior to receival. In those countries where on-farm storage 
is normally practised, grain will be purchased based on the results of these 
and other tests. Testing is usually carried out before purchase and may 
include testing for variety (see Chapter 12). Where the grain goes into bulk 
storage, other tests as appropriate may be applied. These include testing for 
rain damage (premature sprouting) by Falling Number or Stirring Number 
methods, and the farmer delivering the grain is usually required to make a 
declaration of variety. Grain is then placed into storage with other grain of 
similar quality type and properties.

3.5.2 Rice
The quality of rice is often judged visually, as described in Chapter 9. 
Because rice is usually purchased, cooked and eaten as milled (polished) rice, 
many aspects of its quality may be seen. Grain shape, size and the presence 
of broken or chalky kernels are key attributes which are important to the 
consumer. Increased chalky regions of the grain usually lead to more broken 
kernels, and in severe cases, may lead to the grain disintegrating into small 
fragments. This makes the rice unusable for many purposes, although much 
broken rice and rice flour is now used for extruded products. Broken grains 
also find a ready market in fermentation. Grain shape is often associated with 
particular varieties and types, sought by consumers for particular sensory 
properties, such as texture, flavour and odour. This may arise because consumer 
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preferences lead breeders to emulate visual phenotypes in new varieties, not 
because the appearance actually affects the other sensory properties.
 Starch provides many of the textural properties of rice after cooking, 
and aspects of starch quality need to be considered. Some varieties have a 
waxy allele, resulting in a very low amylose content, and these rice types 
are sought for their textural properties. Amylose, however, is not always a 
direct predictor of rice quality as rice samples of similar amylose content 
may have very different textures. Basmati rice has the characteristic of 
swelling longitudinally, and in some markets a premium is paid based on this 
property. Basmati rice also has a low glycaemic index (GI) and in Western 
countries where diabetes, obesity and heart disease are increasing, it is seen 
as a more desirable product than other rice with higher GI.

3.5.3 Maize (corn)
Corn is the third grain species of the ‘big three’, the three grains that are 
produced at over 600 million tonnes each year. Although a large proportion 
of corn production worldwide is used as feed and for industrial processing 
(see Chapter 8), it has long been an important human-food source in some 
countries, and food uses are spreading to other cultures and countries. 
Nixtamalisation is one of the traditional processes for corn treatment. The 
process involves treating corn grain with alkali to make the nutrients more 
available. Traditionally, the alkali used may have been either lime or sometimes 
potash from the cooking ashes (Berzok, 2005). In modern usage, lime is the 
preferred ingredient. Native populations that used alkaline treatment were able 
to have corn as their main food substance, supplemented by animal protein. 
Those that used unprocessed maize needed additional food sources. Although 
vitamins and minerals are more readily available after alkali treatment, it also 
results in the formation of lysinoalanine and other ‘unnatural’ amino acids, 
and a reduction in the amount of the essential amino acid, lysine, available 
for nutrition. The alkaline treatment may also have had benefits in reducing 
the amounts of mycotoxins resulting from fungal infection. Traditional 
tortillas are made solely from alkaline-treated maize, but modern commercial 
production often includes some wheat flour in the recipe.

3.6 Grain substitution

Chapters (4 to 10) that describe each of the major cereal species provide details 
of their various forms of utilisation, but it is relevant in this introductory 
chapter to consider the extent to which the traditional use of one cereal 
may be substituted by another. For example, no major cereal species can 
replace the role of maize to provide the eating experience of ‘corn-on-
the-cob’. On the other hand, the role of rice as a whole-grain cooked food 
can be substituted by a much cheaper alternative, namely sorghum, after 
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milling by abrasion to remove the outer husk layers (as for rice). However, 
much longer boiling may be needed for sorghum before it is readily eaten 
(Welsch, 1972). Pearled barley is another example of eating a whole grain 
after removal of the bran layers.
 The principle of making porridge by adding water to crushed grain is one 
of the most primitive of food preparation methods for the cereal grains, and 
one that is readily applicable to any of the starch-rich grains. However, the 
most popular grains for this purpose are still oats in Western civilisations and 
sorghum in developing countries, particularly in Africa (see Chapter 10).
 Cross-substitution between cereals is evident with respect to fermentation, 
either for beverage production or for the manufacture of bioethanol-based fuel 
substitutes. For fuel, the raw material is chosen to maximise ethanol yield per 
unit input cost, and will take into account the starch content together with 
the availability of the starch for degradation and fermentation. Research has 
shown that millet could be an acceptable alternative to maize, as it gives a 
high yield of alcohol plus a dried distillers’ grain of higher nutritional quality. 
Traditional beverages have usually used the grain most commonly grown, or at 
least available, locally. Barley is the traditional cereal used for beer production 
(see Chapter 6), but the incorporation of wheat flour as an ‘adjunct’ is common 
practice, and beer brewed from wheat alone is popular in some countries.
 The ready availability of a particular grain as the preferred raw material 
is particularly evident for distilled spirits. In Scotland, malted barley is used 
for malt whiskies, but other grain whiskies utilise maize and wheat together 
with barley malt. Maize and rye are used in the USA and Canada with some 
malted grain and amylolytic enzymes. Elsewhere, other starch and sugar 
sources (potato, molasses, fruit juices) are used, often in association with 
some grain or malted grain. When fermenting starchy mixtures to ethanol, 
recent research has suggested that waxy grains (i.e., grains containing starch 
which consists almost totally of amylopectin) may give a higher yield of 
alcohol, in wheat at least (Zhao et al., 2009). Waxy wheats are a relatively 
recent development and grain yields are not yet as high as ‘normal’ wheat, 
so the overall production of alcohol would be lower per unit crop area.
 However, the production of leavened bread from non-wheat sources is 
difficult, even though such a product is attractive to those who must avoid 
wheat gluten because of their dietary requirements, for conditions such as 
coeliac disease or other forms of wheat intolerance. Mixed soy and wheat-
flour breads have been shown to produce an acceptable alternative bread 
product when there are economic constraints on using 100 per cent wheat 
flour (Maforimbo et al., 2006).

3.7 Whole-plant utilisation

The possibility of using the whole plant as a source of more than the 
traditional products from grain has been considered many times in recent 
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history. As always, ‘necessity has been the mother of invention’ and in 
subsistence agriculture, all parts of the plant are used: as food, as fuel or 
for construction purposes. In times of war, there has been renewed interest 
in converting agricultural waste material into products that can replace ones 
that are unavailable or in short supply. The energy crises of the 1970s and 
1980s have given impetus to utilisation of the whole plant as a means of 
producing liquid fuels and chemicals normally prepared from oil.
 The ready availability of cellulose, a b-linked polysaccharide of glucose, 
makes it an attractive target for the large-scale production of ethanol from 
the simple sugars that derive from cellulose breakdown. However, cellulose 
is much more resistant to enzymic digestion than is starch, and ethanol 
production from cellulose is currently not an economic proposition. It is, 
however, the subject of increasing research interest and commercial processes 
may become feasible.
 There are, however, other industries based on utilisation of waste parts of 
the plant. The first commercial production of furfural was from oat hulls (a 
residue from milling oats for food) in the 1920s. There are large amounts of 
hemicelluloses (pentosans) in many parts of grain plants, and these can be 
hydrolysed and dehydrated to form furfural (Adams and Voorhees, 1921). 
This compound is still mass-produced from agricultural waste such as corn 
cobs and sugarcane bagasse. Modern interest centres mainly around the 
production of alternative liquid fuels from plant residues.

3.8 Future trends

Changes in utilisation are already causing increased competition between 
the various basic uses of grains. Increases in ethanol production have caused 
the amount of grain available for more traditional purposes to be reduced, 
and there has been a consequent increase in prices for feed and industrial 
grain. The premium paid for the higher quality grain consumed as human 
food has not, as yet, been affected by increased conversion of grain to 
ethanol. The price of quality grain for human consumption is determined 
largely by supply and affected by climatic variations. Demand has been 
increasing due to increasing affluence in some developing countries. With 
the trend towards higher prices for grain used for feed and industry, grain 
for human consumption may also be forced upward in price. This may be 
partially offset by improved technologies for conversion of grain to ethanol, 
and by new technologies for utilising other parts of the plant for producing 
liquid fuels.
 Improvement in rapid testing should assist users in accepting grain for 
further processing. Although Falling Number and Stirring Number are the 
main ways for assessing sprouting damage, immunoassay-based tests have 
been developed (Wheat-Rite®) and may be applied rapidly with a minimum 
of equipment (Verity et al., 1999). This type of test is also being applied 
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for detection of contaminants such as pesticides and mycotoxins. Extension 
of this type of technology to other properties could revolutionise testing at 
grain receival. 

3.9 Sources of further information and advice

The Food and Agriculture Organisation web site: www.fao.org 
The International Rice Research Institute web site: www.irri.org
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Champagne E T (2004), Rice: Chemistry and Technology, 3rd Edition. 

AACC International, St Paul, MN, USA.
Kent N L and Evers A D (1994), Technology of Cereals, 4th Edition, 

Pergamon Press, Oxford, UK.
Khan K and Shewry P R (2009), Wheat: Chemistry and Technology, 4th 

Edition. AACC International, St Paul, MN, USA.
White P J and Johnson L A (2003), Corn: Chemistry and Technology, 2nd 

Edition, AACC International, St Paul, MN, USA.

3.10 References
aacc international (2000), Approved Methods of the American Association of Cereal 

Chemists, 10th Edition, AACC International, St Paul, MN, USA.
adams r and voorhees v (1921), ‘Furfural’, Org. Synth. 1: 49, Coll. Vol. 1: 280. (http://

www.orgsyn.org/orgsyn/orgsyn/prepContent.asp?prep=cv1p0280;)
berzok l m (2005), American Indian Food. Greenwood Press, Westport CT, USA.
international association for cereal science and technology (2006), ICC Standard 

Methods, ICC, Vienna, Austria.
kleih u, ravi s b, rao b d and yoganand b (2007), ‘Industrial utilization of sorghum in 

India’, ejournal.icrisat.org 3, Issue 1.
maforimbo e, skurray g, uthayakumaran s and wrigley c w (2006), ‘Improved functional 

properties for soy-wheat doughs due to modification of the size distribution of polymeric 
proteins’, Journal of Cereal Science, 43, 223–229.

moss h j (1973), ‘Quality standards for wheat varieties’, Journal of the Australian Institute 
of Agricultural Science, 39, 109–115.

verity j c k, hac l and skerritt j h (1999), ‘Development of a field enzyme-linked 
immunosorbent assay (ELISA) for detection of alpha-amylase in preharvest-sprouted 
wheat’, Cereal Chemistry 76, 673–681.

welsch d e (1972), ‘Some speculations of the long run future of rice in Thailand’, Staff 
Paper P72-2, Department of Agricultural and Applied Economics, University of 
Minnesota Institute of Agriculture, St Paul MN, USA. (http://purl.umn.edu/13262)

zhao r, wu x, seabourn b w, bean s r, guan l, shi y-c, wilson j d, madl r and wang 
d (2009), ‘Comparison of waxy vs. nonwaxy wheats in fuel ethanol fermentation’, 
Cereal Chemistry, 86, 145–156.

�� �� �� �� ��



Wheat: characteristics and quality requirements 59

© Woodhead Publishing Limited, 2010

Abstract: Wheat is unique as a source of the gluten proteins that alone have the 
dough-forming properties needed to make the variety of foods that rely on the 
rheology of dough, namely, leavened breads, pasta, noodles, flat/pocket breads, 
steamed breads, biscuits, cakes, pastries and various food ingredients. Therefore 
wheat, an essential part of the diet of most of the world’s population, is prominent 
in world trade. Its quality traits are the most critical of all the grains. The glutenin 
polypeptides (subunits) make a substantial contribution to the wheat quality and their 
composition is used extensively as a selection tool in breeding and in quality-based 
segregation of grain.

Key words: gluten, bread, milling, gliadin, glutenin.

4.1 Introduction

Wheat, one of the oldest food crops grown by man, has achieved a central 
role as a staple food for all nations and cultures, largely because wheat flour 
has the unique ability to form a cohesive dough and thus to be made into 
leavened breads of many types and into an even wider range of noodles, 
soups, pasta and other foods (Shellenberger, 1971). In its various food forms, 
wheat provides a large proportion of the world’s nutrition. Compared to 
nutrition from all cereal grains (Table 4.1), wheat provided 44% of grain-
based food world-wide in 2003, and half of the protein and 40% of the fat 
that came from all cereal-grain sources. These data contrast with the volume 
of wheat production (~600 million tonnes annually), which is about 27% 
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of the production of all cereal grains (~2200 million tonnes annually). This 
contrast reflects the relative importance of wheat as a food grain, even though 
a significant amount is also used for animal feed and industrial purposes.
 Despite the importance of wheat grain to humanity, the primary role of 
the grain is to provide a store of nutrients for the embryonic wheat plant. 
As the grain develops, proteins, starch, lipids and sugars accumulate in the 
endosperm (Kasarda et al., 1971; Simmonds, 1989). We take advantage of 
this valuable package of nutrients – the mature wheat grain – when we mill 
it, releasing the inner endosperm from the bran and embryo to provide white 
flour for bread-making. The flour proteins are hydrated during the dough-
mixing process, forming the protein mass referred to as gluten, which permits 
gas bubbles to be retained during leavening. The baking step provides the 
light crumb that we associate with good bread.
 An understanding of quality assessment and management for all stages of 
the grain chain (see Chapter 1) requires a thorough knowledge of the grain 
and the relationship of its composition to the many forms of processing. 
This chapter describes the many ways in which wheat is used for food and 
non-food applications around the world. Despite the variety of uses, there 
are several basic means of assessing the processing value of wheat; in 
addition, there are more specialised approaches to elucidating the suitability 
of specific wheat consignments for particular uses. Knowledge about the 
quality specifications of wheat deliveries is basic to effective management 
of wheat utilisation at all the stages of producing items for the consumer – 
from breeding, through farm management to segregation, transport, and on 
to processing and sales.

4.2 Wheat as a genus

Wheat (Triticum species) is one of the oldest food crops grown in the 
world. It has been known to exist since 10 000 bc as an agricultural species 
intentionally cultivated by man (Feldman, 2001; Gustafson et al., 2009). Its 
popularity stems in part from the adaptability of wheat as a cultivated crop 
suited for many different soils and climatic conditions. Most significantly, 
wheat is unique because of the ability of wheat proteins to combine into 

Table 4.1 Human consumption of wheat-based foods and of foods from all cereal 
sources in the year 2003 for the world. Source: FAOSTAT data, accessed in 2009 via 
the web site (www.fao.org)

 Units From wheat From all cereals

Food  kg/person/year 67 151
Food g/person/day 184 414
Protein g/person/day 15 31
Fat g/person/day 2 5
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the protein mass known as gluten. Wheat is thus the only effective source 
of flour for bread production in the world (Shellenberger, 1971). Its close 
relative, rye, shares some of the dough-forming ability of wheat, but most 
rye bread is made from a grist of wheat and rye flour. See Chapter 5.

4.2.1 Taxonomy
The genus Triticum includes a wide range of species, but only two species 
are grown commercially to a large extent:

∑ Triticum aestivum – bread or common wheat, which is genetically 
hexaploid with genomes A, B, and D

∑ Triticum durum – macaroni or durum wheat, genetically tetraploid, with 
genomes A and B.

 Over 90% of the wheat grown worldwide is T. aestivum. It is used for 
a wide range of applications, including bread, cakes, pastries, biscuits, 
puddings, thickeners and noodles. T. durum (durum wheat) is mainly used 
for pasta production. In addition, small amounts of a few specialty wheats are 
grown: spelt wheat (a hexaploid wheat – T. aestivum var. spelta), Triticum 
monococcum (small spelt wheat) and T. timopheevii (Georgian wheat).
 T. monococcum, Aegilops speltoides, T. tauschii and the wild Aegilops 
species, which is closely related to the modern Ae. speltoides, are ancestral 
diploid wheat species having seven pairs of chromosomes (2n = 14). The 
tetraploid T. durum is derived from the natural hybridisation of T. monococcum 
(A genome) and the ancestral Ae. speltoides (B genome) (Wrigley, 2009). 
Hexaploid bread wheat (2n = 42) is a result from natural hybridisation of T. 
dicoccoides (AABB) and T. tauschii (DD), as stated by Mangelsdorf (1953), 
Shewry et al. (2003) and Gustafson et al. (2009).
 The common wheats of today are divided into red and white wheats (based 
on the intensity of red pigmentation in the seed coat), hard and soft wheats 
(based on the resistance of the seed when it is crushed), and winter and spring 
types (differing in their requirement for a cold period to hasten or permit 
normal development towards reproductive development) (Gooding, 2009).

4.2.2 Origins
Man assumed control over his own food production during the Neolithic 
Revolution. The pre-agricultural hunter-gatherer became familiar with nature’s 
periodicity and the life cycle of the dominant plants in his environment, 
and finally succeeding to domesticate many of them. Wheat is one of the 
world’s most important food crops to be domesticated. It is believed that 
wild relatives of wheat first grew in the Middle East, in the ‘Fertile Crescent’ 
(Feldman, 2001). Wheat was one of the first plants to be cultivated. It was 
grown about 11 000 years ago. Enormous changes in people’s lives occurred 
because of wheat being grown. People began growing their own food and 
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no longer needed to wander in search of food. Permanent settlements were 
established because wheat provided people with a stable food supply. Soon 
they grew enough wheat to feed others from surrounding regions. Once there 
was extra wheat available, trade between various cultures developed. By 
4000 bc, wheat farming had spread to Asia, Europe and North Africa. New 
species of wheat developed because early farmers selected kernels from their 
best wheat plants to use as seeds for planting the following year’s crop. In 
that way, only the best wheat qualities were passed from one generation to 
the next. Soon wheat became an important world-wide crop.
 Three main theories concerning the site of wheat domestication were 
proposed in the nineteenth century. According to the first theory, wheat was 
domesticated in the Near East. The evidence was from the Chaldean priest, 
Berosus, who mentioned that wild wheat occurred in Mesopotamia at about 
2700 BP (Syncellus, Frag. Hist. Graec., vol. 2, p. 416). Another theory in 
1899 proposed that cultivation of wheat started in central Asia. The third 
theory proposed in 1908 suggested that wheat grew wild in Europe and was 
later domesticated there.

4.2.3 Genetic constitution
Genetically, there are three main groups of cultivated wheat, namely, 
diploid, tetraploid and hexaploid wheats. The wild progenitor of cultivated 
diploid wheat einkorn was discovered in the Middle East, the progenitor for 
tetraploid wheat emmer and durum was discovered in the beginning of the 
twentieth century. There are no equivalent progenitors for hexaploid wheat 
and it is clear that hexaploid wheats arose from hybridisations between 
cultivated tetraploid wheat and wild diploid species. During the twentieth 
century, breeders have developed many new wheat genotypes. These new 
types of wheat can produce good yields of grain, with resistance to cold, 
disease, insects, and other crop threats. As a result, wheat production around 
the world has risen dramatically. During the last 30 years, there has been 
a tremendous increase in new knowledge of the biochemistry, genetics and 
functional properties of wheat. More recently, molecular biology had helped 
to elucidate the functions of the genes that determine the great diversity of 
wheat phenotypes (Jones et al., 2009).
 Common or bread wheat (Triticum aestivum) is hexaploid with 21 pairs 
(2n = 42) of chromosomes comprising three homoeologous (similar) genomes 
(AA, BB and DD) each of 7 pairs. Durum and emmer wheats are tetraploids 
(2n = 28) possessing genomes, AA and BB, similar to these genomes in 
hexaploid wheat. Einkorn wheat is diploid (AA genome).

4.2.4 Plant and grain morphology
An understanding of plant, head and grain morphology (appearance) is useful 
for managing the stages of grain production, and also for the assessment of 
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grain quality to the extent that morphology can be used for varietal identification 
– variety being an important aspect of grain quality. Plant characteristics are 
an important part of the system for variety registration conducted by UPOV, 
the International Union for the Protection of New Varieties of Plants, for 
the purpose of enforcing Plant Breeders’ Rights. Registration requires that 
a new variety should exhibit the attributes of distinctness, uniformity and 
stability (DUS), mainly with respect to morphology. The procedures and 
attributes for DUS testing of wheat are provided by Jarman (1995), Mauria 
(2000), Cooke and Wrigley (2004) and on the UPOV web site (www.
upov.int). Several books and review articles are available concerning the 
morphological characteristics that are useful for variety identification, some 
of them accompanied by identification descriptions and keys for the specific 
varieties in national variety collections; for example, Ferns et al. (1975) and 
various editions through to Fitzsimmons et al. (1985); also Jarman (1995) 
and Agrawal (1997).

Plants
While a wheat grain is seen by us as a food source, it is really the means 
by which a wheat plant perpetuates itself and by which it is multiplied. 
For the wheat plant, the bulk of the grain is a repository of nutrients stored 
to benefit the new plant until its leaves are developed enough to provide 
its own energy needs via the processes of photosynthesis. The first stage 
(germination, Gooding, 2009) is initiated by moisture, involving the swelling 
of the germ (embryo), followed by the splitting of the germ cover to permit 
the growth of the roots and coleoptile. Continued growth of the coleoptile 
leads to the appearance of the first green leaf, followed in turn by successive 
leaves unfolding from the leaf sheath (stem), each clasping to the stem by an 
auricle. The plant shown in Fig. 4.1 shows only a single stem for simplicity 
of illustration, but most wheat genotypes produce multiple stems (tillers), 
which arise from the base of the plant.
 Wheat varieties differ in various aspects of plant morphology throughout the 
stages of growth, permitting limited opportunity for variety identification. For 
example, in the early stages of growth, when there are several leaves, growth 
habit may be classed as prostrate (lying almost flat against the ground) for 
some varieties, or as erect for others (the leaves standing reasonably upright). 
At various growth stages, the abundance of short hairs on the leaf surface 
(leaf pubescence) is another attribute to use in variety identification, as are 
also leaf dimensions (length and width), but the latter are also dependent 
on growth conditions.

Heads
As the stem elongates, the grain-bearing head (ear, spike) develops inside 
the upper leaf sheath. Eventually the last leaf (the flag leaf) unfolds and 
the head appears, and flowering occurs. Wheat is almost exclusively self 
pollinating, with little out-crossing so pollen is not shared with neighbouring 
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flowers. This means that wheat remains true to genotype during propagation 
once its genetic constitution has become stabilised. Following flowering, the 
fertilised embryo develops inside the protecting glumes. For the purposes of 
distinguishing between varieties, it is useful to note plant height at maturity 
and straw strength (both dependent on growth conditions). Time to maturity 
is an important genetic attribute as it is interactive with time of planting and 
expected time for harvest. In many wheat-growing regions, the timing of these 
events is critical. The time for sowing must coincide with an unpredictable 
rain event to promote uniform germination, flowering must be timed to occur 
after the last frost, but the later stages of grain filling should not be so late as 
to occur when daily temperature maxima are excessive (e.g., over 35 °C).
 Several morphological characteristics of the wheat head are useful for 
variety identification. The most obvious characteristic is the presence or 

Blade of 
flag leaf

Head

Stem

Leaf 
sheath

Top 
auricle

Fig. 4.1 The wheat plant, showing only one stem, near to maturity with the stem 
fully elongated, carrying the head at its tip. Reproduced with permission from Ferns  

et al. (1975).
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absence of awns (beard), the long hair-like extension of the lemma glumes 
(Fig. 4.2). This distinction is so clear that it can be seen in a wheat crop 
when driving past, provided it is sufficiently mature for the heads to be 
out of the flag leaf. Head colour (also glume colour) at maturity is another 
obvious distinguishing attribute – either white or brown. A third obvious 
characteristic is the club head, for which the florets are closely spaced on 
the rachis. The club head is the extreme case (ten internodes occupying less 
than 4 cm of head) for the character known as head density. At the other 
extreme is the lax head, with ten internodes occupying more than 5 cm of 
head (Ferns et al., 1975). An additional distinguishing characteristic is head 
cross-section (either square or flattened when seen from above). The durum 
head is generally much wider when viewed from the side (looking between 
the spikelets) than in the face view (the dorso-ventral view, as seen with the 
spikelets in full face; the view in Fig. 4.3). Head length may also be useful 
for identification, but it is partly dependent on growth conditions.
 At maturity, the glumes dry out completely whilst still enclosing the 
grain. The position of the grain in a floret can be seen in Fig. 4.2. In this 
expanded view, the grain is resting inside the lemma with the palea above 
it. The lemma continues up and out of the head as the awn (if awns are 

Awn

Palea

Grain

Lemma

Outer glume

Rachis

Fig. 4.2 A single spikelet of wheat, with other florets removed to reveal the rachis, 
which is the ‘backbone’ of the head. The lemma and palea have been pulled apart to 
show the grain resting in the lemma. Reproduced with permission from Ferns et al. 

(1975).
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present). Each floret of the rachilla has a lemma and a palea, but only 
the lower florets have the outer glumes, which are especially useful for 
variety identification. Distinctive shapes are shown in Fig. 4.4. Even when 
examining a grain sample for visual identification of variety, glume shape is 
often useful, as there may be glumes present that have not been winnowed 
away from the grain. Therefore, glumes are included in the illustrations of 

Fig. 4.3 Heads, seen in dorso-ventral view, of three wheat varieties that differ in 
awnedness. From left to right, these heads are classed as unawned, half awned and 

fully awned. Reproduced with permission from Ferns et al. (1975).

Fig. 4.4 Variations in glume shape. These are characteristic for wheat variety. 
Reproduced with permission from Agrawal (1997).
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grain shape in Fig. 4.5, in which the differences in glume shape are very 
evident.

Grain
The wheat grain is botanically a single-seeded fruit, called a ‘caryopsis’ or 
‘kernel’, developing within the glumes, which are modified leaves. From 

Fig. 4.5 Grain and glumes of the Australian wheat varieties (a) Gatcher, (b) Kite and 
(c) Olympic. Adapted from Ferns et al. (1975).

(a) (b)

(c)
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the dorsal (top, non-crease) side, the grains of different varieties may appear 
to be oval, ovate, elliptical, elongated or truncated (see the shapes of the 
five grains at the upper left for each of the varieties in Fig. 4.5). These 
characteristics can be useful in attempting to identify varieties by aspects 
of grain shape (Fig. 4.5). Wheat kernels average 2.5–3.0 mm in thickness, 
3.0–3.5 mm in width, 6.0–7.0 mm in length and 30-40 mg in weight. Wheat 
kernels are rounded on the dorsal side with a longitudinal crease running the 
full length of the ventral side (see the view of the grains in the top right for 
each variety in Fig. 4.5). The presence of this wide and deep crease is seen 
more clearly when the grain is cut in half, as in Fig. 4.6a. The presence of 
the crease is undesirable because, if extreme, it can contribute to a low bulk 
density (test weight). The main inner volume of the grain is occupied by the 
starchy endosperm which becomes the white flour when it is released and 
crushed to fine particles by the flour miller. The crease complicates the task 
of the miller as the bran of the crease, as well as the bran of the outer grain 
surface, must be separated from the endosperm during flour milling. The 
embryo is located on the dorsal side at the end of the grain that is attached 
to the head. At the opposite end of the grain (the apical end) is a tuft of 
hairs, known as the ‘brush’.
 Grain characteristics are probably the most important for variety 
identification, because wheat is usually in the form of a grain sample when 

(a)

Fig. 4.6 The cut surface of a wheat grain shown (a) at low magnification, (b) at 
medium magnification with the crease space at left and (c) at highest magnification to 
reveal the endosperm cell walls and the two types of starch granule (large, A-type and 

small B-type granules). Scanning electron micrographs provided by W. Campbell.
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(c)

(b)

Fig. 4.6 Continued
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identification is needed. Given the small size of the wheat grain and its 
general uniformity, the grain is also the most difficult part of the plant for 
identification. Grain hardness (hard or soft) is a primary distinguishing 
characteristic, for identification, for trade and for processing. Apart from 
instrumental means, hardness is best judged by cutting grains transversely 
across the length with a sharp blade. With experience, biting the grain is 
also effective. Grain texture is closely related to hardness, with soft grains 
having opaque endosperm, appearing white or floury when cut. On the other 
hand, grains of hard varieties have a vitreous interior, appearing horny and 
translucent when cut in half. The difference in texture is usually evident in 
the whole grain, but grain colour and weathering may confuse the recognition 
of grain texture when examining whole grain.
 Grain colour is an important primary distinguishing characteristic of 
significance for identification, trade and processing. Wheat grain is classed 
as either red or white (depending on the presence or absence of genes on 
homoeologous group 3 chromosomes). However, the red/white terms do not 
adequately describe the actual colour of the relevant grains, as endosperm 
texture also affects the perception of grain colour. Ideally, grains are soaked 
in a 5% aqueous solution of sodium hydroxide to enhance the colour 
differences.
 Other distinguishing characteristics are illustrated by comparing grains of 
three varieties in Fig. 4.5. Multiple grains are included for each variety in 
Fig. 4.5 because there is inevitably some variation in size and shape from 
one grain of the same variety to another. The aim of classification methods 
is to use characteristics that provide the greatest distinction between varieties 
and that vary least due to changes in growth conditions. Such characteristics 
are evident in a comparison of the three varieties in Fig. 4.5. For example, 
grain of the variety Gatcher is pointed at the brush end when viewed from 
either the dorsal (back) view or from the side. In contrast, the grains of Kite 
and Olympic appear blunt in these views, Kite being classed as a large, oval 
grain. The long brush hairs of Gatcher are also evident. The germ face of 
Olympic is steeper than that of Gatcher.

4.2.5 Grain ultrastructure
When a wheat grain is cut in half, at a right angle to the crease, the structure 
of the endosperm and bran layers are seen. Scanning electron microscopy 
(Fig. 4.6) shows the wrinkled outside surface of the grain and the structure 
of the crease (Fig. 4.6a). At higher magnification (Fig. 4.6b) the wrinkles of 
the outer bran layers are evident, especially near the innermost part of the 
crease where this image is taken. Beneath the bran layers is the single layer 
of aleurone cells. To the right of the aleurone cells in Fig. 4.6b is the bulk 
of the endosperm, appearing as a mass of oval starch granules embedded 
in the matrix of storage protein. Mainly the large (A-type) starch granules 
are seen in Fig. 4.6b, but at even larger magnification (Fig. 4.6c) the small 
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(B-type) granules are also visible, and so are the cell walls separating the 
endosperm cells.

Milling
Knowledge of the physical structure of grain at macroscopic and microscopic 
levels has application in flour milling. During the overall milling process, the 
grain is crushed and mechanically fractionated into its various morphological 
components – mainly endosperm, bran and germ. The bran is made up of 
several layers that remain after serving their purposes in the developing 
grain. The pericarp (the ripened ovary wall) consists of the outer epidermis, 
hypodermis, parenchyma, intermediate cells, cross cells and tube cells (Bechtel 
et al., 2009). The pericarp tissues are lignified and devoid of cytoplasm. 
The seed coat (testa) and the pigmented strand provide a complete covering 
around the seed. In red wheats, red-brown pigmentation is found in the 
seed coat and the pigment strand, but the pigmentation is absent in white 
wheat. Between the seed coat and the endosperm is a single crushed layer 
of empty epidermal cells called the nucellus. The next layer is the aleurone 
layer (one cell-layer thick in wheat), which is classified as being part of the 
endosperm. The starchy endosperm represents more than 80% of the grain 
mass, although it is virtually impossible for the miller to achieve an 80% 
yield of white flour of high quality, based on colour or ash content.
 To produce a high yield of white flour, the miller has to remove the 
embryo and the bran layers cleanly from the starchy endosperm. The aim 
is thus to remove all the endosperm from the inside of the bran particles, 
whilst keeping the bran and germ tissues as intact as possible, so that the 
non-endosperm fragments are large and thus easier to remove by sieving. 
One of the purposes of moistening the grain before milling (‘conditioning’) is 
to make the bran less brittle (friable) and thus less likely to break into small 
pieces during crushing. Nevertheless, small bran particles find their way into 
the final flour, with the potential to detract from its desired whiteness. The 
bran of red wheats is more likely to detract from whiteness than bran from 
white wheats. Therefore, 1–2% higher flour extraction might be expected 
from white wheats compared to red wheats, if the specifications for flour 
quality are based on flour colour. An alternative quality specification is flour 
ash content, which is another measure of the extent of contamination with 
non-endosperm tissues (Posner and Hibbs, 2005).
 Grain hardness is an important factor affecting flour yield, the extent 
of starch damage and energy requirements in the mill. The miller must 
therefore achieve careful adjustment of the mill to optimise performance. 
During milling, the endosperm of a hard wheat breaks along the lines of the 
endosperm cell walls or through the cell, even across starch granules and 
embedded protein bodies, initially yielding semolina (coarse flour) rather 
than fine flour particles; further reduction milling is required to reduce 
particle size and achieve particle-size specifications. In contrast, when a 
soft wheat is milled, the endosperm fragments readily into fine particles, so 
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that starch granules are released with little damage and largely free from 
the protein matrix. Starch granules from a soft wheat thus appear to have 
a smooth surface in contrast to starch from a hard wheat (Fig. 4.7). Grain 
softness is controlled by a dominant gene on the short arm of chromosome 
5D. This gene determines milling characteristics and hence its suitability 
for the manufacture of specific products.
 Starch damage is an important quality specification for flour because it is 
one of the significant factors affecting water absorption. High starch damage 
is desirable for many bread making applications as it increases the moisture 
content of the final bread, but low starch damage is needed for biscuit 
(cookie) making because the moisture must be removed during baking. In 
addition, a significant degree of starch damage is desirable in flour to be used 
for leavened bread, to allow ready access by a-amylase to the inner part of 

(a)

(c)

(b)

(d)

Fig. 4.7 Wheat starch granules at various stages of attack by a-amylase. (a) An 
intact A-type granule with a few B-type granules. (b) Initial attack by a-amylase at 

points of starch damage. (c) and (d) Progressively greater erosion of the starch granule 
by a-amylase. Scanning electron micrographs provided by W. Campbell.
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the starch granule. The sequence of events in Fig. 4.7 illustrates how the 
surface of the starch granule provides a degree of protection from enzymic 
attack. In Fig. 4.7b, enzymic attack has started at places where there has been 
slight damage to the granule surface. Digestion of the starch has continued 
progressively (Fig. 4.7c and 4.7d). Figure 4.7d also shows the internal rings 
of crystalline starch, which differ in their susceptibility to enzymic attack 
(French, 1984).

Dough mixing
When water is added to the flour with mixing, the protein matrix becomes 
gradually hydrated, coming together to form the gluten strands visible in 
Fig. 4.8, while the individual starch granules (large and small) are trapped 
inside the gluten matrix. They are also visible on the surface of the dough 
in this scanning electron micrograph. As gas bubbles develop in the dough 
due to yeast action, the consistency of the dough must be elastic enough 
to trap the bubbles (preventing them just rising to the surface) and viscous 
enough to allow the gas bubbles to expand during baking, to provide a well 
expanded crumb and a large loaf volume.

Fig. 4.8 The surface of a dough piece, showing the continuous strands of gluten 
protein providing a matrix for the starch granules, both A-type large granules and 

B-type small ones. Scanning electron micrograph provided by W. Campbell.
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4.3 Unique aspects of wheat

It is this ability of the gluten proteins to hold the gas bubbles during dough 
making and baking that makes wheat a unique cereal grain. This ability is 
the major explanation for the wide range of uses of wheat worldwide, as 
listed in Table 4.2 and Fig. 4.9.

4.3.1 Uses of wheat
The contribution of wheat as a major component of most diets of the world 
is due to its ability to produce a variety of interesting and tasty foods, as 
well as its agronomic adaptability, easy storage and nutritional benefits. 
Foods made with wheat are a major part of the diet for over a third of the 
world’s people. In fact, wheat can be found in some form in almost every 
meal. The unique viscoelastic property of wheat dough, responsible for 
the production of a wide range of foods, is different from the dough made 
from other cereals. Wheat-based foods include leavened breads, cookies, 
cakes, spaghetti, biscuits, bagels, pizza, noodles, chapatti, breakfast cereals, 
macaroni and other forms of pasta, meat substitutes and wheat beer. Table 
4.2 lists many of the food products that can be made only from wheat, plus 
the quality attributes needed for each product, and the processing used in 
the case of pan bread. Wheat is also used in non-food applications, such as 
vital dry gluten, starch (native and modified), biodegradable plastics, paint 
stripper, cat litter, raw materials for cosmetics, aquaculture feed and ethanol 
production. There is considerable overlap between the many uses of wheat; 
the interlocking of these interactions is shown in the form of the jigsaw 
puzzle of Fig. 4.9. Efficient production of each use in this wide product 
range requires specific types of wheat selected to provide flour with the 
required specifications in the categories of protein content, grain hardness, 
flour particle size, soundness, etc. Foremost among these specifications is 
the content and composition of the grain protein, as indicated in Table 4.2. 
The prime role of proteins is largely due to their prominence, shown in Fig. 
4.10, as the first grain components arising from gene action.

4.3.2 Wheat proteins
The ability of wheat proteins to combine into the protein mass known as 
gluten has made wheat the most popular and effective source of flour for bread 
production in the world (Shellenberger, 1971; Schofield, 1986). Wheat gluten 
was first isolated by Beccari in 1728 (Kasarda et al., 1971). The traditional 
method of preparation of gluten involves the mixing of flour and water to 
form dough, followed by gentle washing of the ‘dough ball’ in water or dilute 
salt solution to remove starch and soluble materials. Gluten is recovered as a 
rubbery mass containing approximately 80% of the total protein of the flour 
(Dill and Alsberg, 1924; Fisher and Halton, 1936). Lipids, which make up 
5–10% of the dried gluten, may not be naturally associated with the proteins, 
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but are believed to be bound to them during dough formation (Olcott and 
Mecham, 1947; Lee and Wan, 1963). Occluded starch and moisture make up 
most of the remainder of gluten preparations (10–12%) and small amounts 
of non-starch carbohydrates may also be present (Udy, 1957).

Pan breads :

Flat breads :

Noodles :

Steamed 
breads :

Cakes

Pita

Qiang

Pasta

Tanoor

Xiao

Instant

Biscuits

Fermented

dough

Chapatti

Udon Hokkein

Sponge & dough

Cantonese

Pau

Roller

dough

Lavash

Starch – 
gluten

Fig. 4.9 The interlocking nature of the wide product range of foods made from 
wheat.
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Fig. 4.10 The interlocking nature of the functional properties is shown at the lowest 
line, interactive with the chemical components responsible (next line up), and with 
the proteins involved. The top line accentuates the primary influence of the genome 
in determining the synthesis of the proteins responsible for generating the necessary 

grain composition. Adapted from Wrigley (1993).
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Classification of wheat endosperm proteins
Wheat proteins have been classified traditionally according to their solubility 
properties. The first comprehensive fractionation scheme for wheat proteins 
was developed by Osborne (1907). It was based on the different solubility 
of the proteins in various solvents:

∑ Albumin: Soluble in water
∑ Globulin: Soluble in salt solution
∑ Gliadin: Soluble in 70% aqueous ethanol
∑ Glutenin: Soluble in dilute acid or alkali

 Gliadin and glutenin represent about 80% of the total proteins in flour and 
are present in approximately equal amounts (Hoseney et al., 1969a; Bietz and 
Wall, 1975; Tatham and Shewry, 1985; Prichard and Brock, 1994; Shewry 
et al., 2009). They also comprise the main proteins of wheat gluten, and are 
the most important determinants of the functional properties of wheat flour. 
Ideal dough properties depend on an appropriate balance between gliadin 
(contributing to dough viscosity) and glutenin (contributing to the strength 
and elasticity of dough). It is the unique combination of these properties that 
comprises the functional properties of dough (Popineau et al., 1994; Prichard 
and Brock, 1994; Khatkar and Schofield, 1997; Wieser et al., 2006). Although 
albumin and globulin proteins are presumed to be less important to bread-
making quality than gluten proteins, a number of studies have considered 
their effects (Pence et al., 1951; Hoseney et al., 1969b; D’Appolonia and 
Morad, 1981). Nevertheless, their contributions to dough quality are not 
fully understood (Schofield and Booth, 1983; Jones et al., 2006).
 Prolamins are storage proteins soluble in alcohol-water mixtures; their 
amino-acid compositions are characterised by high contents of glutamine 
and proline, which together account for 30–70% of the total amino acids 
(Bushuk and Wrigley, 1974; Shewry et al., 1986). Comparison of the amino-
acid sequences of individual prolamins has led to a classification based on 
primary-structure relationships (Shewry and Miflin, 1985). The three groups 
are:

∑ High-molecular-weight (HMW) prolamins: the HMW glutenin subunits 
(HMW-GS);

∑ Sulphur-rich prolamins: the low-molecular-weight glutenin subunits 
(LMW-GS), a-gliadins, b-gliadins and g-gliadins;

∑ Sulphur-poor prolamins: w-gliadins.

A complementary nomenclature, reflecting the functional properties of the 
gluten proteins, was agreed at the Sixth International Gluten Workshop 
(Wrigley et al., 1996). The resulting statement below is reproduced with 
permission: 

A. Native proteins

1. Gluten proteins are those proteins that impart the unique visco-elastic 
properties to dough made from wheat flour.
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2. Gliadin and glutenin – Gliadin proteins are the gluten proteins that exist 
in an extract of flour as monomeric polypeptides, with many disulphide 
bonds being intra-polypeptide, the polypeptide identity being as defined 
below under ‘individual polypeptides’. Glutenin proteins are those gluten 
proteins that are polymeric, having disulphide bonds joining between 
individual polypeptides of glutenin (as defined below as individual 
polypeptides).

B. Individual polypeptides

1. Gliadin polypeptides
 Gliadin polypeptides occur in groups or ‘blocks’, based on each of the 

several sets of tightly linked genes located on the short arms of Group 
1 and 6 chromosomes (Gli-1 and Gli-2 loci, respectively).

2. HMW subunits (or polypeptides) of glutenin
 The nomenclature of individual high-molecular-weight (HMW) 

polypeptides of glutenin is based on their apparent sizes as indicated 
by sodium dodecyl-sulphate (SDS) gel electrophoresis, as well as the 
complementary evidence provided by the locations of genes coding for 
them on the long arm of Group 1 chromosomes (at the Glu-1 loci).

3. LMW subunits (or polypeptides) of glutenin
 LMW subunits are those of smaller apparent size on SDS-gel 

electrophoresis and the alleles (Glu-3) can be designated for the LMW 
subunits according to the respective loci on the short arms of Group 1 
chromosomes.

Functional properties of endosperm proteins
Most of the flour specifications given in Table 4.2 are related to wheat-protein 
composition. As a result, it has been possible to specify marker proteins (and 
thus genes, see Fig. 4.10) as a basis for predicting wheat or flour quality 
instead of performing quality tests such as dough testing, baking or starch 
pasting, e.g. those indicated in Table 4.2 and Fig. 4.11 (Cornish et al., 2001, 
2006). Most protein markers are non-functional polypeptides (indicated in 
the second row of Fig. 4.10), arising from gene action, via messenger RNA 
(the transcriptome). The amino-acid sequence of the polypeptides is specified 
by the respective DNA and RNA sequences. The further stages of folding 
and disulphide bonding lead to the formation of functional proteins, such 
as enzymes, aggregated gluten proteins and lipoproteins in the second and 
third rows of Fig. 4.10.
 The genes that code for the various gliadin and glutenin polypeptides 
have been identified. The Glu-1 genes on the long arms of the homoeologous 
Group 1 chromosomes code for the high-molecular-weight subunits of 
glutenin (HMW-GS). The short arms of the same chromosomes carry the 
Glu-3 genes, coding for the low-molecular-weight subunits of glutenin 
(LMW-GS) and the Gli-1 genes, coding for g- and w-gliadins. The a- and 
b-gliadins, however, are coded at the Gli-2 loci on the short arms of group 
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6 chromosomes (Metakovsky, 1991; Metakovsky et al., 1994, 2006). Each 
gliadin locus has been found to control the synthesis of several jointly inherited 
components (blocks) and 12–25 alleles have been assigned to each locus 
(Metakovsky, 1991; Metakovsky et al., 2006). To indicate which locus is 
concerned, the genome symbol is appended to the general locus name, e.g. 
Glu-D1 is the D genome HMW glutenin locus (Bietz et al., 1975; Payne et 
al., 1980, 1981; Lawrence and Shepherd, 1980, 1981; Payne, 1987; Shewry 
et al., 1989, 2006). Each HMW-GS locus consists of two genes encoding a 
HMW x-type and a HMW y-type subunit (Payne et al., 1981; Shewry et al., 
2006), the y-type generally having a greater mobility on SDS polyacrylamide 
electrophoresis. Therefore, hexaploid bread wheats could, in theory, contain 
six different HMW-GS. In fact, only three to five subunits are present in most 
cultivars because of the silencing of some genes. A wheat cultivar with 6 
HMW-GS has been identified (Johansson et al., 1993). All cultivars contain 
1Bx, 1Dx and 1Dy subunits, while some cultivars also contain 1By and/or 
1Ax subunits (Payne et al., 1984). The 1Ay subunits are available in wild 
wheats. Payne and Lawrence (1983) surveyed alleles at the three glutenin 
loci in about 300 cultivars and found only three allelic forms at the Glu-A1 (x 
subunit only) locus, one of which is a null form (i.e., no subunit expressed). 
Either one (the x) or two proteins (when the y subunit is also present) were 
found encoded by the Glu-B1 locus, with eleven alleles involving fourteen 
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different proteins. Seven alleles were found in the Glu-D1 locus coding for 
eight proteins.
 Among a collection of 222 hexaploid wheats from 32 countries, 20 
different electrophoretic band patterns were detected for LMW subunits of 
glutenin, six for the Glu-A3 locus, nine for the Glu-B3 locus and five for 
the Glu-D3 locus (Gupta and Shepherd, 1990). There was also a null for 
the Glu-A3 locus. The number of electrophoretic band combinations found 
for LMW-GS is much lower than expected based on random association of 
gene loci products, indirectly indicating that genes coding for these bands 
are closely linked. Most wheat varieties express more than fifteen LMW-GS 
(Payne et al., 1980).
 Recent decades have brought abundant evidence that the various genes 
for the glutenin subunits contribute to grain quality, mainly with respect to 
dough properties, as reviewed by Cornish et al. (2006) and by Shewry et 
al. (2009). The HMW subunits of glutenin (Glu-1 alleles) make a greater 
contribution than the LMW subunits (Glu-3 alleles), and the Glu-1 ranking 
system of Payne (1987) has been a valuable tool for assessing dough strength. 
However, we now know that the combined allelic contribution of both HMW 
and LMW subunits should be considered when assessing potential parent lines 
and when selecting progeny (Cornish et al., 2006; Wrigley et al., 2009).
 Nevertheless, the actual contribution to dough quality is made by the 
polymerised glutenin subunits. The way in which these very large molecules 
are joined together by disulphide bonds is critical to dough quality (Wieser 
et al., 2006), even though some subunits may make different contributions 
than others. This polymerisation process is under both environmental and 
genetic control, so growth conditions must be considered in addition to the 
genetic constitution of the glutenin alleles (Lafiandra et al., 1999).
 About 50% of the variation in grain quality has been attributed to the 
allelic combination of the glutenin subunits and the puroindolines – proteins 
that are associated with the starch granules (see next section) (Morris et al., 
1994; Jones et al., 2006). Recently, another class of proteins, the serpins, has 
been implicated as contributing to grain quality (Cane et al., 2008). These 
proteins (serine protease inhibitors, classed as defence proteins) constitute 
about 4% of the grain mass. Their involvement is based on statistical analysis 
of data for a large population of wheat genotypes, as well as analysis of 
genotypes differing in the wild-type and null alleles of a serpin whose locus 
is located on chromosome 5B.

4.3.3 Wheat carbohydrates
The wheat grain, at maturity, consists of 85% carbohydrate, most (80%) 
being the starch of the endosperm. The non-starch carbohydrate is made 
up of mono-, di- and oligo-saccharides and fructans (7%), plus cell-wall 
polysaccharides (12%) (Mares and Stone, 1973). The main wheat carbohydrate 
(starch) is the predominant carbohydrate source for human diets, the substrate 
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for producing alcoholic beverages and fuel ethanol by fermentation, and the 
raw material for many other industries (Stone and Morell, 2009). Starch 
constitutes 60–70% of the mass of wheat flour. In general, soft wheats have 
less protein and more starch than hard wheats, reflecting the respective use 
specifications for each (Table 4.2).
 The contribution of starch to flour processing quality has only recently been 
fully recognised (Rahman et al., 2000). Chemical properties (such as amylose 
content and granule-size distribution) and physical characteristics (such as 
temperature of gelatinisation, viscosity of starch gels and swelling power) 
are the main characteristics of starch that are important for processing quality 
(Table 4.2). Starch is deposited in granules in the developing endosperm. At 
maturity, the granule sizes range from <1 mm to about 40 mm (Figs 4.6–4.8). 
The starch granules contain amylose and amylopectin, plus small amounts of 
protein, lipid and other polysaccharides (Rahman et al., 2000). The proteins 
may be present within the granules (‘granule bound’) or on the surface of the 
granule (‘surface bound’). The granule-bound proteins are enzymes which 
were involved in starch synthesis.
 One of the surface-bound proteins known as ‘friabilin’ has been linked with 
the grain-softness protein (GSP in Fig. 4.10) and differences in grain hardness 
(Greenwell and Schofield, 1986). This grain-softness protein has now been 
shown to be a mixture of several related proteins known as ‘puroindolines’ 
(Morris et al., 1994; Jones et al., 2006). The genetics of grain hardness has 
been demonstrated to be relatively complex, with a diversity of alleles being 
involved at the Pina-D1 and Pinb-D1 loci. New alleles are being discovered 
in various germplasm collections, offering breeders a range of opportunities 
to modify grain hardness and the starch properties that are related to noodle 
quality (Ma et al., 2009).
 One of the granule-bound proteins, known as granule-bound starch 
synthase (GBSS), is associated with amylose synthesis. It is encoded by 
loci on chromosomes 7A, 7D and 4A (Nakamura et al., 1995). The locus 
on chromosome 4A, known as ‘Wx-B1’ was translocated naturally from 
chromosome 7B. The null allele at this locus is linked to high noodle quality 
in Japanese Udon noodles (Table 4.2) (Zhao et al., 1998). The presence 
of all three GBSS enzymes, encoded at their respective loci, introduces 
a degree of redundancy in synthesis of amylose. Removal of one of the 
enzymes reduces the amylose content to 18–25%. Removal of the second 
enzyme further reduces the amylose content to 12–18%. When all forms 
of the enzymes are absent, the amylose content is reduced to almost zero 
(Nakamura et al., 1995). High-amylose content is also possible (Yamamori 
et al., 2000; Regina et al., 2006).
 The size distribution of starch granules in wheat is important for processing 
quality. The distribution is bimodal (Figs 4.6–4.8). By weight, 70–80% of the 
starch is the large granules (A-type, greater than 10 mm), which contribute only 
20% of the granules by number. Small starch granules (B-type) have a high 
surface-area-to-mass ratio and hence bind more water than the same mass of 
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large granules (Larsson and Eliasson, 1997). A-type starch is the highly purified 
form comprising mainly large granules with very low protein content. B-type 
starch has higher protein content and comprises mainly small granules.
 Starch-paste viscosity, an important aspect of starch quality, is measured 
using the Visco-amylograph or the Rapid Visco Analyser (RVA, Table 
4.2). The important parameters measured using this method are the peak 
viscosity, trough viscosity and final viscosity. The method involves a 
controlled temperature profile which heats and then cools the starch in the 
presence of excess of water, for an initial temperature of 50–95 °C and then 
back to 50 °C. During the heating phase, the starch gelatinises. However, 
the observed viscosity change does not occur until the gelatinised starch 
granule rapidly absorbs water and swells. After reaching peak viscosity on 
heating, the viscosity reduces as the swollen granules rupture and degrade. 
The minimum viscosity reached is an indication of stability of starch gel 
at high temperature. When the gel is cooled, its viscosity increases. The 
increase in viscosity is contributed by amylose. The final viscosity reached 
is the indication of gel strength of products at low temperature. Starch paste 
viscosity is measured for two reasons (Stone and Morell, 2009). Starch paste 
viscosity is an alternative to falling number measurements. This provides the 
impact of amylose on viscosity. Starch paste viscosity is also a predictor of 
end-use functionality in food and non food (paper manufacture) industry.
 The swelling power of starch measures the ability of starch to absorb 
water and increase in size under controlled conditions of starch-water 
ratio, temperature and agitation. Amylose content is the main factor which 
determines the ability of the granule to swell (Crosbie, 1991). This is a 
useful diagnostic tool to predict noodle quality. The consistency of the 
cooked product is an important attribute of Japanese Udon noodles (Table 
4.2) and this is generated by the ability of the granule to swell and maintain 
integrity. The GBSS alleles determine the swelling power of granules. The 
triple-null genotype (waxy) has the greatest swelling power compared to the 
wild types having all three alleles. Mutations in the homoeologous series of 
waxy protein genes (GBSS) on chromosomes 4AL (translocated from 7BS), 
7AS or 7DS can, in various combinations, enhance the suitability of flour 
for noodle production (Zhao et al., 1998).

4.3.4 Wheat lipids
Wheat lipids make up 3–4% of the weight of the whole grain and about 
1–2.5% of straight-run milled flour. Even though lipids are a minor constituent 
in wheat, they play an important role in dough mixing, the baking process 
and consumer acceptance of the finished products. The lipids interact with 
the gluten proteins to form complexes, which contribute to the stabilisation 
of the gas-cell structure, thus having a significant effect on loaf volume and 
on the final texture of the baked product. 
 Grain lipids are a complex mixture of components which are distributed 
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unevenly through the various parts of the wheat kernel. The wheat germ 
has the highest concentration of lipid. The wheat lipids can be divided into 
non-polar and polar lipids: 50% of the total non-polar lipids in wheat are the 
triglycerides, deposited in spherosomes bounded by monolayer membranes, 
which are generally the way plants store lipids. Non-polar lipids are found 
in the outer layers of the kernel, or the bran and aleurone layers (Hargin and 
Morrison, 1980). The remaining non polar lipids are mono and diglycerides, 
fatty acids and sterol esters. Glycolipids and phospholipids are polar lipids 
found in all membranes. In milled endosperm flour, the amount of glycolipids 
is often greater than phospholipids. These lipids are organised in a reversed 
hexagonal liquid crystalline phase located in a protein matrix closely 
bound to starch granules in the endosperm of wheat kernels (Al Saleh et 
al., 1986). Monogalactosyldiglyceride and digalactosyldiglycerides are the 
main glycolipids found in the wheat kernel. The major phospholipids are 
phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol. 
Wheat lipids are also grouped into saponifiable and non saponifiable 
lipids. Fatty acids, acylglycerols, glycolipids, phospholipids and sterols are 
saponifiable lipids.
 Carotenoids and tocopherols are non-saponifiable lipids. Although 
carotenoids are minor constituents, the colour contributed by carotenoids 
is an important factor in cereal foods especially in the use of durum wheat 
for pasta making. Wheat or flour lipids can also be grouped based on the 
location of lipids in the wheat or flour. Non-starch total lipids which constitute 
approximately two-thirds of the total flour lipids are present in wheat fractions 
other than starch granules and can be extracted at ambient temperature. It is 
the non-starch lipids that interact with flour proteins during mixing that have 
been proven to have technical value during the baking process. Starch lipids 
are predominantly phospholipids. They are tightly bound as an inclusion 
compound with amylose forming the amylose-lipid complex, which may 
affect the properties of starch to an extent.
 Lipids play an important role in our diet. They are a source of high energy 
and are important structural parts of the cell membrane. Lipids are great 
carriers of fat-soluble flavour and hence increase palatability (taste, aroma, 
texture) of food. The slow movement of the lipids in gastrointestinal tract 
increases satiety value of foods. Free lipids in wheat flour play an important 
role in breadmaking. It has been shown that removal of free lipids from the 
baking formulation reduces loaf volume and crumb score (Chung et al., 2009) 
and also reduces volume of steam bread and increases textural hardness 
(Pomeranz, et al., 1991). It is also shown that removal of free lipids from 
cookie formulation decreases cookie diameter which is one of the major 
parameters in determining cookie quality (Clements and Donelson, 1981). 
In sphagetti, removal of free lipids increases surface stickiness and loss of 
yellow colouration (Lin et al., 1974). Lipids also play an important role in 
the quality of wheat extrudates (Faubion and Hoseney, 1982) and dry oriental 
noodles (Rho et al., 1989).
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4.3.5 Micronutrients
Vitamin B complex
Major micronutrients of the wheat grain are vitamin E, several B vitamins 
and various minerals. These are unevenly distributed in the kernel and are 
mainly found in wheat germ and the bran; hence they are found in reduced 
amounts in refined flours. Wheat is known to be a good source of vitamin 
B especially thiamin, niacin, vitamin B6 and folate. Whether the wheat is 
consumed as whole-grain products or products from refined flour determines 
the contribution of wheat to recommended daily dietary allowance (Slavin 
et al., 2001). The contribution of vitamin B intake from 100g of wholemeal 
flour to the recommended daily dietary allowance is provided in Appendix 1. 
Consumption of products made from whole meal contributes to 40% of the 
recommended daily allowance for thiamin, 10% for riboflavin, 22% niacin, 
33% vitamin B6 and 13% folate. The bioavailability of vitamin B from cereal 
grains has been of concern. In cereals, niacin is found in a chemically bound 
form, nicotinic acid (Wall and Carpenter, 1988; van den Berg, 1997). Since 
bound niacin is less bioavailable than free niacin, around 70% of niacin in 
mature cereal grain may not be available after traditional cooking. Mild 
alkali treatment during cooking releases much of the bound nicotinic acid 
thus improving the bioavailability of niacin (van den Berg, 1997).
 Folates in wheat generally exist as reduced derivatives of folic acid 
(pteroly-L-glutamic acid, PGA) which are largely bound to polyglutamates. 
Polyglutamyl folates must undergo enzymatic deconjugation before absorption 
and hence their bioavailability is low. The study carried out by Fenech et 
al. (1999), showed that ingestion of cereal made from wheat aleurone flour 
contained natural folates which were readily bioavailable and significantly 
increased blood folate concentration.
 The main vitamin B6 fraction in grain is glycosylated pyridoxine (PNG) 
(Ollilainen, 1999). Studies of Leklem et al. (1980) have shown that the vitamin 
B6 available from whole wheat bread was 5–10% less available than it is in 
vitamin-enriched white bread. Furthermore, Kies et al. (1984) reported that 
much of the naturally occurring B6 in wheat bread is biologically unavailable 
for the human diet. These reports presumably relate to the difficulty of access 
to such nutrients inside the bran cells, and the need for milling techniques 
to rupture these cells, thus providing access.

Vitamin E
The term vitamin E is used for four tocopherols and tocotrienols that exhibit 
the biological activity of a-tocopherol. Cereals are considered to be moderate 
source of vitamin E, providing 6–20 mg of a-tocopherol equivalent per gram 
(Bramley et al., 2000). The sum of all tocopherols and tocotrienols in wheat 
is in the range of 49–58 mg/g (Bock, 2000; Chung and Ohm, 2000). Wheat 
germ mainly consists of a- and b-tocopherols. Tocotrienols are concentrated 
in the pericarp, testa and the aleurone. In the human body, vitamin E is the 
most important lipid soluble antioxidant, providing an effective network 
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against oxidative stress together with other antioxidants such as vitamin C. 
Tocopherols and tocotrienols are absorbed together with dietary fat. The 
study by Kahlon et al. (1986) showed that natural vitamin E from wheat 
bran was poorly available in rats; the availability of vitamin E was reduced 
if coarse bran was fed.
 Vitamins vary greatly in their stability and sensitivity to light, pH, 
temperature, oxygen and other process and storage conditions (Reddy and 
Love, 1999). The altering conditions of milling, processing and storage can 
have different effects on the stability and bioavailabilty of individual vitamins 
(Betschart, 1988; Batifoulier et al., 2005). The most heat labile of the vitamins, 
thiamin is affected by alkaline conditions during cooking. Vitamin B6 is 
unstable during prolonged heating and folate is significantly degraded during 
processing. Tocopherols and tocotrienols are easily oxidised by oxidising 
agents. Cooking of wheat grain results in a 55% loss of tocopherols (Wyatt 
et al., 1998).

Carotenoids
Carotenoids provide colour to wheat-based foods. The yellow pigment in wheat 
is mainly derived from xanthophylls. Carotenoid content in wheat grain is in 
the range of 1.8–5.8 mg/g (Kruger and Reed, 1988). Some wheat carotenoids 
such as b-carotene, a-carotene and b-cryptoxanthin have provitamin A 
activity. Carotenoids which do not have vitamin activity contribute to 
antioxidant activity. Lutein, b-cryptoxanthin, zeaxanthin and b-carotene 
are carotenoids found in wheat. Lutein and zeaxanthin, which are the only 
carotenoids in the macula of the eye, retard cataracts. Lutein also provides 
protection from ischemic stroke and together with other carotenoids protects 
skin from UV induced damage. Not much data is available on the absorption 
and bioavailability of carotenoids other than b-carotene (Castenmiller and 
West, 1997; van den Berg et al., 2000). Carotenoids are easily oxidised, and 
thus they are lost during milling and heat processing.

Minerals and trace elements
Cereals contribute significantly to the dietary allowance of minerals and 
trace elements. According to Lewis and Buss (1988), in a typical Western 
diet, cereals and cereal products contribute to 50% of the dietary magnesium 
and iron, 30% of copper and magnesium and 20% of zinc and phosphorous. 
In wheat however, iron, zinc, copper and manganese contents are low and 
the minerals and trace elements are mostly situated in the outer part of the 
grain. The calcium content of hexaploid wheat ranges from 0.1–0.8 mg/g (dry 
basis), magnesium ranges from 0.2–2.2 mg/g, phosphorous from 2.2– 9.1 
mg/g, potassium from 2.8–7.3 mg/g, iron from 16–163 mg/g, manganese from 
40–90 mg/g, copper from 1–14 mg/g and zinc from 15–102 mg/g (Piironen 
et al., 2009). These variations in mineral contents are due to differences 
between varieties and in growth conditions, the amounts of nutrients in the soil 
affecting the mineral and trace element content of the resulting grain. Single-
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figure data in the nutrition tables of Appendix 1 are within these ranges, but 
the above ranges emphasise the variability of content in a way that nutrition 
tables cannot do. The intake of whole-grain products increases the intake 
of minerals and trace elements but it may decrease the absorption of these 
compared with refined wheat products. The reason for this apparent anomaly 
is that the bioavailability of minerals and trace elements is associated with 
the potent cation-exchanging capacity of dietary fibre which may therefore 
have a negative effect (Piironen et al., 2009).

4.4 Wheat production

The widespread popularity of bread as a staple food stems in part from the 
adaptability of wheat as a cultivated crop suited for many different soils and 
climatic conditions. Bread is also widely eaten in the ‘rice bowl’ countries of 
the world, where consumption of bakery foods has increased rapidly in the 
last few decades and continues to increase because bread is viewed as a more 
efficient ‘convenience’ food than rice (Nagao, 1998; Oleson, 1998). Wheat 
is best adapted to being grown in temperate regions, with daily maxima of 
about 15 oC and adequate moisture. However, wheat has long been grown 
in a wide range of climates around the world, including hot and dry regions 
ranging through to very cold parts of the world. In fact, wheat is cultivated 
from the Arctic Circle to the south of Argentina. It is also grown from sea 
level to 3 000 metres and in regions where the annual rain fall ranges from 
250 to 1800 mm.

4.4.1 Grain yields
The average wheat yield for the seven-year period described in Table 4.3 (2.8 
tonnes per hectare) is considerably below that for the average yield relevant 
to all cereal grains (3.2 tonnes per hectare). In both these cases, the ranges are 
narrow for yield data across the seven-year period (Table 4.3). This exercise 
in averaging smoothes out the wide fluctuations in actual yield data from one 
region to another. Yield data averaged for specific countries (Table 4.4, for 
one year only) reveals great differences in yield. At the upper range, yields 
of 7 tonnes per hectare are obtained in European countries (e.g., France and 
Germany), where intensive agriculture is practised with adequate moisture 
and modest temperatures. In these countries, many farmers pride themselves 
by belonging to ‘Ten-tonne clubs’, because their yields regularly exceed ten 
tonnes per hectare. In contrast, yields range down to below 2.5 tonnes per 
hectare for several countries where conditions are not ideal, being either 
hot and dry (e.g., India, Australia, Pakistan, Turkey) or cold (e.g., Canada) 
or both (USA). These latter countries compensate for low yield potential 
by having very large areas under cultivation. Inevitably, wheat yield in any 
specific region or farm fluctuates greatly, depending on how closely growth 
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conditions match ideal propagation conditions, and on how well the plants 
are fertilised. In addition, plant breeders have concentrated successfully 
on breeding varieties that are suited to each of the diversity of conditions 
involved for the region addressed by a specific breeding program.

4.4.2 Volume of production
World-wide, annual wheat production averages approximately 600 million 
tonnes, just over one quarter of the grain production from all cereal species 
(Table 4.3). The major wheat-growing countries are listed in Table 4.5 in 
alphabetical order. Like the data for grain yields (Table 4.4), countries that 
have less-than-optimal growth conditions have wide eight-year-range data 

Table 4.3 Annual statistics for production and trade world-wide of wheat compared 
to all cereal grains, based on data for the seven years to the year specified. Source: 
FAOSTAT accessed in 2009 via the web site at www.fao.org

Statistics for Last of Wheat All cereals 
the world 7-year period Mean Mean  
  range range

Production 2007 598 2191
(million tonnes)  560–632 2028–2340
Yield  2007 2.8 3.2
(tonnes/ha)  2.7–2.9 3.1–3.4
Trade* quantity 2006 118 281
(million tonnes)  110–126 268–301
Trade* value 2006 16 775 42 086
(million US$)  14 160–20 513 35 428–51 873

*Trade is expressed as export statistics.

Table 4.4 Production of wheat in 1985 and 2005 for the top ten countries (in 
millions of tonnes) in order of volume of production. Grain yield (tonnes per hectare) 
is provided for 2005. Source: FAOSTAT data from the web site at www.fao.org

1985  2005

Country Production Country Production Yield
 M tonnes  M tonnes (t/ha)

China 85.8 China 96.3 4.2
USSR 73.2 India 72.0 2.7
USA 66.0 USA 57.1 2.8
India 44.1 Russian 47.6 Not
  Federation  available
France 28.8 France 36.9 7.0
Canada 24.3 Canada 25.5 2.6
Turkey 17.0 Australia 24.1 2.6
Australia 16.0 Germany 23.6 7.4
Germany 13.8 Pakistan 21.6 2.6
Pakistan 11.7 Turkey 21.0 2.6�� �� �� �� �� ��
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(Table 4.5). This aspect of the statistics may also indicate countries that are 
drought prone, e.g. Australia, and others where the area of wheat production 
has increased only recently, e.g. Ukraine and Kazakhstan. When volume of 
production is compared over a twenty-year period (1985–2005) for the top 
ten wheat-growing countries (Table 4.4), there is little change in the countries 
represented, nor in the order of volume of production. The top six are still 
the same countries, a major change in order being due largely to the political 
change in the area involved in Russia/USSR. Over these twenty years, the 
volume of production has increased for most of these countries, but it must 
be realised that the data represent single-year ‘snap-shots’, and it does not 
reflect inevitable year-to-year variations.

4.4.3 World trade
Wheat represents over 40% of all cereal grains entering into international trade 
(Table 4.3). According to these statistics for the seven-year period 2000–2006, 
the value of the wheat in trade is similar to that averaged across all cereal 
grains (US$140–150). Many of the world’s greatest wheat producers are 
also wheat exporters, but there are a few notable exceptions – the countries 
with populations that are large relative to production, namely, China, India, 
Pakistan, Turkey and possibly the UK, in the year 2006 (Table 4.5). By way 
of contrast, this 2006 ‘snap-shot’ of wheat exports shows that several of 
these countries export a large proportion of their wheat production, namely, 
Canada, Australia, Argentina and the USA. The major wheat-importing 

Table 4.5 Wheat production (mean and range for the eight-year period 2000–2007) 
and amount exported in 2006 (all in millions of tonnes) for countries with an annual 
production exceeding ten million tonnes. Source: FAOSTAT data, 2009, accessed via 
the web site at www.fao.org

 2000–2007 2006 only

Country  Mean Range Exported
 production

Argentina 14.4 12.3–16.1 9.6
Australia 19.2 10.1–25.1 15.0
Canada 18.3 16.0–26.5 18.5
China 96.8 86.5–109.9 1.1
France 35.4 30.5–39.7 16.6
Germany 22.2 19.3–25.4 6.1
India 71.2 65.8–76.4 0
Kazakhstan 12.1 9.1–16.5 4.2
Pakistan 20.4 18.2–23.5 0
Russian Federation 44.2 34.1–50.6 9.7
Turkey 19.8 19.0–21.5 0.5
Ukraine 15.0 3.6–21.3 4.7
UK 14.6 11.6–16.7 2.1
USA 54.9 43.7–63.8 23.4
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countries are listed in Table 4.6 in alphabetical order for 2006. Although 
the USA is not included in this list, it imported about two million tonnes of 
wheat in 2006, whilst also exporting 23.4 million tonnes.

4.5 Wheat utilisation and quality requirements

4.5.1 Leavened breads
Leavened bread is defined as the product obtained by baking a yeast-leavened 
dough prepared with flour and water with or without salt, edible fats, milk 
and other permitted food additives. Hard grain with protein content >12% 
and flour with high water absorption, medium to strong dough strength and 
high peak viscosity is required for pan breads (Table 4.2). Hard grain with 
protein of 10.5–12% and flour with high water absorption, medium dough 
strength and medium peak viscosity is suitable for flat breads. Excessive 
dough strength causes dough pieces to shrink after sheeting. Dough with poor 
strength results in an elliptical shaped bread. Table 4.2 and Fig. 4.9 indicate 
that flour specifications are slightly different depending on the methods used 
to develop the dough and the time taken for leavening prior to baking.

4.5.2 Hearth breads
Hearth bread is also referred to as artisan bread or rustic bread (Moore, 
2004). Stiff and dry doughs are used for these breads so that they can be 
baked directly on the hearth or floor of the oven. The best known hearth 
bread is referred to as French bread. This is made with wheat flour, salt 
and water. Fermentation is carried using fresh yeast or the addition of pre-
fermented dough.

Table 4.6 Countries that imported more than three million tonnes 
of wheat during 2006 (all in millions of tonnes). Source: FAOSTAT 
data, 2009, accessed via the web site at www.fao.org

Country Amount imported in 2006

Algeria 5.0
Belgium 3.5
Brazil 6.5
Egypt 5.8
India 6.1
Indonesia 4.6
Italy 7.2
Japan 5.3
Korea, Republic of 3.5
Mexico 3.4
Netherlands 4.0
Nigeria 3.2
Spain 5.2
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 Flat breads can be either one-layered (chapatti, lavash, tanoor) or two-
layered (Arabic bread). Flour tortilla also falls into the flat bread category. 
The wide varieties of single layered flat breads require flours of different 
quality and hence it is difficult to define a common set of flour quality (Ross 
and Bettge, 2009). Arabic bread is made from a stiff dough which consists 
of a high-extraction flour (75–80%) with an optimum protein content of 
10.5–12% (Quail, 1996; Qarooni, 1996).

4.5.3 Steamed breads
Steam breads are very popular in China and in Chinese cooking worldwide 
including the various types indicated in Fig. 4.9 and Table 4.2. Wheat dough 
is heated by means of steam to produce white buns without the characteristic 
brown crust of oven baked bread. Hard grain with 11–13% protein content 
is used for northern-style steamed buns. Flour with medium dough strength 
and high water absorption is required. For southern-style steam buns, hard 
grain with protein content of 10–12% with flour specification of medium 
strength is required.

4.5.4 Noodles
Wheat flour is a unique material, because a simple addition of water coupled 
with energy input through mixing enables the formation of dough that can 
be kneaded and stretched to make noodle sheets and strips (Collado and 
Corke, 2004). Some of the various noodle types are indicated in Table 4.2 
and Fig. 4.9. Hard grain with 11–13% protein content is used for yellow 
alkaline noodles. Flour with high dough strength, high water absorption, 
medium Farinograph dough development time and medium starch-paste 
viscosity is ideal for yellow alkaline noodles (Table 4.2). However for the 
production of white salted noodles, soft and hard grain with protein content of 
10–12% and flour with high starch-paste viscosity, medium water absorption 
and medium dough development time are required (Ross and Bettge, 2009; 
Kruger et al., 1996).

4.5.5 Cookies, crackers and cakes
Soft wheat is milled into biscuit flour and cake flour (Table 4.2). Soft wheat 
is used as it gives low starch damage, thus minimising water absorption and 
reducing the baking time needed to dry out the cookie product. An extensible 
dough of low strength ensures excellent sheeting characteristics as is needed 
to produce biscuits with a consistent size and shape. Very soft grain with 
protein content of 8–9% and flour with low water absorption, weak dough 
strength, low Farinograph dough development time and medium peak viscosity 
is recommended for cakes and cookies (Faridi et al., 2000). Selection of 
genotypes with suitable dough quality is possible, based on glutenin subunit 
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composition (HadiNezhad and Butler, 2009). The flour used for cakes has 
small particle size and is low in ash content and is generally collected at 
50–75% extraction rate (Atwell, 2001; Ross and Bettge, 2009).

4.5.6 Pasta and couscous
Pasta is made of durum wheat where the grain is extremely hard (protein 
content >13%). Semolina of coarse particle size (130–550 mm) is produced 
when the extremely hard durum grain is milled. Strong dough strength is 
required for making pasta. The gluten protein needs to be strong to form 
continuous covering of the endosperm particles so that the surface of pasta does 
not become sticky during cooking (Sissons, 2004; Kruger et al., 1996).

4.5.7 Breakfast cereals, snacks and extruded products
Breakfast cereals are mainly made of corn, rice, wheat, oats and barley and 
they are defined as processed grains for human consumption (Caldwell and 
Kadan, 2004). Three types of breakfast cereals are manufactured. They are the 
ones that are ready-to-eat before or after adding milk, hot cereals which are 
ready-to-cook, and breakfast products such as cereal bars, pastries, muffins 
and bagels. Whole wheat grains are used in the preparation of flaked cereals. 
Soft white wheat is the primary cereal used in the production of shredded 
cereals. See also the book by Fast and Caldwell (2000). Snack food is defined 
as a ‘hurried or light meal’. Wheat flour is used in formulation for making 
baked and fried snacks, flavoured crackers, snack cakes and pretzels. The 
presence of relatively higher protein (8–15%) in wheat makes it difficult to 
expand. However, 1–2% of wheat gluten provides nutritional value, crispiness 
and texture in extruded snacks (Riaz, 2004). Hard wheat is used for pretzels 
and pellet-type snacks. Low-protein wheats tend to give a more tender and 
expanded product compared to hard wheat. Semolina milled from hard wheat 
is also used in snack foods. Snack foods with 100% semolina produce a 
crispy texture. A major ingredient in snack food formulation is starch. Wheat 
starch has a narrow range of amylose content of 20–25%, which significantly 
improves expansion as well as texture of snack food.

4.5.8 Animal feed
According to some estimates, 20% of wheat usage world-wide is for animal 
feed (Morris and Rose, 1996). This estimate is much less than the proportions 
of corn, barley, oats or triticale that are used for feed. In contrast to barley, 
there is little wheat breeding targeted specifically to feed uses, but wheat 
bred mainly for high yield often is used for feed if its milling and baking 
qualities are poor. In addition, wheat deliveries may be downgraded to 
feed quality if they fail to meet quality specifications such as test weight, 
contaminant level or evidence of sprouting. On the other hand, deliveries 
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would not be suitable for feed grade if there is evidence of damage such as 
mildew, offensive weed seeds or the presence of mycotoxins or pesticides 
above minimum levels of acceptance.
 Apart from such negative quality attributes, metabolisable energy (ME) 
is the most important quality attribute for feed use, especially for non-
ruminants such as pigs and poultry (Morris and Rose, 1996). Starch is the 
only plant polysaccharide known to be metabolised by pigs and poultry, 
so the non-starch polysaccharides of the grain (a significant proportion of 
the wheat grain) do not contribute to ME; in fact, they may make negative 
contributions to animal management such as accounting for ‘sticky droppings’ 
in poultry. The presence of the non-starch polysaccharides of cell walls may 
limit access to intracellular starch and protein for pigs, but not for poultry 
in which the grinding action in the gizzard ensures efficient cell disruption 
(Black, 2004). Some of these difficulties can be minimised by the addition 
of enzymes or by steam flaking of the milled grain to gelatinise the starch 
and disrupt protective layers such as cell walls.

4.5.9 Industrial uses
Wheat flour is used in the manufacture of commercial starch and gluten, 
especially in Europe and Australia, where wheat starch fulfils the food-
processing purposes of corn starch in North America. In addition, significant 
amounts of high-grade wheat starch are used for paper manufacture, whilst 
the starch of poorer quality may be fermented into ethanol for various 
purposes including biofuel (Maningat and Bassi, 2004; Graybosch et al., 
2009). Although the industrial use of wheat starch for ethanol production is 
long established, this process has received recent stimulus from pressure to 
provide liquid fuels (‘biofuels’) from renewable sources. In the past, cane 
sugar and corn starch have been the main sources of ‘bio-ethanol’, and ethanol 
from fermenting wheat starch has been a by-product of the production of 
wheat gluten and prime starch. However, pressure for further increases in 
biofuel production is leading to more use of wheat for the purpose, either 
taking into account the production of gluten as a by-product or merely 
fermenting whole ground grain, and providing the residual grain as animal 
feed (Graybosch et al., 2009). The pros and cons of biofuel production from 
cereal grains have been reviewed by Best (2009).
 Gluten of good strength and extensibility, and starch with minimal damage 
and high paste viscosity are desirable products of starch-gluten manufacture. 
A combination of dough strength and soft flour is ideal for the process, but 
soft-wheat varieties with strong dough properties is not commonly available, 
so strong hard wheat is generally used for gluten manufacture. The process of 
gluten washing is essentially the same as that used centuries ago by Beccari 
to separate gluten as one of the first proteins to be purified (Bailey, 1941). 
For example, in the Martin Process, a dough of wheat flour is washed with 
water as it passes through a tumbling cylindrical agitator. A slurry of starch 
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runs out and coalesced lumps of gluten are retained (Batey, 2004; Day et al., 
2006). Other systems include the Batter Process and the Alfa-Laval Raisio 
Process. Centrifugal harvesting of the starch yields a product of low water 
content, but water removal from the wet gluten is a critical and costly part 
of the overall process. Controlled drying of gluten in a ‘ring drier’ yields 
‘Vital Dry Gluten’ – gluten that retains its dough-forming qualities. Its 
principal use is in bread manufacture, permitting the production of good-
quality bread with flour of low or poor protein content. After heat damage 
to wet gluten, dough-forming quality is lost, but that is an advantage for 
many food-processing applications (Day et al., 2006). Gluten is an important 
component in various feed formulations, especially in aquaculture. It is also 
used to supplement other food proteins, e.g. in cheese and processed meats. 
The wide range of gluten uses have been reviewed by Bietz and Lookhart 
(1996), Maningat et al. (1999), Batey (2004) and Day et al. (2006).

4.6 Testing for grain quality

4.6.1 Physical aspects
The initial site for testing grain quality following harvest is the point of grain 
delivery, to the mill or grain elevator (silo). Testing may also be required 
at all other points along the grain chain. Physical appearance (to the expert 
eye) is of primary importance, combined with testing for bulk density and 
sieving to determine how much grain is undersized and to examine for the 
presence of contaminants. Visual inspection is the first approach to determining 
grain soundness, with particular attention to signs of sprouting, frost or heat 
damage, and fungal or insect damage (Wrigley and Batey, 2003). These 
procedures, described fully in Chapter 11, are similar for cereal grains in 
general, but the exact specifications for particular grades and classes differ 
from one grain species to another and from one region to another (McFall 
and Fowler, 2009).
 Grain sampling is a critical aspect at this initial stage of grain analysis. 
It cannot be assumed that a consignment of grain is homogeneous, so to 
obtain a representative sample, sub-sampling must be carried out at various 
points in the load, and the combined sub-samples must be thoroughly mixed 
before analysis.

4.6.2 Variety
Knowledge about variety is a primary source of information about the quality 
type of a grain lot, because the breeder has intentionally selected each variety 
to suit a specific range of processing needs. It is thus important to verify that 
the variety specified is correct. Accordingly, many wheat-producing countries 
have a system of variety declaration in place for delivered wheat, backed 
up by the capability to test that the variety declaration is correct. Visual 
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identification offers limited possibilities for identification, as described in 
Section 4.2.4. More definitive means of identification is provided by laboratory 
testing, most often by extracting the grain proteins and determining the 
protein composition. For the past few decades, gel electrophoresis has been 
the routine method for doing so (e.g., Lookhart and Wrigley, 1995), although 
HPLC has also been used (Bietz and Huebner, 1995). Capillary electrophoresis 
in various forms has also proven effective (Bietz and Schmalzried, 1992; 
Uthayakumaran et al., 2004, 2005). See Chapter 12 for a full description of 
methods, based on either protein or DNA composition.

4.6.3 Growth and storage conditions
In addition to the importance of genotype (variety) in determining grain 
quality, growth and storage conditions have the capacity to modify the built-
in genetic potential for grain quality. When grain is delivered at harvest, it 
will be known what the climatic conditions were at the growth site (farm). 
Useful prediction of quality can derive from this knowledge, depending on 
whether the harvested grain has been subject to extremes of heat or drought 
or whether there was rain at harvest, prompting the testing for incipient 
sprouting (see Chapter 11). In the same way, knowledge of the storage 
history of a grain consignment may be a valuable indicator of possible loss 
of quality due to improper storage.

4.6.4 Chemical composition
The moisture content of grain is a basic quality consideration that determines 
its safety during storage, although the maximum moisture content advisable 
varies depending of the grain species and the expected storage temperature. 
Whereas dry weight after oven drying is the standard, near infrared spectroscopy 
is now the established procedure for determining grain moisture. NIR methods 
are also routine for determining protein content, which is an almost universal 
attribute for allocation to a quality class. Beyond the grain-receival site, 
laboratory testing may be needed to detect chemical residues at levels above 
regulations (Fleurat-Lessard, 2004) and to determine the level of a-amylase 
in samples suspected of being sprout damaged (Morris, 2004).

4.6.5 Functional properties, suiting utilisation
Wheat differs from other cereals due to its ability to form a dough. The 
strength and extensibility of the dough is specific to the various processing 
requirements. The genetic potential for dough properties is partly determined 
by the variety (or variety mix), but the genetic potential is modified by protein 
content and growth conditions. It would be valuable to have a simple procedure 
to predict dough-mixing quality, without the tedious work of milling grain 
to flour and performing dough tests by the traditional methods (Ross and 
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Bettge, 2009; Wrigley et al., 2009). Various attempts have been made to 
provide simple methods for this purpose, but it has been a difficult objective 
to achieve. To achieve the identification of grain of suitable dough-quality 
potential, various published testing systems were adapted and evaluated by 
Uthayakumaran et al. (2007), using a total of 149 grain samples from five 
successive harvests to establish procedures that could be applied to ‘running 
samples’, each representing the contents of a specific storage cell. Some of the 
methods proved to be inadequate for this purpose, but the best possibilities 
were methods based on the swelling index for glutenin (SIG) principle. This 
test, combined with grain-protein content, was found suitable for screening 
large numbers of wheatmeal samples, making it possible for mill buyers to 
select stored-grain lots that thus will suit the flour specifications for dough 
strength of specific customers and their food products.

4.7 Managing grain quality

4.7.1 Breeding and genotype selection
The suitability of the raw materials sourced makes a critical contribution to 
the success achieved in producing an end product that will satisfy consumer 
demands. Wheat quality means that the grain must be suitable to produce 
flour which in turn suits the processing needs for the specific wheat-based 
products. The initial step of quality is the right variety (or mix of varieties). 
The breeder needs to ‘build-in’ the necessary quality characters tailored to a 
narrow set of processing requirements when selecting the variety (genotype) 
for release. The breeder not only needs to build in these quality attributes 
but also add genetically based resistance or tolerance to pests and variation 
due to environment which may reduce yield and quality.
 The primary efforts of most of the breeders is building resistance to 
many fungi, bacteria, insects, and nematodes in what is known as ‘adapted 
material’ (Wrigley and Morris, 1996). Traditionally, breeders have been 
primarily concerned with grain yield, selecting for it throughout the breeding 
process, with attention for grain quality being a secondary consideration, 
waiting until late generations before selecting for quality. This approach risks 
the unnecessary propagation of poor-quality lines that must be discarded 
later. Therefore, it is desirable that selection for quality characteristics be 
considered at an earlier stage to improve breeding efficiency.
 To select for grain quality early in the selection process, the breeder 
may have only a few grains and these are needed to grow on into another 
generation; hence, it is a great advantage to have non-destructive tests such 
as near infrared transmittance (NIT) with which to determine protein content 
and various quality traits on the whole grain. In addition, the breeder has 
the option of performing analysis on the brush end of the grain, leaving the 
germ end for propagation. A half-grain is sufficient for determining protein 
composition, thereby providing information about specific protein markers 
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(Wrigley et al., 2009). In addition, DNA from the grain or plant can be 
analysed for the presence of appropriate gene markers (Zhang et al., 2009; 
Patil et al., 2009).
 Specific traits to look for during early generation selection are the colour, 
hardness and the size and shape. For testing of grain hardness, the Single 
Kernel Wheat Characterisation System (Perten Systems, Nevada, USA) is used. 
When there is about 50 g of sample, the near infrared reflectance spectroscopy 
(NIR) of the ground sample is used (Method 39-70A in AACC, 2002; Ross 
and Bettge 2009). To assess milling quality, a grain sample as small as 5 g can 
be milled in a micro mill (USDA Western Wheat Quality Laboratory micro 
mill). With the invention of the two-gram Mixograph™ (TMCO, Lincoln, 
NE, USA), the micro-extension tester and the micro baking (3.5 g dough) 
(Gras and Bekes, 1996), mixing, extension and baking properties of small 
grain samples have been made possible. Chemical tests such as the swelling 
index of glutenin test (indirect measure of dough strength, Wang and Kovac, 
2002), size exclusion HPLC (analysis of aggregated glutenin macropolymer, 
Batey et al., 1991; Gupta et al., 1993) are also used to predict end-product 
quality. Lately the identification of molecular markers for quality traits has 
been used for early generation quality selection (Wrigley et al., 2009).

4.7.2 Farm management
Following breeding and pure-seed propagation, the grower makes the 
critical decisions of what variety to sow and how best to manage the growth 
environment. Whereas the decision about genotype (variety) is a conscious 
one, the anticipation of climatic conditions is a factor that cannot be exact. 
Some of the important aspects of final grain quality will be largely due to 
environment. However, some of the effects of growth conditions can be 
overcome to an extent by the breeder building in quality characters such 
as tolerance to damaging effects of the environment, e.g. tolerance to the 
effects of rain at harvest on pre-harvest sprouting. Choice of variety for 
seeding plays a major role on quality and the subsequent use of grain. 
Quality characteristics such as grain hardness are less likely to be affected 
by the influence of environment; however, quality traits such as kernel size, 
dockage and protein concentration are mainly determined by environment 
and agronomic factors.
 Wheat must be seeded at the appropriate time; seeding past normal 
seeding date may slightly reduce kernel weight probably by reducing the 
grain filling period (Darwinkel et al., 1977). Late seeding also results in 
reduced grain yield and an increase in protein concentration. If seeding is 
done earlier than normal, a root and stem base disease such as take-all will 
be more severe resulting in small and shrivelled grain of low test weight. 
Research has shown that low seed rate leads to large kernels and high seed 
rates lead to smaller kernels (Cromack and Clark, 1987). Nutrients have 
obvious effects on quality. Grain quality is most responsive to nitrogen of 
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all nutrients. Nitrogen is a major component of protein and hence nitrogen 
supply is the main factor influencing grain protein concentration. Increasing 
the soil nitrogen will generally increase grain protein content, but the 
timing of nitrogen application also has a significant influence on protein 
concentration. The earlier the nitrogen is supplied the greater the yield and 
lower the protein concentration and vice versa. The supply of sulphur has 
considerable influence on protein quality.
 Managing weed infestation is important as weeds compete for soil nitrogen 
and may reduce grain protein. Disease and pests can affect grain quality; 
growing disease-resistant cultivars or applying fungicides and pesticides 
are important management practices in achieving grain quality targets. The 
timing of harvest will vary based on local conditions. Harvesting at low 
moisture can be detrimental to quality because brittleness of grain will lead 
to cracking and breaking. If wheat crops are left after they have dried to a 
suitable moisture content for harvest, the near-ripe grain may be exposed to 
rain or heavy dews that could lead to pre-harvest sprouting, depending on 
the genotype. White-grained wheat can tolerate little delay in harvest if wet 
weather occurs, whereas red-grained wheat can be left for longer periods 
after maturity.

4.7.3 Grain receival, segregation and storage
The delivery of wheat of consistent quality is a key demand of flour millers. 
However, the quality of wheat can be variable not only between years 
but also between shipments that depend on the medium of transport. The 
variability is due to the effect of environment on the inherent genetically 
determined quality factors. Managing the grain receival and segregation is 
very important to ensure that the parcel of wheat that is created meets the 
needs of discriminating buyers, performs in a predictable and consistent 
way, and exhibits quality attributes that are ideal for production of specific 
wheat-based foods (Cracknell and Williams, 2004).
 In Australia, each truckload of a 20–25 million ton wheat harvest is 
sampled and tested for quality when it is delivered to the silo network around 
the country. Quick and accurate tests are needed at this stage to minimise 
delay and avoid the risk of weather damage due to delaying the harvest. 
Currently, other than the variety declaration by the farmers, there are no 
rapid on-the-spot tests available to test genetically determined quality traits 
such as milling performance, dough properties and suitability for processing 
into the diversity of food products. This range is broad, including leavened 
breads, pasta, noodles, flat/pocket breads, steamed breads, biscuits, cakes, 
pastries and various food ingredients. However, each food product has 
specific and distinct dough specifications, depending on attributes such as 
strength, extensibility and tolerance to over-mixing. The flour miller is thus 
required to provide flour of suitable dough properties to the respective food 
manufacturers, but it is a difficult task for the miller to produce flours with 

�� �� �� �� �� ��



98 Cereal grains

© Woodhead Publishing Limited, 2010

the required potential dough specifications. The miller’s role would be greatly 
simplified if grain of suitable dough-forming potential could be segregated 
and delivered for milling, thereby short-cutting the need for blending before 
and after milling in attempts to fulfil dough specifications.
 The segregation of grain according to dough-quality potential requires 
test systems that could be applied prior to the bulking of grain loads in 
storage, or alternatively to ‘running samples’ that represent the contents 
of specific storage cells. It is clearly impractical for such a test system to 
involve milling samples to flour for conventional dough testing (Farinograph 
and Extensograph). Instead, predictive methodology is needed. This testing 
should be applicable to grain or wheatmeal, thus avoiding the need for 
milling to flour, and the methodology must be simple enough for use with 
large numbers of samples by staff with minimal experience. Possible test 
methods of this nature have been reviewed (Wrigley and Morris, 1996; 
Hajselova and Alldrick, 2003; Chung et al., 2003).
 Analysis of grain protein content is a valuable initial indication of dough 
properties, together with knowledge of varietal composition, but predictive 
testing must at least include evaluation of protein quality, taking into account 
the extent that growth conditions have modified the genetic potential of the 
variety. Studies carried out by Uthayakumaran et al., 2007, were aimed 
at identifying a test that would indicate harvest samples suitable for the 
respective specifications of wheat-flour customers, thereby moving the 
testing requirement as far back up the supply chain as possible. The site of 
such testing could be either the regional laboratory of the grain-handling 
company (based on samples representative of specific storage cells) or, if 
possible, the site of grain receipt and storage, where samples are taken by the 
grain handler. The swelling index of gluten (SIG) test (Wang and Kovacs, 
2002; Uthayakumaran et al., 2007) were considered to be sufficiently simple 
and robust to suit the commercial needs of the grain-handling and milling 
companies. This needs to be complemented by consideration of variety, 
with respective lists of desirable and undesirable varieties, desirable protein 
content ranges depending on the flour specifications of the customer. The 
reason for the SIG test providing a prediction of dough strength, even for 
wheatmeal samples, probably relates to its ability to provide an estimate of 
the proportion of the flour protein that is glutenin polymers of very large 
molecular weight. These are the polymers that have been demonstrated to 
make the greatest contribution to resistance to extension (and thus to Rmax) 
(Southan and MacRitchie, 1999; Wieser et al., 2006).
 An additional factor being included in the predictive approach is knowledge 
of the climatic conditions for the growth site in the period prior to harvest. 
This information is generally known by the time grain is delivered, so that 
it is possible to be aware of grain coming from growth sites where there 
have been extreme conditions of heat or drought that may modify normal 
expectations for the combination of variety and protein content (Lafiandra 
et al., 1999).
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 The practical scenario following SIG testing is that the grain predicted 
to suit the specifications of individual flour customers would be shipped, 
identity preserved, to the appropriate flour mill for the resulting flour to be 
delivered to the respective customer. If the SIG test system became adopted 
by grain handlers and millers as a viable approach to test for protein quality, 
there would be motivation for wheat breeders to add this approach to their 
methods of selecting breeding lines, at suitable stages of the breeding program 
(Wrigley and Morris, 1996), for suitable dough-strength potential.
 The knowledge of grain behaviour during storage, safe guidelines for 
storage, grain and facility management and quality control procedures can 
be used to minimise quality loss in stored wheat. The physical, chemical 
and biological characteristics of wheat grain along with the environmental 
conditions during growth, harvesting methods and handling practices prior 
to storage influence storability (Cenkowski and Zhang, 1995; Mills, 1992; 
Kreyger, 1972). Cleaning harvested material to remove high risk debris, broken 
seeds, chaff and dust improves airflow and prevents hot spots. Drying the 
grain to optimum moisture content and proper pest control would minimise 
loss in quality.

4.7.4 Processing
The assessment of the raw material quality is integral to efficient processing. 
The first and foremost management for the processor is the blending of wheat 
grains from different storages or deliveries. When wheat is milled to white 
flour, it is estimated that about 75% of flour quality is determined by the 
quality of the incoming raw material, that is, wheat. The milling of wheat 
flour requires the miller to achieve tight specifications that are set by the 
flour customer. The blending of flour streams is an important management 
tool in meeting these specifications, but this approach is totally dependent 
on effective assessment of quality prior to and during milling. The other 
management factors such as mill adjustment and environmental conditions 
contribute to only 25% (Posner and Hibbs, 2005). As mentioned in the grain 
receival, segregation and storage section, a simple predictive test for dough 
forming potential at segregation would make the miller’s task simpler in 
attempting to meet dough-quality specifications. Another quality requirement 
is to get grain with absence of disease or contaminants, and hence analyses 
for mycotoxins and contaminating grains are essential for incoming grain, 
depending on its recent history (Waalwijk, 2003).

4.7.5 Satisfying the consumer
Satisfying the consumer is the goal of all operators along the wheat value 
chain. The ultimate determiner of quality is the consumer, because it is 
he or she who buys the final end product. The consumer looks for quality 
attributes when buying cereal products. This not only includes eating quality 
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but also includes matching against recommended nutritional guidelines. 
The importance of grain-based products in a healthy diet has provided a 
major sales opportunity for the cereal-grain industry. Characteristics such 
as demographics, life styles and attributes influence the trends in food 
consumption. These characteristics affect marketing, processing and the 
production of wheat-based products.

4.7.6 Nutrition and intolerances
Wheat-based foods are basic to the diet of the whole world, despite the 
considerable variations in form depending on culture, region and preferences. 
These foods provide excellent nutrition, contributing energy, essential amino 
acids (even if slightly deficient in lysine), essential fatty acids, vitamins, 
minerals and fibre (reviewed by Dewettinck et al., 2008). The use of wholemeal 
foods is especially recommended, due to the enhanced nutritional and health 
advantages offered compared to foods made from white flour (Peressini and 
Sensidoni, 2009). However, some of the non-endosperm components of the 
grain detract from baking quality (Goesaert et al., 2005), posing management 
problems for the baker. Suggested solutions include management of particle 
size for the bran, the use of baking aids and enzymes, and pre-treatment of the 
fibre (Katina, 2003). Glycemic response has been identified as an additional 
health issue relevant to the consumption of wheat-based foods. The starch 
of most forms of bread is digested relatively quickly, but attention to the 
type of processing may permit changes to be made. For example, sourdough 
processing has been reported to provide higher levels of resistant starch, thus 
reducing the glycemic response (Scazzina et al., 2009).
 However, wheat-based foods are not suitable for people with some forms 
of wheat intolerance, especially coeliac disease (Sollid, 2000; Wieser and 
Koehler, 2008). For these people, the remedy is life-long avoidance of 
gluten from the diet. If they are to include bread in their diet, it must be 
made without gluten, the protein complex that gives wheat flour the unique 
ability for bread making. Thus it is difficult to make satisfactory bread if 
gluten is to be excluded. Various strategies have been employed to produce 
gluten-free breads (Gallagher et al., 2003).
 Negative aspects of wheat ingestion also include the risk of mycotoxins. 
Due to the various measures to identify wheat that is thus affected during 
grain receival and storage, the risk is small (Waalwijk, 2003). In addition, a 
process of dehulling has been developed to reduce or eliminate the presence 
of mycotoxins (Rios et al., 2009).

4.8 Future trends

Many of the research findings about grain quality are first delivered at the 
stage of breeding. As a result, an increasing load is placed on the breeder, who 
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is expected to deliver a range of quality-specific attributes in addition to the 
many yield-related factors. However, increasing knowledge about the genes 
involved in these many traits will facilitate the more intelligent selection of 
parental lines, and the more efficient selection of desirable progeny. While 
genetically modified (GM) grains of corn and the dicot species have been 
accepted, this has not been generally so for wheat. As attitudes change, 
so will the combinations of attributes to be expected in GM wheat (Jones, 
2005; Jones et al., 2009).
 The management of actual wheat quality starts even before the grain is 
delivered after harvest. The grower has several important roles in growing 
grain to achieve quality targets, namely, variety selection and various on-farm 
management tools (see Chapter 15). A management tool that is becoming 
relevant to grain quality, as well as grain yield, is precision agriculture, 
the ability to know the performance of the crop on a metre-by-metre level 
(Srinivasan, 2006; Bramley, 2009). Sensors on the harvester linked to a global 
positioning system are used to construct a detailed map of the harvested area 
showing both yield and grain protein content, the latter being provided by 
continuous NIR monitoring (Whelan et al., 2009). This novel form of analysis 
will provide growers with a unique opportunity for quality management (see 
Chapter 18).
 Climate-change predictions provide new challenges and opportunities for 
the grain grower (Wrigley, 2006). Increasing levels of carbon dioxide in the 
atmosphere will provide the effect of a carbon fertiliser, whereby biomass and 
grain yields will increase, whilst lowering the level of protein in the grain 
(Hogy et al., 2009). In cooler growing regions, temperature increases during 
grain filling are expected to produce grain with stronger dough, whereas more 
frequent heat stress (a few days with maxima over 35 °C) in other growing 
regions are expected to cause dough weakening. Breeding for tolerance to 
the effect of heat stress on dough may provide a partial remedy; in parallel, 
heat stress episodes might be escaped by earlier sowing, especially if less 
frequent frost can be expected.
 The value of wheat as a specialist grain, rather than a commodity, will 
increase the justification for more detailed analysis of quality type at grain 
receival, leading to better management of storage and transport, providing 
identity preservation through to the mill. As a result, the flour miller will have 
better opportunity to meet the specifications of food-processing customers, 
who in turn are expected to become more discerning with respect to sourcing 
flour that suits each of the separate requirements of the many wheat-based 
foods. There will be better opportunities to assess specific aspects of grain 
quality at these several stages as a result of research findings about marker 
proteins and genes to identify quality attributes (see Chapter 12).
 At the end of the grain chain, consumers will become more discerning 
with respect to food quality, price, value and importantly, nutrition. In view 
of this last factor, processors will need to improve dietary requirements, such 
as increased fibre, whilst maintaining perceptions of taste and mouth-feel. 
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The reduction of salt in wheat-based foods (mainly as sodium levels) will 
become an increasing health-related issue, and processors will need to find 
alternatives as processing aids, as well as for the taste-enhancing role of 
salt.
 Whilst it is distantly possible that the unique dough-forming properties of 
wheat might be transferred to other cereal species via genetic transformation, 
it will be a a long time before wheat loses its pride of place as the cereal 
grain that is uniquely suited for bread making.
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gluten_gliadin.asp.
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Abstract: Rye is mainly grown where rye breads are most popular, in countries such 
as Poland, Germany, Russia, Belarus and Ukraine. Compared to wheat production, 
world rye production is much less (about 3% of wheat). Triticale, a man-made wheat-
rye hybrid, is grown to a lesser extent than rye. Although traditional rye bread is made 
exclusively from rye flour or wholemeal, rye bread is more often made from a grist 
of wheat and rye flours, because of the need for wheat gluten to compensate for the 
weakness of rye gluten. Nevertheless, the analytical and management procedures for 
rye and triticale are similar to those for wheat.

Key words: cereal taxonomy, rye secalin, pentosans, sour-dough, ergot.

5.1 Introduction

Rye (Secale cereale L.) is a close ‘cousin’ of wheat (Triticum L. species). 
It is thus possible for rye to be cross-bred with wheat. The result of this 
combination is the man-made cereal triticale (x Triticosecale Wittmack). The 
close relationships of rye and triticale to wheat mean that rye and triticale 
flour can be formed into doughs with reasonable visco-elastic properties, 
suiting them to bread making. Nevertheless, rye bread is often made with 
a significant proportion of wheat flour because the dough-forming quality 
of rye flour alone is inadequate for normal baking procedures and bread-
quality requirements.
 The worldwide distribution of rye production is thus distinct from that of 
wheat. For example, several major wheat-producing countries have only minor 
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rye production, due partly to rye being suited to cool growth temperatures 
and regional preferences for rye-based breads, with rye production being 
most evident in Russia, Germany, Poland and Belarus. World trade in rye 
is small in the context of international grain trade, because rye production 
is generally related to local food production or on-farm use.
 The important uses of rye are for milling into flour or wholemeal for 
baking into various foods: ‘black bread’, crisp bread, pumpernickel, and 
sour-dough breads. Additional uses for rye grain include the distillation of 
rye whisky and livestock feed. Rye straw is sought for animal bedding, for 
thatch and for building materials.
 Although triticale was originally intended to be a new bread-making grain, 
for use in all the food-producing applications of wheat, it has not fulfilled 
these hopes, and its main usage is as a feed grain. Nevertheless, the flour 
from most triticale varieties has the potential for use as a replacement of rye 
in breads based on composite wheat-rye flours, in that situation providing 
the characteristic rye flavour and texture to the bread products.

5.2 Origins and genetic constitution

5.2.1 Origins, taxonomy and history of the rye species
Rye shares common origins with other species of the tribe Triticeae (wheat 
and barley) in south western Asia (Ma et al., 2004), where it is believed to 
have evolved from Secale montanum, a perennial weed in wheat and barley 
fields there (Morrison, 2004). Rye may have been domesticated later than 
wheat, since specific reference to it is not found in ancient writings or on 
Egyptian monuments. Nevertheless, its mention in early writings from northern 
Europe suggests that its actual cultivation may have started there in regions 
where today it is still very popular, namely, Poland, Germany, Russia and 
Scandinavian countries (Table 5.1). The migration of rye into these regions 
is likely to have occurred during the first millennium BC, possibly northward 
via Russia (Seibel and Steller, 1988; Bushuk, 2001a; Ma et al., 2004). More 
recently, rye continued its spread, going westwards throughout Europe, and 
being carried to new regions with settlers in the Americas, Australia and South 
Africa. Rye is thus grown around the world, but the major production is in 
the countries where rye breads are most popular, such as Poland, Germany, 
western Russia, Belarus and Ukraine (Table 5.1).
 The English word ‘rye’ has Germanic and old Norse origins – appropriately, 
since the grain came into English use from those regions. The grain species 
is sometimes given the names ‘ryecorn’ or ‘cereal rye’ to distinguish it from 
the grass species perennial rye or ryegrass (Lolium species) (see page 120). 
The term ‘ryecorn’ is based on the old English use of ‘corn’ to mean any 
type of grain.
 Rye genotypes may be distinguished as either ‘winter rye’ or ‘spring 
rye’, depending on their suitability, like wheat, for planting before or after 
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(respectively) the severe winter of northern regions. Thus, winter rye genotypes 
have a vernalisation requirement and are late maturing. These distinctions 
relate primarily to countries with severe winter conditions, such as Canada 

Table 5.1 Production (in thousands of tonnes in 2007) of rye, triticale and wheat 
for countries producing significant quantities of rye and triticale, plus a few major 
wheat-producing countries. Source: FAOSTAT data, 2009, accessed via the web site 
at www.fao.org

Country Rye Triticale Wheat

Argentina 17 – 14 000
Australia 20 450 13 040
Austria 189 209 1400
Belarus 1300 1240 1400
Bosnia-Herzegovina 9 – 260
Belgium 3 41 1480
Brazil 5 210 4000
Bulgaria 9 12 2390
Canada 250 28 20640
Czech Republic 250 210 4000
Chile 2 48 1320
China 700 600 110 000
Croatia 6 – 950
Denmark 135 150 4520
Egypt 32 – 7380
Finland 87 – 800
France 117 1540 33 220
Germany 3320 2170 21 370
Greece 38 – 1400
Hungary 77 370 4000
India – – 74 900
Italy 8 – 7250
Mexico – 5 3000
Netherlands 11 20 990
Pakistan – – 23 500
Poland 3200 4200 8380
Portugal 24 20 136
Romania 31 108 2870
Russian Federation 3900 * 49 390
Saudi Arabia – – 2700
South Africa 3 – 1760
Spain 260 140 6400
Sweden 138 276 2250
Serbia 11 – 1860
Tunisia – 5 1440
Turkey 260 75 17 700
Ukraine** 550 – 13 900
UK 38 65 13 350
USA 200 * 53 600

An entry indicated as ‘–’ indicates negligible production.
*No statistics are available at the FAO web site.
**For 2007/08 only. Source: Foreign Agriculture Service, Official USDA estimates.
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and northern Europe. Rye has excellent winter-hardiness, so it can even 
be cultivated in regions where the winter is too severe for winter wheat 
(Bushuk, 2004). Ma et al. (2004) demonstrated that the maturity difference 
between spring and winter also has a genetically significant aspect. They 
used DNA techniques to examine genetic similarities among 20 spring and 22 
winter accessions of agronomically different ryes from 14 countries. The 42 
genotypes were readily classifiable into two main groups: spring and winter 
groups. Beyond the spring-winter relationships, groupings were evident 
along the lines of regional origins, with similarities evident, for example, 
for rye genotypes from Germany, Finland and Estonia. On the other hand, 
there was only a distant relationship between ‘Petkus’ rye, from Germany, 
and the ‘Mexico’ variety, from Mexico (Ma et al., 2004).
 In botanical classification, rye is a member of the grass family Gramineae 
(also called Poaceae), the subfamily Pooideae, and the tribe Triticeae (Morrison 
and Wrigley, 2004). Almost all cultivated rye has the genus-species designation 
Secale cereale (L.). A small amount of the species Secale fragile is grown in 
south western Asia. Modern rye has probably come from a perennial grass 
(Secale montanum) that still grows wild in southern Europe.
 Most cultivated rye varieties are diploid, having seven pairs of chromosomes, 
numbered 1R to 7R. These are homoeologous to the seven chromosome 
pairs of the three genomes of wheat (1A to 7A, 1B to 7B and 1D to 7D, 
respectively) (Naranjo and Fernfindez-Rueda, 1991). It has been possible 
to develop a tetraploid rye by doubling the number of chromosomes using 
colchicine but the resulting plants have not been cultivated in commercial 
amounts, largely due to its added susceptibility to ergot and its poorer cold 
tolerance (Bushuk, 2004).
 It was realised early in the twentieth century that rye has the potential, 
similar to that of maize, for improved productivity based on hybrid 
vigour. However, genetic stocks did not become available for the practical 
implementation of this principle until the 1970s (Scoles and Evans, 1978). 
At present, much of the rye grown in Germany is F1 hybrid rye. There are 
rye-breeding programs in many rye-producing countries. Major breeding 
programs are centred in Germany and Poland, where a major accent is on 
the development of grain with quality suited to bread making. Promising 
approaches (Graybosch, 2001; Altpeter et al., 2004) include the incorporation 
of glutenin polypeptides (such as subunits 5 + 10) from wheat, in which these 
subunits have been demonstrated to contribute to gluten strength (Shewry 
et al., 2006) using conventional cross breeding and genetic engineering. 
Breeding objectives also include improving the tolerance of rye to pre-harvest 
sprouting, and reducing the high Falling Number of harvested rye, which 
is one of its particular quality problems (Weipert, 1993; Trethowan et al., 
1994). Disease-resistance objectives relate to snow mould and to Fusarium 
head blight (Czembor and Sowa, 2001).
 Some aspects of the disease resistance of rye have made its genes attractive 
for improving disease resistance in wheat, due to the facility of inter-crossing 
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between the two species. Translocation of chromosome portions of 1R into 
wheat chromosomes 1A or 1B have been especially successful (Dhaliwal 
et al., 1988; Bartos et al., 2008) (See Chapter 14). Many wheat varieties 
grown commercially around the world have 1A/1R or 1B/1R translocations, 
conferring useful disease resistance into wheat, mainly to rust (Singh et al., 
1990). However, in most cases so far, the translocations have also introduced 
significant loss of dough quality and stickiness in the dough (Graybosch, 
2001). As a result, many of these varieties are unsuitable as strong-dough 
bread varieties, being better suited to weak biscuit/cookie grades.

5.2.2 History and genetics of triticale
The genus name allocated to triticale (xTriticosecale) reflects the dual origins 
of this intergeneric hybrid. The inclusion of the letter ‘x’ indicates the hybrid 
origin of triticale. The development of the wheat-rye hybrid triticale arose 
from the close genetic relationship between these two species, from the 
agronomic advantages for rye of winter hardiness and its ability to thrive 
in poorer soils (including acidic soils containing aluminium), and from the 
hope that the baking quality of wheat would be retained (Bushuk and Larter, 
1980; Cooper, 1985). This concept was explored in the very early days of 
cross-breeding well over a century ago. The first triticale cross is attributed 
to the Scottish scientist A.S. Wilson in 1876, but the resulting plant was 
sterile (Furman, 2004).
 In 1898, the Australian chemist F.B. Guthrie reported that his breeder 
colleague, W. Farrer, had made a rye-wheat hybrid by crossing ‘a wheat 
known as Wilett’s and Alabama Rye’. The progeny from this cross was then 
crossed to the wheat ‘Leak’s R.R.’ (Guthrie, 1898). This hybrid was claimed 
by Farrer to have ‘five-sixteenths rye blood’. The colour of its flour was 
‘very bad’ and its strength ‘very low’, but its gluten content was ‘unusually 
high (16.5 per cent)’. Guthrie (1896, 1898) included the ‘rye-wheat hybrid’ 
in a set of wheats for which he determined the gliadin-glutenin ratio as a 
function of ‘strength’ (Fig. 5.1). The gliadin content of the rye-wheat was 
much higher than that of the true wheats. In the light of our more recent 
knowledge, we would consider that this high gliadin level was the result of 
the partial substitution of gliadin by secalin (the corresponding rye storage 
protein) which would be less effective in conferring gluten properties and 
more likely to weaken dough quality.
 Successful development of viable triticale genotypes required the discovery 
and application of colchicine for chromosome doubling (Cooper, 1985). This 
achievement is attributed to Arne Müntzing from Sweden in 1938 (Furman, 
2004), but a few more decades of improvement were needed to overcome 
agronomic problems. From the 1960s, breeding efforts were pursued in 
Mexico, Eastern Europe, Canada and the USA, leading to commercial releases 
in the late 1960s. Thus the considerable production volumes for triticale, 
shown in Tables 5.1 and 5.2, have arisen from a zero base in about 1970.
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 Originally, two triticale types became available for cultivation, namely, 
octoploid and hexaploid triticale (Bushuk and Larter, 1980). Octoploid 
triticale resulted from the hybridisation of hexaploid bread wheat (genomes 
AABBDD) with rye (genome RR) producing germplasm with a 2n number 
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Fig. 5.1 Dough strength and gluten composition of a nineteenth-century rye-wheat 
line, compared to eight wheat varieties, as plotted from results reported by Guthrie 

(1896, 1898).

Table 5.2 Annual statistics for production, trade and consumption worldwide, 
comparing rye, triticale and wheat, based on data for the seven years to the year 
specified. Source: FAOSTAT data, 2009, accessed via the web site at www.fao.org

 Annual mean and range for 7 years to year shown

Statistics for Last year Rye Triticale Wheat
the world of 7-year
 period

Production 2007 17 000 11 900 598 300
(¥1000 tonnes)  12 700–23 300 10 800–12 600 559 700–632 300
Yield (tonnes/ 2007 2.3 3.5 2.8
hectare)  2.2–2.6 3.0–3.9 2.7–2.9
Trade* quantity 2006 1900 313 118 100
(¥1000 tonnes)  1450–2300 117–524 109 600–126 200
Trade* value 2006 199 380 45 820 16 775 000 
(US$000)  142 000–259 000 15 450–75 140 14 160 000–20 513 000
Human 2003 1.0 Not available 68
consumption  Constant  66–71
(kg/person/year)

*Trade is expressed as export statistics.
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of 56 after chromosome doubling. Hexaploid triticale came from hybridising 
tetraploid durum wheat (genomes AABB) with rye, producing germplasm 
with a 2n number of 42 after chromosome doubling. These two types are 
known as primary triticales, often being agronomically poor and genetically 
unstable. They have been improved by inter-crossing and by crossing back 
to wheat to produce substituted secondary triticales, which in turn have been 
further improved by substituting one or more rye chromosomes into the ABD 
background of wheat (Furman, 2004). Thus some triticale genotypes have a 
large proportion of wheat chromatin, despite the broad definition of triticale 
being a wheat-rye hybrid. Like rye and wheat, triticale is available in winter 
and spring types, depending on the time of sowing and the expected severity 
of conditions for the winter type.

5.3 Worldwide production and regional distribution

5.3.1 Rye
Rye, due to its reputation for being better suited to marginal land, is often 
grown in adverse environments where other cereals may not provide an 
economic return. Nevertheless, grain yield statistics for rye are comparable 
to those of wheat on an average basis worldwide (Table 5.2). However, it 
must be realised that the great diversity of statistics for separate regions is 
lost in the process of producing average statistics such as these. Agronomic 
advantages of rye, compared to wheat, include winter hardiness, drought 
resistance, compatibility with low-pH soils, and the ability to thrive in soils 
containing iron and aluminium. On the other hand, prices for rye grain are 
less than for wheat (compare world trade quantities and value in Table 
5.2), since a significant proportion of rye production goes for animal feed. 
However, for either rye or wheat, the value of any consignment depends 
primarily on the quality of that grain.
 Nevertheless, the main reason for the regional and worldwide distribution of 
rye (Table 5.1) relates to its value for food. The distribution of rye production 
is thus distinct from wheat (and barley) production. For example, Table 5.1 
lists several major wheat-producing countries with negligible rye production 
– in particular India, Pakistan, Mexico, Egypt, Tunisia and Saudi Arabia. 
This distinction also reflects the reputation of rye for being better suited for 
moderate-to-cool growth temperatures. Distribution of rye production more 
obviously reflects regional preferences for food products from rye, versus 
wheat or other grains. Accordingly, considerable rye production is evident 
in Russia, Germany, Poland and Belarus. In Scandinavian countries, such as 
Sweden, Denmark and Finland, rye production is modest, but considerable 
compared to the wheat production of these countries. While the statistics in 
Table 5.1 provide a generally valid comparison between countries, it should 
be pointed out that the data are for only one year (2007), and significant 
year-to-year variations are inevitable.
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 However, production of rye is minor compared to the production of wheat. 
Table 5.2 shows that wheat production worldwide has been 35 times more than 
rye production over a recent seven-year period; in addition, the fluctuations 
in rye production during this period were greater than for wheat (compare 
range statistics). The disparity between rye and wheat is even greater when 
consumption for human food is considered (Table 5.2).
 World trade in rye is minor when compared with trade in wheat and the 
other major cereal grains. This difference is because rye production is often 
intended for local food production within the country of production and also 
because it is grown for on-farm use as stock feed. In the latter case, rye serves 
to feed animals in three ways, in the form of grazing of the young plants, 
later as the harvested grain, and lastly by feeding of the straw as hay. To 
the extent that rye grain enters world trade for feed purposes, the recipient 
countries are mainly Japan and South Korea (Bushuk, 2004).
 World trade in rye grain was about 600 000 tonnes in the mid 1970s, 
rising to nearly one million tonnes by the 1990s. World trade in rye has 
continued at the level of about a million tonnes on average, but the range 
figures for the past seven years indicate considerable fluctuations, both in 
quantity and value (Table 5.2). By comparison, this recent period has seen 
smaller fluctuations in wheat trade, but this difference is due to the much 
larger base of wheat trade and the larger number of countries involved in 
wheat trade. The main exporters of rye are Canada and European countries 
such as Germany, Poland and Latvia. Major importers include Japan and 
Korea. Imports of rye to these latter countries reflect the use of rye for 
animal feed rather than a national preference for food products made from  
rye.

5.3.2 Triticale
Production of triticale is considerably less than that of rye, although the range 
over a recent seven-year period indicates less fluctuation in amount than 
for rye (Table 5.2). World-average data indicate that triticale yields much 
better than rye or wheat, but this general conclusion is based on statistics 
from a wide range of regions and conditions of cultivation. Therefore, this 
generalisation may not apply for a specific combination of variety and growth 
site. Major producers of triticale include countries that are also major rye 
producers, particularly Poland, Germany and Belarus. Exceptions include 
France, Brazil, Romania, Sweden, Denmark, Australia and Austria which 
produced more triticale than rye in 2007. However, caution is needed in the 
interpretation of the country comparisons of Table 5.1, as the production data 
are for a single season, and year-to-year variations are expected, as indicated 
by the range for worldwide production (Table 5.2). World trade in triticale 
is minor, although it attracts a higher value internationally than rye (Table 
5.2). Statistics are not available for the consumption of triticale as food, as 
most utilisation of triticale grain is for animal feed.
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5.4 Distinctive aspects of morphology, composition and 
grain defects

5.4.1 Plant and grain morphology
Rye
The rye plant and head (ear) are similar to those of wheat, but the rye plant 
is generally more slender. The rye head is also slender, as well as being 
long, lax and normally awned (bearded) (Fig. 5.2). The rye flower is more 
open than that of wheat, and as a result it tends to be out-crossing, i.e. the 
rye flower is not always self-pollinating. The rye grain is similar in size to 
wheat and is free threshing (Fig. 5.3). Thus the grain (caryopsis, kernel) is 
harvested free of the surrounding lemma, palea and outer glumes (chaff). 
The rye grain has a central crease (groove) like wheat, but its germ end is 
distinctively more pointed than that of a wheat grain (either durum or bread 
wheat). The surface of the rye grain is often wrinkled. Unlike wheat, rye 
grains vary in colour from light to dark, even within an individual variety 
and even within the same sample (Fig. 5.3). The ryegrass grain is included 
in Fig. 5.3 to emphasise its difference in morphology from the cereal-rye 
grain, despite the possible confusion in their similar names.
 In texture, the endosperm of the rye grain is softer than that of bread or 
durum wheat (Table 5.3). Thus the floury contents of the rye grain are readily 

Triticum turgidum var durum

Secale cereale

Durum wheat Triticale

Triticum aestivum Bread wheat

Rye

x Triticosecale Wittmack

Fig. 5.2 Head (ear) shapes of durum wheat (left), triticale, rye (right) and an awnless 
wheat variety (bottom of figure). Reproduced with permission from Cooper (1985).
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released on milling. However, rye flour tends to clump presenting the risk 
of clogging during milling, and a larger sifting area may be required for rye 
than for wheat milling. Rye grain is milled in Germany to produce a few 
levels of flour extraction: type 815 flour from 78–82% extraction with 0.90 
ash content, type 997 flour from 82–86% extraction with 0.91–1.10% ash 

Fig. 5.3 Grains of (a) common wheat, (b) durum wheat, (c) triticale, (d) cereal rye 
and (e) rye grass, shown as twice actual size. Adapted from Ferns et al. (1978).

(a)

(b)

(c)
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content, type 1150 at even higher extraction (1.11–1.30% ash), and wholemeal 
flour with 2.20% ash content (Seibel and Weipert, 2001a; Bushuk, 2004).

Triticale
That triticale is intermediate between wheat and rye is evident from comparison 
of their head and grain morphology (Figs 5.2 and 5.3). Durum wheat is 
included in these comparisons in addition to bread wheat (T. aestivum) 
because the durum genomes (A and B) are the donors for most cultivated 
triticale genotypes. The durum wheat grain is more elongated that that of 
bread wheat, and this characteristic is evident in the triticale grain, which 
is often even longer than the durum grain. Like rye, the surface of the 
triticale grain is often wrinkled. The pointed germ end of triticale is more 
characteristic of rye than of either bread or durum wheat. On the other hand, 
triticale grains are uniformly coloured, not varying in colour as are rye grains. 
Durum wheat is offered as the grain to compare with rye when considering 
triticale morphology, but bread wheat is the basis of comparison in Table 
5.3 for functional qualities because the great hope for triticale has been that 
it would offer attributes suited for bread wheat.

Fig. 5.3 Continued

(d)

(e)
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5.4.2 Grain composition
Polysaccharides
In the rye endosperm, and thus in rye flour, starch granule size is bimodal, i.e., 
there is a high proportion by weight of A-granules (15–35 mm in diameter), 
which have been initiated early in endosperm development, and a high 
proportion by number of much smaller B-granules (diameter less than 10 
mm), initiated at a mid-stage of grain development (Simmonds and Campbell, 
1976; Verwimp et al., 2004). The bimodal distribution of starch-granule size 
of rye is similar to that of wheat but overall, rye granules are slightly larger 
with more of the larger A granules (Table 5.3). The amylose-to-amylopectin 
ratio of rye and triticale starch has been reported to be comparable to that of 
conventional wheat (Berry et al., 1971; Sharma et al., 2002) – in the range 
of 20–30% amylose. However, a recent survey of 247 triticale lines reported 
a wider range of amylose contents, namely 13–35%, based on iodine binding 
and starch swelling power (Dennett et al., 2009). The starch properties of 
rye are influenced by both genotype and growth conditions. Hansen et al. 
(2004) reported that starch properties and dietary fibre content were more 
influenced by growth environment and harvest year than by genotype in a 
study of 19 rye genotypes during three growth seasons.

Table 5.3 Functional qualities compared for rye and triticale, compared to wheat, 
but considerable variations occur within each species. Adapted from Weipert (1996) 
and partly based on Chen and Bushuk (1970)

 Compared to bread wheat…

Constituent Rye Triticale

GRAIN  
1000 kernel weight Similar Greater
Hardness/softness Much softer Softer
Protein content Similar range Similar range
Sprouting damage (a-amylase) Much more susceptible More susceptible

FLOUR  
Starch granule size Larger Slightly larger
Starch damage during milling Much less Slightly less
Pentosan content Greater Greater
Water-binding capacity Up to 8 ¥ more water bound Very effective
Water-soluble protein Much more More
Gluten quality Much less effective Less effective
Gluten quantity Less  Less 

DOUGH  
Rheology (viscosity/elasticity) Poorly stretchable Moderately stretchable
Dough stickiness Much more More
Gas retention in baking Much less Less

BREAD  
Grain/texture Coarser Coarser
Flavour Stronger and characteristic Slightly stronger
Shelf life Poorer Poorer
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 The thick cell walls of rye aleurone and endosperm cells provide a rich 
source of fibre, averaging about 17% of the whole grain, of which about 
4% is soluble fibre (Vinkx and Delcour, 1996; Shewry and Bechtel, 2001) 
(Table 5.3). Non-starch polysaccharides include pentosans, b-glucan, lignin 
and cellulose, plus a small amount of arabinoxylan (Shewry and Bechtel, 
2001). The enhanced water-absorbing properties of rye flour (or wholemeal) 
are due largely to the enriched level of its non-starch polysaccharides. Rye 
arabinoxylans, in particular, are capable of high water-binding capacity, of 
the order of nearly five grams of water per gram of dry weight, forming a 
viscous solution. These factors contribute to the nutritional advantages of 
rye as a human food source and in food processing (Vinkx and Delcour, 
1996), but make for difficulties in animal feeding. The high water-binding 
capability of rye may also contribute to the poor dough properties of rye and 
to dough stickiness via interactions with the gluten proteins of rye (Dhaliwal 
et al., 1988). The polysaccharide characteristics for triticale are predictably 
intermediate between those described for rye and those of wheat (Table 5.3), 
the extent of the rye influence depending on the extent of rye chromatin in 
the respective triticale genotype; as previously mentioned, currently cultivated 
triticale varieties are likely to have less than the full rye genome present 
(Bushuk and Larter, 1980).

Protein
The protein content of rye grain is similar to that of wheat, although in both 
cases, there are considerable variations (say, 8–15%) depending mainly on 
growth conditions. Variations in grain protein content have been reported to 
be more influenced by genotype than by growth conditions (Hansen et al., 
2004). The storage protein of rye endosperm is classed as forming gluten 
on wetting, but the resistance to stretching of the resulting dough is less 
that that conferred by wheat gluten (either bread or durum wheats) (Table 
5.3), even though rye flour has been reported to have a higher content of 
gluten than wheat flour (Chen and Bushuk, 1970). Machine processing of 
rye dough is more difficult than for wheat dough due to the stickiness of rye 
dough. The resulting baked rye loaf is poorer in volume, with coarser crumb 
structure, but the distinctive flavour of rye makes it especially attractive to 
many customers. Augmenting rye gluten with wheat gluten helps to overcome 
the dough-strength inadequacies of rye, whilst retaining the unique flavour 
advantages of rye (Seibel and Weipert, 2001a).
 The monomeric gluten proteins of rye are called secalins (equivalent to 
wheat gliadins) and the polymeric gluten proteins (polypeptides or subunits) 
take the generic name of glutelin (equivalent to wheat glutenin). The genes 
for the synthesis of the rye gluten polypeptides are on the R chromosomes 
that are homoeologous to those of the three wheat genomes, namely, the 
short arms of chromosomes 1R and 6R for the secalins (Sec loci), and on 
the short (low-molecular-weight subunits) and long arm (high-molecular-
weight subunits) of chromosome 1R for the rye glutelin polypeptides (Glu 
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loci) (Alonso-Blanco et al., 1993; Tatham and Shewry, 1995; Shewry and 
Bechtel, 2001).
 The polymorphism of the rye and triticale grain proteins is well studied, 
providing the basis for distinguishing between varieties (Uthayakumaran 
et al., 2006) and for phylogenetic studies (Tatham and Shewry, 1995; 
Radzikowski et al., 2002; Salmanowicz and Nowak, 2009). Such studies 
at the protein level are matched by analyses at the gene level (Ma et al., 
2004; Bartos et al., 2008). Such gene markers have been used effectively to 
identify breeding lines carrying specific glutenin/glutelin subunits in rye and 
triticale crosses (Salmanowicz and Dylewicz, 2007), especially for subunits 
that are difficult to distinguish by gel electrophoresis. Salmanowicz (2008) 
has also described a procedure for capillary electrophoresis claimed to be 
effective for fractionating and characterising high-molecular-weight subunits 
of triticale glutenin.
 The gluten of rye is considered as being sufficiently similar to that of 
wheat to be toxic to people with coeliac disease (Wieser and Koehler, 2008; 
Anderson and Wieser, 2006). Thus triticale grain, having a combination of 
wheat and rye proteins, is also toxic for coeliacs. However, the grain protein 
of rye has the nutritional advantage of a lysine content (21.2 g/100 g total N; 
range 15.1–28.1) that is higher than that of wheat (17.9 g/100 g total N; range 
13.1–24.9) (Chen and Bushuk, 1970; Seibel and Weipert, 2001b; Shewry 
and Bechtel, 2001), offering a minor advantage for rye in animal feeding. 
The lysine content of triticale is intermediate to that of rye and wheat. Rye 
and triticale have slightly less than wheat of the nitrogen-rich amino acids, 
such as glutamine and proline, but the conversion factor of 5.7 is still used 
for rye and triticale when converting total nitrogen results to protein content. 
The conversion factor of 5.7 contrasts with the factor of 6.2, used for this 
conversion with proteins having a more ‘normal’ amino-acid composition. 

Antinutritional factors and vitamins
The aleurone cells surrounding the endosperm of the rye grain are rich in 
phytic acid, present in phytin granules as potassium and magnesium salts 
(Shewry and Bechtel, 2001). Its anti-nutritional activity relates to its ability 
to form very insoluble salts with important mineral nutrients, especially 
calcium, iron, zinc and magnesium. A naturally occurring solution to the 
problem lies in the endogenous presence of phytase, which hydrolyses phytate 
to form inositol and phosphate, releasing the complexed cation.
 A group of phenolics compounds, represented by 5-alkylresorcinols, 
occurs in rye bran at a level of about 0.5%. They can inhibit the growth of 
various animal species, especially pigs, also causing skin irritation (Seibel 
and Weipert, 2001b; Shewry and Bechtel, 2001). Their presence is one of 
several factors that limit the proportion of rye grain in animal feedstuff. On 
the other hand, the outer tissues of rye grain are a rich source of various 
vitamins and minerals. Their levels in whole rye grain and milling fractions 
from several literature sources are summarised by Shewry and Bechtel 
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(2001). The presence of trypsin inhibitors in rye is a further antinutritional 
factor (Shewry and Bechtel, 2001). Although these inhibitors of the digestive 
processes are present in rye at levels much lower than in many legumes, 
they constitute another factor to limit the use of rye and triticale in animal 
feeding.

5.4.3 Grain  defects
Rye (and triticale to a lesser extent) is particularly susceptible to pre-harvest 
sprouting, with the production of excessive levels of a-amylase in the mature 
grain (Table 5.3). This deficiency is partly attributed to the open structure of 
the glumes of the rye head allowing easy access of water to the grain in the 
mature head just prior to harvest (Paulsen and Auld, 2004). The tendency 
to premature sprouting is accentuated by rye being grown in regions where 
moist climatic conditions at harvest are often conducive to sprout damage. 
This defect presents processing difficulties for the manufacture of rye breads 
and crisp breads. As a result, it is a priority at grain receival to test for sprout 
damage using the Falling Number test or equivalent procedures. Sprouting 
susceptibility is also a defect for triticale, but for both rye and triticale, a 
degree of genetic tolerance is being conferred by suitable selection in breeding 
(Trethowan et al., 1994).
 Contamination of harvested rye grain with ergot bodies (sclerotia) is a 
characteristic common to rye, and to triticale to a lesser extent. Infection is 
likely to be more severe if ergot ascospores are present from the previous 
season and if there are windy conditions to spread the spores. Soon after 
the rye florets have flowered, infected florets in the rye head produce yellow 
droplets of liquid (honeydew) containing conidia of the ergot fungus (Claviceps 
purpurea) (Czembor and Sowa, 2001). Insects may transfer conidia to other 
florets where mycelia develop, eventually producing the blue-black ergot 
bodies (pinkish-white inside), ranging in length from 2 to 20 mm. When 
this occurs, the ergot body replaces the grain; in other cases, the ergot body 
may not develop but the floret is sterile, thereby reducing grain yield. Some 
of the ergot bodies may shatter and fall to the ground before harvest, but 
most are harvested with the mature grain.
 Ergot is toxic if present in sufficient concentration in the diet due to the 
alkaloids contained in the ergot sclerotia, especially ergotamine, which produce 
hallucinations, agitation, and other symptoms associated with ‘St Anthony’s 
Fire’ (De Costa, 2002). In recent times, ergotism is mainly associated with 
animals due to specifications being stricter for grain for human consumption. 
In past centuries, ergotism has been the cause of epidemics with millions of 
deaths in European countries where the poor had rye as a staple of their diet. 
For animals today, ergot poisoning may cause convulsions and, in chronic 
conditions, gangrene of the extremities. Ergot is understood to be especially 
dangerous for breeding stock, affecting lactation and fertility. Therefore, 
there are strict tolerances for the presence of ergot bodies in rye grain on 
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delivery (Lauber et al., 2008). In the USA, rye (and wheat) deliveries have 
been considered ‘ergoty’ if they contain more than 0.3% ergot (Table 5.4). 
Stricter specifications apply to #1 and #2 grades of Canadian rye (Seibel 
and Weipert, 2001a). More general limits of 0.1% and 0.05% by weight 
are likely to be introduced. However, no specifications for ergot content in 
triticale are provided in the US grade requirements provided by the Grain 
Inspection, Packers, and Stockyards Administration (GIPSA), summarised 
in Table 5.5. The mechanical removal of ergot bodies is possible, but of 
course not after milling.
 Snow mould is a further disease that affects rye plants. As the name 
suggests, it is prevalent in cool climates where the presence of various 
fungi may greatly reduce grain yield (Czembor and Sowa, 2001). The main 
consequences for grain quality are a reduction in bulk-grain density and the 
presence of shrivelled grains.

5.5 Utilisation and nutritional advantages

5.5.1 Rye and triticale in food products
The versatility of rye as a crop is indicated by its value at all stages of 
growth, thus fulfilling in practice the ‘whole plant utilisation’ concept of 

Table 5.4 Rye-grain quality specifications for countries involved in international 
trade, based on summaries by Seibel and Weipert (2001a) and the GIPSA web site 
(www.gipsa.usda.gov)

Country Minimum Maximum  Maximum sprouted 
and grade test weight ergot (%) grains (%)

Canada #1 rye 72 kg/hL 0.05 0.5
Canada #2 rye 69 kg/hL 0.20 2.0
Canada #3 rye 63 kg/hL 0.33 10
US #1 rye 56 lb/bu (72 kg/hL) 0.3 –
US #2 rye 54 lb/bu (69.5 kg/hL) 0.3 –
US #3 rye 52 lb/bu (67 kg/hL) 0.3 –
US #4 rye 49 lb/bu (63 kg/hL) 0.3 –
EU rye standard  71 kg/hL – –
EU rye (intervention) 68 kg/hL 0.05 –

Table 5.5 Triticale-grain quality specifications for USA provided on the GIPSA web 
site (www.gipsa.usda.gov) accessed in May, 2009

Grade Minimum Damaged  Foreign 
 test weight kernels (%) material (%)

US #1 triticale 48 lb/bu (61.8 kg/hL) 2 2
US #2 triticale 45 lb/bu (58.0 kg/hL) 4 4
US #3 triticale 43 lb/bu (55.3 kg/hL) 8 7
US #4 triticale 41 lb/bu (52.8 kg/hL) 15 10
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Munck (2004). As a green plant, rye provides livestock pasture and a green 
manure in crop rotations. At maturity, rye straw is harvested and valued as 
ruminant fodder and hay, and as animal-bedding material, especially for 
horses. The use of straw for biofuel production is being explored. Chemurgy 
of the straw offers opportunities for chemical industries to transform straw 
pentosans into xylose and furfural (Munck, 2004). Rye straw is sought for 
thatch and for building materials.
 The rye grain has various avenues for utilisation. The highest value addition 
is milling into flour for baking into various forms of bread and many other 
foods (Seibel and Weipert, 2001a).

∑ Rye ‘black bread’, with a high content of rye flour, is favoured in Eastern 
Europe. The rye flour used has a high ash content (0.8–1.6%).

∑ Crisp bread (Knaeckebrot) is also made from rye flour, often whole-
meal rye, possibly with some wheat flour added, with or without yeast 
leavening. Because of the processing method, the rye flour for this 
purpose must have a low level of a-amylase activity.

∑ Pumpernickel is also produced from 100% rye meal, using the sour-dough 
process. It is distinctive due to the very long baking time involved – 
between 18 and 36 hours. As a result, it is dark, with a very high dextrin 
content and a ‘bitter-sweet’ taste. The bread does not develop a normal 
crust; it has a long shelf life. Pumpernickel is distinctively German, 
originating in Westphalia, but there are variations in recipe and baking 
process from one country to another in (Eastern) Europe. For example, 
a light pumpernickel (with rye-wheat flour and possibly including a 
sour-dough process) is produced in North America as an alternative to 
the traditional product.

∑ Gristing of rye and wheat flours provides lighter bread types (‘light-
rye’) and bread rolls for palates around the world. American rye bread 
is usually made with a very high proportion of wheat flour (60–80%), 
leaving the rye flour as a relatively minor ingredient.

∑ Sour-dough bread is also made from a wheat-rye grist, but in this case, 
‘old dough’ is mixed with the grist to produce the characteristic ‘sour’ 
savour (Decock and Cappelle, 2005; Michalska et al., 2008).

∑ In addition to leavened breads, rye is popular for various biscuit and 
cracker types.

∑ Rye has also been used in muesli as a breakfast cereal or as a muesli 
bar, with rye incorporated in the form of the cracked grain, as rye flakes 
or as extruded rye.

Triticale may be substituted for rye in most of these uses but in practice, 
rye is the preferred grain. Food uses of rye and triticale, in preference to 
wheat, reflect the distinctive rye attributes of flavour and the nutritional 
advantages offered by its non-starch polysaccharides; possibly also its higher 
lysine content.
 A distinct use is fermentation and distillation into spirits as rye whisky 
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(Seibel and Weipert, 2001b). Not unrelated, but distinct is the use of rye and 
triticale grain for the production of fuel ethanol and related biofuels (Wang 
et al., 1999; Sánchez and Cardona, 2008). For this application, the higher 
activity of a-amylase associated with sprouted rye grain is an unexpected 
advantage. Corn grain has been the mainstay for fuel ethanol production 
from the renewable resource of cereal grain, but the whole range of grain 
species has been examined for this purpose in recent years. In addition, 
cereal straw has been studied as a source of lignocellulosic material (Sun 
and Cheng, 2002). The main reason for considering rye and triticale relates 
to their regional availability and their prices compared to alternative grains 
and other uses, especially animal feed.
 Rye flour also finds a range of industrial uses, including the production 
of glue, adhesives, corrugates, cardboard and papers. In some of these 
applications the distinct properties of rye starch offer advantages over wheat 
starch. An example is its use as a diluent in veneer and plywood manufacture 
(Seibel and Weipert, 2001b). Finally, the most obvious use of rye grain is 
for animal feed, generally for formulation with other grains. The offal from 
milling rye grain to flour also goes to animal feed.
 The range of uses of triticale is not as wide as for rye. Triticale is potentially 
suited to these uses, but it is generally used as animal feed, both as green 
feed and as grain, either alone or formulated with other materials. In addition, 
triticale is used for a range of baked goods, providing a distinctive ‘nutty, 
aromatic and naturally sweet flavour’ (Cooper, 1985). Baking with whole-
grain triticale flour takes the nutritional advantage of its high fibre content, 
but the addition of wheat flour to increase gluten strength is recommended 
for making yeast-leavened goods (Cooper, 1985). Some of the attractive 
baked goods from triticale are illustrated in Fig. 5.4. Although triticale was 
originally intended to be a new bread-making grain, for use in all the food-
producing applications of wheat, it has not fulfilled these hopes, and its 
main usage is as a feed grain (Weipert, 1996). Nevertheless, the flour from 
most triticale varieties has the potential for use as a replacement of rye in 
breads based on composite wheat-rye flours, in that situation providing the 
characteristic rye flavour and texture to the bread products.

5.5.2 Rye as a feed grain
Rye has worldwide importance as a feed grain. This role, versus food use, 
is partly because it can be grown where other cereals may not provide 
good returns. As a result, rye production has exceeded the needs of local 
milling and baking industries, and the need has arisen to exploit the obvious 
alternative, namely, feed uses. Even in Germany, a classic producer of rye 
for bread manufacture, about two-thirds of rye production goes for animal 
feed, generally mixed with other feed sources. At face value, the improved 
amino-acid balance of rye-grain proteins should make it preferable to other 
cereal grains for animal feeding, but in practice, this advantage is not 
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necessarily a significant reason for feed manufacturers to pay a premium for 
rye grain. Nevertheless, prices and local availability make rye and triticale 
attractive for animal feed, generally mixed with other sources, including 
other grain species.
 The presence of anti-nutritional factors (especially non-starch polysaccharides 
– mainly pentosans) in rye restricts its use in feed formulation; it must be 
combined with other feed sources. For chickens, a diet based largely on rye 
may lead to poorer weight gain and lower metabolisable energy (Ragaee et 
al., 2001; Mathlouthi et al., 2002). These problems have been attributed to 
increased viscosity properties due to non-starch polysaccharides, especially 
arabinoxylans. They create problems for poultry because of their high water-

Fig. 5.4 A variety of breads made from triticale flour, identified by letters: A, 
Triticale-wheat (hybrid) loaf; B and C, Hybrid plaits; D, Harvest loaf; E, Golden 

pumpkin loaf; F, Fruit plait loaf; G, Arabic bread, wholemeal; H, Arabic bread, white 
flour; I, Triticale loaf; J, Rolls; K, Triticale grain; L, Butter horns; M, Soft bread 

sticks; N, Cloverleaf rolls; O, Triticale flakes; P, Conventional high-top loaf; Q, Poppy 
seed loaf; R, Jam rolls; S, Triticale flake muffins; T, Triticale flour. Reproduced with 

permission from Cooper (1985).
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holding capacity, which leads to the formation of highly viscous substances 
in the gut of the bird or animal, there causing interference with the absorpion 
of micronutrients (Choct, 2001). This undesirable effect can be mitigated 
by the supplementation of the rye diet with small quantities of pentosan-
degrading enzymes – xylanase and b-glucanase. These enzymes breakdown 
the pentosans, thus reducing viscosity and improving growth rate (Mathlouthi 
et al., 2002; Silva and Smithard, 2002). Commercial quantities of several 
enzyme preparations are now available to the mixed feed industry.
 In addition, the 5-alkyl resorcinols are reputed to suppress growth in pigs, 
causing skin irritation and a condition colloquially known as ‘thick blood 
condition’. These phenolic compounds are present in all cereal grains, but 
because their content is especially high in rye grain, the use of rye in animal 
feed rations is limited, especially for young pigs (Seibel and Weipert, 2001b). 
Similar restrictions apply to triticale. These compounds are concentrated in 
the bran layers, and their levels vary from one variety to another.

5.5.3 Nutritional advantages of rye-based foods
The use of whole-grain flour for baking is advocated for all cereals, including 
rye, especially because whole grains are rich sources of fibre, vitamins, 
minerals and bioactive phytochemicals (Liu, 2007; Nyström et al., 2008). 
The phytochemicals of cereals are reported to complement those from other 
plant sources, such as fruits. Antioxidant activity is one of the particular 
nutritional advantages of these bioactives. It has even been claimed that in 
vivo antioxidant activity from cereal brans is greater than published values 
from in vitro studies (Fardet et al., 2008). The phenolic acids that are abundant 
in rye inhibit low-density lipoprotein oxidation. Michalska et al. (2008) 
reported specifically about antioxidant activity for rye breads, claiming that 
the baking process favours the formation of antioxidant compounds via the 
Maillard reaction. The nutritional and health advantages of phenolics in the 
human diet (phenolics acids, lignans and alkylresorcinols) have recently 
been reviewed by Bondia-Pons et al. (2009).

5.6 Distinctive aspects of grain analysis

The foregoing descriptions of rye and triticale indicate the features that 
distinguish these cereals from their close relatives, especially wheat and 
barley. For most aspects of grain quality, assessment for rye and triticale is 
similar to that for other cereals, especially for wheat. Therefore, see Chapter 
4 on wheat and the general chapters, especially Chapters 11, 12 and 16. The 
following basic specifications apply to receivals of rye and triticale grain. 
Grade specifications for rye are provided for major rye-growing countries in 
Table 5.4 and for US triticale in Table 5.5. Specific levels of these various 
parameters are provided by the respective grain-receiving organisations or 
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companies; specifications may vary from one region to another. See Section 
5.9. Grain-quality factors, and the means of their assessment, are described 
below.

∑ Test weight (generally as kilograms per hectolitre) is an indication of 
milling quality based on grain size and the absence of shrivelled grains. 
Measurement involves weighing a specific volume of grain (details in 
Chapter 11). Test weight is a primary specification determining the 
grade level for rye-growing countries, as indicated by the examples in 
Table 5.4. A test-weight minimum of 72 kg/hL applies to the Canadian 
top grade of rye, falling to 69 and 63, respectively, for the two lower 
grades. These are similar to EU rye standards of 71 and 69 kg/hL. US rye 
grades are specified in pounds per bushel, namely, 56, 54, 52, down to 
49 lb/bu. As Table 5.4 shows, these convert into metric measures similar 
to the Canadian and EU specifications for rye. Lower test weights are 
specified for triticale, as indicated by the US grade requirements in Table 
5.5, namely, from 48 to 41 lb/bu (about 62 to 53 kg/hL). See Appendix 
2 for US-metric conversions for weights and measures relevant to the 
grains industry, including conversion between kg/hL and lb/bu. The 
many specifications for grades and classes are not static for the many 
aspects of grain quality, so the figures in Table 5.4 are likely to change 
with time. Up-to-date specifications are best obtained directly from the 
relevant grain-handling authority, e.g., from the respective web site. See 
Section 5.9.

∑ Variety or varietal mix determines quality attributes that have been 
‘built in’ by the breeder. They are important in determining harvested 
grain quality, even though these genetically determined attributes may 
have been modified by the growth conditions and farm management. 
Such environmental factors include climate, rainfall, fertiliser and 
harvest conditions. Methods of determining variety have traditionally 
involved visual examination by an expert (Jarman, 1995). However, 
laboratory methods are needed for definitive identification, such as the 
determination of grain-protein composition by gel electrophoresis or 
capillary electrophoresis (e.g., Uthayakumaran et al., 2006). See also 
Chapter 12.

∑ Grain protein and moisture content are common specifications for admission 
of grain to a specific grade or class. Near infrared (NIR) spectroscopy 
of ground or whole grain is the usual procedure for determining both 
these factors. See Chapter 16.

∑ Grain soundness (lack of sprouting) is especially important for rye 
and triticale, given their susceptibility to pre-harvest sprouting. Visual 
examination is effective in advanced cases of sprouting (the presence 
of roots and shoots, or split germ cover), but significant sprout damage 
may not be visually evident even when a-amylase activity is sufficient to 
cause processing problems. Inspection for visibly sprouted grains is the 
primary specification for the three main grades of Canadian rye (Table 5.4) 
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covering the wide range of 0.5% to 10%. The latter high level indicates 
the difficulty of dealing with this intrinsic defect in rye, considerably more 
troublesome than in wheat. Judging the extent of sprouting visually is 
difficult in borderline cases; a more objective evaluation of sprouting as 
a defect is provided by laboratory-based testing to determine a-amylase 
activity, using either the effect of the activity on endogenous starch as 
Falling Number or Stirring Number (AACC, 2000), or based on the 
determination of enzymic activity (Seibel and Weipert, 2001a; Wrigley, 
2004a). See also Chapter 11. The critical cut-off Falling Number value 
for rye and triticale is generally lower than is set for wheat or barley. 
Irrespective of testing, the likelihood of sprouted-grain deliveries can 
be anticipated by knowledge of the climate (rainfall and temperature) 
at harvest time for the growing area of a specific grain delivery.

∑ Grain soundness also involves the absence of mouldy, frosted or 
damaged grains, as is evident by visual inspection. ‘Damaged kernels’ 
are specified for both rye and triticale receivals. The US standards list 
the same range of 2–15% damaged kernels for grades 1 to 4 of both rye 
and triticale (Table 5.5). These include grains that are diseased, insect-
bored, heat-damaged and other possibilities termed ‘otherwise materially 
damaged’.

∑ Unmillable material. Related to test weight is examination of a grain 
sample for ‘unmillable material’ by sieving using sieves with slot/
hole sizes specified for the grade or class. Material larger than the test 
screen usually includes pieces of the head and stem, stones and other 
foreign material. Small material includes pinched grains, weed seeds 
and insects.

∑ The presence of insects relevant to grain, or of insect-damaged grain, 
may be sufficient to warrant the rejection of a grain load, or at least the 
requirement that the grain must be fumigated before it can be considered 
for receival. Absence of grain protectants, below minimum residue levels 
is another requirement, but assessment of this specification may require 
laboratory testing. See Chapter 16.

∑ The absence of contaminants is critical, depending on the nature of 
the material. Assessment involves visual examination, probably after 
sieving to concentrate the small material from a given volume of grain. 
Seeds of weeds and of other crops are common and levels admissible 
are specified for most grades of grain. Examples of these limits for a 
few grain-producing countries are given by Seibel and Weipert (2001a) 
and McLean and Wrigley (2004). Booklets illustrating likely seed 
contaminants are provided for specific regions, e.g. Ferns et al. (1978) 
for Australian cereal grains.

∑ Ergot bodies are a particular concern for rye and triticale deliveries. 
The ergots are visually evident, unless they have been broken up during 
harvesting and transport. In this case, and for ground grain and milled 
flour, laboratory analysis is required, by methods such as described 
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by Lauber et al. (2008). Local specifications vary from one region to 
another and from one grade to another ranging up to 0.3% by weight. 
Specifications are obviously likely to be higher for feed grades than 
for grain destined for milling and food products. Specifications for the 
important grade examples in Table 5.4 range from maxima of 0.05% 
to 0.3%, the lower level being required for the top grades from Canada 
and the European Union.

∑ Feed value. Specifications for feed grade are less restrictive than for 
milling grades. Nevertheless, there is concern about the presence of 
ergot and of moulds and contaminants that could prove toxic. See the 
review by Wrigley (1999) for methodologies to evaluate grain quality 
for animal and bird feeding.

 Rye and triticale are distinctive, as previously described, in various aspects 
of their chemical composition, but these factors are not so important as to 
warrant their determination at grain receival. Adherence to these various 
assessment procedures leads to the segregation of grain of similar quality 
when received at the grain elevator or mill. Separate binning and identity 
preservation during storage and transport are essential next steps needed to 
ensure that the costs of testing and segregation are justified leading to better 
management of quality further down the grain chain.
 Whereas initial assessment of grain quality is performed by the above 
visual-examination procedures and by simple tests (e.g., test weight), more 
detailed assessment may require laboratory-based analysis, provided the 
costs involved are warranted. A wide range of such tests is available, many 
of them standardised by inter-laboratory collaboration, and endorsed by 
relevant grain-science associations, especially AACC International and the 
ICC. See Section 5.9, Chapter 11, and a review of the system for establishing 
standardised test protocols by Wrigley (2004b).

5.7 Distinctive aspects of management

Opportunities for managing grain quality occur throughout the grain chain, as 
described in Chapter 1 and more specifically in Chapters 11–17. For all cereal 
grains, this opportunity begins in the breeding program, based on feed-back 
from the later stages of production, processing and consumer acceptance. For 
rye and triticale, the main aims of breeding have traditionally been aimed 
at increasing grain yield in its various aspects, with less emphasis on grain 
quality than for wheat or barley. Nevertheless, breeding offers opportunities 
for increasing tolerance to the characteristic disadvantages of pre-harvest 
sprouting and ergot contamination. At the stages of sowing and growing, 
farm-management strategies include the use of clean seed, freedom from weed 
seeds and from ergot spores, as well as reducing the presence of grasses on 
which ergot spores can over-winter between crops.
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 Grain receival is a critical stage at which the issues of grain quality come 
face-to-face with returns to the grower, depending on the assessment of 
quality and thus the grade or class to which a load of grain is allocated. At 
this stage, the grower receives the benefit for good farm management. At this 
stage also, the grain buyer and the processer commence quality management, 
based on the specifications for the grade of grain acquired, and based on the 
analyses conducted at grain receival. Given this information, the processor 
proceeds with cleaning (if necessary) and with milling, if proceeding on 
to food manufacture. The miller has various strategies available, namely, 
producing whole-meal rye (by crushing the whole grain, with no sieving), 
‘gentle’ milling to release inner endosperm (rich in starch, with less of the 
swelling materials – pentosans and proteins), or milling and sieving to provide 
various degrees of flour yield (extraction rate). These strategies determine 
the baking qualities expected; in general, heavier rye bread, with smaller 
loaf volume is expected as the extraction rate increases (Seibel and Weipert, 
2001a). 
 Nevertheless, the use of high-extraction rye flour, or whole-meal flour, is 
reported to have favourable nutritional advantages – most obviously because 
of the added dietary fibre, but also because the baking process favoured the 
formation of antioxidant compounds. These advantages were diminished by 
using ‘white’ rye flour (Michalska et al., 2008). On the other hand, there 
was no significant decrease in the level of available lysine in the whole-meal 
rye bread.
 Bakers’ asthma appears to be a management issue that is distinctive for 
rye milling and baking. This occupational hazard is associated with the 
inhalation of rye flour, but skin irritation is also a risk for millers and bakers 
handling rye flour. Bakers’ asthma has been reported to be worse with rye 
than with wheat flour (Letrán et al., 2008). A case study of several bakers 
led to the identification of a baker with a history of more severe attacks 
of breathlessness following inhalation of rye flour compared with wheat 
flour (Baldo et al., 1980). This history was confirmed by formal bronchial 
challenge, but skin-prick testing was not a useful diagnostic. Bran particles 
were demonstrated to be at least as allergenic as flour for bakers’ asthma. 
Appropriate management involves ensuring that workers exposed to these 
risks take suitable precautions, such as the use of dust masks and protective 
clothing. The risk is reduced in modern, larger-scale mills and bakeries, where 
pneumatic conveyance of flour stocks limits inhalation and skin exposure. 

5.8 Future trends

Despite the distinctive agronomic advantages of rye and triticale for thriving 
in situations that may not suit wheat, they do not measure up to the dough-
forming properties of wheat. There have traditionally been attempts to improve 
the bread-making quality of rye and triticale using conventional breeding 
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methods, but these have still not brought the hoped-for quality. New hope for 
these aims has been brought by the many new breeding methodologies that are 
summarised by the title ‘genetic engineering’, creating genetically modified 
organisms (‘GMOs’). Most obviously, these approaches have involved the 
use of transformation to introduce genes for the strength-conferring glutenin 
polypeptides of common wheat. The feasibility of this approach has been 
demonstrated in wheat, where the introgression of glutenin subunits resulted 
in added polymeric glutenin and increased baking quality (Vasil et al., 2001; 
Field et al., 2008). For rye, similar studies have involved the introgression of 
glutenin subunits, especially subunits 1Dx5 and 1Dx10 from the D genome 
of bread wheat (Altpeter et al., 2004). This approach with rye has lagged 
behind similar studies on other grain species, due to rye being ‘one of the 
most recalcitrant plant species for tissue culture and genetic transformation’ 
(Altpeter, 2006). Nevertheless, these attempts are showing significant signs 
of success, with increased levels of the D-genome glutenin polypeptides and 
indications that these are incorporated into the glutenin polymer complex. 
Hopefully, this general approach will continue to bear the fruit of better dough 
strength, thus improving on this deficiency (weak dough) for rye. However, 
there are other characteristics of rye composition that may militate against 
the goals of turning rye into wheat-like bread-making quality, such as the 
high levels of non-starch polysaccharides. In addition, a transgenic rye (or 
triticale) would have to overcome perceived customer reticence against GMO 
material in the human food supply.

5.9 Sources of further information and advice

Several books and reviews of the chemistry, genetics and uses of rye and 
triticale are available – Tsen (1974), Bushuk (1976), Seibel and Steller 
(1988), Weipert (1996), Bushuk (2001a, 2001b, 2004), Qualset (2002) 
and Furman (2004).

For grain-quality specifications, see:
United States standards for rye and triticale, Grain Inspection, Packers, and 

Stockyards Administration, USDA: www.gipsa.usda.gov
Official grain grading guide, Canadian Grain Commission: www.grainscanada.

gc.ca 
Australian Wheat Board: www.awb.com.au 
Triticale production in Canada: www.agric.gov.ab.ca; www.gov.mb.ca/

agriculture/crops/cereals; www.agriculture.gov.sk.ca
For analytical procedures for processing quality at all stages of the grain 

chain: AACC International website: www.aaccnet.org
International Association of Cereal Chemistry (ICC) website: www.icc.

org.at 
Other relevant websites: 
Codex Alimentarius Commission: www.codexalimentarius.net
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World bank: ‘Triticale: A reappraisal’ G. Varughese, W.H. Pfeiffer, and R. 
J. Peña at www.worldbank.org/html/cgiar/newsletter/april97/8tritic.html

Grain production and use statistics: FAOSTAT, accessed via the web site 
at www.fao.org
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6

Barley: characteristics and quality 
requirements 
M. J. Edney, Canadian Grain Commission, Canada

Abstract: Barley is a versatile crop with a multitude of end uses. The versatility 
of barley’s growing potential and the diversity of end uses, malting, feed and food, 
emphasises the need for broad quality assessment. Standard methods of analysis have 
been developed over the years by industry and remain the status quo for assessing 
quality. Major concerns are germination for malting barley, kernel size consistency for 
feed and pearling suitability for food barley. New methods are continually pursued. 
specifically for measuring homogeneity of barley with instruments such as NIR and 
Single Kernel Characterisation System (SKCS). The future of barley looks promising 
with beer consumption expected to continue to rise while health benefits are expected 
to increase consumer’s demand for food barley. Barley’s potential to grow under 
adverse conditions should be an asset in dealing with climate change but wild swings 
in the weather will further emphasise the need for quality assessment.

Key words: malt, feed, food, germination, sound kernel ratios, single kernel 
characterisation system, SKCS, homogeneity.

6.1 Introduction

Barley is one of the world’s most versatile cereal crops. It grows under a 
range of conditions and has an assortment of end uses, each with unique 
quality requirements. Barley matures under a short growing season allowing 
it to be grown at extreme altitudes and latitudes. It also tolerates drought and 
saline growing conditions. As a result, barley quality can be quite variable, 
highlighting the need for quality assessment.
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 The preferred end use for barley is malting and brewing where higher 
prices are always inviting; however, meeting selection criteria for malting 
can be difficult due to stringent quality requirements. The majority of barley, 
therefore, is fed to animals where quality demands are less strict. The use of 
barley for food is presently limited to traditional uses but the future looks 
promising as unique barley properties are pursued for their benefits to human 
health.
 The appeal for barley comes from unique morphological traits such as 
endosperm cell walls consisting of a water-soluble non-starch polysaccharide, a 
nutrient dense aleurone layer capable of rapid production of high concentrations 
of enzymes and a hull that remains attached after harvest. These traits are key 
to meeting the quality requirements of barley end users such as the maltsters, 
need for enzyme accumulation during germination, the ruminant feeder’s 
need for hulls to limit bloat and the presence of the water soluble non-starch 
polysaccharide, b-glucan, which has positive human health implications for 
food barley.
 The extreme climates under which barley grows offer challenges for grain 
storage in terms of germination maintenance and microbial infection. The 
release of new barley varieties is continually required in order to remain 
competitive in terms of agronomics and disease resistance while maintaining 
appropriate quality. The future for barley looks promising with barley’s 
adaptability being an essential component for changing climates, increasing 
demand for beer and the positive health implications for food barley.

6.2 Unique morphological and biochemical characteristics 
of barley

Passive and directed selection of barley over thousands of years has led to 
the development of unique morphological characteristics that have proven 
advantageous for a range of end uses. Breeders continue to select for these 
traits as well as investigate new ones that could be beneficial, particularly 
in terms of health benefits for humans.

6.2.1 Easily degraded endosperm cell walls
Barley endosperm cell walls contain up to 70% b-glucan compared to 
limited amounts in most other cereal grains. This non-starch polysaccharide 
consists of linear chains of glucose molecules joined by random b 1–3 and 
b 1–4 bonds. The result is a partially water soluble molecule that produces 
viscous conditions in solution, a possible advantage for human nutrition 
but detrimental in the brewery and when feeding barley to broiler chickens. 
High viscosities reduce flow rates in the brewery, retarding filtration, and in 
the intestine of barley-fed poultry, reducing growth rates. In contrast high 
viscosities benefit human nutrition through decreased fat adsorption, thus 
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lowering blood cholesterol, and slower digestion, resulting in barley’s low 
glycemic index. The high concentration of water soluble b-glucan likely 
results from selection over time for cell walls that quickly degrade during 
germination, thus reducing processing times in the malt house. 

6.2.2 Excess potential for enzyme synthesis by aleurone cells
The barley aleurone layer is located between the endosperm and the seed coat. 
It consists of three layers of nutrient dense cells which contrasts with the single 
layer in most other cereals. Aleurone cells are responsible for the synthesis 
and release of a range of enzymes that breakdown endosperm compounds 
providing nutrients for the growing barley embryo. Selection pressures 
have resulted in a layer that produces levels of proteases, b-glucanases and 
starch-degrading enzymes in excess to the simple requirements of the barley 
plant. The malting and brewing industries, whose selection pressures over 
the years are at least partly the cause of the efficiency of barley’s aleurone 
layer, rely on the enzymes to destroy the cell walls and protein matrix of the 
endosperm during malting. Starch granules are released and made available 
for gelatinisation and hydrolysis in the brewery. Proteases release amino 
acids for use in enzyme synthesis by aleurone cells but they also produce 
the free amino acids required for yeast nutrition in the brewery.

6.2.3 Hull retention
The majority of the barley presently grown in the world retains its hull after 
harvest, in contrast to wheat. The hulls are advantageous in the malt industry 
where they protect growing acrospire as the barley moves through the malt 
house. The hull also prevents exposure of the seed coat to wet conditions 
during steeping which otherwise would render the seed coat sticky, restricting 
movement of steeped barley. During the kilning phase of malting, the hull 
insulates the aleurone and endosperm helping to preserve enzymatic activity 
for use in the brewery. The hull is also essential in the brewery where lauter 
tuns are used to separate wort from spent grain. Lauter tuns rely on the hull 
to add structure to filter beds improving porosity and wort runoff.
 Barley hull is also a benefit in feeding ruminants. Bloat often results 
from excess fines produced from processing wheat and hulless barley for 
ruminants. The fines, which cause rapid starch digestion leading to the 
bloat, are less of a problem in covered barley where the hull reduces their 
production. However, in contrast, the hull reduces the feeding value of 
barley for monogastrics due to indigestibility and the dilution effect on 
overall energy content. Hulless barley, which loses its hull during harvest, 
continues to be pursued for possible advantages as a feed for monogastrics 
but commercial uptake has been limited. The food industry is also interested 
in using hulless barley for easier processing as they develop new products 
based on the health benefits of b-glucan.
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6.2.4 Proteins unique to barley
Barley has similar levels of protein to other cereal grains with averages in 
commercial shipments between 9 and 15% dry matter depending on end use 
and barley source. Types of protein in barley, as classified by the Osborne 
method, are similar to other cereals, although, concentrations of individual 
fractions do differ significantly among the cereals. Barley does show some 
distinct protein properties such as high levels of b-amylase and Z protein in 
the endosperm. Both b-amylase and Z protein contribute to the desirability 
of barley for brewing as they enhance starch degrading capacity and improve 
beer foam, respectively. The nutritional value of barley protein is similar to 
or poorer than that of other grains with the major storage protein, hordein, 
having limited amounts of the essential amino acids, lysine and threonine.

6.2.5 Elevated levels of tocopherol and tocotrienol
Barley is the only cereal that contains all eight forms of vitamin E 
(tocochromanols). Tocopherol and tocotrienol are the major forms and are 
found at significantly higher levels in barley than any other cereal grain 
(Falk et al., 2004). Roles of tocopherol and tocotrienol in barley are poorly 
understood but are assumed to be broad as they are located in three distinct 
areas of the kernel: the embryo, the endosperm and the pericarp layer. The 
anti-oxidant properties and cholesterol-lowering effects of tocopherol and 
tocotrienol are of interest to human nutritionists. Fractionation and pearling 
methods have been investigated as means of concentrating tocopherol and 
tocotrienol levels from barley for use as supplements.

6.3 Production and major uses of barley

The annual world production of barley has stabilised in recent years (2003–
2008) at close to 140 million tonnes. Production had increased steadily, 
peaking in the 1980s and then settling back to present levels. The past 45 
years have seen significant swings in barley production (Table 6.1) due to a 
range of factors. Political incentives in Europe during the 1970s and 1980s 
were responsible for large increases in barley acreages on that continent. 
Increased beer consumption contributed to greater barley production in 
Asia and South America. The increased beer consumption in south-eastern 
Asia also increased demand for barley from Australia, although, Australian 
production figures have remained inconsistent due to frequent droughts. 
North American production has fallen off in recent years, predominately in 
the United States, because of increased incidence of Fusarium graminearum. 
Reduced world production in recent years has mainly reflected reduced 
production of feed barley in Europe.
 Barley has three distinct uses: malting, feed and food (Table 6.2). The 
use for malt and feed increased steadily into the 1980s but then levelled 
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off with some drop in feed use (Fig. 6.1). In contrast, the use of barley for 
food decreased into the 1980s but has now levelled off at a low, but still 
significant, 7 million tonnes per year.

6.3.1 Malting barley
The best known end use for barley is as an ingredient for alcoholic beverages, 
predominately beer and Scotch whisky. However, raw barley must be malted 
prior to use in the beverage industry. Yeasts, which ferment simple sugars to 
ethanol in the brewery and distillery, do not produce the enzymes necessary 
for degrading barley starch. It was discovered thousands of years ago that 
barley produces its own starch-degrading enzymes during germination. The 
malting process, therefore, was developed using controlled germination to 
produce the enzymes that degrade starch to simple sugars in the brewery. 
The b-glucan in endosperm cell walls is also degraded during germination 
releasing starch from within cells and reducing potential problems associated 
with b-glucan, particularly poor filtration, in the brewery and distillery. 
Kilning, the final drying phase of malting, contributes to malt flavour. This 

Table 6.1 Average annual barley production across the continents (thousands of 
tonnes)

Years Europe1 Asia North &  Oceania2 Africa South World
   Central   America
   America 

2007 83 531 21 713 17 330 6320 4798 2499 136 191
2006 89 183 22 461 14 366 4534 6161 2333 139 039
2005 82 995 22 221 17 053 10 171 4576 1845 138 862
2004 96 435 21 422 19 580 8043 6273 2145 153 898
2003 83 203 21 423 19 309 10 760 5792 1589 142 077
1993–2002 90 902 23 488 20 180 6212 4056 1328 146 165
1983–1992 115 947 19 525 23 065 4787 5174 971 169 468
1973–1982 110 958 15 905 20 238 3183 3902 999 155 184
1963–1972 70 888 15 787 16 510 1757 3591 1190 109 722

Source: Food and Agriculture Organisation of the United Nations (2008)
1 includes Russia.
2 Oceania consists of Australia, New Zealand and South Pacific islands.

Table 6.2 Major end uses of barley around the world

Malt barley Feed barley Food barley

Malt for brewing beer Large ruminants (cattle) Flour/fibre-rich fractions
Malt for distilling whiskey Small ruminants (sheep) Couscous
Food malt Pigs Rice extender
 Laying hens Pearled (soup)
 Broiler chickens Barley tea
  Shochu
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typical flavour is not only desirable for beer and whisky but it is also used 
for flavouring and as a colour enhancer by food processors. The baking 
industry also uses malt in bread dough formulations because of its high 
content of a-amylase.
 The amount of barley used for malting has increased slowly but steadily 
over the past 45 years. Europe (including Russia) doubled its use of malt 
barley during this period. Malt use in Europe has remained relatively flat 
since the late 1970s but at 25 million tonnes still accounts for more than 
50% of world use. Asia has recently become the next biggest consumer of 
malting barley having quadrupled its use over the past 45 years with half the 
increase coming since 1990. Use in 2008 was still only a third of Europe but 
40% greater than North America where demand increased steadily through 
the 1960s, 1970s and into the 1980s but has remained steady since. South 
America shows the steepest increase in malt barley use but still used less than 
2 million tonnes in 2008. Oceania (Australia, New Zealand and South Pacific 
islands) has shown erratic domestic production of malt but has averaged 1 
million tonnes in recent years, three times its production of the 1960s.
 Recent changes in malt demand are accounted for by reduced beer 
consumption in the more traditional Western markets while consumption has 
increased in Asia, South America and eastern Europe including Russia. Greater 
use of adjuncts, non-malt sources of starch for brewing, has contributed to 
the reduction in demand for malt. The Scotch whisky industry has expanded 
significantly in recent years but a limited requirement for malt reduced the 
effect of this demand on world supply of malting barley.

1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

Source data: USDA Foreign Agricultural Service (2009)
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Fig. 6.1 Amounts of barley used for malt, feed and food around the world for the 
past 50 years.
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6.3.2 Feed barley
Feed is the major end use for barley around the world. Barley is mainly fed 
to ruminants but also pigs, especially in Europe, and a limited amount is fed 
to layer and broiler chickens. The hull on covered barley severely restricts 
energy content, the major nutrient supplied by barley, for monogastrics. 
In contrast the hull improves the feeding value of barley for ruminants, 
compared to wheat, as it reduces the incidence of acidosis and bloat. Novel 
uses have been proposed for feed barley such as inclusion in trout diets but 
commercial use has yet to develop (Sealey et al., 2008).
 Feed barley use has decreased over the past 10 years, largely due to low 
prices for other feed stuffs, but only after steady increases during the previous 
40 years (Fig. 6.1). Even today over 75% of total world barley production 
is consumed as feed. The major decrease in feed barley use has been in 
Europe where barley has been replaced by cheaper and more energy-rich 
grains, for pigs, such as wheat and corn. Asia is the next biggest user of feed 
barley at 20 million tonnes in 2008 with over half going to the Middle East, 
an area where feed barley use has significantly increased over the past 20 
years. North America remains a consistent user of feed barley (10 million 
tonnes annually), mainly for cattle, but demand has fluctuated with supply 
and price competitiveness. Australia and Africa are both significant users 
of feed barley (3 million tonnes annual average each) with both showing 
significant increases since the 1980s. Feed barley use remains insignificant 
in South America.

6.3.3 Food barley
Food barley use worldwide has stabilised in recent years (Fig. 6.1) after a 
steady decrease over the past 45 years. A large market for food barley continues 
to exist in northern Africa, including Morocco, Algeria and Ethiopia, where 
on average over 2 million tonnes of barley are incorporated annually into 
foods such as flour and couscous. Asia remains a major food barley user (2 
million tonnes annually) but use has dropped to two-thirds the levels seen 
in the 1960s. The major loss has been in eastern Asia, Korea and Japan in 
particular, where barley had been a staple food product often used as a rice 
extender to reduce costs. Rice extenders have been revived to some extent 
in Japan where the health implications of barley, such as increased levels of 
protein, calcium and dietary fibre compared to white rice, have been promoted. 
Barley tea remains an important use of barley in Japan with health benefits 
of b-glucan once again being promoted. Shochu, a barley liquor, is also a 
significant market for raw barley in Japan.
 Barley is a food staple in some parts of South America such as the high 
Andes but annual use is restricted to less than 0.5 million tonnes of barley. 
In Europe pearled barley for soup remains a small but significant market 
for food barley. Health implications have led to significant increases in food 
barley use over the past ten years and now accounts for over one million 
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tonnes of barley annually. North America continues to use small quantities 
of pearled barley in soups at a quarter of a million tonnes annually.
 The North American barley community has anticipated increased human 
consumption of barley after a USA government ruling (Food and Drug 
Administration, 2005) allowing a health claim, ‘reduced incidence of 
cardiovascular disease’, for b-glucan soluble fibre from barley products. In 
response new products such as high fibre fraction flours and concentrated 
dietary supplements have been developed for inclusion in human diets. 
Demand remains limited but commercial success is expected as incorporation 
of barley products into processed foods gains consumer acceptance.

6.4  Specific quality requirements for barley

6.4.1 Malt barley
Assessing the quality of malt barley is unlike that of any other cereal because 
the major use of malt barley involves two biological processes, barley 
germination and yeast fermentation. These processes can be unforgiving, 
offering limited opportunity to adjust conditions in dealing with barley of 
varying quality. The automated nature of modern malt houses and breweries 
further emphasises the importance of barley and malt quality. The food-
nature of the final products, malt and beer, necessitates concern with food 
safety of both the barley and malt. As a result strict criteria must be met 
before barley and malt are deemed acceptable for malting and brewing. 
Assessment is divided into two components, barley quality prior to malting 
and the quality of malt.
 Assessment of malt barley quality begins shortly after harvest and can 
involve a number of subsequent verifications depending on how direct 
delivery is from field to malt house. The initial assessment will determine 
the suitability of a sample for malting. Subsequent assessments, which can 
occur at each transition (producer to grain company to merchant to final end 
user – the malt house), are used to verify quality specifications. Analyses 
cover a range of physical, biochemical and metabolic characteristics which 
are assessed following methods standardised by the industry (American 
Society of Brewing Chemists, 2004; European Brewery Convention, 1998; 
Institute of Brewing, 1997). The types of analyses will vary at each point 
becoming more complex and stricter as the barley approaches processing 
(Table 6.3).

Varietal purity
The first assessment in determining suitability of a sample for malting is 
verifying the variety and varietal purity of a barley sample. Each variety 
differs in its malting potential and processing characteristics. Maltsters require 
specific varieties to meet a customer’s malt specification. Varietal purity is 
an important assessment as varietal mixtures generally process poorly with 
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each variety requiring specific processing conditions to realise the variety’s 
full potential and to produce the best quality malt possible without excessive 
malt losses.
 Producer samples seldom contain mixtures and variety is generally 
declared verbally on delivery in some countries; while in other countries, a 
written declaration of variety may be required. However, as barley moves 
through the supply chain, mixing opportunities arise increasing the need 
for assessing varietal purity. In the past variety purity has been assessed 
by visual inspection but the proliferation of malting varieties has reduced 
the effectiveness of a visual inspection. New laboratory methods have been 
developed to give unique protein profiles (Marchylo and LaBerge, 1981), and 
more recently, based on DNA markers (Terzi et al., 2005). Most laboratory 
methods presently determine purity by assessing kernels individually; this 
requirement complicates the analysis as large numbers of kernels must be 
analysed individually to provide reliable results. As a result, tests are time 
consuming and tedious compared to visual assessment and research continues 
on more effective assessment (see Chapter 12).

Germination
Germination is the most important quality requirement for malting barley. 
Barley must germinate if quality malt is to be produced in a trouble-free 
manner. The importance of assessing barley germination is unique among 
cereal grains and a number of specialised tests have been developed (Table 
6.4) and standardised (American Society of Brewing Chemists, 2004; European 
Brewery Convention, 1998; Institute of Brewing, 1997). The most common 
test is germinative energy (3-day test), a test where 4 mL of water are added 
to a Petri dish containing 100 seeds and 2 pieces of filter paper. Germinated 

Table 6.3 Typical analyses used to determine suitability of a barley sample for 
malting

Barley analysis Rationale

Varietal purity Each malt variety processes differently necessitating segregation 
of varieties to produce good malt quality.

Germination Good germination is imperative for the production of quality 
malt.

Kernel appearance Indication of microbial infestation.

Kernel peeling Loose hulls reduce uniformity of germination and increase 
handling problems.

Protein Barley with too much protein (>13% dry matter) modifies slowly 
and produces less malt extract.

 Barley with too little protein (<9.5%) can compromise enzyme 
levels.

Kernel sizing Plumper kernels result in greater malt extract potential.
 Processing is simplified with more uniform kernel size.
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kernels are removed every 24 hours. A sample with acceptable quality should 
have at least 95% germination after 72 hours. A similar 3-day test uses 8 
mL of water to test for water sensitivity, a phenomena where healthy, non-
dormant barley kernels do not germinate in excess water. Water sensitivity 
is a calculated difference between the 4 and 8 mL results. Some degree of 
water sensitivity can be tolerated in malt houses, through modifications 
to the steeping process, but barley with a difference in excess of 10% is 
routinely rejected or held in storage for possible reduction in sensitivity. 
Water sensitivity can be a form of dormancy.
 Dormancy helps prevent barley from sprouting prior to harvest, which 
can occur when dry barley is exposed to rain or heavy dew prior to harvest. 
Sprouted barley can be persuaded to germinate in the malt house but this 
ability is reduced with time, especially under poor storage conditions (hot 
and humid). Detection can be difficult and had been restricted to visual 
assessment until the Rapid Visco Analyser was implemented as a more 
objective method for determining pre-harvest sprouting (Bason et al., 1993). 
The test is based on the presence of a-amylase, produced with even limited 
germination, that reduces viscosity resulting in a lower RVA value. RVA 
values are used to predict storability of a sample. Samples with less than 
100 RVA units should be malted immediately, provided germinative energy 

Table 6.4 Typical tests for assessing germination of malt barley with rationale

Germination test Acceptable values Rationale

Germinative energy >95% Indicates degree to which a sample will
Standard 3-day test   germinate in the malt house.
(4 mL)

Water sensitivity <10% difference Larger differences mean greater water
Standard 3-day test between 4 and 8 sensitivity and more need to alter
(8 mL) mL tests steeping or reject sample.  

Detecting pre- <100 unacceptable Indication of pre-harvest sprouting. See
germination 100–130 caution text for storability of a sample.
Rapid Visco Analysis >130 acceptable 
(RVA)   

Germinative capacity >98% Germinative capacity and energy tests 
(1) Peroxide method  need to be compared. A sample with
 – breaking dormancy  good capacity (>98%) shows potential
(2) Tetrazolium  for breaking dormancy and eventually
 – staining live   improving germinative energy.
  embryos  

Germinative index Closer GI is to 10 Indicates speed at which a sample will
(GI)1  the better germinate in the malt house. The higher 
    the GI the less time required to achieve 
    adequate processing.

1 Calculated according to equation 6.1.
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(4 mL test) is acceptable. Samples with RVA levels between 100 and 135 
should only be stored under optimal conditions (cool and dry) while samples 
with greater than 135 RVA units will maintain germinative energy after long 
term storage (Izydorczyk, 2005).
 Dormant barley is unacceptable in the malt house because dormant kernels 
will not germinate, resulting in incomplete modification and poor malt quality. 
Dormancy will break and selectors are unwilling to reject a good sample 
that may soon break dormancy. Two tests are used to determine dormancy, 
or germinative capacity as it is sometimes called. Peroxide may be used to 
break dormancy and the standard method is then somewhat similar to the 
germinative energy test. The tetrazolium technique involves the staining of 
individual kernels followed by visual assessment of embryos. The method 
is quicker but is subjective and requires an experienced operator.
 A quick start to germination can reduce the processing time required 
to achieve a properly modified malt. Germinative Index (GI) is a newer 
method (Riis & Bang-Olsen, 1991) of assessing the speed and uniformity 
at which germination commences. GI is calculated from the standard 3-day 
germination test (4 mL) where germinated seeds are counted on removal 
every 24 hours and the results are substituted into the formula indicated in 
equation 6.1. The closer GI is to 10, the maximum GI which results from 
all kernels germinating the first day, the quicker a barley will germinate in 
the malt house, thus reducing the required processing time (examples Table 
6.5). The GI has yet to become a routine assessment tool.

  GI = (A ¥ 10) ÷ ((B ¥ 1) + (C ¥ 2) + (D ¥ 3)) 6.1

A = Total kernels germinated after 72 hours
B = Kernels germinated after 24 hours
C = Kernels germinated between 24 and 48 hours
D = Kernels germinated between 48 and 72 hours

Table 6.5 Examples of germination results for malt barley samples and their 
suitability for malting

Germinative  Kernels Kernels Kernels Germinative Comments 
energy germinated germinated germinated indexx 
(4 mL test) (%) after 24 h after 48 h after 72 h

98 95 3 0 9.7 Good
98 0 9 89 3.4 Good slow 
     processing
95 88 5 2 9.1 Acceptable
96 0 56 40 4.1 Acceptable  
     slow 
     processing
80 72 8  9.1 Reject poor 
     germination

xCalculated according to equation 6.1.
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Microbial contamination
Microbial contamination is a concern among all cereals but it is of greatest 
concern with malt barley where moderate temperatures and high humidity 
during malting provide ideal conditions for microbial growth. The microbial 
load on a barley sample is based on visual assessment of colour or general 
appearance but some infections, for example Fusarium graminearum, can 
be difficult to assess visually. Infection of Fusarium graminearum on barley, 
therefore, is normally assessed through quantification of the mycotoxin, 
deoxynivalenol. Barley is normally rejected, for malting or feed, with levels 
in excess of 2 ppm (see Chapter 13).
 Effects of microbial contamination include problems with processing, 
safety concerns and poor quality in the final beer (Van Nierop et al., 2006). 
Fermentation can be affected by microbes or their by-products. An example 
is premature yeast flocculation (PYF), a condition whereby yeast flocculates 
prior to fermentation of all fermentable sugars. Microbes can also cause food 
safety concerns due to production of toxins. There is the most concern in 
malting barley with deoxynivalenol, ochratoxin A and ergot alkaloids, although 
many other toxins can be associated with barley. Barley contaminated with 
Fusarium graminearum has also been implicated as a cause of gushing in 
beer, a phenomenon where beer gushes out of the bottle in seconds after 
removal of the crown (Sarlin et al., 2005).

Physical quality
Loose or missing hulls, as a result of peeling, significantly reduce the 
quality of a barley sample. The hull offers protection to the barley kernel 
during harvesting, transportation and malting. Peeled kernels show reduced 
uniformity in germination, increased susceptibility to microbial infection and 
they present handling problems such as additional cleaning needs. Varieties 
can be resistant to peeling, especially when they have thicker hulls but hot, 
dry growing conditions, especially at ripening, can exacerbate the problem. 
Peeling increases with more handling. Peeling is assessed using standard 
methods of visual assessment (Canadian Grain Commission, 2009).
 Endosperm structure affects speed of water uptake and endosperm 
modification during malting. Steely, also referred to as vitreous, kernels 
result from the starch granules being tightly packed in the protein matrix. 
Such kernels take up water and modify more slowly than mealy/floury 
kernels. In the past steeliness was assessed visually by examining a number 
of transverse sections of kernels but the development of a specialised LTm 
machine, based on laser light, has automated and increased objectivity of 
the assessment (Chandra et al., 2001). The method is good for assessing the 
malting potential of commercial barley as results are dependent on growing 
conditions and not barley variety. In contrast, a milling energy method, 
which assesses kernel hardness by quantifying the energy required to mill a 
barley sample, is more dependent on barley variety and it has found favour 
with barley breeders in their culling of inferior barley lines (Allison et al., 
1979).
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 Variability of physical characteristics among kernels has received increased 
attention with the development of the ‘Single Kernel Characterisation System’ 
(SKCS). The SKCS was developed for assessing wheat hardness but it 
has capability of measuring kernel hardness, diameter, weight or moisture 
in any cereal grain (Osborne and Anderssen, 2003). The system analyses 
300 individual kernels for the four parameters and calculates averages and 
standard deviations. Maltsters desire samples with limited variability as 
kernels with different sizes take up water and germinate at different rates. 
Limited variability means malt processing conditions can be set to maximised 
endosperm modification while limiting malt losses. When samples have variable 
kernel size, the maltster must compromise by limiting over modification in 
smaller kernels and thus limiting malt losses, while attempting to achieve 
the necessary modification in the large kernels.
 In addition to all the specialised testing outlined above, malting barley 
is assessed on receival for more traditional cereal quality factors, such as 
protein content, kernel plumpness and kernel weight, which are described in 
more detail in Chapter 11. Protein levels in malting barley must be within 
a narrow range because elevated levels cause poor endosperm modification 
and reduced levels of malt extract, or beer-making potential, while barley 
with insufficient protein may fail to produce adequate levels of enzymes.

Malt quality
Malt quality must be accurately assessed to ensure it meets the tight 
specifications demanded by the brewer. The maltster routinely assesses malt 
quality immediately on completion of processing. This provides quality control 
for processing and aids decisions on blending. The quality is reassessed 
after blending, which usually occurs just prior to shipment, to ensure the 
final product meets the brewer’s specifications. The brewer often performs 
a final malt analysis on delivery depending on relationships between the 
maltster and brewer.
 Malt quality is generally analysed following standard methods of 
analysis (American Society of Brewing Chemists, 2004; European Brewery 
Convention, 1998; Institute of Brewing, 1997). Typical malt analyses (Table 
6.6) include:

(1) malt extract (fine grind), that proportion of malt that will solubilise 
during mashing indicating a malt’s beer production potential; 

(2) soluble protein, a requirement for adequate foam stability in beer, although 
too much soluble protein can result in beer hazes and darker coloured 
beers;

(3) free amino nitrogen (FAN), an indication of available nitrogenous 
compounds, predominately free amino acids, for yeast nutrition;

(4) b-glucan, which indicates the extent of endosperm modification;  
(5) diastatic power and a-amylase, methods for quantifying activity of 

starch-degrading enzymes.
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 Specifications for standard malt analyses can vary considerably among 
breweries and beer brands depending on recipes and in particular, the use 
or not of adjuncts. All-malt breweries, ones that do not use adjuncts, require 
well-modified malts with high extract levels and low levels of starch-degrading 
enzymes and FAN. In contrast, breweries using starchy adjuncts require higher 
levels of enzymes. Levels of enzymes can be too high for beer brands that 
require greater mouth feel, a property requiring higher levels of unfermented 
dextrins and, thus, fewer enzymes. Breweries that use high maltose syrups as 
adjuncts have reduced need for starch-degrading enzymes but increased need 
for FAN, especially when brewing at high gravities. Distilleries require high 
enzyme malt as their goal is to maximise conversion of starch to fermentable 
sugars.
 Standard malt analyses are often considered poor predictors of brew house 
performance (Axcell, 1998) and alternate methods of analysis are always 
being pursued. In particular, methods for better prediction of fermentability 
have gone in several directions. Brewers have traditionally relied heavily 
on diastatic power as an indicator of fermentability; however, analysis 
of individual starch degrading enzymes: a-amylase, b-amylase and limit 
dextrinase, has proven a better predictor (Evans et al., 2008). The brewing 
industry has often provided specifications for a-amylase in the past but not 
yet for the other two enzymes, continuing to rely on diastatic power. Duke 
and Henson (2008) found measuring osmolyte concentration, in extracts of 
barley and green malt, gave a better indication of fermentable sugars than 
standard malt extract. The method is simple and could also be used to predict 
pre-harvest sprouting and endosperm modification. Barley breeders have 
shown interest in the method because of the reduced need for expensive 
malt analysis.

Table 6.6 Conventional malt analyses with examples of specifications which can 
vary

Malt analysis Typical values Meaning

Malt extract >81% Higher values mean more beer.

Wort soluble 4.0–5.5% Required for good beer foam but
protein  too much can produce beer hazes.

Free amino >150 ppm – traditional brewing Essential for good yeast nutrition.
nitrogen (FAN) >200 ppm – high gravity 
 brewing with maltose syrups 
 (adjunct) 

Wort b-glucan <100 ppm Less b-glucan gives lower 
  viscosities and fewer problems
  with wort and beer filtration.

Diastatic power 250–450 Windisch/Kolbach° Higher levels required with high 
  starch adjuncts and for distilling.

a-amylase 45–65 dextrinising units Often overlooked for ability to 
  produce b-amylase substrate.
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 Premature yeast flocculation is a common problem in breweries around 
the world but predicting a potential problem with a malt remains difficult. 
Lake et al. (2008) recently reported a micro test for testing fermentability 
which should predict PYF but the practical significance of the test has yet 
to be demonstrated.

6.4.2 Feed barley
Quality assessment of feed barley is limited as barley price is the major factor 
in determining acceptability. Only a few simple tests are used routinely to 
assess feed barley quality. Test weight (see Chapter 11) remains the most 
consistently measured feed barley parameter. It gives limited information on 
feeding value, unless test weight levels are extremely low, and is generally 
used as a pricing mechanism. Plumpness is of more practical significance 
as the majority of barley fed to cattle is rolled. Consistent plumpness is 
essential where rollers can be adjusted to prevent production of fines from 
over rolling plump kernels, or whole kernels from under rolling thin kernels. 
Problems arise when samples contain a mixture of plump and thin kernels 
but mixtures are hard to quantify, a possible opportunity for SKCS (see page 
153). Barley moisture can also significantly affect rolling properties.
 The factor of greatest consequence for feeding is microbial contamination 
and the presence of toxins. The major concerns with barley are deoxynivalenol 
from Fusarium graminearum and ochratoxin A mainly from Penicillium 
verrucosum. The other major concern is ergot which can have dire consequences 
for most animals if ingested, including death. Very few other toxins are found 
in barley due to the temperate regions where barley is produced and stored. 
Toxins are avoided, like with malting barley, through visual assessment and 
assaying for deoxynivalenol (see Chapter 13).
 The feeding value of barley is known to vary significantly among samples 
but assessment is difficult. The ideal method is through animal feeding 
trials, an unreasonable expectation for barley travelling through the supply 
chain. Prediction of metabolisable energy is possible with NIR (Edney et 
al., 1994) but commercial use has been limited except for proprietary use 
within feed companies and in barley breeding programmes. Feeding value 
has traditionally been predicted from proximate analysis as well as more 
specific fibre analyses, such as neutral detergent fibre and acid detergent 
fibre, as described by the AACC International (2008).

6.4.3 Food barley
Quality requirements for food barley are less well defined than for malting 
barley due to the assortment of end uses such as pearling, barley flour, 
couscous, barley tea, shochu and health supplements. Pearling quality is most 
clearly defined because of its importance in further processes and products 
including flour milling, rice extenders, soup barley and shochu. Pearling 

�� �� �� �� �� ��



156 Cereal grains

© Woodhead Publishing Limited, 2010

must remove the hull, pericarp and aleurone layer without production of 
excess broken kernels. The Japanese have been the most progressive in 
developing methods for predicting suitability of barley for pearling. They 
rely on sound kernel ratios for which there is no standard method. Generally 
the test calculates the percentage of sound kernels remaining after pearling a 
180 gram sample, under standard conditions, to 65% (117 grams remaining). 
Sound kernels exclude broken and thin kernels (Iwami et al., 2003; Edney et 
al., 2002). Sound kernel ratios are calculated based on equation 6.2. Small 
representative samples from the pearled barley can be used to count broken 
and thin kernels and to calculate the ratio (see examples in Table 6.7).

  Sound kernel ratio = (A) ÷ (A + B + C) ¥ 100 6.2

A = Sound kernels after pearling
B = Broken kernels after pearling
C = Thin kernels after pearling (through 2.0 mm ¥ 1.6 mm rectangle-punched 
sieve)

 The hardness index from the SKCS also predicts suitability of barley 
for pearling and provides additional information on suitability for shochu 
processing. The SKCS hardness indices correlate positively with pearling 
suitability but negatively with fermentation, one step of the shochu process 
(Iwami et al., 2003). As a result SKCS specifications have been used for 
commercial transactions of barley for shochu.
 Barley tea, a cold summer drink popular in eastern Asia, is prepared by 
roasting whole kernel barley, boiling the roasted product and then cooling. The 
barley must have good roasting capability and ability to produce consistent 
flavours. The major assessment for quality is identification of appropriate 
varieties. Individual samples then must be of uniform size with moderate 
levels of protein (11–13% dry matter) to help maintain consistent roasting 
quality and flavour.
 Barley processed for human food must contribute a minimum level of 
b-glucan to be labelled for its health benefit. Therefore, measurement of 
b-glucan in barley for food is an important quality parameter that is assessed 
using official methods (Association of Analytical Communities, 2005). Hulless 

Table 6.7 Sound kernel ratios of barley pearled to 65% and suitability for pearling

Pearling Sound kernel Sound kernels Broken kernels Thin kernels 
suitability ratio (%)1 (g) (g) (g)

Very good 82.2 29.6 4.8 1.6
Good 77.2 24.1 3.8 3.3 
(thin too high) 
Acceptable 70.1 22.3 8.0 1.5 
(brokens too high) 

1 Calculated according to equation 6.2.
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barley is often used for food processing because of its higher b-glucan 
levels and specialty starch-types. However, hulless barley has a propensity 
to retain its hull after harvest. Barley with greater than 5% adhering hulls, 
as assessed visually and by weight, is rejected as food barley (Canadian 
Grain Commission, 2009). Barley varieties with specialised starches, waxy 
or high amylose, tend to have higher levels of b-glucan but also provide 
interesting functional properties. The starch type of delivered barley is 
generally identified through variety declaration as the tests for starch-type 
are complex and time consuming (Yanagisawa et al., 2006).

6.5 Maintaining barley quality

Maintaining barley quality begins with the availability of varieties with the 
genetic potential to produce the quality in demand. The goal of achieving 
and maintaining that genetic potential requires favourable growing conditions 
and adequate storage, including preparation for storage, such as drying.

6.5.1 Breeding for quality
The genotype (variety name) defines the potential quality of a malting barley 
and that potential is the result of breeding. Names of food barley varieties are 
beginning to be associated with a defined quality, especially with respect to 
specialised starch properties and increased levels of functional compounds. 
In contrast, although feed barley breeders continue to pursue varieties with 
specific feed traits, commercial interest has remained low.
 Barley is bred for improved agronomic properties and appropriate disease 
resistance to help maximise a producer’s return, but when breeding malting 
barley the greatest concern is quality. As a result malt barley breeding lines 
are probably more thoroughly assessed for quality than with any other 
commodity. Breeders must begin the monitoring of quality at the earliest 
generation possible. Sample size is often the limiting factor and specialised 
equipment, techniques and methods have been developed to mimic malt 
houses and breweries and to produce meaningful information on a breeding 
line’s malting potential (Sage, 1992). Results do not need to be as accurate 
as industrial analyses since malt breeders are answering a simple question: 
‘Does the line have the appropriate quality or not?’ Techniques include NIR 
prediction of malt quality as well as the use of molecular markers. Numerous 
quantitative trait loci (QTL) have been reported for malting barley quality 
but their complexity has severely restricted their value in breeding programs 
(Fox et al., 2003) and markers for specific traits, such as heat stability of 
b-amylase, have proven of greater value (Eglinton et al., 1998).
 Malt breeders must eventually provide industrial-like quality data on 
potential varieties in order to convince the malting and brewing industries 
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to commercially test the lines. Only after successful plant-scale testing (malt 
house and brewery) are malt varieties commercially grown.
 Considerable resources are dedicated around the world to the breeding 
of feed barley but quality concerns are limited. Breeding targets tend to 
concentrate on agronomic traits and disease resistance. Test weight and kernel 
plumpness are often monitored and specialised traits are sometimes bred for, 
such as increased metabolisable energy, low phytate barley (Thacker et al., 
2003) and low ruminal digestibility (Bowman and Blake, 1996).
 The food industry provides limited direction for quality breeding targets 
in barley. Breeders concentrate on agronomic traits and disease resistance 
with some consideration for constant kernel size which improves pearling 
suitability. Breeding efforts have been directed at developing hulless barley 
with unique traits such as specialised starch-types, for example waxy and 
high amylose, and elevated levels of b-glucan (see Chapter 14 for more on 
breeding).

6.5.2 Effects of growing conditions
The genetic potential of barley can only be realised when barley is grown 
under favourable conditions. Weather obviously has the greatest effect, and 
is uncontrollable, however, several factors are under the producer’s control 
starting with selection of an appropriate variety. Local conditions, such as 
maturity needs, lodging resistance, drought-resistance and disease pressures 
should be considered in selecting an appropriate variety. Seed selected for 
the chosen variety should be relatively pure with respect to variety. The seed 
must have good germination and not be excessively contaminated with other 
cereals or weed seeds. The use of certified seed, barley grown specifically 
for seed and inspected, while not essential does guarantee varietal purity 
and germination.
 Barley must be seeded at a rate appropriate for the conditions and be 
seeded as early as possible. Recent research has emphasised advantages of 
higher seeding rates which allow for better competition with weeds and earlier 
maturity. Kernels from higher seeding rates are not as plump but kernel size 
has been shown to be more uniform resulting in better malt quality (see Table 
6.8). Fertilisation must be kept to a minimum for malt barley in order to 
preserve malt quality potential. This is not a concern for feed barley where 
maximum yield, and thus maximum fertilisation, is desired. The timing of 
barley harvest will vary considerably based on local conditions but the aim 
should be minimum grain moisture. Extra time in the field should be avoided 
to reduce exposure of near-ripe grain to rain or heavy dew that could lead 
to pre-harvest sprouting (see Chapter 15 for more on growing conditions).

6.5.3 Storage conditions
Rarely is there sufficient demand at harvest for all the barley produced that 
year. Barley, therefore like other cereal grains, must be stored with significant 
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implications for germination loss as well as potential insect and microbial 
infection. Concerns are best avoided by storing grain with low moisture, by 
diligent use of aeration with grain turning as required and by proper use of 
insecticides when necessary (see Chapter 16 for more on storage).
 Concerns with germination loss are unique for malting barley where 
germination is an essential component of end use processing. Similar to other 
storage concerns, low moisture grain is essential for preserving germination. 
Storing grain at low moisture is advantageous even when barley that has 
been sprouted prior to harvest. RVA testing can be used to predict optimal 
or maximum storage times for sprouted grain (see pages 150–1).

6.5.4 Processing
The most common process for maintaining the quality of all barley types 
is drying prior to storage, which if done properly can also break dormancy. 
Drying is done both in bulk and with on-farm grain dryers, depending on 
anticipated storage type, bulk or on-farm. Proper bulk drying, especially for 
breaking dormancy, starts with medium length storage at warm temperatures 
followed by cooling and storage at ambient temperature. Drying with the 
small grain dryers is quicker but must be done with care to ensure grain 
temperatures do not exceed 43 °C, otherwise losses in germination, malting 
potential and nutritive value can be expected. Dry barley is less susceptible 
to microbial infestation; however, not all microbes are detrimental and barley 
has even been inoculated, prior to malting, with specific microbes known 
to be beneficial in terms of competition with detrimental microbes that are 
often present on the barley (Laitila et al., 2006).

6.6 Future trends

Barley will continue to have three major end uses, feed, malting and food. 
Quality concerns will remain relatively constant but alternate methods of 

Table 6.8 Effects of seeding rate on barley homogeneity and resulting malt quality

Seeding rate Plumpnessx SKCS SKCS EBC congress Wort b-glucan
 (%) Average Std devz Extract (ppm)
  kernel kernel (%)
  weight (mg) weight (mg) 

200 seeds/m2 92.4a 45.9a 8.3a 80.3a 152a

(n = 310) 
400 seeds/m2 91.3b 44.2b 7.9b 80.2a 122b

(n = 310) 

xKernels remaining on 6/64 inch slotted sieve.
zStandard deviation.
a,bColumn averages with different superscripts differ significantly (p < 0.01) based on Duncan’s 
Multiple Range Test.
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measurement will be developed and implemented. Climate change is expected 
to produce extreme weather with a resulting need for increased monitoring 
of barley quality.
 There is major potential for increased food use of barley as processors 
develop products based on functionality of specialised barley starches and 
on the health benefits of b-glucan. Beer consumption is expected to continue 
to rise but at a slower rate. Changes in technology, for example the use of 
adjuncts and high gravity brewing, could affect malt demand and malt quality 
requirements. Feed use is expected to remain relatively constant or decline. 
Alternative feed barley types, such as low phytate and high metabolisable 
energy, including hulless, could become of interest to feed mills, especially 
if measurement of quality can be simplified at the mill driveway.
 Barley homogeneity, for all uses, could become an important quality 
parameter as methods based on SKCS and NIR are further developed. Other 
methods, such as RVA analysis of pre-harvest sprouting, could become 
essential for predicting storability of malt barley as pre-harvest sprouting 
continues to be a problem with extreme weather at harvest. The development 
of single-kernel NIR provides some of the most interesting possibilities for 
predicting kernel variability of several different parameters like protein, 
kernel size and metabolisable energy.

6.7 Sources of further information and advice

The development and release of different barley types, such as specialised 
starches and low phytate barley, will continue with developments reported 
in journals like Crop Science, Journal of Functional Foods and Journal of 
Plant Registrations. The use of new types of barley will require development 
of innovative processes by researchers and industry. Annual meetings of 
organisations such as AACC International, the Canadian Institute of Food 
Science And Technology and the Institute of Food Technologists; as well 
as publications such as Cereal Chemistry, Cereal Foods World, Food 
Chemistry, Journal of Cereal Science and Journal of the Science of Food 
and Agriculture, provide for a fair presentation and discussion of new 
processing technologies.
 Alternative methods for assessing barley, including improvements to 
existing methods, are continually being addressed for all end uses of barley. 
Successful developments are presented in many of the journals indicated 
above as well as specialised journals such as Biosystems Engineering and 
the Journal of Near Infrared Spectroscopy. Improved methods for assessing 
barley quality are also published in journals associated with specific end uses 
such as Animal Feed Science and Technology, the Journal of Animal Science, 
the Journal of the American Society of Brewing Chemists and the Journal of 
the Institute of Brewing. Standard methods of societies are constantly being 
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reviewed and updated with improved methods being listed in their official 
methods as they become standardised and accepted (American Society of 
Brewing Chemists, 2004; Association of Analytical Communities, 2005; 
European Brewery Convention, 1998; Institute of Brewing, 1997).

6.8 References
aacc international (2008), Approved methods of the American Association of Cereal 

Chemists, 10th edn, St. Paul, MN, AACC International.
allison, m j, cowe, i a, borzucki, r, bruce, f m and mchale, r (1979), ‘Milling energy of 

barley’, Journal of the Institute of Brewing, 85, 262–264.
american society of brewing chemists (2004), Methods of analysis, 9th edn., St. Paul, 

MN, The Society.
association of analytical communities (2005), Official methods of analysis of AOAC 

International (OMA), 18th edn, Gaithersburg, MD, AOAC International.
axcell, b (1998), ‘Malt analysis: Prediction or predicament’, MBAA Technical Quarterly, 

35, 28–30.
bason, m l, ronalds, j a and wrigley, c w (1993), ‘Prediction of safe storage life for sound 

and weather-damaged malting barley’, Cereal Foods World, 38(5), 361–363.
bowman, j and blake, t (1996), ‘Barley feed quality for beef cattle’, Proceedings 7th 

International Barley Genetics Symposium, Saskatoon, University Extension Press, 
University of Saskatchewan, Volume 1, 82–90.

canadian grain commission (2009), ‘Barley – Chapter 6’. Canadian Grain Commission 
Official Grain Grading Guide. Online at: http://grainscanada.gc.ca/oggg-gocg/06/
oggg-gocg-6-eng.htm

chandra, s, wheaton, l, schumacher, k and muller, r (2001), ‘Assessment of barley 
quality by light transmission – the Rapid LTm meter’, Journal of the Institute of 
Brewing, 107(1), 39–47.

duke, s h and henson, c a (2008), ‘A comparison of barley malt quality measurements 
and malt sugar concentrations’, Journal of the American Society of Brewing Chemists, 
66(3), 151–161.

edney, m j, morgan, j e, williams, p c and campbell, l d (1994), ‘Analysis of feed barley 
by Near-infrared Reflectance Technology’, Journal of Near Infrared Spectroscopy, 
2, 33–41.

edney, m j, rossnagel, b g, endo, y, ozawa, s and brophy, m (2002), ‘Pearling quality of 
Canadian barley varieties and their potential use as rice extenders’, Journal of Cereal 
Science, 36, 295–304.

eglinton, j k, langridge, p and evans, d e (1998), ‘Thermostability variation in alleles 
of barley beta-amylase’, Journal of Cereal Science, 28, 301–309.

european brewery convention (1998), Analytica-EBC, Nürnberg, Germany, Verlag Hans 
Carl Getränke-Fachverlag.

evans, d e, li, c and eglinton, j k (2008), ‘Improved prediction of malt fermentability by 
measurement of the diastatic power enzymes beta-amylase, alpha-amylase, and limit 
dextrinase: I. Survey of the levels of diastatic power enzymes in commercial malts’, 
Journal of the American Society of Brewing Chemists, 66(4), 223–232.

falk, j, krahnstver, a, van der kooij, t a w, schlensog, m and krupinska, k (2004), 
‘Tocopherol and tocotrienol accumulation during development of caryopses from 
barley (Hordeum vulgare L.)’, Phytochemistry 65, 2977–2985.

food and agriculture organization of the united nations (2008), FAOSTAT data. Online 
at: http://faostat.fao.org/site/567/default.aspx

food and drug administration (2005), ‘Food labelling: Health claims; soluble dietary 

�� �� �� �� �� ��



162 Cereal grains

© Woodhead Publishing Limited, 2010

fiber from certain foods and coronary heart disease’, Federal Register, 70(246): 
76150–76162. Online at: http://edocket.access.gpo.gov/2005/pdf/05-24387.pdf

fox, g p, panozzo, j f, li, c d, lance, r c m, inkerman, p a and henry, r j (2003), 
‘Molecular basis of barley quality’, Australian Journal of Agricultural Research, 
54, 1081–1101.

institute of brewing (1997), Methods of analysis, London, England, The Institute of 
Brewing.

iwami, a, kajiwara, y and omori, t (2003), ‘Estimating barley character for Shochu using 
a single-kernel characterization system (SKCS)’, Journal of the Institute of Brewing, 
109(2), 129–134.

izydorczyk, m s (2005), ‘Prediction of germination energy of malting barley during long-
time storage’, Canadian Grain Commission Scientific and technical reports. Online 
at: http://grainscanada.gc.ca/technology-technologie/germination/pgemb-pegob-eng.
htm 

lake, j c, speers, r a, porter, a v and gill, t a (2008), ‘Miniaturizing the fermentation 
assay: Effects of fermentor size and fermentation kinetics on detection of premature 
yeast flocculation’, Journal of the American Society of Brewing Chemists, 66(2), 
94–102.

laitila, a, sweins, h, vilpola, a, kotaviita, e, olkku, j, home, s and haikara, a (2006), 
‘Lactobacillus plantarum and Pediococcus pentosaceus starter cultures as a tool 
for microflora management in malting and for enhancement of malt processability’, 
Journal of Agriculture and Food Chemistry, 54, 3840–3851.

marchylo, b a and laberge, d e (1981), ‘Barley cultivar identification by electrophoretic 
analysis of hordein proteins. II. Catalogue of electrophoregram formulae for Canadian-
grown barley cultivars’, Canadian Journal of Plant Science, 61, 859–870.

osborne, b g and anderssen, r s (2003), ‘Single-kernel characterization principles and 
applications’, Cereal Chemistry, 80(5), 613–622.

riis, p and bang-olsen, k b (1991), ‘Germination profile – A new term in barley analyses’, 
Proceedings of the European Brewery Convention Congress, Lisbon, Oxford, IRL 
Press, 101–108.

sage, g c m (1992), ‘Current and future breeding of barley for malting and brewing. (Cass 
Lecture Autumn 1991)’, Brewers’ Guardian, 121(2), 24, 25, 27–29.

sarlin, t, laitila, a, pekkarinen, a and haikara, a (2005), ‘Effects of three Fusarium 
species on the quality of barley and malt’, Journal of the American Society of Brewing 
Chemists, 63(2), 43–49.

sealey, w m, barrows, f t, hang, a, johansen, k a, overturf, k, lapatra, s e and hardy, r 
w (2008), ‘Evaluation of the ability of barley genotypes containing different amounts 
of beta-glucan to alter growth and disease resistance of rainbow trout Oncorhynchus 
mykiss’, Animal Feed Science and Technology, 141(1–2), 115–128.

terzi, v, morcia, c, gorrini, a, stanca, a m, shewry p r and faccioli, p (2005), ‘DNA-
based methods for identification and quantification of small grain cereal mixtures and 
fingerprinting of varieties’, Journal of Cereal Science, 41, 213–220.

thacker, p a, rossnagel, b g and raboy, v (2003), ‘Phosphorus digestibly in low-phytate 
barley fed to finishing pigs’, Canadian Journal of Animal Science, 83, 101–104.

usda foreign agricultural service (2009), Production, Supply and Distribution. Online 
at: http://www.fas.usda.gov/psdonline/psdHome.aspx

van nierop, s n e, rautenbach, m, axcell, b and cantrell, i c (2006), ‘The impact of 
microorganisms on barley and malt quality – A review’, Journal of the American 
Society of Brewing Chemists, 64(2), 69–78.

yanagisawa, t, domon, e, fujita, m, kiribuchi-otobe, c and takayama t (2006), ‘Starch 
pasting properties and amylose content from 17 waxy barley lines’, Cereal Chemistry, 
83(4), 354–357.

�� �� �� �� �� ��



Oats: characteristics and quality requirements 163

© Woodhead Publishing Limited, 2010

7

Oats: characteristics and quality 
requirements
P. Zwer, South Australian Research & Development Institute 
(SARDI), Australia

Abstract: Oats are a versatile grain for food, animal feed, and non-food products 
due to its unique grain qualities compared to other cereal grains. Known as nature’s 
functional food, oats for human consumption are responsible for a number of health 
benefits beyond basic nutrition. Although the consumption of oat food products has 
increased dramatically over the last 25 years due to these health benefits, the highest 
proportion of the oat crop is utilised as animal feed. Recent research has identified 
grain quality traits that improve the nutritive value of oats as an animal feed compared 
to many other cereals. Historically oats have been used for non-food products, but 
expansion in the food use of oats will increase the value of the crop. Improvement of 
oat varieties for food, animal feed, and non-food grain quality traits by plant breeding 
will create new opportunities for the future of this crop.

Key words: oat, starch, proteins, lipids, b-glucan, antioxidants, flavour, feed, food, 
breeding, grain quality.

7.1 Introduction

Oats have played a major role in farming systems due to the versatile uses 
of the grain and plant. Oats are used for human consumption, feed for 
animals, and non-food products. Grain quality characters differ for each of 
these end uses. 
 Food products from oats are differentiated from other cereal grains by 
using the whole kernel or groat after removal of the hull, the plant tissue that 
tightly encloses the groat. Figure 7.1 shows the grain with the hull, and the 
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groat after hull removal. The use of the whole kernel in porridge and other 
oat products is responsible for a number of health benefits beyond basic 
nutrition. Oats have been called ‘nature’s functional food’ (Kapica, 2001). 
Oats were clinically shown to reduce cholesterol levels, reduce the risk of 
heart disease, and enhance the feeling of satiety for weight control (Kapica, 
2001).
 The highest proportion of the oat crop is utilised as animal feed for horses, 
cattle, and sheep. The fibre in the hull along with the nutritive composition of 
the kernel is a good combination for animal nutrition and protection against 
acidosis. Naked oats are especially suited for poultry and pigs, which do not 
have the enzyme systems to cope with the hull, and for race horses which 
require high energy rations.
 Non-food uses and industrial oat products vary from cosmetics, lotions 
and shampoos to the production of cardboard products and the manufacture 
of furfural and furnan compounds used for solvents, adhesives, filtering aids, 
and the construction of board material and cellulose pulp.
 Although oat production is declining in many countries, there is a 
significant increase in the consumption of oats for food products and the 
opportunity to expand into non-food products to add value to the oat crop. 
Moreover, specialisation of oat varieties for specific end uses, such as food, 
animal feed, health and beauty, industrial, and pharmaceutical products will 
be dependent on the components of the oat grain; these topics are discussed 
in the following sections.

Fig. 7.1 The grain with the hull and the groat after hull removal of two Australian 
varieties, Yallara (left) and Mitika (right).
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7.2  Classification, origin and history

The oat genus, Avena L. (Poaceae), belongs to the tribe Aveneae of the 
family Gramineae. The primary species cultivated is Avena sativa. However, 
Avena byzantina and Avena strigosa are also grown in some regions for 
animal feed and fodder.
 The species described in Avena form a polyploidy series varying from 
one to three chromosome sets with the basic chromosome number seven. 
Three distinct diploid genomes A, C, and D hybridised in the development 
of cultivated oats with Avena sterilis, Avena fatua, or Avena hybrida all 
hypothesised as the progenitors of domesticated oats. Although it is not certain 
where the centre of origin for oats is located, the greatest genetic diversity is 
found in the Mediterranean, the Middle East, and the Himalayan regions. 
 Farming and trading flourished in Europe by 2000 bc. Wheat and barley 
seed were traded bringing oat and rye with them as weed contaminants. 
Although the historical record is limited, cultivated oats were identified 
in northern regions of Western Europe between 4500 and 400 bc where 
climatic conditions were wet and cold. Oats were favoured in these conditions 
compared to wheat and barley. Oats were ranked fourth in importance after 
wheat, barley, and rye by the Renaissance. Oats could flourish in areas where 
wheat and barley produced marginal yields and oats became known as a crop 
adapted to less productive land. Although the primary use of oats was for 
animal feed, by 1500 it was the principal grain crop for human consumption 
in Scotland, Wales, Ireland, and Britain.
 Immigrants and explorers from Great Britain and Spain introduced oats 
to North America. The English introduced oats into Canada, New England, 
and eastern USA between 1500 and 1600 as animal feed. Scottish immigrants 
continued to use oats for porridge and other foods. The Spanish brought oats 
to the Pacific Coast in the early 1800s to feed their horses. Because of the 
medicinal properties, the general public used oats for the sick, purchasing 
the product at chemists. Oat production moved west to the Upper Mississippi 
Valley and into Canada by the 1880s. Oatmeal as a breakfast food began 
to flourish by 1900 because local mills began producing breakfast cereals, 
which were sold in grocery stores rather than pharmacies.
 Governor Phillip introduced oats into New South Wales, Australia, in 
1791 to be used as a green fodder and hay for horses, dairy cattle, and pigs. 
Immigrants from Great Britain were primarily responsible for introducing rolled 
oats as a breakfast food. Leonard and George Parsons emigrated from England 
to Australia in 1861 and by the late 1880s began manufacturing rolled oats.

7.3 Unique morphological and biochemical characteristics

Although wheat, barley, rice, maize, and oats have similar tissues and 
physiological processes in the grain, oats are unique chemically and structurally 
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compared to the other cereal grains. Oat protein in the groat ranges from 
6 to 18% and has a superior balance of amino acids, particularly lysine, 
compared to other cereals (Lockhart and Hurt, 1986). Wheat, barley, and 
maize have simple starch granules compared to oat and rice starch, which 
have compound granules. Oat lipids have a fatty acid composition possessing 
high oleic and linoleic acid, resulting in a favourable polyunsaturated 
to saturated fatty acid ratio. Oat lipid content exceeds wheat and barley 
two to five times in oat varieties. Oats contain b-glucan, which possesses 
viscosities in solution that exceed other biological hydrocolloids, resulting 
in some of the healthful benefits. Oats are also rich in the antioxidants: 
tocopherols, tocotrienols, phenolic acids, flavonoids, sterols, phytic acid, 
and avenanthramides, unique to oats.
 The hulls, tightly enclosing the groat, are dry and brittle at physiological 
maturity and contribute 25–35% of the total grain weight. The hull is high 
in dietary fibre composed of cellulose, hemicellulose, and lignin and is not 
easily digested by non-ruminants. Once the hulls are removed from the grain 
for food processing, the groat is long and narrow possessing abundant hairs 
or trichomes. The commercial fractions of a groat are separated into the 
bran, germ or embryo, and starchy endosperm (Fig. 7.2). The most important 
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Aleurone cells
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Fig. 7.2 Composition of an oat kernel. Reproduced with permission from Youngs 
(1986). 
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component of bran is the aleurone layer. The germ or embryo is a small 
proportion of the groat composed of rudimentary leaves and roots, coleoptile, 
and coleorhizae. The starchy endosperm is 80% of groat dry weight and 
contains the major reserves of starch, protein, lipids, and beta-glucan.

7.3.1 Starch
Starch is the major carbohydrate in oats and comprises from 65 to 85% 
(by weight) of the groat depending on the groat protein content (Paton, 
1986). The primary components of starch are amylose and amylopectin. 
Early literature reported significant quantities of starch intermediates 
called anomalous amylose and anomalous amylopectin in oats (Banks and 
Greenwood, 1967). However, Tester and Karkalas (1996) provide evidence 
suggesting the starch intermediates are most likely contamination of the 
amylase fraction due to coprecipitation. The main variation in oat starch 
composition is due to the relative proportions of amylose and amylopectin 
along with the characteristics associated with the amylopectin molecule and 
this has an effect on the properties of the starch.
 Oat starch exists in clusters formed from irregular shaped granules compared 
to other cereals that have distinct A- and B-type granules. Oat starch granules 
are similar in size to rice starch, but smaller than wheat, maize, and potato 
starch granules. However, oat starch is highly aggregated with composite 
or compound granules. Isolated oat starch was found to contain from 1–3% 
lipid content compared to 0.8% in wheat and 0.6% in maize (Paton, 1986; 
Ellis et al., 1998). The protein content of isolated oat starch varies from 
0.44–0.60% with the enzyme a-amylase the most significant protein affecting 
pasting properties. The starch of oats is not easily separated from protein 
and lipids in contrast to wheat and maize. 
 Viscosity or pasting is the behaviour of starch in water treated with 
varying heat regimes. This is the most important functional characteristic of 
starch. Three instruments have been used to determine pasting properties: the 
Amylograph, the Ottawa Starch Viscometer and the Rapid Visco Analyser. 
The pasting properties determine the quality of the food product. Paton 
(1977) demonstrated that oat starch has unique pasting characteristics, 
requiring a short time to peak viscosity and low pasting temperatures. This 
is an advantage during processing as sufficient gelatinisation would occur 
during the short processing times used commercially.

7.3.2 Storage proteins
Compared to other cereals, oats have a higher protein content varying from 
15–20% in the groat (Peterson and Brinegar, 1986). Furthermore, the protein 
quality surpasses other cereals due to the amino acid balance.
 Seed storage proteins occur in three tissues, the embryo or germ, the 
aleurone layer in the bran, and the starchy endosperm (Fig. 7.2). Although 
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groat protein concentration was higher in the bran, the total contribution to 
groat storage protein was equal in the bran and starchy endosperm. There are 
four storage proteins in oats, globulins, albumins, prolamins, and glutelins. 
Globulins are the main storage protein in oats and comprise from 52 to 75% 
of the total protein (Peterson and Brinegar, 1986). In contrast, the major 
storage protein is prolamin in wheat, barley, and rye (Shewry and Halford, 
2002). Glutelins are the second most prevalent storage protein, comprising 
21–27% of the total groat protein. The oat groat possesses 11–19% albumins 
and 7–13% prolamins. Each storage protein has a distinctive amino acid 
composition affecting nutritional quality.
 Lysine is recognised as the most limiting amino acid in cereals (Lockhart 
and Hurt, 1986). The high content of the globulin storage protein in oats 
is responsible for higher nutritional values compared to wheat and barley. 
This is because the globulin storage proteins have the highest concentration 
of lysine and represent the major storage protein in oats. Oats may contain 
up to double the concentration of lysine compared to wheat and barley, and 
lysine represents about 3.2–5.2% of the total protein in oat groats (Fulcher, 
1986; Lockhart and Hurt, 1986). In contrast, the major storage protein in 
wheat and barley is prolamin, which is low in lysine and high in glutamine-
glutamic acid. Results from human metabolic studies show that oat protein 
has higher nutritive value than other cereals (Lockhart and Hurt, 1986). 

7.3.3 Lipids
Although oats contain the highest lipid or oil concentration of the cereals, it 
does not compete as a source of edible oil when compared to the concentrations 
in oil seed crops. Lipid content and composition are important for nutritional 
quality, energy content, flavour/off-flavour attributes and pasting properties. 
Oat lipids are highly unsaturated. Lipid content varies from 2 to 11% and 
is dependent on variety (Zhou et al., 1999). The highest lipid concentration 
is in the embryo compared to bran and endosperm, but the embryo is small 
in proportion to the endosperm and bran. Hence the endosperm and bran 
account for most of the total lipids.
 The fatty acid composition of oat lipids is significant to the nutritional and 
physical qualities of oats. The three primary fatty acids in oat varieties are 
linoleic, oleic, and palmitic, comprising about 95% of the total fatty acids 
(Zhou et al., 1998). The two major fatty acids, linoleic and oleic acid, both 
unsaturated, are important for human and animal nutrition. Palmitic acid, 
the major saturated fatty acid, increases oil stability against peroxidation.
 Generally lipids are associated with negative food flavours. Lipids in sound 
groats, stored at 20 ºC and at 12–14% moisture, remain stable. However, when 
the groat is damaged or processed, the enzyme lipase is released, producing 
free fatty acids that cause rancidity and a bitter taste. Lipase is inactivated 
with steam treatment, heating to 90–100 °C at moisture levels above 12% 
(Zhou et al., 1999).

�� �� �� �� ��



Oats: characteristics and quality requirements 169

© Woodhead Publishing Limited, 2010

7.3.4 Beta-glucan
Soluble fibre primarily in the form of b-glucan is approximately 55% of 
oat dietary fibre with the remaining 45% fibre insoluble. Figure 7.3 shows 
several benefits that may be associated with oat b-glucan effects on digestion. 
A primary health benefit is the effectiveness of lowering blood cholesterol 
reported in more than 40 human studies over the last 30 years (Kapica, 
2001). Oat consumption was shown to reduce total cholesterol; low-density 
lipoprotein (LDL) blood cholesterol levels were reduced an average of 
3–16% depending on baseline levels in men and women aged 20–70 years 
(Kapica, 2001). The ‘good’ cholesterol, high-density lipoprotein (HDL), was 
unchanged and in some cases increased. A daily serving of 1½ cups cooked 
porridge, containing about 3 g of b-glucan results in lowering cholesterol 
levels (Davidson et al., 1991). Kapica (2001) suggested about 75% of the 
cholesterol reduction is due to the soluble fibre, b-glucan. Kapica (2001) 
outlines the mechanisms for cholesterol reduction. The other 25% reduction 
of cholesterol is due to the favourable ratio of the amino acids, arginine 
and lysine, plant sterols, tocotrienols, and monounsaturated fatty acids. In 
addition, b-glucan was shown to be the active ingredient that lowers serum 
glucose and insulin levels. 
 The function of b-glucan in the upper gastrointestinal tract is associated 
with molecular weight, structure, and interaction with other dietary constituents 
(Rimsten et al., 2003). The molecular weight distribution of b-glucan changes 
with food processing (Frank et al., 2004). Åman et al. (2004) analysed the 
molecular weight distribution of b-glucan in raw oat materials, experimental 
foods, and commercial oat products. The Calcofluor average molecular 
weight for rolled oats and oat bran ranged from 230 to 215 (¥10–4) g/mol 
whereas the Calcofluor average molecular weight for bread loaf and pancake 
batter was 63 and 19 (¥10–4) g/mol. They concluded that raw oat materials, 
commercial porridge, and breakfast cereals contained intact b-glucan with 
high molecular weight. However, processing such as baking or fermentation 
steps may result in extensive degradation of b-glucan reducing the molecular 
weight distribution. The degradation is a result of enzymatic reactions 
including b-glucanase, which lowers the molecular weight distribution. 
b-glucan’s effectiveness is reduced with lower molecular weight (Tosh et al.,  
2004).
 Many studies show that increased dietary fibre intake promotes satiety, 
decreasing hunger (Slavin and Green, 2007). Oats contain more protein on 
a per-gram basis than other cereals and in conjunction with dietary fibre, 
oats contribute a more sustained feeling of fullness and a decreased intake 
of foods high in fat or sugar.
 b-glucan is a high viscosity carbohydrate with minor amounts found in 
aleurone cell walls; major concentrations are also found in the endosperm 
cell walls. The b-glucan found in aleurone cell walls may improve the water-
binding capacity of oat bran, resulting in improved effectiveness as dietary 
fibre. There are varietal differences in b-glucan content, ranging in general 
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from 3 to 6%, but there are exceptions where varieties have been developed 
with higher b-glucan levels.

7.3.5 Antioxidants
Oats are rich in antioxidants including vitamin E, avenanthramides, which 
are unique to oats, phenolic acids, flavonoids, sterols, and phytic acid. This 
section will focus on vitamin E and avenanthramides. Consult Peterson 
(2001) for information on phenolic acids, flavonoids, sterols, and phytic 
acid. Antioxidants protect the body from membrane damage, cancers, heart 
disease and age-related deterioration (Tsao and Akhtar, 2005).
 Vitamin E is a generic term for compounds that show biological activity 
linked to a-tocopherol. Among the cereals, oats and barley have the highest 
concentrations. The primary oat tocol is a-tocotrienol with smaller amounts 
of a-tocopherol. Tocopherols are located in the embryo and the source for 
tocotrienols is the starchy endosperm. The total concentration of tocols in 
12 varieties grown in the USA at three locations was 19.0–30.3 mg kg–1 
(Peterson, 2001). 
 A group of amides unique to oats with antioxidant activities was found 
by Collins and published in 1989. There are three major avenanthramides 
named 2f, 2p, and 2c. In a study conducted by Peterson (2002) three 
avenanthramides were synthesised and the antioxidant activities examined in 
two in vitro systems. The researchers found that 2c contributed significantly 
more antioxidant activity in oat groat extracts than 2f and 2p.
 Peterson et al. (2005) found that oat varieties responded differently to 
environmental factors affecting avenanthramide concentration. The average 
concentration for three varieties grown in seven USA locations varied from 
9 to 52 mg kg–1 for 2p, 13 to 78 mg kg–1 for 2f, and 25 to 145 mg kg–1 
for 2c (Emmons and Peterson, 2001). Mannerstedt-Fogelfors found that 
the avenanthramide concentration increased 10 fold in an experiment that 
was drought stressed and infected with crown rust and saprophytic fungi, 
compared to an experiment that received normal precipitation and was disease 
free (Peterson et al., 2005).

7.3.6 Flavour
Oat flavour is a complex trait reliant on heat, which induces volatile flavour 
components. Steam treatment alone does not result in the characteristic oat 
flavour. The main flavour volatiles are nitrogen heterocycles, probably formed 
from Maillard reactions and lipid oxidation products. Phenolic compounds 
are also important, influencing oxidation rate by acting as antioxidants and 
adding directly to flavour. 
 Raw oat groats do not naturally have an ‘oaty’ taste. Precursors in oat 
groats are activated by heat during the commercial processing to produce 
oat flavour. When organic volatiles were extracted from toasted oats and 
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separated into basic and neutral fractions, the basic fraction had strong nutty, 
earthy, toasted, slightly harsh and burnt flavours, whereas the neutral fraction 
had flavours of burnt grain, browned, heavy, and not ‘oaty’.
 Sensory assessment is conducted by panels trained for basic tastes and 
taste threshold levels for fruit flavours, aromas, savoury flavours, herbs and 
spices, essences, and texture (Zhou et al., 2000). The panellists evaluate 
sensory traits in oat porridge, such as oat and starch aroma, several types of 
flavour: overall, metallic, oat, bitter, creamy, raw, starch, soapy, and metallic, 
oat, and starch aftertaste flavours. Sensory assessment is important as there 
are varietal differences in flavour. 

7.4 Production and major uses of oats

Oats are currently ranked seventh in world cereal grain production after 
maize, rice, wheat, barley, sorghum, and millet (FAO Statistics. 2009). The 
top six oat-producing countries in 2007 were the Russian Federation, Canada, 
Poland, United States of America, Spain and Finland, ranked in that order. 
Other countries with substantial oat production are Sweden, Australia, China, 
Germany, and the United Kingdom (FAO Statistics, 2009).
 Most oat varieties have hulls that tightly enclose the groat and remain 
with the grain after harvest. In some countries, such as China and the 
United Kingdom, naked oat varieties predominate. Naked oats have the 
free-threshing character like wheat, so when harvested, the hull is removed 
from the grain. 

7.4.1 Food
Products produced from oats are generally made with the whole grain after 
the hull is removed, whereas other cereal products are produced from grain 
with the germ and bran removed. The unique composition of whole oats 
results in healthy products. Whole oats have the highest protein content 
and a favourable ratio of unsaturated to saturated fatty acids compared to 
other cereals. Whole oats also provide vitamins, minerals and antioxidants. 
The heat treatment used to stop rancidity also enhances the unique sensory 
characters of oats.
 The main product produced from oats is porridge or oatmeal. Other 
food products processed from oats are cold cereals, infant foods, muesli or 
granola bars, breads, biscuits or cookies, thickeners and specialty flour. New 
processes were recently developed to manufacture non-dairy products such as 
milk, ice cream, and yogurt using oats. Antioxidants in oat flour can be used 
to stabilise some milk and meat products sensitive to fat oxidation during 
storage. Oat gum primarily composed of b-glucan is used to stabilise ice 
cream. Oat proteins have been used in many food products including heat-
resistant chocolate, because of viscosity and emulsification properties.
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7.4.2 Feed
Oats have been a traditional feed grain for centuries. Recent advances in 
corn, wheat, barley, soybean, and canola as feed grains have resulted in a 
worldwide decline of oat production for feed. Despite the decline, the primary 
use of oats remains as a feed grain. Oats were the primary feed for horses 
that powered farm equipment prior to mechanisation. Oats are used primarily 
as a feed for dairy and beef cattle, sheep, and horses, but can also be used 
for cats, dogs, birds, rabbits, bison, deer, and fish. Naked oats are suited as 
a feed for weaner and grower pigs, poultry, racehorses and birds.
 The nutrient value for animal feed is based on the proportion of groat to 
hull. The ratio varies with variety, but the growing environment can also 
influence groat percent, which varies from about 60 to 80%. The high oil 
content, comprising primarily unsaturated fatty acids, can alter the fatty-acid 
composition of the animal fat. High protein content, with a greater proportion 
of lysine compared to other cereals, is also beneficial to animals.
 Lignin is the major fibre fraction of the hull; it reduces grain digestibility in 
animals. Lignin content also varies in different varieties with most low-lignin 
varieties possessing improved grain digestibility compared to high-lignin 
varieties. Increased grain digestibility results in faster animal-weight gain. 
The hull plays an important role in feed as it reduces digestive problems 
such as acidosis.
 The hull is a major constraint as a feed grain for poultry and pigs, because 
non-ruminants do not possess the enzymes necessary to digest the cellulose, 
hemicellulose and lignin. Because naked oats do not have the hull, the grain 
provides a good energy source for grower and weaner pigs, broilers, laying 
hens and turkeys.
 Oats are the preferred feed for horses due to the palatability, digestibility 
and nutritive value of the grain. Naked oats are also used for racehorses, 
because they have limited grain intake and need a good source of energy.

7.4.3 Non-food
There are many potential uses of oat grain fractions and hulls in products such 
as adhesives, cosmetic products, pharmaceuticals and oil-spill cleanup. 
 The unique chemical composition of the oat groat is responsible for oat-
starch gels having more elastic, adhesive and translucent properties than 
wheat or maize starches. Oat starch could replace wheat or maize, with 
the waxy starches the exception. Products currently produced from starch 
include brown paper and cardboard products and coating agents for tablets 
in the pharmaceutical industry.
 Oats have been used in cosmetic products for some time. Starch and lipid 
characteristics make oats a useful ingredient in bath products to relieve itching 
and nappy rash. Other products manufactured from oats include cleansers to 
replace soap in facial masks, soap for cleansing dry and oily skin, shampoo, 
lotions, bath additives and skin care.
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 The hull can also be used to produce industrial products. Oat hulls are used 
to produce furfural and furan compounds. These compounds are used in the 
manufacturing process of: crude petroleum; nylons; formaldehyde furfural 
resins; solvents for dyes, resins, lacquers, paints and varnish; phenolic resin 
glues and plywood adhesives; and cellulose pulp. A very different use of 
hulls is the cariostatic properties of tooth protection.

7.5 Quality requirements for oats

Grain quality for the two major uses of oats, food and feed, require differing 
levels of the main constituents in the groat. 

7.5.1 Food
Grain quality characters important for oat varieties used to produce food 
products are both biochemical and physical. 
 Physical quality characters important for milling include groat percent, 
grain plumpness and hectolitre weight. Groat percent or the proportion of 
groat to total grain weight including the hull is one of the most important 
quality characters for millers. High groat percent is desired and values greater 
than 72% are acceptable, but 75% or higher is optimum. Ease of dehulling 
is also important and is often associated with varieties possessing high groat 
percent. High groat percent and ease of dehulling increase milling yield 
and milling efficiency. Varieties with high groat percent also produce large 
oat flakes often used in premium porridge products. Grain plumpness and 
uniformity reducing the proportion of small grains (screenings percent) also 
improves milling productivity, because small grain must be removed prior to 
processing, resulting in lost tonnage of the purchased grain. Hectolitre weight 
is a volume measurement of the grain. Historically, it was used to ensure that 
grain quality would be acceptable for milling. It is still used today, but groat 
percent and screenings percent reflect milling quality more precisely. Grain 
weight is an important quality trait for growers and is measured by weighing 
500 or 1000 kernels. Heavier seeds often have improved germination and 
emergence.
 The biochemical characters important to food products are the constituents 
discussed in Section 7.3. Low oil content is desired for food products, because 
it reduces processing problems and the potential for rancidity. In addition low 
oil may meet labelling regulations for health claims. High b-glucan is desirable 
to increase the health benefits for lowering blood cholesterol levels, so less 
porridge is required to achieve desirable results. The oat product must have a 
certain b-glucan content to meet labelling regulations for health claims. High 
protein content is also desirable. The newest research area is avenanthramides; 
breeding for high levels of avenanthramide and vitamin E should increase 
antioxidant levels in oat products thereby improving nutritive value.
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 Two other important quality requirements for oat products are contamination 
by wheat, barley, and rye for coeliac patients and contamination of grain by 
mycotoxins caused by Fusarium species.
 Individuals that cannot tolerate foods containing gluten have coeliac disease. 
Prolamins are responsible for the toxicity and are known as gliadin in wheat, 
hordein in barley, secalin in rye, and avenin in oats. The prolamin content 
in wheat, barley, and rye constitute about 40% of the protein, whereas it 
comprises about 15% in oats (Haboubi et al., 2006). A number of long-term 
studies show that oats are safe for the majority of people affected by coeliac 
disease (Ellis and Ciclitira, 2008). However, there are a few individuals that 
cannot tolerate oats. The primary concern for coeliac sufferers is that oats 
used to produce food products may be contaminated with wheat, barley, 
and rye. Hernando et al. (2008) analysed 109 commercial oat products 
produced in Europe, Canada, and the United States for wheat, barley, and rye 
contamination using the Sandwich R5 ELISA. Unlike the w-ELISA assay, the 
Sandwich R5 ELISA recognises barley hordein. They found that 80% of the 
samples had some level of contamination and the primary cereal was barley. 
Owing to a lack of fibre in coeliac sufferers’ diets, those that can tolerate 
oats would welcome the addition to their diet. Oat products free from other 
cereal contamination is essential to ensure a place in coeliac patients’ diets. 
 Fusarium species and mycotoxins change by region and year, and are 
favoured by wet humid conditions at flowering. The pathogen enters the 
developing grain after pollination and is protected by the hull. Common 
mycotoxins produced by Fusarium species are deoxynivalenol (DON), 
zearalenone, nivalenol (NIV), HT2, and T2 (Edwards, 2006). The European 
Commission has set legislative limits for DON and zearalenone levels. Adler 
et al. (2003) compared mycotoxin levels between conventional and naked oats. 
They found conventional oats were more vulnerable to fungal and bacterial 
infection due to the tightly enclosed groat by the hull. At harvest, the fungal 
and mycotoxin contamination remains with the grain. However, naked oats 
have a thinner loosely adhering hull resulting in improved ventilation and 
less microorganism growth. The authors concluded that removing the hull 
from conventional oats significantly reduced mycotoxin content and compared 
to naked oats was superior (Adler et al., 2003).

7.5.2 Feed
As with food products, grain quality characters important for oat varieties 
used as animal feed products are both biochemical and physical. 
 Physical quality characters important for feed include groat percent, grain 
plumpness, and hull brightness. High groat percent is desirable as the groat 
will have more starchy endosperm and the grain will have less hull, thus 
improving energy values for feed. Grain plumpness is also associated with 
the starchy endosperm. Hull brightness is primarily a requirement for the 
horse-racing industry where bright, plump oats are sought.
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 The biochemical characters important to animal feed are the components 
discussed in Section 7.3. High oil or lipid content is desired to deliver increased 
energy to animals. High protein is also important for feed varieties. Unlike 
food quality characters, low b-glucan content is required in feed varieties 
to reduce the possibility of sticky stools. Hull lignin content is associated 
with grain digestibility. Generally animals digest oat grain with low hull 
lignin more effectively than oat grain with high lignin content. Although 
the association of low hull lignin and improved grain digestibility has been 
shown, there are exceptions. Research has shown live weight gain tripled 
in animals fed low lignin and highly digestible oat grain. 
 A combination of high oil and protein content in the groat, along with 
low hull lignin, increases the nutritive value of oats for feed by increasing 
grain digestibility and metabolisable energy. The flow-on effect of improving 
feed quality will be reflected in feed-test results for grain digestibility, 
metabolisable energy, acid- and neutral-detergent fibre and protein; these 
attributes are routinely measured by commercial companies using near 
infrared reflectance spectroscopy (NIR).

7.5.3 Non-food
There is little information about quality characters important for non-food 
products. Certainly high lipid and starch content would be important for 
cosmetics, soap, shampoo and conditioners and lotions. Oats are used in 
facial masks, because of the film produced on the face; this is reported to 
be the result of b-glucan. The use of hulls for industrial uses is mostly a 
by-product of processing. 

7.6 Maintaining and improving oat quality

Oat breeding programs and the milling industry for food have been proactive 
in developing linkages to identify essential quality traits. Consequently oat 
varieties have been developed with specific quality characters required by 
the milling industry. Once varieties have been developed with enhanced 
grain quality, proper storage is essential to maintain the integrity of the 
grain for processing. 

7.6.1 Breeding for quality
Developing improved milling-oat varieties requires identifying breeding 
priorities not only for quality traits, but also agronomic traits such as yield 
potential and disease resistance. Production constraints also need to be addressed 
in variety development, so growers will select the variety for production so 
that milling-quality grain will be readily available to industry.
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 Improving grain quality starts with identifying quality traits important to 
the industry using the grain. Although the primary use of oats is for feed, 
the greatest effort for improving grain quality is for the milling industry. As 
feed lots grow in importance, more emphasis may be placed on improving 
grain quality for feed. However, quality traits important for milling varieties 
are also important for feed varieties, but differing in the levels desired for 
the two end uses. The biochemical traits of interest are protein, oil, b-glucan 
and antioxidants. Physical traits important to enhanced quality are groat 
percent, plumpness and hectolitre weight.
 In order to improve quality, there must be genetic variation for the traits of 
interest and the heritability of the traits must be reasonably high. Fortunately 
heritabilities are good for most of the quality traits discussed. Identification of 
parental lines possessing the desirable quality traits to generate populations for 
selection is the beginning of the breeding cycle. Development of reproducible 
evaluation methods for each of the traits is essential to allow selection of 
the individuals in the population possessing the optimum combination of 
quality traits. The methods used in the earlier generation material require 
non-destructive techniques for large numbers of breeding lines.
 The NIR instrument has permitted the measurement of protein and oil 
contents, groat percent, hull brightness, hull lignin content, grain digestibility 
and metabolisable energy. NIR is a high throughput, non-destructive method 
where thousands of samples can be accurately assessed. Physical quality 
traits are measured using several different instruments. Hectolitre weight is 
measured using the equipment shown in Fig. 7.4. Plumpness is measured 
by the Sortimat screenings instrument shown in Fig. 7.5. A grain counter is 
used to count 500 grains and the sample is weighed to determine thousand-
grain weight. A ground sample is required to determine b-glucan content 
using either a flow-injection instrument or a Megazyme© kit.

7.6.2 Storage conditions
Oats can be stored for about one year in good facilities maintained under 
storage conditions of 20 °C and 12–14% moisture with adequate protection 
against insects and rodents. Storage at moisture levels higher than that will 
cause the development of free fatty acids resulting in rancidity. In locations 
where moisture levels exceed 14%, there is a need for artificial drying before 
storage.

7.6.3 Processing
In order for oats to be processed, contaminants must be removed, the hull 
must be removed from the groat, and the manufacturing process must 
ensure that a product with quality appearance and taste is created. There 
are specifications for milling oats that include hull-to-groat ratio, colour 
and hectolitre weight.
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Fig. 7.4 Equipment used to measure hectolitre weight.

Fig. 7.5 Equipment used to measure screenings percent and grain plumpness.
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 Milling and processing operations consist of cleaning, grading, hulling, 
hull-and-fine separation, groat separation and kilning (Fig. 7.6). Grading 
occurs when groats are separated into two or three streams, based on groat 
length or thickness. The hulling process is the next step when groats are 
separated from the hull using either impact or stone-hulling systems. Impact 
hulling is more common than stone hulling. Hulls and fines are separated from 
whole groats, broken groats, and unhulled oats. Further refinement occurs 
when groats are separated based on physical characters, such as groat size 
and weight. Because oat groats are rich in oil, a heat treatment is required 
to inactivate enzymes that cause rancidity and bitterness in the final product. 
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Fig. 7.6 The milling process of the oat kernel.
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Kilning is a process that heats the groat at a certain temperature and moisture 
content to inactivate lipase. Kilning can occur before grading or after groat 
separation.
 Commercial processors generally can produce 100 kg of product from 
175 kg of oats. Milling efficiency varies according to the variety and mill 
operating efficiency. Products produced include steel-cut groats, rolled oats, 
quick oats, baby oats, instant oat flakes, oat flour and oat bran.

7.7 Future trends

The future holds many opportunities for oats used as food, feed and non-food 
products. Oat consumption increased 130% from 1980 to 2001 even before 
the health benefits were claimed. Eight years later, production capacities are 
increasing as much as 10% a year in some parts of the world. Oat is nature’s 
functional food, providing numerous health benefits including combating 
obesity. As research progresses on the healthy and unique constituents in 
the oat groat, new food products that are fun to eat will be developed. The 
area of nutraceuticals, where components are isolated and purified from grain 
and sold in medicinal forms not usually associated with food products, offers 
great opportunities for oats. Improved oat varieties, with increased levels of 
b-glucan and avenanthramides/antioxidants, will underpin many of the new 
potential uses. The increase of feed lots and the development of improved 
oat varieties for feed value will also increase the demand for oats. Increased 
consumption in countries such as India and China are also anticipated to 
increase demand for oats. The future looks bright for oats.
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Abstract: Corn (Zea mays L.) is an important feed, food and industrial raw material. 
Given the growing importance of bioethanol as a product from corn, considerable 
changes in its utilisation have occurred recently. Thus, a new industry is being built on 
corn. This chapter deals with the composition of the corn kernel, its quality features 
and the factors affecting the quality of this plant. The main methods used in assessing 
quality are described in relation to the suitability of corn for processing.

Key words: corn (Zea mays L.), chemical composition, quality determination, 
bioethanol, wet milling, dry milling.

8.1 Introduction: The importance of corn (maize) 
production in the international arena

Corn (Zea mays L.) is one of the most important grains in the world. The 
oldest corn from archeological findings was found in the valley of Teuhacan 
in Mexico. There exist a number of theories as regards its origin, the most 
acceptable one being that the teosinte (Z. mexicana) is the early progenitor of 
corn. Before its discovery by Europeans, corn spread northward into Canada 
and southward into Argentina. This period was followed by its spread into 
Europe, Africa and Asia. Nowadays it is grown on large areas on all the five 
continents. The sowing areas, average yield and total yield amounts for the 
most important corn-producing countries are found in the tables in Chapter 
1. Its human utilisation has a history of thousands of years in a number of 
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regions of the world, while in other locations its spread is the result of the 
globalisation currently underway. On the basis of the colour, shape and 
hardness of the kernel, the crop is classified into several general categories. 
Its chemical composition provides versatile uses for both the grain crop and 
its components as well as its total use as a green fodder. Its cultivation can 
safely be mechanised and it can readily be stored. Its main and secondary 
products may also be utilised outside the agricultural industry. In addition to 
being employed as animal feed, the grain crop is an important raw material 
for the food, starch, fermentation and chemical industries while the by-
products are used by the cellulose, energy and chemical industries in addition 
to being used as feedstuff (Godon and Williams, 1994). The harvested and 
stored green crop is an important feedstuff for ruminant animals used in 
milk production.
 The production, storage and processing of corn is of great importance from 
breeding activities to industrial use. One of the new challenges of our days 
is the increase in the value of renewable energy sources and the increase in 
the CO2 content of the atmosphere, which has put this crop in a new light. 
In this chapter we do not deal with green or sweet corn. Readers can find 
further information about these aspects of corn in a review by Hallauer 
(1994).

8.2 Utilisation of corn

The utilisation of corn is significant both in locations where it is produced 
as well as in places that are distant from the sites of production. Corn is a 
major bulk commodity in the international grain trade. Its industrial utilisation 
in the USA is shown in Fig. 8.1. Overall, 39.2% of corn production in 
the USA is used as a feedstuff for animals, 29.6% finds its way into ethyl 
alcohol production and a further 10.1% is used as food and as seed-corn. In 
addition, exports account for 15.5%, and 5.6% is the closing stock (www.
usda.gov). In Europe, the data for its utilisation (www.maisadour-semences.
fr) are as follows: 72% animal feedstuff, 18% starch production, 8% coarse 
meal and grits, and a further 2% goes for other uses. Some 35% of the 
coarse meal produced is used in the brewing industry, 18% in muesli, corn 
flakes and chips production, 35% as animal feedstuff and 2% is processed 
by the chemical industry.
 Its use in human nutrition is considerable as a staple food in the diet of 
countries in Latin America, certain parts of Africa, and also in Romania, 
Moldova and Bosnia-Herzegovina on the European continent. The major data 
for the human consumption of corn in countries are found in Table 8.1.
 Direct use of corn-on-the-cob for human nutrition includes boiling the 
whole cob (generally immature sweet corn) in water and flavouring with 
salt, butter and jam. Different kinds of tortilla are important foods in Central 
and South America. They are prepared in various ways using corn that has 
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been cooked in slightly alkaline water containing lime, a process called 
‘nixtamalisation’. Then the mass is ground and ‘masa’ is obtained. The disk 
prepared from this mass is then baked. Several varieties of tortilla constitute 
important foods for human nutrition since they can be eaten in combination 
with legumes, different meat products, cheeses and vegetables. In North 
America, the consumption of hominy has long-standing traditions; this food is 
produced from corn cooked in an alkaline solution. In Africa and Asia, corn 
is used for producing flat breads, beverages and different fermented and non-
fermented porridges. The modern food industry produces various corn-based 
foods; tortillas, snacks and corn cakes are examples of the traditional foods 
described above. A comprehensive description of these products is found 
in the book ‘Speciality Corns’ by Hallauer (1994). In Europe, the annual 
per capita consumption averages over 35 kg. In Romania and on the Balkan 
Peninsula, where the consumption of hominy has long-standing traditions, 
it is favoured when boiled either in water or milk. In Hungary, rice, used to 
make the filling in stuffed cabbages, is replaced in certain locations by corn 

Table 8.1 Human consumption of maize in certain countries

Africa  America  Europe  Asia

Cameroon 37 Brazil 26 Austria 15 China 15
Egypt 60 Canada 20 Bosnia 85 Indonesia 37
Ethiopia 40 Columbia 38 Bulgaria 13 Japan 12
Kenya 88 Guatemala 91 Croatia 11 Turkey 21
Mozambique 57 Honduras 80 Germany 9  
Namibia 53 Mexico 125 France 12  
South-Africa 115 USA 13 Moldova 103  
Zambia 133 Venezuela 46 Romania 39  
Zimbabwe 95   Serbia 13  
    Slovenia 33  

Source: www.faostat.fao.org.

39.2%
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Fig. 8.1 Field corn, 2008–09, percentage of supply. Source: USDA, 2008 (www.
usda.gov).
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mush. In Italy, a variety of milled corn called ‘polenta’ is a popular dish. 
In different parts of the world the consumption of various morning dishes 
has become widespread and several of these contain corn grits, corn flour 
or corn bran produced from white or yellow corn.
 With the increase in the value of renewable energy sources over the past 
few years, corn has also been receiving more and more attention. Ethyl 
alcohol (ethanol) used as an engine fuel is the product of a technology that 
has the potential to be implemented in large-scale industrial size. The amount 
of ethanol obtainable from plant material grown on one hectare is compared 
in Table 8.2 for a few crops. The importance of this technology is well 
illustrated by the fact that in the USA, for example, the volume of alcohol 
produced in this way has increased by ten times of its original value over the 
past ten years. The efficiency of this process has improved considerably in 
recent years and, considering the prices for crude oil, the trend is envisaged 
to remain the same in the future as well. This use of corn is on the increase 
in other countries where corn is grown in large areas, e.g. China, Thailand, 
France and Hungary.

8.3 The structure and chemical composition of corn

The precise structure and chemical composition of the kernel depend on the 
type the kernel itself belongs to. Kernel types can be grouped as follows: 
dent, flint, flour, sweet, pop and pod (Watson and Ramstad, 1991). Modern 
dent hybrids are grown mostly in the US Corn Belt and some other places 
around the world (France, Italy, Hungary, etc.). In these places the dominant 
varieties have a yellow endosperm (97%) and the white one constitutes 
approximately 3%. White maize is used in the food industry. Flint kernels 
are smooth and rounded without denting. Flints are predominantly grown in 
South America and northern Europe. Floury corn is one of the oldest types 
of corn, which the ancient Aztecs and Incas used to grow and consume. It 
is widely grown in the Andean region of South America. Sweet corn is an 
important crop for human food, being consumed directly in fresh, canned 
or frozen products. The main growing areas in the world are in the US, 

Table 8.2 Ethanol yield of various crops

Plant Yield (t/ha) Average bio-ethanol yield (l/ha)

Sugar beet 40 4000
Sweet sorghum 35 3500
Potato 20 2000
Winter wheat  5 1500
Corn  6 2300
Jerusalem artichoke 50 4200

Source: Lakner et al. (1993).
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France, Hungary and China. A very important corn variety, waxy corn (wx), 
contains starch consisting almost entirely of amylopectin. The diversity of 
corn species is so great that special nutritional and feed uses are possible 
(Opaque – O2, amylose extender – ae, sugary 2 – su2).
 Corn (maize) is similar to other cereal grains in that its grain consists of the 
three main parts shown in Fig. 8.2, namely, the pericarp, the endosperm and 
the germ. Some authors include the tip cap as a fourth constituent (Lásztity, 
1999). As regards its dimensions, the average corn grain is 8–17 mm long, 
its width is 4–6 mm and the weight of 1000 grains is 250–400 grams.

Hull

Epidermis
Mesocarp

Cross cells

Tube cells

Seed coat 
(testa)
Aleurone 
layer (part of 
endosperm but 
separated with 
bran)
Horny 
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Floury 
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Cells filled with 
starch granules 
in protein 
matrix
Walls of cells
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primary root
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Fig. 8.2 Longitudinal section of maize kernel. Source: Lásztity, 1999.
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 As regards its composition, the main groups of constituents are: water 
(moisture content), carbohydrates including fibre as non-starch polysaccharides, 
proteins, amino acids, lipids, as well as vitamins, enzymes, mineral substances, 
coloured components, and compounds that produce the flavour and aroma 
characteristics. The proportions of these constituents differ from one grain 
type to another. The types of endosperm variation include dent, flint, floury, 
pop, sweet and waxy (Zuber and Darrah, 1991). Grains are characterised 
by having a high starch content, considerable protein and a low fat content 
overall, but a lot of the fat is in the germ. There are high-oil hybrids, and 
these genotypes are useful in places where maize oil is a common culinary 
ingredient.
 It is the endosperm that constitutes the major part of a corn kernel, a large 
part of which is starch. At the same time, over 70% of the protein is found 
in the endosperm. The distribution of the main chemical components of the 
major parts of the corn grain is provided in Table 8.3. The germ is rich in 
lipids but 70% of the ash and sugar content of the grain can also be found 
here. As regards the oils contained in the germ, the most important fatty acid 
is linoleic acid (unsaturated), which enhances its favourable dietary effects 
(Roderuck and Fox, 1987).

8.3.1 Moisture content
Moisture is present in corn grains, as in all living organisms. The water is 
present in both free and bound forms. Bound water, which is bound physico-
chemically in colloidal materials (proteins, carbohydrates) has characteristics 
different from those of free water. It can only be removed from the grain 
by applying chemical methods and it does not play a role in the course of 
processing. ‘Free water’ refers to physically bound moisture, which has all 
the properties of water, i.e. it freezes and evaporates relatively easily.
 In determining moisture content, it is only this free water that is determined. 
Since vital processes such as germination are initiated by the presence of free 
water; one of the aims of safe storage is regulating the moisture content of the 
kernels in a way that the amount of this moisture should not increase above 

Table 8.3 The distribution of the main components in the different parts of corn 
grain (%)

Botanical parts Starch Fat Protein Ash Sugar

Endosperm 98.1 15.4 73.8 17.9 28.9
 97.8–98.7 13.3–17.4 69.5–78.9 12.6–23.3 23–37.3
Germ  1.5 82.6 26.2 78.4 69.3
  0.7–1.7 80.9–85.0 18.4–27.8 72.4–83.3 60.8–75.1
Bran  0.6  1.3  2.6  2.9  1.2
  0.4–0.7  0.8–1.7  1.4–2.6  0.9–3.6  0.7–1.7

Source: Győri and Győriné, 2002.
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the critical level that is characteristic for certain plants (14–15%). According 
to its origin, free water may be ‘endogenous’ and ‘exogenous’ (physiological 
and physical). The former gets into the kernel through physiological processes, 
while the latter is a result of the hygroscopic properties of the kernel. As a 
result, the grain takes up or loses water without any intervention, depending 
on the humidity and temperature of its environment (Fig. 8.3). These aspects 
of the storage environment play an important role during storing since kernels 
take up or lose as much water as is necessary for creating the steady-state 
characteristic for a given temperature. This state is called hygroscopic 
equilibrium or balanced moisture content. Its value depends on a number of 
conditions, such as variety, chemical composition and also on whether the 
grain was dried naturally or in a heated air dryer, since the moisture content 
of the heat-dried grain is usually lower than that of naturally dried grain.

8.3.2 Carbohydrates
In cereal grains, it is the carbohydrates that occur in the largest amounts in 
the forms of starch, sugar, cellulose and non-cellulosic polysaccharides. Sugar 
is present in corn kernels at a level of 1–3%. In the embryo, sugars occur to 
a greater extent as disaccharides and to a lesser extent as monosaccharides. 
Cellulose, hemicellulose and pectic substances are primarily found in the 
pericarp (bran), while glucose and starch take part in forming cellulose. Starch 
is the most important polysaccharide found in cereal grains, constituting 
60–80% of the dry matter in kernels. Most starch is found in the cells of the 
endosperm in the form of granules whose shape and size are characteristic 
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of the grain species. The differing starch granule shapes (ball, lenticular, 
kidney, rectangular or multiangular) and sizes (in mm) allow the microscopic 
differentiation of flour types with respect to origin (e.g., wheat or rye). The 
bigger corn starch particles are ball or kidney shaped, with diameters of 
15–40 mm, whereas the smaller ones are ball-shaped and have diameters 
of 1–10 mm. 
 Starch consists of two components – amylose and amylopectin, which are 
present in the ratio of approximately 1:3 in starches of various origins. For 
ordinary corn, the proportions of amylose and amylopectin are 26–27% and 
74–73%, respectively. The starch in waxy corn consists of amylopectin alone 
and its amylose content is lower than 1%. The amylose content of amylocorn 
is between 51 and 65%. Owing to the different chemical structures of these 
various starches, they have different characteristics. Amylose can be dissolved 
in warm water, yielding a viscous solution, while amylopectin can only be 
dissolved in water under pressure, when it yields a highly viscous solution. 
Amylose has a long non-branching chain consisting of 100–200 glucose 
molecules, whereas the glucose molecules in amylopectin form a structure 
with a branching chain (200–1000 molecules). Starch will decompose when 
boiled in acids, the end product being glucose. Starch syrup (thick dextrose 
solution) and glucose (starch sugar) are produced in this way. 
 Hemicelluloses have a mechanical role on the one hand, while acting as 
reserve nutrients on the other. This latter role is important when they are 
mobilised during germination. In these ways, hemicelluloses form a transition 
between celluloses and starches. When they decompose, pentoses are produced 
in large amounts, so hemicelluloses are also known as ‘pentosans’ (the terms 
hemicelluloses and pentosans are often used interchangeably). The pentosan 
content of the kernel of corn is 5.8–6.7%. There are several different corn 
genotypes that are endosperm mutants (wy, ae, su, sh, bt, du); these grains 
contain sugars at widely varying levels (Salunkhe et al., 1985).

8.3.3 Nitrogenous compounds
The nitrogenous substances in the corn kernel can initially be divided into two 
groups, namely, organic and inorganic compounds. The amounts of inorganic 
N compounds in the mature corn kernel are very small, mainly consisting of 
ammonia derivatives and nitrate compounds. Proteins play important roles in 
shaping the processes of germination, maturation and storage for the kernel. 
Proteins are important constituents with respect to the utilisation of corn. 
The products made from corn and their digestibility, nutritional values and 
aesthetic properties primarily depend on proteins.
 As regards the organic nitrogenous compounds contained in the corn 
kernel, the amounts of free amino-acids are negligible, and proteins can be 
classified into two major groups, i.e. functional and storage proteins. The 
former proteins include the important enzymes; the latter are contained mainly 
in the endosperm, but they are also in the aleurone layer and the germ. 
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 The most widely accepted classification of grain proteins in the technical 
literature is based on their solubility, namely, the Osborne fractionation 
procedure, which groups grain proteins into the categories of albumins, 
globulins, prolamins and glutelins. 
 The simple proteins – albumins (water soluble) and globulins (soluble in 
salt solution) – occur in grains in relatively minor amounts. For albumins, 
leucosin is the most important and the best known one for the corn grain. 
The globulin of corn is called mayzin.
 Prolamins are found in the endosperm of all cereal grains. On hydrolysis, 
the prolamins yield a large amount of proline. Prolamins are soluble in 70% 
alcohol but are insoluble in water and salt solution. The prolamin contained 
in corn is called ‘zein’, which is concentrated in the endosperm. This fraction 
is poor in tryptophan and lysine. Glutelins are insoluble in water, alcohol 
and neutral salt solution, but are soluble in weak acids and alkali solutions. 
The glutelin contained in corn is called ‘zeanin’. 
 The lysine content of normal corn protein is 2.1–2.8%, whereas that of 
opaque hybrids, which are rich in protein, is 4.0–6.5% (Sharobeem et al., 
1985). Modified opaque hybrids are called ‘quality protein maize’ (Mertz, 
1992). Unfortunately, their production potential is still below that of normal 
hybrids and so they are being introduced into general production more slowly 
(Table 8.4).
 The non-protein nitrogenous compounds contained in corn are amino 
acids and amides, most of which are concentrated in the aleurone layer and 

Table 8.4 Amino acid composition of whole grain of some corn varieties from USA

Amino acid White Yellow K811 K812 K813 K814 
(g per 100 g flint flint dent Opaque-2 Opaque-2 Opaque-2 
protein) corn corn corn 

Aspartic acid 6.9 5.89 7.59 11.73 13.88 18.98
Threonine 2.56 2.9 4.58 4.58 3.71 3.68
Serine 5.19 3.95 4.62 4.92 5.67 5.24
Glutamic acid 32.07 21.9 20.31 20.23 25.37 25.55
Proline 6.53 12.2 7.45 6.97 4.37 3.41
Glycine 2.72 4.22 5.74 4.03 3.14 3.51
Alanine 6.28 7.01 5.68 7.05 8.55 7.06
Cysteine 1.8 1.65 1.61 1.64 2.13 1.28
Valine 2.75 4.14 3.76 2.68 2.4 2.92
Methionine 1.66 2.25 1.23 1.62 1.4 1.49
Isoleucine 1.77 2.77 2.3 2.07 1.96 2.01
Leucine 11.44 14.77 8.68 7.1 8.65 6.69
Tyrosine 3.6 3.37 3.38 3.11 2.87 2.85
Phenylalanine 4.24 4.71 4.16 3.08 2.45 3.3
Lysine 2.77 2.17 5.96 6.21 4.69 4.81
Histidine 2.83 2.38 3.4 4.12 3.17 2.34
Tryptophan 0.23 0.31 0.36 0.43 0.43 0.41
Arginine 4.4 3.63 8.68 7.73 5.4 4.7

Source: Sharobeem et al., 1985.
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the germ. They are found in small amounts, due to the fact that when the 
kernel matures, these small molecules are transmitted to the kernels and 
turned into proteins unless there is some disorder occurring in nutrient uptake 
and deposition. At germination, the process is just the opposite when, under 
the influence of proteolytic enzymes, the proteins are broken down in the 
endosperm into polypeptides and amino acids.
 Although enzymes (as metabolically active proteins) are found in only 
small amounts, they play an important role in the formation of starch, proteins 
and fats in corn. It is also the enzymes that break down these components on 
germination and when flour and coarse meal are processed. Enzyme activity 
depends on the moisture content of the developing grain, decreasing with the 
advancement of maturation. Then a static condition follows, but the activity 
increases again as germination starts. 

8.3.4 Lipids
The endosperm and the bran are low in fat, while the aleurone layer and the 
germ are rich in oils. Corn oil belongs to the group of unsaturated oils, since 
its main fatty acid component is linoleic acid (C 18:2), which is followed in 
abundance by oleic acid (C 18:1), palmitic acid (C 16:0) and stearic acid (C 
18:0). These compounds may be extracted with organic solvents (ether or 
petroleum ether); the so-called ‘crude fat’ so obtained contains phosphatides, 
sterols, mixed vitamins and pigments, in addition to fats and oils (fatty 
substances, greases). The individual germ tissues of the major cereal species 
contain the following amounts of crude fat:

 Wheat 12–15%
 Rye 11–13%
 Barley 20–23%
 Corn 20–22%

Under the influence of the enzyme lipase, the different types of fat break 
down into glycerine and free fatty acid during storage. When exposed to light 
and air, these fatty acids become rancid very quickly, producing unpleasant 
flavours and odours. The phosphatides (lecithin, cephalin) are primarily found 
in the germ and the aleurone layer. Lipases break down these compounds 
too, and the resulting phosphoric acid causes the acidification of the stored 
grain. Most phosphatides are present in grain kernels in complex form, bound 
to proteins and carbohydrates. In addition to these lipids, corn oil contains 
sterols (sitosterol, camposterol and stigmasterol).

8.3.5 Other substances
The kernels of different corn varieties and hybrids vary in colour, from the 
common, yellow and brown through to red, blue and even metallic silver. All 
these variations can be brought about by genetic differences in the pericarp, 
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the aleurone layer, the germ and the endosperm. Of the various colouring 
components, it is carotenoids that occur in the largest amounts in mature 
kernels. The most important representative of the carotenoids is carotene. 
Human and animal organisms are capable of converting most of b-carotene 
into vitamin A. The carotenoid content of corn is in the range of 5–80 mg/
kg. In addition to the substances mentioned above, grains contain several 
pigments (xanthophyll, flavonoids) (FAO, 1992). The aleurone layer and 
the germ, especially, contain several vitamins. The most important ones are 
vitamins A and E and certain B vitamins. 
 Corn kernels produce 1.5–3% ash on combustion. The specific amount of 
ash, just like other components, is influenced by climatic, soil and fertilisation 
conditions. Certain grains make use of ash components (P, K, Si, Na, Ca, 
Mg, S) to varying degrees. Most of the mineral substances are contained 
in the husk and the germ, while the endosperm is poor in ash-producing 
substances. As regards calcium, manganese and copper, the mineral element 
content of corn is lower than that of wheat. In contrast to earlier production 
findings, the amount of calcium is lower in the hybrids grown today (200 
mg/kg) than it used to be (300 mg/kg).
 With the implementation of new pieces of equipment (plasma emission 
spectrometer ICP), there is now the opportunity to analyse elements that are 
tested less frequently. One of these elements, sulphur, which belongs to the 
class of macro elements, is an important nutrient and its average amount 
in the corn kernel is 1000–1300 mg/kg (dry-matter basis). Under adequate 
nutrient supply, the N–S ratio is constant and has a value of 12–16 (Győri, 
1998).
 The other element to be highlighted is strontium, which is a concomitant 
element in calcareous minerals and rocks. Since the Chernobyl nuclear 
reactor disaster, the question of strontium in plant products is an issue of 
concern. Its level in corn kernels is below 1 mg/kg. The microflora of corn 
has gained an ever-increasing importance over the past decades since both 
field and warehouse moulds produce toxic mycotoxins. Fungi (F-toxins) of 
the Aspergillus species (aflatoxins), which belong to the genus Fusarium 
(DON, zearalenone, T-toxins, fumonisine) produce mycotoxins that are 
poisonous even in small amounts.

8.4 Determination of corn quality

8.4.1 Physical properties of kernel and bulk corn
In the real world, cereal grains are not dealt with individually, i.e. one by 
one, but as a bulk consignment of a multitude of grains. This is why we 
have to speak of mass properties, and why we must differentiate between 
individual properties that are characteristic of particular kernels. The most 
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important mass properties include purity (broken corn and foreign material 
– BCFM), the evenness of kernels, hectolitre weight, hundred-kernel weight 
and roundness (Watson and Ramstad, 1991). These characteristics are the 
basis of classification. Kernel soundness, moisture content, hardness and 
density or vitreousness may also be included here. Other properties include 
heat conductivity and combustion heat. In commercial trade, the effects of 
pests and pathogens need to be taken considered.
 Also important are identification of species and variety (hybrid), based 
on the properties of kernel shape, the type of endosperm (popcorn, sweet 
corn, floury, dent corn) and colour (white, yellow, red, purple). These aspects 
of quality are subject to visual assessment, but grain quality is so complex 
that laboratory tests may also be needed. Apart from physical properties, 
knowledge about nutritional value (e.g., for animal feed) is also important, 
especially when there are several processing objectives involved. This is the 
reason why a detailed quality assessment is necessary to ensure a uniform 
and high quality supply for the processing industry. This information is also 
needed in anticipation of storage and shipment. Various methods are used to 
determine corn quality as no single indicator is sufficient. Moreover, there 
is no such thing as ‘absolute quality’. ‘Fitness for purpose’ is probably the 
best definition for grain quality. 
 Quality as such always has to be defined in accordance with the methods 
applied in processing and utilisation, since the quality requirements differ from 
one use to another – flour versus invert sugar versus feedstuff. Accordingly, 
a system of indicators best suited to processing needs must be worked out, 
preferably on the basis of objective measurements. Such procedures may 
involve the sense organs or be based on physical, chemical, microbiological, 
radiological and biological methods. Thus the determination of quality is 
nothing but the judgement regarding suitability based on parameters defined 
by different methods. The different grades and standards in this respect 
are contained in the regulations of national authorities and international 
organisations. A prominent set of regulations is the US Grade Requirements 
(Table 8.5).
 The four major quality attributes are broken corn and foreign material 
(BCFM), damaged kernels and test weight. The US grain grades and standards 
are administered by the Federal Grain Inspection Service (FGIS), which 
specifies three classes of corn: Yellow Corn, White Corn and Mixed Corn. 
In other major corn producing and exporting countries (e.g., Argentina and 
the EU), there are equivalent standards and food-standard specifications for 
the quality of corn and the foods made from it (EC 824/2000). They fall 
into two different categories:

1. Establishing nutritional and feed values
2. Testing industrial processing standards.

 The classification systems are now suitable for demonstrating not only 
changes resulting from natural influences but also quality modifications 
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resulting from factors related to intensive agricultural management. As 
production becomes more intensive, testing is needed for more and more 
quality attributes, such as starch composition, micro elements, amino-acid 
composition, mycotoxins, GMO status. Suitable methods for these further 
requirements are the subject of ongoing research.

8.4.2 Standard analyses of corn quality
The main analyses needed to assess corn quality are listed in Table 8.6. 
Despite the range of tests needed for these analyses, they are far fewer than 
are needed for establishing the objective classification of winter wheat. The 
first and critical step in conducting any test is representative sampling. If 
this initial step is not conducted with the necessary diligence, there may be 

Table 8.5 Grades and grade requirements for corn

Grade Minimum test Maximum limits of:

 
weight per

 Damaged kernels  Broken corn and

 
bushel (pounds)

 Heat damaged Total 
foreign material

  kernels (percent) (percent) 
(percent)

US No. 1 56.0 0.1 3.0 2.0
US No. 2 54.0 0.2 5.0 3.0
US No. 3 52.0 0.5 7.0 4.0
US No. 4 49.0 1.0 10.0 5.0
US No. 5 46.0 3.0 15.0 7.0

US Sample Grade
US Sample grade is corn that:
(a) Does not meet the requirements for the grades US Nos. 1, 2, 3, 4, or 5; or
(b) Contains stones with an aggregate weight in excess of 0.1 percent of the sample
weight, 2 or more pieces of glass, 3 or more crotalaria seeds (Crotalaria spp.), 2 or more
castor beans (Ricinus communis L.), 4 or more particles of an unknown foreign
substance(s) or a commonly recognized harmful or toxic substance(s), 8 or more
cockleburs (Xanthium spp.), or similar seeds singly or in combination, or animal filth in
excess of 0.20 percent in 1000 grams; or
(c) Has a musty, sour, or commercially objectionable foreign odour; or
(d) Is heating or otherwise of distinctly low quality.
Source: USDA, 2008 (www.usda.gov).

Table 8.6 Standard analyses of corn quality

Hectolitreweight Ash content
Hundred kernel weight Protein content
Purity Amino acid composition
Moisture content Vitamins
Starch content Mycotoxins
Oil content Pesticide remains
Fibre content Radioactivity

Source: Győri unpublished.
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serious mistakes. When determining cleanness or mixed state (BCFM) all 
the components are isolated from the corn sample that are foreign to the corn 
kernels, especially material that will have unfavourable effects on utilisation. 
The mass of this material is weighed. In the USA, sieves are used for this 
purpose having 4.8 mm (14/64 in.) and 2.4 mm (6/64 in.) round-hole. In 
EU intervention purchases and stocks, the standard is a 4.5 mm round-hole 
sieve and a 1.0 mm slit sieve. In Hungary, 4.5 and 2.5 mm round-hole sieves 
are in use for this purpose.
 As has already been indicated, moisture content is an important consideration 
as regards the storability of the grains to be received either when wet storage 
(lactic acid fermentation) (28–32% moisture content) is used or when corn 
is stored in bulk. The desired quality must be maintained during storage, 
transportation and delivery, involving long periods of time. Moisture content 
affects both the test weight and bulk density of maize and, consequently, 
these measures should only be quoted on a standardised moisture content. As 
the specific gravity of corn is 1.3 and that of water is 1.0, when the moisture 
content increases it is the value of the former that decreases. In theory, there 
can be three groups of methods applied in the determination of the moisture 
content of corn (Watson, 1986): 

(1) Basic reference methods (e.g. Karl Fischer method or drying a ground 
sample of corn under vacuum in the presence of a strong desiccating 
agent).

(2) Practical reference methods, which according to the relevant regulations 
are by the air-oven method (AACC 2000a [No. 44-15/A] and ICC (2006a) 
[No. 110-1], 90 minutes 130–135 °C from a ground sample) (Williams 
et al., 2008). Despite being precise these methods are often slow in 
relation to demands. They do not help with avoiding storing extremely 
wet corn or determining the need for heated air drying. 

(3) Empirical methods used in practice ensure quick measurement based 
on different measurement principles. These are: dielectric constituents, 
quick air oven, nuclear magnetic resonance (NMR) and near-infrared 
spectroscopy (NIR). In order to obtain more precise readings for the 
varieties produced, it is worthwhile calibrating these devices with the 
oven-drying method every year. The great advantage of these devices 
is that they are portable, thus providing the opportunity to conduct the 
testing of samples taken directly in the field. The more widely used 
devices operating on the principle of NIR and NMR are also suitable 
for determining the levels of other important components – protein, fat 
and starch.

 The determination of moisture content is especially important in the case 
of corn as there must be a special emphasis on drying to avoid kernels being 
broken. In the course of handling (placing into storage), kernels that have 
microscopic cracks (checking) in their pericarp will break up into several 
parts and the original biological value will decrease. These broken kernels 
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may later become the starting points for decomposition processes. This 
general requirement is well illustrated by the fact that EU corn lots, which 
are compulsorily withheld for intervention purchase and stocks (to buy up 
the over-production on fixed price by the EU), have quality requirements 
where the regulation for kernels of irregular quality comes directly after the 
one for moisture content. In addition to broken kernels, levels of 3% heat 
damaged and 6% germinated kernels are allowed.
 As a basic test, the crude protein content is most frequently conducted 
by using the Kjeldahl digestion method, which dates back to 1883 (AACC 
(2000b) Approved Method No. 46-12 and ICC (2006b) Standard No. 105-2), 
followed by distilling the ammonia obtained and determining the content 
with an acid-alkaline based titration. With the exception of the nitrate-nitrite 
method, this method can determine all the substances containing nitrogen 
(proteins, peptides, free amino acids, amines and ammonia) as so-called 
‘total nitrogen’, and by multiplying the value obtained by 6.25, the crude 
protein content is obtained.
 The so-called ‘nitrogen determination by combustion’, based on the Dumas 
principle which dates back to 1848 (AACC (2000c) Approved Method No. 
46-30 and ICC (2006c) Standard No. 167) is becoming popular world-wide. 
This method measures the nitrate-nitrite content in combination with the 
total nitrogen content. As a result, this method yields higher readings than 
the Kjeldahl method, especially for green corn samples, but not with mature 
kernels. Despite the high investment required, the utilisation of this method 
is spreading because it requires fewer chemicals, less workforce and puts a 
smaller load on the environment. Instrumental methods such as near infrared 
reflectance and transmission (NIR and NIT, respectively) are also widely 
used.
 The main corn protein is zein, which contains less of the limiting amino 
acids lysine and tryptophan than, e.g., winter wheat. This is the reason why 
it is also important to be aware of the protein content and composition of 
new hybrids too.
 ‘Crude fat content’ is a collective name for substances that can be removed 
with petroleum ether or ether. Fats, oils, waxes, chlorophylls, xanthophylls, 
carotenoids, essential oils and sterols all belong here. The determination 
of the different fats and oils is possible with gas chromatography, which 
yields precise readings as regards the nutritional-physiological and industrial 
qualities of fats.
 Of the organic components, crude fibre is important. It is composed of 
substances constituting the pectic subtances, hemicellulose, cellulose and 
lignin, which constitute the cell wall and other non-structural materials (plant 
gums and mucilage).
 The mineral elements are determined with titrimetry, photometry or 
spectrophotometry after the organic matter has been removed (incineration). 
Furthermore, non-destructive testing methods may also be applied (x-ray 
fluorescence). In choosing an adequate testing method the important 
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consideration is the expected concentration of a particular substance in 
the material. For the purpose of determining the ash content, the ground 
sample must be burnt to ash in the furnace overnight at 550–600 oC where 
the mineral substances get completely burnt in 6 hours or overnight. The 
results are given in percentage points.
 Starch may be determined with a polarimeter on the basis of the specific 
rotation power of the solution obtained following acidic hydrolysis and the 
precipitation of proteins (ICC (2006d) Method 122/1, which dates back to 
1976). However, enzymic methods of glucose determination following enzymic 
digestion of the starch have found a wider acceptance recently (ICC, 2006e 
Method 128/1; AACC International (2000d), Method 76-13.01). To determine 
processing suitability, the determination of the amylose-amylopectin ratio is 
more important. A ratio higher than 95% of waxy-to-non-waxy kernels is 
a basic requirement. The iodine colour test, the promatest and the floating 
number serve to determine this ratio (NF V03-741). 
 Several quality indicators of corn and other grains can be determined 
without the use of chemical processes in the near infrared range with devices 
operating in the so-called NIR or NIT (near infrared reflection, or transmittance) 
modes. These devices open the door to perform more measurements in one 
step in numerous grain species even without grinding. The amount of crude 
protein, crude fat, starch, ash, moisture, and in a number of cases that of fibre, 
may be determined with calibrations obtained by using traditional methods. 
Portable devices of this kind are available for deployment on-the-spot (in 
the field or warehouse) so that quick decisions can be made with respect to 
harvesting, grain receival and when determining prices that are especially 
advantageous.
 Under unfavourable weather (wet, steamy weather during ripening) and 
storage conditions, certain fungi (e.g., Fusarium) may infest corn with 
mycotoxins. The determination of these extremely toxic compounds also 
constitutes part of corn quality assessment. The most frequently occurring 
mycotoxins in corn are Zearalenone (F2) and Deoxynivalenol (DON). There are 
several methods available for detecting them and determining their quantities 
(thin layer chomatography, mycotoxin test kits, gas chomatography, high 
pressure liquid chomatography). This is covered in more detail in Chapter 
13.
 Several plant and grain protectants are employed in corn production. The 
relevant regulations limit values for these substances, but the determination 
of the chemicals and their residues fall out of the scope of the frequently 
conducted quality tests. Additional testing involves the determination of 
residual values of compounds used for fumigation.
 Radio-active contamination of agricultural products has become an issue 
following major incidents such as at Chernobyl. Most countries in the world 
have set critical limits for many isotopes. For sweet-corn quality, the deep 
freezing industry puts a special emphasis on observing microbiological 
limits.
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8.5 Effects of agronomy and storage on quality

8.5.1 Major factors determining corn quality
There are several factors that interact to influence the quality of plant 
products. The major factors are listed in Table 8.7. Genetic properties 
determine quality fundamentally. The protein contents of old Hungarian 
varieties exceeded 12% whereas those of the modern ones are below 10% 
(dry-matter basis). It is a fact, however, that their productivity is several 
times higher than that of old varieties. Breeding activity has produced a 
weak negative correlation between average yields and protein content. Corn 
proteins are poor in lysine and tryptophan and as a consequence animals, 
especially monogastric ones, have to receive supplementary proteins, soy, 
in their rations. Data for the so-called ‘high-lysine hybrids’ (Opaque-2), are 
shown in Table 8.4. Production of such hybrids on large areas is currently 
limited by their low average yields. As a result of the breeding activities 
currently underway, further changes may be possible to the composition 
of corn. The amylose-amylopectin ratio can be given as an example of the 
basis for the production of a raw material that has expanded the range of 
favourable properties for use in the food industry. 
 The cropping year may have a measurable effect on the crude protein 
content of corn. Temperature and precipitation data serve to characterise 
production years. In addition, their distribution over the vegetation period 
determines the effects on protein content. In drier years, the crude protein 
content of corn is 1.5% higher in Hungary than in wet years. In addition, 
mineral fertilisation is more effective in increasing crude protein content 
in dry years. This claim is confirmed by the fact that under the same plant 
density conditions, irrigated corn has lower protein content than when it 
is grown under dry conditions. Individual hybrids react to increasing plant 

Table 8.7 Main factors determining plant quality

Genetic properties Environmental Crop management 
of the plant influences practice

Biological resources Enviromental resources Technical resources
Varieties Climate Plant sequence
Hybrids Soil Soil cultivation
 Water Sowing time
  Amelioration
  Plant population
  Plant protection
  Plant growth regulators
  Fertilisation
  Irrigation
  Drying at harvest
  Transportation
  Storage

Source: Győri, 1999.
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density in different ways and there may be changes not only in their dry 
matter contents (Nagy, 2007) but also in their quality (Matz, 1991). Changes 
in protein content under different plant density conditions are demonstrated 
by Fig. 8.4 (Sárvári et al., 2007). A quality-improving effect of fertilisation 
(NPK) can be observed in corn grown under intensive management.
 As in all cereals, starch assimilation in maize is more sensitive than protein 
synthesis to variations in mineral supply, temperature, moisture and radiation. 
As a consequence, factors that reduce yield will tend to increase protein 
content (Fig. 8.5). The effect that a protein content increase of 0.2% per 10 
kg/ha nitrogen (up to max. 120 kg/ha) is obtained in continuous growing 
(monoculture). This increase in a corn-wheat rotation is only 0.15%. 
 When high doses of NPK are applied, there are changes observed in the 
proteins too. However, it is not significant for the user, especially in the 
feedstuff industry, whether or not higher protein contents, resulting from the 
application of mineral fertilisers, have unfavourable effects on the crop’s 
amino-acid composition. Studies over several years have shown that the 
fertiliser treatments (max.N240+PK) did not decrease the lysine content of the 
dry matter in a statistically significant way since its ratios within protein did 
not change; nor did the proportion of the two sulphur-containing essential 
amino acids, methionine and cystine, change significantly. It is also important 
to consider whether the uptake of zinc may be impeded (high amount of 
available phosphorous in the soil) with a decrease in the tryptophan content. 
Experimental results show that increased NPK doses did decrease the zinc 
content but at the same time tryptophan contents increased as the protein 
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Fig. 8.4 Effect of plant density on the quality of corn. Source: Sárvári et al., 2007.
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content of the kernels also increased. It will be essential that new hybrids 
are tested for such considerations too (Fig. 8.6).
 Different cropping locations and agro-ecological regions also make 
their effects felt on the quality of identical corn hybrids. These effects are 
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strong, primarily, in locations where the use of manure is modest and the 
application of natural or mineral fertilisers moderates this change. Tests 
carried out over past years have proved that a decreasing sulphur supply 
in the soil (the decrease of atmospheric deposition and the decrease of the 
utilisation of superphosphate) has not yet influenced the sulphur content of 
corn. However, a decreasing sulphur supply may bring about a considerable 
deterioration in the quality of wheat (reducing the opportunity for disulphide-
bond interactions). As an outcome of our analyses, an N–S correlation has 
been determined in the kernel. According to this finding the sulphur content 
grows in direct ratio to the nitrogen content of the kernel. Despite this fact 
and considering, for example, frequent corn-wheat crop rotations, the sulphur 
fertilisation of corn (as the preceding crop) has to be considered seriously.

8.6 Milling technologies

Corn-processing plants may adopt either dry or wet milling. The food industry 
employs dry milling as it can produce grits, flour and corn germ of an excellent 
quality. Thus, in this case the main objective is the separation of the main 
components of the kernel and the processing of the endosperm.
 The technology of dry milling consists of the following operations (Kent, 
1975)

1. hulling
2. conditioning
3. removing the germ
4. grinding
5. sifting
6. purifying and aspirating of grits
7. packaging

 Foreign materials contained in the corn are removed in the cleaning unit 
with sieves and dry-stone removing devices. Contaminants of this kind may 
be metals, pieces of stem, stones and broken kernels, insects, rodents and 
birds (or anything else one can imagine). For germ removal, the moisture 
content of the kernel is very important. A level of 16% is preferred to keep 
the germ in a properly resilient state that enables a clean separation from the 
endosperm. For this purpose, after cleaning there is an automatic moistening 
device regulating the amount of water dispensed into the moistening screw, 
which delivers the corn into the tempering bin. It is here the moisture 
penetrates into the internal part of the corn. The period for temporary storage 
is 6–8 hours.
 Germ removal comes after this temporary storage. The operation is mostly 
carried out with a Beall-type de-germinating device. In Europe, it is mostly 
the so-called ‘turbo-crushers’ that are employed for this purpose. Next, 
the milled material is cooled down, if necessary, and it is classified into 
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large- or medium-sized granule fractions, germ and meal. The medium and 
large fractions are the result of the primary grinding, while fine hominy and 
germ are the products of secondary grinding. Separation of the corn germ 
is extremely important for two reasons:

1. Oil can be pressed from the germ part with a high efficiency.
2. Because of the high fat content of the corn germ, the grits and flour 

produced cannot be stored safely unless they are germ-free.

 The grinding of germ-free ‘broken’ corn kernels, whose fat content 
may be to 2.5%, is done in roller mills. There are flat sieves employed for 
classification, which will yield the grits, meal and flour products of the 
desired particle sizes. The grits leaving the sieves are further classified on 
purifying and aspirating machines. It is only in this way that corn grits, very 
low in fat (below 1%), can be obtained.
 The products of an American mill are (in mm): flaking grits (between 
3.4 and 5.8, 12%), coarse grits (between 1.4 and 2.0, 15%), medium grits 
(between 1.0 and 1.4), fine grits (between 0.65 and 1.0) (medium- and fine 
grits are 23% together), coarse meal (between 0.3 and 0.65, 10%), fine meal 
(between 0.17 and 0.3, 10%), corn flour (below 0.17, 5%), germ (between 6.7 
and 0.5, 14%) and hominy feed (11%). The characteristics of the products 
from a Hungarian mill are: edible corn grits (between 1.450 and 0.400 mm, 
45–48%), edible flour (below 0.400 mm, 5–8%), germ (8–10%) and flour 
for animal feed (34–42%). 
 Wet milling is traditionally the first step in the process of starch production. 
Initially, the two main by-products are the hull and the germ. The hulled corn 
is steeped in acidic water containing 0.2–0.4% SO2 for 24–50 hours, where 
the water-uptake is very rapid until 40% moisture is reached. The process then 
slows down until 45–48% moisture has been reached. This process makes 
the separation of the three parts of the kernel (hull, germ and endosperm) 
easier. In the course of steeping, the S–S bonds of the protein are broken, 
thus facilitating the separation of the starch and the protein. By removing the 
water used for steeping, material containing 5–7% dry matter, with 35–45% 
protein content on dry basis, is obtained. This material is ground in a cutting 
machine, which produces a starch-water suspension from which the germs 
can be removed with a hydro cyclone. The protein is separated by filtration 
from the suspension, and water is removed in a centrifuge at high speed. 
Then the protein is dried down to a moisture content of 10–12%. The starch 
is obtained by centrifuging and drying. Processes that combine the dry-wet 
grinding methods are also employed in the first phase of starch production.

8.7 Complex utilisation of corn

In countries where corn is widely used, it is an important means of providing 
mass nutrition (as flour and coarse meal). In these cases, corn is a feedstuff 
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high in energy but its industrial utilisation is also increasing, because of 
its varied uses of the starch that can be obtained. In countries with modern 
industries and agriculture, an advanced corn industry has developed over 
the past years. As a result, the components (carbohydrates, proteins, fats, 
etc.) are separated and extracted in concentrated form. In this way, over 
1000 products – from foundry-press powder to invert sugar – have been 
produced from corn. In the course of industrial processing, a great variety 
of materials are manufactured: products for human consumption (e.g., 
isoglucose syrup, glucose syrup, germ oil, dextrose), industrial raw materials 
(starch, dextrin, rectified alcohol, corn jam, enzymes, vitamins, etc.) as 
well as raw materials for mixed feeds (feed yeast, oil-meal, gluten, maize 
bran, corn-returns). 
 There have been several processing plants constructed for the complex 
utilisation of corn all over Europe, and there has been one such plant in 
operation in Hungary since 1982. Prior to construction, liquid sugar and 
rectified alcohol were considered to be the main products but many other 
products have also been produced satisfactorily. 
 Further processing is the same for both dry and wet milling procedures, 
although there are some differences in the actual details. For sugar production, 
a starch suspension is liquefied at pH 6.5 and at 85–89 °C in 2–3 hours by 
using alpha-amylase enzyme. This is when the breaking down of starch 
containing big molecules takes place, the protein and fibre materials separated 
are removed by straining at pH 4.8 and to the strained material is added 
amyloglucosidase enzyme at a temperature of 60 °C. This is the process of 
saccharification, which takes places over 24 hours so that the starch breaks 
down almost completely to glucose (over 97% dextrose equivalent). The sugar 
solution thus obtained has 30% dry matter content, after being purified in 
separators. It is then condensed to 38% of its previous volume in a vacuum 
evaporator and, in a further step, may be isomerised enzymatically to fructose 
at 70 °C over 60 hours. The resulting product up to 50% fructose and the 
sugar solution obtained in this way can be regarded as invert sugar because 
its composition is the same as is produced by the hydrolysis and inversion 
of beet sugar. It also contains a small amount of maltose and isomaltose, 
and is also called isoglucose. 
 With the dry preparatory processing method, rectified alcohol is produced 
from the mealy fraction; while with the wet one, it is produced from part of 
the starch milk. As a matter of fact after the potato, the second most important 
raw material for rectified alcohol production in the traditional way is corn. 
In this procedure, saccharification occurs under the influence of amylase and 
then it is yeast that brings about the alcoholic fermentation.
 The plant in Hungary, which basically operates by using the wet technology, 
uses one million metric tons of corn every year, producing various finished 
products: starch, liquid sugar, rectified alcohol, corn germ, gluten and animal 
feedstuff. Out of the products prepared, liquid sugar is used for industrial 
purposes, although it is also in circulation for human consumption in a 
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number of countries. In the course of industrial processing (for sweets, 
soft drinks, canned fruit, beer, wine, liquor), this product may be needed in 
large amounts as the dissolved state is an advantage since granulated sugar 
can be used only after being dissolved in water. In this way, the problem of 
granulating and dissolving again can be eliminated. Transportation of the 
product for this latter purpose is relatively inexpensive as it can be delivered 
in tanker trucks, although the construction of suitable receiving and storing 
systems is costly.
 The utilisation of rectified alcohol is well-known since current modern 
technologies (pharmaceutical industry, vinegar production, the cosmetics 
industry, the production of domestic chemicals, eluting solvents, ethanol as 
a motor fuel) require larger volumes of rectified alcohol than the beverage 
industry. Recently its use as a fuel for engines, either on its own or in a 
mixed form, is spreading in an increasing number of countries (e.g., USA, 
Canada, Brazil, EU). Ethanol production from corn is estimated to rise to 12 
billion gallons (54.5 billion litres) for 2010 in the USA (USDA, 2008; www.
bioproducts-bioenergy.gov). A schematic chart of producing ethyl alcohol 
from corn is seen in Fig. 8.7. Plants operating with the latest technologies 
do not combine the two types of milling.
 Fine cooking oil can be obtained from the germ of corn, whose properties 
equal the quality (favourable fatty acid composition) of olive oil. It has 
another important characteristic being free from cholesterol.
 Corn gluten is a concentrated protein feed, which is utilised by feed-
formulation plants. It is available in two types: corn gluten meal (at 60% 
protein content) and corn gluten feed (20% protein). In either the wet or 
dry process, further by-products are produced: one bushel (35 L) of corn in 
the dry-grind process generates 17 pounds (7.7 kg) DDGS (distillers’ dried 
grains with solubles) and 1.6 pounds (0.73 kg) corn oil, 2.6 pounds (1.18 kg) 
gluten meal. The wet process generates 13.5 pounds (6.12 kg) gluten meal 
at 60% protein content per bushel of corn (Bothast and Schlicher, 2005). 
A favourable aspect of processing into ethanol is that the resulting yeast 
proteins augment the protein content of the original corn gluten (Lásztity, 
1996).
 The values of these products are increased by the fact that this material 
contains relatively high amounts of mineral material, fermentation factors 
and water-soluble vitamins. This is why there is intensive research on corn 
gluten utilisation in different foods (Rosentrater and Krishnan, 2006). The 
economic efficiency of ethanol production can be further increased by the 
utilisation in soft-drink production of the carbon-dioxide produced as well 
as by the fact that phytosterol and tocopherol components may be extracted 
from corn distillers’ dried grain (Winkler et al., 2009).
 By modifying the technologies to a lesser or greater extent and by taking 
away the necessary mass flow in certain locations, several more products 
may be obtained, which are also important industrial raw materials. Thus 
glucose is an important base material for sorbitol and vitamin C production 
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while the remains of steep-water products is an important raw material for 
producing antibiotics and enzymes.
 Highly complex industries based on corn processing are developing 
quickly all over the world (e.g., China and Thailand) with consideration for 
strict environmental regulations that produce only minimal amounts of waste 
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�� �� �� �� �� ��



Corn: characteristics and quality requirements 207

© Woodhead Publishing Limited, 2010

material. These so-called ‘biological industries’ are suitable for processing 
various materials (from by-products to single-cell protein). Enzymes, such 
as alpha-amylase and glucoamylase, as well as biologically active substances 
are utilised in an ever-increasing number of locations. The products of so 
called biorefining include: sweeteners, polysaccharides, pharmaceuticals, 
nutraceuticals, fibres, biodegradable films, organic acids, pigments, polyols, 
vitamins and many others (Bothast and Schlicher, 2005).

8.8 Future trends  

The importance of corn production and processing is to increase in the 
coming decades since both its food and feed uses are likely to increase. In 
the meantime, the endeavours made by certain countries to become energy-
independent also set up new claims. In countries where the objective is to 
increase meat consumption (e.g., China), it is the increase in the demand 
for feed for monogastric animals (pork and poultry) that puts new claims 
on corn. This in turn will require the production of new hybrids with higher 
production potentials, whose chemical composition (protein and starch 
contents) is also favourable. The role of so-called production-processing 
integration will undoubtedly grow in the production of corn products. Other 
than conventional (feed) uses of the corn stalk, i.e. its utilisation in boilers 
and power stations may become a more significant use. The changes in the 
demands for utilisation are already sending important messages to breeders 
about quality targets.
 The use of corn for food purposes will also increase as a result of 
globalisation. Corn products are expected to appear in foods and in locations 
where they have not been widely used previously. In Europe, products like 
tortillas and corn beer are being consumed more, and the consumption of 
sweet-corn is also expected to increase with higher vegetable consumption 
in some countries. The development of different corn hybrids containing 
modified starch (amylose, amylopectin) required for the production of the 
different starches used in the food industry will also increase.
 A major change is expected in the industrial utilisation of corn, showing 
changes similar to the trends in the US for bio-alcohol produced from corn. 
This increase is expected to occur in the major corn-producing countries of 
Europe (France, Italy, Hungary and Romania). Projects of this nature are 
considerably influenced by the price of crude oil on the world market and 
international policies, such as EU attitudes. On this basis, the demand for 
and price of ethanol, as a fuel, will also become a factor. Addressing the 
raw-material requirements of this process also raises several questions for 
breeders, for example changing the protein:starch ratio in the corn kernel for 
increased starch. This would be desirable in locations where animal feed-lots 
are not available to utilise the protein by-product as a feedstuff. The growing 
and processing facilities to be established for the purposes of corn-ethanol 
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production will require changes in the management technologies in countries 
and regions with intensive corn production (considerable application of mineral 
fertilisers and irrigation), changes in the protein:starch ratio and employing 
new hybrids that respond well to intensive management technologies. 
 Many of the changes described above are made more complicated by 
the fact that the regulations of a number of countries in the world prevent 
the growing of GMO corn (Davison and Berthau, 2008). To take advantage 
of the increased yield potential of GMO varieties, it will be necessary to 
develop and apply effective segregation and reliable tests for determining 
contamination with GMO grain. 
 Improvement in technologies for fermentation to alcohol are also expected, 
increasing the economic efficiency of the process yielding about 10% 
more alcohol from one tonne of corn. Wider application should decrease 
transportation and handling costs. The use of high-temperature yeast is also 
relevant since it may increase the alcohol content and decrease cost per unit 
of production. Another possibility is the quick steeping process, allowing 
the separation of germ in dry grinding and so that the oil will not finish 
up in the by product at the end of the process. In addition to the alcohol 
obtained from the kernel, technologies currently in the experimental stages 
are expected to enable the production of alcohol from green crops. Thus, 
there are new perspectives opening up for whole plant utilisation in addition 
to making silage, the current method (Dorr, 2008).
 The above facts put new demands on quality tests as well, and these 
require even faster and more precise publication of the data obtained. In this 
area, improving the potential for starch determination with NIR/NIT-based 
devices will allow the application of calibrations for starch and alcohol yield 
(www.foss.us). Detection of mycotoxins by rapid tests will also become 
more widespread, as their presence causes a deterioration of feed conversion 
in animals as well as in the efficiency of fermentation. Thus, quick results 
will become ever more important in handling goods and the importance of 
measurements with large equipment is expected to diminish, although they 
will always be required to provide the standards used to calibrate rapid tests.
 In the course of these changes, it will be necessary to avoid the diversion 
of corn for animal feed and for industrial processing at the expense of 
populations who depend on corn for sustenance. Perhaps this is the major 
challenge facing the corn industry in the future. 
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Abstract: Rice is unique in providing about 25% of global calories, and 75% in the 
developing world; food security is one of its greatest challenges. However, yield is 
not the only factor to be considered when developing new varieties of rice, because 
the traits of quality have a large impact on adoption of any new variety. Rice quality 
programmes have reached a plateau in their capacity to screen for quality, and need to 
take delivery of information from new research enabled by technological progress to 
identify new traits of quality and methods to screen for them. 

Key words: rice, physical quality, cooking quality, starch, environmental effects.

9.1 Introduction

Rice is the major staple food crop of the world, providing about a quarter 
of the population’s calories and up to 75% of calories consumed by poor 
people (FAO). Different varieties of rice are adapted to grow in many types 
of environments, in both temperate and tropical areas, in flood- and drought-
prone areas, and in cool and warm regions (Yoshida, 1981). Food security 
poses real challenges to rice improvement programmes. On one axis, the 
global population is steadily increasing, on another, arable rice-growing 
land is being claimed by increasing urbanisation, and on top of these global 
warming is likely to place downward pressure on total yield of rice (Peng et 
al., 2004), and on the yield of acceptable rice depending on the variety grown 
(Fitzgerald and Resureccion, 2009). In order to continue to feed a growing 
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population with less arable land, in a warming world, yields must increase by 
an annual rate of about 50 kg/ha (www.irri.org). However, adoption of high 
yielding germplasm depends on the quality of the grain produced. A clear 
illustration of this is the non-adoption of the first generation of hybrid rice, 
which offered a 15% yield advantage, which was not enough to compensate 
for the poor quality of the grain.
 The value of the rice market chain is largely determined by quality traits of 
the grains, for rice traded both domestically and internationally. The cooking 
and sensory properties of different varieties determine the reputation of the 
rice and its physical properties determine its economic value. Rice sold 
in domestic markets is first graded by varietal class, and then assessed on 
physical quality within that class. The two properties used to value polished 
rice are the proportion of translucent grain and of whole grain. Samples with 
many broken grains and/or chalky grains (opaque regions of the grain) are 
given a low grading in domestic markets, and fetch lower prices. 
 Rice sold on the international market is subject to criteria that define six 
grades (USDA); these criteria are defined by proportions of broken and/
or chalky grain. Samples with too many broken or chalky grains can be 
completely excluded from international trade. Tropical rice accounts for 90% 
of world rice trade; developing countries are the main players, accounting 
for 83% of exports and 85% of imports (FAO). When volume, not quality, 
drives a nation’s market chain, the rice rarely reaches the higher grades, so 
farmers can face a situation of making little or no profit from their crop. 
 Most rice is grown, traded and consumed in developing countries and 
those in or approaching economic transition. As an economy develops and 
incomes rise, demand increases for higher quality rice, thus rice improvement 
programs must be equipped with knowledge and capacity to ensure that rice 
varieties released meet the quality required by the target markets. Previously 
these were traits of physical, sensory and cooking quality, but the scope has 
been broadened in response to current challenges to human health, and now 
includes nutritional quality. 
 Our current knowledge of how the components of the grain interact 
to give different physical or sensory traits has reached a plateau. This is 
demonstrated by the persistence of benchmark varieties over many decades 
despite the yield gains achieved over the same decades (Fitzgerald et al., 
2009b).
 Current phenotyping methods provide data to enable breeders to select 
for a basic package of quality traits, but two varieties with the same scores 
can be differentiated by consumers (Fitzgerald, 2004). An example of this is 
the Thai fragrant rice Khao Dawk Mali 105 (KDML105). This variety was 
selected in 1959, and is still the most popular rice of Thailand; however, it is 
susceptible to many biotic stresses (Toojinda et al., 2004). An IRRI-Thailand 
project sought to introduce tolerance to the Rice Blast fungus, which attacks 
the aerial parts of the plant. A variety resulted from this work, Pathumthani 
1 (PTT1), which captured all the quality traits of KDML105, as measured 
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with the current tools, as well as tolerance to Rice Blast. However, consumers 
are able to detect differences between PTT1 and KDML (Laohakunjit and 
Kerdchoechuen, 2007), and this is demonstrated by the lower price that PTT1 
fetches in the market place (personal communication, Supanee Jongdee). 
 Significant gains have been made recently in understanding the genetic 
basis of several of the current traits of quality (Fitzgerald et al., 2009b), but 
there is a continuing need to delve deeper into the grain and make use of 
new technology to identify adjectives that describe flavour, taste and texture, 
and find the structural and genetic basis of these so that high quality can be 
combined with high yield to meet the future needs of a growing population 
of rice consumers coupled with the constraints of a changing world. 

9.2 Unique characteristics of rice

Rice diverged from its Gramineae relatives of wheat, maize and barley before 
leaving the damp shade of the forest floor, and did not evolve the capacity 
to grow and thrive in dry open habitats (Kellogg, 2001). Therefore rice 
is unique amongst the staple food grasses in that it is adapted to flooding 
conditions to grow. Research programmes are in place to increase the water 
use efficiency of rice and to search for drought-tolerance mechanisms and 
germplasm. Nevertheless, even though rice requires more water than irrigated 
wheat, the water productivity of rice is higher than for irrigated wheat in 
countries with high rice yields per hectare (Ali and Talukder, 2008). 
 The way rice is consumed also differs from its major food-crop relatives. 
Wheat and barley are mostly consumed after the grain is ground to flour, 
but most rice is consumed as polished grain. This elevates the importance 
of being able to predict the quality traits of the rice grain. If a sample of 
wheat flour does not meet desired quality standards, it can be blended with 
another sample of flour to achieve the correct quality. However, rice cannot 
be blended to achieve a particular standard of eating quality, because one 
type might be much firmer or take longer to cook. The particle size of a 
rice grain means that a consumer will be more able to detect two different 
qualities in a sample of two varieties of steamed rice much more easily than 
in a loaf of bread made from blended wheat.
 Probably the most important unique feature of rice is that it provides a 
quarter of the world’s calories, and is the major staple food for many of the 
world’s poor (Hossain and Narciso, 2004). 

9.3 Quality traits

The traits of quality include physical, sensory, cooking and more recently, 
nutritional value. Science has delivered functional, structural and genetic 
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information about several of the traits, but not all are fully understood. 
Furthermore, some of the more esoteric traits are yet to be defined. The 
umbrella description of ‘good’ or ‘bad’ quality needs to be dissected to 
reveal a new collection of adjectives that properly describe the traits of 
sensory quality. 

9.3.1 Physical traits
The dimensions of the grain often define the quality of rice for various markets. 
Several famous examples illustrate the importance of grain dimensions. 
The Japanese variety Koshihikari is shorter than a medium grain, and all 
breeding efforts to capture Koshihikari quality must pay attention to grain 
shape. Basmati varieties are known to be long and slender. A very popular 
variety of rice in India, Samba Mahsuri, is a grain of medium length and 
slender width, and millers consider that the shape of this grain is the most 
important trait of quality for this variety because they can achieve high head 
rice yield (HRY) (Sundaram et al., 2008). When developing stress-tolerant 
versions of Samba Mahsuri, the shape of the grain was always a primary 
selection target (Sundaram et al., 2008). Grains can come in many different 
lengths and widths (Fitzgerald et al., 2009b), but breeding programmes tend 
to focus primarily on obtaining the following combinations of length and 
width: short-bold, medium-bold, medium-slender, or long-slender types. Over 
the years, many quantitative trait loci (QTLs) have been found that associate 
with elements of grain shape (www.gramene.org), and recent advances in 
understanding the genetic basis of grain shape have been reviewed recently 
(Fitzgerald et al., 2009b).
 Most rice is sold as polished grain, so physical quality is immediately 
obvious to consumers. The two major traits of physical quality are chalky 
grain and broken grain (Fig. 9.1). These both affect the price of the rice along 

(a) (b)

Fig. 9.1 (a) Chalk and (b) broken grain – the two traits of physical quality that 
devalue rice in all markets. 
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the whole spectrum of rice marketing, from the smallest rice farmer to the 
largest international rice exporter. Chalky regions weaken the grain and cause 
it to break or pulverise during polishing (Swamy and Bhattacharya, 1979). 
Small landholders who grow rice crops to feed their family will generally 
take the harvest to the local miller to de-husk and polish the grains. If the 
crop is very chalky, most of the grains will break or turn to powder. This 
means that the rice cannot be eaten and cannot be sold. Chalk affects farmers 
in every socio-economic scale, and no breeding or research programme has 
been able to eliminate it. 
 Environmental conditions play a large role in the incidence of chalk; 
high temperatures during grain-filling lead to chalk in many varieties of 
rice (Lisle et al., 2000). However, several factors demonstrate that there 
is a considerable genetic component to the occurrence of chalk. Several 
varieties consistently produce chalky grain, and the most notable of these 
is IR8 – the rice of the green revolution (Peng et al., 1999). IR8 survived 
selection because its yield was quadruple that of the popular varieties at the 
time. Heritability is also demonstrated by the identification of a number of 
quantitative trait loci (QTLs) for chalk (Wan et al., 2004, Wan et al., 2005, 
Zhou et al., 2009), several of which are stable across different environments 
(Wan et al., 2005). However, the functions of those loci are unknown and 
the heritable component leading to chalk has not been identified.
 Chalky areas of rice grains are characterised by airspaces and small 
starch granules (Lisle et al., 2000). Consequently, many studies have turned 
towards the processes of starch synthesis (Bhattacharya et al., 1979, Lisle et 
al., 2000, Patindol and Wang, 2003, Tashiro and Wardlaw, 1991) to search 
for genetic explanations of chalk. However, no enzyme of starch synthesis, 
nor any allelic variant of any gene of starch synthesis has been associated 
with the incidence of chalk. In one study using temperate japonica varieties, 
chalky parts of grains were separated from translucent parts, and no difference 
was found in the molecular weight distribution of the starches from chalky 
and translucent sections of the grains (Lisle et al., 2000). This suggests that 
enzymes directly responsible for elongating the chains of starch are not the 
cause of chalk. The key difference between starch from chalky and translucent 
parts of the grain is that starch granules from chalky parts of the grain are 
much smaller than those found in translucent parts (Lisle et al., 2000). 
Moreover, chalky grains are generally found on secondary branches of the 
panicle (Lisle et al., 2000), which are known to begin development later than 
grains in primary positions on the panicle (Mohapatra et al., 1993, Yang et 
al., 2006). Recent work shows that in high temperature, substrate allocation 
to the grain is terminated before grain-filling could possibly occur (Fitzgerald 
and Resureccion, 2009). This results in small and immature starch granules, 
with the phenotype being chalk. Chalk is a trait of high scientific priority 
because it is a key factor that determines the yield of acceptable rice.
 Broken grain destroys the visual beauty of a sample of rice, and because 
breaks can occur through cells (Swamy and Bhattacharya, 1982), starch 
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leaches from the broken grains during cooking, forming a ‘glue’ around the 
cooked grains and a sticky layer on the bottom of the pan that is difficult 
to remove. The proportion of whole milled grain, head rice yield (HRY), is 
a key trait of quality measured in every quality evaluation programme and 
also contributes to the yield of marketable and acceptable rice.
 There is a genetic component to HRY and quantitative trait loci (QTLs) 
have been mapped to regions on chromosome 3 in one study (Tan et al., 
2001) and to chromosomes 1 and 5 in another (Septiningsih et al., 2003). 
The QTL on chromosome 3 is located in the same position as a gene that 
contributes to grain length (Fan et al., 2006, Tan et al., 2001), and grain 
length is a factor that affects HRY. The population used by Tan et al. (2001) 
was derived from parents that differ in grain length, and the allele from the 
shorter parent improved HRY. The population used by Septiningsih et al., 
(2003) was derived from parents of similar grain length, which reasonably 
explains why this QTL was found by Tan et al., (2001) and not by Septiningsih 
et al. (2003). It further suggests that the QTLs on chromosome 1 and 5 
might directly affect HRY whereas the one on chromosome 3 is an indirect 
contribution.
 Possibly the largest factor that affects the proportion of broken grain is 
post-harvest drying and storage of the rice. If the grain goes through several 
cycles of wetting and drying, rapid drying, or is not equilibrated prior to 
polishing, HRY decreases (Banaszek and Siebenmorgen, 1990, Cnossen et 
al., 2003, Jindal and Siebenmorgen, 1994, Kocher et al., 1990). Wetting and 
drying can occur if mature grain remains on the panicle in an environment 
where dewy nights are followed by hot, dry days. Modelling studies indicate 
that if grain dries to below a moisture content of 20% on a dry basis just 
once, HRY will be high, but if moisture content cycles several times above 
and below 20%, then HRY will fall significantly (Clampett et al., 2004). 
This has been shown previously using several varieties of rice that were 
cycled between 14% and 25% moisture or 14% and 18% moisture. After 
4 cycles between 14 and 25% moisture, almost all the grains were cracked 
or broken in both long and medium grain varieties whereas very few were 
broken or cracked when the moisture cycles did not exceed 20% (Fig. 9.2) 
(Fitzgerald et al., 2000).
 Grains in a single panicle will flower over an interval of about seven 
days and grains on primary positions of a panicle undergo grain-filling 
faster than grains on secondary branches of the panicle (Mohapatra et al., 
1993, Mohapatra et al., 2009). The more tillers on a plant, then the longer 
the interval of flowering for each plant (Kunze and Calderwood, 1985). This 
means that when grains are harvested, the length of time between reaching 
physiological maturity and harvest differs for each grain, resulting in variable 
moisture content of freshly harvested grain (Kocher et al., 1990). If rice 
is harvested at an average of about 22% moisture, the range in moisture 
content can be from 15 to 45% (Kunze and Calderwood, 1985). Moisture 
content of grains should be about 12–14% for optimal HRY; any higher, the 
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grains are too soft, and lower they are too brittle (Kunze and Calderwood, 
1985). If grain is dried slowly to optimal moisture content, and given time 
for moisture contents to equilibrate, the range in moisture content is also 
narrowed, and HRY is optimised (Cnossen et al., 2003, Siebenmorgen et 
al., 1990).
 Grains break because fissuring occurs within the grain (Swamy and 
Bhattacharya, 1982). These fissures are lines of weakness and during the 
milling process, the grain is exposed to mechanical forces that produce 
fractures along existing fissures (Cnossen et al., 2003). The glass transition 
of the starch is the process identified that contributes the most to fissuring 
(Cnossen and Siebenmorgen, 2000, Perdon et al., 2000). Glass transition 
(Tg) is the stage when a crystal begins to go rubbery, in the first stages of 
melting. A rice grain is primarily starch, and starch is semi-crystalline. If 
temperature increases or moisture content decreases, then the rubbery starch 
reverts to crystalline starch once more (Slade and Levine, 1988). Tg of native 
starch at 20% moisture is about room temperature. Moving in and out of Tg, 
as would occur if the moisture content transitioned through 20% a number 
of times, alters the perfection of the crystal (Slade and Levine, 1988). It is 
suggested that this altered crystalline structure establishes regions of stress 
within the starch granules, causing fissuring (Cnossen and Siebenmorgen, 
2000, Perdon et al., 2000).
 The colour of the polished grain is another physical trait of quality that 
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Fig. 9.2 Percentage of cracked grain after each cycle from 14% moisture to either 
18% (black) or 25% (hatched) moisture and back to 14%. Reprinted with permission 

from Rural Industries Research and Development Corporation.
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breeders select for and that influences decisions made by consumers (Bergman 
et al., 2004, Fitzgerald and Reinke, 2006, Monsoor et al., 2004). Colour varies 
from white to yellow, and the yellowness index is used to score the colour. 
Consumers prefer rice that is white rather than yellower types (Bergman et 
al., 2004). There are a number of reasons why the rice grain could appear 
yellow. Protein content associates positively with yellowness, and generally 
higher protein is not desired from a sensory point of view (Champagne et 
al., 2009, Matsue et al., 1994). 
 Rice also develops a yellow tinge when it is stored poorly (Indudhara 
Swamy et al., 1971, Tran et al., 2005). This is due to oxidation of fatty acids 
and results in the accumulation of compounds like 2-nonenal that give a rancid 
flavour (Lam and Proctor, 2003). The flavour of freshly harvested rice can 
be easily differentiated from rice stored for some time at room temperature, 
but not when the rice was stored at low temperature (Tran et al., 2005). This 
is consistent with previous work showing that low temperature decreases the 
activity of the odour-producing compounds (Tsugita et al., 1983). Storage 
also increases the ratio of high molecular weight protein sub-units (Chrastil 
and Zarins, 1992) which could play some role in changing the light absorbing 
characteristics of the rice, leading to the yellowish tinge.
 A rice grain cannot just taste nice, it also has to look nice. Thus the 
traits of physical quality are important. The physical beauty of the grain 
is immediately seen by consumers and governs the value of the rice in the 
marketplace. Thus it is very important that the traits of physical quality are 
measured in rice improvement programmes, and the methods are standardised 
between programmes. The International Network for Quality Rice (INQR) 
(www.irri.org/inqr) has established a task force to standardise the definitions 
of physical quality, and is in the process of defining agreed limits for all the 
physical traits of quality. 

9.3.2 Cooking and sensory traits
Sensory properties of the cooked rice include visual factors of gloss and 
shininess, as well as flavour, taste, aroma and textural features (Champagne et 
al., 2004). Cooking and sensory properties of grains determine the reputation 
of different varieties (Wada et al., 2006). With aroma as the exception, 
sensory traits are not well enough defined to be useful as selection tools in 
breeding programmes.
 Since rice is cooked in water, the hydration properties of different varieties 
are intuitively a topic of interest. Water uptake during cooking has been 
studied extensively over the decades, and a recent review concludes that water 
uptake does not provide information about the quality of rice (Bhattacharya, 
2009).
 Elongation and width-wise expansion of rice grains during cooking is 
considered to be an important trait of cooking quality. Several Burmese 
varieties are prized for the elongation of the grains during cooking, and 
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length-wise elongation during cooking is a prime quality trait of basmati 
varieties (Hirannaiah et al., 2001). Using a recombinant inbred population, 
QTLs for these traits were found on several chromosomes, including the 
short arm of chromosome 6, where the Waxy locus is found (Ge et al., 2005). 
In addition, QTLs on chromosomes 3, 8 and 11 have been associated with 
length-wise elongation of basmati varieties (Amarawathi et al., 2008).
 Most rice is consumed in developing countries so cooking time, and the 
cost of cooking, is a most important trait of cooking quality. The cooking 
time of rice is influenced by the gelatinisation temperature of the amylopectin 
fraction of the starch (Singh et al., 2003). Rice with high gelatinisation 
temperature takes approximately 4 minutes more to cook compared with 
rice of low gelatinisation temperature (Halick and Kelly, 1959). A recent 
calculation taking account of the number of times rice is cooked in one day 
– about 1.4 billion times – reports that global savings of about 10 000 years 
of cooking time each day could be made if all rice was low gelatinisation 
temperature, which saves 4–5 minutes of cooking time (Fitzgerald et al., 
2009b), representing huge savings to fuel and carbon stocks. 
 Gelatinisation temperature (GT) also affects texture, and is a trait measured 
in every rice-breeding programme to select or discard material early in 
varietal development. GT provides information about the temperature that rice 
begins to cook, the time it takes to cook, and the texture of the cooked rice 
(Juliano, 1985). The GT of rice starch can fall anywhere between about 55 °C 
and 80 °C (Juliano, 1992). Most rice is cooked or processed at temperatures 
of or below 100 °C. With an upper limit of 100 °C, the lower the GT, the 
larger the window for the processes of cooking that follow gelatinisation. 
The temperature of gelatinisation is likely to affect the rate of processes 
following gelatinisation, with effects on the sensory properties of the rice. 
Therefore gelatinisation temperature serves as a link between cooking and 
sensory properties.
 Gelatinisation describes the melting of the crystalline lamellae of amylopectin 
molecules (Slade and Levine, 1989). In these crystalline lamellae, chains of 
degrees of polymerisation (DP) between 6 and 24 are clustered in planes 
of double helices (Durrani and Donald, 2000, Jane et al., 1999, Lelievre et 
al., 1986, Mouille et al., 1996). Double helices form between outer chains 
on adjacent molecules (Hizukuri, 1986), leading to long-distance arrays of 
crystalline order. A higher proportion of shorter chains (DP 6–12) crystallised 
within the array decreases the perfection of the crystals, which decreases the 
amount of heat required to melt them (Slade and Levine, 1988). Crystalline 
lamellae alternate with amorphous lamellae (Donald et al., 2001) and chains 
of DP 24–35 span both lamellae (Castro et al., 2005), forming one cluster. 
 In the crystalline lamellae, short chains of DP 6–12 are elongated by 
starch synthase (SS) l (Fujita et al., 2006), and those chains are subsequently 
elongated by SSlla to lengths ranging from DP 12–24 (Umemoto et al., 
2004). A higher proportion of chains remaining as DP 6–12 in rice is due to 
polymorphisms in the SSlla gene which decrease the binding and catalytic 
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capacity of the SSlla protein (Nakamura et al., 2005, Nakamura et al., 2002, 
Nakamura et al., 2006, Umemoto and Aoki, 2005, Waters et al., 2006). 
The higher proportion of short chains destabilises the crystal, which drives 
gelatinisation temperature down. It is unknown whether SSlla activity is 
partially or completely abolished. The genetic findings suggest that there are 
two classes of gelatinisation temperature, but rice improvement programmes 
recognise three. Further, many varieties that are currently popular are 
intermediate gelatinisation temperature (Juliano, 2007). It is therefore likely 
that other genes contribute to gelatinisation temperature. Mutants lacking 
SSllla activity have significantly lower gelatinisation temperature (Ryoo et 
al., 2007), so if allelic variation exists at that locus different combinations 
of SSlla and SSllla alleles could reveal the intermediate classification.
 The amylose fraction of the starch is a very important trait of rice quality, 
and associates with many traits of sensory quality (Juliano, 1972). However, 
amylose content is not a direct predictor of quality, since varieties with the 
same amylose content can differ in quality (Champagne et al., 1999). The 
enzyme that is responsible for amylose content is encoded at the Waxy 
locus (Sano, 1984). A number of different alleles of the Wx gene have been 
described (Chen et al., 2008b, Mikami et al., 2008), and perhaps the activity 
of the encoded protein, Granule Bound Starch Synthase (GBSS)l differs in 
different genetic backgrounds (Fitzgerald et al., 2009b).
 Amylose content is described by the following classifications: 0–2% 
(waxy); 2–12% (very low); 13–19% (low); 20–24% (intermediate); and 
>25% (high), and allelic variation has been described for each class. The 
waxy class is due to a null mutation caused by a duplication of 23 bp in 
exon 2 (Wanchana et al., 2003), which causes a frame-shift and leads to a 
premature translation termination codon in exon 2 (Isshiki et al., 2001). The 
next mutation found was a substitution from G to T at the splice site of exon 
1, defining the Wxb allele, which leads to inefficient splicing of the first intron 
(Wang et al., 1995). Retention of intron 1 in the messenger transcript means 
that GBSSl protein cannot be translated (Ayres et al., 1997, Isshiki et al., 
1998, Larkin and Park, 1999). This mutation separates low amylose varieties 
from intermediate and high (Ayres et al., 1997). Amylose does accumulate 
in varieties carrying the Wxb allele because about 20% of splicing occurs 
at one of four non-consensus splice sites nearby (Cai et al., 1998, Larkin 
and Park, 1999, Prathepha, 2007). The Wxa allele was previously defined 
as not having the substitution at the splice site of exon 1, and carrying a G 
in that position (Cai et al., 1998, Isshiki et al., 1998). The presence of G 
at the splice site of exon 1 is found in varieties of both high amylose and 
intermediate amylose. Recently, a SNP was found on exon 6 (from A to C), 
that separates varieties of intermediate amylose from those of high amylose 
(Chen et al., 2008b, Mikami et al., 2008). The SNP causes an amino acid 
change from tyrosine to serine, and the allele has been designated the Wxin 
allele (Mikami et al., 2008). A SNP on exon 4 of the Wx gene is found in 
varieties with very low amylose and very low GBSSl activity (Mikami et al., 
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2008). This SNP, A to G, changes the amino acid from aspartate to glycine, 
and has only been found in varieties carrying the Wxa allele (Mikami et al., 
2008), suggesting that it occurs in an important region for either binding or 
catalysis of the protein. The SNPs in exons 4 and 6 are found in conserved 
regions of GBSSl in maize, wheat, barley, pea and potato, as well as GBSSll 
and SSl in rice (Mikami et al., 2008). Such wide conservation indicates the 
functional importance of that region for the synthesis and accumulation of 
amylose.
 The general association between amylose content and sensory properties 
is a positive correlation with the hardness of the cooked rice. However, 
there are many examples of varieties with the same amount of amylose 
but different firmness when the rice is cooked (Champagne et al., 1999). A 
classic example is found in the high amylose classification. Rice with high 
amylose can be either soft or firm after cooking. This difference is termed 
the gel consistency of the rice (Cagampang et al., 1973). It is measured by 
a simple test that essentially determines how quickly the gel sets. As the 
gel sets during and after the cooking process, chains of amylose aggregate, 
embedding amylopectin molecules and remnants of starch granules (Gidley 
and Bulpin, 1989). The arrangement of molecules inside the granules and the 
grains determines whether the gel continues to flow for some time, or whether 
it sets rapidly (Gidley, 1989). The classic illustration of gel consistency is the 
comparison between two high amylose varieties IR5, which is soft-textured 
with a flowing gel, and IR8, which is firm-textured with a gel that sets rapidly 
(Fig. 9.3). One of the features of the starch that explains differences in gel 
consistency is the proportion of amylose that is soluble in hot water relative 

Fig. 9.3 Gel consistency test showing rapidly set gel of IR8, and the slower setting 
gel of IR5 which flows further before setting.
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to the proportion that is insoluble (Bhattacharya et al., 1978). Studies show 
that varieties with a higher proportion of insoluble amylose will have a less 
mobile, faster setting gel (Bhattacharya, 2009, Bhattacharya et al., 1978, 
Bhattacharya et al., 1982). Consistent with a role for amylose, a number of 
studies, using different mapping populations, all find an association between 
the Wx locus and gel consistency (Bao, 2002, Bao et al., 2003, Bao et al., 
2002, Bao et al., 2000, Fan et al., 2005, He et al., 1999, He et al., 2006, Kiani 
et al., 2008, Lanceras et al., 2000, Li et al., 2003, Tan et al., 1999, Tang et 
al., 1991, Tian et al., 2005, Wang et al., 2007). These associations strongly 
suggest that additional allelic variability at the Wx locus awaits discovery. 
In addition, the biochemical explanation for different proportions of soluble 
and insoluble amylose would assist breeders to select more specifically for 
softer cooking varieties.
 There are many other traits of texture; examples are cohesiveness, 
adhesiveness, stickiness and gumminess (Champagne et al., 2004). These 
traits of texture are poorly understood in terms of the composition of the grain 
or the genotype of the variety. Starch is not the only component of the grain, 
and protein content can affect some of these textural traits. In a recent study, 
protein content was found to affect stickiness between grains, roughness and 
hardness of the cooked rice (Champagne et al., 2009). Protein correlated 
negatively with stickiness in that study (Champagne et al., 2009). Protein also 
affects the pasting properties of the rice and the amount of water required 
to cook the rice (Sun et al., 2008). Korean and Japanese rice improvement 
programmes actively breed for low protein, presumably because consumers 
in those countries prefer soft, sticky rice (Wada et al., 2006). These other 
features of texture are not screened routinely in rice improvement programs, 
presumably because our understanding of these descriptors from structural, 
biochemical and genetic perspectives is, at best, in its infancy. 
 Flavour and taste are also regularly referred to by consumers. The most 
commonly considered compound for taste is the aromatic compound 2-acetyl 
1-pyrroline. Recently much has been revealed about the genetics and the 
biochemistry of the synthesis of this compound. In almost every fragrant 
variety, 2AP accumulates because of mutations in the betaine aldehyde 
dehydrogenase 2 (BADH2) gene (Chen et al., 2008c, Kovach et al., 2009). 
A mutation in exon 7 of the gene is the most common mutation leading 
to the accumulation of 2AP (Fitzgerald et al., 2008), but at least 10 other 
mutations can be found in the coding region of the gene that also lead to the 
accumulation of aroma (Kovach et al., 2009). The location of the mutation 
and the nature of the mutation (SNP, insertion or deletion) associates with the 
amount of 2AP that accumulates (Kovach et al., 2009). The same mutations 
can be found in both the jasmine and basmati style of rice, and interestingly, 
the fragrance gene seems to have been introgressed into indica germplasm 
from japonica during domestication (Kovach et al., 2009).
 The effect of the mutations in the BADH2 gene causing 2AP to accumulate 
has recently been shown (Bradbury et al., 2008). BADH2 is thought to oxidise 
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4-aminobutyraldehyde, produced from putrescine, to g-amino butyric acid 
(GABA). However, varieties carrying badh2 cannot carry out the oxidation 
step, and accumulate both 4-aminobutyraldehyde and delta-1-pyrroline, which is 
proposed to activate the pathway of 2AP synthesis (Bradbury et al., 2008). 

9.3.3 Nutritional traits
The nutritional properties of rice have recently joined the suite of quality 
traits. Rice grains contain mineral elements and high levels of B vitamins 
and tocopherols (Berardo et al., 2009, Bergman and Xu, 2003, Goffman 
and Bergman, 2004, Villareal et al., 1991). Rice also contains a number 
of phytochemicals with potential health benefits (Bergman and Xu, 2003). 
However, almost all of these vitamins and minerals are found in the bran 
layers and embryo of the grains. If the grain is consumed with the bran layers 
intact, the amount of vitamins and minerals in the grains can contribute to 
meeting the daily requirement of each. For example, the amount of thiamine 
in the bran layers of rice can meet the daily requirement for thiamine; this has 
been demonstrated by the high levels of mortality due to thiamine deficiency 
in populations that consumed well-polished rice compared with populations 
that consumed partially polished rice (Butterworth, 2001). After removal of 
the bran layers, the grain contains almost no micronutrients (Butterworth, 
2001). Before the arrival of friction mills, rice was pounded and the bran 
layers removed manually (van Ruiten, 1985). Manual polishing is strenuous 
work, and rarely produces completely polished, white grains (van Ruiten, 
1985). As electricity penetrated deeper into developing countries, electrical 
friction mills replaced manual pounding methods; these mills were able to 
remove the bran layers completely, to produce polished white grains. The 
polished grains contain only trace amounts of micronutrients, vitamins or 
phytochemicals. The reason so much effort is taken to remove bran completely 
is because the lipids in the bran layer are easily oxidised and lead to off-
flavours and rancidity of rice (Shirasawa et al., 2008).
 Millions of children die every year because of hidden hunger resulting from 
insufficient amounts of micronutrients like iron, zinc and vitamin A. Rice 
bran can contain reasonably high levels of both iron and zinc (Batten et al., 
1992, Zhang et al., 2004), but very little pro-vitamin A (www.harvestplus.
com); with present milling practices, these nutrients are fed to animals and 
not to humans. Diverse diets could provide minerals and vitamins but people 
who derive most of their calories from a staple, often do not have access to 
dietary diversity. The major reasons that consumers prefer polished grain 
is that unpolished grain has a short shelf life and cooking it consumes more 
resources.
 The major component of the polished grain is starch, and variability in 
the structure of the starch has potential for preventing or managing chronic 
diseases like Type ll diabetes (Marsh and Brand-Miller, 2008). Type II 
diabetes can be managed with diet and drugs, but untreated, it leads to a 
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plethora of health problems such as coronary artery and peripheral vascular 
disease, stroke, diabetic neuropathy, non-traumatic amputations, renal failure 
and blindness (International Diabetes Foundation).
 Eighty percent of people with Type II diabetes live in developing 
countries, and for most, rice is the staple. The number of people with Type 
II diabetes is predicted to increase by 150% over the next 25 years, and the 
greatest impact will be felt in developing countries (International Diabetes 
Foundation, Walgate, 2008). In 2007, more people died from diabetes than 
from HIV/AIDS, and four times more people died from diabetes than from 
malaria (International Diabetes Foundation).
 Much diabetes research in developed countries has centred around the 
potential of the glycaemic index (GI) of food – a measure of the relative 
capacity of different dietary carbohydrates to raise blood glucose levels – 
to protect against the development of Type II diabetes, or to provide a tool 
to manage the condition (Barclay et al., 2008, Brand-Miller et al., 2003, 
Halton et al., 2008, Jenkins et al., 1981, Livesey et al., 2008, Marsh and 
Brand-Miller, 2008, Opperman et al., 2004, Wolever and Mehling, 2002). 
Low GI diets reduce the amount of glycated proteins (a measure of diabetic 
damage), increase insulin sensitivity after fasting, and lead to lower glucose 
levels in the blood (Brand-Miller et al., 2003, Livesey et al., 2008, Marsh and 
Brand-Miller, 2008, Opperman et al., 2004, Wolever and Mehling, 2002). 
A recent meta-analysis of 37 prospective observational studies concluded 
that carbohydrates of high GI are strongly associated with increased risk of 
developing Type II diabetes as well as a number of other chronic diseases 
(Barclay et al., 2008). Another recent study spanning 20 years, not included 
in the previous one, confirms that the type of carbohydrate, rather than the 
amount, associates strongly with development of Type II diabetes (Halton 
et al., 2008). In one study, mice were fed diets that differed in GI only due 
to the type of carbohydrate in the feed, and at the end of the trial the mice 
on the high GI diet contained many of the biochemical indicators that signal 
the onset of Type II diabetes in humans (Pawlak et al., 2004).
 Over the past 30 years, a significant body of data has accumulated from 
epidemiological studies, animal models, and clinical trials indicating that 
a low GI diet is beneficial in lessening susceptibility to developing Type 
II diabetes, and that low GI foods can be achieved with different types of 
carbohydrates (Marsh and Brand-Miller, 2008). For many developing countries 
currently in, or poised to enter economic transition, rice is the staple, and 
rice is primarily carbohydrate. The structure of the starch components of 
rice is highly variable (Choi et al., 1999, Horibata et al., 2004, Kang et al., 
2006, Kim et al., 2005, Mizukami and Takeda, 2000, Mizukami et al., 1999, 
Nakamura, 2002, Ong and Blanshard, 1995, Ramesh et al., 1999, Reddy et 
al., 1993, Shu et al., 2007, Shu et al., 2006, Umemoto et al., 1999, Wang 
et al., 2002), and exploring the relationship between different structures and 
the digestibility of rice could provide a pathway for preventing the onset or 
progression of Type II diabetes in developing countries.
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9.4 Environmental effects on rice quality

Many of the traits of quality are altered by environmental conditions. Higher 
temperatures during grain-filling pose the largest challenge to maintaining 
the quality traits of rice. Chalk is a trait that is particularly susceptible to 
elevated temperatures during grain-filling (Lisle et al., 2000, Tashiro and 
Wardlaw, 1991, Ward, 2007). A recent study shows that high temperature 
shortens the interval of substrate supply to the panicle (Fitzgerald and 
Resureccion, 2009). Further, there are genotypic differences in the ways that 
varieties respond to the decreased supply of substrates. High temperature 
causes yield of paddy rice to fall (Peng et al., 2004), but the way the 
plant responds to the high temperature can have a dramatic effect on the 
yield of edible rice. In some varieties, the plant responds by sacrificing a 
proportion of the grains and the remaining grains are translucent and high 
quality, whereas varieties that try to fill all spikelets produce small, chalky 
grains that turn to powder in the mill (Fitzgerald and Resureccion, 2009). 
Finding the genetic explanation of this difference in physiological response 
to high temperature will immediately provide a selection tool for breeding 
programmes to develop varieties that are able to produce acceptable grain 
as the world becomes warmer.
 Amylose content decreases in many varieties in high temperature, and 
gelatinisation temperature increases. Amylose content decreases in varieties 
carrying the Wxb (Cheng et al., 2005, Larkin and Park, 1999, Zhong et al., 
2005) or the Wxint (Chen et al., 2008a) allele. For varieties carrying the Wxb 
allele, high temperature alters the efficiency of splicing at the non-consensus 
splice sites (Larkin and Park, 1999) but the mechanism is unknown for the 
Wxint varieties, though in one study using a variety carrying the Wxint allele, 
expression of the GBSSl protein was lowered in high temperature (Ward, 
2007).
 In high temperature, the chain length distribution of amylopectin chains 
is altered, leading to higher gelatinisation temperature (Asaoka et al., 1985, 
Asaoka et al., 1984). Studies show that expression of branching enzyme (BE) 
llb is lowered when grain-filling occurs in high temperature (Jiang et al., 
2003, Yamakawa et al., 2007). The activity of BEllb certainly contributes to 
gelatinisation temperature, and this is shown by the elevated gelatinisation 
temperature of mutants that lack BEllb activity (Juliano et al., 1990, Mizuno 
et al., 2001, Nishi et al., 2001). If mutations can be found in BEllb, that 
would provide opportunities to maintain gelatinisation temperature at the 
preferred level. 

9.5 Future trends

The major challenge facing rice improvement programmes is future food 
security. There are a number of factors that define the challenge, and these 
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are population growth, decreasing proportion of arable land, and the effect 
of global warming on environmental sustainability; these all impact the 
amount of edible/marketable rice that is produced.
 As rice improvement programmes develop varieties that can overcome 
these challenges, it is important that the tools enabling selection for grain 
quality are available to ensure that the new varieties produce quality grain. 
One example of rice breeding that has improved yield by introducing tolerance 
to an abiotic stress is the finding of the sub1 gene (Xu et al., 2006). This 
gene provides submergence tolerance to the rice which allows yield to be 
maintained even after a period of submergence (Xu et al., 2006). Current 
breeding efforts at IRRI involve introgressing submergence tolerance into 
many varieties of rice, ensuring that the quality of the grain is maintained 
(www.irri.org).
 Maintaining quality requires globally accepted methods to measure 
quality, and reproducibility of measurements among different laboratories. 
The International Network for Quality Rice (INQR) (www.irri.org/inqr) 
is a network of people who measure quality in almost every nation’s rice 
improvement programme. Members of the INQR recently carried out a 
survey to determine: ways that amylose is measured; reproducibility between 
laboratories; and sources of variation. The study showed that amylose is 
being measured in at least five different ways, and that reproducibility 
between laboratories is poor (Fitzgerald et al., 2009a). The INQR is now 
attempting to develop a new method for the measurement of amylose, and 
is also working on standardising other methods used to evaluate the quality 
of rice. 
 Ensuring that grain quality is maintained as higher yielding varieties 
replace lower yielding varieties requires a deeper understanding of how 
the processes of grain-filling affect the synthesis of the components of the 
grain, and how these components interact to define the quality required by 
consumers. Our understanding of the traits of quality is far from complete, 
and new traits must be identified. In particular, the traits of flavour, taste 
and texture are not well understood, and technology is now at a point where 
research could reveal these traits. For example, it is becoming possible to 
obtain a full molecular weight distribution of starch at its multiple levels 
of organisation (Ayoub et al., 2006, Baker et al., 2001, Hoang et al., 2008, 
Peng et al., 2007, Ward et al., 2006). Such information could be used to 
determine causative effects on texture. Further, technologies for detecting 
and quantifying compounds to examine the flavour and taste of foods are 
rapidly undergoing development (Hall, 2007, Hall et al., 2008). With 
the development of such technology, and the strengthening capacity of 
bioinformatics, it is highly likely that previously unknown factors of quality 
will be revealed, and in time, developed for delivery to rice improvement 
programmes. 
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Abstract: Sorghum and millets are respectively, the fifth and sixth most important 
cereals in terms of world production. Their current uses are mostly traditional. 
However, there are major emerging uses such as for lager beer brewing and gluten-
free food products. Existing parameters for sorghum and millet quality assessment 
include grain hardness, and diastatic power. Phytochemical quality in terms of 
phenolic content is gaining in importance. There are also national and international 
standards for the management of sorghum and millet end-use quality. With the 
increasing diversity of end-uses, there is need for development of better grain quality 
management systems for sorghum and millets.

Key words: sorghum, millets, milling, baked goods, malting, brewing, 
phytochemicals, quality management systems.

10.1 Introduction

Sorghum (Sorghum bicolor (L.) Moench) and the millets are small to tiny sized 
cereal grains. The term millet does not refer to a single species but is used 
collectively for tiny grained cereals. Historically, sorghum and millets have 
not been used for industrial processing to near the same extent as the other 
major cereals. As a consequence, methods of assessment and procedures for 
management of their processing and end-use quality have not been developed 
to the same extent. Since the late 1980s, however, industrialisation of sorghum 
and to a lesser extent millet processing has taken place rapidly (Taylor and 
Dewar, 2001; Taylor et al., 2006; Taylor and Emmambux, 2008a; 2008b). 
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Several drivers for this can be identified. In developing countries there is 
rapid urbanisation and the growth of the urban middle class. These people 
demand quality convenience-type foods, often based on traditional foods 
made from sorghum and millets. The cost of imported commodity cereals, 
specifically wheat and barley used to make bread and beer, respectively, is 
prohibitively expensive for many developing countries. Hence, processors 
are increasingly substituting locally produced grains such as sorghum in their 
manufacture (Taylor et al., 2006). Cost is not the only factor driving this 
change. It is now recognised that using grains produced by local farmers, 
instead of importing grains, is highly beneficial for economic development in 
developing countries. This is driving government–private sector partnerships 
to promote industrial utilisation of locally grown grains, for example sorghum 
in lager brewing (Mackintosh and Higgins, 2004). Lastly, sorghum and 
millets have particularly health-promoting benefits including being rich in 
‘antioxidant’ phenolics (Dykes and Rooney, 2007) and ‘gluten-free’ (Ciacci 
et al., 2007). Hence, their consumption as speciality foods is increasing in 
developed countries.
 This chapter firstly describes sorghum and millets with respect to their 
cultivation, grain structure and chemistry. It then discusses their current 
and emerging uses, in particular in malting and brewing, baked goods and 
health-promoting products. The required quality parameters and methods of 
assessment for these uses for sorghum and millets are then described in some 
detail. Following this, existing systems for managing sorghum and millet end-
use quality are described and their strengths and weaknesses are mentioned. 
Lastly, gaps in current sorghum and millet quality assessment methods are 
identified, and proposals made for better grain quality management systems 
to meet the growing demands of diversified end-uses.

10.2 Description of sorghum and millets

10.2.1 Botany and cultivation
Sorghum and the millets are tropical (C4) type cereals, like maize and rice. 
Table 10.1 shows the taxonomy of sorghum and major cultivated millet 
species. Sorghum and most millets belong to the Paniceae tribe, the exceptions 
being finger millet and teff, which belong to the Eragrostideae tribe. A very 
important characteristic of sorghum and millets is that they are hardy. Sorghum 
is notably drought-tolerant and requires a minimum seasonal rainfall of 400 
mm, compared to, for example, maize which requires 500–600 mm (Dendy, 
1995). The millets, especially pearl millet, are even hardier and can produce 
a crop in regions where the seasonal rainfall is as little as 300 mm.
 In terms of world production, sorghum is the fifth most important cereal after 
wheat, maize, rice and barley with an annual production in 2007 of approx. 
65 million tons (Food and Agriculture Organization, 2008). Collectively, the 
millets are the sixth most important with an annual production in 2007 of 32 
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million tons. There are some eight major cultivated millets, with pearl millet 
being the major millet, accounting for more than fifty percent of total millet 
production (Table 10.1). Table 10.2 shows the top ten sorghum-producing 
countries. As can be seen, the production of sorghum and millets takes place 
predominantly in tropical and sub-tropical regions.
 Cultivation practices for sorghum and the millets are highly variable. In 
countries such as the USA, Argentina, Australia, Brazil, Mexico and South 
Africa, sorghum is mainly produced by large-scale mechanised farming. 
High-yielding hybrid cultivars are used. However, most sorghum production 
is at a small-scale using traditional manual farming practices, especially 
in Africa. Here open pollinating varieties are used and improved varieties 
are only now starting to replace traditional landraces. The difference in 
production practices has a large impact on yield. For example, concerning 
the two leading sorghum-producing countries, the USA and Nigeria, in the 

Table 10.1 Sorghum and the major millet species

Common Other common Tribe, genus and World production 
English name vernacular names species (thousand tons)

Sorghum Milo, Jowar, Paniceae 64 589
 Mabela, Mtama, Sorghum bicolor (L.)
  Moench

Finger millet Ragi, Wimbi Eragrostideae    3763
  Eleucine coracana L. 
  Gaertn.  

Teff Teff Eragrostideae   1063 (Ethiopia only)
  Eragrostis tef (Zuccagni)
  Trotter 

White fonio Fonio, Acha Paniceae (both types combined)
  Digitaria exilis (Kippist) 
  Stapf 

Black fonio Black acha Paniceae
  Digitaria iburua Stapf

Japanese millet Japanese Paniceae No data
 barnyard millet Echinochloa esculenta 
  (A. Braun) H. Scholz 

Proso millet Common millet Paniceae   4931
  Panicum miliaceum L. 
  subsp. miliaceum 

Foxtail millet Italian millet Paniceae  5489
  Setaria italica (L.) 
  P. Beauv. subsp. italica 

Pearl millet Babala,  Paniceae 13 351
 Bajra/Bajira,  Pennisetum glaucum 
 Mahangu (L.) R. Br. 

Information mainly from the USDA Germplasm Resources Information Network (GRIN) (Germplasm 
Resources Information Network, 2007) and FAOSTAT (Food and Agriculture Organization, 
2008).
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former, mechanised farming and hybrids result in a yield of 4.7 tons per ha, 
whereas in the latter, with varieties and traditional farming practices, the 
yield is only 1.4 tons per ha (Food and Agriculture Organization, 2008). With 
regard to the millets, they are almost exclusively produced by traditional 
small-scale farming. Mostly, traditional landraces are used, although improved 
varieties are available. As a consequence, worldwide millet yields are very 
low indeed, only 0.9 tons/ha (Food and Agriculture Organization, 2008). 
However, mechanised farming of high-yield hybrid pearl millet is starting 
to take place in, for example, Australia and Brazil.

10.2.2 Grain structure and chemistry
Sorghum and the millets, pearl millet, foxtail millet, fonio and teff are 
regarded as true caryopses. A caryopsis is a single-seeded fruit (e.g. cereals) 
in which the fruit coat or pericarp surrounds the seed and adheres tightly to 
the seed coat. Finger millet and proso millet, on the other hand, are regarded 
as utricles, where the pericarp is loosely attached to the kernel and not 
completely fused to the seed coat or testa.
 Table 10.3 shows some structural features of sorghum and some millets. 
Compared to sorghum, the millets are relatively smaller grains as can be 
seen from 1000 kernel weight measures. Sorghum, for instance, has a 1000-
kernel weight of 5–80 g compared to 3–15 g for pearl millet (Abdelrahman 
et al., 1984; Serna-Saldivar and Rooney, 1995). For both sorghum and 
millets, the basic kernel structure is similar, the principal anatomical parts 
being the pericarp, germ and the endosperm. The endosperm forms the 
largest anatomical component of the kernel. Pearl millet stands out in that 
it has a proportionally larger germ, about 16.5% of the kernel compared to 
an average of 9.4% for sorghum (Abdelrahman et al., 1984).

Table 10.2 Top 10 sorghum and millet producing countries

Country Sorghum Percentage Country Millets Percentage
 production of world  production of world
 (thousand production  (thousand production
 tons)   tons) 

USA 12 827 19.7 India 10 744 33.4
Nigeria 10 500 16.2 Nigeria 7700 24.1
India 7402 11.4 Niger 2782 8.7
Mexico 5500 8.5 China 2101 6.6
Sudan 5048 7.8 Burkina Faso 1104 3.4
Argentina 3300 5.1 Mali 1074 3.3
China 2610 4.0 Sudan  792 2.5
Ethiopia 2300 3.5 Uganda  732 2.3
Burkina Faso 1620 2.5 Chad  550 1.7
Brazil 1386 2.1 Ethiopia  500 1.6

Data from the Food and Agriculture Organization, 2008.
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 The pericarp of sorghum and millets consists of three layers with varying 
thickness, namely, the epicarp (outermost layer), followed by the mesocarp 
and finally an inner endocarp layer (Earp and Rooney, 1982). Sorghums 
with a thick pericarp tend to have small starch granules in the mesocarp. 
Sorghum and millets contain a testa layer just beneath the endocarp with 
varying thickness. In sorghums, the testa is pigmented in types that contain 
condensed tannins. Sorghums with pigmented testa are divided into type II 
and type III, with the type III sorghums containing the higher amount of 
tannins. Finger millet has an especially thick testa consisting of five layers 
with varying degrees of pigmentation from red to purple (McDonough et al., 
1986). It has been reported recently by Siwela et al. (2007) that occurrence 
of tannins in finger millet is a varietal property as in sorghum. These workers 
showed that tannins in finger millet are located in the testa layer, which tends 
to be thicker than that of finger millet grain types that do not contain tannins. 
Underneath the testa layer is the endosperm, which consists of a one-layered 
aleurone in sorghum and millets and peripheral, corneous and floury endosperm 
portions. The cells of the aleurone contain protein bodies, enzymes, mineral 
deposits and oil in the form of spherosomes (Serna-Saldivar and Rooney, 
1995). The peripheral endosperm contains a dense protein matrix and small 
starch granules. The corneous (also known as vitreous or horny) and floury 
endosperm portions contain starch granules and protein bodies embedded in a 
protein matrix. The packing of the starch granules and protein bodies within 
the protein matrix in the floury endosperm is of a more loose arrangement 
compared to the continuous and tightly packed corneous endosperm. The 
floury endosperm has air voids, which diffract incoming light, giving an 
opaque appearance (Hoseney et al., 1974). The cell walls of the endosperm 
fluoresce strongly, indicating the presence of phenolic compounds such as 
ferulic acid. The germ consists of an embryonic axis and a scutellum and it 
is a reserve tissue containing oil, protein, enzymes and minerals.
 Table 10.4 shows the proximate compositions of sorghum and some 
millets. Pearl and proso millets contain relatively high levels of protein and 
fat compared to sorghum.
 Starch is the most abundant chemical component in sorghum and millets. 
Starches from regular sorghum types contain 23–30% amylose, while waxy 
(high amylopectin type) sorghums contain up to 5% amylose (Serna-Saldivar 
and Rooney, 1995). Sorghum starch granules range from 2 to 30 mm (average 
15–20 mm) in diameter. Starch granules in the corneous endosperm tend 
to be smaller and angular while those of the floury endosperm tend to be 
larger and round. Starch granules of the millets may be simple or compound 
and tend to be angular or polygonal in the corneous endosperm and more 
spherical in the floury endosperm. Prolamin proteins, mainly located within 
the protein bodies of the endosperm are the major protein fraction in sorghum 
and millets, followed by glutelins that are mainly located within the protein 
matrix. Sorghum and millet proteins are lysine-deficient because of the 
predominance of the prolamin fraction. Although the albumin, globulin and 
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glutelin fractions are lysine-rich, they are minor protein fractions (Taylor 
and Schüssler, 1986). Most lipids of sorghum and millets are located in the 
scutellar tissue of the germ and so are lost during decortication. Non-polar 
lipids (triglycerides) are the most abundant. Polar lipids in sorghum and 
millets include phospholipids and glycolipids and the unsaponifiable matter 
of the lipid fraction contains components such as phytosterols, carotenoids 
and tocopherols. The pericarp, aleurone and germ are rich in minerals and 
therefore refined products are low in minerals. Finger millet and teff appear 
to be richer in calcium than sorghum and other millets (Serna-Saldivar and 
Rooney, 1995). Sorghum and millets are also important sources of B-vitamins 
that are concentrated in the aleurone and the germ.
 Phenolic compounds and phytates are important non-nutritional components 
of sorghum and millets. They are normally regarded as anti-nutritional 
factors. Tannins and phytates are able to bind minerals and dietary protein 
making them unavailable, or they may bind and inhibit digestive enzymes 
(Serna-Saldivar and Rooney, 1995). However, there is now increasing focus 
on antioxidant properties of phenolic compounds and phytates and their 
potential health benefits (Awika and Rooney, 2004; Graf and Eaton, 1990). 
Condensed tannins are the most important phenolic compounds in sorghum 
and millets. As stated, only types II and III sorghums contain condensed 
tannins, which are located in the testa. Also, as stated earlier, of the millets, 
only finger millet contains condensed tannins, which have been shown to be 
located in the testa (Siwela et al., 2007). The bran, aleurone and germ are 
the areas of location for phytates. Decortication can therefore remove up to 
about 50% of phytate and total phosphorus (Doherty et al., 1982).

10.3 Current and emerging uses

Table 10.5 summarises the current, mainly traditional uses, for these grains 
and the emerging uses for them. For the most part sorghum and millets are 

Table 10.4 Proximate composition (%) of sorghum and some millets

 Protein Ether extract Crude fibre Ash NFE*

Sorghum 11.0 3.2 2.7 1.8 81.3

Millets  
 Pearl 14.5 5.1 2.0 2.0 76.4
 Finger 8.0 1.5 3.0 3.0 84.5
 Proso 13.4 6.7 6.3 4.2 69.4
 Fonio 8.7 2.8 8.0 3.8 76.7
 Teff 10.9 2.4 2.4 2.2 82.1

Data from Serna-Saldivar and Rooney (1995).
*Nitrogen-free extract.
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used for all the traditional uses. At present the emerging uses are essentially 
limited to sorghum, although millets have potential in most of the applications. 
The biggest emerging market is sorghum for lager and stout beer brewing. 
In Nigeria, Africa’s second largest beer market, virtually all beer is brewed 
with at least some sorghum. Sorghum lager beer brewing is now also growing 
rapidly in East and Central Africa. As indicated above, this development is 
driven by economics. In developed countries such as the USA and Australia 
there is also a small but growing market for so-called ‘gluten-free’ beer made 
from sorghum, aimed at the coeliac disease market (Taylor and Emmambux, 
2008b). A much smaller but growing market, also mainly in the USA, is for 
sorghum based ‘gluten-free’ baked goods such as breads and muffins (Prof L 
W Rooney, Department of Soil and Crop Sciences, Texas A&M University, 
personal communication). Such sorghum based foods could also include 
cookies and extruded products such as expanded snacks, pasta and breakfast 
cereals (Awika and Rooney, 2004). The incorporation of sorghum brans as 
a fortificant in these foods could lead to increased levels of phytochemicals 
and darker coloured products that are generally perceived as healthy by 
consumers (Awika and Rooney, 2004; Rooney and Awika, 2005).
 A potential emerging use for sorghum and millets is in the extraction of 
active components from the grain for commercial use (Awika and Rooney, 
2004). For example, pigmented sorghums are good sources of anthocyanins 
(specifically 3-deoxyanthocyanins) which have been shown to have antioxidant 
activity and to be more pH stable than fruit anthocyanins (Awika et al., 

Table 10.5 Current and emerging uses for sorghum and millets

Current Emerging

Foods Foods
Flours and meals (Africa and Asia) Gluten-free baked goods (USA)
Dumplings, porridges and gruels Ready-to-eat breakfast cereals (USA)
 (Africa and Asia)
Rice (Africa and Asia) Noodles (Japan)
Flatbreads (Africa and Central America) Instant porridges (Africa)
Couscous (Africa) Instant infant foods (South Africa)
Malt (Africa and India) Expanded snackfoods (Africa)

Beverages Beverages
Non-alcoholic fermented beverages Lager beers and stouts (Africa, USA,
 (Africa, Europe and Asia)  Australia)
Cloudy and opaque beers (Africa and Asia) 
Spirits (China) 

Animal feed Animal feed
Processed cattle feed Formulated dog food (South Africa)
 (USA and South America)  
Bird food (Asia and Africa) 
Poultry feed (Australia) 

Industrial uses Industrial uses
Starch (USA and Africa) Bioethanol from starch (USA)
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2004). These anthocyanins could be extracted and used as natural food 
colourants with functional properties (Awika and Rooney, 2004). The bran 
of sorghum and millets, where phenolics are concentrated could be used as 
a source of natural antioxidants for the stabilization of lipid foods against 
oxidation. It has been shown that a crude phenolic extract from condensed 
tannin sorghum bran was able to decrease the formation of secondary lipid 
oxidation products in sunflower oil (Sikwese and Duodu, 2007). Sorghum 
bran and sorghum-dried distiller’s grains are good sources of primary long 
chain alcohol compounds collectively known as policosanols (Hwang et al., 
2004). Policosanols provide various health benefits including cholesterol-
lowering properties (Hargrove et al., 2004). Sorghum bran may therefore 
be considered a potential low-cost source of policosanols for therapeutic 
purposes.
 Table 10.5 shows that there is a very wide diversity of both current and 
emerging uses for sorghum and millets. This diversity of uses even applies 
within individual countries. For example, in South Africa some 50% of 
commercially grown sorghum is used for malting for opaque beer brewing, 
30% is milled into meal which is sold for porridge making, 10% is processed 
into instant porridge and baby food powders, and 10% is used in various 
animal feed applications including formulated dog food. For each of these 
applications, grain with different quality parameters is required. This poses 
severe challenges with regard to managing grain quality, especially when 
small quantities of grain are involved. The point will be addressed in Section 
10.5.

10.4 Sorghum and millet quality parameters and their 
assessment

10.4.1 Dry milling
To produce meal (coarse particles) and flour (fine particles) for porridge 
and baked goods production, sorghum and millet grains must be dry milled. 
Milling, in addition to reducing the grain into small particles, also invariably 
involves removal of the outer components of the grain, the germ and pericarp, 
commonly referred to as the bran. With sorghum and millets bran removal is 
done by impact milling or mechanical abrasion, a process generally referred 
to as dehulling or decortication. To obtain a clean separation of the bran from 
the endosperm, grain with a hard endosperm is required. With soft endosperm 
grain, the kernel breaks up during dehulling, resulting in the endosperm 
flour becoming contaminated with pieces of bran. The biochemical basis of 
endosperm hardness in cereals like sorghum and maize (and presumably the 
millets) is explained in a review by Chandreshekar and Mazhar (1999). In 
principle, grain hardness, or more strictly speaking grain strength, involves 
adhesion of the starch and protein components of the endosperm.
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 Sorghum and millet grain hardness is related to kernel density. Kernel 
density can simply be roughly assessed by determining test weight (hectolitre 
weight). In the USA, test weight is used to grade sorghum (Grain Inspection, 
Packers and Stockyards Administration, 2004). The International Crops 
Research Institute for the Semi-Arid Tropics (ICRISAT) (Gomez et al., 
1997) gives detailed instructions for a test to determine the true density of 
batches of sorghum and pearl millet grain. It is a flotation ‘Percent Floaters’ 
test employing a sodium nitrate solution of specific gravity 1.3 g/cm3.
 The most common test method for sorghum and millet grain hardness 
itself is using the Tangential Abrasive Dehulling Device (TADD) developed 
by Reichert et al. (1986). The TADD has a motor driving a vertical axle, 
which is connected to a horizontal carborundum or abrasive paper covered 
disc of approx. 30 cm in diameter. Open ended, small vertical metal cylinders 
(normally eight) are mounted in a fixed plate on top of the disc. Weighed 
amounts of grain samples (approx. 10 g) are put into the cylinders and the 
motor turned on. The revolving abrasive disc progressively abrades off the 
outer layers of the grains as they roll around in the cylinders; the harder 
the grain the slower material is abraded off. Grain hardness is calculated 
either in terms of time to remove a certain weight percentage of the grain, 
or percentage removed over a fixed time. ICRISAT (Gomez et al., 1997) 
gives full details for determining what is referred to as percent dehulling 
loss in sorghum and pearl millet. For sorghum, the TADD is recommended 
but for pearl millet the Kett Pearlest rice polisher (Kett Electric Laboratory, 
2008) is recommended. It operates on the same principle as the TADD but 
is more suitable for the small millet grains.
 As described, sorghum and pearl millet grains all have a hard outer endosperm, 
generally referred to as corneous and an inner softer floury endosperm. The 
relative proportion of corneous and floury endosperm is highly variable and is 
genetically controlled (Rooney and Miller, 1982). Grains with a high proportion 
of the corneous endosperm are harder. Hence, sorghum and pearl millet 
grain hardness can be estimated in terms of the proportion of the corneous 
to floury endosperm. Probably, the most straightforward of such methods is 
the International Association for Cereal Science and Technology (ICC) Draft 
Standard – Estimation of Sorghum Grain Endosperm Texture (International 
Association for Cereal Science and Technology, 2008). In this test, kernels 
are sectioned longitudinally and then visually categorised as corneous (hard), 
intermediate or floury (soft) against diagrammatic standards.

10.4.2 Porridge making quality
Worldwide, probably the major food use for sorghum and millets is for 
making porridges and gruels. For the consumer, the texture of the porridge 
is a very important quality parameter, which can vary from pourable, through 
spoonable to mashed potato-like. Porridge texture is influenced by many 
factors, including meal particle size, method of milling and meal chemical 
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composition (Kebakile et al., 2008) as well as flour-water ratio. The influence 
of grain chemical composition is very incompletely understood but factors 
such as starch amylose-amylopectin ratio certainly play a role (Fliedel, 
1994). The porridge making quality of sorghum and millet can be determined 
by preparing a porridge under standardised conditions and then measuring 
the texture of the porridge. The Southern African Grain Laboratory (2007) 
and ICRISAT (Gomez et al., 1997) both give standard methods to prepare 
cereal porridges. Instrumental methods such as the Bostwick Consistometer 
(CSC Scientific Company, 2008), the Brookfield Viscometer (Brookfield 
Engineering, 2009) and texture analysers such as the Stable Micro Systems 
TA-XT2 and subsequent models (Stable Micro Systems, 2009) can then 
be used to measure porridge texture. Alternatively, porridge quality can be 
more comprehensively evaluated by sensory evaluation. Sorghum porridge 
sensory parameters are given by Kebakile et al. (2008).
 Another alternative is to cook and measure the texture of the porridge 
using a single instrument. This can be done using an amylograph type 
stirring viscometer such as the Brabender Visco Amylograph or Rapid 
Visco Analyser as described in AACC International (2000) Methods 61-01 
Amylograph Method for Milled Rice, Method 61-02 Determination of the 
Pasting Properties of Rice with the Rapid Visco Analyser, respectively.

10.4.3 Baked goods making quality
There are several reports in the literature on the quality of sorghum required 
for baked goods (bread, cake and cookie) production. These show that soft, 
floury endosperm is better for baked goods making than hard, corneous 
endosperm. For example, Munck (1995) refers to work done by Hallgren who 
found that the soft endosperm sorghum flour had substantially lower water 
absorption and higher loaf volumes in wheat-sorghum composite breads than 
hard endosperm. With regard to traditional baked products such as injera, 
an Ethiopian fermented flatbread, Yetneberk et al. (2004) found that soft 
endosperm sorghum were associated with the positive injera quality attributes 
of softness, rollability and fluffiness. Corneous endosperm sorghum seems to 
be disadvantageous for baked goods making due to the endosperm protein 
matrix envelope which limits starch granule expansion (Ezeogu et al., 2008), 
thus producing a product with gritty texture. This is the opposite situation to 
milling where hard endosperm sorghum is advantageous, as described above. 
To date, endosperm texture does not seem to have been used as selection 
criterion for sorghum for baked goods. However, grain colour is. White 
tanplant-type sorghums are strongly preferred for baked goods, for example 
for tortilla making (Bedolla et al., 1983). Grain of white tanplant sorghum 
types are essentially free of phenolic pigments, which would otherwise colour 
the baked good products (Chiremba et al., unpublished data). White colour 
also seems to be an important quality criterion for millet baked goods. For 
example, in Ethiopia white teff is much preferred over red or brown types 
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for making injera (Dr S. Yetneberk, Food Scientist, Ethiopian Agricultural 
Research Organization, personal communication).

10.4.4 Malting and brewing quality
Across sub-Saharan Africa sorghum and pearl and finger millet is malted to 
produce traditional African opaque and cloudy beers. In Southern Africa, 
sorghum and to a minor extent pearl millet and finger millet are malted 
commercially on a large-scale for brewing opaque beer, also known as 
sorghum beer. In Nigeria, sorghum is malted commercially on large-scale 
to produce lager and stout beers.
 For any grain to produce malt of good quality, it is essential that a very high 
percentage of the grains must germinate uniformly under malting conditions. 
The percentage of grains that will germinate under such conditions is called 
Germinative Energy (GE). With sorghum and presumably the millets, true 
dormancy does not occur, unlike the situation with barley (Kent and Evers, 
1994). Hence, GE in sorghum and millets is predominantly adversely affected 
by poor storage conditions, particularly high humidity and temperature. 
For sorghum and millets, GE can be determined by ICC Draft Standard 
Determination of Germinative Energy of Sorghum Grain (ICC, 2008). The 
method involves germinating sound grains in Petri dishes on moistened filter 
paper under specific conditions. A GE at 72 hours of ≥ 90% is recommended. 
To determine the malting quality of a batch of grain, it is necessary to malt 
the grain under controlled conditions in the laboratory. For sorghum there 
is an approved South African Council for Scientific and Industrial Research 
(CSIR) laboratory malting procedure Method No. 3 Laboratory Malting of 
Sorghum (Dewar et al., 1995). The malting procedure involves steeping 
(soaking) cleaned grain in nylon bags at controlled temperature (25 °C) 
and for specified times over 24 hours, and then germinating the grain at 
controlled temperature (25 °C) under essentially 100% relative humidity for 
up to 5 days. The malt is then dried at low temperature (50 °C) to conserve 
its enzymic activity. The laboratory malting procedure can also be applied to 
the millets but the steeping time has to be greatly reduced as these smaller 
grains germinate much more rapidly (Pelembe et al., 2002).
 The major quality measure of sorghum and millet malt quality for opaque 
beer brewing is diastatic power (DP), the joint alpha- and beta-amylase 
activity of the malt. In Southern Africa, sorghum and millet malt DP is 
determined according to the South African Bureau of Standards (SABS) 
Method 235 Standard Test Method for the Determination of the Diastatic 
Power of Malts prepared from Kaffircorn (Sorghum) including Bird-proof 
Varieties (tannin sorghums), and Millet (South African Bureau of Standards, 
1970), and expressed as Sorghum Diastatic Units (SDU)/g malt. Sometimes, 
for millets the units are stated as Millet Diastatic Units or similar but they 
are quantitatively the same. In principle, the method is the same as that of 
other malt diastatic power assays, such as the European Brewery Convention 
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(EBC) Method 4.12 Diastatic Power of Malt (European Brewery Convention, 
1998). An enzyme extract is made from the malt and this is used to hydrolyse 
soluble starch under controlled conditions. DP is quantified in terms of the 
quantity of sugars produced, measured by redox titration. In Nigeria, sorghum 
malt DP is normally determined using the EBC method. An approximate 
conversion factor is 1 SDU = 0.6 Windisch-Kolbach units (the EBC DP 
units) + 8. The SABS method incorporates one major difference in that the 
malt enzymes are extracted with a solution of peptone (partially hydrolysed 
protein). The function of the peptone is to react with the tannins in sorghum 
malts made from tannin sorghums, thus preventing the tannins inactivating 
the malt enzymes. The SABS method therefore measures the potential DP 
of the sorghum sample, which is important in breeding programmes.
 A fundamental difference between sorghum and millet malts and barley 
malt is that the level of beta-amylase is several times higher in barley malt 
(Dufour et al., 1992; Taylor and Robbins, 1993). Beta-amylase is the enzyme 
that produces the maltose, which is fermented by the yeast into ethanol and 
carbon dioxide. Hence, maltsters and brewers of sorghum and millet malts 
are interested in optimising beta-amylase activity. By far the most specific 
method of measuring malt beta-amylase activity is by the Megazyme Beta-
amylase Assay Procedure (Betamyl Method) (Megazyme International, 2008). 
In this assay, the substrate is a dye linked maltopentaose, which essentially is 
only attacked by the beta-amylase enzyme. Hydrolysis of the maltopentaose 
results in release of the dye, which is measured colorimetrically.
 Another very important measure of sorghum, millet and barley malt quality 
is Free Amino Nitrogen (FAN). FAN comprises individual amino acids and 
short peptides, and is the product of hydrolysis of the malt protein by proteolytic 
enzymes. Its major function in brewing is to act as a source of nitrogen for 
yeast growth during fermentation. FAN is particularly important in opaque 
beer brewing as the malt generally comprises only a small proportion of the 
cereal grist, the majority being unmalted grain adjunct, which is very low 
in FAN. The most common method used to measure FAN is using the EBC 
Ninhydrin Method 4.10 Free Amino Nitrogen of Malt by Spectrophotometry 
(European Brewery Convention, 1998). Reduced ninhydrin reacts with 
ammonia from the amino group of the free amino acids to produce a blue-
purple complex, which is measured colorimetrically. In the EBC method 
the malt is mashed at laboratory scale under standardised conditions and 
then the FAN is measured. Thus, the FAN in the malt and that produced 
by proteolysis during brewing is measured. In Southern Africa, there is a 
CSIR approved method for measuring sorghum malt FAN, Method No. 5 
Determination of Free Amino Nitrogen in Sorghum Malt (Dewar et al., 
1995). This is an adaptation of the EBC method. The major difference is 
that in the CSIR method, the FAN is extracted from the malt under strongly 
acidic conditions to prevent any proteolysis during extraction so that just 
the FAN present in the malt is measured. Thus, as with DP, this procedure 
is foremost a cultivar selection tool.
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 In barley malt brewing, the most important malt quality parameter is 
extract. Extract is the proportion of malt or cereal grain that can be expected 
to go into solution when the malt or cereal grain is mashed during brewing. 
Malt extract is determined by subjecting the malt to a laboratory-scale 
mashing procedure under standardised conditions. During mashing, the malt 
starch is gelatinised and then hydrolysed into soluble dextrins and sugars 
by the malt amylases. The percentage of the malt solids that have gone 
into solution is measured by specific gravity. Probably the most commonly 
used malt extract assay is the EBC Congress mashing procedure Method 
4.5.1 (European Brewery Convention, 1998). This method can be applied 
to measure sorghum malt extract where sorghum malt is used to brew lager 
and stout beer. However, in East and Central Africa, sorghum lager beer 
brewing is done using unmalted sorghum grain and commercial enzymes. 
To determine the quality of sorghum for this type of brewing, the milled 
grain is first cooked to gelatinise the starch then mashed under standardised 
conditions with commercial amylase or barley malt, for example using EBC 
Method 6.6 Extract Content of Maize: Enzymatic Method (European Brewery 
Convention, 1998).

10.4.5 Phytochemical quality
The strictest definition of a phytochemical in broad terms is simply a 
chemical compound or substance produced by a plant. Where food and 
health is concerned, phytochemicals are non-nutritive plant chemicals that 
have or exert protective or disease-preventing effects. They are not essential 
nutrients and are not required by the body for sustaining life. However, various 
phytochemicals have been associated with protection from and/or treatment 
of chronic diseases such as heart disease, cancer, hypertension, diabetes and 
other medical conditions. In sorghum and millets, phenolic compounds are 
perhaps the most important phytochemicals. By virtue of their antioxidant 
activity, phenolic compounds are believed to reduce the risk of developing 
certain cancers by potentially protecting body cells against oxidative damage 
caused by reactive oxygen species. The phytochemical quality of sorghum 
and millets in terms of their content of phenolics (and other compounds) 
and their antioxidant activity is therefore of particular interest. This is of 
importance especially for sorghum and millet food products where the aim 
would be to achieve optimum phenolic content and antioxidant activity. 
Phenolics in sorghum and millets, their potential health benefits and methods 
of analysis have been reviewed recently (Awika and Rooney, 2004; Dykes 
and Rooney, 2006).
 Phenolic compounds in sorghum and millets may be classified very broadly, 
into phenolic acids, flavonoids and condensed tannins. Phenolic acids are the 
simplest phenolic compounds and are derivatives of benzoic or cinnamic acids. 
They contain hydroxyl or methoxyl groups substituted at various positions 
on the aromatic ring (Hahn et al., 1984). These phenolic acids occur in both 
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free and bound forms (Robbins, 2003). Flavonoids are the largest group of 
phenols in the plant kingdom (Hahn et al., 1984), and are metabolites with 
a benzopyran nucleus having an aromatic substituent at carbon number 2 
(C-2) of the C ring (Waterman and Mole, 1994). The most common types 
of flavonoids are flavanones, flavonols, flavones, flavans and anthocyanidins. 
The most common anthocyanidins in sorghum are the 3-deoxyanthocyanidins, 
which lack a hydroxyl group at the C-3 position (Awika and Rooney, 2004). 
Condensed tannins are polymers of flavan-3-ol units (Butler, 1982) linked 
by carbon-carbon bonds between the flavonol sub-units (Hahn et al., 1984). 
Condensed tannins are also referred to as proanthocyanidins because of the 
ability of the flavan-3-ol oligomers to depolymerise and yield monomeric 
anthocyanidin pigments (cyanidin) in strong acids (Butler, 1982).
 Methods used for the determination of phenolic compounds in sorghum 
and millets as a measure of phytochemical quality have been reviewed by 
Dykes and Rooney (2006). These methods include the qualitative bleach 
test (also known as the Clorox/Chlorox bleach test), various quantitative 
colorimetric methods and instrumental methods using high performance 
liquid chromatography. Apart from measurement of phenolic compounds, 
various free radical scavenging methods have been developed to enable 
determination of the antioxidant activity of sorghum and millets in vitro.
 The Chlorox bleach test is used to determine the presence or absence of 
a pigmented testa (presence or absence of condensed tannins) in sorghum 
grains (Waniska et al., 1992; ICC, 2008). The grains are soaked in the 
bleaching reagent (an alkaline solution of sodium hypochlorite) and left to 
stand at room temperature for about 20 min. For tannin sorghums (types II 
and III), the reagent dissolves away the pericarp and oxidises the constituents 
of the testa, yielding black pigments on the surface of the grain. Non-tannin 
sorghums (type I) do not turn black. The method is not expensive and easy 
to perform. However, it does not give a quantitative measure of tannin 
content and also does not distinguish between types II and III sorghums 
(Waniska et al., 1992). The bleach test can also give false positives with 
type I sorghums that have been moulded or undergone weathering or insect 
damage (Waniska et al., 1992; Dykes and Rooney, 2006). The bleach test 
has recently been applied successfully to finger millet (Siwela et al., 2007). 
The difference was that the finger millet grains had to be incubated for a 
longer time (overnight) in the chlorox reagent.
 Some common colorimetric methods used to determine total phenolics 
include the Prussian blue, Folin-Denis, Folin-Ciocalteu and ferric ammonium 
citrate (ISO, 1988) assays. A limitation of these methods is that they quantify 
the total concentration of phenolic hydroxyl groups in an extract being assayed, 
irrespective of the specific molecules in which the phenolic hydroxyl groups 
occur (Waterman and Mole, 1994). Therefore they lack specificity and do 
not provide information on the specific phenolic compounds present in a 
sample. Amino acids such as tyrosine and non-phenolic compounds such 
as ascorbic acid also interfere in the assay.
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 These assays work essentially by reduction-oxidation reactions in which 
the phenolic compounds act as reducing agents. In the Prussian blue assay, 
ferric ions are reduced to ferrous ions by phenolic compounds to form a 
ferricyanide ferrous colour complex whose colour intensity is measured 
at 720 nm (Price and Butler, 1977). For the Folin-Denis assay, phenolics 
reduce the phosphotungstic-phosphomolybdic complex in the Folin-Denis 
reagent under alkaline conditions to a blue-coloured solution whose colour 
intensity can be measured at 725 to 760 nm. In the Folin-Ciocalteu assay, 
the sensitivity of the Folin-Denis reagent was improved by increasing the 
molybdate content and addition of lithium sulphate to prevent precipitation of 
sodium-complex salts (Waterman and Mole, 1994). Phenolics also reduce the 
ferric ammonium citrate reagent under alkaline conditions and the absorbance 
of the reaction products are linearly related to concentration of the phenolic 
compounds (ISO, 1988).
 Methods used for determination of condensed tannins include the 
butanol-HCl, vanillin-HCl and protein precipitation and enzyme inhibition 
assays (Schofield et al., 2001). The butanol-HCl method is also called the 
proanthocyanidin method and involves depolymerisation of condensed tannin 
in butanol catalysed by hydrochloric acid to yield a red anthocyanidin product 
that can be detected spectrophotometrically (Watterson and Butler, 1983; 
Schofield et al., 2001). The vanillin-HCl method is based on the ability 
of vanillin to form coloured complexes with condensed tannin polymers 
(Waterman and Mole, 1994; Schofield et al., 2001). Non-tannin phenolics 
are a source of interference in the vanillin-HCl assay and as a result Type I 
sorghums and millets that do not contain condensed tannins give apparent 
low tannin values with this assay (Dykes et al., 2005; Siwela et al., 2007). 
Assays based on precipitation of proteins with tannin have been used to 
measure tannin content (Hagerman and Butler, 1978). The ability of tannins 
to bind and inhibit enzymes may be used as a means of quantifying tannins. 
Various enzymes have been used in such assays including trypsin, amylase, 
cellulase and alkaline phosphatase (Schofield et al., 2001).
 High performance liquid chromatography methods allow for the 
determination of specific phenolic compounds in sorghum and millets. 
Modes of detection employed include fluorescence, photodiode array and 
UV-visible. Reversed-phase HPLC is used mainly to determine phenolic 
acids and flavonoids in sorghum and millets (Awika et al., 2004; Subba 
Rao and Muralikrishna, 2001). Condensed tannins, including their degree 
of polymerisation have been measured using normal phase HPLC (Gu et 
al., 2002).
 Various free radical scavenging methods have been used for determination 
of in vitro antioxidant capacity of sorghum and millets. These include 
scavenging ability against 2,2¢-azinobis (3-ethylbenzothiazoline-6-sulphonic 
acid) (ABTS∑+), 2,2-diphenyl-1-picrylhydrazyl (DPPH∑) and the oxygen radical 
absorbance capacity (ORAC) method. Antioxidant activity of sorghum and 
sorghum products have been reported using these three methods (Awika et 
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al., 2003) and antioxidant activity of finger millet has been reported using 
the ABTS∑+ radical scavenging assay (Siwela et al., 2007). The ABTS assay 
measures the relative ability of an antioxidant to scavenge the ABTS∑+ radical 
cation generated in aqueous phase, as compared with Trolox (a water soluble 
vitamin E analogue) (Miller et al., 1993; Re et al., 1999). DPPH∑ is a stable 
free radical, which absorbs at 515 nm. It loses this absorption when reduced 
by an antioxidant (MacDonald-Wicks et al., 2006). The ORAC method was 
developed by Cao et al. (1993) and measures the ability of antioxidants 
to protect protein from damage by free radicals. Peroxyl radical, ROO∑ 
is normally used as the standard radical in this assay since it is the most 
common in biological systems.

10.5 Existing sorghum and millet quality management 
systems

Grain quality means different things to the various partners in the grain 
supply chain. At least three different concepts of quality can be identified: 
Grain food safety, Conformation to trade specifications and Conformation to 
end-use requirements (Randall, 1994). The various existing different sorghum 
and millet quality management systems emphasise different aspects of these 
three concepts. Thus, representative international and national standards for 
sorghum and millet quality will be explained.

10.5.1 Codex Alimentarius Commission standards
There are Codex Alimentarius Commission (1996) standards for sorghum 
grain, sorghum flour, pearl millet grain and pearl millet flour. These standards 
are mainly about food safety and cover issues such as toxic seeds, heavy 
metals, pesticide residues and mycotoxins. Table 10.6 summarises the Codex 
standards for sorghum grain. The others are similar in content.
 In the case of sorghum grain, there is a quality specification with respect 
to tannin content. Maximum levels for tannins of 0.5% for whole grain and 
0.3% for decorticated grain are specified, although strangely the method 
for determining tannin content is not stated. There is also a 0.3% tannin 
maximum for sorghum flour. For sorghum and pearl millet there are also 
proximate chemical compositional standards. They are, however, very loose 
standards. Perhaps the most useful of them is for crude fibre content in 
pearl millet grain, where maxima of 3.0–4.5% and 2.0% are specified for 
whole and decorticated grain, respectively. The lower level of decorticated 
grain should help with detection of cases where whole grain is passed off as 
refined grain. There is also a crude fibre specification for pearl millet flour, 
maximum 1.5%, which is somewhat illogical since flour is normally simply 
milled decorticated grain. Also, strangely, there are not similar Codex crude 
fibre specifications for whole and decorticated sorghum grain.
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10.5.2 United States sorghum standards
There are United States Department of Agriculture Grain Inspection, Packers 
and Stockyards Administration (GIPSA) standards for sorghum (Grain 
Inspection, Packers and Stockyards Administration, 2004). The US standards 
for sorghum include food safety standards, but are primarily trading standards, 
which relate somewhat to end-use quality. Sorghum is divided into four 
classes: Sorghum, Tannin sorghum, White sorghum and Mixed sorghum. 
Hence, sorghum is essentially classified according to whether it is of tannin 
type or white in colour. The complete definitions of the US sorghum classes 
are given in Table 10.7. Sorghum colour is determined visually and the 

Table 10.6 Summary of the Codex food safety standards for sorghum grain (Codex 
Alimentarius Commission, 1996)

Factor Description

General Sorghum grains shall be safe and suitable for human 
consumption.

 Sorghum grains shall be free from abnormal flavours and 
living insects.

 Sorghum grains shall be free from filth (impurities of 
animal origin, including dead insects) in amounts that may 
represent a hazard to human health

Moisture content 14.5% m/m maximum.

Defects Not more than 8.0% total defects.
 Not more than 2.0% extraneous matter of which not more 

0.5% shall be inorganic matter.
 Filth – 0.1% m/m maximum.

Toxic or noxious seeds Shall be free from the following in amounts that may 
represent a hazard to human health:

 Crotolaria (Crotolaria spp.), Corn cockle (Agrostemma 
githago L.), Castor bean (Ricinus communis L.), Jimson 
weed (Datura spp.) and other seeds that are commonly 
recognised as harmful to health.

Heavy metals Shall be free from heavy metals in amounts that may 
represent a hazard to human health.

Pesticide residues Shall comply with the maximum residue limits established 
by the Codex Alimentarius Commission.

Mycotoxins Shall comply with the maximum mycotoxin limits 
established by the Codex Alimentarius Commission.

Hygiene To the extent possible in good manufacturing practice, the 
product shall be free from objectionable matter.

 Shall be free from microorganisms in amounts that may 
represent a hazard to health.

 Shall be free from parasites in amounts that may represent a 
hazard to health.

 Shall not contain any substance originating from 
microorganisms in amounts that may represent a hazard to 
health.
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presence of a pigmented testa is determined using a version of the Bleach 
test described above. Each of the four classes of sorghum is divided into 
four numerical grades and a US Sample grade, with the highest grade being 
1 and the lowest 4. The highest grade has the highest test weight and lowest 
percentage of heat- and other- damaged kernels, broken kernels and foreign 
material. The Sample grade is for grain that does not meet the requirements 
for the four grades.

10.5.3 South African and Botswana sorghum standards
The South African Department of Agriculture (1994) and the Botswana Bureau 
of Standards (BOBS) (2002) have regulations and standards, respectively 
for sorghum which emphasise end-use quality requirements as well as being 
safety trading standards. The South African regulations divide sorghum 
into four classes: GM (Grain sorghum – malting), GL (Grain sorghum 
Low tannin – not malting), GH (Grain sorghum High tannin – malting) 
and Other. It is a cultivar-based system. Sorghum cultivars are categorised 
according to whether, when their grain is malted, it produces high DP, as 
measured by the SABS method described above. The classification system 
is based on the fact that the major commercial use for sorghum in South 
Africa is for malting for opaque beer brewing. The complete definitions of 
the South African sorghum classes are given in Table 10.8. Within each of 
the classes there are two grades, which are similar in scope to those of the 
US sorghum grades.

Table 10.7 USDA GIPSA sorghum classes (Grain Inspection, Packers and 
Stockyards Administration, 2004)

Class Definition

Sorghum Sorghum which is low in tannin content due to the absence of 
a pigmented testa (subcoat) and contains less than 98.0 percent 
White sorghum and not more than 3.0 percent Tannin sorghum. 
The pericarp colour of this class may appear white, yellow, pink, 
orange, red or bronze.

Tannin sorghum Sorghum which is high in tannin content to the presence of a 
pigmented testa (subcoat) and contains not more than 10.0 percent 
non-Tannin sorghum. The pericarp colour of this class is usually 
brown but may also be white, yellow, pink, orange, red or bronze.

White sorghum Sorghum which is low in tannin content due to the absence of a 
pigmented test (subcoat) and contains not more than 2.0 percent 
of other classes. The pericarp colour of this class is white or 
transluscent and includes sorghum containing spots that, singly or 
in combination, cover 25.0 percent or less of the kernel.

Mixed sorghum Sorghum which does not meet the requirements for any of the 
classes Sorghum, Tannin sorghum, or White sorghum.
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 The BOBS (2002) sorghum standards system is similar to the South 
African system in that it is a cultivar based system with a class of malting 
sorghum. However, the BOBS sorghum standards further emphasise end-
use quality requirements with additional classes of sorghum intended for 
food and feed use. This is related to the fact that sorghum is Botswana’s 
major cereal crop and staple food. In the standards there are four classes of 
sorghum: Food class sorghum (FOC), Feed class sorghum (FEC), Malting 
class sorghum (MC) and Other class sorghum (OC). The complete definitions 
of the Botswana sorghum classes are given in Table 10.9. As seen, the Food 
class sorghum has sub-classes in terms of grain, which is assessed visually. 
It is also defined in terms of endosperm hardness, which is assessed by the 
ICC (2008) method described above. For malting sorghum, it is interesting 
that there is a GE specification, also measured using the ICC (2008) method. 
Also of interest is the fact that a maximum tannin level of 0.5% is specified, 
as determined by the ISO (1988) method described above. As with the 
South African sorghum regulations, there are two grades within each of the 
classes.

10.5.4 Namibian pearl millet standards
Namibia has draft standards for pearl millet grain (Namibian Ministry of 
Agriculture, Water and Forestry, 2004/5) and draft regulations for flour/meal 
(Namibian Ministry of Agriculture, Water and Forestry, 2008). Pearl millet 
is the major cereal crop and staple food in Namibia, where it is commonly 
called mahangu. The grain standards are primarily concerned with food 
safety and currently simply divide pearl millet into two classes: A Cleaned 
mahangu grain, and B Graded mahangu grain. There are two grades with 

Table 10.8 South African Department of Agriculture sorghum standards (1990)

Class Definition

GM (Grain sorghum –  Consists of malt sorghum that does not have a dark testa;
malting) Is of a GM cultivar as specified in the cultivar list; and
 Complies with the standards for one of the grades of 

Class GM sorghum

GL (Grain sorghum Low Consists of sorghum that does not have a dark testa;
tannin – not malting) Is of a GL cultivar as specified in the cultivar list; and
 Complies with the standards for one of the grades of 

Class GL sorghum

GH (Grain sorghum High Consists of sorghum that has a dark testa;
tannin – malting) Is of a GH cultivar as specified in the cultivar list; and
 Complies with the standards for one of the grades of 

Class GH sorghum

Other Does not comply with the standards for Class GM, GL or 
GH sorghums
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differing permissible levels of screenings, impurities and defective grains. 
A third class of Other mahangu grain is proposed (Namibian Ministry of 
Agriculture, Water and Forestry, 2006).
 The flour/meal draft standards are also primarily about food safety but 
also concern product identity. There are three classes: Fermented product 
(max. pH 5.0), Unfermented product (min. pH 6.0) and Unspecified product 
(pH between 5.0 and 6.0). These pH-based flour/meal classes are based on 
the fact that in Namibia pearl millet grain is traditionally steeped and then 
semi-wet milled during which time it undergoes a non-alcoholic (lactic acid) 
fermentation. Additionally, according to the standards, the pearl millet product 
is graded as either flour or meal depending on particle size (granulation) 
sieving specifications.

Table 10.9 Botswana Bureau of Standards (2002) sorghum standards

Class Definition

Food class sorghum (FOC) Consists of sorghum that does not have a dark testa;
 The grains are of intermediate to hard endosperm 

texture;
 Consists of either white grains (sub-class FOCW); red 

grains (sub-class FOCR); or is of grain colour other 
than white or red, or mixture of grain colours (sub-class 
FOCO);

 Is of a FOC cultivar, as specified by the Department of 
Crop Production of the Ministry of Agriculture;

 Complies with the standards for one of the grades of 
Class FOC sorghum.

Feed class sorghum (FEC) Consists of sorghum that does not have a dark testa;
 Is of a FOC cultivar, that cannot be graded as of 

Class FOC, or is of a FEC cultivar as specified by 
the Department of Crop Production of the Ministry of 
Agriculture;

 Complies with the standards for one of the grades of 
Class FEC sorghum.

Malting class sorghum (MC) Shall comprise two sub-classes:
 Malting Class sorghum with a dark testa (MCDT);
 Malting Class sorghum without a dark testa (MCCT).
 Consists of sorghum that either has a dark testa (sub-

class MCDT); or that does not have a dark testa (sub-
class MCCT);

 The grains have high germinability (GE > 90%);
 Is of a MCDT cultivar, or of a MCCT cultivar as 

specified by the Department of Crop Production of the 
Ministry of Agriculture;

 Complies with the standards for one of the grades of 
Class MC sorghum.

Other class sorghum (OC) Does not comply with the standards for Class FOC, 
Class FEC, or Class MC sorghum.
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10.6 Future trends

With the growth in sorghum and millet processing, international trade in 
these grains will also grow. This in turn will drive the development of 
more exacting end-use quality standards and specific methods of analysis. 
Three new end-use groupings can be identified for sorghum and the millets: 
health-promoting grains, baked goods making, and brewing and grain 
bioethanol. Not only will cultivars suited for each of the applications need 
to be selected, but also once selected, batches of grain will need to be kept 
separate throughout the grain supply chain and the batches assessed for 
their particular end-use quality. At present, as seen, methods for assessment 
of sorghum and millet quality lag behind those of the other major cereal 
grains. There are very few internationally accepted methods of specifically 
measuring sorghum and millet quality. In general, sorghum and millets are 
still at the stage where such standard quality assessment methods are being 
developed. There are some recent promising findings. Bean et al. (2006) 
evaluated the Single Kernel Characterization System (SKCS) for measuring 
sorghum grain attributes. They found that kernel hardness as measured by the 
SKCS was only moderately correlated with hardness (r = 0.67) as determined 
by the TADD, described above. However, interestingly Wu et al. (2008) 
found that sorghum grain hardness as measured by the SKCS significantly 
negatively correlated (p = 0.008) with fermentation efficiency in bioethanol 
production. Zhao et al. (2008) showed that RVA final viscosity, setback and 
holding strength of sorghum were highly correlated with sorghum ethanol 
yield. Thus, standards for SKCS grain hardness and the RVA parameters 
of final viscosity and setback could be applied to sorghum for brewing and 
grain ethanol. It would certainly be valuable to determine whether SKCS 
and RVA parameters also correlate well with sorghum and millet baked 
goods making quality. When standard sorghum and millet methods for 
determining end-use quality have been developed, the next stage will need 
to be to determine whether rapid, secondary methods of quality assessment 
such as near-infrared spectroscopy can be applied.

10.7 Sources of further information and advice

www.aaccnet.org – AACC International (formerly the American Association 
of Cereal Chemists) publishes standard methods of analysis and holds 
an annual meeting which frequently features sorghum and millet science 
and technology.

www.codexalimentarius.net – The Codex Alimentarius Commission is a 
joint body of the Food and Agriculture Organisation and World Health 
Organisation. It prepares internationally accepted food safety and quality 
standards and publishes them in the Codex Alimentarius. There are Codex 
Alimentarius standards for sorghum and pearl millet and their flours and 
for many other grains and their products.
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www.icrisat.org – ICRISAT (the International Crops Research Institute for 
the Semi-Arid Tropics) is the CGIAR (Consultative Group on International 
Agricultural Research) organisation responsible for sorghum and millets. 
ICRISAT’s primary concerns are cultivar breeding and agricultural 
development in the developing world.

www.icc.or.at – ICC (the International Association for Cereal Science and 
Technology) publishes standard methods of analysis, including methods 
specifically on sorghum and has a study group devoted specifically to 
sorghum, millets, legumes and composite flours.

www.ianr.unl.edu/INTSORMIL – INTSORMIL (the International Sorghum, 
Millets and Other Grains Collaborative Research Support Program). This 
is a network of experts on sorghum and millets in the USA and developing 
countries. INTSORMIL is involved in all aspects of sorghum and millet 
development. Its website has much useful technical information on sorghum 
quality determination, and sorghum and millet processing.
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Abstract: The major cereal grains – wheat, maize, and rice – undergo a series of 
stages between harvest and the food- or feed-processing plant, involving storage, 
overland transport, terminal storage and overseas shipment. At each transfer point, a 
document accompanies a grain consignment that pertains to its quality (class, purity, 
sanitation, and grade). Even at the first point of sale, known as receival, grain quality 
is viewed in terms of its export value. Each of the major grain exporting countries 
(Argentina, Australia, Canada, the European Union, and the United States) has 
developed quality standards. This chapter addresses these quality standards in the 
context of how a cereal lot is assessed at receival.

Key words: receival, country elevator, inspection, grade, class, contaminants, defects, 
sampling.

11.1 Introduction

The point of receival for grain marks the end of the line for the grower, but 
it marks the first point in the chain that takes grain from raw commodity 
to the first stage in processing and beyond – a chain that often includes the 
country elevator, an inland terminal elevator, a mill or refinery, and an export 
terminal. At each transfer point, a grain lot typically has documentation that 
asserts its quality. For the dominant grains such as wheat, maize and rice, 
each major exporting country has developed standards for grade and class. 
Administration of these standards is performed by either government (as 
in the United States and Canada) or private cooperative (as in Australia). 
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Because more than half of a country’s production of a grain may be exported, 
it is the export potential that drives the need for its grain standards. And 
despite the fact that not all grain is required to undergo a country’s official 
inspection (for example, domestic sales in the United States do not require 
it), it is these standards that become the yardstick by which grain quality is 
considered, even at the first point of sale.
 This chapter starts by describing the official practices and standards for 
the some of the World’s major grain exporting countries, namely Argentina, 
Australia, Canada, the European Union, and the United States. Because 
of the openly accessible and abundant information on US grain standards 
and procedures, the most extensive description of that country’s system is 
provided. The remaining countries follow suit, with space given to features 
that make each country’s system unique. However, it should be noted that 
there are many common factors among the standards of the major exporting 
countries. For each country or region, a table is provided that summarizes 
the official standard. The chapter emphasizes the grain type, wheat, because 
it is a common crop of export for these countries.
 Following the description of the country systems, this chapter describes 
the procedures and equipment that are commonly used at receival points. It 
should be noted, however, that the practices are widely varying, especially 
because official inspection at receival points is not generally needed. The 
remainder of the chapter is devoted to the description of procedures and 
methods that either are in use at stages further along the market chain or 
are in the midst of development that may have application at receival. It 
concludes with the author’s thoughts on future trends in quality assessment 
at receival.

11.2 The US grain inspection system

Wheat is grown throughout the contiguous region of the United States, 
with the preponderance for export grown in the central plains, ranging from 
Texas north and westward to the state of Washington. Maize has a similar 
wide region, but to the east of the wheat region. Grain exports are handled 
primarily through the ports at New Orleans, Louisiana and Portland, Oregon, 
with a small fraction shipped through the Great Lakes and St Lawrence River. 
Inland facilities consist of country elevators and large terminals. Generally, 
grain is delivered by truck to the country elevator, by train car to inland 
terminals and mills, and by train car or barge to terminal ports.
 The licensing of inland facilities is administered by the USDA Farm 
Service Agency. The United States Warehouse Act of 2002 authorized the 
USDA to license operators of agricultural warehouses, such as grain elevators. 
This program is voluntary, with approximately 700 grain facilities (45% of 
US commercial space) having become licensed under this Act (USDA-FSA, 
2008). Licensees agree to pay annual fees ranging from (January 1, 2006 
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values) $155 [<150 000 bu (52 900 hL) capacity] to $3680 [10 000 000 bu (3.52 
million hL) capacity] and agree to comply with the Act’s regulations. Among 
the requirements for obtaining a license is that the warehouse, depending on 
the commodity, has personnel who are qualified to weigh, sample, inspect, 
and grade the commodity. Although the program is voluntary (hence, giving 
it the designation as a ‘permissive regulatory act’, USDA-FSA, 2008), a 
warehouse may become delisted if it fails to comply. The purpose of the 
Act is sixfold:

(1) providing protection for depositors of agricultural products,
(2) establishing a uniform regulatory system for storing such products,
(3) providing confidence to financial markets on the integrity and acceptability 

of warehouse receipts,
(4) facilitating interstate and global commerce for the marketing of these 

products,
(5) providing safe storage of the products at reasonable rates,
(6) requiring operators to accept the products without discrimination.

 The regulations for licensed warehouses state that US government standards 
for kind, class, and grade are used when such standards exist or, in the 
absence thereof, applicable state or municipal standards are used. Grain that 
is traded for domestic use does not have to receive ‘official inspection’. For 
wheat, maize, and rice, the official US standards prevail. The large number of 
warehouses prevents federal inspectors from being stationed at each. Rather, 
inspection is performed by trained local personnel. Either due to an appeal 
brought on by a dispute between the grower and the elevator operator or 
by interest of the elevator operator, a lot may be examined by the nearest 
federal field office or federally licensed office for official inspection at a 
predetermined cost. In such cases, a split sample (2000 g minimum) is drawn 
and delivered to the inspection office. The USDA Grain Inspection, Packers 
and Stockyards Administration (GIPSA), and specifically the branch known 
as the Federal Grain Inspection Service (FGIS) is the government entity 
charged with official inspection. FGIS maintains a national service center 
in Kansas City, MO and 12 field offices throughout the contiguous states. 
Complementing these offices are delegated or designated State offices and 
designated private agencies (approximately 60 altogether, hereafter termed 
‘official agency’ offices) that have been approved by GIPSA to perform 
official inspection.
 In the United States, the primary receival stations for grain sale are the 
country elevators. The overwhelming majority of grain lots delivered to the 
country elevator undergo unofficial inspection by elevator personnel for 
pricing and binning decisions. Only grain at export terminals that is destined 
to be sold overseas is required to undergo official inspection.
 A Quality Assurance/Quality Control (QA/QC) program is administered 
by GIPSA to keep inspection operations and equipment in alignment, from 
official agency through field office and on to a national technical services 
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facility. Written agreements are established between each official agency and 
field office for quality monitoring. The agreement outlines quality factors 
specific to the locality that should be checked. For example, scab damage 
may be problematic in a particular region, such that the agreement will 
specify that at least one sample containing this condition be submitted to the 
field office every month for quality assurance. Additionally, samples from 
randomly selected lots are submitted on a daily basis for a check of some or 
all grading factors of an official inspection. A similar mechanism of written 
agreements between field offices and the national office is utilized, also with 
conditions for daily, monthly, and bi-monthly submission of check samples 
that are inspected by the national office’s ultimate arbitrator, the Board of 
Appeals and Review (BAR). Time charts and graphs are developed and the 
data are statistically analyzed to determine whether official agencies are in 
alignment with their respective field office, and likewise between field offices 
and the BAR. Details of the USDA’s quality assurance – quality control 
program are contained in GIPSA’s Quality Handbook (USDA-GIPSA, 1996). 
Specific details of GIPSA’s QA/QC program for NIR calibrations are found 
in Section 11.7.10. Starting in 2006, GIPSA began a program designed to 
evaluate grain quality from first point of sale and onward to determine how 
quality changes when the grain reaches the point of export (USDA-GIPSA, 
2008a). Starting with sorghum in 2006 and soybean in 2007, each assessment 
program is intended to last at least five years, with slightly more than 1000 
samples per commodity-year sent from elevator to a private or state agency 
for official grading. Because of the newness of this program, results are not 
yet available.

11.2.1  Official inspection example: wheat
This section summarizes the procedure for official inspection and standards 
for wheat in the United States. The standards undergo periodic review by 
GIPSA, with the last full review in the early 1990s, and the next review 
planned for 2008–2009 (USDA-GIPSA, 2008a). US wheat is categorized 
into six ‘pure’ classes: Durum wheat, Hard Red Spring (HRS) wheat, Hard 
Red Winter (HRW) wheat, Soft Red Winter (SRW) wheat, Hard White 
wheat (HWW) and Soft White wheat (SWW). There are also two hybrid 
classes, unclassed wheat and mixed wheat, which arise from wheat that is 
intentionally not identified by class or wheat that is not at least 90% pure 
with respect to its most dominant class. In each of the first six classes, five 
grades exist, starting with No. 1 as the highest in quality and progressing 
downward to No. 5 (USDA-GIPSA, 2006a). One additional grade exists, 
US Sample Grade, to catch the lots that do not meet the requirements for 
Grade numbers 1 through 5.
 The following procedures are applicable to grain lots that undergo official 
inspection (USDA-GIPSA; 1995); however, these procedures are also 
applicable as guidelines for unofficial operations. From each load (i.e., lot) 
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of grain delivered by truck to the country elevator, a composite sample is 
collected by means of sub-sampling in order to produce a quantity (2000–2500 
g) that is representative of the lot. Sampling is usually accomplished by: (1) 
probing the truck, (2) a diverter-type mechanical sampler that intermittently 
catches grain from the exit stream of the truck, or (3) a cup-type or pelican 
sampling device that is manually used to catch grain in sets (two per truck) 
from the elevator’s load-in system. These devices are described later in the 
chapter.
 Before the inspection sample is divided or has dockage removed, the 
inspector will check for any unusual odors. This can even occur while the 
grain is still in the truck. Odors are grouped into three broad categories. 
Sour odors can arise from fermentation of the grain, insects, heated grain 
during respiration or an off-odor picked up from storage. Musty odors can 
similarly arise from heated grain and insect activity, but may also arise from 
molds and the dirt picked up during harvest operations. The last category, 
Commercially Objectionable Foreign Odors, consists of odors that are 
imparted to the stored grain from external sources. These include smoke, oil 
products, fumigant residue, insecticide, decaying animal and vegetable matter, 
skunk, and weed seed. Presence of a distinct odor from any of these three 
categories, with exception of garlic or smut odor, results in the assignment 
to the lowest grade, ‘US Sample grade’. Before relegating a lot to this status, 
the work portion is exposed to air in an open container for 4 hours, and then 
re-evaluated. Other conditions that may be assessed on the wheat lot as a 
whole are heat, caused from excessive respiration (often accompanied by a 
sour or musty odor), and insect infestation. For the latter condition, stored 
grain pests of primary importance include the rice weevil, granary weevil, 
maize weevil, cowpea weevil, lesser grain borer, and the grain moth. With 
either condition, the elevator operator may choose to reject the lot.
 It should be noted that all the ‘tests’ prior to dockage removal are 
performed by visual or olfactory analysis, with the exception of moisture 
content. Moisture content, reported on a wet matter basis, is measured using 
a Dickey-john Grain Analysis Computer (GAC, Model 2100, Auburn, IL), 
which is a capacitive device that has undergone an accreditation process 
by GIPSA. Approximately 350 g of grain is used by this instrument, which 
possesses separate internal calibrations for all of the major grain species of 
the United States.
 Inspection prior to dockage removal is performed on the original sample 
that has been divided using a Boerner or equivalent device to produce a work 
sample of 1000–1050 g. Based on visual inspection of the work sample, 
the sample is checked for counts in excess of various threshold levels (in 
parentheses), including animal filth (2), castor beans (2), crotalaria seeds 
(3), glass (1), insect-damaged kernels (32), stones (4), and other foreign 
substances (5), such that an excessive count relegates the lot to sample grade 
status. GIPSA defines dockage as ‘all matter other than wheat that can be 
removed from the original sample by use of an approved device … Also, 
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underdeveloped, shriveled, and small pieces of wheat kernels removed in 
properly separating the material other than wheat and that cannot be recovered 
by properly rescreening or recleaning’ (USDA-GIPSA, 2004b). In the United 
States, the Carter Dockage Tester is used for dockage determination. The 
device consists of a an inclined grate, or ‘riddle’, and two sieves, such that 
when combined with aspiration and motor-driven shaking, a clean work 
sample, consisting of chiefly intact millable kernels, is separated from the 
‘dockage’ material.
 The dockage-free work sample (1000–1050 g) undergoes additional steps 
in the inspection procedure, starting with the determination of test weight 
(bulk density). Test weight is measured using a longstanding procedure of 
pouring the grain from a fixed distance into a one-quart (0.95 L) cylindrical 
kettle of standard dimensions until overflowing, striking the kettle rim clean 
of excess grain, and determining the weight of the kettle contents. With test 
weight determination completed, the entire amount of the work portion is 
recombined, visually examined for ergoty kernels, then successively split 
by a Boerner divider to produce subsamples for additional visual analysis. 
Smut is evaluated on a 250 g portion (from two divisions), while on another 
250 g portion, the percentage by weight of shrunken and broken kernels is 
determined as those which pass through a 0.064 in (1.6 mm) by 0.375 in 
(9.5 mm) oblong-hole sieve. Foreign material and heat-damage are examined 
on a portion from a fourth division (approximately 60 g). Finally, after two 
additional divisions, a 15 g sample is carefully examined one kernel at a 
time by using a hand pick to move kernels from a main pile to auxiliary 
piles defined by damage type, foreign material, wheat of other class, or 
other condition. Kernel counts or weight percentages are then determined 
for each pile, whereupon a grade for the lot or sub-lot is issued. Details of 
the maximum allowable levels of the various conditions for each grade are 
shown in Table 11.1. Considering that a 15 g portion of wheat may typically 
consist of 300–500 kernels, with each kernel separately examined, this stage 
of the inspection procedure is time consuming, and can last 10–15 minutes 
for samples of border line grades.

11.3 The Canadian grain inspection system

Wheat is the most abundant export crop produced in Canada, capturing 
approximately 62% of the total tonnage of the cereals and oilseeds exported 
from the 2006–2007 crop year (CGC, 2007). For this reason, this section 
is primarily devoted to the issues of wheat quality. Until recently, Canada 
relied on their longstanding method of wheat variety release and regulation, 
known as kernel visual distinguishability (KVD). This system required newly 
developed varieties to resemble one another within the same wheat class. 
By law, all varieties of wheat grown and sold in Canada were required to 

�� �� �� �� �� ��



Analysis of grain quality at receival 273

© Woodhead Publishing Limited, 2010

be registered by the Canadian Food Inspection Agency (CFIA). This was 
leading to problems with varieties being classed into the same class but having 
vastly different functionalities. It was also hampering wheat breeders’ efforts 
in developing new varieties. A line with special traits such as resistance 
to disease would not be certified for release if it did not meet the visual 
appearance requirement. Conversely, an unclassed variety could sneak into 
the Canadian market system, just by having the visual characteristics of 
one of the classes. An example of this was a train shipment in 2002 that 
contained an excessive level of non-registered US wheat that resulted in the 

Table 11.1 Official Standard for US wheat [source: see USDA-GIPSA (2006a)]

Grading factors Grades US Nos

   1 2 3 4 5

Minimum pound limits of:
Test weight per bushel
 Hard Red Spring wheat or White Club wheat 58.0 57.0 55.0 53.0 50.0
 All other classes and subclasses 60.0 58.0 56.0 54.0 51.0

Maximum percent limits of:
Defects:
 Damaged kernels
  Heat (part of total) 0.0 0.2 0.5 1.0 3.0
  Total 2.0 4.0 7.0 10.0 15.0
 Foreign material 0.4 0.7 1.3 3.0 5.0
 Shrunken and broken kernels 3.0 5.0 8.0 12.0 20.0
  Total1/ 3.0 5.0 8.0 12.0 20.0
 Wheat of other classes:2/

 Contrasting classes 1.0 2.0 3.0 10.0 10.0
  Total3/ 3.0 5.0 10.0 10.0 10.0
 Stones 0.1 0.1 0.1 0.1 0.1

Maximum count limits of:
Other material in one kilogram:
 Animal filth 1 1 1 1 1
 Castor beans 1 1 1 1 1
 Crotalaria seeds 2 2 2 2 2
 Glass 0 0 0 0 0
 Stones 3 3 3 3 3
 Unknown foreign substances 3 3 3 3 3
  Total4/ 4 4 4 4 4
 Insect-damaged kernels in 100 grams 31 31 31 31 31

US Sample grade is wheat that:
(a) does not meet the requirements for US Nos. 1, 2, 3, 4, or 5; or
(b) has a musty, sour, or commercially objectionable foreign odor (except smut or garlic odor) or
(c) is heating or of distinctly low quality.
1/ Includes damaged kernels (total), foreign material, shrunken and broken kernels.
2/ Unclassed wheat of any grade may contain not more than 10.0 percent of wheat of other 
classes.
3/ Includes contrasting classes.
4/ Includes any combination of animal filth, castor beans, crotalaria seeds, glass, stones, or unknown 
foreign substance.
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devaluation of the lot to feed status, and the grain company’s consequential 
loss of hundreds of thousands of dollars (CGC, 2003). Lastly, there has been 
the desire of growers to have high yielding non-milling varieties that can be 
used for feed or ethanol production.
 On 1 August 2008, Canada’s replacement to the KVD system became 
effective for all eight western wheat classes [Canada Western Red Spring 
(CWRS), Canada Western Amber Durum (CWAD), Canada Western 
Red Winter (CWRW), Canada Western Extra Strong (CWES), Canada 
Prairie Spring Red (CPSR), Canada Prairie Spring White (CPSW), Canada 
Western Soft White Spring (CWSWS), and Canada Western Hard White 
Spring (CWHWS)]. The new system carries the name, ‘Variety Eligibility 
Declaration’ or VED. With the new system, sellers are required to certify 
that a wheat lot consists of varieties that are on the approved list of varieties 
for that particular class. An additional class has been added to cover varieties 
for non-milling purposes, such as for ethanol production or for feed. While 
these varieties still require registration by the CFIA, the requirements for 
registration are limited to disease and agronomic variety considerations.
 In addition to the nine western wheat classes, the Canadian Grain 
Commission (CGC) regulates and grades wheat grown in the eastern region 
of the country, though this wheat is primarily used for domestic consumption, 
with exports of eastern wheat accounting for less than ten percent of the 
tonnage of all Canadian wheat exported in the 2006–2007 crop year (CGC, 
2007). Divided into eight classes [Canada Eastern Red (CES), Canada Eastern 
Red Spring (CERS), Canada Eastern Hard Red Winter (CEHRW), Canada 
Eastern Soft Red Winter (CESRW), Canada Eastern Amber Durum (CEAD), 
Canada Eastern White Winter (CEWW), Canada Eastern Soft White Spring 
(CESWS), and Canada Eastern Hard White Spring (CEHWS)], these wheats 
also have grading standards.
 Although the grading of wheat is generally similar among the classes 
in terms of the procedures and equipment used, the allowable levels of 
contaminants and defects for each grade is class dependent (CGC, 2008), 
as seen in Table 11.2. The grading procedure is heavily reliant on human 
visual analysis by trained CGC inspectors, in which percentages by count 
or weight are assessed on specific conditions of contaminants (e.g., ergot, 
excreta, matter other than cereal grains, Sclerotinia, and stones), wheat of 
other classes, and damage (e.g., stained, immature, degermed, fireburnt, green 
or pink from immaturity, sawfly, midge, shrunken and broken, smudge and 
blackpoint, and sprouted). In western wheat, insect damage (usually sawfly 
or midge) is generally less common than heat- and frost-damage. Two to 
five unique grades exist for the western classes, with grade No. 1 in each 
class being of highest quality. Only three grades exist for each of the eight 
eastern classes. Both western and eastern classes generally have a bottom 
class designated as ‘Feed’ for lots that do not meet the lowest grade within 
each class. In addition to the visual analyses, the equipment-based devices for 
grading include test weight apparatus, and for some of the western classes, 
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an instrument for protein content determination (usually performed by NIR). 
Protein content is reported on a 13.5% moisture basis.
 Grade standards are further defined for wheat that has reached a port 
terminal in anticipation of overseas shipment. Essentially, the grade criteria 
remain the same with additional requirements on the tolerable levels of 
broken grain, and slightly more stringent criteria on the total level of foreign 
material. The reason for the added stringency is to safeguard the cleanliness 
reputation of Canadian wheat.
 Despite the movement away from the KVD system, western Canadian 
wheat is still under close regulation of the Canadian Wheat Board. New lines 
are required to undergo a series of crop performance trials in the three years 
leading up to release. During this period the line is grown in several locations, 
and its performance in terms of agronomic and disease factors, as well as 
quality, is monitored to make sure that the line is consistent with its intended 
wheat class. Although new varieties will no longer have to resemble their 
assigned class, the requirement to grow only registered varieties will still be 
in effect. Further, the need to declare the variety of each lot at receival will 
become even more important. During the planning period for the declaration 
system, two penalty systems were suggested for noncompliance of variety 
declaration: a legislated fine system for false declaration and a reliance on 
litigation through the courts. The second system has been favored. Given 
that the accuracy of varietal identification will be crucial in the declaration 
system, the CGC has been conducting research on rapid methods for variety 
identification. As of 2006, they were using protein electrophoresis and a 
DNA-based system on multiple runs of individual kernels, with additional 
research on adapting the DNA technology to ground grain to eliminate the 
need for multiple analyses (CGC, 2006).
 Determination of dockage consists of starting with a representative portion 
(≥900 g) of an official sample, in which the portion is generated from a 
Boerner-type divider. Canada defines dockage as ‘any material intermixed 
with a parcel of grain, other than kernels of grain of a standard of quality 
fixed by or under this Act for a grade of that grain, that must and can be 
separated from the parcel of grain before that grade can be assigned to the 
grain’ (CGC, 2005). It includes wheat with long rootlets, unthreshed wheat 
heads, and material other than wheat removed by a No. 25 riddle. Also, dockage 
includes material removed by a No. 5 buckwheat sieve, material removed 
by aspiration, and soft earth pellets handpicked from a ‘clean’ sample upon 
operation of a Carter dockage tester. Unofficial samples (≥750 g) can also 
be assessed for dockage using the same procedure. After dockage removal, 
the ‘cleaned’ sample is analyzed for additional contaminants and damage in 
order to determine grade. In this case the percentages by weight are based 
on the cleaned sample. The amount of grain that undergoes visual inspection 
is dependent on the contaminant or damage condition under scrutiny.
 The Canadian Wheat Board operates as a single-desk market. This type 
of system, in which the price at receival is determined by the Board, is 
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designed to smooth out fluctuations in the market that could be caused by 
competing countries, weather-related problems in transportation, and railcar 
demurrage charges caused by delays in loading ships at port. While the 
price for each class and grade is determined by averaging over the season, 
the actual calculations are based on the spreads between classes and grades, 
thus ensuring that wheat lots of perceived higher quality, be it due to class 
or grade, will always receive higher payment than those of lower quality, 
regardless of the market prices at any specific time instant. Price spreads are 
generally determined by analysis of the selling prices of Canada’s competitors, 
which most often are the US futures prices. The single-desk price pooling 
does not extend to the rail transportation costs associated with moving grain 
from the elevator to the nearest point of export. Because such costs are paid 
by the farmer, growers that are nearest to the ports are advantaged.
 The Canadian Wheat Board is in charge of setting the prices for wheat 
at receival. The Board is also in charge of scheduling visits to rural inland 
elevators, so that growers are notified, typically a week in advance, as to 
when a train is stopping to collect grain from the elevators in a given area. 
Despite the fixed price on wheat at receival, a grower may shop around for 
the elevator in an area that provides the most favorable assessment of protein 
content and grade.
 Official inspection of wheat by the Canadian Grain Commission is mandatory 
for wheat delivered to terminal elevators but is optional for wheat delivered 
to the primary elevator. Under Section 30 of The Canada Grain Act (CGC, 
2005) official inspection for grain may be made at any place where provisions 
for inspection have been made. The CGC furnishes staff members to collect 
official samples, and defines these separately from unofficial samples, in 
which the latter group may be collected by non-CGC members. For official 
samples, the CGC specifies that a mechanical sampler be used unless the 
physical structure of the sampling location prohibits the use of a mechanical 
sampler. An official sample for grade and dockage assessment must be at least 
1 kg in size, and depending on the location of collection in the market stream 
and the lot’s next intended recipient, the sample is retained for a minimum 
period lasting from 20 days to six months. For unofficial sampling, the actual 
method of sampling varies with the elevator. For each load delivered, about 
1–2 kg of wheat is drawn by one of three main techniques: a pneumatic probe 
driven into the truck bin, a manual scoop used during truck unloading, and 
in rare circumstances, a diverter sampler.
 Although there are no requirements on the models of quality assessment 
instruments at the primary elevator, most elevators possess a Carter Dockage 
tester, sets of hand sieves, and a capacitive moisture meter. Further, most 
will also have an NIR instrument for protein content determination. Less 
abundant are elevators with mycotoxin test kits, such as those used in DON 
determination. The CGC provides ELISA-based DON testing on a mail-in 
basis, in which farmers or elevator operators pay $50 Canadian for each 
one-kilogram sample sent to a service center or regional office.
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 At some elevators falling number testing may be performed for evidence of 
sprouting, though falling number is not a grading criterion. Rather, sprouting 
for grade determination is assessed by visual examination. Recently, the CGC 
has been pilot testing the Rapid Visco Analyser as an indicator of pre-harvest 
sprouting, with the reasons of a shorter analysis time and use of less water 
compared to the falling number method.

11.4 The Australian grain inspection system

The marketing and inspection of wheat in Australia until quite recently has 
been overseen by AWB Limited, formerly the Australian Wheat Board (AWB). 
The 1989 Wheat Marketing Act (see Australia COMLAW, 2008) gave the 
AWB the authority to purchase wheat from growers. Two stipulations were 
given for mandatory purchase of the wheat by the Board for inclusion in 
the pool: 1) the Board was required to purchase the grain when tendered; 
and 2) the grain had to meet the Board’s standards. Standards were divided 
into two broad categories, these being Receival Standards for binning and 
Receival Standards for payment. The inspection procedure was the same for 
both standards. The single desk role of the AWB with regard to the wheat 
pool expired on 30 June 2008. This change of transferring the responsibilities 
of overseas grain marketing (the fate of most of the country’s harvest) was 
chiefly for the reason of enhancing Australia’s competitiveness and improving 
profits for growers and downstream marketers. However, following some 
very mixed experiences during the 2008/09 harvest, the first conducted in 
a fully deregulated environment, it would seem that only the latter aim has 
been achieved to date. Effective 1 July 2008, a new government entity, 
Wheat Exports Australia (WEA), was established to regulate the export 
of bulk wheat from Australia through what is known as the Wheat Export 
Accreditation Scheme. The WEA is charged with regulating and overseeing 
the private companies that sell bulk wheat overseas. Much of the framework 
for how Australia will operate its new system is outlined in an April 2008 
report to the Minister of Agriculture by a government-appointed body called 
the Industry Expert Group (DAFF, 2008). The report describes procedures 
for developing and promoting new varieties, establishing and maintaining 
standards, providing market support, and supplying information on production 
and exportation, and it describes the roles of the Grain Research and 
Development Corporation (GRDC), industry and government.
 Though these changes have taken away much of the authority of AWB Ltd, 
their receival standards will continue in closely related form, as Grain Trade 
Australia, GTA, formerly the National Agricultural Commodities Marketing 
Association (NACMA) assumes this role vacated by AWB, essentially 
removing government from the business of establishing wheat receival 
standards. Therefore, the AWB practices for assessment of wheat grade and 
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varietal group, last updated in 2007, are described below (NACMA, 2008). 
At the time of this writing, the GTA has been revamping grain standards 
for the 2009–2010 season and has solicited the industry for feedback on the 
proposed changes.
 Typically each bin-load is probed in three locations with a vertical probe, 
drawing at least 3 liters in total, plus an additional liter for every 10 tonnes in 
the load. A half-liter subsample is used in screening and manual inspection. 
In parallel, a subsample is drawn for moisture content and protein content 
analyses by NIR spectroscopy. Although the particular NIR instrument models 
are not specified, permissible errors in accuracy are given, such as 0.38 
percentage units of moisture for the average absolute deviation differences 
with respect to the AACC convection oven approved method 44-15A (AACC, 
2000), and 0.40 percentage units for protein content difference with respect 
to a combustion nitrogen method. Test weight is measured on a portion 
before cleaning.
 Contaminant inspection generally begins with an ‘as received’ half-liter 
subsample unless otherwise specified. Cleaning consists of placing the one-
half liter subsample on a screening device equipped with a slotted 2.00 mm 
screen. Separate determinations are made for the percentages by weight 
of unmillable material below (through) the screen and above the screen 
after the device has been mechanically shaken 40 times. Additionally, the 
material through the screen is visually inspected again for contaminants and 
defects.
 Fourteen categories of contaminants are defined: pickling compounds, 
chemicals not approved for grain, foreign seeds, ergot, objectionable material, 
other non-objectionable material, earth, sand, stored grain insects, earcockle, 
field insects, snails, loose smut, and bread wheat kernels in durum samples. 
Each category has permissible limits that are attached to a particular grade. 
Limits for certain categories, such as pickling compounds (chemicals added 
to grain as a seed treatment for planting purposes), have a nil tolerance level, 
such that detection of any amount, at any stage in the receival process (initial 
truckload, probe sample, half liter subsample, or any other sub-samples) 
places the lot above the threshold.
 For defects, 14 categories are similarly defined, these being sprouted, 
stained, pink stained, dry green or sappy or frost distorted, heat damaged, 
field fungi affected, black field fungi affected, rotted, ball smut affected, 
insect damaged, grain drying influence, staining due to moist plant material, 
takeall affected, and non vitreous kernels (for durum wheat). For both 
contaminants and defects, the inspection procedure is conducted by human 
visual analysis, in which the half-liter subsample is screened (12.7 mm ¥ 2.0 
mm slots) and the ‘overs’ are examined for a period lasting from 30 to 60 
seconds for typical lots, and up to 5 minutes for cases in which the category 
level requires quantification, whereupon a 300-grain wheat assessment tray 
is typically used. The time limit restrictions do not apply to quantification 
assessments for contaminants.
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 In addition to the manual visual inspection procedures for contaminants and 
defects, the methods and procedures for wheat grading include the following 
assessments: moisture by oven drying or NIR, protein by combustion or 
NIR, test weight, falling number, vitreous kernels in durum wheat by visual 
analysis or digital imaging, and bread wheat kernels in durum wheat by visual 
analysis. The wheat variety of a lot is declared at time of receival. Variety, 
in combination with knowledge of the production region (state) of growth, 
determines the varietal group, or marketing class. A NACMA standard for 
one class, Australian Prime Hard, is summarized in Table 11.3. In the event 
that a lot contains more than one variety, two scenarios are possible. The 
first is that the multiple varieties are of the same grade classification status, 
whereupon the variety of greatest preponderance is recorded for the load. In 
the second scenario, the varieties are of different grade classification status, 
which necessitates that the load be graded at the lowest grade classification 
of the varieties present, and the lowest variety is recorded for the load. This 
is also most important for the capture and allocation of end-point royalties, 
a small sum of money per tonne, set by the breeder for each new variety 
registered under the PBR scheme. Plant breeders’ rights (PBR), also known 
as plant variety rights (PVR), are intellectual property rights granted to the 
breeder of a new variety of plant, which are used to fund ongoing varietal 
development.
 Examples of funded projects by Australia’s Grain Research and Development 
Corporation (GRDC) for incorporating new technologies into inspections, 
such as NIR spectroscopy beyond its traditional role of protein and moisture 
analysis, digital imaging, and electronic noses, are summarized in Reuss 
(2003). Using digital imaging as an example, suggested potential applications 
included variety identification, mold detection, detection of defects such as 
sprouting and blackpoint, and detection of insects and weed seeds; however, 
the application of this technology in Australia at that time was quite small, 
and continues as such today.
 With the changes invoked in 2008 that diminished the authority of the 
AWB Ltd, other organizations have already been assigned or designated to 
be assigned the various roles of wheat varietal development, classification, 
and maintenance of standards. By recommendation of the Wheat Industry 
Expert Group (IEG), the GRDC will manage the varietal classification process 
through 2010. By definition, wheat classification is, ‘the categorization of 
a wheat variety into a grade based on processing and end product quality’ 
(NACMA, 2008). In 2007, NACMA agreed to take over the maintenance 
wheat standards starting in 2008, a task previously performed by the AWB. 
These standards reflect the consensus of the industry and have shown a small 
departure from the AWB standards, with one of the principle changes being a 
dropping of the two-tier grade system, such that NACMA will cover only the 
standards for binning purposes and not the standards for payment purposes. 
Further, GTA does not have the authority to approve each variety within a 
grade. This is the function of an interim two-tiered external organization, 
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which will oversee the variety classification process until the end of 2010. 
The operational tier is the Australian Wheat Variety Classification Panel 
AWVCP, comprising five independent wheat quality experts appointed by 
the GRDC in early 2009, and managed by BRI Research. It will meet four 
times annually and will classify all lines submitted to it by the nation’s wheat 
breeding organizations. It will be overseen by the Wheat Classification Council, 
which will comprise a range of industry stakeholders (breeders, traders, 
marketers, domestic users) plus some technical experts, which, in light of any 
changes in market direction, competitor activity or food consumption trends, 
will review the Classification guidelines and make appropriate changes as 
necessary. The AWVCP will classify all new lines and prospective varieties 
into one of nine major marketing classes [Australian General Purpose 
(AGP), Australian Hard (AH), Australian Durum (ADR), Australian Prime 
Hard (APH), Australian Premium White (APW), Australian Standard White 
(ASW), Australian Noodle (ASWN), Australian Feed (FEED), and Australian 
Soft (SOFT)] depending on the geographical region (Queensland, Northern 
New South Wales, Central New South Wales, Southern New South Wales, 
Victoria, South Australia, and Western Australia) that a variety is grown. This 
means that a specific variety that is grown in one region may be assigned 
to a different varietal group than the same variety grown in another region. 
The purpose of such grouping is to categorize the wheats by similar quality 
characteristics suited for particular end product uses. GTA’s role in overseeing 
the receival standards is considered to be ongoing, in which standards will 
be examined annually and changed as needed.

11.5 The European Union grain inspection system

Although it is not apparent that national rules are imposed on cereals sales at 
first point of sale in the EU, there does exist a price support or ‘intervention’ 
system for some of the major species, including durum wheat, common wheat, 
barley, maize, and sorghum (EC, 2008). Hence, these cereals that are taken 
over by intervention agencies must meet standards ratified by the Commission 
of the European Communities (EC). The standards address many of the same 
concerns of Australia, Canada, and the United States, namely damaged grain 
(broken, shriveled, discolored, overheated, sprouted, decayed, and insect-
damaged), contaminants (extraneous seeds, husks, ergot, dead insects and 
insect fragments, other cereals, and extraneous matter), maximum moisture 
content, minimum protein content (durum and common wheat), and test 
weight (Table 11.4). As with the standards of the other exporting countries, 
the EC standards for contaminants and defects are reliant on human visual 
analysis. Additional criteria include a minimum falling number (durum and 
common wheat) and Zeleny sedimentation volume (durum only).
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Table 11.4 European Community standard for grains in intervention program 
[source: see EC (2008)]

    Durum Common Barley Maize Sorghum 
    wheat wheat   

A. Maximum moisture content 14.5% 14.5% 14.5% 13.5% 13.5%
B. Maximum percentage of matter 12% 12% 12% 12% 12%
 which is not basic cereal of 
 unimpaired quality:
 1. Broken grains 6% 5% 5% 5% 5%
 2. Impurities consisting of 5% 7% 12% 5% 5%
  grains (other than 
  indicated at 3) of which:
  (a) shriveled grains    – –
  (b) other cereals 3%  5% – –
  (c) grains damaged by pests     
  (d) grains in which the   – – –
   germ is discolored
  (e) grains overheated 0.50% 0.50% 3% 0.50% 0.50%
   during drying
 3. Mottled grains and/or grains 5% – – – –
  affected with fusariosis of 
  which:
  – grains affected with fusariosis 1.5% – – – –
 4. Sprouted grains 4% 4% 6% 6% 6%
 5. Miscellaneous impurities 3%  3% 3% 3% 3%
  (Schwarzbesatz) of which:
  (a) extraneous seeds:     
   – noxious 0.10% 0.10% 0.10% 0.10% 0.10%
   – other     
  (b) damaged grains:     
   – grains damaged by 0.05% 0.05%   
     spontaneous heating or 
     too extreme heating 
     during drying
   – other     
  (c) extraneous matter     
  (d) husks     
  (e) ergot 0.05% 0.05% – – –
  (f) decayed grains   – – –
  (g) dead insects and 
   fragments of insects     
C. Maximum percentage of wholly 27% – – – –
 or partially piebald grains
D. Maximum tannin content (1) – – – – 1%
E. Minimum specific weight (kg/hl) 78 73 62  –
F. Minimum protein content (1):     
  – 2002/03 marketing 11.5% 10.5%   
     year and onwards
G. Hagberg falling number (seconds) 220 220   
H. Minimum Zeleny index (ml) – 22 – – –

(1) As % of dry matter. 
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11.5.1 United Kingdom
In the United Kingdom, the Home-Grown Cereals Authority (HGCA) is a 
non-profit cooperative that works in conjunction with the national government 
to establish industry policies for production, distribution, and processing of 
cereals. The HGCA released a white paper in 2004 that provided outlines 
for establishing standards for grain testing laboratories in the UK (HGCA, 
2004). Although such proposed standards are not necessarily targeted for the 
first point of sale, but rather for analytical laboratories servicing the cereals 
industry, the listed items are indicative of the perceived importance of quality 
factors in the UK. From this paper, the two main commodities of interest are 
wheat and barley. For wheat, the following tests are recommended: moisture 
content, test weight, protein content, falling number, and hardness by SKCS 
(single kernel characterization system – see Martin et al., 1993). For barley, 
the tests include nitrogen content, moisture content, test weight, germinative 
capacity, and a sieving profile.
 In 2004, the HGCA Exports group released a branding system for UK 
wheats to be sold on the export market, which represented almost 20% of 
production. Two export classes were established: UKP and UKS. UKP is a 
blend of semi-hard varieties for use in breadmaking and UKS is a blend of 
soft extensible varieties for use in biscuit making or in blending with hard 
high protein wheats. The HGCA maintains a list of the varieties acceptable 
for classification into UKP or UKS. Additionally, these classes are defined 
by their typical ranges for protein content (dry matter basis, UKP = 11–13%, 
UKS = 10.5–11.5%) and Alveograph parameters (W ≥ 170 for UKP, £ 120 
for UKS; P/L £ 0.9 for UKP, £ 0.55 for UKS).

11.5.2 France
The other major producer and exporter of cereals in Europe is France. In fact, 
France’s wheat export tonnage in the 2002–2003 crop year was second only 
to the United States, with the north African countries being the largest buyers 
of French wheat. The French system of wheat classification is somewhat 
similar to the UK’s, but with four instead of two classes. The four classes, 
designated E (highest quality), 1, 2, and 3, have cutoffs for protein content 
(by combustion), Alveograph W, and falling number. For example, wheat 
of class E must have a protein content > 12%, Alveograph W > 250, and a 
falling number > 250 s. This is in contrast with Class 3, in which protein 
content < 10.5% and there are no specifications for W or falling number.

11.6 The Argentine grain inspection system

The development and implementation of quality standards for wheat and maize 
in Argentina is less advanced than other major exporting countries, such as 
Australia, Canada, and the United States (Table 11.5). The government’s role 
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in quality inspections ceased in the late 1980s with the private sector assuming 
quality duties, leaving federal inspectors with duties of issuing phytosanitary 
certificates and conducting fumigation and stowage examinations. Leading 
up to 2004, quality standards were predominately based on sanitation issues, 
despite the fact that Argentina has been one of the top five exporters of wheat. 
While most exported product has gone to other South American countries 
such as Brazil, Bolivia, Paraguay, Uruguay, and Chile (Frank, 2005), both 
Argentine and Brazilian maize have attracted interest in European countries 
that wish to import non-transgenic varieties. Expansion of its wheat export 
market to countries outside of this region has been hampered by the perception 
of the low quality and variability in quality of Argentine wheat.
 Traditionally, Argentine wheat has been stored and handled on an 
FAQ (fair average quality) basis with all deliveries that meet the physical 
grade specifications binned together. This results in a fairly non-descript 
bulk which varies somewhat due to seasonal conditions and varietal 
composition. Since 1998 there has been a coordinated effort to introduce 
a variety classification system in Argentina, with a view to segregating the 
better quality varieties from the bulk, and establishing quality premiums 
in the domestic market. With enactment of a national resolution (No. 334) 
establishing a wheat quality program known by the acronym PRONACATRI 
(Programa Nacional de Calidad del Trigo), release of wheat germplasm by 
quality grouping has been practiced since 2004. This is being driven by the 
Instituto Nacional de Tecnología Agropecuaria (INTA, the government’s 
agricultural research organization), grower groups, and some private storage 
operators, and it is now gaining acceptance with an increasing number of 
operators offering premiums for specific varieties. All new varieties are 
required to pass through a coordinated trial program to enable them to be 
classified, they must be registered with the National Registry of Varieties, 
and the commercialization of new and certified seed must be authorized 
by Argentina’s Secretariat of Agriculture, Livestock, Fishing and Food 
(SAGPyA). All-in-all, there is a fair amount of administrative control 
throughout the system.
 Varieties are classified into three groups using seven test variables (from 
most to least important, based on their impact on processing quality and 
value): Alveograph strength (W), loaf volume, protein and gluten content, 
flour yield-to-ash content ratio, Farinograph dough stability, wet gluten 
content, protein content, and test weight. The weighted sum of these 
variables, with each defined using a 0-to-9 scale, produces what is known 
as a Quality Index for bread wheat for each variety (SAGPyA, 2004). Group 
1 cultivars are extra strong wheats suitable for blending and baking. This 
group represented 29% of the wheat in a national survey for 2007, the most 
recent year reported (SAGPyA, 2007). Group 2 cultivars are wheats adapted 
to traditional methods of baking (artisan breads of more than 8 hours of 
fermentation time). These comprised about 47% of the wheat in the 2007 
survey. The last group, Number 3, are cultivars suitable for direct methods 
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of baking (artisan breads of less than 8 hours of fermentation time). This 
group represented only 16% of the wheat in the 2007 survey.
 Limitations in storage facility infrastructure for segregation of wheat 
and corn by quality have also contributed to a less elaborate system for 
quality assurance than the other exporting countries. Inland movement of 
grain is primarily by truck and to a lesser extent by rail, with limitations 
in capacity at non-port facilities. Depending on state law, grain inspection 
may be required while the grain is in transit to the export terminal, primarily 
for the purpose of identifying the presence of transgenic maize varieties. 
However, popularity in the use of 200-tonne silo bags has grown in the 
past ten years, with approximately one-fifth of the country’s annual grain 
production being accommodated (Rodriguez et al., 2004). These bags, which 
are filled, purged, and sealed at inland facilities, have the potential for use 
in identity preservation programs.
 In recent years, the Argentine governmental agency, El Servicia Nacional 
de Sanidad y Calidad Agroalimentaria (SENASA), has developed quality 
standards for bread wheat and maize for the export market. Both wheat 
and maize are divided into three grades. Upon receival, elevator personnel 
perform initial assessment of grain. Moisture content is typically measured 
by capacitive instruments and protein content by NIR instruments. Lots that 
are determined to be of the highest grade (Grade 1) require no additional 
quality testing at receival (USDA-GIPSA, 2004a). Those determined to be in 
either of the two lower grades (Grades 2 and 3) are required to be evaluated 
by a non-profit inspection company (Camara Arbitral de Cereales, or CAC) 
at the expense of both buyer and seller. Only in rare circumstances, when 
disagreement of the CAC evaluation persists between buyer and seller, does 
SENASA step in for a final evaluation.
 SENASA’s inspection standards for grade are largely based on visual 
inspection of a representative sample. In addition to stated limits for test 
weight, the other grade-determining factors fall into the broad categories of 
foreign material, shrunken and broken kernels, and damaged kernels (Argentine 
Wheat, 2008). The latter category for wheat is divided into heated kernels, 
smut, yellow-berry, shrunken and broken, and insect-bored. Shrunken and 
broken kernels are defined as whole or pieces of kernels that pass through 
a sieve having 1.6 mm by 9.5 mm slots. Although protein content is not 
a grade-determining component, it is included in the standard to indicate 
whether the price of the wheat is increased (> 11.0% protein) or discounted 
(< 11.0% protein). Similarly, the standard includes the economic bonus or 
discount for wheat that is graded above or below the middle grade level 
(Grade 2). For the most recent year available (2006–2007), Grades 1 and 
3 were 1.5% higher and 1.0% lower in respective value than the middle 
grade.
 Grain at export terminals, such as in Rosario, is inspected by private 
surveying companies that are accredited by SENASA. The sampling and 
testing procedures are generally those of GAFTA (Grain and Feed Trade 
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Association, London, UK), though inspection equipment is not standardized. 
Interval sampling (4 intervals per 5000 tonnes, typically) of conveyor belts is 
performed and inspection is made on sample sub-lots typically representing 
5000 tonnes, in which the sub-lots are checked for compliance to Argentine 
standards (USDA-GIPSA, 2004a). However, the government-sanctioned 
inspections are more for the purpose of ensuring sanitation and certifying 
tonnage than for quality assurance.

11.7 Traditional equipment used in wheat inspection at 
receival

Getting a representative sample of the grain lot is essential. Depending on the 
size of the grain receival facility, equipment can range from hand-held probes 
to programmable pneumatic samplers. Detailed discussion of sampling devices 
is beyond the scope of this chapter. However, common to all sampling plans 
is the need to ensure that the sample is representative of the lot or sub-lot 
from which it was drawn. For wheat in the United States, this typically entails 
gathering either a separate 2000 g work sample for every 500 bu (176 hL) 
sub-lot or, in the usual case of country elevator deliveries, a work sample 
that represents each truckload. The USDA-GIPSA sampling procedures 
are described in Section 11.7.1. Alternatively, the International Standards 
Organisation (ISO) has developed recommendations for static sampling from 
a wide range of storage and conveyance devices, including bags, wagons, 
and trucks (ISO 13690, 1999). For truckloads containing less than 15 tonnes 
of grain, five probe sites in a pattern are recommended. Similarly, ISO has 
developed a standard for automatic sampling by mechanical devices (ISO 
6644, 2002), such as diverters, tubular samplers, and cup samplers. With 
these devices, the recommended collected amount is broadly specified as  
5 kg for lots up to 500 tonnes.

11.7.1 Sampling devices
Probes are made of brass or aluminum consist of two tubes, one inside the 
other. Eleven to twelve regularly spaced compartment windows are placed 
along the 1.5–1.8 m length of the probe assembly. After insertion of the probe 
vertically in the truck, grain flows into the probe when the outer and inner 
tubes are twisted to align the windows. In the United States, recommendations 
exist for collecting a sample by probe. For a typical flat-bottom truck or trailer, 
the probe is inserted at three regularly spaced distances along the length of 
the truck and approximately 0.5 m from the inner wall of one side, with an 
emptying of the probe between insertions. Another three probings are made 
along the opposite side, as well as one in the center of the truck. Combined, 
the grain should total at least 2000 g. Additional probing may have to be 

�� �� �� �� �� ��



Analysis of grain quality at receival 293

© Woodhead Publishing Limited, 2010

made for loads that are suspected to be of inferior quality, in which case the 
new sites are staggered with respect to the original ones.
 Diverters are mechanical samplers that are mounted near the stream of 
the grain exiting the truck, at the end of a conveyor belt, or at the head of 
an elevator leg. Periodically, the diverter, or ‘pelican’ (typically 1.9 ¥ 2.2 
cm opening) moves across the stream of grain at a typical speed of 0.5 m/s, 
capturing a small portion of grain. The cycle time or period of the diverter 
depends on the flowrate of the grain [for specifications, see USDA-GIPSA, 
2003], but usually ranges between 12 and 72 seconds. A secondary stage 
within the sampler may be used to return a portion of the diverted grain back 
to the main stream. Sampling occurs throughout the duration of movement 
of the load, with a targeted sample mass of at least 2000 g.
 Cups or ‘pelicans’ are manual sampling devices, known as an Ellis cup 
or a leather pelican pouch, that are placed in the stream of the moving 
grain. The sampler is required to periodically draw a set (equals three Ellis 
cupfuls or one ‘pelican’ cut) of grain from the stream every 500 bushels. For 
trucks, this translates into at least two sets, with a set typically representing 
500 bushels. Similar to the other sampling devices, the amount of grain for 
inspection should be at least 2000 g.

11.7.2 Bulk density (test weight)
These devices consist of a cylinder of standard dimension that receives 
grain when filled and leveled in a manner prescribed by the standard and 
weighed, whereupon the bulk density is determined by direct reading from a 
dedicated weighing scale or by calculation. The precision of this procedure is 
highly dependent on the level of adherence to the filling and leveling steps. 
In the United States, test weight is reported in English units as the number 
of pounds per Winchester bushel, with values ranging from ≥ 60.0 for No. 
1 Hard Red Winter to ≥ 51.0 for No. 5 grade of the same class. For Canada 
and elsewhere, test weight is reported on a kilogram per hectolitre basis, 
and uses a cylinder of 0.5 liter capacity typically (versus a one-quart kettle 
for US official analysis). Direct conversion between English and metric test 
weight values are to be made with caution due to the effects that container 
geometry and filling procedure have on the packing density of the kernels. 
For example, the USDA-GIPSA specifies the following conversion formula 
when changing non-durum type wheat from pounds per bushel to kilograms 
per hectolitre: kg/hl = lb/bu × 1.292 + 1.419 (USDA-GIPSA, 2004c).

11.7.3 Moisture content
Knowledge of grain moisture content is extremely important for reasons of 
avoiding spoilage from microbial activity (too much moisture), avoiding 
unsafe dust levels within the elevator (too little moisture), and having accurate 
knowledge of the concentrations of nutritional components of grain. Although 
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moisture content is not generally a direct factor in determining wheat grade, 
there are requirements on the maximum moisture content allowed to avoid 
spoilage. Further, the concentrations of constituents such as protein content 
are adjusted to a fixed moisture level (e.g., for wheat: 12.0% in the United 
States, 13.5% in Canada, 0.0% in the EU). Because of this, moisture level 
can be a factor in calculating the sale price of the grain at receival. For grain 
that is traded on an ‘as-is’ weight basis, moisture content directly affects 
sale price of the lot. Most elevators use a capacitive type instrument, as 
described in Section 11.2.

11.7.4 Sieves and dockage tester
Essential to the determination of grain value is an accurate assessment of 
the amount of useable material within the lot compared to the total mass 
of material delivered. For wheat, this can be thought of as the amount of 
sound, mature, disease-free, undamaged millable kernels. By use of sieves, 
screens, and aspiration, either through manual or automated mechanical 
operations, such as the Carter dockage tester, the percentage of useable 
material is determined. For United States wheat, dockage becomes a factor 
in determining whether a lot is of sample grade. For the higher US grades, 
the percentage of dockage is reported on the grade certificate. For Canadian 
wheat, the amount of dockage serves as an estimation of the amount of 
material that must be removed by cleaning, because Canadian wheat for 
export must be ‘commercially clean’ of this type of material. Otherwise, 
Canadian wheat that is not commercially clean cannot be exported without 
special permission of the Canadian Grain Commission.

11.7.5 Protein content
Most elevators possess a near-infrared (NIR) instrument that is configured 
in one of two formats: reflectance measurement of ground meal (original 
method) or transmittance measurement of whole kernels in bulk (newer 
method). The latter method is often preferred because it does not require 
a sample to be ground and permits several hundred grams of grain to be 
analyzed, as opposed to ground meal reflectance instruments that necessitate 
the use of a divider to obtain a representative sample (20–50 g) for grinding, 
packing an optical cell, and clean-up of the cell afterward. Calibrations for 
protein content and other constituents of interest (e.g., moisture, oil) are often 
furnished by the instrument manufacturer or are developed and distributed 
by cooperatives or government offices. Nearly all NIR procedures are 
considered as secondary methods. Thus, a primary method, such as Kjeldahl 
or combustion for protein content, must be available at a central facility to 
keep a calibration in alignment through periodic checks. Because of the 
ease of use of NIR instruments, their accuracy (standard errors for protein 
content typically less than 0.20 percentage units when checked against the 
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reference method) and rapidness (1–2 minutes per sample), this methodology 
for grain protein analysis has been adopted worldwide.

11.7.6 Wheat hardness
The texture or hardness of wheat endosperm is critical in determining 
the suitability of wheat for various end products. Historically, wheat 
hardness was evaluated by particle size index (PSI), defined as the weight 
portion of a sample of flour passing through a very fine (i.e., No. 200) 
sieve. Starting in the 1980s, NIR reflectance spectroscopy has been used 
to measure hardness, first as a method that correlated to the PSI method 
(Williams and Sobering, 1986), and later as a primary method (Norris et 
al., 1989) approved by AACC International (Approved Method 39-70A, 
AACC, 2000). In the latter method, the NIR reflectance instrument must 
be calibrated using a set of ten reference material (RM) samples available 
from the US National Institute of Standards and Technology (NIST, RM 
8441A). The basis for the NIR method lies in dependency of the intensity of 
diffusely reflected light on the flour particle size distribution. This indirect 
method of light scatter, calculated from a measurement of the responses 
at two wavelengths (1680 nm and 2230 nm) of nonspecific absorption, is 
effective in defining wheat hardness on a continuum scale, with hardness 
typically ranging from about 20 for the very soft wheats to 100 or slightly 
higher for durum wheats.
 Starting in the early 1990s, an alternative method for wheat hardness was 
developed by the USDA-ARS in Manhattan, KS. An electrical/mechanical 
device, known as the single kernel characterization system (SKCS) was 
developed that measured: (a) the forces involved in crushing an individual 
kernel, (b) the size and mass of the kernel, and (c) its DC conductance (an 
indicator of moisture content), whereupon a hardness coefficient, based on a 
scale similar to that of NIR hardness, was calculated (Martin et al., 1993). A 
minimum of 300 kernels are evaluated in order to characterize the distribution 
of kernel hardness of a sample. The technology for the SKCS was licensed 
to Perten instruments (Huddinge, Sweden) and the improved instrument 
(Model 4100) has been commercially available for several years. To date, 
the instrument has been acquired mainly by central government inspection 
laboratories and wheat breeding and genetics improvement laboratories. 
Cost and instrument complexity have precluded its wide adoption by wheat 
receival sites.

11.7.7 Enzyme-linked immunosorbent assay (ELISA) test kits for 
mycotoxins
The development of enzyme-linked immunosorbent assay (ELISA) test kits 
for cereals analysis has been underway for more than 20 years. The two most 
common applications are kits for mycotoxins (aflatoxin, deoxynivalenol, 
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fumonisin, ochratoxin, T-2 toxin, and zearalenone) and transgenic maize 
varieties. Despite the widespread occurrence of Fusarium head blight in all 
regions of the world that produce wheat and barley, elevators generally do 
not routinely test for mycotoxin levels, such as deoxynivalenol (DON), unless 
there is a known problem in a particular crop season. Instead, operators will 
rely on the general appearance of the kernels in the work sample during 
visual inspection. In special circumstances, operators may use commercially 
available test kits for DON analysis in-house or may deliver samples to outside 
analytical laboratories on a fee basis. In the United States, the USDA-GIPSA’s 
national center in Kansas City, MO will also conduct DON testing, either on 
a separate fee basis or as a non-grade determining criterion (similar to protein 
content) in an official inspection of wheat, barley, oats, and maize. GIPSA 
has an approval program for DON test kit manufacturers, for which 18 field 
test kits have been approved (USDA-GIPSA, 2008b). Similarly, GIPSA has 
conducted ELISA testing for the presence of transgenic maize, including 
screening for the patented (Aventis) variety ‘StarLink’, which possessed 
the Bt transgene (see Section 11.8.4) and received U.S. FDA approval for 
feed use but not for use in human foods; it was subsequently removed from 
the market in 2000. Because of the extremely low occurrences of StarLink 
today, it is likely that this form of testing will cease in the near future. ELISA 
testing is also conducted for aflatoxin in maize, which is mandatory in the 
United States for all exported maize.

11.7.8 Falling number
The processing quality of wheat and barley decline sharply with increased 
levels of enzymatic activity brought on by pre-harvest sprouting. All visual 
inspection procedures include cues for detection of sprouted kernels; however, 
the level of alpha-amylase activity may be very high even though the kernel 
has no outward appearance of sprouting. This condition almost always occurs 
during unfavorable weather conditions leading up to harvest. In circumstances 
when the elevator operator knows that such conditions have occurred, he 
may elect to test the wheat at receival. The two instruments available for 
indirectly testing alpha-amylase activity are the falling number (Hagberg) 
instrument and the Rapid Visco Analyser (RVA). In both methods, the starch 
within a meal-water mixture undergoes gelatinization during heating. The 
alpha-amylase catalyzes the hydrolysis of starch, which results in a reduction 
in starch paste viscosity. The older of the two methods, the falling number, 
simply reports the time needed for a machined stirring rod, including a 60-
second period of up and down movement, to descend a fixed distance through 
a starch paste slurry contained in a precision test tube immersed in water at 
near boiling temperature. The RVA, developed in Australia in the 1980s, is 
a dedicated viscometer that tracks the torsional forces imparted on a paddle 
as it stirs a meal–water mixture at a prescribed rotational speed and heating 
regime. While the falling number procedure is more universally used, the 
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RVA may be better adapted to conditions where the abundance of water (as 
needed for the falling number instrument) is questionable.
 Falling number tests at first point of sale, such as the elevator, are generally 
not performed unless there is reason to believe that wheat or barley from 
a particular region was subjected to wet weather prior to harvest. Though 
frequently required on export sales contracts, falling number is not a 
requirement for official inspection in some countries (e.g., Argentina, Canada 
and the United States), or it may supersede a count by visual assessment 
for percentage of sprouted kernels in other countries (e.g., Australia), with 
required minimum values ranging from 200 s to 350 s, depending on the 
grade. The EU regulations on qualifying grain lots for intervention agencies 
specifies a minimum falling number of 220 s for both durum and common 
wheat.

11.7.9 Human visual analysis
Visual inspection of the grain lot as a whole, as well as careful inspection 
of a representative sample, be it officially or unofficially, has been and 
will continue to be the overarching method of grain inspection at receival. 
Instruments such as digital imaging devices with pattern recognition algorithms 
have not been able to replace manual visual analysis. The reason for this 
lies in the diversity of conditions to be examined, which include broken and 
shriveled kernels, immature kernels, heat-damaged and frost-damaged kernels, 
staining, insect-damaged kernels, stored grain insects, ergot, mold-damaged 
kernels, foreign seeds, foreign matter, non-threshed grains, sprouted kernels, 
and kernels of other classes.
 The ability to discern the particular damage condition or defect for official 
analyses requires an extensive training program, as well as a check system to 
ensure alignment of field offices. In the United States, as explained in Section 
11.2, formal agreements exist between designated or delegated inspection 
offices and GIPSA field offices, and likewise between the field offices and 
the national laboratory, that specify the types and number of check samples 
exchanged. Similar mechanisms exist for the other grain-exporting countries. 
Additionally, Australian, Canadian, and American programs are reliant on 
a collection of digital images of normal, diseased, and defective grains that 
are used as references.

11.7.10 Near infrared (NIR) spectroscopy
Without question, NIR spectroscopy has been the most important ‘breakthrough’ 
in the last 50 years for rapid assessment of grain quality. Originating with 
the work of Karl Norris and co-workers of the USDA Agricultural Marketing 
Service (later with the USDA-ARS) in the 1950s, in which a rapid method 
was desired to monitor moisture gain and loss in five pound sacks of flour 
on the grocery shelf, this technology has evolved with the development of 
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multivariate regression analysis methodologies. With thousands of applications 
published in journal articles, NIR technology is presently found in industries 
well beyond the cereals industry (e.g., petroleum, pharmaceutical, biomedical), 
though the food and feed industries are probably the ones that have most 
readily embraced it.
 An explanation of the principles of NIR spectroscopy is the subject of 
numerous texts (Osborne et al., 1993; Williams and Norris, 2001; Burns 
and Ciurzcak, 2001; Siesler et al., 2002) and is therefore avoided in this 
chapter. NIR research on cereals was recently reviewed by Delwiche (2004). 
Therefore, this section is devoted to how NIR spectroscopy is utilized in 
grain quality programs, using the official program of the United States 
as an example. Details of this program are provided in USDA-GIPSA’s 
Near-Infrared Transmittance Handbook (USDA-GIPSA, 2006b), which is 
available at the agency’s website (http://www.gipsa.usda.gov). Through its 
field offices and approved agency offices, GIPSA maintains a network of 
more than 100 NIR instruments. Surrounding each of these offices are the 
country elevators and private analytical laboratories that unofficially (but 
legally) tie into the GIPSA network through the open access to the agency’s 
calibration equations. According to the United States Grain Standards Act 
(Sections 800.125 and 800.135), the constituents of wheat, barley, maize, and 
soybean that are typically requested in sales contracts, namely contents of 
protein, oil (maize and soybean), and starch (maize only), are not considered 
as grade-determining factors, but rather as ‘official criteria’. Nevertheless, 
these factors are commonly used in establishing price, thus making the need 
for their accurate measurement critical. Fortunately, NIR methodology is 
well suited for such measurements. Largely through consolidation of the 
NIR grain equipment manufacturers, one instrument series, the Foss Infratec 
Grain Analyzer (Hillerød, Denmark), has become the de facto standard 
whole grain instrument in the United States and elsewhere throughout the 
world. The instrument is a dispersive-type monochromator that measures 
transmitted energy (850–1050 nm wavelength region, 100 readings in all) 
through successive columns of grain within its chamber, applies an internally 
stored calibration vector equation to the readings, and displays the average 
predicted constituent value. Essential to the accuracy and precision of the NIR 
instrument are: (1) the diversity of the set of samples used in development 
of the calibration, (2) the accuracy of the primary reference method, (3) the 
stability of the NIR instrument, and (4) the consistency of the operator in 
loading and operating the instrument. Generally, the first two requirements 
are the domain of a central laboratory, such as GIPSA’s national center in 
Kansas City. Because of the 15+ years of sampling and calibration development 
and the fact that primary methods such as combustion protein analysis are 
highly precise [RSD < 1% (Bicsak, 1993)], central control of the first two 
requirements is well in order. For the remaining requirements, GIPSA monitors 
the instruments in its field offices and designated agencies by requiring that 
samples be submitted on a weekly basis to its central laboratory in Kansas 
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City, MO. Typically, this consists of five samples for each grain species 
that is being inspected during that period, with two of the samples being the 
lowest and highest values encountered. These samples are then evaluated on 
a master instrument at the central office. Control charts are made that track 
the five-sample average difference between field and master instruments, as 
well as one that tracks the range difference (sample with greatest positive 
difference minus sample with most negative difference). Tolerance limits 
are prescribed for three conditions: (1) the average or range difference for 
the given week exceeding an ‘absolute limit’, (2) the differences for the 
given week and the preceding week exceeding a ‘tolerance limit’, and (3) 
the differences for four of five consecutive weeks exceeding a ‘run limit’. 
When any of these limits are exceeded, corrective action must be taken 
immediately.
 Additionally, each remote office performs a daily check of the NIR 
calibration for each commodity and constituent that it intends to analyze. 
This consists of running a set (i.e., standard reference set) of four to six check 
samples distributed by the central laboratory. Tolerance levels must be met 
for the constituent of interest, either on the basis of a single run’s deviation 
from the established (baseline) value, the difference between duplicate runs, 
or the average deviation when all runs and duplicates are combined. Taking 
wheat protein content as an example, these levels are ±0.40%, ±0.20%, and 
±0.10% for the single run deviation, duplicate difference, and combination 
deviation, respectively. Additional restrictions are placed on the deviations 
when compared to those of daily checks of the preceding two weeks (see GIPSA 
NIRT handbook). When a tolerance level is exceeded, a ‘bias’ correction is 
made to the constant term in the calibration equation by subtraction of the 
combination deviation.

11.8 New technologies for use at grain receival

Current practices of grain inspection at receival continue to be heavily reliant 
on human visual analysis. To alleviate the time and labor demands that 
inspection requires, research has been active in the development of objective 
techniques that assist or replace traditional inspection operations. Underlying 
the successful adoption of these techniques at the country elevator will be the 
need for ruggedness, reliability, simplicity in use, speed, and accuracy. NIR 
spectroscopy, first introduced to the grain industry in the 1970s, is probably 
the best example of a technology that transformed the grain trade. NIR whole 
kernel transmittance is now used extensively in the measurement of protein 
content in wheat in national inspection programs, as well as in commerce. 
New technologies are sought with the same potential for adoption at receival 
sites as NIR spectroscopy. The technologies of active research are described 
in the following paragraphs.
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11.8.1 Digital imaging
Research on image analysis of grains dates back more than 20 years. Early 
research by the USDA-ARS in Manhattan, Kansas in the 1980s dealt with 
the identification of kernel morphological (size and shape) features that could 
be used to discriminate between the US wheat classes (Zayas et al., 1986), 
particularly during a time when a soft red winter wheat variety, ‘Arkan’, 
which had the appearance of a hard red winter wheat, was released and 
caused confusion in the wheat trade industry (Zayas et al., 1985). Similar 
work on classification was underway in Canada (Sapirstein et al., 1987; 
Symons and Fulcher, 1988), with the use of color analysis soon following 
(Neuman et al., 1989a, 1989b). The early work on grain imaging is reviewed 
in Sapirstein (1995). Since then, research has advanced into the detection of 
molds (Ruan et al., 1998, Luo et al., 1999), image processing of touching 
kernels (Shatadal et al., 1995), kernel texture (Majumdar and Jayas, 2000), 
and kernel vitreosity (Xie et al., 2004). Inspection of brown rice has benefited 
from the combination of morphological feature extraction, color reflectance, 
and attenuation of transmitted light through single kernels in a dual camera 
system that is capable of sorting rice into thirteen quality states (Wan et 
al., 2002).
 Commercial imaging instruments dedicated to grain inspection have been 
developed during the past ten years, mainly by two companies. The Acurum® 
system, developed by DuPont Canada uses a color CCD camera and a conveyor 
belt operating at 2.5 frames per second, with approximately 40 kernels per 
frame, to examine wheat for a specific condition. The best application for 
the Acurum instrument has been in detecting the non-vitreous starchy region 
in durum kernels (necessary in determining the percentage of hard vitreous 
kernels for grade assignment), using a cascade of logic statements. At the 
time of this writing, DuPont is seeking to sell its Acurum technology. The 
Cervitec® system of Foss (Hillerød, Denmark), either dedicated to rice 
inspection (Model 1625) or wheat and barley inspection (Model 1642), is 
also a color-imaging system that can process approximately 1000 rice kernels 
per minute or 700 wheat kernels per minute. The system is trained to detect 
the condition(s) of interest using artificial neural network algorithms.

11.8.2 Hyperspectral imaging
Recent research has attempted to exploit the combination of NIR spectroscopy 
and digital imaging. Known as hyperspectral image analysis, spectral readings, 
typically in the visible to the short wavelength region of the near-IR (400–1100 
nm) are collected at every pixel within the image. Although this places a much 
larger demand on computer storage and processing, the hyperspectral image 
holds the promise of advantages in the detection of subtle changes along 
the kernel surface undetectable by visual analysis through the simultaneous 
processing of images at more than one wavelength. To date, applications of 
this technology on cereals include detection of Fusarium-damaged wheat 
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kernels (Delwiche and Kim, 2000), constituent analysis in maize kernels 
(Cogdill et al., 2004), differentiation of mold species (Penicillium, Aspergillus, 
and Fusarium) in fungal-infected wheat kernels (Singh et al., 2007), wheat 
kernel discoloration (black point, field fungi, or pink stain) of Australian 
wheat kernels (Berman et al., 2007), and detection of hard vitreous kernels 
in durum wheat (Shahin and Symons, 2008). Equipment expense, complexity 
of analysis, and slowness are obstacles to the installation of this technology 
in the grain elevator. However, the research gleaned from hyperspectral 
imaging may result in the development of simpler one-to-three wavelength 
multispectral systems that would be less expensive and fast enough for 
receival inspection operations.

11.8.3 ELISA test kits for insect activity
In addition to mycotoxin and transgenic variety testing by ELISA (see 
Section 11.7.7), researchers have explored the assessment of stored insect 
contamination. As an alternative to manual counting of insect fragments 
in the filter residue of acid-hydrolyzed flour [with a US Food and Drug 
Administration (FDA) action level limit set at 75 fragments per 50 g flour 
(US Food and Drug Administration, 1988)], an immunoassay technique 
was developed for quantifying the level of stored grain insects, based on its 
sensitivity to myosin (Kitto, 1991). A collaborative laboratory study was 
conducted that compared this technique with other insect detection methods 
(X-ray analysis, cracking and flotation, and insect fragment count), with results 
indicating that the ELISA technique had the highest precision (Brader et al., 
2002). Recent research has indicated that the concentration of detectable 
myosin declines with storage (for instance, after fumigation), such that the 
ELISA procedure may underestimate the level of insect infestation (Atui et 
al., 2007). Other research on the red flour beetle (Tribolium castaneum) has 
demonstrated the ability of immunoassay techniques to detect stored grain 
insect contamination even after removal of the insects and larvae due to a 
sensitivity to fecal matter (Krizkova-Kudlikova and Hubert, 2008). Despite 
the commercial release of an ELISA test kit (Biotect®, Austin, TX) for insect 
contamination, there has been reluctance on the part of the grain industry 
to adopt this method.

11.8.4 Polymerase chain reaction (PCR)-based detection methods
Methods that rely on DNA-based polymerase chain reaction (PCR) procedures 
are becoming more commonplace in the cereals industry, particularly for 
the detection or quantification of GMOs. The common example for this lies 
with maize that has been genetically modified to contain a gene from the soil 
microbe Bacillus thuringiensis (Bt) which codes for the production of a toxin 
that is effective in control of the European corn borer (Ostrinia nubilalis) 
(Pan et al., 2005; Zhu et al., 2008). For many grain-importing countries, 
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especially those of the European Union, strict limits (0.9% per ingredient 
in the EU) are imposed on the level and traceability of GM contamination 
in final food and feed products (European Commission, 2003a,b). Similar 
restrictions are placed on food products containing GMO soymeal that contains 
the ‘Roundup Ready’ transgene, a modification that enables the plant to be 
resistant to the common herbicide, glyphosate. Although the PCR method 
is very effective in GMO detection, equipment and operational expenses 
are high, and the required level of operator training is much higher than 
protein-based methods such as ELISA (Holst-Jensen et al., 2003). Use of 
PCR methods, therefore, is unlikely at the country elevator.

11.8.5 Electronic noses
One component of the inspection process is the evaluation of the headspace 
above the grain for presence of off odors caused by molds, insects, straw, 
herbs and other non-grain species, insects, decay, and odors from other 
contamination sources. Reliance on the human nose for inspection has the 
drawback of disagreement among individual inspectors’ perceptions of odors, 
as well as a health risk associated with the inhalation of the spores and vapors 
arising from the grain sample (Olsson et al., 2002). The electronic nose 
typically consists of several metal oxide semiconductor field effect transistors 
(MOSFETs) that are sensitive to the volatiles in the headspace during a 
regiment of warming (~50 °C) the sample. Multivariate calibrations, such as 
principal components analysis and partial least squares regression (Olsson 
et al., 2002) or artificial neural networks (Börjesson et al., 1996; Jonsson 
et al., 1997) are used to relate the time response data from the detectors to 
a class of odor or a concentration of a compound, such as deoxynivalenol. 
Two commercial manufacturers of electronic noses that have applications 
in cereals are known: Alpha MOS (Toulouse, France; three models, with 6, 
12, or 18 sensors) and Electronic Sensor Technology (Newbury Park, CA, 
USA; four models in portable or benchtop configurations). Although the 
application of the electronic nose for grain inspection was investigated by 
the USDA-GIPSA in the 1990s, this technology has not been implemented in 
field offices or country elevators, presumably for the reasons of complexity 
of operation and instrument cost.

11.8.6 X-ray imaging for internal insects
Research on the use of x-rays to detect insect eggs and larvae within the 
kernel has been ongoing for more than 50 years (Milner et al., 1950; Stermer, 
1972; Schatzki and Fine, 1988; Keagy and Schatzki, 1993). Though x-ray 
analysis is useful in detection of the pre-adult stages of stored grain insects, 
the procedure of producing images on photographic film has been a detriment 
to rapid analysis. Advances in digital imaging technology now make it 
possible to capture and store the images without the need for film, whereupon 
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the images can be viewed by the inspector (Haff and Slaughter, 2004), or 
image processing classification algorithms may be applied for unattended 
determination of internal infestation (Karunakaran et al., 2003). Again, the 
complexity and cost of the equipment will be an obstacle to the adoption of 
X-ray imaging to all but the largest elevators and terminals.

11.9 Future trends

Assessment of grain quality, particularly at the first point of sale, continues 
to be heavily reliant on manual inspection. The reason for this is largely 
because of the complexity of the inspection itself. In the case of wheat, this 
involves the need to determine various conditions of kernel damage and 
contaminants, which surprisingly have a high degree of commonality among 
the major exporting countries (Table 11.6). Today, instrumentation exists 
that can accurately measure concentrations of contaminants, biochemically 
related quality properties (protein, starch and oil), physical properties, odors, 
insect infestation and defects. Unfortunately, there is no single instrument 
capable of performing all quality monitoring tasks. Thus, a suite of instruments 
would be needed to replace the human inspector. This is unlikely due to the 
excessive cost of all equipment.
 In lieu of relying on an arsenal of equipment, country elevators will 
continue to use the combination of manual inspection and, depending on 
the growing region, instruments specific to anticipated conditions of that 
region. For example, falling number analysis may be conducted in areas 
known to have had rainy conditions prior to harvest. In the opinion of the 
author, digital image analysis may eventually become an integral part of 
the cereals inspection process. Despite the fact that image-based inspection 
systems have been available for more than ten years, their implementation at 
the country elevator never caught on. This may change as the use of digital 
cameras becomes universal. However, rather than relying on a trained and 
fully automated system, newer imaging devices will be used probably as 
tools for the elevator personnel. In addition to assessing the quality of a grain 
lot, the new system will benefit by allowing for the indefinite storage of the 
sample images well beyond the one-week to several-month time periods that 
reserve samples are normally held. Lastly, as analysis times for ELISA test 
kits for mycotoxins and GMOs become of the order of minutes, the use of 
these kits at first point of sale will most likely rise.

11.10 Sources of further information and advice

The following web sites provide extensive information on how cereal quality 
is assessed in the world’s major grain exporting countries. Additionally, many 
provide crop-quality survey reports that are updated annually.
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http://www.fsa.usda.gov/FSA/webapp?area=home&subject=coop&topic=w
as – USDA Farm Service Agency, Commodity Operations, Warehouse 
Services – information about licensing of grain elevators and their 
locations.

http://www.gipsa.usda.gov – USDA Grain Inspection, Packers and Stockyards 
Administration – information on US grain standards and standard operating 
procedures.

http://www.awb.com.au – Australian Wheat Board – formerly, the sole 
exporter of Australian wheat and developer of wheat standards for that 
country.

http://www.graintrade.org.au – Grade Trade Australia (formerly National 
Agricultural Commodities Marketing Association, or NACMA) – the 
keeper of Australia’s grain standards.

http://www.sagpya.gov.ar – Argentina’s Ministry of Agriculture, Livestock, 
Fisheries and Food (in Spanish).

http://www.inta.gov.ar – Argentina’s National Institute of Agricultural 
Technology, the government’s agricultural research and extension 
organization (in Spanish).

http://www.trigoargentino.com.ar – Commercial clearing house that releases 
a yearly quality report of Argentine wheat.

http://www.arvalisinstitutduvegetal.fr/en/ – A private technical institute that 
deals with arable crops in France, including cereals, from production 
through first processing. Release yearly quality reports on French wheat 
(in French).

http://www.uswheat.org – US Wheat Associates – a private organization 
that promotes the export of US wheat. Maintains downloadable yearly 
crop-quality reports for several wheat classes.

http://www.hgca.com – Home Grown Cereals Authority – a private organization 
that provides market information, funds research, and promotes the export 
of UK cereals and oilseeds.

http://eur-lex.europa.eu/en/index.htm – Portal to European Union law.
http://www.cwb.ca – Canadian Wheat Board – a private marketing agency 

that promotes domestic and export sales of Canadian wheat.
http://www.grainscanada.gc.ca – Canadian Grain Commission – a government 

agency that establishes grain standards and conducts inspections and 
research.
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Abstract: Cereals are the major components of human diets and are traded as a 
commodity on a global scale. Often there is a price differential based on the suitability 
of a variety for use in a defined end product or quality. This provides a need for the 
ability to accurately identify varieties right through the value chain and for the ability 
to breed for quality to provide a competitive advantage. In this chapter the different 
methods for variety identification will be discussed, as will research into the genetic 
basis of quality which provides molecular markers that can be used to assist in 
breeding for quality. 

Key words: variety identification, marker assisted selection, molecular markers, QTL.

12.1 Introduction

Cereals constitute a major component of human diets worldwide (Chapter 1) 
and are traded as a commodity globally. Maize is predominantly traded as a 
feed grain, barley for feed and malting, while wheat is predominantly traded 
for human consumption. The latter two categories have price differentials 
depending on the suitability of the grain for the desired end use, or quality. 
This price differential for different classes of end products means that it is 
important for the trader to be able to distinguish varieties and/or classes of 
grains that are suitable for use for a specific end product. This in turn provides 
different targets for researchers to understand the genetic basis of quality and 
thus allow breeders to develop varieties suitable for specific end products. 
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This chapter will outline the methods available for variety identification, and 
provide a brief overview of some of the research into the understanding of 
the genetic basis of quality and development of markers suitable for use in 
marker assisted selection (MAS) in breeding programs. 

12.2 Variety identification

In crops where quality is a differentiator in value and there is significant 
variation in end product quality between different cultivars there is a need 
to accurately identify genotype in a rapid and efficient manner. This need is 
important at all stages in the value chain and starts in the breeding process 
where the breeder must be able to distinguish new varieties from existing ones 
already available. In many countries before release a breeder must be able 
to demonstrate distinctness, uniformity and stability (DUS) (Cooke, 1995; 
Cooke and Wrigley, 2004). This can be demonstrated using morphological 
traits alone, but where there is little variation in these characteristics analysis 
of biochemical or molecular markers may also be required. Once a variety is 
registered it must be maintained as a pure line so that the farmer is assured 
they are getting what they are paying for, or in the case of seed stored on 
the farm from the previous year to provide assurance varieties have not been 
mixed, or mislabelled. Finally when the farmer delivers grain to the receival 
site, there needs to be some way to rapidly determine if the grain is actually 
the variety declared, to prevent mixing of different varieties or quality classes. 
This need has long been recognised and scientists have developed methods 
to accurately identify different varieties. While there are many techniques 
available, the issue has become one of providing cost-effective methods that 
are both rapid and accurate.
 The methods in use today take advantage of three distinct characteristics 
and can be divided into visual, protein-based and DNA-based methods. The 
visual methods rely on morphological traits (see Chapter 2 and species-
specific chapters) being bred into varieties to allow distinct classes to be 
segregated. The biochemical methods take advantage of the diversity in storage 
protein composition, with each variety effectively having its own unique 
fingerprint of storage proteins. The genotypic methods utilise knowledge of 
the variation in DNA sequences between the cultivars to develop a unique 
‘barcode’ that can be used for variety identification. The first two of these 
classes have been examined in detail in numerous treatises (for example, see 
(Uthayakumaran et al., 2006b; Wrigley, 1995) and references therein) thus 
they will only be covered briefly with the focus on recent developments in 
variety identification. 
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12.3 Wheat

12.3.1 Visual classification into classes
For variety identification at the receival point to be effective it must be able to 
be accomplished rapidly, as the time frame for delivery of grain is measured 
in minutes. If a variety is misclassified it will effectively contaminate the 
other grain in the storage bin it is placed into. At present the only real option 
is to subsample the delivery and test it as soon as possible, often using 
tests that require an overnight time frame. While this does not alleviate the 
contamination that has already happened, it allows future deliveries from 
that farm to be quarantined until the variety can be accurately determined. 
One way to circumvent this issue is to classify the grain into classes rather 
than varieties, thus minimising the need for accurate on-the-spot variety 
identification. This system is used very effectively in the USA and Canada 
where each class of grain is bred to have distinct morphological characteristics 
that allow trained inspectors to rapidly classify the grain at receival; see 
http://grainscanada.gc.ca/wheat-ble/classes/classes-eng.htm for an example 
of the morphological characteristics of the different Canadian classes. The 
US system of classification also takes into account the time of year the crop 
was planted and harvested and the hardness of the grain.

12.3.2 Biochemical characterisation for variety identification based 
on protein composition
Gel electrophoresis
These methods take advantage of the stability and complexity of the storage 
protein composition, which provide a unique fingerprint for each variety. Two 
different systems, SDS-PAGE of fully reduced flour extracts (Fig. 12.1) and 
Acid-PAGE of the gliadins (Fig. 12.2) are utilised (Lookhart and Wrigley 
1995, Uthayakumaran et al., 2006b). Neither of these methods involves 
major technical challenges, and they utilise relatively inexpensive equipment; 
however, both are labour intensive and relatively slow. Historically Acid-
PAGE of gliadins, ICC Standard No 143, was the predominant method used 
as the gliadins are readily extracted and the patterns produced are simpler to 
characterise than those of the total protein extracts used in SDS-PAGE. 

Reversed phase high performance liquid chromatography (RP-HPLC)
RP-HPLC analysis of gliadins (Fig. 12.3) is a routine method in quality analysis 
of wheat and can be used for variety identification. It provides a number of 
advantages over gel-electrophoretic methods in that it can be automated, the 
run time of an individual sample is relatively quick in comparison, and there 
is the potential for the use of software to interpret the results. The method of 
separation of the gliadins is based upon hydrophobicity, as opposed to charge 
and size in Acid-PAGE; thus it is likely to allow for distinction of varieties 
that are difficult to separate using Acid-PAGE (Lookhart et al., 2003).
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Capillary electrophoresis (CE)
In comparison to gel electrophoresis and HPLC, the use of CE for variety 
identification is a relatively new technique, which utilises the principle of 
charged-based separation. The run times for CE are relatively rapid, 4–20 
minutes, and the process, including data capture and interpretation can be 

Fig. 12.1 SDS-PAGE analysis of the storage protein composition of lines in a 
breeding population. Each lane represents a different line in the population.

Fig. 12.2 Acid-PAGE analysis of gliadins to determine the integrity of a line. 
Gliadins were extracted from 20 individual seeds from the line and analysed using 

Acid-PAGE. From this analysis, it is clear that the variety is not pure and consists of a 
mixture of different lines.
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automated. A number of studies have demonstrated the utility of CE for 
variety identification, based upon gliadin profiles (Bean and Lookhart, 2000; 
Bean and Lookhart, 2001; Siriamornpun et al., 2002; Siriamornpun et al., 
2001), or identification of high molecular weight glutenin subunits (HMW-
GS) (Uthayakumaran et al.; 2006a) and it has also been shown that CE can 
be utilised for variety identification using the glutenin subunits or proteins 
extracted from the bran or germ (Siriamornpun et al., 2002).

Matrix-assisted laser desorption/ionisation time-of-flight mass 
spectrometry (MALDI-TOF)
Adaptation of techniques such as MALDI-TOF to variety identification 
provides the potential for analysis of very large sample sets in a relatively 
short space of time, with the throughputs in the order of 1000 samples per 
day becoming feasible. The rate limiting step becomes the sample preparation 
time. Throughputs on this scale could allow a breeder to analyse the storage 
protein composition of every line in a breeding population, provided they can 
afford the initial outlay for the equipment. Bloch et al. (1999) successfully 
demonstrated that MALDI-TOF analysis of gliadins could be used to 
unambiguously distinguish 10 Danish wheat varieties from one another, while 
Ens et al. (2000) utilised it to distinguish 16 Canadian varieties. Subsequent 
studies using Danish cultivars were able to distinguish 30 varieties based 
upon gliadin composition, when neural networks were used; however, there 
were some issues with reproducibility and the classifications had an error rate 
of 13% (Sorensen et al., 2002). Similar results were obtained when a partial 
least-squares regression algorithm was used (Sorensen et al., 2004).
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Fig. 12.3 RP-HPLC analysis of gliadins extracted from two different lines. From the 
pattern of peaks displayed, the two different varieties can be distinguished from each 
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 A recent study, utilising MALDI-TOF to define 16 HMW-GS, resulted 
in an optimised extraction method, which provided a rapid, complete and 
precise profile of the subunits without a separation step (Zhang et al., 2008). 
A method such as this is likely to be useful for identification of lines in a 
breeding program which have favourable combinations of alleles because 
it is simple, fast and precise.

Lab-on-a-chip CE
While all the methods described above have become routine in laboratories, 
with skilled staff, it is not feasible for them to be performed at the point 
of grain receival; thus research is ongoing into methods that can give ‘real 
time’ feed back to the operators. At present the most promising of these is 
based upon the Agilent 2100 Bioanalyzer and has been dubbed ‘lab-on-a-
chip’. This equipment has a small foot print, is relatively inexpensive, and 
is relatively quick with the ability to analyse a single sample, including the 
protein extraction, in 20 minutes; 10 samples can be completed in less than 
an hour (Uthayakumaran et al., 2005). Utilising this method Uthayakumaran 
et al. (2005) were able to effectively distinguish a set of 40 Australian wheat 
cultivars (Fig. 12.4). The time frames of this technique are close to those 
required at the point of grain receival to ensure grains are not misclassified 
and assigned to the wrong storage bin.

12.4 Barley and maize

Both barley and maize contain their own unique sets of grain storage proteins, 
hordeins and zeins respectively, and thus in theory any of the techniques 
described above can be adapted for these cereals. However, in practice they 

Fig. 12.4 Lab-on-a-chip analysis CE of wheat flour proteins extracted under reducing 
conditions. Image displayed is a simulated gel-electrophoresis pattern. The left hand 
lane shows the molecular weight standards. Wheat cultivars analysed are indicated 

above the gel. Image courtesy of S. Uthayakumaran and C. Wrigley.
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are not often utilised and do not seem to be able to provide the same level 
of discrimination as that seen in wheat. A number of reasons for this lack 
of discrimination have been proposed and they include the lack of diversity 
in modern barley varieties and the fact that barley and maize are diploid 
(whereas wheat is hexaploid), and thus there are fewer storage proteins in 
barley and maize (Lookhart, 1991).

12.5 DNA-based variety identification

Over the last two decades there have been significant efforts to understand 
the genetic basis of agronomic and quality traits of cereals, and as a result a 
significant number of molecular markers for these traits have been developed. 
These in turn can be used effectively to provide a genetic ‘barcode’ for variety 
identification. As all of these methods require the extraction of genomic DNA 
(gDNA) from the sample, amplification of the marker (typically by PCR), 
and then analysis of the marker; they do not provide ‘real time’ analysis and 
consequently they cannot be utilised at the point of grain receival. However 
as gDNA can be extracted from any tissue, there is the potential to identify 
which varieties the farmers are growing, at an early stage in the season, 
and thus minimise the potential for misclassification of a variety at receival. 
Molecular markers are also particularly useful in breeding programs as they 
allow the breeder to identify the lines most likely to be the best ones and 
focus their resources on those.
 Examples of the use of molecular markers for both barley and wheat have 
been described in the literature. A set of 48 simple sequence repeats (SSR) 
that were useful for genotyping barley, and could be used to discriminate 
a reference set of 24 cultivars, have been reported (Macaulay et al., 
2001). A subset of five of these markers has been utilised to discriminate 
Australian barley varieties and, of the eleven varieties tested, nine could be 
unambiguously identified with these markers (Tran-Dinh et al., 2009). This 
study also demonstrated the lab-on-a-chip system could be utilised to separate 
the PCR products, thus reducing the time frame required for the assay (Fig. 
12.5). Perry et al. (2004) were able to identify a set of seven markers that 
could be utilised to uniquely identify 18 Canadian durum wheat varieties. 
In order to facilitate the throughput, they demonstrated the multiplexing of 
all seven markers into a single assay, meaning that a single PCR reaction 
could be used to identify any one of the 18 varieties.

12.6 Future challenges for variety identification

A number of challenges still remain for variety identification. While the lab-
on-a-chip system has reduced processing times to near those required for ‘real 
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time’ assessment, it has not been widely tested on diverse germplasm sets, 
thus will require further validation before implementation in other parts of 
the world. In future it is likely that systems based on storage protein alone 
will not be enough, as specialisation within grains markets grows and there 
is greater differentiation based upon specialty traits. Two recent examples 
of these are Hi-Maize™ and BarleyMax™, which have health benefits as a 
result of mutations in starch biosynthetic enzymes, but in terms of storage 
protein composition, they are indistinguishable from equivalent varieties 
that do not contain these mutations. Thus molecular markers are required for 
unequivocal identification of these varieties. Similarly, as our knowledge of 
the genetic basis of quality grows and genes that influence quality, but do 
not alter storage protein composition, are identified and targeted in breeding 
programs, the current systems of variety identification based upon variation 
in storage protein composition will be insufficient. Thus in future it is likely 
that a combination of biochemical and molecular marker systems will be 
required for unequivocal variety identification.
 On the other hand, some analytical methods of variety identification 
have become too discriminating. Both protein- and DNA-based methods 
have, in some cases, provided distinction between single grains of the same 
variety due to the presence of biotypes within that variety (Wrigley, 1995; 
Uthayakumaran et al., 2006b). These biotypes are a legitimate part of the 
variety, being descendants from the original cross, but they represent a degree 
of polymorphism that was not evident at the stage of establishing the original 
breeder’s sample, which became the ultimate representation of the variety. 
The presence of multiple biotypes complicates the task of identification in 
that, for the relevant identification system, a specific variety is represented 
by more than one pattern and analysis of a milled sample will produce a 
pattern that is a mix of patterns. Thus it may be necessary to analyse grains 
individually (one-at-a-time) to obtain clearly identifiable patterns. This 
complication is likely to become more apparent as future technologies deliver 
improved discrimination, e.g. with DNA-based methods (Tran-Dinh et al., 
2009).
 The requirement to identify varieties after harvest relates mainly to the 

Fig. 12.5 Lab-on-a-chip analysis of barley varieties utilising a microsatellite marker. 
DNA was extracted from single seeds of Australian barley varieties. Each lane 

represents a different grain. Image courtesy of S. Uthayakumaran and C. Wrigley.
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need to specify grain quality, as quality class is generally specified by the 
admission of a limited range of specified varieties into each quality class. 
Therefore, specification of variety can be seen as a surrogate for quality 
type. If suitable test systems were available to determine key aspects of 
quality, these tests might be used to replace the need for variety specification, 
for variety identification and for annual updating of the range of varieties 
acceptable for each grade or class of grain quality. There is thus the challenge 
to elucidate markers for quality traits, thus to segregate for quality-type in 
breeding, at grain receival and in monitoring identity preservation during 
grain transport and storage.

12.7 Identification of quality type utilising molecular 
markers

Cereal grains are the major component of the diet for a large proportion of 
the world’s population (Chapter 1), and have been bred over thousands of 
years for improvements in agronomic performance and yield, to produce the 
crops we know today. A major challenge for today’s breeders is to continue 
to increase the yield of these cereal crops while at the same time improving 
grain quality for end-product manufacture. This is particularly important as 
the world’s population continues to grow, with it estimated to increase by 
approximately one third to over nine billion in the next 40 years.
 Traditionally breeding has relied on physical measurements to select for 
phenotypes (traits) such as plant height, grain number and grain size; this 
type of characterisation is relatively simple and quick to do. Many lines 
can be characterised at an early stage in the breeding program with only the 
best lines being carried forward. When breeding for quality, the process is 
not as straight forward, as analysis of quality requires significant quantities 
of grain; thus it cannot be performed at an early stage. To compound this 
problem, grain-quality analysis is time and labour intensive, with quality 
assessments in wheat breeding programs representing up to 25% of the 
breeders’ costs; thus only a limited numbers of lines can be analysed in a 
comprehensive manner. To overcome these limitations, efforts are underway 
to identify markers for quality traits that can be utilised in Marker Assisted 
Selection (MAS) programs, which will allow the breeders to identify lines 
that are likely to be of higher quality and focus their efforts on those lines. 
For a comprehensive recent review of the principles of MAS, the reader is 
referred to Collard and Mackill (2008).
 When utilising MAS, two types of markers are available to the breeder. 
The first are diagnostic (also known as ‘perfect’), where the marker is directly 
associated with the gene that influences the trait, thus having absolute linkage 
with the trait being selected, and do not require independent validation for 
each parental line used in a breeding programme. The second type is linked 
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markers, and they are generally associated with quantitative trait loci (QTL) 
identified, in a mapping population, for the trait of interest. They are not 
directly associated with the gene underpinning the trait, and thus they only 
have a probability of being co-inherited with the trait of interest. As linked 
markers are identified within a specific population, it is required that they 
be validated before being used in breeding programmes. The following 
sections provide a brief overview of some quality traits and markers or QTL 
associated with these traits. Given the number of studies reported in recent 
years and the number of traits characterised, it is not possible to provide a 
comprehensive review here.

12.7.1 Markers for quality traits in wheat
Gluten polymers and quality
The high molecular weight (HMW) and low molecular weight (LMW) glutenin 
subunits (GS) are critical determinants of the structure of the glutenin macro-
polymer. Thus they are a major determinant of end product quality, with the 
HMW-GS contributing to dough strength and the LMW-GS to extensibility 
(Bushuk, 1998; Shewry et al., 2003; Goesaert et al., 2005; Gras et al., 2001). 
There are three loci for the HMW-GS (Glu-A1, Glu-B1 and Glu-D1), each 
encoding an x- and a y-type HMW-GS, and three major loci for the LMW-GS 
(Glu-A3, Glu-B3 and Glu-D3), with each encoding multiple proteins. Due 
to their influence on quality, and the relative simplicity of the loci encoding 
them, much effort has been put into molecular characterisation of these loci, 
which has enabled the development of relevant molecular markers. These 
markers were the subject of two recent reviews (Gale, 2005; Howitt et al., 
2006), and they are summarised in Table 12.1; thus only recent development 
are discussed here.
 In order to provide better discrimination of alleles that are hard to 
discriminate using SDS-PAGE, Lei et al. (2006) developed a dominant 
marker for By8 that could discriminate between By8 and By8*, a co-dominant 
marker discriminating By9 from all other By alleles, and a third marker that 
can discriminate By16 and By20 from each other and from all other By 
alleles. In depth characterisation of the Bx7OE loci has determined that the 
over-expression of this gene is due to a duplication of the gene encoding 
Bx7. Utilising this information Ragupathy et al. (2008) have developed 
a pair of markers that can unequivocally screen for this duplication; they 
also demonstrated that previous markers for this allele can provide false 
positives.
 Many of the markers developed for HMW-GS are dominant markers and 
amplify large products; thus they are not suited for use in high throughput 
marker analysis. With this in mind, Liu et al. (2008) have developed three 
sets of co-dominant markers, suitable for use in high throughput systems, 
which can distinguish Ax2 from Ax1 and Ax null, Dx2 from Dx5, and Dy2 
from Dy10, respectively.
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 Until recently the LMW-GS have received far less attention than the 
HMW-GS. This deficiency can be directly attributed to the complexity of the 
Glu-3 loci, making it difficult for both genetic characterisation and scoring of 
allelic variants on SDS-PAGE. The rapid advances in sequencing techniques 
and the reduction in cost, in recent years, have made characterisation of 
these loci and the development of molecular markers feasible. Markers are 
now available for the major alleles at Glu-3A and Glu-3B (Wang et al., 
2009; Zhang et al., 2004). However, a combination of PCR-based markers 
and SDS-PAGE is still required to discriminate all alleles at Glu-3D loci 
(Appelbee et al., 2009). A summary of the markers available is provided in 
Table 12.2.

Table 12.1 PCR-based markers for HMW-GS subunits

Gene Alleles Reference

Ax, Ay Various Lafiandra et al., 1997
Ax null Glu-A1c Dovidio et al., 1995, Lafiandra et al., 1997
Ax Various de Bustos et al., 2001
Ax1, Ax2* Glu-A1a, b Ma et al., 2003, Radovanovic and Cloutier, 2003
Ax2* Various Liu et al., 2008
Ax2*B  Dovidio and Anderson, 1994, Juhasz et al., 2003, 

using marker of Dovidio and Anderson, 1994
Bx7/Bx17 Glu-B1b Ahmad, 2000, Ma et al., 2003
Bx7*,Bx7OE B1al Butow et al., 2003, Radovanovic and Cloutier, 2003, 

Ragupathy et al., 2008
Bx B1 al, b, i Butow et al., 2004
Bx6 Glu-B1d Schwarz et al., 2004
By8 Various Lei et al., 2006
By9 Various Lei et al., 2006
By16/By20  Lei et al., 2006
Dx, Dy Various de Bustos et al., 2001, Dovidio et al., 1994
Dx5 Glu-D1d Ahmad, 2000, Dovidio and Anderson, 1994, Ma et al., 

2003, Radovanovic and Cloutier, 2003
Dx2/Dx5 Glu-D1d/a Liu et al., 2008
Dy10/Dy12 Glu-D1d/a Ahmad, 2000, Liu et al., 2008, Smith et al., 1994

Table 12.2 PCR-based markers for LMW-GS and gliadins

Loci Alleles discriminated Reference

Glu-A3  Devos et al., 1995
Glu-A3  a-f Zhang et al., 2004
Glu-A3,B3,D3   Ikeda et al., 2006, Long et al., 2005
Glu-B3   Zhao et al., 2007a
Glu-B3  a-i Wang et al., 2009
Glu-D3  Zhao et al., 2007a
Glu-D3 a-e  Zhao et al., 2007b
Glu-D3  c, h, and i Appelbee et al., 2009, using markers of 

Zhao et al., 2007a, and Zhao et al., 2007b
g-gliadins  Zhang et al., 2003

�� �� �� �� ��



322 Cereal grains

© Woodhead Publishing Limited, 2010

Non-glutenin effects
While the glutenin alleles play a significant role in determining end 
product quality, they are not entirely responsible for all of the variation and 
approximately 25% is attributable to other genes. Determining the cause of 
this variation has been the subject of many studies and multiple QTL have 
been identified. As these studies have been carried out in multiple populations 
and often the genetic maps created have few markers in common, it is very 
difficult to directly compare QTL from one study to the next. For the markers 
identified to be of use in breeding populations, they will need to be validated 
across all lines used in the breeding programmes. The following section will 
briefly highlight some of the non-glutein QTL identified to date. 

Grain protein content (GPC)
Understanding the genetics of GPC in wheat has proven to be difficult as 
the trait has a low heritability, is very sensitive to environmental conditions, 
and increased grain protein content is correlated with decreased yield. Turner 
et al. (2004) could not identify any major genes underlying the trait, while 
several studies have shown the effects of chromosome 5 (Blanco et al., 
2002; Campbell et al., 2001; Ma et al., 2007; Sun et al., 2008). A number 
of studies have identified QTL for GPC on group 3 and 7 chromosomes, 
7AL (Campbell et al., 2001), 7A and 7B (Blanco et al., 2002), 3A and 7D 
(Groos et al., 2004), 7B (Blanco et al., 2006), 3A (Sun et al., 2008) and 3A 
and 7A (Mann et al., 2009).
 Studies on the lines in which chromosomal regions from Triticum turgidum 
var. dicoccoides were introgressed into tetraploid and hexaploid wheat have 
revealed that the presence of a region on chromosome 6B, Gpc-6B1, resulted 
in increased grain protein content without an associated yield penalty (Cantrell 
and Joppa, 1991). Linked markers for this region were developed and the 
loci was targeted for candidate gene identification by fine mapping (Olmos 
et al., 2003) and micro-colinearity, using wheat-rice synteny (Distelfeld et 
al., 2006; Distelfeld et al., 2004). These studies identified a 245 kb region 
that contained the gene of interest. The entire region was sequenced from 
both the dicoccoides and tetraploid parental line, Langdon. This identified a 
NAC transcription factor, Nam-B1, that contained a single bp insertion in the 
Langdon allele that created a mis-sense mutation. Perfect molecular markers 
have been developed that can be used in MAS (Uauy et al., 2006).

Grain hardness
The major genetic locus controlling hardness is the Ha locus on chromosome 
5D, which encodes pinA, pinB and gsp-1. The dominant ‘soft’ phenotype 
requires the presence of both the wild-type pinA-D1a and the pinB-D1b alleles. 
If either of these alleles is absent or contains variations in the coding sequence 
from the wild-type allele, then a hard phenotype is seen. These variations in 
the proteins produced directly affect the binding of puroindolines to starch 
granule surface lipids. This binding in turn influences endosperm texture, 
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which feeds through to effects on properties such as milling energy, flour 
particle size, milling yield, damage to starch granules, water absorption of 
flour, dough development time and extensibility, and dough foam stability. 
All these factors in turn influence end product quality (Morris, 2002). As 
a result, these genes have been extensively studied, and to date 17 alleles 
of pina-D1 and 25 alleles of pinb-D1 have been identified (see Bhave and 
Morris (2008a, 2008b) for reviews). This complexity makes it difficult to 
develop PCR-based molecular markers to assist in MAS, unless all the 
alleles present in the breeding population are known. While the genetic basis 
distinguishing the two major hardness classes is now well established, little 
is known about the residual variation within each of the classes and their 
genetic components.

Milling yield
Milling yield is of significant value in the industry because an increase of as 
little as 1% represents a significant saving for the miller. The genetic basis of 
milling yield is still poorly understood and is influenced by hardness, grain 
size and morphology, thickness and the colour of the seed coat. QTL for 
milling yield have been identified on multiple chromosomes from different 
populations, with QTL identified on 3A, 5A, 7D (Parker et al., 1999), 1B, 
3B, 6B (Campbell et al., 2001), 5B, 7D (Smith et al., 2001), 1A, 2A, 6A, 
(Kuchel et al., 2006), 2BS, 4B, 5AL, 6BL (Lehmensiek et al., 2006) and 1B, 
3B and 7D (McCartney et al., 2006). As yet, none of the markers associated 
with these QTL have been validated in other populations; thus their use in 
MAS at present is limited.

Flour colour
In both durum and bread wheat, the major QTL for flour colour are on 
group 7 chromosomes (Elouafi et al., 2001; He et al., 2008; Howitt et al., 
2009; Kuchel et al., 2006; Mares and Campbell, 2001; Parker et al., 1998; 
Pozniak et al., 2007; Ryan, 2005; Singh et al., 2009; Zhang et al., 2006; 
Zhang and Dubcovsky, 2008). In durum, minor QTL have been identified 
on homoeologous group 1 chromosomes (Ma et al., 1999), chromosomes 
4A and 5A (Hessler et al., 2002), 2D and 4D (Zhang et al., 2006), and on 
2A, 4B and 6B (Pozniak et al., 2007). In bread wheat, minor QTL have been 
identified on 2D, 3A, 3B, and 5B (Mares and Campbell, 2001), and on 3A, 
4B (Ryan, 2005), 3B and 5B (Howitt et al., 2009).
 More recent studies have attempted to associate genes encoding carotenoid 
biosynthetic enzymes with these QTL. In durum, phytoene synthase2 (PSY2), 
phytoene desaturase (PDS) and zeta carotene desaturase (ZDS) were mapped 
to chromosomes 5, 4 and 2 respectively (Cenci et al., 2004). PSY1 has been 
mapped to chromosomes 7A and 7B and shown to be tightly linked to the 
major QTL identified (Pozniak et al., 2007; Singh et al., 2009). Similarly 
in bread wheat, different alleles of the 7A homeoform of Psy1 have been 
shown to be tightly linked to the major QTL for flour colour (He et al., 
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2008; Howitt et al., 2009; Zhang and Dubcovsky, 2008). All three of these 
studies developed dominant markers for the alleles identified, with Howitt 
et al. (2009) developing a multiplexed co-dominant CAPS marker that could 
distinguish all four alleles identified. Association studies have linked alleles 
of the 7B homeoform of PSY with variation of flour colour, and diagnostic 
molecular markers for the five alleles identified have been developed (He et 
al., 2009), while epsilon cyclase has been linked to the QTL on 3B (Howitt 
et al., 2009) and a co-dominant CAPS marker developed.

Polyphenol oxidase
The level of PPO present in flour is the major factor contributing to the 
darkening of end products such as steamed breads and noodles, thus breeding 
for reduced PPO content will enhance the quality of these products. QTL 
associated with PPO activity have been identified on group 2 chromosomes 
(Mares and Campbell, 2001; Raman et al., 2007; Simeone et al., 2002). Jukanti 
et al. (2004) cloned six PPO genes, and identified two groups, one of which 
was expressed during kernel development. Utilising these sequences, Sun et 
al. (2005) developed a sequence tagged site (STS) marker PPO18 for wheat 
kernel PPO activity, associated with the gene located on chromosome 2A. 
Subsequently, He et al. (2007) developed a dominant marker, PPO29, for 
the gene on 2D. In more recent studies, Wang et al. (2009) have developed 
the markers STS1, which can discriminate two alleles on 2D, and PPO05 
that could discriminate the low activity PPO allele PPO-2Ab from the higher 
activity PPO-2Aa allele. These markers were validated in a large range of 
Chinese cultivars and can now be used in wheat breeding programmes to 
select for lines with low PPO activity.

Water absorption
Water absorption is a critical quality trait for bakers as higher water absorption 
means less flour needs to be used for each loaf of bread and thus input costs 
are lower, increasing profitability. The pin-B1 gene at the ha locus has been 
associated with water absorption (Campbell et al., 2001). While this was the 
strongest QTL identified in this study other QTL have also been reported on 
chromosomes 1A, 1B, 1D, 2D, 3B (Mansur et al., 1990), 1DL, 3A, 5AS, 
5BS, 5DS (Campbell et al., 2001), 2A and 2D (Kuchel et al., 2006), 2B, 4D, 
6B, 7D (McCartney et al., 2006) 5A (Ma et al., 2007) and 1A (Glu-A3), 3A, 
5A and 5B (Mann et al., 2009). In this last study, the QTL reported on 3A, 
5A and 5B were also associated with the QTL for protein content.

Dough rheological traits
The contribution of the HMW and LMW GS to dough properties has been 
extensively studied (for reviews see Bushuk, 1998; Shewry et al., 2003; 
Goesaert et al., 2005; Gras et al., 2001). These proteins alone do not explain 
all the variation observed in dough rheological parameters, such as dough 
strength or extensibility, and thus loci other than these are the targets of studies 
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to understand the genetic basis of quality. A brief coverage of some of these 
studies is given below. QTL for dough mixing time have been identified 
on 1B and 2A (Zemetra et al., 1987), 2B, 4AL, 7AS, 7DS (Campbell et 
al., 2001), 1B and 4D (McCartney et al., 2006). Law et al. (2005), using 
substitution lines, identified regions on 7A, and to lesser extent regions on 
chromosomes 5BS and 7BS, that influenced mixing time.
 Zemetra et al. (1987) identified two significant QTL on chromosomes 3B 
and 7B for mixing tolerance, while Campbell et al. (2001) detected QTL 
1BL and 1A for mixing tolerance in a soft versus hard wheat cross. Kuchel 
et al. (2006) reported a QTL on 2A associated with both Rmax and stability. 
In a five-site trial, using the Kukri X Janz doubled haploid population, QTL 
for Rmax/height were identified on 1B and 1D corresponding to the Glu-B1 
and Glu-D1 loci for all five sites, while a further QTL, on 1B (Glu-B3) and 
one on 2B were common to three of the five sites. In this study, significant 
QTL were also identified for dough rheology traits that are measured by the 
Z-arm mixer; the majority of these were associated with the Glu-B3, Glu-B1 
and Glu-D1 loci. Additional QTL for various z-arm parameters were also 
identified from one site, on 2B, 5A, 7A and 7D (Mann et al., 2009).
 Studies using the Alveograph have identified QTL on 1B and 3A for W 
(dough strength), on 1B, 2B, 3B, 6D for P (tenacity) and QTL on chromosomes 
2B, 3B, 5B for L (extensibility) (Groos et al., 2004). However, none of the 
QTLs for rheological characteristics had large effects. Perretant et al. (2000) 
identified three QTL for W, and two on 1A and 5D that collocated with QTL 
for hardness, and one on 3B.

Loaf volume
In recent years, studies analysing quality have revealed that dough rheological 
properties do not adequately reflect end product quality, and that to fully 
understand a parameter such as loaf volume, baking studies must be performed. 
These studies have shown that when loaf volume is measured, a number of 
QTL that do not map to the glutenin loci can be identified. Despite different 
baking methods being used, a number of these studies have identified a QTL 
on 3A. The QTL identified in these studies are summarised in Table 12.3.

12.7.2 Barley malting quality
There are two predominant uses of barley: (a) as a feed stock and (b) in 
the brewing industry for the production of beer and whiskey. Barley for the 
brewing market captures a higher price than that used for feed grain and thus 
is the focus of significant research efforts. This section will briefly touch on 
some parameters that are important for malting quality for the production of 
beer, and on QTL and markers that have been associated with these traits. 
The reader is referred to Fox et al. (2003) for a comprehensive coverage 
of these topics.
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Grain size
Grain size is an important parameter in barley to be used for malting; it is 
influenced by both genetic and environmental factors. Smaller grains generally 
have reduced starch content and higher protein levels which limit the extract 
potential. To date, many of the studies on grain size have been conducted in 
populations that were not designed for analysis of this trait and many QTL 
with small effects have been identified. Interestingly, the most significant 
QTL appear to be co-located with genes associated with plant development, 
such as earliness per se (eps) and semi-dwarfing (sdw1). They may be a result 
of plieotropic effects; thus utilising these loci for MAS may be of limited 
value (see Coventry et al. (2003) for a comprehensive review).

Diastatic power
Diastatic power is the term used to describe the collective activity of the 
starch-degrading enzymes a-amylase, b-amylase, limit dextrinase, and 
a-glucosidase in malt. QTL for diastatic power have been identified on 1H, 
2H, 4H, 5H, 6H, 7H (Hayes et al., 1993), 4H, 5H, 7H (Oziel et al., 1996), 
1H, 3H, 5H (Thomas et al., 1996), 1H, 5H, 6H, 7H (Mather et al., 1997), 
2H, 7H (Marquez-Cedillo et al., 2000) and 1H, 4H, 5H (Collins et al., 2001). 
In order to validate some of these, Coventry et al. (2003) selected eight 
markers associated with these QTL, validating them in unmapped breeders 
populations. Two of the markers used, Bmy1 on 4H and EBmac501 on 1H, 
were validated as being useful in MAS breeding for diastatic power. In a 
more recent study, EBmac501 was not found to be associated with diastatic 
power in the populations studied, suggesting this marker is only useful in 
certain backgrounds (Panozzo et al., 2007). QTL for a-amylase and b-amylase 
activities have also been detected in different populations. 

Table 12.3 Chromosomal regions identified that influence loaf volume, but do not 
encode glutenins or gliadin

Method Chromosome Reference

Straight dough 1A Rousset et al., 2001

AACC method 10–10B
Chorleywood bread process 3A Law et al., 2005
No time spiral mix baking procedure 3A Law et al., 2005
Rapid dough bread making  2A, 3A Kuchel et al., 2006
Long fermentation baking 4D McCartney et al., 2006

AACC method 10–10
French bread making 1A, 3A, 5B, 7A, 7B Groos et al., 2007

AFNOR method NF V03–016
Straight dough 2A, 3A, 5D, 6B, 6D* Elangovan et al., 2008

AACC method 10–10B
Sponge and dough 5D Mann et al., 2009

*Only the major QTL are reported here, 30 QTL for loaf volume were identified in this study.
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Alpha-amylase 
a-Amylase (EC 3.2.1.1) is an endohydrolase that randomly cleaves a-(1-4) 
glucosidic bonds in starch, and is involved in the conversion of starch to 
glucose during malting. QTL for alpha-amylase activity have been identified 
on all chromosomes with all studies identifying regions on chromosome 5 
that were associated with this trait (Collins et al., 2001; Coventry et al., 
2003; Han et al., 2004; Hayes et al., 1993; Marquez-Cedillo et al., 2000; 
Mather et al., 1997; Oziel et al., 1996; Panozzo et al., 2007). Ayoub et al. 
(2003) demonstrated the potential to use markers for a QTL on 5H in one 
population, to select for lines with increased a-amylase activity in a second 
population. Similarly Coventry et al. (2003) demonstrated the potential to 
use the marker abg463, on 5H, for increased alpha-amylase activity in six 
unmapped breeders’ populations. Recently, sequencing of the amy-1 gene, 
on 6H from 326 released cultivars, identified four haplotypes for the gene 
and molecular markers were developed. Association mapping using these 
markers revealed that within the spring barleys analysed, haplotype amy1_H1 
was associated with significantly higher friability values than amy1_H4, 
while haplotype amy1_H2 explained 19% of the phenotypic variation of 
the malting quality index (MQI) for all varieties and 35% in a subset of 72 
winter barleys (Matthies et al., 2009).

Beta-amylase
b-Amylase (EC 3.2.1.2) is an exoenzyme that cleaves the disaccharide maltose 
from the non-reducing end of amylose and amylopectin, and is one of the 
key enzymes in the production of maltose, which is utilised by yeast during 
fermentation. This enzyme is found in mature grain in two forms, free and 
bound, and is encoded by a multi-genic locus (Bamy1, Bamy3) (Li et al., 
2002). Three major forms of b-amylase have been identified, Sd1, Sd2 and 
Sd3, with the first two predominant in commercial malting varieties, while 
the third, which has increased thermostability was identified in Hordeum 
spontaneum (Eglinton et al., 1998; Kihara et al., 1998). Upon the basis of 
thermostability, Sd2 can be split into two classes: Sd2L (low) and Sd2H 
(high). SNPs were identified in the coding sequences of Bamy1, encoded on 
4H, allowing the development of molecular markers to distinguish these two 
alleles (Eglinton et al.,1998). As well as these SNPs, a 126 bp insertion in 
intron 3, that could be used to distinguish the alleles, was identified, (Erkkila, 
1999; Erkkila et al., 1998). Two independent studies used the presence of 
the 126bp insertion to demonstrate it could be used to select for lines with 
higher thermostability of b-amylase, as it was not present in the Sd2L allele 
(Coventry et al., 2003; Gunkel et al., 2001). A more detailed analysis of the 
sequences encoding the four alleles of Bamy1 identified two SNPs which, 
when used in combination, could be used to genotype barley varieties and 
unambiguously determine which allele was present (Paris et al., 2002). The 
utility of these markers has been demonstrated (Malysheva et al., 2004; 
Polakova et al., 2003) and they show great potential to be used in MAS for 
increased thermostability of b-amylases in malting barley.
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Malt extract
Malt extract refers to the amount of soluble material that can be extracted 
from the malt during mashing. Malt extract is a key parameter in assessing 
the quality of the grain, but assessment of this trait requires large amounts 
of grain and is destructive. Thus if suitable markers that have a positive 
correlation with malt extract can be identified, they will provide an 
invaluable tool for breeding using MAS. Assessing malt extract is difficult 
as it is influenced by environment, genetics and technology, both malting 
and mashing (Collins et al., 2003). Variations in any one of these between 
different studies can influence the outcome and make validation of QTL 
between studies difficult. To date, QTL for malt extract have been identified 
on all the barley chromosomes (Bezant et al., 1997; Collins et al., 2001; 
Collins et al., 2003; Han et al., 2004; Hayes et al., 1993; Marquez-Cedillo 
et al., 2000; Mather et al., 1997; Oziel et al., 1996; Panozzo et al., 2007; 
Thomas et al., 1996), with the majority of studies reporting QTL on 1H, 
2H and 5H. Collins et al. (2003) investigated the suitability of markers for 
six of the regions identified in their studies in breeders’ populations which 
contained a parent that was a high malt-extract variety. Four of these markers, 
two on 2H and two on 5H, were found to be associated with the allele from 
the high malt-extract parent and thus have the potential to be utilised in a 
MAS for malt extract.

Wort viscosity
Wort viscosity influences the processing of the beer, with higher viscosities 
impacting on filtration and thus reducing the efficiency of the brewing process. 
Like malt extract, this trait is influenced by genetics, environment and the 
technology used in the processing, thus it is a trait for which MAS could 
be used to accelerate the progress of breeding. QTL for wort viscosity have 
been identified on chromosomes 2H, 3H, 4H, 5H (Thomas et al., 1996), 5H, 
6H, 7H (Mather et al., 1997) and 1H, 2H and 3H (Panozzo et al., 2007), but 
none of these have been validated in other populations yet.

Haze stability
Analysis of factors that influence haze stability identified a 12 kDa barley 
silica eluate (SE) protein, that when present, reduced haze stability in pilot 
brewing trials (Evans et al., 2003; Robinson et al., 2004). Subsequent 
analysis of the SE protein has identified it as a barley trypsin inhibitor of 
the chloroform/methanol type, and the gene encoding it has been cloned. 
Analysis of the sequence of the gene encoding SE in varieties that do and 
do not produce haze in the beer, has identified a consistent set of SNPs that 
can be used to distinguish the two alleles (Robinson et al., 2007a; Robinson 
et al., 2007b). While the mechanism of how this protein influences haze 
stability remains to be elucidated, the presence of these SNPs identified 
will allow the development of molecular markers to identify which allele is  
present.
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Utilising MAS for improving malting quality in barley 
There is great potential for utilising markers to improve quality, Karakousis et 
al. (2003) identified a set of 36 markers that were likely to be of use in MAS 
in Australian barley breeding programmes for agronomic, disease resistance 
and quality traits, while a recent study utilising two markers, one of which 
was identified by Karakousis et al. (2003), highlighted the potential of MAS 
in barley to improve malting quality, through the pyramiding of QTL in a 
breeding programme. In this programme, two regions of the genome that 
contained multiple quality QTL were selected for by MAS during the breeding 
programme, and introgressed into a poor quality malting line that had superior 
agronomic characteristics. At the end of the cycle, micro-malting results 
revealed that, compared to the recurrent parents, malt extract levels were 
increased by 1.5–2% , diastase levels increased by 25–43%, alpha-amylase 
activity was up 36–53%, and wort viscosity was reduced by approximately 
10% (Emebiri et al., 2009).

12.7.3 Markers for enhancing the nutritional value of maize
Significant resources, both public and private, have been devoted to the 
study of maize and the development of lines with improved agronomic 
characteristics and quality. The results of these efforts have meant that 
average yields in the US have risen by 360% over the last 65 years (Fraley, 
2009); at the same time, the quality of the grain produced has improved. It 
is beyond the scope of this chapter to go into these achievements in detail 
and the reader is referred to a recent review of factors that contribute to 
quality in maize (Balconi et al., 2007) and a recent treatise on molecular 
genetic approaches to maize improvement (Kriz and Larkins, 2009) for 
comprehensive coverage of these topics. In this section, two aspects of the 
use of molecular markers to improving the nutrition quality of maize for the 
third world will be briefly discussed.

Quality protein maize (QPM)
The proteins in the endosperm are low in lysine and tryptophan, thus people 
with maize-based diets often have deficiencies in these amino acids. The 
discovery of the opaque2 (o2) mutation, which increases the lysine content in 
maize endosperm by decreasing the synthesis of prolamin (zein) proteins and 
increasing the level of other types of endosperm proteins, raised expectations 
for the genetic improvement of cereal protein quality. However, the mutation 
also resulted in low yields, chalky-looking grain, and susceptibility to pests and 
diseases, preventing the uptake of these lines. Extensive traditional breeding 
efforts at CIMMYT, have introduced opaque 2 modifiers (opm) into these lines 
which eliminate these defects, while the high lysine content is maintained. These 
modified opaque2 maize lines were designated “Quality Protein Maize” or 
QPM (Prasanna et al., 2001). Introgression of o2 and its modifiers into locally 
adapted cultivars is a slow process and thus research is ongoing to develop 
markers for opm to allow MAS to be used in breeding programmes. 
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 Lopes et al. (1995) identified two chromosomal regions on the long arm of 
chromosome 7 that are associated with o2 endosperm modification. Further 
studies have identified molecular markers for o2 and a modifier (Bantte and 
Prasanna, 2003; Lin et al., 1997; Lopez et al., 1995), and these have been 
used to demonstrate that MAS can be used to accelerate the introgression of 
these traits into locally adapted germplasm (Danson et al., 2006). While this 
is a promising result, a more recent study has identified additional regions that 
are involved in modifying the o2 phenotype. A major QTL, that explained 
30% of the variance in endosperm texture, was identified near the centromere 
on chromosome 7, and six other QTL that explained 5–12% of the variance 
were also identified (Holding et al., 2008). More detailed analysis of the 
regions identified is likely to result in the development of new markers that 
can be used in MAS to accelerate the introgression of the high lysine trait 
into locally adapted elite cultivars.

Enhancing the pro-vitamin A content of maize
In third world countries, more than 250 000 children go blind each year as 
a result of vitamin A deficiencies and more than half of those children die 
within a year of becoming blind. In attempts to alleviate this, efforts have 
gone into metabolic engineering of the carotenoid biosynthetic pathway 
in cereals in order to increase the provitamin A content (Giuliano et al., 
2008). In maize, initial efforts have focused on identification of QTLs for 
carotenoid content and the development of markers for MAS. The gene 
encoding PSY1 has been shown to be associated with variation in endosperm 
colour (Palaisa et al., 2003). More comprehensive studies have identified 
QTL for total carotenoid, b̃carotene, b-cryptoxanthin, zeaxanthin and lutein 
content of the grain and shown PSY1 is linked to these QTL (Wong et 
al., 2004). This association was confirmed in a different population and 
a QTL for a-carotene content that was linked to PSY1 was also identified 
(Chander et al., 2008). The gene encoding z-carotene desaturase was also 
linked to QTL for the levels of these carotenoids in the grain (Wong et al., 
2004). However, this association was not found in the population used by 
Chander et al. (2008). Analysis of four natural polymorphisms in epsilon 
cyclase revealed that these explained 58% of the variation in flux between 
the b and e. -pathways and accounted for a three-fold difference in the level 
of pro-vitamin A compounds within the endosperm (Harjes et al., 2008). 
These studies will provide the basis for implementing MAS to enhance the 
carotenoid content in maize to increase its nutritional value.

12.8 Future trends

The use of MAS in the breeding for quality in cereals is still in its infancy, 
with few successful applications reported to date; see Rae et al. (2007), 
Stevens (2008) and Kuchel et al. (2007) for studies on barley, maize and 
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wheat, respectively. This is a field that is likely to advance rapidly within the 
next decade, as our knowledge of cereal quality and the genes that underpin 
it increases, and cereal science continues to take advantage of the advances 
in the identification of SNPs and high throughput screening, largely driven 
by the investment in human genetics (Appleby et al., 2009; Ganal et al., 
2009; Gupta et al., 2008). Indeed some of these technologies are already 
being applied, with recent studies describing the identification of SNPs in 
barley (Duran et al., 2009) and the application of high throughput SNP 
screening technology in wheat (Akhunov et al., 2009; Berard et al., 2009). 
The application of these technologies, combined with already established 
technologies such as DaRT (Akbari et al., 2006; Wenzl et al., 2006) and 
multiplex-ready PCR systems for high throughput screening of SSR markers in 
wheat and barley (Hayden et al., 2008a; Hayden et al., 2008b), will facilitate 
(1) the development of the high density maps required for the identification 
of markers tightly linked to the trait of interest and (2) the identification of 
the causal gene leading to the development of perfect markers for the trait. 
These technologies will enable breeders to screen a greater number of lines 
at lower cost and when combined with the outputs of programmes, such as 
those being developed in the field of wheat quality, to predict the genetic 
potential for quality (Bekes et al., 2006; Eagles et al., 2004; Eagles et al., 
2002; Oury et al., 2009) and also permit selection of the best candidate lines 
for quality analysis. Thus it is likely that within the next decade there will 
be significantly greater application of MAS for quality in cereals. However, 
it must be kept in mind that these techniques can only assist in the selection 
of the lines and cannot replace the need for quality testing during later 
generation screening and cultivar evaluation. Further possibilities for their 
use relate to the identification of specific quality traits in grain throughout 
the grain chain, especially at grain receival, but also at the later stages of 
transport, storage and processing.

12.9 Conclusions

There are now a number of options available to accurately identify variety 
at any stage throughout the value chain, with the majority utilising storage 
protein composition to assess variety. In the past for some grain-growing 
regions, visual identification has provided ‘real time’ identification, but this 
subjective approach has proven increasingly to be inadequate. Only one of the 
chemical analysis methods, lab-on-a-chip, offers close to ‘real time’ objective 
assessment of variety identification at the point of grain receival, where it is 
critical to determine quality class, payment basis and to minimise mixing of 
mis-matched grain types. In future, as MAS is adopted to a greater extent in 
breeding programmes to produce lines that are differentiated on agronomic, 
disease resistance and/or quality traits that are not related to the storage 
protein composition, there will be a need to complement the biochemical 
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variety identification systems with molecular markers. The research driving 
our understanding of the molecular basis of these traits will in turn provide 
the markers needed to accurately discriminate them from other varieties.
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Abstract: Cereal-based foods can be considered to present a lower risk to food safety 
than many other foods. In part, this reflects both the processes used to produce the 
finished product and the currently accepted standards for the technical quality of raw 
materials. Nevertheless there are a number of potential hazards, which, if incorrectly 
managed, pose a significant threat to consumer health. These hazards can be either 
chemical or microbiological in origin and arise at specific points in the production 
and supply of grain as well as in the eventual manufacture of the food eaten by 
the consumer. Once identified, these hazards can be managed and the threat to the 
consumer minimised. This is achieved through application of quality assurance 
principles using Good Manufacturing/Agricultural Practice and Hazard Analysis 
Critical Control Point (HACCP) techniques based on a sound knowledge on the 
origins and occurrence of the hazards concerned. 

Key words: food safety, good manufacturing practice, hazard analysis critical point, 
mycotoxins, process contaminants.

13.1 Introduction

Cereals are cultivated members of the Gramineae family, with representatives 
from a number of diverse genera (Kent and Evers, 1994). The importance 
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of cereal-based foods to both man and his livestock has been recognised 
for centuries. For example, bread was described by the Anglo-Irish satirist 
Jonathan Swift (1667–1745), in his book ‘A Tale of a Tub,’ as being the 
‘Staff of Life.’ The importance of cereal foods to the human diet can be 
seen through consideration of their contribution as sources of human dietary 
energy. Depending on location, cereals contribute to per capita energy 
anywhere between 19% in Iceland to 80% in Bangladesh with a median 
value of 43% (Food and Agriculture Organisation, 2009). Their dietary 
significance re-emphasises the importance of assuring both their safety and 
wholesomeness.
 One means of ranking the food-safety risk presented by cereal-based foods 
in comparison with other foods eaten by the consumer, is through comparison 
of data relating to notifications, by enforcement agencies and the food industry 
itself, relating to events where food safety was compromised. One such source 
of information comprises the notifications issued through the European Union 
(EU) ‘Rapid Alert System for Food and Feed,’ also known as RASFF (Rapid 
Alert System for Food and Feed, 2009). Notification data generated since 19 

May 2003 are held on an easily interrogated database operated within an EU 
Network of Excellence Project, ‘MoniQA’ (www.moniqa.org). An analysis of 
RASFF notifications for cereal-based foods since 19 May 2003 to 6 March 
2009 compared with notifications for cheese and poultry products over a 52-
week period prior to 6 March 2009 is presented in Fig. 13.1. Essentially the 
number of notifications for any of the cereal-based materials considered and 
obtained over an approximate five-year period was less than or comparable 
to the data obtained for either poultry or cheese in the previous 52 weeks. 
It should be noted that in considering such data, one is, in the vast majority 
of cases, not dealing with events which have led to injury to the consumer 
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Fig. 13.1 Comparison of Rapid Alert System for Food and Feed (RASFF) 
notifications for individual cereal based foods from 19 May 2003 to 6 March 2009 

compared to those for cheese and poultry over a 52-week period.
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but rather ones with the potential to compromise food safety. Nevertheless, 
consideration of these data suggests that although in terms of food safety, 
cereal based foods are more easily managed than most, there are nevertheless 
issues that need to be addressed. The purpose of this chapter is therefore is to 
discuss the significance of those issues and how best they can be managed.

13.2 General principles of food safety with regard to 
cereals

Current thinking considers food production as a continuum from field to fork. 
This view is encapsulated in the food laws of many jurisdictions, including 
the EU (e.g., European Parliament and Council, 2002 and 2004). By way of 
example – within the EU, the word food is taken to mean: ‘Any substance or 
product, whether processed, partially processed or unprocessed, intended to 
be, or reasonably expected to be ingested by humans.’ (Article 2, Regulation 
178/2002; European Parliament and Council, 2002). This legislation goes on 
to make it clear that the definition of food also includes the ingredients that 
go to make up the finished product (but excludes plants prior to harvest). In 
terms of food safety, the fundamental legal (and ethical) principle underpinning 
food law is encapsulated in Article 14.1 of the same regulation, which states: 
‘Food shall not be placed on the market if it is unsafe.’
 Within the EU and elsewhere therefore, farmers have a clear legal 
obligation to supply crops that are safe, while food processors have a duty 
to convert those crops into products which can be eaten by consumers 
without risk of compromising individual health. In terms of the operational 
management systems within any agri-food business, the assurance of food 
safety can therefore be regarded as a component of the overall quality 
management process. A key aspect of quality management is to ensure that 
whatever is produced consistently meets specified attributes. In turn, these 
attributes define the product in terms of its acceptability to the consumer 
and not only comprise its sensorial aspects (taste, odour and appearance), 
but also wholesomeness and safety. Achieving consistency must be done 
in a cost-efficient manner and it is generally accepted that to achieve this, 
the management philosophy of choice is one of quality assurance. Quality 
assurance requires the identification of those attributes that are either desirable 
or undesirable and subsequent optimisation of the production process. Such 
an approach not only increases the likelihood that products will be made with 
the necessary desirable attributes but also reduces, or preferably eliminates 
the probability of products with undesirable attributes being made.
 Modern food-safety management systems also operate on quality assurance 
principles. These require a risk-based assessment of the hazards presented 
both by the raw materials and also the process to be applied. Once such an 
assessment has been undertaken, steps are taken, either to eliminate the hazard; 
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or significantly to reduce the probability of it occurring. Application of this 
principle means that crop or product safety is assured, using as its basis, an 
understanding of the contributory mechanisms related to food safety and 
wholesomeness. Such an approach deviates from one based simply on the 
principles of quality control (essentially screening material produced to ensure 
compliance with specification). This latter approach is usually relegated to a 
second tier and is used only periodically as a tool to validate and/or verify, 
to the end point of concern, the efficacy of the systems in place.
 Guidelines for applying these principles in the agri-food industry include the 
Codex Alimentarius document ‘Recommended International Code of Practice: 
General Principles of Food Hygiene’ (Codex Alimentarius Commission, 2003a). 
This document sets out the basic requirements for the hygienic operation of 
any food business (pre-requisite programme). A food business’ pre-requisite 
programme (also termed Good Manufacturing Practice – GMP) covers a 
diverse range of elements, including supplier quality assurance, sanitation, 
pest control and staff training. It is complemented by management of the 
food production process itself in accordance with HACCP (Hazard Analysis 
Critical Control Point) principles. HACCP has been defined as ‘a system, 
which identifies, evaluates and controls hazards, which are significant to food 
safety’ (Codex Alimentarius Commission, 2003a). Although HACCP and 
GMP were originally devised with food processors in mind, the underpinning 
principles outlined in the Codex Alimentarius Commission document are 
directly applicable to all stages of the cereal production process including 
agronomy (e.g., Assured Combinable Crops Trust, 2008).
 Any study of the food safety aspects of a particular process requires that 
it be undertaken within a defined context or ‘scope.’ For the purposes of this 
chapter that scope will be defined in terms of managing the hazards associated 
with the production of bread from wheat. It is further assumed that normal 
good agricultural and manufacturing practices are in operation. Attention 
will therefore be focussed on the particular hazards faced by the cereals 
industry and how they can be managed. In common with good food-safety 
management practice and in order to facilitate better understanding, a flow 
diagram showing the route by which raw materials (grain) are converted to 
intermediate (flour) and eventually finished products (bread) is presented (Fig. 
13.2). Using these ‘terms of reference’ attention will focus on the chemical 
and microbiological hazards associated with the production of wheat and its 
subsequent conversion into flour and ultimately bread. Where appropriate, 
reference will also be made to other cereals and/or products to extend or 
emphasise a particular point.

13.3 The role of agronomy

Agronomy plays a key role in the safety of both the crop and ultimately 
the ingredients and finished products prepared from it. In terms of impact 
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on food safety, agronomy influences a range of factors. These include the 
presence of toxic materials inherent in the crop (natural food toxicants) and 
chemical contaminants either naturally occurring (e.g. mycotoxins) or as a 
consequence of other interventions by the farmer (e.g. pesticide application). 
Agronomy therefore has a key role in determining those quality attributes 
related to food safety. These begin with selection of the seed itself and 
progress through the various practices from preparation of the ground prior 
to sowing through to post harvest handling prior to delivery of the crop to 
the elevator or directly to the processor (Fig. 13.2).

13.3.1 Cereal-based natural food toxicants
Many staple crops are characterised by the presence of chemical compounds 
which are synthesised by the plant itself and are potentially toxic to those 
(humans or their animals) who eat them. Examples include lectins in legumes, 
glucosolinolates in brassicas, and alkaloids in potatoes and tomatoes (reviewed 
in D’Mello et al., 1991). Cereals are unusual in that for most of the human 
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population the levels of endogenous toxic materials produced by them are 
low. Notwithstanding the above, two compounds which merit further interest 
are phytate and tannins.
 Phytic acid (myoinositol-1,2,3,5/4,6-hexakis (dihydrogen phosphate), 
IUPAC and IUB, 1973) is unstable in its acid form and is usually found as its 
calcium or calcium magnesium salt (phytate) within the kernel. As phytate, 
this compound is thought to account for up to 80% of the phosphorus present 
within the cereal tissue. Its distribution differs depending on the species of 
plant considered (Reddy et al., 1989). Thus while it is mainly concentrated 
in the germ of maize, in wheat it is found mainly in the aleurone layers 
and in pearl millet it appears to be uniformly distributed through the whole 
kernel. Phytic acid is resistant to the endogenous enzymes of the mammalian 
digestive tract and has been considered by some to be an anti-nutrient. This 
is either by virtue of it being an unavailable source of dietary phosphorus 
– of particular concern in the case of livestock, or as a sequestering agent 
for nutritionally significant metal ions (in particular calcium and iron). The 
nutritional significance of phytate depends very much on both the population 
and the product they eat. Phytate-sequestration of iron is certainly regarded 
to be an issue in the case of complementary foods intended for the relief of 
malnourished individuals (reviewed by Hurrell, 2003). In terms of bread, 
removal of the bran layers and germ from the wheat kernel to produce 
white bread-making flour effectively removes most of the phytate present 
in the kernel. It should however be noted that in more affluent populations, 
phytate, even when present in wholemeal (100% extraction) flour products 
is not generally considered to be an issue in terms of mineral nutrition (UK 
Department of Health, 1991).
 The second group of compounds to be considered within this context is 
the tannins. The term tannin is a collective one and is currently considered to 
describe high molecular weight compounds of plant origin, with a sufficiently 
high number of phenolic hydroxyl groups (1–2 per 100 daltons) to form cross 
links between proteins and/or other complex macromolecules (Griffiths, 1991). 
The tannin content of cereals varies depending on the species. Values (14% 
moisture basis) range from 0.1% in brown rice through 0.4% for wheat and 
rye (Juliano, 1985) to 5% for certain varieties of sorghum (Collins. 1986). 
Condensed tannins are dimers or oligomers of diverse flavon-3-ols and have 
been considered to have anti-nutritious attributes, mainly as a consequence 
of their ability to reduce protein digestibility (reviewed by Griffiths, 1991). 
Although of significance to livestock nutrition, their significance (if any) as 
anti-nutrients in terms of human nutrition has been questioned (Bender and 
Bender, 1996).
 In terms of inherent toxicants therefore, cereals do not generally present 
a significant challenge in terms of food safety or its management. Adopting 
the triage basis of HACCP philosophy (Codex Alimentarius Commission, 
2003a) means that attention can consequently be focussed on those other 
factors which contribute to significant threats to food safety and public 
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health. As will become evident from the next part of this chapter, a number 
of these factors relate to the agronomic practices used to produce the crop. 
Of particular concern are those practices that can contribute to food safety 
by influencing chemical contamination of the crop, either as a consequence 
of natural phenomena (e.g. mycotoxin production) or through the application 
during cultivation and storage of potentially harmful chemicals (e.g. plant 
treatment agents).

13.3.2 Mycotoxins
Mycotoxins are poisonous metabolites produced by certain filamentous fungi. 
Having a range of diverse chemical structures their toxicological properties 
are similarly varied. It has been estimated that approximately 25% of the 
world’s crop production are, to one degree or another, contaminated with 
them (Charmley et al., 1995). Given their toxicity and ubiquity, mycotoxins 
present the risk of a significant hazard to both man and his livestock. It is 
therefore unsurprising that in many jurisdictions their presence is legislated 
for. Arguably the most extensive regulations for materials intended for human 
consumption are those in force within the EU (Commission of the European 
Communities, 2006a, 2007) In the case of mycotoxins associated with cereals, 
these regulations currently set limits for aflatoxins, ochratoxin A, fumonisins, 
deoxynivalenol (a tricothecene) and zearalenone. Contravention of mycotoxin 
control legislation is the single largest reason for notifications relating to 
cereals under the RASFF system operating within the EU (Fig. 13.3).
 Broadly speaking, mycotoxins found in cereals can be classified on the 
basis of when they are produced – either before or after harvest. Miller 
(1995) referred to these two groupings of mycotoxins as ‘field’ and ‘storage’ 
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respectively. Field mycotoxins (e.g. deoxynivalenol) are generally produced 
during crop development, while storage mycotoxins (e.g. ochratoxin A) are 
formed post harvest. However the classification is not absolute. Fumonisins 
and zearalenone (which like deoxynivalenol are produced by Fusarium 
spp. and were originally considered to be ‘field mycotoxins’) have been 
demonstrated to be formed both post- as well as pre-harvest (Ono et al., 2003; 
Alldrick and Hajšelová, 2004). Similarly, aflatoxins, although considered to 
be storage mycotoxins, have also been shown under some circumstances to 
be formed preharvest (Hill et al., 1983).
 In terms of their management and reducing the hazard presented to the 
consumer, storage mycotoxins are, at least in principle, the easier of the 
two groups of mycotoxins to control. Essentially, as in the case of other 
biotransformations, mycotoxin production is dependent on three factors: time, 
temperature and moisture content. Fundamentally therefore, contamination of 
grain with storage mycotoxins such as ochratoxin A and the aflatoxins can 
be arrested through minimising access to the inoculum and timely moisture 
reduction. This type of advice has been provided to farmers and grain 
handlers in temperate northern hemisphere countries since the mid 1990s 
(e.g., Jonsson, 1996; Home Grown Cereals Authority, 2003). The challenge 
associated with such advice is that it requires not only (relatively) high capital 
investment in terms of grain dryers but also additional expenditure in terms 
of the energy expended and necessary to dry the grain (discussed in more 
detail below).
 In contrast, management of ‘field’ mycotoxins has proven more challenging, 
a fact which reflects the biology of their occurrence. Generally speaking, those 
field mycotoxins of importance to cereals are the ergot alkaloids produced 
by Claviceps purpurea together with mycotoxins produced by Fusarium spp. 
(e.g. tricothecenes, fumonisins and zearalenone). In many cases agronomic 
control of these compounds revolves around reducing the inoculum available 
to infect the cereal during growth, e.g. by adoption of appropriate tillage 
practices and crop rotation practices through to, where permissible, suppressing 
fungal growth through the use of appropriate fungicide application. The 
importance of the correct use of fungicidal regimes in managing fusarial 
mycotoxin formation in cereals is increasingly being recognised. One of the 
original motivations for fungicde application was prevention or suppression 
of fuasrium ear blight (FEB). Early on, some fungicides (e.g., triadimefon 
and propiconazole; Boyacioglu et al., 1992) were observed to be effective 
in managing both FEB and mycotoxin contamination. Subsequent studies 
showed that other compounds effective in controlling FEB (e.g. azoxystrobulin) 
were actually associated with increased levels of mycotoxin contamination 
(Simpson et al., 2001). In this case, the increased level of contamination 
may have been attributed to the selective action of the fungicide towards 
the, apparently, non toxigenic, plant pathogen Microdocchium nivale also 
associated with FEB (Jennings et al., 2000).
 In light of the above the now commonly accepted strategy for the 
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management of both field and storage mycotoxin contamination of cereals 
is one of prevention is better than cure (Battalglia et al., 1996). The tactics 
necessary to realise this strategy are based essentially on HACCP principles 
(e.g., Codex Alimentarius Commission, 2003b; Commission of the European 
Communities. 2006b). Specific tools have also been developed to facilitate 
these management approaches. For example, Canadian farmers have access to a 
weather prediction tool called DONcast™ (Weather Innovations Incorporated, 
2009). This assists farmers in deciding whether or not to apply appropriate 
fungicide treatments at anthesis to reduce both the risk of FEB and eventual 
deoxynivalenol contamination.

13.3.3 Plant treatment agents
The use of plant treatment agents and in particular pesticides is arguably one 
of the most controversial aspects of modern agronomy with opposition to 
their use being a key motivator for a number of consumer groups. However 
it is not the purpose of this chapter to discuss the merits or otherwise of 
their use. In many jurisdictions, limits are placed on the amounts of pesticide 
residues permitted in crops. Within the EU a common approach to pesticide 
residues in foods was enunciated in Regulation (EC) 396/2005 (European 
Parliament and Council, 2005). In turn, this legislation is supported by 
a number of subsequent regulations, which set out limits for particular 
pesticide/food combinations. The risk of crops and the products made from 
them containing excessive pesticide residues is, to a degree, mitigated by 
the fact that responsible pesticide manufacturers and distributors often 
provide farmers with appropriate instructions on the amounts of a particular 
pesticide to be applied to a particular crop. These amounts should not only 
achieve the desired effect but also ensure that eventual residues do not 
exceed legislative limits.
 A further aspect contributing to the risk or otherwise presented by pesticide 
use is the observation that for cost and other reasons, farmers will use the 
minimum amount needed to achieve the desirable crop quality. This is a 
point recognised in a number of good agricultural practice standards (e.g., 
Assured Combinable Crops Producing Trust, 2008). In terms of agricultural 
pesticide residues therefore, the key challenge facing the end user is more 
often a question of whether the residues of a particular pesticide present 
in the crop are permitted under local legislation, rather than whether they 
exceed a particular statutory limit.

13.4 Post harvest handling

Grain is very rarely transferred directly from the ground to the processor. 
After harvest, it is usually moved to some form of storage facility (e.g. 
elevator) from where it might either be delivered directly to the primary 
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processor or to other storage facilities pending eventual sale. Incorrect 
post harvest handling, particularly with regard to overall moisture control 
(and in particular drying) as well as general storage practices are key areas 
of concern with regard to food-safety. Crop drying and storage practices 
essentially influence the likelihood of two issues relating to the safety of 
grain: mycotoxins, and man-made contaminants.

13.4.1 Mycotoxins
Post harvest moisture control is critical to the control of mycotoxin 
contamination; failure to achieve this can have tragic consequences – as 
witnessed by the outbreak of acute aflatoxicosis associated with contaminated 
maize in Kenya during 2004, which resulted in excess of 100 deaths (Azziz-
Baumgartner et al., 2005). In terms of managing the risk of mycotoxin 
contamination of stored cereals, of key concern are the:

∑ Time taken to transfer grain with a high moisture content from field to 
the dryer;

∑ Thermodynamics of the drying process itself to reduce the moisture 
content;

∑ Maintenance of the eventual reduced moisture content.

The importance of the interval between harvest and drying is highlighted by 
work such as that of Ono et al. (2003), working with Brazilian maize. They 
observed that even short post harvest holding intervals (days) before drying 
could lead to upwards of 10-fold increases in contamination with fumonisin 
mycotoxins. However, speedy transfer of wet grain to the dryer is not in itself  
sufficient to assure that mycotoxin contamination does not become excessive; 
a second factor to consider is the actual process of drying the grain.
 Studies addressing the thermal kinetics of grain drying, such as those 
by Jonsson (1996) in small grain crops, have demonstrated that both the 
geographical location and the methods of grain drying are of significance to 
mycotoxin (ochratoxin A) formation. Jonsson’s work in Sweden demonstrated 
that in some years, even when drying with heated air, average grain moistures 
of greater than 14% after 5 months’ storage were observed. In the case of 
grain dried with near ambient air or near ambient air plus added heat, average 
grain moistures rising to 20% were found. Drying with ambient air therefore 
can be disadvantageous in terms of eventual mycotoxin contamination. This 
does not appear to be problem unique to small grain crops; similar results 
have been reported for aflatoxin in maize by Tuite et al. (1986).
 Once grain has been dried to an appropriate moisture content, it is essential 
that this status be maintained during storage. Control of grain moisture while 
in storage has long been identified as a critical factor in preventing spoilage 
and by implication mycotoxin contamination (discussed by Christensen et 
al., 1992). A key issue is the formation of localised zones of relatively high 
moisture content that can facilitate fungal growth and consequent mycotoxin 
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production. Factors leading to this type of problem include poor storage 
practices leading to temperature differentials and moisture migration due 
to convection as well as blending of grain with different moisture contents 
to obtain satisfactory average moisture content (discussed by Christensen 
et al., 1992). The situation can be exacerbated by insufficient drying, since 
grain metabolism of carbohydrates itself leads to the generation of both 
moisture and heat. As discussed by Pomeranz (1992), wheat held below 
15% moisture and an ambient temperature of 15 °C, exhibits little metabolic 
activity. Raising the moisture content above this level leads to increases 
in metabolic activity and consequent localised increases in grain moisture 
activity, with the consequential risk of increased mould activity.

13.4.2 Man-made contaminants
As discussed above, in temperate climatic zones and depending on conditions 
at harvest, recourse to warm air drying may well be necessary. Warm air 
drying of grain can, however, be associated with additional food-safety linked 
challenges. One of these is potential contamination with fuel combustion 
by-products and in particular dioxins. Generically the term dioxin describes 
a diverse range of heterocyclic organochlorine pollutants released into the 
environment from a variety of human activities. These include combustion 
and metal refining as well as the production of various industrial chemicals 
(National Research Council of the National Acadamies, 2006). The archetypal 
compound is 2,3,7,8-tetrachlorodibenzo-p-Dioxin (TCDD). Dioxins are 
considered to be human carcinogens (IARC, 1997) and have also been 
associated with a diverse range of toxicoses, including effects on the endocrine 
and immune systems. 
 Dioxins are characterised by their abilty to be bio-accumulated within the 
organism (plant or animal) and in particular within the lipid fraction. One 
Japanese study (Otani et al., 2006) reviewed survey data gathered over a 
four year period for locally grown cereals and legumes. Levels of dioxins 
present in the crops were not considered to give cause for concern. While 
agronomic practices do not generally lead to unacceptable levels of dioxin 
contamination, use of inappropriate fuels to dry grain can. When such 
practices are also applied to grain or other materials intended for livestock 
consumption the result can be that the resultant dioxins bioaccumulate within 
the tissues of the animals ultimately eating the feed. The consequences of 
dioxin contamination can include impaired livestock development and/or 
(if detected in the meat) recall of any product made from the meat of the 
animals fed the contaminated feed. Use of inappropriate fuel to dry feed 
was considered to be the reason for the recall of Irish pork and beef during 
December 2008 (Anonymous, 2008).
 A second area of concern relates to use of pesticides to manage infestation 
during grain storage or transport. For many years the fumigant of choice was 
methyl bromide. However, this compound has been identified as an ozone-
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depleting agent and its use has been discontinued in developed countries since 
2005 and in third world countries by 2015 in accordance with the Montreal 
Protocol (Environment Agency, 2008). Alternative methods of control have 
been proposed; however, the fumigant often used in both temperate and 
tropical zones is phosphine (Home Grown Cereals Authority, 1997; Brice 
and Golob, 2000).

13.5  Grain processing (flour milling)

13.5.1 The contribution of grain processing to food safety
Grain processing, as exemplified by flour milling, is essentially a physical 
process whereby the kernel is cleaned, adjusted to an appropriate moisture 
content and then mechanically reduced to the desired particle size to produce 
a flour (Fig. 13.2). Where appropriate, flour production also involves 
fractionation – not only to separate bran, germ and endosperm from each 
other but also assure the correct particle size of the milled endosperm. The 
process involves neither chemical nor thermal treatments and thus does not 
bring about decontamination of the grain itself. Nevertheless, as discussed 
below, the milling process can bring about changes in the distribution of 
contaminants when comparing amounts within the grain and the resultant 
mill fractions. Contaminants are not only heterogeneously distributed 
within any particular lot of grain but also within the kernel. Modern milling 
processes can effectively achieve contaminant redistribution in the flour and 
by-products produced. This is achieved at two levels. Prior to milling grain 
is ‘cleaned’ (Fig. 13.2) by the physical removal of extraneous matter and 
substandard grains. Cleaned grain may also be subject to further ‘cleaning’ by 
the removal of surface bran layers by pearling or scouring. A second factor 
is that milling often involves processes that bring about both mechanical 
reduction and also fractionation. Certain mill streams (e.g. endosperm) will 
therefore often contain lower concentrations of a particular contaminant 
while others (e.g. bran layers) may contain higher levels.
 The significance of the milling process can be demonstrated by consideration 
of its role in the quality of flour in terms of microbiology and mycotoxin 
content. In terms of the microbiological quality of flour, the major contributory 
factor is the level of microbiological contamination of the grain from which 
it is produced (Richter et al., 1993; Berghofer et al., 2003). However, mill 
hygiene may also be a contributory factor. Australian studies have associated 
microbiological loading, in part, with the conditioning stage of the flour 
milling process due to the presence of highly contaminated wheat residues 
in the damper (Eyles et al., 1989). In common with a number of other types 
of contamination, microbial contamination appears to occur on the surface 
of the kernel. Consequently during the milling process microbial loading is 
differentiated between the bran and the endosperm fractions, with higher 
levels of loading associated with those fractions associated with the grain 
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surface (e.g. bran), as opposed to the endosperm (Berghofer et al., 2003). 
Weather conditions at harvest may also be a factor. Surveys and analyses 
of UK flour produced from new harvest wheats by Legan and co-workers 
(Legan, 1994; Legan and Curtis, 1990) correlated wetter harvests with both 
increased total bacterial viable counts as well as total numbers of moulds 
and yeasts.
 As shown in Fig. 13.3, mycotoxin contamination of milled cereals is a 
significant issue with regards to notifications made by enforcement agencies 
within the EU. Milling can contribute to a reduction in mycotoxin loading of 
the finished flour. This reduction is particularly dependent on facilities within 
the screen room and the flour extraction rate. In the case of Fusarium spp. 
mycotoxins, physical sorting methods such as the use of specific-gravity tables 
can lead to the removal of certain types of contaminated (shrivelled) grains 
and hence reduce the mycotoxin content of the resultant flour (Tkachuk et 
al., 1991). Reliance on such systems presupposes a strong linkage between 
grain damage and mycotoxin contamination (which may not necessarily be 
the case; Edwards et al., 2001) and that not only the capital costs of the 
equipment but also of handling the rejected grain have to be met. The milling 
process itself can also contribute to a reduction in the final levels of mycotoxin 
contamination seen in the finished product. Separation of endosperm from 
the bran layers has been reported as contributing to reductions in levels of 
both ochratoxin A (Alldrick, 1996) and deoxynivalenol (Abbas et al., 1985; 
Lepschy and Suess, 1996) contamination of the final flour.

13.5.2 Assuring product safety
Consideration of the above indicates that the safety of the milled product 
is very much dependent on the quality of the raw material received by the 
grain processor. It is therefore necessary to have confidence in the quality 
of grain supplied on a continuing basis. Inherent in this process is the 
necessity to set criteria for what is or is not acceptable (specifications) and 
the means to be confident of compliance with them. Specifications therefore 
have to include information concerning the maximum permitted levels 
of contaminants within any batch of grain supplied. In developing these 
specifications attention has to be paid not only to any statutory levels set for 
grain but also to levels which are compatible with the needs and obligations 
of the miller’s customers. In this case, the term ‘customer’ applies not only to 
those purchasing the flour but also the milling by-products (e.g. animal feed 
compounders). The complexity of the situation is shown by consideration 
of current EU regulations concerning permitted levels of deoxynivalenol in 
wheat (Commission of the European Communities, 2007). Depending on the 
food, limits are set at 200 mg kg–1 for cereal-based foods intended for babies, 
infants and young children; 500 mg kg–1 for bakery wares, breakfast cereals, 
etc.; 750 mg kg–1 for grains and flour intended for human consumption; and 
1250 mg kg–1 for unprocessed grains. Given the mechanically reductive 
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nature of the milling process, this will have implications in terms of the 
final specification set for the grain. It is therefore likely that the miller will 
have to pass on the consequences of his customers’ requirements to his grain 
supplier by specifying maximum levels of mycotoxin contamination for the 
grain lower than the limit set for unprocessed grain in the regulations. The 
margin of difference required will depend on the flour extraction rate used 
and the requirements of the miller’s customers.
 Having set specifications for particular contaminants, the next challenge 
is to ensure that they are met. This can be a particular problem for the grain 
processor (e.g. miller). The schema shown in Fig. 13.2 suggests a series 
of events with intervening periods of equal duration. This is not the case. 
Once the grain has been harvested and transferred to store, there can be a 
considerable period of time before the grain is eventually transferred to the 
cereal processor. Given the volumes of material involved (tens to thousands 
of tonnes) in any one shipment and the distances it may have to travel, the 
only realistic solution in terms of food-safety management is through adoption 
of a quality assurance approach (discussed in Section 13.3). Essentially this 
involves purchasing grain from vendors of demonstrable competence. The 
process of achieving this has been referred to as supplier quality assurance 
(SQA). For SQA to be effective, it is necessary for the purchaser to have 
both the appropriate knowledge and information to set relevant specifications 
as well as the tools to verify compliance. Acquisition of knowledge and 
information requires an integrated appreciation of both the grain’s provenance 
and associated food-safety hazards, together with the risk of them occurring. 
From this base, appropriate verification programmes can be developed. At a 
generic level these could involve some form of supply chain inspection and 
audit process, which could be undertaken either by the purchaser or through 
a third party supplier certification scheme. An example of the later approach 
can be found in the standard terms and conditions of trade adopted by the 
National Association of British and Irish Millers (National Association of 
British and Irish Millers, 2005). These specify that grain grown in the UK 
will be purchased from third-party certified suppliers. An example of such 
a third party certification programme within the UK is that operated by the 
Assured Combinable Crops Producing Trust (2008).
 Ultimately it will be necessary for the grain processor to be satisfied that 
the steps in place continue to be efficient in achieving specification. This 
process is often referred to as verification and eventually requires some form of 
laboratory analysis. At one level this could be requiring the vendor to supply 
an appropriate certificate of analysis. Ideally, information provided in the 
certificate should be based on analyses performed in an appropriately accredited 
(e.g., ISO 17025:2005, International Organisation for Standardisation, 2005) 
laboratory on a sample collected in an appropriate manner. In practice, 
verification will also include periodic analysis commissioned by the grain 
processor. Within the EU it should also be noted that verification by analysis 
is enshrined in law, with a requirement that food businesses undertake such 
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testing and analysis as considered necessary (European Parliament and Council, 
2004). Strategies for the development of appropriate analytical programmes 
for food-safety management purposes within the cereals industry have been 
described by Poms et al. (2009). Essentially the intensity of testing depends 
on the degree of confidence that can be placed on the functionality of the 
SQA system in respect of a particular contaminant. Where confidence is high, 
the frequency of analyses may be reduced to as little as once per harvest. In 
cases where confidence has completely broken down, the frequency might 
rise to every delivery.

13.6 Food processing

Consideration of Fig. 13.2 shows that the last stage of the process from field 
to fork is the use of the processed cereal as an ingredient in a particular food 
(in this case bread) and its eventual purchase by the consumer. In discussing 
the safety quality aspects of the finished products, consideration needs to 
be taken not only of the cereal-based ingredients of the food but also of the 
process and information about known failures in the food safety management 
system. With regard to the last point, consideration of RASFF data (Fig. 13.4) 
generated for EU Member states indicates that the major contributory factor 
depends very much on the product. It should also be noted that a significant 
number of the notifications are not related to how the cereal or the raw 
material made from it have progressed through the food chain but to product 
related manufacturing issues. These include general GMP failures such as 
foreign body contamination, insect infestation, failures in allergen control 
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systems and the inappropriate use of food additives or prohibited colours. 
Other sources of chemical contamination are diverse and range from some 
associated with the cereal (e.g., pesticide and heavy metals) and others more 
related to operational problems such as transfer of food and contact materials 
from packaging. In terms of cereal related food safety issues per se the most 
significant issue probably relates to the question of mycotoxins.

13.6.1 Microbiological safety
From a food-safety hazard analysis viewpoint, the microbiological loading of 
flour presents a serious issue. The relatively low frequency of notifications 
made under the RASFF system (Fig. 13.4) in no way diminishes this 
observation. One reason why microbiological issues do not feature so 
prominently is that in order to be palatable, cereal based foods usually 
have to be subjected to some form of thermal treatment (‘cooking’) before 
being eaten (discussed by Kent and Evers, 1994). Cooking usually results in 
significant microbiological kill – effectively resulting in a pasteurised product. 
In terms of microbiological safety, incidents where consumer health has been 
compromised often represent issues with outgrowth of bacterial spores not 
destroyed under normal processing conditions. In the case of cereal products 
the most significant indigenous bacteria of concern are Bacillus spp., where 
spore germination following thermal shock leads to outgrowth in the cooled 
cooked product. Reports of food poisoning (sometimes fatal) associated with 
these bacteria and involving cooled rice and pasta (usually salads based on 
them) are well documented (e.g., Raevuori et al., 1976; Dierick et al., 2005). 
In contrast reports of food poisoning linked to bread itself (rather than other 
ingredients; e.g. sandwich contents) are rare. Steinberg et al. (2006) described 
a series of 16 food poisoning outbreaks taking place in seven states in the 
US and associated with burritos made by two separate companies. Although 
the food responsible for the incidents was identified, as being the burritos 
themselves, the actual causative agent was not described. Other reports of 
microbiological food poisoning associated with bakery products appear to 
be related to failures in worker health surveillance programmes leading to 
transfer of pathogenic bacteria (Salmonella spp.) from production workers 
(e.g. Kimura et al., 2005) or food handlers (Milazzo and Rose, 2001) to 
the product itself. One possible reason for the apparent lack of incidents 
relating to food-poisoning associated with Bacillus spp. in bread lies in its 
significance as a spoilage organism and in particular with the phenomenon 
of ‘rope.’ Consumption of microbiologically compromised product is less 
likely if the palatability of the product has been compromised. Furthermore 
strategies for controlling Bacillus spp. outgrowth to control this problem 
have been known for some considerable time (e.g. Henderson, 1918). These  
include the use of vinegar and/or propionate in dough recipes to suppress 
bacterial growth (e.g. Kaur, 1986; Thompson et al., 1998).
 Management of microbiological hazards therefore reflects on GMP, which 
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includes sanitation, appropriate process controls and worker health/hygiene, 
etc. GMP not only relates to microbiological hazards but also to those of 
chemical or physical origin. Non-microbiological issues relate to both the 
levels of contaminants carried over through the supply chain in the flour 
(discussed above) and also the use of process aids for which toxicological 
concern has been expressed. These issues can be further extended to address 
the formation of potentially hazardous compounds during the baking process 
itself and are discussed below.

13.6.2 Mycotoxins and pesticides
Mycotoxin and pesticide contamination of flour is a potential hazard to be 
considered by the baker. As in the case of microbiologically related incidents, 
published reports concerning significant outbreaks relating to either type of 
chemical are rare. Bhat et al. (1989) reported an outbreak of tricothecene 
mycotoxicosis associated with bread made from mould damaged wheat. Davies 
and Lewis (1956) described an incident involving toxicoses associated with 
flour contaminated with the organochlorine insecticide ‘endrin.’ The case 
is interesting since the root cause of the contamination was not farm-based 
but related to poor shipping practices. Sacks of flour had been transported 
in a wagon in which there had been previously been an endrin spill and 
where at least two sacks of flour had absorbed the spilled insecticide from 
the wagon floor.
 Current best practice in terms of the transportation of food-grade requires 
strict standards of hygiene and specifies what can and cannot be carried in 
vehicles designated for the conveyance of food. Nevertheless the incident 
described by Davies and Lewis remains a stark reminder of the potential 
consequences when such practices have either not been implemented or 
have been flouted. A second key lesson from these two incidents is that the 
conditions under which bread is baked are usually insufficient to achieve 
significant decomposition of either mycotoxins or pesticides to derivatives 
that do not present a hazard to the consumer. Thus in terms of the primary 
raw material (flour), the same food safety management principles as discussed 
for grain by flour millers apply. Consequently bakers should operate SQA 
programmes for their flour suppliers that operate on similar principles to 
those operated by flour millers themselves and discussed above.

13.6.3 Food additives and process aids
The industrialisation of the baking industry to meet the demands of mass 
consumption has been accompanied by the use of chemicals that either assist 
in the manufacture (process aids) or contribute to maintaining the finished 
quality (food additives) of products acceptable to the consumer. In terms of 
baked products, process aids fall into two principal groups, flour treatment 
agents (e.g. chlorine and chlorine dioxide) or dough conditioners (e.g. 
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ascorbic acid, azodicarbonamide and potassium bromate). Since the end of 
the 1980s the use of these chemicals has been the subject of considerable 
legislative review world-wide. The result has been that in many jurisdictions 
their continued use is either prohibited or substantially restricted. By way 
of example, within the EU, of the five compounds discussed above, only 
ascorbic acid is still permitted for use. The reasons for their demise are 
summarised below.
 Within western Europe, the toxicology of the flour treatment agents chlorine 
and chlorine dioxide was last reviewed as part of a series of evaluations 
used in the process of arriving at a harmonised list of food additives (which 
included flour treatment agents) for common use within the EU. A review of 
toxicology data relating to cake baked with chlorinated flour by United Kingdom 
regulators (CoT, 1996) raised concerns over the possible significance of the 
bio-accumulation of the chlorinated fatty acid 9,10-dichloro-octadecanoic 
acid and asked for further evidence in connection with its safety. This was 
not forthcoming; the two flour-treatment agents were not included in the 
harmonised legislation and their use was eventually discontinued.
 Within EU Member States similar fates befell potassium bromate and 
azodicarbonamide. Potassium bromate had been identified as a genotoxic 
carcinogen by Kurokawa et al. (1983). Its use in many countries continued 
based on the premise that under good manufacturing conditions bromate was 
converted to bromide during the bread making process. Such a view is still 
held in some jurisdictions (e.g. USA) and guidelines exist for its safe use 
(American Bakers’ Association and American Institute of Baking, 2008). 
Nevertheless the advent of more sophisticated methods of analysis with 
lower levels of detection (e.g. Dennis et al., 1994) led to the conclusion that 
bromate persisted even after baking and consequently its use was eventually 
prohibited in many countries (e.g. Anonymous, 1990). Azodicarbonamide 
failed to be included in the harmonised EU additives legislation for similar 
reasons. This dough conditioning agent had been considered to break down 
to biourea during the baking process (JECFA, 1966). However subsequent 
work demonstrated azodicarbonamide to be associated with the occurrence 
of the carcinogen ethyl carbamate in bread (Dennis et al., 1997). Data such 
as these contributed to the compound’s eventual exclusion from the list of 
permitted additives.
 Another aspect of chemical contamination related to food additives 
relates either to their inappropriate use (i.e. prohibited by regulation) or the 
use of compounds not permitted for food use. Consideration of Fig. 13.4 
indicates that failure to comply with food additive or colour regulations is 
a significant cause of notifications under the RASFF system within the EU. 
It should be noted that none of these notifications referred to the use of the 
dough treatment agents no longer permitted. A significant number of them 
represented attempts by certain raw material suppliers to extend and or falsify 
another ingredient (apart from flour or polenta) through addition of another 
compound that had no recognised food use. One example of this relates to 
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colourings used in pasta or pasta dishes; a number of the notifications reflected 
the detection of Sudan dyes, whose use is prohibited in food. Sudan dyes 
have and continue to be an issue in sourcing certain materials (e.g., spices 
and palm kernel oils) whose red colour is a measure of their quality. In one 
incident relating to a contaminated ingredient (Worcester Sauce), which took 
place in the United Kingdom, over 400 different products identified as being 
contaminated with the dye were subject to recall. It should be noted that 
none of the products made with the ingredient were considered to present a 
threat to the consumer health (Food Standards Agency, 2007).
 A more sinister development has been the use of low molecular weight 
nitrogen compounds to increase the nitrogen content of a raw material and 
hence give an inflated and misleading estimate of the ingredient’s protein 
content. The most recent examples of such an abuse were the addition of 
melamine to rice gluten and milk. These activities were not only fraudulent 
but also prejudicial to consumer safety. In 2007, melamine-adulterated rice 
bran found its way into pet food sold in North America and led to both the 
deaths of a number of pets as well as the recall of 60 million packs. More 
tragically, in 2008, melamine contaminated milk entered the Chinese human 
food chain in significant quantities. As of 19 September 2008, 54 000 babies 
had been reported sick, and at least four children died. Over 1000 tonnes of 
milk powder had to be withdrawn (reviewed by MoniQA, 2008).

13.6.4 Process contaminants
Paradoxically the very processes responsible for converting cereal-based 
ingredients into palatable and microbiologically safe foods can also lead 
to the formation of compounds of toxicological significance. Probably the 
most significant issue at the moment relates to acrylamide. Acrylamide is 
a known carcinogen and was first detected in 2002 by Swedish researchers 
within a number of high carbohydrate foods prepared at high temperatures 
(Svensson et al., 2003). The significance of these findings is still the subject 
of considerable debate (JECFA, 2005); however, there is a general consensus 
that the occurrence of this compound should be minimised. The mechanism 
by which acrylamide is formed during the baking process has been elucidated 
and the levels formed are to some degree related to the amounts of free 
asparagine present in the raw materials (JECFA, 2005). Food manufacturers 
have responded by collaborating with governments to further understand 
the problem and identify appropriate acrylamide reduction strategies for 
carbohydrate-rich products. In the EU these have been consolidated into the, 
‘Acrylamide Tool Box’ (Confederation of the Food & Drink Industries of the 
EU, 2009). In the case of bread, most of the acrylamide appears to be formed 
in the crust. The ‘Tool Box’ suggests strategies contributing to a reduction 
in acrylamide formation at either the dough mixing or baking stages. In the 
case of dough mixing these include possible use of asparaginase, limiting 
the use of reducing sugars, using flours with lower asparagine contents, 
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the addition of calcium salts and extending the period of fermentation. In 
terms of baking the key recommendation is to reduce baking temperatures 
to produce a lighter crust (Confederation of the Food & Drink Industries 
of the EU, 2009). It is important to note that it is probable that for any one 
product it would not be possible to adopt all of the strategies because other 
factors, in particular relating to consumer acceptability or technical feasibility 
might be unacceptably altered.

13.7 Conclusions

The relative safety of bread compared with other foods is at least partly 
attributable to the technologically related quality attributes of grain and 
flour demanded by millers and bakers (e.g., low moisture content, absence 
of mould growth and foreign matter). Combining those attributes required of 
the raw material with the temperatures used to produce the finished product 
means that bread, in particular, has been a food with a relatively lower 
risk of contributing a significant hazard than many other foods (Fig. 13.1). 
However this is not a reason for complacency, since, as discussed in this 
chapter, there are significant food-safety hazards. For the food-safety manager, 
like commentators in other fields of management, inspiration might come 
from considering some of the ideas developed in ancient texts on military 
strategy. Two appropriate to this context are those written by the Chinese 
general Sun Tzu (544–496): ‘If you know the enemy and know yourself, 
you need not fear the result of a hundred battles’ and the fourth-century 
Roman strategist Vegetius: ‘Let him who desires peace prepare for war.’ 
Good food-safety management rests on a continuing understanding of the 
hazards presented throughout the grain chain from cereal to finished product 
and the development of appropriate strategies to deal with them.
 In order to maintain this state of readiness, and in common with many 
other foods, the optimal route to maintaining the safety of cereal-based foods 
is through a quality assurance approach based on principles utilising both 
GMP and HACCP (Codex Alimentarius, 2003a). This must be underpinned 
by an appropriate knowledge base. Application of these principles leads to the 
realisation that many of the hazards presented by both the cereal grain and its 
flours are actually determined by events upstream of the primary processor 
(e.g. miller). These primarily relate to levels of chemical contamination and/
or the microbiological quality of the grain and eventually the flour made from 
it. In order to maintain product safety therefore, both primary processors 
and those who use their products as ingredients must not only have a good 
knowledge of the raw materials, their supply chain and any hazards that might 
be presented but also the resources to measure and enforce compliance with 
specifications.
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13.8 Sources of further information and advice

Information concerning good agricultural practice for the cultivation of cereals 
and the necessary quality systems to support can be obtained from numerous 
national sites. Examples based in the UK include the Home Grown Cereals 
Authority (www.hgca.com); The Assured Combinable Crops Trust (www.
assuredcrops.co.uk) and the National British and Irish Millers Association 
(NABIM – www.nabim.com). Additional information on the safety and 
quality aspects of cereal grains can be found at the International Association 
of Cereal Chemistry (ICC) website (www.icc.org.at). Other websites referred 
to in the text and which may be of particular help are those of the Codex 
Alimentarius Commission (www.codexalimentarius.net) and the Confederation 
of the Food & Drink Industries of the EU (www.ciaa.be) for the most recent 
update of the ‘Acrylamide Toolbox.’ The ‘Toolbox’ deals with a number of 
high starch products in addition to bread.
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Abstract: The improvement of cereal quality traits is one of the main objectives in 
breeding programmes. The quality and nutritional value of cereal-based food products 
strongly depend on the two main components in the grain, protein and starch. Plant 
breeders have paid the greatest attention to wheat end-use quality, especially to 
protein content and composition. A new challenge for small-grain cereal breeders is to 
develop cereals with novel types of end-use quality. Breeding strategies are developed 
to determine the range of natural variation and apply methods to select new genotypes 
with modified starch composition as well as improved phytochemical and non-starch 
polysaccharide contents.

Key words: bioactive compounds, cereal, end-use quality, modified starch 
composition, transformation, wheat, wheat protein improvement.

14.1 Introduction

Breeding priorities vary both from one region to another and over time. 
Despite regional differences, it can be stated in general that global wheat 
production in the 20th century can be divided into two periods, as the result 
of differences in breeding priorities. The first fifty years were characterised 
by the spread of wheat production on a world scale, since the growing area 
increased from 130 million hectares at the beginning of the century to over 
200 million hectares in the 1950s, while the yield average changed very little 
worldwide. During the second half of the century, although there were some 
fluctuations, the wheat-growing area only increased slightly, while yield 
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averages tripled on a world scale. It is clear from these data that the main 
priority challenge for cereal breeders was to increase yields, and this affected 
the extent to which wheat could be bred for quality (Fig. 14.1).
 At the end of the 20th century one of the greatest barriers was the decline 
in yield stability at higher yield levels. A negative correlation was observed 
between yield potential and quality, and between increases in yield and the 
maintenance of ecological equilibrium. This was confirmed by a survey of 
breeding programmes carried out by Braun et al. (1998). The results show 
that, in the future, there will be gains due not only to increases in yield 
potential but also to improvements of traits involved in yield stability, 
breeding for N- and P-use efficiency and the development of varieties with 
better and more stable end-use quality across environments. Sears (1998) 
pointed out that both grain protein content (as one of the most important 
factors affecting nutritional and functional baking characteristics) and yield 
(as the main component of wheat farmers’ profits) are significant breeding 
objectives. According to Wrigley (2007), growth and storage conditions 
are both important in determining grain quality and its stability. Breeding 
for genetic tolerance to environmental hazards, for instance by selecting 
genotypes less affected by heat shock, will also open up the possibility of 
selecting for tolerance to dough-weakening due to heat stress.
 Among the cereal species, wheat has attracted the greatest attention by 
plant breeders in terms of end-use quality improvements during the last 
century. Breeding objectives for wheat quality traits are determined by 
consumer demands for traditional cereal-based food products, which vary 
tremendously in different regions of the world. When setting goals, breeders 
have to comply with commercial criteria. In North America, for instance, a 
classification system based primarily on visual differences between variety 
types and on physical parameters has evolved, which is simple to apply. This 
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wheat quality control system makes it possible to produce large quantities of 
raw material with homogeneous quality, ensuring market competitiveness. 
In Europe, where a large number of wheat varieties, resting on national 
traditions and complying with traditional quality requirements, are grown, it 
is impossible to speak of a unified system of quality control or classification, 
leading to diverse criteria in breeding aims.
 The quality and nutritional value of cereal-based food products strongly 
depend on the composition of the two main components in the grain, namely, 
protein and starch. A new challenge for small-grain cereal breeders is to 
develop novel cereals based on the manipulation of starch composition. 
The modification of the amylose/amylopectin ratio has a great effect on the 
nutritional and quality properties of flour. Higher amylose content correlates 
with an increased amount of ‘resistant starch’, which is considered to have 
beneficial effects on human health. Recent interest in human nutrition has 
focused attention on the bioactive compounds of cereal species. Dietary fibre 
(DF) and phytochemicals have a positive impact on human health, by lowering 
the risk of several diseases. Knowledge about the extent of natural variation 
in the bioactive compounds in cereal species and their germplasm is relatively 
limited. The future trend will be to determine the range of natural variation 
to develop a breeding strategy for the modification of starch composition 
and the improvement of phytochemicals and non-starch polysaccharides.

14.2 Breeding for improved wheat quality

14.2.1 Market classes and endosperm structure
As far as breeders are concerned, suitability for the processing industry 
is determined by commercial categories, which are based mainly on grain 
hardness. Wheat is classified into distinct categories of grain hardness 
(soft, medium-hard and hard) and colour (red, white and amber), and it is 
further subdivided according to the growth habit (spring or winter). Grain 
softness is determined by the hardness (Ha) gene located on the short arm of 
chromosome 5D (Morrison et al., 1989). The grain softness protein (GSP), 
or friabilin, has three components: puroindoline a and puroindoline b are 
bound to the starch surface via lipids. A hard endosperm structure develops 
if certain mutations of puroindoline b inhibit the binding of the protein to 
starch granules. The third component of friabilin, GSP-1, was detected by 
Jolly et al. (1993).
 In the course of breeding, the grain hardness of new wheat varieties 
depends on the grain hardness of the crossing partners. According to Davis 
et al. (1961), the heritability of this trait is 0.60 in hard × soft crossing 
combinations. In experiments carried out by Jolly et al. (1993), soft grain 
was inherited as a dominant trait, with a segregation ratio of 3:1 for soft:hard-
grained genotypes. The introduction of the Single Kernel Characterisation 
System (SKCS) to measure hardness has been a great help to breeders. By 
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measuring the resistance of the grain to deformation, the instrument records 
the force required to crush the kernel between two surfaces, thus determining 
the relative hardness or softness of the grain (Osborne et al., 2001).

14.2.2 Breeding for wheat protein composition
Most breeding efforts aimed at the quality improvement of cereal species have 
been concentrated on increasing the protein content of wheat and improving 
its composition. This is one reason why a wide range of germplasm is now 
available for the broadening of genetic variability using both classical and 
molecular breeding methods.
 The most widely used method of classical breeding is the cross-breeding 
method. The parental partners most frequently used by cereal breeders are:

∑ land races or old varieties
∑ exotic lines or varieties
∑ wild related species
∑ adapted lines or varieties.

 The crossing method depends to a great extent on the type of parental 
partner. When using non-adapted genotypes (e.g., land races or exotic lines), 
the backcross method is generally applied, where breeders endeavour to retain 
the agronomic traits of the recurrent parent to achieve the desired quality. 
Smaller gains in quality traits can be hoped for when crossing adapted lines 
or varieties, though in this case the adaptability does not change substantially, 
providing a greater chance of rapidly selecting a new variety.
 Among the genetic resources, there is a long tradition of using populations 
of land races and old varieties, as in many countries the genetic background 
for increasing protein content and improving rheological quality comes from 
improved land races produced by mass selection from local land races, or from 
varieties with primitive, heterogeneous populations. With the appearance of 
old varieties selected from land races, the Canadian spring wheat Red Fife, 
for instance, laid the foundations for the breeding of wheat with good bread-
making quality in the UK, while another Canadian variety, Marquis, served 
the same purpose in Finland and Hungary (Fig. 14.2). In Central Europe, the 
Bánkúti wheat varieties represented a transitional stage between land races 
and modern varieties. An analysis of 216 genotypes from the population 
of Bánkúti 1201, for example, revealed six (high-moleculer-weight) HMW 
glutenin subunit types and 19 different gliadin types (Juhász et al., 2003). 
When analysing the protein traits of Bánkúti 1201, Vida et al. (1998) found 
that sublines with HMW glutenin subunits 2*, 7 + 8 and 2 + 12 gave the best 
protein quality results, though the protein content did not differ significantly 
in the four types of sublines (Table 14.1). An increase in protein content was 
the primary aim when the varieties Nap Hal and Atlas 66 were included in 
international selection programmes (Johnson et al., 1970).
 Despite the fact that the genetic variability within Triticum aestivum is 
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nowhere near as greatly exploited as would be desirable, varieties containing 
genes or gene complexes originating from wild species are increasingly finding 
their way into cultivation. The vast majority of these distant crosses were 
made by breeders in order to transfer disease resistance genes with simple 
inheritance into wheat. The varieties Plainsman V., Plainsman IV., Encore 
and Frontiersman, however, which contain genes from Aegilops ovata, were 
selected specifically for increased protein content and technological quality 
(Sharma and Gill, 1983). Distant hybridisation has been given particular 
attention in regions where natural populations of wild species have great 
genetic variability, and where agronomically valuable, locally adapted 
forms are available to breeders. One such programme, involving Triticum 
dicoccoides, has been underway for some time in Israel. The results reported 
by Feldman et al. (1994) indicated that common wheat lines with competitive 
yield potential as well as increased protein content had been produced.
 Wheat-rye chromosome substitutions and translocations have had a great 
influence on quality improvements. Although these were not developed to 
broaden the genetic base for technological quality, their widespread cultivation 

Table 14.1 HMW glutenin subunit composition and quality traits of the Bánkúti 1201 
sublines

HMW subunit

Glu-A1 Glu-B1 Glu-D1 Protein % Gluten index SDS Value

2* 7 + 9 2 + 12 15.58 70.28 71.18
2* 7 + 8 2 + 12 15.75 83.78 77.88
1 7 + 9 2 + 12 15.43 58.36 67.52
1 7 + 8 2 + 12 15.76 63.18 68.50

Red Fife

Marquis

Béta Bánkúti Austro Bánkúti Austro Kolben

Bánkút 5 Diószeg 2

Ferto’’d 293

Galicia landraces Tiszavidék landraces

Székács 1055
Székács 1242

Bánkúti 1201
Bánkúti 1205
Bánkúti 1202

Fig. 14.2 Genetic background and origin of Eastern and Central European landraces 
and old wheat varieties.
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has had a considerable influence on quality. The gene complex originating 
from rye is well known to carry numerous disease resistance genes (Heun 
and Fischbeck, 1987), but this is combined with an unfavourable effect on the 
technological quality of wheat, partly due to the presence of gamma secalin 
instead of omega and gamma gliadins, and partly to the lack of the LMW 
glutenin subunits found on wheat chromosome 1BS (Dhaliwal et al., 1988). 
Wheat-rye translocation forms were developed in Germany, in Weihenstephan 
and Salzmünde (Zeller and Fuchs, 1983), and also in the USA (1RS.1DL 
Amigo) and Japan (1RS.1BL Salmon). The undesirable technological traits 
include small loaf volume and sticky crumb (Zeller, 1973), together with 
poor rheological traits.
 Breeders have made considerable efforts in recent years to eliminate 
unfavourable technological quality by incorporating the translocated fragment 
into chromosomes of homoeologous group 1 or by altering the present genetic 
background. In the first case, Zeller and Fuchs (1983) incorporated the rye 
translocation into chromosome 1A and Koebner and Shepherd (1986) into 
1D. Knackstedt et al. (1994) reported a new wheat-rye translocation on the 
long arm of chromosome 2B, carrying a resistance gene against Hessian 
fly, which did not influence the wheat storage proteins or the technological 
quality. Graybosch et al. (1990) drew attention to the change in the genetic 
background, which could considerably modify the unfavourable traits arising 
when the flour is used for bread-making. Similar conclusions were drawn 
by Javornik et al. (1991) when analysing the varieties Jugoslavia, Balkan 
and Zvezda, which have good bread-making quality and contain the 1B/1R 
translocation. Results obtained in Martonvásár, Hungary, also suggest that a 
favourable genetic background is capable of reducing the deleterious effect 
of the 1B/1R translocation, but it cannot be completely eliminated and a 
negative influence on quality must generally be expected (Bedő et al., 1993). 
Further use of this germplasm might be limited in wheat breeding as new 
stem rust (Puccinia graminis tritici) race Ug99 detected in 1999 showed 
broad virulence including stem rust resistance gene Sr 31, located on 1B/1R 
translocation (Singh et al., 2007).
 The results achieved in research on wheat storage proteins have had an 
influence on wheat breeding, as polymorphism was determined in many cases. 
By means of gel electrophoresis, Tkachuk and Mellish (1988) identified a 
large number of patterns in common wheat: 112 patterns for gliadins, 398 
for glutenin subunits, 418 for albumins and 344 globulin patterns. Among 
the gliadins, the omega- and gamma-gliadins were closely linked at the Gli-1 
locus (Sozinov and Poperelya, 1982), while alpha-gliadins were found at 
the Gli-2 locus. The number of gliadin genes in wheat and in related wild 
species can be put at around 150 (Reeves and Okita, 1987).
 The comprehensive investigation of high-molecular-weight (HMW) 
glutenins brought significant advances in breeding for technological quality 
based on the points system elaborated by Payne et al. (1979). The HMW 
subunits can be found at three loci on the long arms of 1A, 1B and 1D 
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chromosomes. The 1 and 2* subunits, at the Glu-A1 locus on chromosome 
1A, both have a positive effect on flour quality (Payne et al., 1981; Branlard 
and Dardevet, 1985). According to Payne et al. (1984), the 7 + 8, 13 + 16 and 
17 + 18 subunit combinations on chromosome 1B all improve bread-making 
quality, while Lagudah et al. (1988) emphasised the prime importance of 
the 7 + 8 subunits at the Glu-B1 locus. Various authors have demonstrated, 
however, that subunits at the Glu-D1 locus on chromosome 1D have the 
greatest effect on bread-making quality (Payne et al., 1987; Burnouf and 
Bouriquet, 1983). It has been proved that the 5 + 10 subunits at the Glu-
D1 locus improve flour quality compared with subunits 2 + 12 and 3 + 12. 
Lagudah et al. (1988) demonstrated that genotypes with subunits 5 + 10 
have better Brabender farinograph and extensograph indexes than those with 
subunits 2 + 12.
 D’Ovidio et al. (1997) underlined the fact that HMW glutenin subunits 
have the greatest influence on dough strength, which is affected not only 
by the composition, but also by the quantities of individual HMW glutenin 
subunits. Among the naturally occurring overexpressed forms, outstanding 
importance is attached to the Glu-B1-encoded subunit Bx7, which leads to 
greater dough strength. Overexpressed Bx7 subunits have been detected 
in several wheat genotypes, in both old land races and modern varieties, 
including Glenlea, Red River 68, Bánkúti 1201 (Fig. 14.3), etc. (Marchylo et 
al., 1992; D’Ovidio et al., 1997; Juhász et al., 2003; Butow et al., 2004).
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Fig. 14.3 Reversed-phase HPLC of proteins extracted with disulphide-bond rupture 
from flour samples of three varieties shows quantitative differences in protein 

composition due to the presence of overexpressed Bx7 HMW subunits in two wheat 
genotypes but not in Chinese Spring. 

�� �� �� �� ��



376 Cereal grains

© Woodhead Publishing Limited, 2010

 These results confirm that although the HMW subunits are clearly correlated 
with technological traits, they are not the only factors responsible for bread-
making quality. Beside HMW glutenin subunits, the remaining genetic variance 
could be attributed to low-molecular-weight (LMW) glutenin subunits, 
gliadins and lipids. Various analyses have indicated a correlation between 
technological quality and LMW glutenin subunits (Gupta and Shepherd, 1990; 
Juhász et al., 2003). Disulphide bonds, which influence dough elasticity, 
play an important role in the final bread-making quality (Wrigley, 1996), 
and continue to be significant during dough raising and baking (Wrigley et 
al., 1998). The best quality Hungarian wheat, Bánkúti 1201, for instance, 
has subunits 2 + 12 or similar combinations on chromosome 1D (Bedő et 
al., 1995), which normally indicate poor bread-making quality. A similar 
exception is the UK wheat variety Hereward, which has the HMW subunits 
0, 7 + 9 and 3 + 12.
 Many breeders start selecting for quality traits in early generations. This 
has the advantage that there is still considerable genetic variability at this 
stage, but the lines are not yet homozygous, which often makes the results 
questionable. Breeders thus aim to pre-select groups containing the best 
genotypes, thus facilitating later selection. Early selection may be efficient 
if large numbers of lines in early (F4 or F5) generations can be selected 
rapidly at low cost using a routine method. According to Peterson et al. 
(1997), a single programme may involve testing several thousand lines in 
early generations for quality each year using samples of 100 g of grain or 
less. For the tests to be of maximum benefit, the data must be collected and 
analysed between the harvest and planting dates, which, for winter cereal 
programmes, may be as little as four weeks.
 Over the last two decades, a whole series of micro-methods has been 
elaborated for quality analysis, with the help of which quality can be 
predicted in early breeding generations. The first significant quality analyser 
of this type was the two-gram Mixograph™ (Rath et al., 1990), developed 
in Australia, which gave well-replicated results and was more objective due 
to the automatic evaluation (Békés et al., 2001). The Micro-extension tester 
reported by Rath et al. (1995) is valuable in early-generation selection for 
wheat quality where the amount of available sample does not allow testing 
by the standard method (Grasgruber et al., 2002). As little as 10 g flour is 
required for this analysis. The micro Z-arm mixer (Haraszi et al., 2004), the 
mixing action of which is analogous to that of the traditional valorigraph 
and farinograph, could become widely used for the estimation of dough 
rheological traits, particularly among breeders in the countries of Central and 
Northern Europe, where the farinograph has traditionally been used. These 
analyses could be complemented by a micro-baking test (Békés et al., 2003). 
Near infrared spectroscopy (NIR) is widely used to provide rapid analyses 
of large numbers of small samples for various quality traits, and can be used 
to group genotypes based on specific characters (Osborne, 2006), including 
endosperm structure or protein content. It gives a good prediction of the 
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Zeleny sedimentation index, which is a good indicator of loaf volume. NIR 
analysis of the whole grain will accelerate the breeding process by reducing 
the preparation time required and by decreasing the cost of selection, while 
the intact samples that are analysed can be planted for further selection.
 Great progress has been made in research on the protein components 
responsible for technological quality, and this has contributed significantly 
to breeding progress. However, this positive trend does not change the basic 
conflict between the continuous improvement of grain protein and grain 
yield. According to DePauw et al. (1998), the levels of protein that could 
be achieved with conventional breeding methods might force breeders to 
reconsider breeding strategies. Although maintaining end-use quality is 
important, a 1% change in protein concentration could reduce the yield 
potential by 10%, because carbohydrates require less energy for synthesis 
than protein. This means that future breeding trends are likely to focus not 
on an increase in protein quantity, as a primary aim, but on investigating and 
changing its composition for better technological quality and for products 
with new end-use quality.
 Many studies have been carried out looking specifically at the change in 
the genetic diversity of the wheat variety pool over the past 100–150 years. 
Although these studies have consistently noted a reduction in diversity between 
landraces and modern cultivars, they have reached different conclusions as 
to the trend in diversity over the period of modern plant breeding. Reduced 
diversity over time is reported in Canada by Fu et al. (2005, 2006) and 
in China (Tian et al., 2005; Chenyang et al., 2006), whereas constant or 
increasing diversity is observed by Smale et al. (2002), Reif et al. (2005) and 
Warburton et al. (2006) among International Maize and Wheat Improvement 
Centre (CIMMYT) lines, as well as Roussel et al. (2004) (France), Khlestkina 
et al. (2004) (Eurasia), Mercado et al. (1996) (N. America), Martynov et al. 
(2005) (Russia), Huang et al. (2007) (NW Europe) and Lang et al. (2004) 
(Hungary). Overall a picture of relatively constant genetic diversity over 
time is emerging although a deficit still remains in that each of the published 
studies uses different sets of molecular markers and so comparison between 
geographical areas – or extrapolation to conclusions about the diversity of 
the global wheat crop – can be no more than tentative.
 Molecular marker technologies promise to increase the efficiency of 
managing genetic diversity in breeding programmes. Numerous marker 
technologies have been developed over the last 25 years. The most widely used 
systems, adopted at different stages in the evolution of marker technologies, 
are restriction fragment length polymorphism (RFLP), randomly amplified 
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP®), 
microsatellites or simple sequence repeats (SSR) and single nucleotide 
polymorphism (SNP) (Botstein et al., 1980; Weber and May, 1989; Williams 
et al., 1990; Vos et al., 1995; Chee et al., 1996). These technologies can 
genotype agricultural crops with varying degrees of efficiency. Diversity 
arrays technology (DArT) was developed as a hybridisation-based alternative, 
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which simultaneously types several thousand loci in a single assay (Jaccoud 
et al., 2001). DArT generates whole-genome fingerprints by scoring the 
presence versus absence of DNA fragments in genomic representations 
generated from samples of genomic DNA. The technology was originally 
developed for rice, a diploid crop with a small genome of 430 Mbp (Jaccoud 
et al., 2001), but it was subsequently used for a range of other crops. The 
list is expanding and currently includes 19 plant species and three fungal 
plant pathogens (Jaccoud et al., 2001; Lezar et al., 2004; Wenzl et al., 2004; 
Kilian et al., 2005; Wittenberg et al., 2005; Xia et al., 2005; Yang et al., 
2006). A test like this is important because the performance of a number of 
genotyping technologies seems to be adversely affected by the ploidy level 
of plant genomes. The presence of multiple copies of genes in polyploids 
represent a challenge even for SNP markers, although new approaches are 
being developed to deal with this issue in wheat (Mochida et al., 2004).

14.3 Breeding for starch quality and bioactive compounds 
in small-grain cereals

14.3.1 Starch quality improvement
Starch makes up 65–70% of the dry matter in wheat kernels and is also the 
main component of wheat flour, where amylose makes up 18–35% of the 
starch and amylopectin is 68–75%. The low-amylose type of wheat contains 
practically no amylose (Nakamura et al., 1995). The amylose content of 
barley starch varies from 0% to 5% in low-amylose, 20 to 30% in normal, 
and up to 45% in high-amylose barley (Bhatty and Rossnagel, 1997).
 The ratio of amylose to amylopectin in starch is decisive for determining 
the physico-chemical properties of the starch and thus end-use quality. The 
enzyme that plays a key role in the synthesis of amylose is bound to starch 
granules. It is the product of the GBSS (granule-bound starch synthase) gene. 
There are three GBSS loci in bread wheat (Wx-A1, Wx-D1 and Wx-B1), 
located on the short arms of chromosomes 7A and 7D and on the long arm 
of chromosome 4A (Yamamori et al., 1994; Nakamura et al., 1993a). The 
quantity of amylose is determined by the presence of these GBSS alleles. 
Low-amylose mutants that do not express the GBSS protein are unable to 
synthesise amylose. If the starch is amylose-free, the wheat variety is referred 
to as a waxy type, while the presence of one or two null alleles, with reduced 
amylose content, results in partially waxy genotypes (Yamamori et al., 1994; 
Nakamura et al., 1993b).
 The efficient identification of the GBSS gene has been an important 
part of breeding programmes since it was revealed that the absence of the 
GBSS gene (chromosome 4A, Wx-B1) is correlated with starch swelling 
and noodle dough quality (Zhao et al., 1998). Parameters recorded using the 
Rapid Visco Analyser (RVA) can be used to distinguish between normal and 
low-amylose genotypes, but the differences between normal wheat varieties 
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are generally small (Boggini et al., 2001). A simple screening technique for 
breeding purposes is the use of stabilised iodine solution on pollen grains 
taken from anthers at flowering. In case of active GBSS alleles it gives blue/
black colour while it is red brown if null alleles are present. Although the 
method is suitable for the identification of low-amylose genotypes, DNA-
based selection is also and more reliable. Knowledge of sequences coding for 
GBSS allowed tests for the identification of the loci to be developed (Zhao 
et al., 1998). This PCR-based technique is able to identify all three loci, as 
the primers give three differently sized fragments. Any deletion of the genes 
can be detected by separating the PCR products using gel electrophoresis.
 Kernel hardness is important for starch quality, as it determines the level 
of starch damage during milling. The adhesion between the starch and the 
protein matrix is smaller in soft-grained wheats than in hard-grained types. 
According to Graybosch et al. (2003), grain hardness varies significantly 
between waxy wheat lines, involving either hard- or soft-textured waxy 
lines. The analysis of flour quality traits shows few differences between 
low-amylose lines and check cultivars for traits primarily related to protein 
concentration or protein quality, but there are many significant differences 
between properties primarily dependent upon starch structure, or related 
to milling behaviour. The protein-related quality attributes of low-amylose 
wheats demonstrates environmental and genotypic variances similar to those 
typical of normal wheats.
 The exploitation of old landraces and varieties is another possibility to 
widen genetic variation. When the old Hungarian wheat Bánkúti 1201 was 
divided into lines, the amylose contents ranged from 14.4–24.2% (Fig. 14.4), 
suggesting that old varieties are heterogeneous for various quality traits. They 

 14 15 16 17 18 19 20 21 22 23 24
Amylose [%]

Fr
eq

u
en

cy
 [

%
]

35

30

25

20

15

10

5

0

Checks:
Rosella
Bánkúti 5

Checks:
Janz
Marquis

Fig. 14.4 Variation of amylose content in sublines of the old Hungarian wheat 
variety Bánkúti 1201. Frequency indicates the number of samples with specific 
amylose content related to the total number of the samples. Reproduced, with 

permission, from Rakszegi et al. (2003).

�� �� �� �� ��



380 Cereal grains

© Woodhead Publishing Limited, 2010

thus appear to be populations for future exploitation as sources of valuable 
genes for grain quality (Rakszegi et al., 2003).

14.3.2 Genetic variation of dietary fibre and bioactive components
A new challenge for cereal-grain breeders is to react to pressure to develop the 
health advantages of cereals. This opportunity, coming from both consumers 
and health authorities, relates especially to dietary fibre, antioxidants and 
phytochemicals. The most important dietary fibre (DF) components are the 
non-starch polysaccharide arabinoxylans (AX), which are quantitatively 
the most abundant DF, beta-glucans, cellulose, and the non-polysaccharide 
lignins. According to Gebruers et al. (2008), common wheat genotypes contain 
the highest level of DF compared to other cereal species, like durum and 
spelt wheat, whereas wild wheats such as T. monococcum and T. dicoccum 
gave the lowest values. In another study, Shewry et al. (2008) underlined 
the significance of dietary fibre and the associated phenolics content in oat 
genotypes.
 The viscosity of non-starch polysaccharides is a factor in grain quality 
and is a measure of the quality of aqueous extracts of water-soluble fibre. 
Bordes et al. (2008) studied 372 wheat accessions and found a variation 
coefficient (CV%) of 24.5% for viscosity, indicating the large variability of 
pentosans in the core collection. The largest range of variation was found 
in landraces and old cultivars rather than in more recent varieties.
 Soluble AX are the most readily fermentable dietary fibre in the colon. 
Water-extractable arabinoxylan (WE-AX) levels in wheat varied much 
more than total arabinoxylan (TOT-AX) levels. This variability was mainly 
genetically determined, but harvest year also had an important effect. WE-AX, 
endoxylanase activity and endoxylanase inhibitor levels are to a large extent 
determined by genotype. The selection of appropriate wheat varieties could 
be an important tool in reducing the problems associated with such variability 
(Dornez et al., 2008). The highest WE-AX levels were measured for rye 
flour and bran (Nyström et al., 2008). Andersson et al. (2008b) found lower 
values for barley, and they were even lower for oats (Shewry et al., 2008). 
The WE-AX content of common wheat was between the values of rye and 
barley on average (Gebruers et al., 2008). Shewry et al. (2008) concluded 
that the contents of WE-AX and TOT-AX in oat bran and of WE-AX in 
oat flour were comparable to those in barley (Andersson et al., 2008b), but 
lower than those in wheat (Gebruers et al., 2008) and rye (Nyström et al., 
2008).
 Thirty-nine barley varieties of diverse genetic origin and from several 
barley-growing areas showed wide diversity in polysaccharide content and 
composition, with the variation mainly due to differences in hull and starch 
types. However, wide variation was also detected within these groups, which 
could be further exploited to improve the nutritional quality of barley. A 
negative correlation was found between the arabinoxylan (AX) and beta-glucan 
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contents. A strong positive correlation was also seen between the beta-glucans 
and the amount of soluble non-starch polysaccharides, as well as between 
beta-glucans and protein content (Holtekjolen et al., 2006). The barley beta-
glucan content ranged from 2.64 g/100 g DW (dry weight) for Vanessa to 
8.05 g/100 g DW for Ludine, with an average value of 3.95 g/100 g DW, and 
50% of the compounds were in the range 3.45–4.36 g/100 g DW (Panfili et 
al., 2008). Papageorgiou et al. (2005) pointed out significant variations in 
the beta-glucan content of flours from several Greek oat and barley varieties. 
The range of variation was 2.5–5.4% and 2.1–3.9%, respectively. Andersson 
et al. (2008b) compared ten different barley genotypes, where Rastik and 
CFL 98-450 were hull-less, and all the other barleys were hulled types. 
Although CFL 98-450 showed the highest beta-glucan content, Rastik gave 
one of the lowest values in this respect. The range of beta-glucan content in 
barley genotypes was between 3.7 and 6.5%. For oat varieties, these ranges 
were between 4.5 and 5.6% for the wholemeal, 0.96 and 1.12% for the flour, 
and 6.2 and 8.39% for the bran (Shewry et al., 2008).
 The quantities of phytochemicals and antioxidants in whole cereal grains 
have been underestimated previously, but the increased consumption of 
whole-grain products is now attributed to the understanding that whole-
grain cereals reduce the risk of cardiovascular disease, type 2 diabetes and 
certain cancers. Phenolics, one of the most important phytochemicals, are 
in bound form in the whole grain (76% in wheat, 85% in maize and 75% 
in oats). In whole wheat flour, the bran/germ fraction contributes 83% of 
the total phenolic content, 79% of the total flavonoid content and 51% of 
the total lutein (Liu, 2007). The results demonstrate wide genetic diversity 
in the phenolic acid content of small-grain cereal species. Common winter 
wheat varieties showed a range of more than 3.5-fold across the concentration 
range for total phenolic acids. Two-fold differences were recorded for this 
concentration when common spring wheat or durum wheat were studied (Li 
et al., 2008).
 Alkylresorcinols belong to one of the major groups of phenolic compounds 
and are found in the outer layers of the grain. Andersson et al. (2008a) 
found considerable variation in the total alkylresorcinol content in wheat 
genotypes. Although the range is high, the level of total alkylresorcinols 
was higher in rye varieties and old land races (Nyström et al., 2008) than 
in bread, durum and spelt wheats or in wild wheat relatives such as einkorn 
and emmer wheats.
 When measuring the phytosterol contents of different cereal species, high 
values were observed in spelt, durum and einkorn wheats. Smaller kernel 
size and higher bran yield were associated with higher phytosterol content 
in common wheat (Nurmi et al., 2008). A comparison of the small-grain 
cereal species revealed the highest average total sterol content in rye varieties 
(Nyström et al., 2008).
 Cereal products are significant sources of folate, which is a B vitamin. 
The range of variation was high (Piironen, 2008), offering good selection 
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opportunities for cereal breeders. The highest mean folate content was 
measured in durum wheat genotypes. Correlation studies showed that the 
total folate content in winter wheat genotypes increased with smaller kernel 
size and bran yield. Previous studies by these authors indicated that folate 
is concentrated in the aleurone layer. Folate-rich wheat varieties were 
observed in all categories when genotypes were ranked according to the 
Zeleny values. This is important information for cereal breeders aiming to 
select new breeding lines with high folate content and good bread-making 
quality.
 The tocol content was investigated in 36 barley varieties (Panfili et al., 
2008). The total tocol amount ranged from 50.3 mg/kg DW (Ladoga) to 
88.6 mg/kg DW (Maggiodoro), with a mean value of 69.1 mg/kg DW, most 
genotypes (50%) having a content between 62 and 75 mg/kg DW. Adagio and 
Sabel were the best sources of vitamin E activity, expressed as tocopherol 
equivalents. According to Lampi et al. (2008), the concentration of tocopherols 
and tocotrienols ranged from 27.6–79.7 mg/g of dry matter, representing a 
2.9-fold variation between wheat genotypes. Although vegetable oils are the 
primary sources of tocols in the human diet, wheat could be a significant 
source of alpha-tocopherols because of its high bioaccessibility.
 The genetic variation detected during the analysis of various bioactive 
components will serve as a good basis for selecting new varieties using 
conventional breeding methods, which can be combined with molecular 
marker-assisted selection to provide an efficient technique for the development 
of new genotypes rich in bioactive components. According to Ward et al. 
(2008), the best results for various bioactive components were given by 
modern West European varieties when a collection of 150 different genotypes, 
including landraces, old and modern varieties was analysed. This was also 
true if the genotypes were ranked only on the basis of phytochemicals. These 
results are important for breeders, as selection for new varieties with a high 
level of bioactive contents is only possible if they also possess satisfactory 
technological quality, excellent agronomic traits and adaptability.
 A further task facing breeders is to develop new germplasm with genetic 
variation for bioactive components that surpasses the level of natural 
variation. This can best be achieved by mutation breeding or the use of gene 
transformation techniques.

14.4 Mutation breeding

Selection for mutations induced using radiation or chemical agents was 
formerly based on morphologically detected traits or by phenotyping certain 
quality characters, an approach not easily applied to a polyploid species such 
as wheat, as most mutations are recessive and complemented by functional 
copies in the additional genomes. This was one reason why breeders only 
used mutation methods when they had exploited all the other possibilities 
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to increase genetic variation. Recently TILLING (Targeted Induced Local 
Lesions in Genomes) has contributed significantly to the efficiency of mutant 
discovery. Breeders can apply it to both diploid and polyploid species, allowing 
the identification of DNA polymorphism in large numbers of genotypes, 
based on DNA sequence differences. Selection can therefore be made at 
the molecular level for mutant candidate genes, which can be combined to 
develop new genetic resources for breeding.
 Common wheat is an ideal species for TILLING, as this technique allows 
the detection of recessive mutations in polyploid species (Comai et al., 
2004). Slade et al. (2005) identified 246 alleles of the waxy starch genes in 
a mutagenised wheat population. The M4 seeds from the Cadenza population 
were used to identify mutations through a combination of SDS-PAGE analysis 
of granule-bound starch proteins and TILLING (Sestili et al., 2008). Work 
has focused on two groups of synthase genes, those encoding starch synthase 
II (Sgp-1) and those corresponding to the waxy proteins. The identification 
of lines with null alleles for starch biosynthesis genes is a realistic approach 
to modifying wheat starch structure, using classical breeding to transfer the 
mutations into commercial varieties. High amylose starch can be obtained 
from the barley mutant Amo1 (Borén et al., 2008). A comparison of the 
starch granule proteomes of Amo1 and Midas revealed no differences with 
obvious relevance to starch synthesis, but the protein content of the Amo1 
granules was found to be higher than for Midas.

14.5 Transgenesis

Successful transformation is a two-step process, involving the integration of 
foreign DNA and the regeneration of fertile plants, followed by the selection 
of a genetically modified crop variety. The first results were obtained with 
model plants and some important agricultural crops like maize and rice, 
while the transformation protocol for small-grain cereals was developed later. 
The first fertile transgenic wheat was developed by Vasil et al. (1992) and 
the first barley was successfully transformed by Wan and Lemaux (1994) 
using a biolistic method. Agrobacterium-mediated transformation protocols 
were developed a decade later for all the major cereal species (Lazzeri and 
Jones, 2008).
 Transformation-based research has already made a significant contribution 
to the understanding of interactions between HMW glutenin subunits and 
other important grain quality traits such as starch and lipid composition, 
dietary fibre composition and grain texture (Jones, 2005). The first use of 
transgenics to develop wheat quality traits was the modification of storage 
protein composition. In order to improve the functional properties of the 
flour, the Australian spring wheat line L88-6 was transformed with the HMW 
glutenin gene 1Dx5 (Barro et al., 1997). The over-expression of subunit 
1Dx5 resulted in an over-strong type of dough suitable for blending with 
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poor grade flour (Rooke et al., 1999; Rakszegi et al., 2000). Ten transgenic 
lines were studied in a two-year field experiment and a transgene encoding 
HMW subunit 1Ax1 was found to be expressed in three elite spring wheat 
cultivars: Imp, Canon and Cadenza (Rakszegi et al., 2008). Differences were 
found in the technological and rheological properties of four lines, with 
significant changes in all the parameters characterising dough strength and 
extensibility (Fig. 14.5). These differences were associated with increases in 
the ratio of HMW/LMW subunits and with decreases in the ratios of 1Dx/1Dy 
and 1Bx/1By subunits. Two transgenic lines of Imp had high overexpression 
of the 1Ax1 subunit, which in one line resulted in an over-strong type of 
dough. The transformation of Canon and Cadenza resulted in two lines with 
increased dough stability due to the significantly improved gluten quality.
 Genetically modified wheat with a significantly higher content of amylose 
has been developed within the framework of a joint research project carried out 
by the French cereal group Limagrain and the Australian Grain Research and 
Development Corporation (GRDC). The transgenic line exhibited a 25–70% 
increase in amylose content, but further breeding efforts (backcrossing) will 
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be necessary to combine high amylose content with other agronomic traits to 
produce cultivars adapted to specific climates and regions (Patton, 2006).
 If the aim of breeding is to combine a high content of bioactive components 
and good technological quality in a single genotype, the pyramiding of 
a number of genes will probably be necessary. This can be achieved in 
several ways. At present, the most reliable method is to use lines that 
already contain genes responsible for high bioactive-component contents 
as the parents in conventional crosses, but this is a relatively slow process. 
A further possibility is to use co-transformation, with several genes being 
transferred simultaneously using Agrobacterium-mediated transformation. 
This method was used to develop ‘Golden Rice’, which has an enhanced 
content of carotenoids, including provitamin A (Ye et al., 2000), and a 
growing number of commercial transgenic crops now contain ‘stacked’ genes 
to modify multiple traits.
 Nowadays well-established transformation protocols are available for wheat 
and barley with increasingly efficient Agrobacterium-mediated transformation 
techniques, better integration patterns and improved co-transformation. 
The rapid development of the transgenic breeding technology for quality 
improvement is proved by the increasing number of traits tested in field 
trials. Among the field trial applications for wheat and barley are several 
quality traits, such as protein content, grain hardness and starch metabolism 
(Dunwell, 2008).

14.6 Sources of further information and advice

www.healthgrain.org;
www.icc.org;
www.eucarpia.org;
www.mgki.hu.
Series of papers from 2008, J. of Agricultural and Food Chemistry, 56, 9699-

9785. ‘Transgenic wheat, barley and oats, production and characterization 
protocols (2008), eds Jones H D and Shewry P R, Springer Protocols, 
Methods in Molecular Biology’, Humana Press, Totowa.

‘Dietary Fibre – bio-active carbohydrates for food and feed’ (2004), eds 
Kamp van der J W, Asp N G, Miller J J and Schaafsma G, Wageningen 
Academic Publishers.

‘The World Wheat Book – a history of wheat breeding’ (2001), eds Bonjean 
A P, Angus W J, Lavoisier Publishing.

Journal of Cereal Sciences;
Euphytica;
Theoretical and Applied Genetics;
Journal of Plant Breeding;
Crop Science.
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Abstract: Achieving quality requires the selection of varieties suited to prevailing 
environments and cropping systems. For well-adapted varieties, yield and quality can 
still be affected strongly by the weather and by agronomic interventions. Some of 
the strongest influences are heat and drought during grain filling, the availability of 
nitrogen and sulphur, the control of leaf and ear diseases, and the control of lodging. 
The effects of these and other factors are described, particularly in relation to the 
‘point of sale measures’ for wheat grain.

Key words: protein concentration, specific weight, Hagberg falling number, SDS-
sediment, nitrogen, sulphur, fungicide.

15.1 Introduction

The attainment of minimum grain quality standards is often an economic 
imperative for the farmer to secure a market, or achieve an adequate price. 
Grain that are: well-filled and plump for high flour extraction, energy 
content or alcohol production; free from impurities, infection and pests; and 
at a moisture content that allows safe transport and storage; are preferred 
by virtually all users and buyers of grain. Other criteria, such as protein 
concentration, protein type, enzyme activity, nutritional composition, taste 
and texture, milling properties and seed viability, are important for specific 
markets. Additional contributions to marketability are: continuity of supply 
of grain meeting threshold levels of quality; the proximity of the supply 
chain; and the methods and locality of production (e.g., conventional vs 
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organic; traceability; regional affiliation). The extent to which farmers 
modify their agronomy to meet specific quality thresholds will depend partly 
on the financial reward for doing so (or penalty for not meeting minimum 
standards). This is not a straightforward calculation. Quality is subject to 
the weather and soil conditions. Farmer interventions to grow for a specific 
market, which could involve expense such as choosing a lower yielding 
variety and/or increasing fertiliser or crop protection inputs, can be thwarted 
or rendered unnecessary by the environment. Furthermore, price premiums 
for grain of particular quality cannot often be predicted precisely before 
harvest. Growing for specific markets, therefore, depends upon the attitude 
to, and management of risk; and also on the experience, preference, and skill 
of the farmer. In this chapter it is sought to identify the key environmental 
contributions to grain quality and to describe key interventions by which 
farmers can modify quality.

15.2 Growing conditions and environment

The world-wide production of cereals exemplifies their range of adaptation. 
Cereal species and varieties vary in their tolerance of cold, heat, water-logging, 
drought and salinity. Furthermore cereal life-cycles can be controlled by 
major genes influencing the response to day length (photoperiod sensitivity) 
and cold periods (vernalisation), as well as many more genes affecting 
developmental rate. Varieties and species therefore vary in their response 
to temperature, vernalisation and photoperiod so that they can be broadly 
tailored to the prevailing photoperiod and climatic conditions of particular 
regions and sowing dates. Ideally, this adaptation ensures that: particularly 
sensitive developmental stages such as grain site formation and fertilisation 
do not coincide with severe frost or excessive heat; rapid canopy growth and 
grain filling occurs during periods of ample moisture and light; ripening and 
harvest is facilitated by drying conditions; and the life-cycle is completed 
within the strictures of a rotation. 
 Growing varieties beyond their proposed geographic range or sowing 
window risks failure to meet yield and quality targets. Even for well-adapted 
varieties, the vagaries of the weather mean that abnormal conditions can account 
for large annual variations in grain yield and quality within a locality. It is, 
however, difficult to generalise about the effects of environment on quality, 
particularly on the physical attributes of grain. Wheat breeders have been 
tasked with achieving well-filled grain with high specific weights whatever 
the target environment. Additionally, cereals have significant plasticity in 
the numbers of grains they set in response to the environment. Grains may 
be well filled even in stressed conditions if, for example, the stress occurs 
early in grain site formation, rather than only in grain filling. However, 
when stresses are applied mostly during grain filling, they can have marked 
effects. Increasing drought severity during this latter stage reduces grain 
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yield and mean grain weight, such that grains become shrivelled, have 
poor specific weight, and contribute to screenings (Fig. 15.1). Drought 
often occurs simultaneously with warmer weather, which itself has similar 
effects to that of drought (Table 15.1). Figure 15.2 illustrates the combined 
effect of increasing temperature and restricting water supply to close to the 
wilting point (full details in Wan et al., 2009) during grain filling. Grain 
yield is reduced because grain filling is curtailed (Fig. 15.3). Although rate 
of grain filling can sometimes be increased by higher temperatures up to 
about 20 °C, this is insufficient to overcome the negative effect of stress on 
duration. Even between closely related genotypes variations in ability to cope 
with the stress, or ‘escape’ it through altered periodicity of development are 
evident. The specific line labelled x in Fig. 15.2(a–d) is a high yielding line 
in cool wet conditions, equivalent to both its parents, but yield, mean grain 
weight, specific weight and screenings are much poorer in a hotter, drier 
environment.
 Although drought and temperature stress can reduce yield and physical 
quality, additional confounding effects are evident in the field. In long-term 
experiments, specific weight has been positively associated with hours of 
sunshine during the grain filling period presumably due to positive effects on 
photosynthesis and therefore improvements in grain filling, despite a positive 
association between temperature and sunshine hours. Similarly, frequency 
of wet days during grain ripening (after maximum grain dry matter has been 
attained) has been correlated with poorer specific weights, possibly because 
of the effects of weathering on grain surface texture (Atkinson et al., 2008). 
Increased temperatures during this late phase can thus be positively related 
to specific weight if it leads to more timely harvest and reduced deterioration 
in the field (Smith and Gooding, 1999).
 Effects of climate and weather on grain protein concentrations are more 
predictable than those on grain specific weight. Increased temperature and 
reduced water availability have a less damaging effect on nitrogen accumulation 
compared to that on dry matter (Fig. 15.3). Increasing temperature and/or 
reducing water availability is, therefore, associated with increased grain 
protein concentration (Table 15.1, Figs 15.1 and 15.2e), an effect long-
recognised in the field (Benzian and Lane, 1986). High protein concentration 
in wheat is often achieved in areas of the world where warmer and drier 
conditions are associated with shorter grain-filling periods. In areas where 
wheat matures in cooler and wetter conditions, associated with extended grain 
filling periods, meeting grain protein thresholds for breadmaking quality can 
be problematic, even when large quantities of nitrogen fertiliser are applied. 
Variety × environment interactions on grain protein concentration can often 
be explained by the equivalent reverse effects on grain yield, i.e. varieties 
yielding comparatively poorly in hot and dry conditions often have particularly 
high protein concentrations in the same environment (Fig. 15.2e), in spite 
of much reduced total yields of protein (kg/ha).
 Grain protein concentration is not only influenced by weather during grain 
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filling. In the UK, North America and Australia rainfall during stem extension 
has been negatively associated with subsequent grain protein concentrations. 
In the UK, this appears to be accounted for by rainfall increasing losses of 
nitrogen following large top-dressings in early spring. In other areas, early 
rainfall may be associated with vegetative proliferation and dilution of 
protein, and/or by augmenting soil moisture such that succeeding drought 
during grain filling is delayed (Smith and Gooding, 1999).
 Environmental conditions that influence grain protein concentrations 
are often related to effects on cereal-based products for which protein 
concentration is a recognised quality criterion. Although there are exceptions, 
environment does not usually have a large impact on the functional quality 
of the protein. For example, restricting moisture and increasing temperature 
during grain filling can increase loaf volumes (e.g., Figs. 15.2e vs 15.2l). 
Grain sulphur and nitrogen accumulation are often influenced in similar ways 
by environment (Fig. 15.3) such that N:S ratio is not greatly affected (Figs 
15.1 and 15.2). Wheat varieties with protein and other characteristics that are 
particularly suited to breadmaking have therefore been grown traditionally 
in environment zones conducive to achieving high protein concentrations, 
whereas cooler, wetter regions have been associated with biscuit (cookie) 
wheats, or with varieties destined for animal feed or alcohol production.
 Despite the above assertion, reductions in SDS-sedimentation volume 
of wheat, implying changes in protein composition, have been associated 
with hours of temperatures above 32 °C and hours of relative humidity 
below 40% during grain filling (Graybosch et al., 1995). More specifically, 
heat shocks (e.g. > 35 °C during grain filling) have led to increases in the 
proportion of monomeric (gliadin) to polymeric (glutenin) fractions of 
storage protein (Blumenthal et al., 1993). This can lead to reduced dough 
strength and have a negative impact on loaf quality (Blumenthal et al., 1991). 
There is, therefore, some effort to identify varieties with more stable protein 

Table 15.1 Effect of water availability and day/night temperature regime during grain 
filling (from 15 to 28 days after anthesis) on grain yield and quality of Hereward winter 
wheat. Means are from 84 plants grown as plots in each of two growth cabinets in each 
of three years (Gooding et al., 2003)

 100% field capacity 44% field capacity SED

 23/15 °C 28/20 °C 23/15 °C 28/20 °C 

Grain yield (g DM/plant) 6.26 5.02 4.94 4.12 0.256
Mean grain weight (mg) 48.5 42.9 40.7 35.4 1.46
Specific weight (kg/hl) 78.4 75.5 74.0 69.0 1.36
Screenings (% w/w) 0.3 0.5 0.2 0.5 0.14
Protein (% DM) 12.0 13.4 13.5 13.7 0.433
Sulphur (% DM) 0.166 0.198 0.219 0.216 0.0232
N:S ratio 14.4 12.4 11.7 12.7 1.28
SDS-sediment (ml) 78.0 82.7 72.2 74.0 4.03
Hagberg falling number 187 378 372 392 28.9
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functionality when exposed to hot weather, especially for use in regions 
where temperatures exceeding 35°C during grain filling are not uncommon 
(Castro et al., 2007).
 One quality criterion for which there is a large interaction between variety 
and environment is a-amylase activity, and therefore Hagberg falling number 
(HFN). There are four sources of a-amylase that can lead to low HFN: pre-
maturity sprouting (PrMS); post-maturity sprouting (PoMS); pre-maturity 
a-amylase activity (PMAA; or Late Maturity Amylase, LMA; or Late Maturity 
Endosperm Amylase, LMEA); and retained pericarp a-amylase activity 
(RPAA). Of these, the most frequent to give problems are PoMS and PMAA. 
Post-maturity sprouting results from the alleviation of dormancy followed 
by germination in wet summers when harvest is delayed and grains start to 
sprout in the ear. Pre-maturity a-amylase often occurs in the crease region 
of the grain, emanating from the aleurone layer around the endosperm cavity 
in the absence of sprouting. The causes of PMAA are poorly understood but 
have been linked to low temperatures during grain development, slow grain 
drying rate, large grain size, temperature shocks (short periods of either high 
or low temperatures during grain filling), and grain cavity characteristics 
(Kindred et al., 2005). Sustained warmth and restricted water availability are 
generally associated with reduced a-amylase activity and increased Hagberg 
falling number (Figs 15.1 and 15.2i; Table 15.1). Varieties grown in areas 
with cool and wet summers require a higher degree of sprouting resistance 
than types destined for areas with warm and dry conditions during grain 
filling. There is also a strong genetic component to PMAA (Mares and Mrva, 
2008). For example, cv. Rialto in Fig. 15.2i is predisposed to PMAA (Joe 
et al., 2005). In warm and dry conditions Rialto achieves a high HFN, but 
unlike a number of its progeny when crossed with cv. Spark, it produces 
significant quantities of a-amylase and has low HFN when water availability 
is maintained at ambient temperatures. There is no correlation between the 
HFN achieved by a genotype in dry, warm conditions, and its performance 
in cool, wet conditions.

15.3 Sowing

As already indicated, appropriate sowing dates are largely governed by 
the climate, rotational requirements, and the choice of species and variety. 
Rotational position has an impact on quality. One of the reasons is the 
impact of soil or trash borne diseases that build-up under successive cereal 
crops. Take-all (Gaeumannomyces graminis) attacks the roots and stem base 
of cereals and a number of grasses. In wheat (G. g. var. tritici) take-all, 
the disease builds up rapidly as two to four susceptible crops are grown in 
succession, particularly on neutral or alkaline soils. Infected tissue becomes 
blackened and water and nutrient uptake is restricted. Patches of infected 
plants are stunted and poorly competitive. Ears senesce prematurely and 
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initially appear as bleached ‘white-heads’ before becoming blackened with 
the invasion of sooty moulds. Take-all reduces mean grain weight, specific 
weight and sometimes Hagberg falling number (Bateman et al., 1990). The 
sooty-moulds may contaminate, and therefore discolour, flour.
 Other than for effects related to disease, weed and pest control, effects 
of rotation on cereal quality are difficult to interpret. Rotations that involve 
breaks from cereal growing often benefit both the yield and nitrogen uptake of 
following cereal crops but this does not necessarily produce crops with high 
protein concentrations, indeed rotational cropping has a much larger effect 
on yield than on grain quality. When increases in grain protein concentration 
have occurred it has often been when a cereal has been preceded by a legume-
rich crop or pasture which has been growing for more than one year, and/
or when a legume crop has been ploughed in as a green manure (Gooding 
and Davies, 1997).
 Within sowing dates for which target yields can be approached, time of 
sowing often has little impact on grain quality. It is important that grain 
matures in appropriate conditions such that excessive heat, drought, or large 
rain falls during grain maturation are avoided. Timing of grain filling and 
maturation can be influenced by sowing date but variations in developmental 
stage often become smaller during development, particularly if there are strong 
photoperiod and vernalisation requirements. Delayed sowing, to the extent 
that yield will be reduced, can often increase grain protein concentrations, 
but this will rarely be a factor in determining sowing date, which is more 
often delayed due to limitations of logistics, soil conditions and weather.
 Cereals can be established by a range of techniques ranging from drilling 
into a fully-prepared seedbed following complete inversion tillage with 
ploughing or discs, to zero- or direct-drilling into the soil and residue of 
the previous crop. Choice of system will depend on soil type and climate; 
the availability of machinery, fuel, time and labour; and weed pressures and 
the availability of effective herbicides. Cultivation technique will influence 
nutrient and moisture availability and distribution within the soil, particularly 
through impacts upon organic matter, soil water content at sowing, and rooting 
ability. There are also implications for pest and disease control. As with 
sowing date, however, impacts of practices around those chosen to achieve 
target yields, have little or inconsistent effects on grain quality. Thin crops, 
either due to poor establishment, excessively low seed rates being used, or 
subsequent predation can be associated with poor yields, but these are mostly 
due to effects on grain populations rather than physical quality of the grain. 
In Fig. 15.4 reducing sowing density such that yield was reduced by 25% was 
only associated with a 4% reduction in mean grain weight. There were even 
smaller effects on screenings, specific weight, and Hagberg falling number. 
Protein concentration does decline as yield increases, unless N supply is 
matched to target yield, and this effect can change the economically optimal 
seed rate for markets where protein concentration is an important criterion 
(Gooding et al., 2002). However, this situation can reverse if weeds are not 
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controlled adequately. Thin crops are less competitive against weeds and 
weeds can have important impacts upon quality.

15.4 Weed control

Weed control is particularly important for seed certification purposes. Closely 
related grass species predominate in this regard and quality standards will 
often define maximum numbers of named weed species per weight of seed. 
For example, one wild oat seed per kg of wheat, equating to a weed:crop seed 
purity ratio of 1 in about 20 000. At this level, hand roguing of seed crops can 
be economic, particularly if it safeguards the field for future use in growing 
seed crops. Grass weeds are also important alternative hosts for cereal pests 
and diseases which impact quality. Of particular note here is ergot (Claviceps 
spp.). The fungus produces a sclerotium, a hard-purple mass which develops 
in the inflorescence in place of a grain. Grain samples containing more than 
1% ergot can cause serious illness, and sometimes death, due to the presence 
of poisonous alkaloids. Grain batches containing ergot are, therefore, rejected 
by buyers. Ergot severity can be closely correlated with ingress of alternative 
grass hosts in cereal fields (Mantle et al., 1977). With regards to physical 
characteristics, weed seeds can contribute to screenings. Severe late-season 
competition from weeds can reduce mean grain weights, specific weights 
and protein concentrations (Cosser et al., 1996; Awan, 2002).

15.5 Disease control

Foliar diseases of cereals commonly reduce grain yield, particularly associated 
with reduced photosynthetic area, duration and function. Where infection 
pressures from fungal pathogens are high, for example in humid and fertile 
conditions, where rotations are dominated by cereals, and where varietal 
resistance is inadequate, fungicide-use to protect yield is often justified 
economically. In such circumstances, maintaining grain filling by controlling 
disease that would otherwise lead to premature death (senescence) of the 
canopy, increases yield (Fig. 15.5a). The relationship in Fig. 15.5a is curved, 
because in some cases it is possible to extend canopy life beyond the end 
of grain filling (Pepler et al., 2005). Nonetheless, around average canopy 
durations, maintaining canopy life by ten days with fungicide is associated 
with a 16% increase in yield and a 13% increase in mean grain weight (Fig. 
15.5b). Maintaining grain filling with disease control measures (Pepler et 
al., 2006) also reduces grain shrivelling, and improves specific weights (Fig. 
15.5c). Here the relationship with canopy longevity is less marked, presumably 
because other factors such as surface texture, grain morphology unrelated to 
shrivelling, and mean density of individual grains influence specific weight. 
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Fig. 15.5 The effect of disease control on yield and quality of wheat as related to 
effects on canopy duration. Solid symbols = with fungicide; predominantly triazoles 
either alone in mixtures with strobilurins; applied at flag leaf emergence with usually 
second sprays either at the start of stem extension or at ear emergence; most prevalent 
disease controlled was Septoria tritici, followed by yellow and brown rusts (Puccinia 

spp.), and then powdery mildew (Erysiphe graminis). Points are means of at least 
three replicate plots (at least 2m × 5m) from 85 UK field site × season × cultivar 
combinations. Main and interacting effects of site × season × cultivar have been 

subtracted from the data to isolate the effect of fungicide.
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Despite the complexity of factors influencing specific weight, when severe 
disease has been controlled, fungicide-use is often associated with increased 
flour extraction rates.
 Fungicide-use often has an impact on grain protein concentration. 
Disease control is associated with improved uptake and remobilisation of 
nitrogen (Gooding et al., 2005), so it is not inevitable that grain protein 
concentration is diluted when fungicide-use is associated with increased 
yield. Indeed, in wheat it appears that when rusts (Puccinia spp.) and/or 
powdery mildew are controlled by fungicides, yield and protein concentration 
can increase concurrently (Dimmock and Gooding, 2002). When Septoria 
spp. are controlled there can be a dilution of grain protein. Even in the UK, 
however, where Septoria tritici is usually the prevalent late-season foliar 
pathogen, reductions in protein concentration following fungicide-use is 
slight: a 0.16-fold increase in yield only being associated with a 0.02-fold 
reduction in grain protein concentration when canopy life is extended by 
10 days (Fig. 15.5e). Figure 15.5f shows SDS-sediment to decline in line 
with reduction in protein concentration, suggesting that protein quality for 
breadmaking has not been greatly influenced by foliar wheat pathogens. In 
isolated experiments, however, severe infection has been associated with: 
negative effects on SDS-sediment unrelated to protein concentration; reduced 
proportions of HMW-glutenin sub-units; and weaker doughs. Fungicide-use 
has sometimes increased loaf quality despite reducing protein concentration 
(Gooding et al., 1994). Effects of disease and its control on protein quality 
is not necessarily a direct influence of pathogens and fungicides. Controlling 
severe disease will alter the periodicity of, and hence mean temperature and 
rainfall during, grain maturation.
 Maintaining canopy-life in wheat with fungicides can increase a-amlyase 
activity and/or reduce Hagberg falling number (Fig. 15.5d). The basis for 
this effect has yet to be clearly defined but is associated with increased 
grain size and weight. The effect does not appear to depend on the specific 
pathogen controlled nor mode of action of the fungicide.
 Disease control is particularly important for quality where pathogens 
discolour, taint, or release toxic compounds into the grain. Fusarium spp. 
infection, for example head blight or scab in small grained cereals, can cause 
grain shrivelling, altered protein composition and reduced seed viability, and 
is also a source of a number of mycotoxins that can cause severe illness 
in mammals. One such mycotoxin, deoxynivalenol (DON), is subject to 
maximum tolerable concentrations for grain and selected wheat products. 
Fusarium infection and mycotoxin concentration in wheat can be associated 
with: maize being the previous crop; wheat being established by minimum 
cultivation techniques rather than following plough-based, inversion tillage; 
and the growing of susceptible varieties. Suitable fungicides (e.g., most 
triazoles) applied at, or shortly after anthesis, can reduce Fusarium infection 
and mycotoxin concentrations (Beyer et al., 2006). However, choice of 
fungicide is critical as the ear is colonised by many saprophytic or only 
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mildly pathogenic fungi and eradicating some or all of these competitors 
can actually increase Fusarium infection and/or mycotoxin production.
 Small-grained cereals can become discoloured if they experience physical 
damage. Black point is a dark discoloration of the embryo region that can 
extend over the shoulders, and along the crease of grain. The discoloration 
derives from damaged tissue releasing phenols with peroxidases, and is 
often, but not always, associated with the presence of pathogenic fungi (e.g., 
Alternaria spp.; Cochliobolus sativus). Depending on fungal species, seed 
viability may also be reduced in severely black-pointed grain. The degree 
of black-pointing is related to the activity of the peroxidase isoenzymes 
released (Williamson, 1997) and hence black point severity depends strongly 
on variety. Control of black point with fungicides is not straightforward, 
as damage may occur when pericarp cells are crushed during normal grain 
filling, particularly in larger grain, unrelated to the quantity of any potential 
causal fungus. As fungicides controlling foliar diseases can increase grain 
size, their use can also actually increase black point severity when applied 
at flag leaf emergence. Reductions in black point severity appear more likely 
by fungicide applications at and after ear emergence, although even here 
control is far from total or reliable (Ruske et al., 2003).

15.6 Crop nutrition

In most growing conditions, nitrogen availability has the greatest impact 
on cereal quality compared with that of other nutrients. This is the case 
whether the nitrogen is released from the soil and crop residues; or spread 
as manures, composts or slurries; or applied as artificial fertiliser. Fertiliser 
nitrogen is commonly available straight as urea (CO(NH2 )2; 46% N) and 
ammonium nitrate (NH4NO3; 34.5% N); or in compounds containing other 
nutrients. Applying nitrogen to deficient crops can have marked effects on 
grain yield through increasing green area of the crop, light interception, and 
particularly grain numbers per unit area. In regions of the world with high 
yield potential, where crop yield is more limited by light interception than by 
water availability, yield responses to nitrogen can be related to the amounts 
of nitrogen required in a canopy to produce sufficient green area to intercept 
near-asymptotic levels of light by anthesis. These large canopies often contain 
between 150 and 200 kg N/ha. Supplying significant quantities of nitrogen to 
achieve this level of uptake has a large impact on a range of quality criteria, 
economic margin, and environmental impacts of cereal growing. Economic 
responses to high levels of nitrogen application are also often reliant on the 
use of short and stiff strawed varieties that can resist lodging, and/or the 
use of plant growth regulators; disease control measures such as resistant 
varieties and robust fungicide programmes; and pest management. 
 Increasing nitrogen availability at times to specifically improve grain 
yield, i.e. before and during stem extension, has minor effects on mean 
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grain weight; the positive effects on yield nearly always being mostly due to 
effects on grain numbers. In some cases increases in yield can occur while 
mean grain weights decline in response to nitrogen. Reductions in mean 
grain weight appear particularly likely when large numbers of grain have 
been set in response to nitrogen application, but then are poorly filled if 
drought or lodging follows anthesis. In these instances nitrogen application 
is also often associated with increases in grain shrivelling, and sometimes 
reduced specific weights. However, nitrogen application can have effects 
on mean grain shape (Clarke et al., 2004), and can increase the density of 
individual grains such that there are small increases in specific weight when 
grain shrivelling is not excessive.
 The largest and most reliable effect of nitrogen on grain quality is the 
effect on grain protein concentration. Where crops are highly deficient, a 
small increase in nitrogen availability can reduce grain protein concentration 
as it is diluted with a large increase in yield. At levels of availability seen 
in most commercial situations, however, increasing nitrogen application 
increases protein concentration. Indeed increasing nitrogen application beyond 
that required to maximise yield is associated with continued increases in 
protein concentration towards a significantly higher asymptote (Fig. 15.6). 
For markets where high protein concentration has an economic reward, 
applying more nitrogen than is required for maximal margin based solely on 
yield is sometimes justified. This is more likely in temperate, humid areas, 
such as NW Europe where large yielding crops often have marginal protein 
concentrations (and also low Hagberg falling numbers) which limits the local 
supply of wheat for breadmaking. Applying nitrogen for purely a protein 
concentration response in wheat is usually most effective at or shortly after 
anthesis. At this time, better nitrogen recoveries are sometimes achieved by 
applications to the foliage in a spray of urea solution. Although nitrogen 
applications that are supra optimal for yield can give an economically-justified 
increase in protein concentration, the recoveries of this extra nitrogen are 
often poor (Gooding et al., 2007).
 As protein becomes more concentrated with nitrogen fertiliser application, 
it is the storage proteins, e.g. the gliadins and glutenins in wheat, that are 
usually proportionately improved, at the expense of the more soluble proteins. 
The compositional response of the storage proteins to nitrogen application 
will depend on the availability of other key elements, particularly sulphur. 
Increasing nitrogen applications can increase the N:S ratio in the grain and, in 
S deficient situations, application of N can increase the proportion of sulphur-
poor proteins. Sulphur deficiency has been increasing in many areas of the 
world as: industrial emissions are decreased and deposition on agricultural soils 
thereby reduced; use of sulphur-containing fertilisers has declined; reserves 
in soil organic matter have diminished; and crop demand has increased with 
increasing yields. Sulphur deficiency can be associated with reduced yields, 
reduced mean grain weights and increased grain shrivelling, all of which 
can be prevented by application of sulphur containing fertilisers such as 
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ammonium- or magnesium sulphate. Sulphur has a significant impact on the 
functionality of storage protein for several end-uses because: S-containing 
amino-acids provide the inter-chain disulphide bonds that help maintain the 
polymer network of storage proteins; S availability influences the relative 
proportions of different storage proteins that are synthesised; and/or because 
glutathione, an S-containing tripeptide, can modify rheology. Consequently, 
for example, pan bread quality made from wheat flour can be more closely 
associated with S concentration than with N concentration. Wheat has been 
classed sulphur-deficient if the grain has a higher N:S ratio than 17:1 and 
a grain-sulphur concentration of less than 0.12%. Sulphur application to 
deficient crops can sometimes increase grain protein concentrations, and in 
wheat, increase dough extensibility associated with an increased proportion 
of sulphur-containing storage proteins. 
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Fig. 15.6 The response of grain protein concentration and grain yield to fertilizer 
nitrogen applied during stem extension to winter wheat in the UK. Data are from 

23 variety × site × year combinations. The nitrogen applied has been rebased to the 
difference from the fitted rate that gave maximum yield (Nmax) for each variety × site 
× year combination. Similarly yield is expressed as a percentage of the yield achieved 
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 Increasing nitrogen application has variable effects on a-amylase activity 
and Hagberg falling number. If application does not cause lodging, then 
increasing nitrogen availability often reduces a-amylase activity or increases 
Hagberg falling number. This beneficial effect of nitrogen interacts with 
variety and its basis is not clearly understood; being variously attributed to 
delayed crop maturity, grain morphology and increased dormancy (Kindred 
et al., 2005).

15.7 Lodging and growth regulation

Lodging is the permanent displacement of cereal stems from the vertical 
(Berry et al., 2004); in the most serious cases, the crop is laid flat. Lodging 
occurs in all cereals, most often during the two to three months before 
harvest. Lodging results from the stem breaking or buckling (stem lodging), 
or by the stem base anchorage being displaced (root lodging). Stem and root 
lodging can occur as wind increases in force above failure speeds (Berry 
et al. 2004). Root lodging becomes more likely as soil strength is reduced 
with rainfall, particularly on certain soil types. Stem lodging can also be the 
result of stem base diseases, such as eyespot (Tapesia yallundae) in wheat, 
weakening the lower internodes. Lodging can significantly affect yield, 
notwithstanding the reduced efficiency of harvesting laid crops. Lodging at 
or shortly after anthesis of small-grained cereals has reduced grain yields 
by 30–80%, declining to about 12% by the hard-dough stage of wheat 
(Berry et al., 2004). Severely lodged crops have grain with reduced mean 
weights, lower specific weights, and increased a-amylase activity and protein 
concentration. The damp conditions around the ears of lodged crops favour 
fungal infections and mycotoxin production. 
 Lodging risk is increased at high nitrogen fertiliser application rates, and 
by high seed rates. Lodging, and hence some reported effects of nitrogen 
and seed rate on yield and quality is strongly influenced by variety. Lodging 
susceptibility of a variety is a complex character but a major risk factor is 
crop height. Hence tall varieties have poor yields partly because lodging risk 
prevents the economic use of sufficient quantities of nitrogen to produce 
canopies large enough to maximise yield, or achieve sufficient protein 
concentrations.
 In addition to using short, stiff-strawed varieties with strong anchorage, 
height, and hence lodging risk can be reduced by the application of growth 
regulators, such as chlormequat, at the start of stem extension. When growth 
regulators have controlled lodging they have also often increased yield, mean 
grain weight, specific weight and Hagberg falling number, and reduced grain 
protein concentration. 
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15.8 Future trends

Climate change scenarios predict warmer and drier grain filling periods in 
many of the world’s major cereal growing regions. Breeders and farmers 
will respond by selecting adapted material. Breeding for high yield is likely 
to remain the principal goal but there may well be shifts in the areas that 
are particularly suited to certain end-uses, e.g. it may be easier to attain 
breadmaking quality thresholds for wheat in regions that are currently well 
suited to biscuit (cookie) wheats because of climatic effects on protein 
concentration. However, higher yields need to be achieved with improved 
resource-use efficiencies, particularly for nitrogen (and hence energy) and 
water. Increased grain production, at similar or reduced levels of fertiliser 
nitrogen input are likely to produce a downward pressure on grain protein 
concentrations.
 In areas already with significant risk of excessive temperatures during 
grain filling there may be a need to alter the period of the growing cycle to 
escape predicted stresses, and/or to adopt more stress-tolerant varieties in 
terms of both yield and quality.
 In the past, yields of cereals with specific quality characteristics (e.g. 
for breadmaking) have often been lower than those for markets with less 
stringent requirements (e.g. for animal feed). With more modern breeding 
techniques, such as with the use of molecular markers and doubled haploid 
populations, and with a better understanding of the genetic basis of quality, 
it is possible that high yields and quality will be combined more readily.
 Variability in weather increases the need for more stable or resilient 
varieties, both from yield and quality perspectives. Annual fluctuations make 
it more difficult to predict when agronomic interventions to modify quality 
will be worthwhile. There have been a number of attempts to predict quality 
before harvest and to inform agronomic advice accordingly. These can be 
based on somewhat crude statistical associations (Smith and Gooding, 1999), 
understanding of medium to longer term weather cycles (Atkinson et al., 
2008), or a more mechanistic modelling approach (Armour et al., 2004), with 
or without physical assessment of the crop prior to potential interventions 
(Bhandari et al., 2004). It is likely that improvements in quality prediction 
will continue, not only to inform agronomic variations from one crop to 
the next, but also spatially variable interventions within fields (Link et al., 
2008).

15.9 Sources of further information and advice

Gooding M J and Davies W P (1997), Wheat Production and Utilization: 
Systems, Quality and the Environment, Wallingford, CAB International.

Kettlewell P S (1996), ‘Agronomy and cereal quality’, In Henry R J and 
Kettlewell P S, Cereal Grain Quality, London, Chapman and Hall, 
407–437.
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Abstract: Grain needs to be stored under conditions that will maintain or even 
enhance the quality of the grain as it was at harvest. Insects and moisture must 
be controlled to ensure quality, and methods to achieve this such as the use of 
insecticides, fumigants and modified atmospheres are presented. Ways to dry grain 
and maintain an appropriate moisture level are also discussed. Different cereals may 
require specific conditions that maintain the quality needed by the next-stage user, 
particularly for barley, rice and wheat. During transport, it must be possible to trace 
shipments, so that segregation can be maintained from other batches with potentially 
incompatible quality.

Key words: insect control, moisture control, identity preservation, fumigants, modified 
atmospheres.

16.1 Introduction

Chapter 1 of this book presents the ‘grain chain’ as a continuum from breeding, 
through growing and management of the crop, to harvesting, segregation, 
storage and transport, to processing and final consumption. Most of these 
stages are covered in detail in earlier or later chapters. This current chapter 
is concerned with the storage and transport of essentially unprocessed grain, 
the latter term usually referring to products that retain the original structural 
form of the harvested grain kernel. This is the portion of ‘grain chain’ from 
receival to processing. 
 Grain is rarely processed or consumed immediately after harvest. It is 
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almost always involved in a period of storage, and usually also with transport 
from the field where it is grown to one or more intermediate places of storage. 
It was this storability of grain that allowed the change from a nomadic 
society to an agrarian one. Figure 16.1 shows grain storage pits in an Iron 
Age settlement at Buoux, France. From this early form of storage, there 
have developed far more complex facilities, sometimes involving high-tech 
equipment and computer control.
 The overall function of the supply chain is to move grain efficiently from 
the paddock to the consumer at a rate, and with quality characteristics, that 
meet the users’ requirements. Most cereal grains are not consumed directly 
after harvesting. Even in those places where there is a significant proportion 
of the crop retained for the farmer’s own use, it is necessary for it to be stored 
for up to a year until the next harvest is ready. Where the grain is traded and 
exported, large-scale storage facilities are needed and it is not uncommon for 
grain to be stored for more than a year to provide a continuous supply to end-
users and to iron out the year-to-year fluctuations in production (see Chapter 
3). Methods for the assessment of grain quality during storage and transport 
are mostly the same as those used at receival from the farmer (Chapter 11) 
or at the next stage of processing (Chapter 17). Aspects of storage related to 
food safety are covered in Chapter 13. The present chapter is concerned with 
how grain is stored and moved, from segregation to processing, to maintain 
the quality requirements of the consumer. 

16.2 Generic characteristics of storage

For most cereals, the major issue of storing grain is to maintain a safe product 
for consumption as food or feed, and to prevent physical and economic loss 

Fig. 16.1 Grain storage pits dating from the Iron Age, Buoux, France.
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from infestation and consumption by animals and insects. This requires 
facilities suitable for the volume and type of grain, and the nature of the 
distribution process from the store. Figures 16.2, 16.3 and 16.4 contrast the 
storage of sorghum and rice in local and village stores with a bulk wheat 
store. For wheat, rice and barley in particular, storage conditions play an 
important role in maintaining the quality which the end-user requires and 
for which the maximum price may be paid. Particular aspects of storage of 
these grains are described in detail in other sections of this chapter.
 Storage begins with grain segregation, the process initiated at receival, 

Fig. 16.2 Sorghum granary, near Lake Victoria, Kenya. Photo courtesy of Prof J R 
N Taylor.

Fig. 16.3 Village rice store, Laos. Photo courtesy of Dr Melissa Fitzgerald.
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the aspect covered in Chapter 11, in which the quality basis of segregation is 
described, together with the testing needed to assess quality. Many aspects of 
grain storage are common to all grains. Grain at harvest is a living organism 
and is therefore subject to biological aging and deterioration. Some of that 
deterioration in storage is a result, directly or indirectly, of respiration of 
the grain. In storage, grain is also a large source of biologically available 
energy making it susceptible to consumption and damage by ‘pests’, both 
animal and microbial species. These biological factors mean that, apart 
from merely supplying grain in a timely fashion, the storage part of the 
supply chain needs to meet the additional objectives of preventing quality 
and material loss. Thus, it is necessary to hold grain under conditions that 
prevent spoilage from microbes, insects and rodents, and that maintain (or 
at least minimise) any loss of the quality present at harvest. Grain moisture 
content (water activity) must be kept below critical levels to prevent microbial 
growth, but at the same time, grain should not be very dry because extreme 
dryness can create problems of dust generation with the potential for dust 
explosions.
 Key issues with grain storage are moisture levels, temperature, mechanical 
damage due to handling, and infestations with microbes, insects, birds and 
rodents. Any form of storage must allow these factors to influence the quality 
of the grain minimally. Damage from some of these factors is inter-related. 
For example, moisture levels influence both the growth of micro-organisms 
and breakage of grains during handling. Moisture levels can also affect the 

Fig. 16.4 Bulk wheat storage facility at Bellata, NSW, Australia showing a variety 
of storage types. Photo courtesy of GrainCorp, Australia.
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suitability of the storage environment for different insects. Temperature also 
affects the growth of insects and micro-organisms.
 During storage, there is a natural exchange between the gaseous environment 
and the grain itself. This is due to respiration and it results in a depletion 
of the oxygen content and an increase in carbon dioxide. At the same time, 
water is freed and heat is given off. As with most organisms, the rate of 
respiration increases with higher moisture and increased temperature. Control 
of temperature and moisture is also a means of controlling the respiration 
that will inevitably occur when whole grain is stored.
 Grain temperature during storage is critical to maintaining quality as it 
will determine the relative humidity and the rate of respiration. All cereals 
are poor conductors of heat, and unless there is some intervention, the 
temperature at harvest will be maintained for some time, despite ambient 
conditions outside. This is not a major problem where the harvest occurs 
in autumn or early winter, but in tropical areas the temperature of grain 
at harvest will be quite high and above the temperature that is optimal for 
maintaining quality. In countries like Australia, where the main grain harvest 
occurs in late spring to mid-summer, the grain is often above a desirable 
temperature when it is delivered to storage facilities. If the temperature of 
the grain remains too high, there is a loss of quality, particularly evident in 
wheat and barley. Aeration can be applied using ambient air at the coolest 
time of the day. It is standard practice for wheat in Australia to be stored in 
bins that may be aerated with external air. Cool air is drawn in and blown 
upwards through the grain, while warmer air is exhausted out of the top of 
the bin. The whole process may be under computer control to optimise the 
times of aeration so that the coolest air available is drawn through the stored 
grain at an optimal speed.
 Aeration of stored grain can also achieve a degree of moisture control, 
thus helping to control the risk of insect infestation. In experiments in 
Australia, wheat grain was placed in aerated storage bins with moisture 
approximately 1% above the then acceptable level of 12% (Desmarchelier 
and Ghaly, 1993). Grain was reduced to levels below 12% within a month 
of being placed in storage by aerating with fans. There was no evidence of 
any microbial or fungal growth. Despite the lack of fumigation, there was no 
increase in insect population during the trial. In many developing countries, 
grain is stored in sacks rather than in bulk storage. Sealed sacks can be used 
to control the moisture and composition of the included atmosphere inside 
the sack, for maintaining the grain quality (Gras et al., 1990).

16.2.1 Control of grain moisture levels
The safe level of moisture is considered to be equivalent to the equilibrium 
moisture of the grain at 75% relative humidity and 25 °C. This moisture 
content varies slightly for the different grains, but is generally between 14 
and 15% moisture (Table 16.1). However, the moisture content alone is 
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not enough to assure safe storage conditions. Despite a safe moisture level, 
averaged across all of the grain stored in a particular container, localised 
variations can occur as a result of external temperature changes. These 
localised places may be the start of ‘hot spots’ of spoilage.
 Grain drying is one approach to moisture control. Where the crop is 
harvested with moisture above levels acceptable for receival into storage, 
it is necessary for some process to be applied to reduce it. For rice, where 
it is routine for the harvest moisture to be well above the acceptable limits, 
grain drying is a standard procedure. For other crops, it is usually employed 
only when necessary. In Australia, the moisture level of wheat at harvest is 
usually well below the maximum acceptable level when it is delivered for 
storage. While reducing the risk of spoilage by micro-organisms, drying 
introduces risks of other quality damage occurring. Drying rice too fast will 
cause cracking to occur in the grain. When it is milled, the resulting rice grain 
may break, and the presence of too many broken kernels will cause the batch 
to be downgraded. Application of excessive heat to wheat and barley will 
also cause a reduction in grain quality. This deterioration can be observed 
in dried grain by measuring the germinability, an essential quality in barley 
for malting and a useful indicator of damage to the proteins responsible for 
quality in wheat.
 The simplest form of drying grain is to lay it out in the sun. This can 
only be done in a suitable climate, and when the required reduction in water 
content can be achieved quickly. Prolonged exposure in this way exposes 
the grain to other risks of loss or damage. Aeration of storages is a more 
sophisticated way of achieving air-drying without having to spread it out 
in the sun, but it requires that the storage facility be fitted with suitable 
equipment for moving the air around. More complicated dryers use heated 
air driven through the grain mechanically. Available designs range from 
rotating drum dryers to fluidised beds. 

16.2.2 Control of insects
The ‘pesticide revolution’, following the end of World War II, promised a 
reduction in the loss of food during growth and storage due to insects and 
mites. Despite initial successes, the promise was not delivered, as it was 

Table 16.1 Equilibrium moisture content of cereals at 75% 
relative humidity (based on Bushuk and Lee 1978)

Cereal Moisture % 

Barley 14.3
Maize 14.3
Oats 13.4
Rice  14.0
Sorghum 15.3
Wheat 15.0
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subsequently discovered that many of the compounds used were damaging to 
the environment and/or had serious toxicity issues with humans. In addition, 
insects soon developed resistance to the various types of insecticides being 
used, requiring higher concentrations to maintain the level of protection. The 
consequence of this approach has been the desire of consumers to avoid foods 
with any traces of pesticides, and many countries have a zero tolerance of 
some pesticides in all food imports. Nevertheless, it is necessary to employ 
some means of control to ensure that damage due to insects is prevented. For 
stored grain, fumigation with gaseous toxins is the preferred way in which 
this is done, although in the past liquids have also been applied. Liquids may 
comprise solids in a carrier solvent, or substances such as carbon disulfide 
which can be applied directly or in a diluted form with another solvent. 
Some fumigants and insecticides that have been or are being used in grain 
storage are listed in Table 16.2. This list is not exhaustive but covers many 
chemicals that are or have been used.
 A wide variety of substances has been used – organo-chlorines, organo-
phosphates, carbamates and pyrethroids being the main classes. Many of 
these are not volatile so that residues may remain in the grain after treatment. 
The organo-phosphates have relatively short half-lives, particularly in 
humid conditions while organo-chlorines tend to be persistent as they are 
not broken down quickly. Maximum residue levels (MRL) are set for each 
of the substances that are permitted for use in cereals. The US Department 
of Agriculture maintains an on-line database of MRL for a wide range of 
commodities and pesticides (http://www.mrldatabase.com). It includes levels 
for overseas markets as well as for the US domestic market. A table of 
typical MRL from this database is given in Table 16.3 for some chemicals 
commonly used with grain.
 The main gaseous fumigants are methyl bromide, carbon dioxide, phosphine 
and very volatile liquids such as carbon-disulfide and ethyl formate. The 
latter are usually applied as a solution in another solvent. Phosphine may be 
introduced directly as a gas, or it may be applied to the grain as aluminium 
phosphide. This latter material reacts with ambient moisture in the atmosphere 
to give phosphine and a residue of aluminium oxide. It can be applied as 
tablets distributed throughout the grain store, or in a plastic blanket situated 
at the top of a storage bin. Tablets react with the moisture in the grain and 

Table 16.2 Common pesticides (fumigants and insecticides) 
in common use on grain, past and present

Aldrin Fenitrothion
Carbaryl Malathion
Carbon disulfide Methyl bromide
Chlordane Phosphine
DDT Pirimiphos-methyl
Dichlorvos Pyrethrin
Endosulfan Sulfuryl fluoride
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release phosphine gas killing insects in the vicinity. When used in a plastic 
blanket at the top of the store, the gas produced will circulate throughout the 
grain by convection currents. Provided that the store is sealed, this achieves 
the necessary kill rate of insects in the store (Williams et al., 1996).
 As well as toxicity to workers and consumers, the effect of the fumigant 
on the environment must be considered. For example, methyl bromide was 
phased out in 2005 because of its depleting effect on the ozone layer, except 
for some critical-use exemptions. None of these exemptions apply to cereals 
(http://www.epa.gov/Ozone/mbr/cueuses.html). New fumigants are being 
developed, and chemicals such as sulfuryl fluoride and carbonyl sulphide 
are being considered. The testing and approval process is lengthy and they 
are not yet in widespread use.
 A novel approach to fumigation has been the use of bio-gas from cow 
dung (Mohan and Gopalan, 1992). This gas comprises about 40% methane 
and 60% carbon dioxide. Reports claim good success in ridding the grain 
of insects, and propose it as a suitable means of fumigation in developing 
countries but there seems to have been little uptake of the research. This 
may be related to the potential fire risks in using this mixture, together with 
a desire to reduce greenhouse gas emissions.
 Modified atmospheres (MA), including the use of carbon dioxide, are 
commonly used in grain storage. Nitrogen is also used with the primary goal 
of reducing the oxygen content of the gases in the storage facility, and thus 

Table 16.3 Maximum residue levels in ppm for some pesticides and fumigants used 
on cereals. (Source USDA MRL database http://www.mrldatabase.com). There is no 
value provided for those uses and markets left blank

  Barley Corn Millet Oat Rice Sorghum Wheat

Phosphine      
 US 0.1 0.1 0.1 0.1 0.1 0.1 0.1
 EU 0.1 0.1 0.1 0.1 0.1 0.1 0.1
 Japan 0.1 0.1   0.1  0.1
 Malathion
 US 8 8 8 8 8 8 8
 EU 8 8 8 8 8 8 8
 Japan 2 2   0.1  8
 Pyrethrins       
 US 3 3  1 3 1 3
 EU 3 3  3 3 3 3
 Japan 3 3   3  3
 Chlorpyrifos methyl       
 US 6   6 6 6 6
 EU 3   3 3 3 3
 Japan 6    0.1  10
Sulfuryl fluoride       
 US 0.1 0.05 0.1 0.1 0.04 0.1 0.1
 EU 0.05 0.05 0.05 0.05 0.05 0.05 0.05
 Japan 0.1 0.05   0.04  0.1
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either kill or inactivate any insects present. This approach is widely used in 
many countries on many different cereals, but it requires good containment. 
Unless the storage is sealed well, the level of oxygen is not reduced sufficiently, 
or maintained at the required level (< 1% v/v). There also has to be a cheap 
source of nitrogen readily available or the cost of the process may make 
it uneconomic. Low-oxygen MA can also be achieved with the exhaust of 
gas-burners. Although these have been available in several countries, there 
has not been widespread application. Low-oxygen MA is more widely used 
by holding grain in airtight bins under a low-oxygen atmosphere. Relief 
valves may be fitted to overcome differences in pressure as the temperature 
changes.
 Under MA conditions, carbon dioxide is effectively being used as a 
fumigant. It has a lethal effect on insects when the concentration is above 
40% (v/v). At 60% concentration, the action is rapid and all insect stages 
are killed in a four-day exposure at 26 ºC.
 Aeration with cooled air may also be used to control insects. Below about 
15 ºC, insect activity is greatly reduced. If the temperature of the air circulating 
is reduced to this level, the damage due to insects can be restricted. However, 
eggs and the more mature stages are not killed, and if the temperature rises, 
a significant amount of damage could occur unless the grain is treated or 
used quickly. Mites (arachnids, not insects) are not usually damaged by cool 
temperatures, so it is necessary to apply a fumigation process if there is an 
infestation of these.
 Finally, one form of insect control is simple hygiene on the farm. Many 
pieces of equipment, such as harvesters and augers, and storage facilities 
have various corners, crevices, and other dead spaces where grain can collect 
and remain when the facility is not in use. Grain left undisturbed becomes a 
perfect breeding ground for insects and, if the space is accessible, rodents and 
birds. Removal of all grain or fumigation of the equipment or store before 
use in following seasons will ensure that the next season’s harvest does not 
become contaminated almost immediately. The recommended procedure is 
to clean and treat the equipment or storage bin immediately after use, and 
then again before use the following season. Some insects of stored wheat 
are shown in Fig. 16.5.

16.2.3 Storage of barley
For malting purposes, it is required that the viability of the grain is maintained 
during storage of barley. For other cereals, this is only an issue when the 
grain is to be used for seed purposes. A supply of barley with germination 
> 95% is essential for malting, and this must be available throughout the 
year. Thus storage for at least 12 months after harvest may be required and 
the germination must be maintained at this minimum acceptable level for 
the whole time. Moisture and temperature are important for preservation of 
malting quality. For safe storage up to 1 year, moisture must be less than 
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13%; grain of < 11% moisture may be stored up to five years (Henry, 2004). 
Temperature and moisture also interact in determining the safe storage 
period. While grain at 13% moisture retains its viability for over 12 months 
at 15 °C, at 20° the period is reduced to 6–9 months and at 30° it may only 
be stored for about two months. Thus reducing both the moisture and the 
temperature are needed to maximise storage life. Pre-harvest sprouting is 
another factor that reduces the ‘safe’ storage life of barley (Bason et al., 
1993a). A mathematical model has been developed to predict ‘safe’ storage 

Sitophilus granarius
Granary weevil

Rhyzopertha dominica
Lesser grain borer

Cryptolestes spp.
Flat grain beetle

Sitophilus oryzae
Rice weevil

Tribolium castaneum
Rust-red flour beetle

Oryzaephilus surinamensis
Saw-toothed grain beetle

Fig. 16.5 Some common insect pests of stored wheat, from Ferns et al. (1978). 
Reproduced, by permission of CSIRO. © CSIRO.
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life, based on the degree of sprout damage, plus storage conditions and barley 
variety (Bason et al., 1993b).
 Some barley varieties have a period of dormancy immediately after harvest. 
In these cases, the malting of new season’s barley may not be commenced for 
several weeks or months, thus requiring that some of the previous season’s 
grain be stored for over 12 months to provide a regular supply of raw grain 
over this period. Dormancy is affected by genotype (variety), environment 
(growth conditions) and storage. Some varieties with a strong dormancy may 
be subjected to a short period of warm storage before malting to remove the 
dormancy. If this procedure is applied, the grain must have been dried to a 
suitably low moisture level.
 As in other grains, modified atmosphere conditions have been employed 
for barley storage to kill insects or control their growth and development. 
Reduction in oxygen levels may inhibit insect growth and reproduction. 
Storage under carbon dioxide will kill active insects and prevent their 
progression through the various larval stages of growth. However, very 
high concentrations of CO2 may also reduce O2 to dangerously low levels. 
In malting barley, this will cause a reduction in germinative capacity.
 For maximum germination, grain must be harvested at maturity, and at 
many receival stations the moisture level needs to be below 13%. Models have 
been developed to predict the storage life of barley at different temperatures 
and moisture levels. These models may be used to optimise the value of 
harvested grain by predicting those batches with an expected short storage 
life, thus allowing them to be processed before other batches with longer 
predicted storage life, due to better combinations of temperature and moisture 
conditions.
 Barley varieties may differ in their rates of germination; thus providing a 
further reason for the segregation of barley according to variety. Maltsters 
require that each batch of barley must germinate at the same rate; therefore 
the mixing of incompatible grain lots must be avoided. The specifications 
required by an end-user may not be achievable in a single malt sample and 
blending must be used to achieve a particular value for a parameter, for 
example protein content. In malting barley, it is usually not feasible to blend 
the grain prior to malting. Batches of a single barley variety with different 
protein contents and from different growth environments will usually have 
differing germination rates, just as different varieties with the same protein 
content will also vary in their germination rate. Thus, it is necessary for the 
maltster to achieve a particular set of specifications by blending the malts. 
It is equally necessary for the grain handler to ensure that barley binned 
together has the same germination time.

16.2.4 Storage of rice
With increasing urbanisation and movement of people from small farms to 
cities, there has been a concomitant increase in the need for storage. Just 
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after World War II, almost 75% of rice was either consumed by the farmer 
or used for bartering with other local producers. This is still the case in some 
developing countries, but the trend is away from this local consumption to 
a central storage (Barber, 1972). These changes have been encouraged by 
the practice of many governments to stabilise food prices, allowing rice 
producers to sell their crop immediately after harvest and use the money 
thus gained to purchase food later as required. In many Asian countries, the 
return to the farmer ranges from 50 to 80% of the retail cost, much more than 
in developed countries where the farmer may only receive 20 to 30% of the 
retail cost. Local storage can lead to high losses (10 to 50%) due to spoilage, 
so there is an economic incentive for the farmer to sell his produce soon 
after harvest and reduce his risk of economic loss. In most Asian countries, 
rice is usually stored already bagged (Fig. 16.6).
 Rice is usually harvested at a moisture level far too high for safe storage 
(> 20%), so it is necessary to first dry the grain. Dryer designs include 
cross-flow dryers, concurrent-flow dryers, mixed-flow dryers, rotary dryers 
and fluidised-bed dryers (Brooker et al., 1992; Jaiboon et al., 2009). During 
the drying process with such equipment, a moisture gradient is created from 
the centre to the surface of the grain, leading to fissuring within the grain. 
Unacceptable drying conditions may result in cracking of the kernel, thus 
leading to more broken grains during milling and reducing the quality and 
acceptability of the rice. Rapid drying tends to increase the proportion of 
broken grains. The design of some dryers is such that, although the grain 
may be dried so that the average moisture is at the optimum level (12–14%), 
there may be large pockets of grain where the moisture is well above this 
level, leading to the growth of spoilage organisms. It is also necessary for 
grain to be dried soon after harvest if the moisture is > 21%. When paddy 
rice is held at these levels of moisture for 48 hours, significant amounts 
of volatile microbial metabolites have been identified in the milled rice 

Fig. 16.6 Bulk store of bagged rice. Photo courtesy of IRRI, Philippines.
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obtained from the stored paddy. These metabolites produce unacceptable 
odours and flavours. At moisture levels below 21%, there was no impact 
on the flavour and odour of the milled rice after holding paddy rice for this 
time (Champagne et al., 2004).
 Following drying, rice may be stored as either paddy or milled rice. Under 
conditions that do not cause microbial growth, there is still an effect of 
ageing. This is greater in paddy rice, presumably due to the presence of the 
metabolic enzymes present in the germ, so there is a preference for storage 
of grain after milling. However, even milled rice may develop undesirable 
characteristics if stored under poor conditions. Volatile components arise 
from the oxidation of lipids and affect the odour and flavour of the rice, 
and may also cause an increase in yellowness. Storage at low temperatures 
reduces this effect, but in a tropical environment it is not easy to achieve 
low-temperature storage. There is also a yellowing of the grain during 
storage. As consumers expect rice to be white, this change in colour leads 
to a perceived loss of quality. Finally, there is a change in textural properties 
during storage. Rice tends to become harder after cooking when it has been 
stored for lengthy periods.

16.2.5 Storage of wheat
Unlike rice, a high proportion of the world wheat crop is placed into bulk-
storage on a large scale. Wheat is usually processed before consumption 
and almost all is milled to flour prior to the next step in the chain. In some 
countries, significant amounts of grain are stored at the farm, either sold or 
to be sold under contract to the miller. This is an economic decision of the 
farmer – whether or not to pay the cost of storage in anticipation of achieving 
a higher price some time after harvest. The alternative is for the farmer to 
sell the grain to a trader where it will be held with grain of the same protein 
content, grade and supposed quality after segregation as described in Chapter 
11. Most of the grain destined for export from the major exporting countries 
is stored in this way. There is sometimes the option for the farmer to hedge 
on selling his grain, by placing it into storage at a local or regional elevator, 
and paying for the storage. There is the anticipation once again for the farmer 
to receive a higher price at a time after harvest when supply and demand 
factors may allow this to occur. There is usually an agreed price, less storage 
and freight charges, which the farmer will receive from the grain trader. 
 As stated earlier, storage conditions play an important role in maintaining 
the quality of wheat. Under Australian conditions, wheat is commonly 
received at temperatures in excess of 25 ºC, sometimes in excess of 30º. 
Unless the storage temperature is reduced to about 23º, major changes in 
dough properties occur (Wrigley and Bekes, 1999), namely, an increase 
in dough strength (as Rmax), a decrease in extensibility (measured in the 
Extensigraph) and an increase in dough development time (measured in the 
Farinograph). A decrease in loaf volume on baking is also observed. When 
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the temperature of the wheat was reduced to 23º or below, there was little 
change in quality over a 12-month period provided that the moisture was 
also controlled at 12% or below. 

16.3 Transport

Transport of grain occurs in many ways, from being hand-carried by 
individuals to large bulk carriers. The mode of transport employed will 
be appropriate for the origin and size of a ‘shipment’ and the distance and 
terrain over which it needs to be moved (Figs 16.7, 16.8 and 16.9). The 

Fig. 16.7 Rice being carried by hand after harvest. Photo courtesy of IRRI, 
Philippines.

Fig. 16.8 River transport of rice. Photo courtesy of IRRI, Philippines.
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cost and availability are the key factors determining what will be used 
in a particular situation. This choice will not have a great impact on the 
quality of the cereal being transported. The key factor, however, will be 
the traceability, or identity preservation, of the grain. It is essential that 
the customer receives the type and quality of grain needed for the process 
into which it will be fed. The implementation of traceability begins when 
the grain is first delivered into storage. Grain being moved directly from a 
farm store to a processor will be tested while in store, and again on arrival 
at the mill or other processing plant. In this situation, traceability is not 
such an issue and is in control of the farmer and processor. Where it passes 
through a number of transport and storage modes, identity preservation 
becomes necessary at all points where grain can be mixed with other grain, 
or incorrectly shipped to the next destination. This is particularly important 
for wheat and barley where admixture may result in severe quality loss 
from the end-use perspective.
 Grain in a country storage elevator is assigned a quality grade on receival 
based on variety and protein content. Sampling of all grain placed in a single 
bin or cell allows testing to provide average quality attributes for the batch. 
In larger stores, there may be individual smaller cells of the same grade, but 
which may vary in properties. If the quality properties sought by a customer 
are present in one cell, but not all, it becomes necessary to identify and keep 
separate those cells of inferior quality. Where there are some cells of superior 
quality, it could be possible to blend these with cells of lower quality to 
achieve an average of the desired quality. This blending may involve grain 
storage at different local elevators, and will require movement of the grain 
to a regional store where the grain can be blended and stored. From here, it 
may be shipped directly to a mill, or to a seaboard terminal for international 
transport. International bulk purchases usually involve grain of a particular 
grade and protein content. Average quality for the grade will have been 
determined by the export agent and the entire shipment will be expected to 

Fig. 16.9 Grain samples being taken from a truck-load at the ‘sampling stand’ before 
being delivered at the nearby ‘silo’ storage in the Australian wheat belt.
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meet this quality as a minimum standard. Sampling and testing of all grain 
blended should ensure this standard.
 For wheat export, grain will also be tested at stages during transport, 
particularly at the export terminal. While the grain is being loaded, it will ideally 
be measured for protein content by on-line sampling and NIT measurement. 
Prediction of some dough properties may also be done at this point (see 
Chapter 4). If the protein falls below the minimum required, loading can be 
stopped or higher protein grain included to increase the protein. However, 
these are steps of last resort and maintaining good control at all previous 
points in the chain should avoid this necessity.
 The key to arriving at the final point in the grain chain with the correct 
grain is good testing and documentation along the way. A sample and records 
of each batch are retained, and when the sample is aggregated with other 
samples in a bin or car-lot, a representative sample is also taken and kept. 
It is usually not possible to test samples while being transported, except 
when they are moved to large storages and held for some time, perhaps even 
months, pending sale or export. In the case of dispute, the samples taken 
along the line may be tested.
 Most grain-handling agents have software and databases to help them 
achieve an effective identity preservation system. Many of them are proprietary 
systems, and may be linked to the control of equipment moving the grain 
for loading into trucks, trains or ships. In some cases, a warning is given 
before samples are mixed as a means of minimising the risk of blending 
unsuitable samples.

16.4 Future trends

In the area of storage and transport, the expected trends mostly follow 
past trends. There is an increasing desire for consumers to have their food 
without pesticide residues, so this will encourage less insecticide use and 
more modified atmosphere storage. Storage under controlled conditions 
of atmosphere and humidity should allow better preservation of the grain 
and reductions in losses due to spoilage. With demand for cereals starting 
to outstrip supply, improved storage conditions provide an opportunity to 
allow better utilisation of the grain that is grown. This is a very desirable 
outcome in those areas where food is sometimes in short supply and losses 
due to spoilage are high.
 Although there is a demand for pesticide-free grain, there will always be 
a need for the use of chemical control under certain circumstances. Some 
storage facilities are unsuitable for controlled atmosphere storage and in order 
to avoid losses, insecticides must be used. The trend for insects to become 
resistant to chemicals after they have been in use for some time will also 
continue. This will require the development of new insecticides to maintain 
the effectiveness of treatments. 
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 The possibility of transport of grain by pipeline has been canvassed many 
times in the past. The use of liquids such as vegetable oil or super-critical 
liquefied carbon-dioxide have been suggested and used in experiments but 
neither has been satisfactory. It is difficult to remove the oil from the grain, 
and liquid CO2 extracts lipid from the grain (Grundas and Wrigley, 2004). 
This latter effect may not necessarily be undesirable, as certain lipids when 
present may cause a deterioration in dough and baking quality of wheat, and 
if they were to be removed preferentially during transport, the increase in 
value of the grain in having a higher quality may partially offset the cost of 
pumping the slurry.

16.5 Sources of further information and advice

Randolph Barker, R, Herdt, R W and Rose, B. (1985) ‘The rice economy of 
Asia’, Washington, DC, Resources for the Future, Inc.

Web sites of different grain handling organisations (list  not 
comprehensive)

In Australia: 
 Cooperative Bulk Handling Ltd – www.cbh.com.au 
 Graincorp – www.graincorp.com.au
In Canada:
 Alliance Grain Traders – www.alliancegraintraders.com
 Canadian Grains Commission – www.grainscanada.gc.ca
In Europe:
 Wessex Grain – www.wessexgrain.co.uk
 Gleadell Agriculture – www.gleadell.co.uk
 International Grains Council – www.igc.org.uk
In USA:
 Archer Daniels Midland – www.adm.com
 Bunge North America – www.bunge.com
 US Grains Council – www.grains.org
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Abstract: Wheat is milled before use and the milling process for wheat is described 
in detail, together with methods for assessing the quality of the flour produced at 
different stages of the process. The separation of starch and gluten is also described, 
and the various commercial processes are compared. Methods for the selection 
of grain of suitable quality for the various types of end products are discussed. 
Comparisons of different means of assessing quality are also presented.

Key words: wheat milling, starch, gluten, dough properties, wheat products.

17.1 Introduction

For almost all purposes, wheat is milled before further processing. Some 
milling processes are very minimal, for example in the production of ‘bulgur’, 
which is steamed or par-boiled and then cracked and flaked. However, wheat 
is mostly milled extensively through a series of roller mills to produce a 
fine flour plus the by-products of bran and germ (see below under milling). 
Wheat milling is mostly a dry milling process, even for the production of 
starch and gluten in a wet process, although there have been some wet 
milling processes developed (see starch and gluten, Section 17.5). Semolina 
is a coarse fraction of the endosperm, a product of the initial breaking of the 
wheat grain before the particle size is reduced further to give a fine patent 
flour. Its main use is for the manufacture of the various forms of pasta, for 
which purpose durum semolina is sought – and legally required – in many 
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countries. The fraction called ‘semolina’ may also be obtained from bread 
wheats. Couscous is also made from semolina, traditionally durum semolina, 
although forms made from high-protein hard bread wheats are popular in 
some parts of the world.

17.2 Procurement of wheat for processing

This stage of wheat processing depends on the use to which the wheat will 
be put. The end-users (baker, noodle maker, starch producer) will purchase 
flour with fairly rigid specifications for their particular purpose. These 
specifications are based on the experience of the user and the needs of their 
particular process, but almost always do not place any direct requirements 
on wheat quality other than those relating to safety (chemical or microbial 
contamination). For two processors making the same or similar products, the 
flour specifications are often quite different and are set by the requirements 
of the process being used in the manufacture of the product and thus, various 
baking processes have different flour specifications. For pasta manufacture, 
the processor will usually specify 100 per cent durum wheat, and will also 
require a clean semolina (no specks) with good yellow colour intensity. It 
is usually the role of the miller to purchase wheat to give flour with the 
properties required by the customer.

17.3 Choice of wheats for blending

Except where it has been purchased directly from a grower under contract, 
wheat is rarely available as a single variety. Grain of a suitable range of 
genotypes (varieties) from several growers will generally be mixed and stored 
as a single grade with a narrow (<1 per cent) protein range, for example 
11–12 per cent. A range of tests are applied at the time of grain receival, as 
described in Chapter 11, to determine the relevant grade. Samples of this 
grade will be made available to prospective purchasers for testing. Such 
testing will involve grain quality parameters and test-milling on a small scale, 
followed by rheological testing of the flour. Most millers do not specify the 
varietal mix, as this is already known when selecting the particular grade 
being purchased. On occasions, millers will seek or avoid grades which have 
specific varieties, but this is not always practised, or even possible.
 Wheat of exactly the desired protein content and quality is frequently 
not available, and it is necessary for millers to purchase grades of different 
protein content and/or quality for blending. A high-protein wheat, with 
dough properties too strong for most purposes, will be blended with a wheat 
with a lower protein and weaker dough-quality potential, to give flour with 
an intermediate protein content and appropriate dough strength. While the 
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protein content is usually determined with a linear relationship based on the 
proportions of the wheats being blended, dough properties are usually not 
linear (Bekes et al., 2001) and careful selection of grades must be made. 

17.4 Wheat milling

The aim of milling is the efficient separation of bran and germ from the 
endosperm and to reduce the particle size of the endosperm to flour. Prior 
to milling, there are a number of essential steps required to ensure a quality 
product. 
 Wheat is cleaned to remove impurities which can include weed seeds, seeds 
of other cereals or crops, and stones, sand, nails, wire and wood. These need 
to be removed as they can damage milling machinery and/or contaminate the 
final mill products. In the screen room, cleaning machines such as separators, 
combinators, magnets and aspirators separate impurities on the basis of size, 
shape, specific gravity, magnetic properties and air resistance (aspiration). 
Small and shrivelled grains which will have low milling extraction can also 
be removed in the cleaning process.
 Wheat is conditioned or tempered before milling. Conditioning toughens 
the bran, making it less friable and easier to separate from the endosperm. It 
also modifies endosperm hardness, making it easier for the milling process 
to reduce the particle size and to optimise starch damage. The amount of 
water added in the conditioning process will depend on the initial moisture 
content of the wheat, grain hardness, climatic conditions and on the target 
moisture content of the milled products. Generally hard wheat is conditioned 
to 15.5–17% moisture, durum wheat to 16–17% and soft wheat to 14–15.5% 
moisture. Conditioning may be a single or multistage operation. Lying time 
varies from 6 to 24 hours, with soft and durum wheats having a lower lying 
time requirement. Conditioning regimes will vary according to the mill and 
origin or type of wheat or wheats milled. In all cases, optimum conditioning 
will ensure efficient separation of bran and endosperm and correct moisture 
content of products. 

17.4.1 The milling process
While the milling process as a whole consists of many operations, it can be 
divided into three main stages: breaking, separation on particle size and density, 
and reduction. A simplified mill flow system is shown in Fig. 17.1. 

Break system
The first grinding operation is through a series of pairs of break rolls, which 
open the grain and scrape the bran to release endosperm particles. There 
are generally 4–5 break roll passages (1BK, 2BK, 3BK, etc.) which have 
successively finer spiral flutes. Between each of the break operations, the 
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stock is sieved in a plansifter separating flour from bran and larger endosperm 
particles. The sizings system grades the endosperm, producing a narrower 
particle-size range, thus optimising the performance of the reduction system. 
Bran finishers and quiver sifters remove any remaining flour from the coarse 
bran after the break system. 

Separation on particle size and density
Plansifters separate on the basis of particle size and density. They are 
composed of a number of tiered sieve boxes, which are clothed with nylon, 
polyester or wire material. Sieve sizes are selected to allow gradual sifting 
of bran, semolinas and flour. 
 Purifiers separate the fine bran from the semolina (coarse endosperm, also 
known as farina) on the basis of size, density and specific gravity, using 
sieves and air currents. Coarse and fine endosperm particles are separated 
in the purifiers before being sent to the reduction system. 

Reduction system
The reduction system aims to reduce the size of the endosperm chunks and 
produces the required starch damage levels. There are from 8 to 12 reduction-
roll passages; these are between smooth, frosted rollers and are known as 
A, B, C or 1M, 2M, 3M, etc. The rolls operate at slightly different speed 
differentials of 1:1.25. Flour is removed in multisection plansifters between 
reduction roll passages. Germ is removed in the reduction system and flaked. 
Remaining fine bran, endosperm and germ materials are removed as pollard 
(‘red dog’ in the US).
 At the end of the milling process, flour streams will be combined in total 
– as a ‘straight run’ or ‘straight grade’ flour; alternatively, selected streams 
may be combined to give a number of divides or flours of different quality 
which are used for different purposes. Flour is stored in bulk prior to bulk 
delivery or packaging into bags of various sizes.

17.4.2 Debranning
A recent development in milling technology has been the introduction 
of debranning using the PeriTec system. The outer bran and layers are 
sequentially removed prior to milling (www.satake.co.uk). This permits 
the use of a simpler mill flow, and produces flour that has lower levels of 
bran contamination but higher ash. Debranning has particular applications 
in durum milling, giving improved semolina yield and colour (Dexter and 
Wood, 1996). 

17.4.3 Extraction rate versus grist rate
Flour extraction rate (the amount of flour produced) is a measure of efficiency 
of milling separation in real time. Flour extraction can be expressed on 
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the basis of the original wheat, as dirty, clean or conditioned grain. For 
example (Table (17.1), for a straight run flour, expressed on a conditioned 
wheat weight:

  Extraction rate = 100 ¥ Weight of straight run flour/Weight of wheat  
  to 1 BK

 Another method of measuring extraction is grist rate to determine the 
number of tonnes of dirty wheat required to make one tonne of straight-
run flour. In this instance, the level of screenings, unmillable material and 
moisture can have a large impact on the result. These variables are often 
beyond the control of the miller and are dependent on the grades and types 
of wheat purchased.

17.4.4 Mill products and their uses
The major mill products are: 

∑ Flour – straight run and divide. Used for all types of breads, starch and 
gluten production, noodles, cakes, pastry, household, industrial.

∑ Semolina (farina, middlings) – coarse and fine. Used for pasta, continental 
breads, baby food, dusting.

∑ Bran – coarse and fine. Used for feed, human consumption and breakfast 
cereal.

∑ Germ. Used for human consumption and pharmaceuticals.
∑ Pollard (red dog). Used for feed. 

 The names and compositions of the various products will vary according to 
country and customer requirements. For example, the term ‘semolina’ may be 
reserved in some countries for durum, rather than for common bread wheat. 
Milling by-products, such as bran and pollard, may be combined to make 
products called millrun or offal which are used in animal-feed formulations. 
Flour types are discussed later in this chapter.

17.5 Quality assessment during and after milling

Some quality assessment can be carried out during milling. Rapid tests 
that are applicable include: sieving to measure granularity of mill products, 
protein content, moisture content and degree of starch damage (these are all 
determined by near infrared spectroscopy (NIR) – see Section 17.5.8 and 
Chapter 11), the Pekar test for flour colour, and determination of flour-water 
absorption. These will be discussed later in this chapter. Online systems can 
also be used to estimate moisture, protein and ash.
 A range of tests must be carried out post-milling to ensure conformity to 
specification, thus to meet customer requirements. 
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17.5.1 Moisture content
The moisture content of flour is determined as the loss on drying at a standard 
temperature (usually 130 °C) for a set time using Method 44-15A of AACC 
Methods (2000), Method 110/1 of ICC Methods (2003) or Method 08 of 
CCFRA (2002). It is routinely determined by NIR. Moisture is an important 
characteristic, serving as a quality and economic indicator of milled flour 
to ensure conditioning regimes have been correct and that it is not below 
specification. As many other flour quality tests are corrected to a constant 
moisture basis, it is often a pre-requisite for further testing. Flour moisture 
content should be checked during production and on outloading, as flour 
moved by blow lines within the plant tends to lose a small amount of  
moisture.

17.5.2 Protein content
Protein content is one of the main determinants of suitability for end use 
and is on almost every flour specification. Protein content is measured by 
the Kjeldahl or Dumas methods using Method 46-12 of AACC Methods 
(2000), Method 105/2, 167 of ICC Methods (2003), Method 19 of CCFRA 
(2002) or Method 02-01, 02-03 of RACI Methods (2003). However, more 
commonly NIR is used. For flour, protein content is usually expressed on 
the basis of nitrogen content multipied by 5.7 (N ¥ 5.7), and it may also be 
corrected to a constant moisture basis, such as 14%. The protein content 
of flour is dependent on the protein content of the original wheat, and on 
extraction rate. Typically there is a drop in protein content from wheat to 
flour of 0.6–2.0%.

17.5.3  Measurement of flour colour and flour purity
Assuming no foreign matter contamination, flour colour is dependent on bran 
contamination and the presence of xanthophylls, which are flour pigments 
that impart a creamy or yellowish colour to the flour. There are a number 
of methods to assess flour colour and flour purity.
 The traditional method of measuring the efficiency of milling, the bran 
contamination and the purity of the flour produced is the ash test using 
Method 08-01 of AACC Methods (2000), Method 104/1 of ICC Methods 
(2003) or Method 12 of CCFRA (2002). Ash is the mineral residue that 
remains after combustion. Use of ash content as a measure of flour purity 
is based on the assumption that the endosperm has lower ash content than 
the bran, aleurone and germ. 
 The ash content of wheat grain can vary significantly, depending on the 
wheat variety and on environment factors, such as soil type and climatic 
conditions. Although there is a positive correlation between wheat ash and 
flour ash (www.satake.co.uk/laboratory/Ash%20Tony%20Evers.htm), it is 
really bran contamination that affects flour, product colour and end-product 
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performance. Despite these reservations, ash content is still used in many 
flour specifications and as a measure of milling performance.
 The flour-grade colour or colour grade, was originally developed by Kent-
Jones and Martin in 1950; it gives a measure of bran contamination in a 
flour/water slurry at 540 nm, as measured by Method 07 of CCFRA (2002) 
or Method 09-01 of the RACI (2003). A low colour grade is indicative of a 
clean flour and values of patent flours may be as low as –4.0. In contrast, a 
wholemeal flour may have a colour grade as high as 18. The colour grade 
test is affected by variations in flour xanthophylls. Higher protein flours have 
higher colour grades (Oliver et al., 1992).
 Another widely used instrument is the Agtron (www.agtron.net) which 
also measures the reflectance of a flour/water slurry. Results obtained from 
Method 14-30 of AACC Methods (2000) are independent of flour bleaching 
and are correlated with the flour grade colour. Measurements can be made 
at a wavelength of 436 nm to estimate flour yellowness.
 Tristimulus colour meters have gained acceptance due to their ease of 
use on dry flours and end products (Method 09-02 of RACI Methods 2003). 
Colour meters operate according to the CIE (Commission Internationale de 
l’Eclairage) colour space parameters. The most commonly used parameters 
are:

  L* (brightness/whiteness) – 0–100 (a value of 0 is black)

  a* (red/green) – –60 to +60 (a value of –60 is green)

  b* (yellowness) – –60 to +60 (a value of –60 is blue)

Most flours have an L* value of >90 and a b* value of 5–12. Higher L* 
values indicate more cleanly milled flours, and higher b* values indicate 
creamy yellow flours. Dry flour measurements have the disadvantage that 
finer particle size appears lighter and less yellow, resulting in an increase 
in L* and a decrease in b* (Oliver et al., 1992). Particle size effects can be 
eliminated by use of a flour/water slurry. 
 Digital image analysis techniques depend on the contrast between light 
(endosperm) and dark (coloured components of bran layers) materials. Bran 
content is estimated as percentage light to dark and the number of individual 
specks can be counted above a minimum speck size, based on the number 
of pixels. Branscan is an example of this type of instrument (www.branscan.
com).
 The Fluoroscan (www.branscan.com/fluoroscan.htm) uses image analysis to 
measure aleurone content by ultaviolet autofluorescence and pericarp content 
by visible light absorption. Data processed from these measurements are 
used to predict flour ash content. The sample is presented as a dry powder 
and results are available for all three parameters within two minutes with 
real-time image display. The equipment is available in laboratory and online 
configurations.
 The Pekar test is a simple qualitative visual assessment of flour colour 
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traditionally favoured by flour millers. Flour samples are packed onto a glass 
plate using a flour slick, and then immersed in cold water (Method 14–10 of 
AACC Methods, 2000). With time, dark specking associated with the bran 
enzyme polyphenol oxidase (PPO) appears, and the background colour due 
to xanthophylls become visible, varying from white to creamy yellow. 
 Flour colour is important for quality prediction for products made from 
white flour. Flour colour affects bread crumb colour and the colour of frozen 
pastry. It is particularly important for Asian products, such as steamed bread 
and noodles. Many noodles are sold uncooked and any bran contamination will 
be apparent as darkening and specking with time. Consumers often wrongly 
interpret this as a microbiological-spoilage issue instead of darkening as a 
result of PPO activity. 

17.5.4 Starch damage and water absorption
During the milling process, some of the starch is mechanically damaged. 
Damaged starch absorbs up to three times more water than undamaged starch 
(Greer and Stewart, 1959) and this form of starch can be readily attacked 
by flour amylases yielding fermentable sugars. Hard wheat has a compact 
endosperm structure in which starch granules are tightly bound within the 
protein matrix. Flours from hard wheat have a high level of starch damage 
compared with soft wheat which has a less compact endosperm structure 
and is readily milled to flour with low starch damage. There are optimum 
starch damage levels suited to different end products, with bread having 
a requirement for high starch damage, and biscuits and cakes having a 
requirement for low starch damage. Morgan and Williams (1995) divided 
starch damage into high (7–10.25 AACC units) and low (3.25–5.5 AACC 
units), corresponding to soft and hard wheat populations. Pasta manufacture 
also has a requirement for low starch damage, and for this reason it is 
produced from semolina which does not undergo the heavy milling needed 
to produce fine flour.
 Starch damage is increased during the reduction stage of the milling 
process, with each successive pass having a higher degree of starch damage 
(Table 17.1). Commercial millers have control over starch damage levels 
and a number of options are available for increasing starch damage levels. 
These include increased reduction roll pressure, increased wheat hardness 
and decreased conditioning moisture levels.
 Methods for determining starch damage are listed in Table 17.2. The once 
widely used Farrand method has now been largely replaced by the Megazyme 
method, which utilises a kit and can be used in a batch type process with 
a high throughput (www.megazyme.com). The Chopin SDmatic and NIR 
methods are both rapid and convenient for mill use. Equations for conversion 
from one chemical method to another are available (Morgan and Williams, 
1995; http://secure.megazyme.com/downloads/en/data/K-SDAM.pdf).
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17.5.5 Water absorption 
Water absorption is the amount of water, expressed on a flour-weight basis, 
that is required to produce a dough of appropriate consistency. Water 
absorption is of prime importance in baked products, affecting every stage of 
the process, as well as the yield and quality of the finished product. Protein 
content, damaged starch level and non-starch polysaccharide content (mainly 
pentosans) all influence water absorption. Protein absorbs approximately 
twice its weight in water as the dough is mixed; some polysaccharides are 
even more effective in absorbing water.
 In the flour-mill laboratory, water absorption is routinely measured for 
process control and quality assurance using the Farinograph or similar 
dough-mixing instruments (Table 17.3). The standard dough consistency 
for the Farinograph is set at 500 Brabender Units (BU) (or 600 BU in the 

Table 17.2 Methods for measurement of starch damage

Method Procedure Method reference

AACC  Enzyme digestion – titrimetric AACC 76-30A

Megazyme Enzyme digestion – spectrophometric AACC 76-31, ICC
  164, RACI CCD 04-02
Chopin SDmatic Extraction – Amperometric Manufacturer’s instructions

Farrand Enzyme digestion – titrimetric CCFRA 05

NIR  Spectral analysis Calibrated against 
  chemical methods

Table 17.3 Methods for measurement of dough properties

Instrument Measures Method references

Farinograph Water absorption, development (peak) AACC 54-21, ICC115/1, 
 time, arrival time, departure time,  CCFRA 04, RACI 06-02
 stability mixing, tolerance index  

DoughLab Water absorption, peak consistency, AACC 54-21, RACI CCD  
 development time, stability, mixing  06-02, ICC 115/1
 energy, mixing tolerance index, torque 

Mixolab Water absorption, mixing time, stability, ICC 173
 starch gelatinisation, enzymatic activity, 
 starch retrogradation 

Alveograph  Maximum pressure (P), length of curve AACC 54-30, ICC 121
 to rupture (L), area under  
 the curve (W), ratio between dough 
 strength and extensibility (P/L) 

Consistograph Water absorption, mixing time AACC 55-40, ICC 171

Extensograph Maximum resistance, extensibility  AACC 54-10, ICC 114/1, 
  CCFRA 03, CCFRA 16, 
  RACI 06-01
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UK). Flour water absorptions vary from 50 to 70%, depending on wheat 
hardness, milling conditions and the targeted flour specifications.

17.5.6 Physical dough properties
When flour is mixed with water to form a dough, the storage proteins are 
hydrated to form a gluten matrix. The resultant dough properties depend 
on protein content and protein quality which are determined by the type, 
variety and quality of the wheat. Most wheat-based foods have a specific 
requirement for dough properties which can be classified in terms of dough 
strength (see Chapter 4, Table 4.2), extensibility and the balance between 
these two attributes.
 Recording dough mixers (Table 17.3) measure the resistance of a dough to 
mixing under controlled temperature and speed conditions. As water addition 
influences dough consistency, several tests may be required to achieve correct 
consistency. Development time gives an indication of optimum mixing time 
in bakery applications. Both development time and stability are indicators of 
dough strength, with higher values indicating greater strength in both cases. 
Together with water absorption, these are usually found in flour specifications 
and certificates of analysis. Figure 17.2 shows the measurements that can be 
derived from a mixing curve using the DoughLab instrument (www.newport.
com.au).
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Fig. 17.2 DoughLab mixing curve showing some of the parameters measured. PR 
– peak resistance, the highest value of the mean mixing curve; DT – development 
time, the time of peak resistance; Arr – arrival time, the time when the value of 

the maximum mixing curve reaches PR; Dep – departure time, the time when the 
maximum mixing curve falls below PR. Stability is the difference between the 

departure time and the arrival time. For a full range of Doughlab parameters see 
Cauvain and Young (2009).
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 The Extensograph (‘Extensigraph’ in the US) records the force required to 
stretch a dough with a hook which moves at constant speed. The dough has 
been previously mixed in the Farinograph and includes salt. Dough strength 
is measured as maximum resistance and extensibilty as the distance which 
the dough piece stretches before rupture of the dough piece. Interpretation of 
Extensograph curves permits the classification of dough properties as weak, 
medium and strong (Fig. 17.3). Doughs must have appropriate extensibility 
for their strength, otherwise they will be regarded as ‘unbalanced’.
 The Alveograph measures the air pressure and time to inflate an extruded 
dough piece to form a bubble and burst. It was originally developed for weak 
French flours and traditionally operates on a fixed flour:water ratio known 
as constant hydration (Table 17.3). Flours with high water absorption may 
produce doughs which are too dry, with a consequent overestimation of dough 
strength. The AlveoConsistograph enables alveographs to be performed at 
optimum water addition, which is better suited to flours with higher starch 
damage levels.
 Whereas most recording dough mixers measure the behaviour of hydrated 
proteins, a relatively new instrument, the Mixolab, not only measures a 
mixing curve, but also measures the behaviour of starch in the dough after 
the mixing stage into the final stage of heating. As temperature increases, 
starch swelling, gelatinisation and breakdown occurs. Figure 17.4 shows the 
differences in mixing and starch properties of a strong baker’s flour and a 
weak biscuit flour dough using the Mixolab.

17.5.7 Evaluation of starch pasting properties 
Starch is the major component of wheat flour and is often overlooked in terms 
of its functional properties and contribution to end-product quality. Cakes, 
Japanese Udon noodles, some instant noodles, hot-plate products, batters, 
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Fig. 17.3 Extensographs of weak, medium, strong and very strong but unbalanced 
flours.
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soups and wafers all rely on starch gelatinisation to confer the correct textural 
characteristics. In baking, starch gelatinisation assists in the formation and 
stabilisation of the bread crumb, and is a factor in bread staling. 
 The cooking and pasting properties of flour/water and starch/water mixtures 
during heating and cooling are measured as resistance to the stirring action of 
paddles or pins, recorded as changes in viscosity with time. The Viscograph 
(ICC Method 126/1, RACI Method 06-03) and the Rapid Visco Analyser 
(RVA) are two such instruments. The RVA, using only a small sample, 
offers flexibility in terms of programmable temperature profiles and shear 
rates. The STD 1 profile for the RVA (AACC Method 76-21) is completed 
after 13 minutes. A typical RVA curve is shown in Fig. 17.5.
 Low peak viscosities, indicating thin viscous pastes, may be an indication of 
sprout damage to the grain due to rain at harvest. There is a strong correlation 
between the RVA stirring number method (AACC Method 22-08) and Falling 
Number (Bason and Blakeney, 2007). Additionally, both instruments may 
be used to measure the effect of cereal or malt flour a-amylase added to 
flour. 

17.5.8 Wet chemistry versus Near Infrared Spectroscopy (NIR)
Calibration of NIR instruments
Since its introduction in the grains industry in the 1970s, near infrared 
spectroscopy has gained acceptance in many fields outside the food and 
agricultural industries. NIR (Near Infrared Reflectance) and NIT (Near 
Infrared Transmittance) are recognised as providing easy-to-use, rapid, and 
non-destructive methods of analysis. The method is based on absorption in 
the infrared region of the electromagnetic spectrum in the wavelength region 
780–2500 nm. Instrumentation utilises grating monochromators, diode array 
spectrometers or fixed filter instruments, the latter being the cheapest and 
generally limited to protein, moisture, grain-hardness and fat analysis. The 
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Fig. 17.4 Mixolab profiles of weak and strong flours showing mixing curve and 
gelatinisation profile (kindly provided by H Salman).
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most appropriate type of instrument for flour-mill wheat intake and quality 
control depends on the application.
 NIR/NIT is a secondary analysis method. This necessitates calibration 
against standard methods of analysis using a large sample population. It may 
be a challenge for a flour-mill laboratory to achieve appropriate calibration 
if the mill has only a limited range of analysed samples for the analytical 
property of interest. Calibration involves an understanding of the application 
of chemometrics plus a high degree of analytical accuracy and precision in 
manual testing methods. Some instruments may have calibrations included, 
but these will need validation using a range of local samples.

Applications of NIR in the mill
While the original and most successful usage of NIR/NIT was for protein and 
moisture content, other applications of interest to the miller such as wheat 
hardness (Osborne, 1991) and starch damage (Osborne et al., 1982) have been 
developed. The potential application of the technique to other traditional flour 
and wheat quality parameters was initially hindered by high standard errors of 
cross validation (SECV) and the influence of cross-correlations with protein 
content (Dowell et al., 2006). Commercial applications, which offer a suite 
of calibrations based on large sample sets, coupled with the SPECMAN data-
management package and technical support, are now available and in use by 
flour millers (Dominy, 2003). NIR/NIT methods have higher standard errors 
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Fig. 17.5 RVA curve showing main parameters measured. PT – peak time; PV – 
peak viscosity; HS – holding strength (or trough viscosity); FV – final viscosity.  

Other parameters often considered are breakdown (PV minus HS) and setback (FV 
minus HS).

�� �� �� �� �� ��



446 Cereal grains

© Woodhead Publishing Limited, 2010

than the wet chemistry methods on which they are based as their accuracy 
can be influenced by seasonal conditions. However, this may be outweighed 
by the convenience and repeatability of the NIR technique.

Online systems
Online instruments are available integrated with milling systems. Originally 
used for determining flour protein content, they could be integrated into 
a feedback control system to control gluten addition to flour; they are in 
common use in Europe. Older systems used fixed-filter instruments, but 
the introduction of online diode-array systems offers greater potential for 
expansion beyond traditional protein and moisture determinations. 

17.5.9  Stream selection – straight run and divide flours
Flours from each of the different milling stages have quite different properties 
as shown by mill-stream analysis in Table 17.1. These differences are dependent 
on their origin within the endosperm, on contamination with non-endosperm 
components, and on the degree of processing. Knowledge of the properties 
of the various streams allows decisions to be made regarding which, if any, 
streams are to be blended or removed in the final flour.

Mill stream analysis
The first parameter considered is usually ash. Ash content is lower in 
reduction streams such as A1, A2 and B1, which are derived from the central 
endosperm (Table 17.1). Ash content increases as the streams contain more 
non-endosperm material. To construct a cumulative ash curve, the cumulative 
ash is calculated for each stream and plotted against extraction rate, starting 
with the stream with the lowest ash and proceeding with the next lowest 
in turn (Fig. 17.6). The objective in designing a good milling process is 
to produce a curve which has a low gradient at the base, rising to a steep 
gradient at the end where the dirty flour streams are included. Ash can be 
used to predict commercial-mill yield.
 As can be seen from Table 17.1, the protein range across the streams 
is over 5%, and may be as high as 7%. This is because there is a protein 
gradient across the grain and the bran layers are higher in protein content 
than endosperm; consequently the protein content is higher in dirty streams. 
Protein content is related not only to cost, but also to functionality. A clean 
stream such as A1, which is at the beginning of the reduction system, has 
strong dough properties as indicated by a high Farinograph development 
time, high extensograph resistance and high extensibility, but a moderate 
protein content, namely 10.7%. The influence of bran and germ on strength 
can be seen by the weak dough properties in the dirty reduction streams B-2, 
D and E, with E also exhibiting a decrease in extensibility. 
 The starch damage in flours from the early break rolls is quite low, as 
there is not a lot of grinding early in the milling process and the central 
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endosperm is more friable than the outer grain layers. Starch damage is 
additive with cumulative passes through the reduction rolls. This can be 
seen from a comparison of A2, with a starch damage of 7.4, and C, with a 
starch damage of 10.1. 
 Water absorption in the streamed flours is impacted by starch damage, 
protein content and the moisture content of the flours. Reduction streams such 
as G and H, which have very high water absorptions, are quite sticky and 
contain finely divided bran and germ as well as high levels of pentosans. 

Divide flours
If all the streams are combined, a straight run or straight grade flour is 
produced. This is the simplest milling system. The extraction rate depends 
on milling efficiency, wheat-bran colour and whether ash content is an issue 
in meeting flour specifications. It is possible to produce a wider range of 
flours by blending or removing various streams. The following scenarios 
illustrate some of the divides that can be achieved:

∑ Remove dirty or tail-end streams. In the example of the cumulative 
ash curve in Fig. 17.6, a patent flour with an extraction rate of 70% 
would correspond to an ash content of about 0.5%. This flour would 
have better colour, and show an increase in dough strength and baking 
quality. The residual or clear flour would be used for feed, plywood or 
alcohol production.

∑ Remove one or two clean streams. This accounts for about 10% of the 
cleanest flour, with an ash content <0.45%. The remainder of the flour 
can be used as a straight-run or main-grade flour with a small loss in 
quality and end-product performance. The low ash flours are considered 
as high quality in the market and attract a premium. Depending on the 
grist, these flours may be used for pastry, noodles and cake.

∑ In some Asian countries, up to three or four divides or grades of flour 
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Fig. 17.6 Cumulative ash curve for a commercial flour mill. 
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can be produced from a single milling. For example, the lowest ash flour 
(<0.40%) could be used for noodles, second grade flour (ash <0.70%) 
for confectionery and household use and third grade flour for industrial 
applications.

In each case, the aim is to maximise the extraction that can be achieved, 
while maintaining quality specifications and end-product performance.

17.5.10 Flour treatments and additives
Chlorination
Chlorination treatment bleaches flour by destroying xanthophyll pigments; it 
modifies lipid, protein and starch properties and decreases the pH to about 
4.5. Flour pH can be determined using AACC Method 02-52. Chlorinated 
flour is used in the production of high-ratio cakes, which contain more sugar 
than flour. These cakes have improved volume and crumb strength and white 
crumb colour. Due to environmental and health concerns, chlorination has 
been banned in a number of European and South American countries, the 
UK and Japan, although chlorination is still permitted in Australia and parts 
of the US. 

Heat treatment
Where chlorination has been withdrawn, flour heat treatment is used. In 
general, heat treated flours produce cakes of inferior quality to those made 
from chlorinated flours and the flour cost is considerably greater. Heat 
treatment of flour is also used to reduce flour moisture content for use in 
packet cake mixes, and infant foods. The RVA may be used to monitor the 
heat treatment process. See www.newport.com.au.

Bleaching
Although flour bleaching agents were commonly used in flour milling in the 
past, their use has decreased or discontinued. A typical bleaching agent is 
benzoyl peroxide, which bleaches the xanthophyll pigments responsible for 
the creamy yellow colour of flour. Reaction time is 24–48 hours and the effect 
of bleaching can be readily monitored by tristimulus b* measurements.

Flour modifying agents
Flour improving agents for breadmaking may be added at the mill. Typical 
additives, where use permitted, are ascorbic acid, malt flour and fungal and 
bacterial amylases. ADA is still used in USA and parts of Asia. 

Vitamin and mineral enrichment
Wheat is an important source of B group vitamins and minerals such as 
calcium, iron and magnesium. In countries such as the US and UK, flour 
has long been used as a source for replacement of vitamins and minerals lost 
in processing, by enrichment to higher levels. Thiamin, niacin, riboflavin 

�� �� �� �� �� ��



Processing wheat to optimise product quality 449

© Woodhead Publishing Limited, 2010

and more recently folate are added, along with calcium and iron. There is 
a global flour fortification initiative (FFI) particularly targeting third-world 
countries. Flour is being used as a delivery vehicle to achieve important 
nutritional and health benefits. (See www.micronutrient.org and www.dsm.
com/en_US/downloads/dnp/51606_fort_basics_wheat.pdf). Levels of addition 
are covered by legislation in each country.

17.5.11  End-product performance for specific end-product  
functions 
While chemical and physical properties of flour can be a guide, properly 
conducted test baking or small-scale end-product evaluation is the best 
guide to predict the processing performance for any particular flour. It 
would be impossible for a flour mill to carry out end-product evaluation 
to accommodate every customer’s formulation and process. Many mills 
prefer to carry out their own in-house tests; others send samples for external 
evaluation; a further alternative is to rely on protein and dough testing 
results and the miller’s knowledge of market-quality requirements. Wheat 
flour-based end-products can be broadly divided into the groups detailed in 
Table 4.2 (see Chapter 4). 
 Bread is the most common end-product; the basic steps involve mixing, 
fermentation, proofing and baking. Modern pan and hearth-bread dough-
making processes differ in terms of minor ingredients, mixing methods to 
develop the gluten, and fermentation times. These variations have resulted 
in the evolution of four major methods:

1 The straight dough method
2 The rapid dough method
3 The sponge and dough method
4 Mechanical dough development. 

The choice of method is based on regional preference. Flat and steamed 
breads differ from pan and hearth breads in the amount of water added and 
the manner in which they are cooked. 
 Asian noodles are divided into two types, depending on their colour and 
ingredients. These are white salted noodles and yellow alkaline noodles. As 
with pastry, freedom from specks and discolouration is of prime concern, 
and such products are usually made from low-extraction flour. Noodles 
differ from pasta, not only in the use of flour rather than durum semolina, 
but noodle processing is performed by sheeting rather than extrusion.
 Small-scale end-product tests are available for many products and should 
provide a good starting point for mill test-bakery use. Methods and suggested 
end-product quality evaluation parameters are listed in Table 17.4. While 
some parameters require a trained taste panel or experienced test baker, 
suitable objective tests are now more widely available. Texture analysers 
(www.texturetechnologies.com), laser technology (www.texturetechnologies.
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com/VolScan_Profiler.html), colour meters and image analysis (www.c-cell.
info) all offer consistent, objective measurement of product attributes. 

17.5.12 Predictive quality tests
Rapid prediction of protein quantity and quality and of suitability for end-
use allows millers to receive, segregate and blend wheat prior to milling. 

Table 17.4 Methods and quality parameters for assessment of end product 
characteristics

 Product Product evaluation parameters Method references

Breads Straight dough volume, external appearance, AACC 10-09
  crumb colour, texture,  AACC 10-10B
  structure, softness Wheat Marketing
   Center (2004)
 Rapid dough volume, external appearance, Allen et al. (2008) 
  crumb colour, texture, structure Germaine et al. 
  and softness (2008)
 Sponge and volume, external appearance, AACC 10-11
 dough crumb colour, texture, structure Lever et al. (2005)
  and softness 
 Flat breads shape, crust appearance,  Qarooni et al. (1987)
  flexibility, crust and crumb  Wheat Marketing
  colour, crumb appearance  Center (2004)
 Steamed breads specific volume, spread ratio, Huang et al. (1993) 
  external appearance and  Wheat Marketing
  colour, internal appearance, Center (2004)
  crumb colour, crumb 
  firmness, elasticity, stickiness 

Noodles White salted colour, colour stability, cooked Ross and Hatcher
  noodle smoothness, softness (2005)
  and elasticity (springiness)  Wheat Marketing 
   Center (2004)
 Yellow alkaline colour, colour stability, cooked Ross and Hatcher
  noodle smoothness, softness  (2005)
  and elasticity (springiness)  Miskelly (1996)

Biscuits Plain sweet length, width, height, checking, Chow et al. (2003)
  hardness  
 Cookies spread, height, spread ratio, AACC 10-52
  top grain  Wheat Marketing 
   Center (2004)

Cakes Sponge volume, shape, external  AACC 10-15
  appearance and colour, internal  Wheat Marketing
  appearance and colour, crumb Center (2004)
  softness 

Durum Pasta appearance and colour, AACC 66-41
products  cooking characteristics,  Wheat Marketing
  cooked pasta firmness and  Center (2004)
  stickiness, cooked pasta colour
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Protein content is readily measured within a few minutes by NIR/NIT, but 
other predictive tests take a longer time. Among the various predictive tests, 
flour Zeleny (AACC Method 56-61A) and wheatmeal SDS sedimentation 
(CCFRA Method 10) have been widely used in breeding programmes. 
Sedimentation tests rely on the swelling and flocculation properties of glutenin 
protein in dilute lactic acid, and results are correlated with gluten strength 
and baking quality. Of the above two methods, the SDS sedimentation test, 
which is suitable for testing wholemeal, gives better discrimination between 
samples. The application of a modified swelling index of gluten (SIG) test 
has been applied to receival samples for the prediction of soft wheat quality 
(Uthayakumaran et al. 2007).
 Wet gluten can be washed from wheat or flour using automated gluten 
washers (AACC Method 38-12A, CCFRA Method 13), but the results are 
closely related to protein content. Nevertheless, many flour specifications, 
particularly in Asia, require flour wet-gluten content. 
 The gluten-index method provides an indication of gluten quality as well 
as quantity, with higher values (>85) indicating strong gluten. It is defined 
as:

  Gluten index = 100 multiplied by wet gluten remaining on an  
          88m sieve (g)/total wet gluten

 The Solvent Retention Capacity (SRC) test was originally developed 
to assess soft-wheat quality (AACC Method 56-11). Four flour solvents – 
water, 5% lactic acid, 5% sodium carbonate, and 50% sucrose – are used as 
alternatives. SRC values for lactic acid are associated with glutenin quality, 
sodium carbonate with starch damage, sucrose with pentosans, and the water-
based result is affected by all water-absorbing components. 

17.5.13 Quality systems
Quality-management systems provide a systematic framework to meeting 
customer requirements, defining processes, process control, measuring 
performance and facilitating continual improvement. Management systems 
have the best outcomes when they are fully integrated into the business, as 
this creates an environment where all people are fully committed. ISO 9001 
(www.iso.org) is the most common management system used in flour mills 
and is often the responsibility of those involved in mill quality assurance. 
Prior to ISO certification, an independent audit is required, followed by 
regular audits. ISO 9001 is aligned with environmental and food-safety 
management systems. 

17.5.14 Food safety
Food safety needs to be maintained at all points during the food chain to 
minimise or eliminate the risks to the consumer. HACCP (Hazard Analysis 
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Critical Control Points) originated as part of the space program to ensure the 
health of astronauts. HACCP principles are applied to review the process and 
products (http://fsrio.nal.usda.gov/document_fsheet.php?product_id=155).
 Hazards are classified as chemical, physical or biological. After a hazard 
analysis has been carried out, Critical Control Points (CCP) and critical limits 
are established. These vary according to the specific country and mill needs. 
Critical control points in a flour mill include wheat intake (where there must 
be checks for moisture content, insect infestation, the presence of foreign 
matter and mycotoxins), rollers and bran finishers (checking for ferrous-metal 
contamination) and sifters (checking for non-ferrous metal contamination). 
Hence the maintenance of sieves, metal detectors, magnets and security 
screens is vital. An important part of the process is documentation and the 
establishment of corrective actions.

Microbiology
Flours destined for sensitive products such as baby food, frozen and refrigerated 
pastries and pasta, shelf-stable noodles and batters have a requirement for 
microbiological testing.
 Fungal and bacterial species are concentrated on the outer bran and germ 
layers of the grain. Low levels of spoilage microorganisms and of bacteria 
such as Salmonella species, Escherichia coli, Bacillus cereus and coliforms 
have been reported in wheat and flour. High levels of these bacteria would 
generally result from poor hygiene or poor pest control during transport 
and handling. A wet harvest period and low harvest temperatures may be 
indicative of higher microbial loads with higher specific plate count and 
yeast and mould count. Generally, wheat and flour are not regarded as high-
risk food ingredients and very few incidents of food poisoning have been 
documented. This is due to their low moisture content and water activity, and 
the need for subsequent cooking before consumption. However, wet harvests 
and high grain moisture in Europe may result in high levels of mycotoxins 
which will need to be managed throughout the supply chain (http://services.
leatherheadfood.com/mycotoxins/section.asp?sectionid=4&mytype=expert). 
See Chapter 13.
 Microbiological test results for flour are lower than for the wheat from 
which it was milled. Patent (low-extraction) flours will be lower than straight-
run flours and than any second- or third-grade flour divides which contain 
higher bran contamination. Bran and germ have the highest microbial loads. 
During wheat conditioning, as moisture content is raised there can be an 
increase in aerobic mesophilic and E coli counts (Berghofer et al., 2003). 
Poor mill sanitation, particularly in conditioning bins and equipment, hot 
and humid environments and build-up of damp residual material in flour 
storage bins can result in localised contamination. 
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17.6 Starch and gluten production

Unlike corn, in which the grain is subjected to a minimal grinding step 
before the wet separation of the starch, protein, germ and seed coat, wheat 
is dry-milled to a flour before separation of the starch and protein. The 
bran and germ are separated in the dry state and it is only the flour that is 
used in the wet separation process. There have been several approaches to 
wet-milling whole wheat, and at least two of them have been translated into 
commercial processes and these are described briefly below. Nevertheless, 
most production of wheat starch and gluten occurs from flour, the product 
of an earlier dry-milling step.
 Ideally, wheat for starch and gluten should form a strong dough and have 
a high milling yield. A soft-grained texture is desirable to minimise starch 
damage in the flour so as to maximise the yield of starch and minimise losses 
to the waste stream. The desired grain-protein content may vary, depending 
on the preferred mix of products – higher protein content means a greater 
yield of gluten and less starch and vice versa. In practice, soft wheats of 
suitable protein content are not available, and blends of hard wheats need 
to be used. Milling needs to be performed to avoid as much starch damage 
as possible, and the complex economics of the wheat price and the value 
of products will often determine the actual grade of wheat used. Methods 
for selection of flour of suitable quality are those described in the milling 
section above.
 There are two main processes used for the production of gluten – the 
Martin Process and the Batter Process – both of which have been used for 
many years but have been modified extensively by individual processors to 
incorporate new technology such as hydrocyclones. The main difference is 
the amount of water mixed with the flour at the start of the process. The 
Martin Process forms a dough which is mechanically ‘worked’ in a stream of 
water which removes the starch. The Batter process uses a thick suspension 
of flour in water which is stirred slowly to separate the starch and protein. 
A variety of sieves, centrifuges and hydrocyclones are then used to isolate 
and purify each fraction.
 The Alfa-Laval Raisio process strictly speaking does not wet-mill whole 
wheat. The wheat is dry-milled in a modified milling process before passing 
directly to the separation process (Dahlberg, 1978). The first stage is a high-
shear centrifugation step, followed by more conventional steps. Original 
publications claimed good yields of high-quality gluten, but the process in its 
entirety has not been adopted widely. The great advantage of the Raisio process 
is the significant reduction in water usage which has a particularly important 
environmental benefit. There have been other processes not dissimilar to the 
Alfa-Laval Raisio method developed and practised commercially. These start 
with roller-milled flour, and utilise high-shear conditions in centrifuges and 
hydrocyclones for the mixing of flour and water. These are variously known 
as the Hydrocyclone Process, High-Pressure Disintegration Process, Barr and 
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Murphy Process, and the Westfalia Process. The Farmarco process also used 
a dry pin-milling step, before applying a conventional Martin process to the 
flour obtained (Grace, 1989). However, this was a crude flour, compared 
to the product of roller milling, and gluten quality was compromised as a 
result. The only true wet-milling process for whole grain was one devised by 
Pillsbury in the 1970s, in which the wheat was steeped in dilute hydrochloric 
acid. This process became the basis of a commercial plant, but this ceased 
in 1979 after only a short period of operation. The quality requirements of 
the various starch-gluten manufacturing processes have been discussed by 
Sayaslan (2004).
 Assessment of starch and gluten quality after separation is also performed 
by standard methods as described previously. Commercial gluten contains 
some residual fibre and starch as well as much of the free lipid in the original 
flour as well as some non prolamine proteins (globulins and albumins). Protein 
content is measured by the Dumas or Kjeldahl methods, to meet the minimum 
specifications of the customer. Starch is required to have a maximum protein 
content of 0.3% measured in the same way. In addition, the dough strength 
and extensibility of the gluten are measured using the Extensograph, using 
a dough prepared in a Farinograph. For this test, a standard mixture of 15% 
gluten and 85% starch is mixed with water to form a dough. In France, the 
strength of the gluten is usually measured with an Alveograph. For starch 
quality, viscosity and amylase content are the main quality parameters. 
The former is measured in either a Viscograph or an RVA. Amylose is 
usually measured by the intensity of a solution with iodine, reading the 
amylose content from a standard curve prepared from mixtures of amylose 
and amylopectin. Methods using high performance liquid chromatography, 
differential scanning calorimetry or binding with concanavilin A have also 
been proposed. A kit is commercially available to measure amylose using 
this last method (Megazyme kit K-AMYL). Both amylose and viscosity 
values will usually be specified by the customer.

17.7 Future trends

There is a current trend for increased interest and concern about health issues 
with wheat-based products. On the one hand, there is an emphasis on the 
increased consumption of whole-grain foods in Western countries as one 
way to improve the diet as a way of overcoming the increasing incidence 
of obesity and the related illnesses of cardio-vascular disease and diabetes. 
The fibre content of cereals is also believed to reduce the risk of colo-rectal 
cancer. More foods are becoming available with a cereal base, but with higher 
fibre content. It is likely that resistant starch will become a major ingredient 
in foods of many types, not only those based on cereals. Whole grain foods 
are also higher in vitamins and essential minerals as well as an important 
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range of phytochemicals, such as phytic acid, antioxidatnts, flavonoids, 
phytoestrogens, etc. Research is currently exploring the opportunities to 
increase wheat endosperm fibre content by significantly increasing the 
starch amylose content, while other research programs are looking at ways 
to reduce the Glycaemic Index of wheat-based products. With significant 
numbers of the population being diagnosed with macular degeneration, there 
are opportunities to reduce this risk through increasing the lutein content of 
the diet. This is found in durum and other highly pigmented wheats.
 Such advances in the nutritional quality of wheats are only likely to be 
possible through the use of GM wheats. Several international consumer 
surveys have shown that consumers will readily accept GM products when 
there is a significant health benefit attached.
 On the other hand, there is a growing concern that there are increased 
numbers of people displaying sensitivity to cereals. This sensitivity may 
take the form of an allergy, coeliac disease or what has become known as 
‘non-coeliac gluten sensitivity’. A market survey in 2008 by the LA Times 
indicated that 8% of US consumers were looking for gluten-free (GF) 
products. A Rural Industry Research and Development Corporation report 
in Australia in 2006 suggested that 5% of Australians were looking for GF 
grain products. As this market grows, there are likely to be some significant 
reductions in conventional wheat milling and baking volumes. To cater for 
the needs of these individuals, it is likely that more gluten-free foods based 
on cereals other than wheat will become available.
 On the technical side, one of the expected developments will be more 
rapid predictive testing at receival, either when the grain is being delivered 
to bulk storage or to a mill. NIR/NIT analysis of whole grain wheat has the 
potential for being used for the prediction of a number of quality parameters 
(even milling quality and dough properties) but currently calibrations are 
poor. Wet chemistry methods such as the Zeleny test take too long to be of 
use other than on stored samples after the grain has been binned. Prediction 
of end-product performance at receival would provide millers with the 
opportunity to avoid grain that does not have the quality expected of the grade 
into which it has been classified. Flour purchasers would also appreciate the 
same opportunity to avoid a batch of flour that does not give the required 
end-product quality.

17.8 Sources of further information and advice

Cauvain S and young L (2009), The ICC Handbook of Cereals, Flour, Dough 
& Product Testing: Methods and Applications, DEStech Publications, 
Lancaster, PN, USA.

Posner E S and Hibbs A N (2004), Wheat Flour Milling, Second Edition. 
AACC International, St Paul, MN, USA.
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Khan K and Shewry P R (2009), Wheat: Chemistry and Technology, Fourth 
Edition, AACC International, St Paul, MN, USA.

WQOG (2009), Understanding Australian Wheat Quality, GRDC, Canberra, 
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Abstract: What does the future hold for the quality of cereal grains? The consumer 
will have the ultimate answer to this question. Scientific possibilities flow from the 
research scientist, and these are put into practice by the technologist, but consumer 
acceptance determines their success. Possibilities include the ongoing impact of 
traditional and novel technologies in genetics, the practicalities of farming (including 
environmental and economic issues), and new approaches in processing, packaging 
and retailing. All these factors will determine the organoleptic and nutritional quality 
of the food and the value of the non-food products of the future, resulting from cereal-
grain processing. 

Key words: genetic modification, precision agriculture, climate change, additives, 
biofuels.

18.1 Introduction

This chapter suggest avenues in which the future may provide further 
improvements for the analysis and management of grain quality. The 
‘grain chain’ concept, emphasised at the start of this book in Chapter 1, 
is re-defined in Fig. 18.1 as a sequence that also ends with the consumer, 
but starts with the breeder (designing the genome [set of genes] of a new 
variety) in partnership with the grower (responsible for the way in which 
the grain is grown). These growth conditions (E) interact with the variety 
(the genotype, G) to determine grain composition. The quality of the final 
product also depends on processing conditions (P).

18

Grain quality: the consumer, the 
scientist, the technologist and the future 
C. W. Wrigley, formerly CSIRO Food and Nutritional Sciences, 
Australia
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 Future innovations can be expected at all these stages. Novel starch properties 
offer the processor opportunities to enhance crumb texture and staling rate, 
as well as novel snack foods from extrusion. Nutritional advantages are 
envisaged as the concept of ‘nutraceuticals’ moves into providing enhanced 
levels of antioxidants, reputed to reduce the risk of cancer and other diseases 
due to strong free-radical scavenging activities.
 This chapter complements comments about the future, made in each of 
the other chapters, in the sections entitled ‘Future trends’.

18.2 The process of grain-quality innovation 

Three major groups of people will be involved in the process of innovation 
into the future, namely, the consumer (who ultimately determines success 
or otherwise), the scientist (who develops notional feasibilities), and the 
technologist (who needs to dwell on realities). 

18.2.1 The consumer
The consumer is the ultimate arbiter of how successfully quality has been 
assessed and managed through the grain chain. The consumer ‘votes with 
his/her purse’, choosing the most appealing food products (breads, noodles, 
pasta, snack foods, beverages, rice, sweetening agents, and so much more) on 
the basis of a wide range of attributes – appearance, taste, value, perceived 
nutritional and health qualities. The consumer’s vote determines whether a 
particular brand or type of food continues to prosper financially or whether 
low sales mean that it is discontinued.
 For this reason, consumer attitudes and preferences must be followed closely 
by everyone involved along the grain chain. The breeder must provide the 

Genome
Genes (DNA) for
grain quality

environment
Climate, nutrients

transcriptome  
mRNA of expressed genes

proteome
Polypeptides…

Ø
Grain composition

Ø
processinG

 Functional properties
Ø

Food products
Consumer acceptance

Ø

Ø

Ø

Fig. 18.1 Modified ‘grain chain’ sequence, starting with the interaction of genotype (G) 
with growth environment (E), determining grain composition, then emphasising the role 
that processing (P) plays, leading to the final product for the consumer. The figure shows 

graphically the G times E times P interactions described in Section 18.2.4.
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genetic potential for grain quality that meets the needs of everyone further 
down the chain. The grain grower must target quality attributes that suit the 
needs of the grain marketer and the processor who, in turn, send pricing 
signals that reward the grower’s efforts. The grain processor must be close 
to the consumer, and is thus well aware of retail needs.
 For example, in recent decades, consumers in some Western cultures 
have moved from a tradition of eating three meals a day around the family 
meal table to ‘grazing’ (Asp, 2004). At the same time, there are many more 
women in the workforce, with little time (or inclination) for the traditional 
forms of food preparation. Consequently, food processors have moved 
towards value-added convenience foods, often for single serving size, 
permitting a family member to heat a single meal in the microwave oven at 
any time, independent of others in the family. Thus the traditional skill of 
home cooking has moved up the processing chain. The mass production of 
specific food servings requires more attention to analysis (the correct quality 
specifications for raw materials) and management (the correct handling in 
transport, storage, processing, packaging and retailing).
 Greater communication worldwide and immigration internationally have 
led to diversification of grain-based foods, so that the consumption of noodles, 
chapattis and Chinese-steamed breads is no longer confined to the countries 
and cultures of their origins. Such foods, once considered ‘exotic’ in Western 
countries, are now enjoyed everyday everywhere. Thus, flour millers and 
food manufacturers in Western countries have needed to understand the flour 
specifications and processing requirements that are specific to a wider range 
of products.

18.2.2 The scientist
Advances in the science of grains should be the source of new concepts and 
possibilities. As an example at the fundamental research level, Shewry et al. 
(2009a and 2009b) re-examined developing grains of wheat, detailing the 
accumulation of the major storage polymers, starch and the gluten-forming 
proteins, using the relatively new combination of biochemical and transcriptome 
analyses. Protein accumulation continued until the start of grain desiccation 
when there was ‘a dramatic increase in the proportion of large glutenin 
polymers’, marking the formation of functional glutenin. Starch accumulation 
was roughly parallel to that of gluten proteins. The associated transcriptome 
studies provide a reference dataset for future studies on the manipulation of 
proteins and starch in the cereal grain generally. Thus, we are formulating 
a detailed picture of how the genome (the genetic constitution of the plant) 
interacts with the growth environment via the transcriptome, indicating how 
specific genes are expressed in that environment to give the proteome (all 
the polypeptides of a tissue, e.g. endosperm) and on down the metabolic/
processing sequence (Fig. 18.1) through processing to the consumer. 
 Genetic manipulation of grain proteins has already assisted greatly in 
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elucidating, at the molecular level, how we can manipulate the functional 
properties of the glutenin subunits as they function in forming the glutenin 
polymers of wheat. Such studies have involved the addition and removal 
of cysteine residues to polypeptides of wheat and barley, plus the insertion 
of amino-acid chains of modest length, to extend polymer length, and 
consequently how, in theory, proteins of non-wheat cereals might be given 
dough-like properties (Tamas et al., 2002) (see Chapter 5). Some of these 
studies have generated proteins that contribute to dough properties in such 
a way that they cannot be mixed, without dilution with other protein (Rooke 
et al., 1999; Butow et al., 2003), but this type of experiment may show the 
way to providing more effective gluten that would give satisfactory dough 
strength at lower grain-protein content. Other studies have shown that there 
are naturally occurring over-expressions of glutenin-coding genes that deliver 
greater dough strength (Vawser and Cornish, 2004). Yet we still have much 
to elucidate about the genetic and environmental controls on the two main 
variables that determine the functional properties of gluten proteins – the 
monomeric-to-polymeric ratio and the molecular-weight-distribution of the 
glutenin polymeric structure.

18.2.3 The technologist 
Breakthroughs in basic science remain as interesting ‘marvels’ unless they 
can be translated into reality at the technological level. For example, Day 
et al. (2009) tell the story of carrying an idea through from laboratory 
experimentation to pilot-scale processing; the idea involved the replacement 
of sodium chloride with ammonium chloride as a dough-strengthening agent 
in the water-washing of gluten from dough, thereby providing wet gluten of 
better quality on an industrial scale.
 The dream of making good-quality bread from non-wheat cereals has been 
explored from many approaches. Separate from the genetic modification 
approach, mentioned above, is the use of various additives. Schober et al. 
(2008) prepared gluten-free bread from commercial corn zein and corn starch 
with added hydroxypropyl methylcellulose. They concluded that such doughs 
‘can be handled similarly to wheat dough and also used for specialties like 
soft pretzels, not feasible with traditional gluten-free batters’.

18.2.4 The future: genotype X environment X processing
What does the future hold for the quality of cereal grains? The crystal ball 
holds a wide range of possibilities, but which of these may be turned into 
hard, cold realities in the market place? The big picture must be considered; 
three major factors determine the quality of the product bought by the 
consumer, namely, genotype, environment and processing (Fig. 18.1). These 
three factors interact, each being dependent on the other. Designing and 
producing a variety (genotype) appropriate for a specific product involves 
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considering the expected growth environment and the nature of the product 
processing for which the grain will be used. The ‘big picture’ of all stages 
of the grain chain (Chapter 1) must be considered by everyone involved in 
grain science as the future is viewed.

18.3 Breeding for grain quality

18.3.1 Sources of new genes and novel genotypes
Basic to breeding is the search for new sources of germplasm and thus for 
novel genes, thereby expanding the gene pool and the range of parent lines 
for breeding, so that a wider range of phenotypes may be considered. The 
extension of the gene pool still involves expeditions to conserve existing grass 
plants. For example, Klindworth et al. (2009) report the use of chromosome 
substitution lines from wild emmer wheats to expand the pasta-making 
potential of durum wheat. Expansion of the gene pool is possible by the 
introduction of genes from other species using new-generation breeding 
methods, including ‘genetic engineering’, so that genes can be used that 
would not previously have been considered with conventional cross breeding 
(Jones, 2005; Jones et al., 2009).
 Whereas genetically engineered (GM) crops do not now include most 
of the cereals, GM corn has become widely accepted, now accounting for 
about 25% of world corn production, but less than estimates of 70% of 
world production for soybeans and 45% for cotton, and similar to the 20% 
take-up of GM canola. Nevertheless, genetic engineering technology is 
likely to extend the ability of breeders to improve cereal grains. It seems 
inevitable that GM plants of the remaining cereal species will become 
acceptable in the future, provided that clear advantages are thus provided, 
especially if these advantages relate to aspects of grain quality that would 
be attractive to consumers. For example, genetic engineering has been used 
as a direct means of improving specific aspects of rice nutrition, such as 
increased b-carotene levels (Beyer et al., 2002) in ‘golden rice’ and higher 
folate content (Storozhenko et al., 2007). Risk factors to be considered in 
genetically modified crops for nutrition and health have been reviewed by 
Magaña-Gómez and Calderón de la Barca (2009).
 On the other hand, various nutritional advantages have been provided by 
traditional breeding methods to enhance the nutrient deficiencies in some of 
the cereal species. A prime example is maize, for which the opaque hybrids 
(called ‘quality protein maize’) offer increases in essential amino acids, 
especially lysine (see Chapter 8).

18.3.2 Relating genotype to phenotype
Next, breeders are moving to gain a better understanding of what genes are 
actually available, and how phenotype is related to genotype. As Fig. 18.1 
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shows, manipulation of genotype alone is not the only influence affecting 
grain composition and processing quality; growth conditions also contribute 
an important role. Thus, when the breeder selects for genetic potential, the 
added potential of environmental factors to alter phenotype must be considered. 
For this reason, selection for traits with strong G X E interactions, such as 
grain quality, has been difficult and usually delayed until late generation, 
when sister lines can be grown at a range of sites. In recent times, the use of 
doubled haploid lines has been used so that homozygosity might be achieved 
more quickly than by conventional crossing methods.
 It has always been difficult to genetically manipulate quantitative traits, 
such as grain quality, that involve a range of interactive genes. Molecular 
mapping of quantitative trait loci (QTLs) is proving to be a valuable approach 
to this problem as reported, for example, for gluten strength in durum wheat 
by Patil et al. (2009), for noodle-quality traits (Zhang et al., 2009), b-glucan 
levels in barley (Li et al., 2008) and quality traits in rice (Lou et al., 2009). 
In this way, breeders are gaining access to valuable genetic markers that can 
help in assessing quality attributes via marker-assisted selection, even though 
the nature of the specific coding genes is not fully elucidated (Varshney et 
al., 2005). See Chapters 12 and 14. 
 More broadly, an explosion is anticipated with the continuing study of 
functional genomics, transcriptomics and proteomics (e.g., Shewry et al., 
2009a) permitting geneticists to build up a picture of the chromosomes 
gene-by-gene and marker-by-marker (Devos et al., 2009), leading to the 
use of ‘perfect markers’ for grain-quality traits (Varshney et al., 2005). 
However, as the picture builds up, there is the need to be aware of gene-gene 
interactions, and probably further complications that we are hardly aware of 
at present. Nevertheless, we look forward to a simplification of the processes 
of selecting desirable progeny in practical breeding, whereby genome-wide 
analyses of specific genes and markers can be performed efficiently on a 
large scale (Akbari et al., 2006), thus increasing the speed of breeding and 
selection through to variety release.
 Gene-based selection, however, may not provide the whole answer, 
because it is phenotype, in practice, that is the goal of the breeder, and of 
all others down the grain chain. Growth conditions have great potential to 
modify the grain-quality genetic potential that the breeder has ‘built into’ 
new genotypes (Fig. 18.1). As at present, the breeder will still have to select 
on the basis of actual processing quality (or agronomic performance or 
disease resistance, etc.). Nevertheless, the expected advantages of gene- or 
marker-assisted breeding are that unsuitable lines can be discarded early in 
the selection process.

18.3.3  More efficient methods to select for grain quality
New selection methods for grain quality continue to appear, offering greater 
precision in pinpointing specific quality traits, more convenience in testing, 
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less labour, and greater efficiency (Ross and Bettge, 2009). Selection for 
specific glutenin subunits in wheat is an example of helping the breeder to 
defer the need for processing and product testing by going further back up 
the sequence in Fig. 18.1 to the proteome, where the amounts of specific 
polypeptides can be assessed. The traditionally tedious assessment procedure 
of gel electrophoresis for this purpose may be replaced by micro-fluidic 
capillary electrophoresis (‘Lab-on-a-chip’) (Chapters 4 and 12) and by mass 
spectrometry (Liu et al., 2009). Lab-on-a-chip methodology is suited to 
the analysis of both proteins and DNA from the grain (Rhazi et al., 2009; 
Tran-Dinh et al., 2010). The latter technology has the capability of screening 
large numbers of samples, whilst permitting excellent resolution between 
polypeptides of very similar size.
 Advances are also being made in our understanding of how processing 
quality relates to grain composition, thereby helping to fill the gap between 
processing and the genome-environment interaction in Fig. 18.1 (Wrigley et 
al., 2009). Falling in this ‘gap’ are first the fully formed proteins, especially 
enzymes (a step beyond the component polypeptides of Fig. 18.1) and 
below these protein-based enzymes and hormones are starch, the non-starch 
polysaccharides, lipids, and a range of other aspects of grain composition. 
 Whereas the analysis of grain composition at the level of all these 
components is tedious at present, it is encouraging to speculate on the 
possibility that non-destructive methods, suited to whole-grain analysis, 
e.g. NIR (Chapter 11), might be expanded to analyse more aspects of grain 
composition than the present range (moisture, protein, oil, as well as grain 
hardness). For example, NIR is reported to provide good assessment of 
b-glucan in barley, facilitating the selection of progeny rich in b-glucan for 
human food use or b-glucan-low lines for malting and feed uses (Schmidt 
et al., 2009).
 Beyond this speculation about easier grain analysis is the dream that our 
knowledge of composition-processing relationships would be so advanced 
that we could use composition analyses to predict product-quality potential 
directly. This advance might thus permit us to dispense with intermediate 
testing such as dough quality for wheat or malt extract for barley. Such 
achievements in selection for quality in breeding obviously translate directly 
to improved quality assessment and management all the way down the grain 
chain.

18.4 Grain growing

18.4.1  Grain quality and financial viability
The management of the crop with the aim of achieving specific quality 
targets is a difficult task. It starts with the farmer’s economic objectives, 
based on the capabilities of the growth region (soil and climate), the types 
of cereal (species and variety) that suit the growth area, and expectations of 
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financial returns versus costs for achieving specific quality targets and grain 
yields (Chapter 15). These decisions are made long before sowing, in the 
vacuum of predictions for the future, long before actual cost/price structures 
are definite and before actual climate can be known. Given the importance 
of all these factors, grain growing of the future will see greater research 
accent on assisting grain growers in making more intelligent decisions, and 
in providing better predictions of the expected climate – both the economic 
climate and the physical climate. 
 Already, some innovative grain growers have ventured into the contract 
growing of specialty crops, such as naked barley with high b-glucan content, 
and wheat varieties with distinctive properties, such as purple grain colour 
or extremes of starch composition. Even more entrepreneurial is the move 
down the grain chain by other growers, adding value to the crop by further 
processing. Thus, the grower becomes the processor and the retailer of 
specialty products, such as noodles or pasta, beer or snack foods, based on 
growing their own grain genotypes with special quality attributes.

18.4.2 Fertiliser
A significant cost pressure is the increasing scarcity and rising cost of the 
fertilisers that are an essential part of intensive cropping. A partial alternative, 
as a substitute for nitrogenous fertilisers, is the rotation of cereals with 
legumes. An example (Garofalo et al., 2009) is the long-term rotation of 
durum wheat with faba beans, especially in low-input situations with low 
rainfall. The increasing popularity of organically farmed crops is a reaction 
against the use of ‘chemicals’, and the perception of nutritional benefits 
from food grown under more natural conditions (Gelinas and David, 2004). 
However, there is an ongoing need for the consumer to be assured that the 
regulations for growing crops organically are adhered to (Siderer et al., 2005). 
The production of organic grains is reported to be a growth opportunity for 
the grain industry (Haumann, 2009).
 In addition to the general need for nitrogen-based fertilisers to provide 
levels of grain protein in wheat to meet premium-grade specifications, 
sulfur fertiliser has become a requirement (see Chapter 15). This aspect of 
soil nutrition has become critical where wheat-growing no longer profits 
from the adventitious provision of sulfur from the atmosphere due to strict 
pollution controls. Sulfur deficiency in wheat grain shows itself as altered 
dough properties (e.g., poorer extensibility) despite adequate protein content, 
due to restricted synthesis of sulfur-rich gluten proteins (see Chapter 15). 
Test methods are available for sulfur-deficient grain (Uthayakumaran et 
al., 2007), thus to identify grain deliveries that may give unexpected dough 
quality and to identify soils that require sulfur fertilisation before the next 
crop.
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18.4.3 Precision agriculture
To manage the growing of crops for better yield and quality, precision 
agriculture is one of the tools that has attracted considerable attention 
in recent years, as a means of providing detailed information about the 
performance of the growth area down to a small spatial basis (a metre or 
less) (Bramley, 2009). The importance of precision agriculture is seen by the 
recent devotion of a complete issue of the journal Crop & Pasture Science 
to precision agriculture. See the Preface to this issue of the journal (Anon, 
2009). Year-by-year use of precision agriculture permits a grower to build 
up a map of each field with respect to the grain yield on a metre-by-metre 
scale, via the use of sensors on the harvester linked to a global-positioning 
system also fixed on the harvester. The map is then used to analyse local 
parts that may perform poorly, with a view to analysis and remedial action 
prior to the next season’s sowing, thus to improve management at the metre-
by-metre level.
 The main accent of precision agriculture so far has been on optimising grain 
yields, but in addition, precision agriculture is now being used to improve 
grain quality (Wrigley, 2005). Building up a map of the harvest area with 
respect to protein content is possible by fitting ‘on-the-go’ NIR equipment 
to the combine harvester beside the yield monitor (Whelan et al., 2009). In 
this way, a continuous indication of protein content is provided, assisting 
the grower, if needed, to harvest selectively so as to meet the protein content 
of a specific premium grade. In addition, pre-harvest sampling and quality 
analysis can be used as an aid to intelligent harvesting, e.g. to meet a protein 
content target.
 Avoidance of down-grading due to sprout damage is another possible 
quality target associated with rain at harvest. A common scenario is that 
sprout damage is more severe in some parts of the harvest area than others. 
Pre-harvest sampling and testing (Wrigley, 2005) offer the opportunity of 
selective harvesting, avoiding the parts of the field known to have sprouted 
grain that would otherwise cause the whole crop to be down-graded.

18.4.4 Climate change
In future decades, new environmental influences are expected, especially 
those related to increasing atmospheric levels of CO2, particularly changes in 
growth temperature (+2 Celsius degrees predicted in the next 50 years) and 
heat stress (more frequent and more severe episodes). Changed patterns of 
rainfall, droughts and floods are also forecast, plus decreased frost frequency 
and rising sea levels (http://www.ipcc.ch/). 
 Irrespective of the cause, the level of CO2 in the atmosphere is increasing, 
as shown by monitoring at the Mauna Loa site in Hawaii. The level of CO2 
has increased from about 315 parts per million 50 years ago to 385 ppm 
now (http://www.esrl.noaa.gov/gmd/ccgg/trends/). The higher CO2 levels will 
act as a ‘carbon fertiliser’ raising grain yields, but progressively lowering 
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grain-protein levels, with implications for the uses of all grain species, 
especially for the processing of wheat flour. Some research reports indicate 
that higher CO2 levels will produce smaller grains (possibly reducing flour 
yield in milling) and a higher proportion of large starch granules (good for 
starch-gluten manufacturers) (Blumenthal et al., 1996; Pleijel and Danielsson, 
2009; Högy et al., 2009).
 Associated climate changes point to increasing temperatures, less frost 
and more frequent heat-stress episodes. To the extent that such changes may 
occur during the grain-filling period, stronger dough may be the result for 
wheat in regions that currently experience the range 15–30 oC (Moss and 
Randall, 1990; Gibson et al., 1998), especially for ‘cooler’ wheat-growing 
regions in the northern hemisphere. In contrast, dough weakening may be 
the result for regions subject to heat stress (at least a few days with maxima 
over 35 oC) (Blumenthal et al., 1995; Gibson et al., 1998; Labuschagne et 
al., 2009). This latter scenario applies to wheat-growing regions of southern 
Europe, parts of South America and Africa, Australia and the mid-west of 
the USA.
 Heat-stress episodes also affect starch properties, with starch-pasting 
properties being reduced and the proportion of large (A-type) starch granules 
increasing. This latter change may be due to reduced initiation of the smaller 
B-type granules during the heat stress (Panozzo and Eagles, 1998; Beasley 
et al., 2000). 
 Rice quality is also affected detrimentally by high-temperature stress during 
grain filling, due to the formation of chalky grains as a result of loose packing 
of amyloplasts. Ishimaru et al. (2009) used magnetic resonance images to 
examine rice caryopses that had been affected by high-temperature. Scanning 
electron microscopy showed that around the centre of the endosperm, there 
was disorganised development of amyloplasts associated with lower water 
content. Grain chalkiness caused by high-temperature stress may become a 
major problem for rice growers if and as global warming continues.
 The effects of temperature on grain quality (not only for wheat) have been 
shown to be genotype dependent, with some varieties showing less alteration 
in grain quality than others (Blumenthal et al., 1995; Panozzo and Eagles, 
1998; Gibson et al., 1998; Bencze et al., 2004). For example, varieties with 
the 5+10 combination of glutenin subunits in wheat have been shown to be 
more tolerant to the dough-weakening effects of heat-stress than those with 
2+12 glutenin subunits (Blumenthal et al., 1995). The genotypic aspect of 
the altered grain quality offers the opportunity for varieties to be identified, 
or developed, that are tolerant to the effects of heat stress on dough quality. 
In addition, the prospect of fewer and earlier frost episodes offers the strategy 
that crops may be planted earlier than at present, thereby to mature before 
the onset of heat stress.
 Another consequence of climate change may be altered patterns of rainfall, 
with consequent droughts more often in traditional grain-growing regions. As 
a result, there may be the need to move grain-growing to new areas where 
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higher rainfalls can be assured. The implications for grain quality may be 
that fresh breeding and selection is needed for ‘new’ situations. Furthermore, 
irrespective of the grain-growing region, new models of grain performance 
(for yield and quality) will be required as the agricultural world moves into 
an era of more variable climate (Hochman et al., 2009).

18.5 Grain receival and segregation

18.5.1 Improved quality-screening methods
Improved methods of screening for specific aspects of grain quality are needed 
both by the breeder (see Section 18.3.3) and at the site of grain receival, be it 
the grain elevator (silo) or the flour or feed mill. However, these two stages 
of the grain chain differ markedly with respect to the conditions of quality 
assessment. The breeder requires large numbers of small samples (even 
half seeds) to be tested, with low labour costs but little need for speed. In 
contrast, at grain receival, testing should ideally be fast, often with the limited 
resources of the country elevator, as detailed in Chapter 1, Table 1.5. 
 An additional requirement at grain receival, compared to breeding, is the 
need for varietal identity to be checked against variety declaration on delivery, 
because only a few specified varieties of similar quality are acceptable for a 
specific grade or class. Present and future approaches to verification of the 
variety declaration are described in Chapters 11 and 12. 
 On the other hand, testing at grain receival has hardly begun to use any 
of the growing number of marker-assisted tests that are now entering into 
the selection process of breeding (see Section 18.3.2). However, there is 
the possibility that tests for specific aspects of grain quality may become so 
simple and rapid that their use will make it unnecessary to specify variety or 
to use methods of varietal identification. Such methods may employ quality-
specific markers, possibly based on DNA analysis, or more likely on the 
presence of marker proteins, because the extraction of proteins from the grain 
is easier than that of DNA. Test assessment based on protein markers might 
take advantage of the specificity of antibodies and the rapid immuno-assay 
systems that have been developed for medical testing. 
 Nevertheless, verification of variety declaration will still be needed for 
countries where royalties for Plant Breeders’ Rights are based on the delivery 
of harvested grain (‘end-point royalties’), rather than on the seed bought 
for sowing (Cooke and Wrigley, 2004). In addition, maltsters will probably 
continue to prefer to buy barley grain of a single variety (and uniform grain 
size), to ensure uniform germination and consistent malt quality. 
 Whereas NIR (ground grain) and NIT (whole grain) technologies have 
revolutionised the analysis of all grain types for moisture, protein content 
and oil content, there is the prospect that these methods will in future be 
used to assess a wider range of quality attributes, based on specific aspects 
of grain composition. For example, NIR/NIT analysis of b-glucan in barley 
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(Schmidt et al., 2009) might provide a general distinction between barley 
varieties suited for human food (rich in b-glucans) versus barleys for malting 
and animal feed (low in b-glucans). 
 NIR technology has also been adapted to assess quality in grains one-at-
a-time for the full range of conventional assays, as well as the distinction 
between normal and waxy wheat kernels, i.e. those with no amylose (Dowell 
et al., 2009). Grain-by-grain analysis would also be important for malting 
barley, for which uniform germination is a critical quality attribute (Chapter 
6). Going beyond the strict assessment of grain composition, NIR and NIT 
are already used reliably to assess grain hardness in wheat. NIR is also 
reported to be effective in determining the degree to which grain samples are 
defective with respect to sprouting and midge damage (Singh et al., 2009). 
Might it some day be possible for NIT to assess dough strength potential, 
based for example on chemical information about the length of glutenin-
polymer chains? 
 Another new assessment technology for non-invasive analysis is time-
domain nuclear magnetic resonance (TD-NMR) (Ghosh and Tombokan, 
2009). The technology can be implemented using bench-top or hand-held 
equipment to determine composition, including the levels of moisture, protein 
and fats. No sample preparation is needed, and results are virtually instant. It 
is well suited to processing, where it has been used, for example, to monitor 
the exchange of molecules between dispersed and continuous phases in 
emulsions, and interchange of fats between semi-solid and crystalline forms 
(Trezza et al., 2006).

18.5.2 Identity preservation 
The segregation of grain of one quality type from grain of different quality 
is pointless unless the distinction can be preserved throughout storage and 
transport, so that the grain lots suited to distinct processing are delivered, 
identity preserved, to the target mill or factory. The process of identity 
preservation, from farm gate to miller or food processor, is costly. Thus, 
the financial advantage must be real, involving as it does quality testing at 
receival and probably at various stages of storage and transport, as well as 
requiring segregated storage. Nevertheless, the cost should be reflected in 
more efficient processing, so that grain is provided that will better meet the 
specifications of the next stage of the grain chain. 

18.6 Grain storage and transport

18.6.1 Whole grain
The harvest of any specific crop occurs once a year in most places. The 
harvested grain may be stored and transported during the following year, 
or even longer. Safeguarding this valuable resource, so as to maintain its 

�� �� �� �� ��



470 Cereal grains

© Woodhead Publishing Limited, 2010

quality, is an essential part of the management of grains. The suitability of 
the cereal grains for storage is a major reason why they are so attractive 
as a food source, but nevertheless, stored grain is also attractive to many 
predators – insects, animals, birds and microorganisms. Thorough assessment 
of grain soundness and cleanliness is thus essential to storage management. 
Recent research has been directed towards technology for detecting the 
presence of insects in grain en route to storage. This assessment must include 
the presence of eggs and larvae, as well as live insects. The management 
of microbiological safety also starts when the grain first goes into storage; 
monitoring this aspect of grain health, though more difficult, is gaining 
research attention. 
 Processors are obviously sensitive to the presence of any form of infestation 
in grain received for processing, but increasingly they are also sensitive to the 
presence of residues from any form of grain protectant that may have been 
used in storage. For this reason, the use of fumigants and inert atmospheres 
are proving to be more popular, as they are expected to leave no residues 
(e.g., Rajendran and Muralidharan, 2001). In this category, the use of carbon 
dioxide-rich atmospheres is still attractive (Jayas and Jeyamkondan, 2002), 
because carbon dioxide can kill insects as well as just preventing proliferation, 
as is claimed for other inert atmospheres, and the development of insect 
resistance to carbon dioxide appears to be less likely than for ‘chemical’ 
pesticides. Nevertheless, chemical protectants and fumigants are likely to 
continue in use, partly because of their fast action and because they do not 
depend greatly on the need for a complete seal of the storage container.
 The future may see the realisation of dreams and diverse approaches to 
grain transportation that have been suggested, such as carrying grain by 
pipeline as a slurry in an inert liquid. This technology has proved feasible 
on a commercial scale for the efficient transport of inert granulated materials 
such as iron-ore pellets, but difficulties are foreseen for biological materials 
such as grains. Canola oil and super-critical carbon dioxide have been 
suggested and trialled as suitable carriers, but the removal of the oil residue 
is a problem with the former, and the latter has been found to extract lipid 
from whole wheat grain. As fuel costs rise, older ideas such as these may 
warrant re-investigation.

18.6.2 Milled products
The storage and transport of whole grain is safer with respect to quality 
stability than after milling, due to the consequent disruption of cellular 
structure and the likelihood that degradative enzymes are provided with 
access to their substrates. Lipases are especially of concern in this respect, 
and heat treatment has been the traditional approach to their inactivation. 
However, in the heat-treatment process there has also been loss of antioxidant 
activity. Therefore, Rose et al. (2008) set about devising treatments that would 
stabilise milled grain against lipase action and rancidity without decreasing 
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antioxidant activity. This objective proved to be achievable with careful 
application of dry heat, microwave or steam treatment.

18.7 Grain processing

18.7.1 Milling
Milling operations for cereal grains in general have become highly automated 
for large mills in Western countries, relying more and more on computerised 
controls and sensors to detect problems, such as the ‘light-out’ wheat mill 
(Posner, 2009). New technology being implemented in wheat milling provides 
for the removal of much of the bran before the crushing stage of flour milling. 
This approach offers the advantage of also removing contaminants associated 
with the bran, such as insecticides and microorganisms, and debranning is 
followed by a shorter break system, since the remaining task of the rollers 
is to reduce the particle size of the mill streams (Posner, 2009). 
 Cryomilling of rice starch has been proposed as a means of modifying the 
structure and properties of rice starch by non-chemical means (Devi et al., 
2009). The temperature of milling trialled was very low (in liquid nitrogen). 
The paste viscosity of the cryomilled starch decreased significantly as a result 
of this treatment.
 The quality and value of milled rice are largely determined by the efficiency 
of milling. Control of the removal of the outer layers in the process is critical. 
NIR methodology has been proposed for this purpose, using continuous NIR 
measurement of surface lipid content (Saleh et al., 2008).
 The accurate monitoring of quality attributes is still a significant factor 
in milling the various types of grain. NIR is a major means of monitoring 
the moisture and protein content of incoming grain and product streams on 
a continuous basis, most commonly for wheat milling, but also for other 
cereals. This information is vital to the blending of wheat-flour streams 
for the purposes of blending to achieve the quality specifications of flour 
customers (Posner and Hibbs, 2005). Prediction of the outcome of blending 
is a relatively simple task when formulating grain lots or flour streams to 
achieve composition attributes (e.g., protein content), because relationships 
are linear. 
 However, a linear relationship cannot be assumed when blending 
wheat-flour streams to achieve specific targets for dough properties, water 
absorption, starch quality, product quality or enzyme-related quality (e.g., 
Falling Number) or because of the non-linearity of these attributes. For the 
blending of wheat varieties with respect to dough properties, the greatest 
departure from linearity on blending was for combinations of varieties that 
are most different with respect to the composition of their glutenin subunits 
(Larroque et al., 2000). On the other hand, dough-quality relationships 
approach linearity for combinations of varieties with similar glutenin subunits. 
The composition of glutenin subunits of the high-molecular-weight group 
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(Glu-1) is more important in this respect than those of the low-molecular-
weight subunits (Glu-3). 

18.7.2 Additives to improve processing and product quality 
Although food production from cereal grains is an ancient art, there is still 
more for us to discover about the interactions of the various endogenous 
constituents during processing. A recent review attempts to summarise the 
current knowledge and describe what else we need to know (Goesaert et 
al., 2005). In addition, the food industry has long profited from the use of a 
wide range of additives to enhance processing efficiency, flavour, nutrition 
and consumer acceptance. These additives include vitamins and minerals, 
especially added to cereal-based breakfast foods. 
 Salt (sodium chloride) is one of the oldest additives, used for bread 
production, as well as for porridge, ready-to-eat breakfast cereals and many 
other foods. Salt is considered the fourth essential ingredient of leavened 
bread, after flour, water and yeast. Salt is acknowledged to strengthen dough 
structure, stabilise yeast fermentation rate and enhance bread flavour beyond 
the actual salty taste (Miller and Hoseney, 2008). However, cereal-based foods 
have been targeted as sources of excessive salt in the diet. In fact, sodium 
reduction in the diet is cited as a major nutritional goal (Heidolph, 2008). 
The cereal-processing industry is therefore seeking alternatives to sodium 
chloride as means of substituting for its several low-cost advantages.
 Other additives, especially for bread production, serve to provide better 
product quality. One of these is the use of potassium bromate, a mild oxidising 
agent that has recently become controversial. Gelroth et al. (2009) have 
recently reviewed its use, pointing out its value as a processing aid, and 
that it is still a permitted additive in the USA, although restricted in Europe, 
Canada, China, and some other countries. With ongoing compliance with 
baking guidelines its continuing use is likely to be permitted, at least in the 
USA, but this depends on continued monitoring by the US Food and Drug 
Administration.
 The production of frozen doughs appears to extend the requirement for 
additives to enhance bread quality following frozen storage and transport 
prior to baking. A range of traditional and novel additives, reviewed by 
Selomulyo and Zhou (2007), includes various emulsifiers, hydrocolloids 
and anti-staling agents.
 Additives also include various enzymes, and these have generally been 
well accepted. The enzyme transglutaminase (of microbial origin) is a newer 
candidate for consideration as a bread additive, offering the advantage of 
increasing dough strength by covalently cross-linking between the lysine and 
glutamine residues of proteins (Medina-Rodríguez et al., 2009). The potential 
value of this type of additive may increase into the future as protein levels 
fall in the wheat crop due to the added expense of nitrogen-based fertilisers 
and increasing levels of atmospheric carbon dioxide (see Section 18.4.4).
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18.7.3 Gluten-free foods
Whereas wheat is uniquely suited to bread making because of its gluten 
proteins, there is an increasing requirement for gluten-free bread. This need 
relates partly to the requirement that a life-long gluten-free diet must be 
pursued by people with coeliac disease (an ‘inflammatory disorder of the 
upper small intestine triggered by the ingestion of wheat, rye, barley, and 
possibly oat products’ (Wieser and Koehler, 2008). In addition to coeliacs, 
there is an increasing number of people who claim to be gluten intolerant. 
In many cases, this intolerance is real, even though the condition is not so 
well defined or diagnosable as coeliac disease is. It has been termed ‘non-
coeliac gluten sensitivity’ (NCGS) (Suter and Fleming, 2008). In other cases, 
there may be an element of ‘food fad’. For the coeliac gluten-free diet, the 
need for gluten-free foods extends beyond wheat to include rye, barley and 
possibly also oats, and beyond solid foods to include beverages (Arendt and 
Dal Bello, 2009).
 These groups of consumers demand that bakers should perform the 
seemingly impossible processing task of making quality bread without gluten, 
or without wheat at all. Many approaches to this task have been adopted. 
Some of the most recent publications recommend maize-based bread, with 
zein and starch combining to provide the functional ingredients (Schober 
et al., 2008), using sorghum and millet grains (Taylor et al., 2006; see also 
Chapter 10), using soy as an additive (Ranhotra et al., 2006), and providing 
various hydrocolloids (Lazaridou et al., 2007).
 Some close relatives of wheat are claimed to suit people with some 
forms of wheat intolerance, though not safe for coelics. ‘Kamut’ is the 
registered name of korasan, a wheat-related cereal that is claimed to be 
unchanged from its ancient origins. It is probably derived from a natural 
hybrid between T. durum and T. polonicum, which occurred in the Fertile 
Crescent (Khlestkina et al., 2006). Spelt, another wheat-related species in 
use for possible alleviation of some forms of wheat intolerance, appears 
to be better suited to pasta production than for baking (Marconi et al.,  
1999).

18.7.4 A greater diversity of uses for grains and their by-products
The development of gluten-free foods is one example of the trends towards 
broadening the use of cereal grains other than wheat in food manufacture. 
Thus there have recently been publications advocating the wider food use of 
barley (Baik and Ullrich, 2008), oats (Mishra and Monro, 2009), sorghum 
(Taylor et al., 2006), maize and rice (Sabanis and Tzia, 2009; Matalanis 
et al., 2009). The extended use of by-products of other processing is also 
advocated, e.g. brewers’ spent grain (Mussatto et al., 2006) as well as sources 
of novel starch properties (e.g., Wongsagonsup et al., 2008).
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18.7.5 Biofuels
Greater diversity in grain use for the production of fuel ethanol is also being 
advocated. Until recently the most popular species for biofuels production 
has been maize, and wheat to a lesser extent (see Chapter 17). Already, the 
increase in cereal-grain use for biofuels production has caused a distortion of 
grain production and processing, due to the diversion of significant volumes 
of grain for fermentation (Balat and Balat, 2009). In particular, sorghum 
has been suggested as an alternative to corn (Zhao et al., 2008a and 2008b; 
Chuck-Hernandez et al., 2009).
 Into the future, biorefineries are envisaged as factories that will go beyond 
the present practice of fermenting cereal starch into ethanol, to the production 
of ‘biohydrogen’ and ‘biogas’ (Kaparaju et al., 2009). An important change 
with respect to the processing of cereal grains will be the use of lignocellulose 
for the production of bioethanol, if that proves to be economically practicable 
on a commercial scale. Cereal straw may be the first substrate for this type 
of process, but diversification to a wider range of plant sources is likely (Sun 
and Cheng, 2002; Sanchez and Cardona, 2008).

18.8  Nutritional benefits of grain – real and perceived

The cereal grains have long had a good image of being ‘healthy’. In general, 
this image is well deserved, but some aspects of a ‘healthy image’ border 
on nutritional mythology, so it will in future be important for medical 
professionals to concentrate on advocating the aspects of grain nutrition that 
can be justified (Slavin, 2003; Wrigley and Asp, 2004). 

18.8.1 Whole-grain foods
The nutritional benefits of cereal grains in the diet have long been recognised, 
especially when consumed as whole-grain foods. These advantages are 
enshrined in the nutritional guidelines of many countries (Wrigley and 
Asp, 2004), with grains often indicated to be the basis of a good diet, for 
example, as the base of a pyramid diagram. The ingestion of dietary fibre 
has traditionally been a major reason for promoting grains, and it has been 
the outer (bran) layers of the cereal grains that are the basis for whole-grain 
promotion (Black and Lewis, 2009; Anderson et al., 2009). 
 More recently, there has also been the realisation that the starch fraction 
of the cereal grain can make a valuable contribution to dietary health, 
especially if its rate of hydrolysis and absorption is slowed, due to the starch 
being ‘resistant’. This has been part of the concept of the glycemic index 
(GI), and the labelling of some foods as ‘low-GI’ or ‘high-GI’. As a result, 
geneticists and food technologists have combined to produce grains and 
foods, respectively, that provide increased levels of resistant starch (e.g., 
Wongsagonsup et al., 2008; Woo et al., 2009).
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18.8.2 Functional foods
From these roots has grown the ‘nutraceutical’ concept that foods can be more 
than merely sources of energy and nutrients, so that some food sources are 
imbued with medicinal properties. ‘Functional ingredients’ are thus promoted 
for a range of foods, especially those that are grain-based (Gallagher and 
Barmann, 2009). Relevant to grains are the families of phytochemicals, 
anthocyanins and antioxidants (Castaneda-Ovando et al., 2009; Barba de la 
Rosa et al., 2009), which are reputed to help in reducing the risk of many 
diseases, including heart disease, high blood pressure, strokes, various forms 
of cancer and even diabetes and osteoporosis (Fardet et al., 2008; Barba 
de la Rosa et al., 2009; Shen et al., 2009; Gallagher and Barmann, 2009; 
Castaneda-Ovando et al., 2009). Whereas these types of compound have 
long been recognised in fruits and vegetables, it is only in recent years that 
their presence in cereal grains is being promoted, especially for pigmented 
grains.
 ‘Black rice’ is an example of this type of grain. It is strongly pigmented, 
mainly in the bran layers, due to the presence of anthocyanins (especially 
cyaniding-3-glucoside and peonidin-3-glucoside), polyphenolics, flavonoids, 
tocopherols, tocotrienols and g-oryzanol. These compounds have strong 
free-radical scavenging and antioxidant activities, thus reportedly reducing 
DNA damage and lipid peroxidation. Such compounds are also present in 
the bran of normal (white) rice, but the world-wide practice of eating milled 
rice, after removal of the bran layers, means that even these low levels of 
antioxidants are largely lost to the diet.
 Because the bran and germ tissues of rice are largely regarded as by-
products of rice milling, this material offers new opportunities for further 
processing to recover important bioactive compounds. For example, rice-bran 
oil (about 25% of rice bran) is being commercially exploited for g-oryzanol 
and tocols (vitamin E compounds) (Lerma-Garcia et al., 2009). 
 Antioxidants are found in all the cereal grains, particularly in pigmented 
genotypes, and the range of their occurrence has been reviewed by Fardet et 
al. (2008). Wheat and barley are no exceptions; blue and purple varieties of 
both have long been recognised. The genetic control of such pigmentation is 
relatively simple, involving only one or two genes in wheat, so the breeding 
of high-anthocyanin wheats is feasible (Knievel et al., 2009).
 Recently, a Europe-based survey was conducted to create an extensive 
database of bioactive components in cereal grains, providing data on dietary 
fibre components and on phytochemicals considered to have potential health 
benefits – the ‘HEALTHGRAIN Cereal Diversity Screen’ (Ward et al., 2008). 
For example, bioactives were studied in rye grain (Nyström et al., 2008) 
and folate in wheat (Piironen, 2008). This information now facilitates the 
selection of specific lines of cereal species in which high levels of desirable 
bioactive components would be present. In addition, information is available 
concerning their presence in grain tissues, not only in the bran layers. 
Additional information relates to yield and processing quality. However, 
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the lines were grown at only one site, so information is lacking about the 
extent to which the production of bioactive compounds might be influenced 
by growth conditions. 

18.9 Government concerns, population pressures and 
world-trade policies relating to cereal grains

Cereal grains are at the forefront of government concerns about food security 
for their people, as grain is seen as being basic to providing sustenance to the 
population of each country, especially those with significant numbers of people 
on the poverty line. In these countries especially, populations are expected 
to continue to grow into the future, making the ongoing task of providing 
adequate food supplies even more difficult. The statistic has been presented 
(Chapter 1, Section 1.2.1) that at present, sufficient cereal grain is produced 
to supply each person on earth with one kilogram of grain per day. 
 There is thus the challenge to make a more equitable distribution of 
this apparently adequate production of grain. World-trade policies form a 
significant part of the movement of grain from sites of (over-)production 
to places of need. Changes in such policies should be more readily altered 
for the betterment of world hunger than problems associated with water and 
fertiliser supply, for example, but changing these policies requires the good 
will and compassion of the affluent nations. 
 The problems of food supply have been discussed by Gilland (2002), who 
pointed out the potential for inadequacies of water and fertiliser supplies 
to limit future grain supplies, whilst also concluding that the most critical 
factors are the need to limit population growth. Dixon (2007) has written 
more optimistically by stating that the population growth of 90% during the 
second half of the twentieth century was accompanied by a 115% increase 
in world food supplies, representing a theoretical food-supply increase of 
25% per person. 
 The inevitable increase in world population is accompanied by migration 
of people from rural to urban areas (Dixon, 2007). This migration means 
that there are fewer workers involved in agricultural practice and more food 
consumers. In addition, the expansion of urban areas means that agricultural 
land is shrinking as cities expand. Global warming adds a further threat to the 
available area of arable land as low-lying land, some of the most productive 
for grains, is threatened by inundation and salting by rising sea levels.
 In addition to volume of supply, grain quality is of concern into the future. 
The maintenance of grain quality, and thus grain value, requires ongoing 
attention to the development of adequate and efficient methods of assessment 
of quality at all stages of the grain chain, plus the implementation of HACCP 
policies to ensure continued food safety. 
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18.10 Sources of further information and advice
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Dough and Product Testing: Methods and Applications, Lancaster, PA, 
USA, DEStech Publications, Inc.
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Cambridge, UK, Woodhead Publishing Ltd. 
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18.10.2 Web sites
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Presentations.aspx
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Abstract: Foods based on the various cereal grains make important contributions to 
our nutrition. Therefore, we need to be aware of the extent of their contributions to 
our dietary needs. The tables in this appendix provide this information for the grains 
and milled products of the major cereal species, namely, wheat, triticale, rye, barley, 
oats, corn, rice, sorghum and millet.

Key words: nutrients, nutrient composition, cereal grains, barley, corn, rice, 
sorghum, oatmeal, oats, wheat, triticale, rye, millet, bran, flour, protein, amino acids, 
carbohydrates, starch, fiber, fats, minerals, calcium, phosphorus, iron, magnesium, 
zinc, vitamins.

A1.1 Introduction

The cereal grains are basic to the diet for most people in the world. However, 
there are major differences from one region to another and from one culture 
to another with respect to the specific cereal species that are processed and 
eaten. There is thus the need for nutritionists and individuals in general to 
be aware of the advantages and deficiencies of specific cereals in our diet. 
Therefore, this appendix provides information (Tables A1.1 and A1.2) about 
the range of nutrients from whole grain of the cereal species described in 
this book – wheat, triticale, rye, barley, oats, corn, rice, sorghum and millet. 
In addition, nutrient composition is provided for milled products from wheat 
(flour [endosperm], bran and germ), for rye (flour), for barley (flour), for 
white rice (as distinct from the unmilled brown rice) and for oats (bran). 

Appendix 1

Composition of grains and grain 
products 
D. L. King, R. Zeug, and J. Pettit, University of Minnesota, USA
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 Data provided for products processed from grains go no further than the 
result of milling in these tables. Further processing may cause significant 
changes in the availability of nutrients, such as the partial destruction of 
some vitamins, or the increased availability of vitamins, as is the case of 
alkali treatment of maize meal. For example, see Schakel et al. (2004) for 
the nutrient content of foods processed from grain. See also the individual 
chapters on each cereal species in this book. 

A1.2 Preparation of the nutrient tables

The grain nutrient composition tables (Tables A1.1 and A1.2) were developed 
by the Nutrition Coordinating Center (NCC) at the University of Minnesota, 
Minneapolis. They contain values compiled from the scientific literature, from 
the US Department of Agriculture (USDA) National Nutrient Database for 
Standard Reference, from manufacturers’ information, and from analytical 
and estimated values. Where estimated values have been used, they were 
derived from a different form of the same food (e.g., raw versus cooked), 
from a similar food, or by calculation from recipes or formulations (Schakel 
et al., 1997). Nutrient data are provided on an ‘as is’ basis (say 14% moisture 
content), unless indicated as ‘dry basis’.

A1.3 Nutrient contents of grain and grain-related products

Given the large amount of information provided in these tables, it is possible 
to provide only one entry for each combination of nutrient and material. 
However, it must be realized that there is a large extent of biological diversity 
for the materials involved, and a single figure is inadequate in describing any 
combination of nutrient and material. Therefore, it is important that these data 
are interpreted as being indicators of the general range for nutrient status. 
 For example, the protein content of wheat grain can range from below 
8% to over 16%, but in a set of tables like this, it has been necessary to 
provide only one estimate (13.7% is given in the Table A1.1). The tables 
must not be used blindly, for example, by reading off a single figure for 
wheat-grain protein content, and thus assuming that all wheat grain has 
13.7% protein. As is indicated in Chapters 4 and 15 (Wheat and Agronomy), 
wheat is intentionally grown and segregated to provide consignments of grain 
with protein contents in specific and distinct ranges, thus to suit the various 
specifications of food manufacturers. On the other hand, the tables clearly 
indicate that rice and corn grain have lower protein contents in general than 
wheat and rye.
 A more realistic alternative would be to provide a median value and 
a normal range for each combination of nutrient and grain material, but 
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this would also add to the complexity of presentation. The provision of no 
more than two or three significant figures for each entry is intended to give 
some indication that the estimates are not intended to be taken as being as 
‘accurate’ as might otherwise be assumed.

A1.4 Sources of further information and advice

A wider range of nutrient information is available from: 

∑ Nutrition Coordinating Center, Division of Epidemiology and Community 
Health, School of Public Health, 1300 South Second Street, Suite 300, 
Minneapolis, Minnesota 55454-1087, USA, and from the relevant web 
site: http://www.ncc.umn.edu/

∑ The USDA National Nutrient Database for Standard Reference at the 
web site: http://www.ars.usda.gov/ba/bhnrc/ndl

∑ Extensive grain composition tables in Schakel et al. (2004), including many 
nutrients for food products as well as grain and milled by-products. 

A1.5 References
schakel s, buzzard i and gebhardt s (1997), ‘Procedures for estimating nutrient values 

for food composition databases’. J Food Comp Anal, 10: 102–114.
schakel s f, van heel n and harnack j (2004), ‘Grain composition tables’, in Wrigley 

C, Corke H and Walker C, Encyclopedia of Grain Science, Vol. 3, Oxford, Elsevier, 
431–447.
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Abstract: The grain-trading industry is global, but there is still no universally agreed 
system of weights and measures for the grain industry. The main two means of 
assessing grain amounts are the metric (SI) and the Imperial systems of units. Even 
for the latter, there are two distinct versions   – US and British. This appendix provides 
background to these various systems of units, explaining some of the reasons for their 
adoption, and tables are provided to assist in converting between the metric and US 
systems of grain measurement. 

Key words: Imperial units, grain yield, test weight, bushel, barrel.

A2.1 Introduction

Effective trading requires general agreement about units for weights and 
measures, whether for grain, processed foods or any other commodity. Although 
this necessary agreement may be established within regions, uniformity is 
still lacking internationally, specifically between nations using Imperial 
units (US or British versions) and those who have adopted the SI system 
of metric units (Système Internationale d’Unités). This appendix answers 
some questions about the strange diversity of units. It also provides tables 
for conversion between metric and US units (Tables A2.1 and A2.2). 
 Examples in the grain industry include questions such as the difference 
between a ‘ton’ and a ‘tonne’. Is a bushel a measure of volume or of mass 
(weight); why and how does the size of the US bushel differ between grain 

Appendix 2

Equivalence between metric and US 
units for the grain industry
C W Wrigley, formerly CSIRO Food and Nutritional Sciences, 
Australia 
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Table A2.1 Conversion from metric to US units. Adapted from Wrigley (2004)

 Metric units  US units

Mass  
 1 gram (g) = 0.0353 ounce
 1 kilogram (kg) = 2.205 pounds (lb)
 1 tonne (t) (metric ton) = 1.102 US short ton (2000 lb)
 1 tonne (t) = 0.9843 US long ton (2205 lb)
 1 quintal (q) (100 kg) = 220.5 pounds

Volume  
 1 cubic centimetre (cc) = 0.0610 cubic inch
 1 millilitre (mL) = 0.3382 fluid ounce
 1 litre (L) = 0.2642 US liquid gallon
 1 hectolitre (hL) = 26.42 US liquid gallons
 1 hectolitre = 2.838 US bushels
 1 litre = 0.02838 US bushel  

Bulk density
 1 kilogram/hectolitre = 0.7770 pound/US bushel

Grain yield
 1 quintal/hectare = 0.79 US cwt/acre
 0.1235 tonne/hectare = 1 bag/acre 
 6.73 tonnes/hectare = 100 bushels/acre for wheat
 1 tonne/hectare (t/ha) = 7.92 bushels/acre for oats
 1 tonne/hectare = 11.89 bushels/acre for barley
 1 tonne/hectare = 13.87 bushels/acre for maize
 1 tonne/hectare = 13.87 bushels/acre for rye
 1 tonne/hectare = 14.86 bushels/acre for wheat

Temperature
 0 °C (Celsius) = 32 °F (Fahrenheit)
 20 °C = 68 °F
 100 °C = 212 °F

Length
 1 centimetre (cm) = 0.3937 inch (in)
 1 metre (m) = 3.2808 feet (ft)
 1 metre = 1.094 yard (yd)
 1 kilometre (km) = 0.6213 mile 

Area 
 1 square centimetre (cm2) = 0.1550 square inch (in2) 
 1 square metre (m2) = 10.76 square feet 
 1 square metre = 1.196 square yard
 1 square metre = 0.0002471 acre (ac)
 1 hectare (ha) = 2.471 acres
 1 hectare = 0.00386 square mile

Power  
 1 kilowatt (kW) = 1.341 horsepower (hp) 

Energy  
 1 joule (J) = 0.239 calorie (cal)
 1 kilojoule (kJ) = 0.945 British Thermal Unit (BTU) 
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Table A2.2 Conversion from US to metric units. Adapted from Wrigley (2004)

 US units  Metric units

Mass  
 1 ounce = 28.35 grams
 1 pound = 0.4536 kg
 1 US hundredweight (cwt) (100 lb) = 45.36 kilograms
 1 US short ton = 0.9072 tonne
 1 US long ton = 1.016 tonne

Volume  
 1 cubic inch = 16.38 cubic centimetres
 1 fluid ounce = 29.57 millilitres
 1 US liquid gallon = 3.785 litres
 1 US bushel  = 35.24 litres
 1 quart (liquid) = 0.9463 litre  

Bulk density  
 1 pound/bushel = 1.287 kg/hL  

Grain yield  
 1 US cwt/acre = 1.265 quintal/hectare
 1 bushel/acre for wheat = 6.73 kg/ha
 1 bushel/acre for maize = 7.21 kg/ha
 1 bushel/acre for rye = 7.21 kg/ha 
 1 bushel/acre for barley = 8.41 kg/ha 
 1 bushel/acre for oats = 12.62 kg/ha 

Temperature  
 32°F (Fahrenheit) = 0 °C (Celsius)
 68°F = 20 °C
 212°F = 100 °C  

Length  
 1 inch (in) = 25.4 millimetre (mm)
 1 foot (ft) = 0.3048 metre
 1 yard = 0.9144 metre
 1 mile = 1.6093 kilometre  

Area  
 1 square inch = 645.2 square millimetres
 1 acre  = 0.4047 hectare
 1 square mile (1 ‘section’) = 259.0 hectares  

Power  
 1 horsepower = 0.7457 kilowatt 

Energy  
 1 calorie = 4.187 joules
 1 British Thermal Unit = 1.055 kilojoule

species? How large is a ‘section’ in the USA? Why are there 100 pounds in 
the American hundredweight, but 112 pounds in the British hundredweight? 
The unit known as an ‘ounce’ differs in quantity depending on whether it 
is a measure of mass or of volume; if volume, whether it is a dry or liquid 
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measure; if a weight, whether it is an ounce Troy, an Apothecaries’ ounce 
or an ounce Avoirdupois! Finally, a unit that should interest grain scientists: 
what unit is a barleycorn?

A2.2 The metric system

Prior to the French Revolution of 1789, the familiar units of length in France 
were the pied-de-roi (king’s foot), pouce and perche. These corresponded 
respectively to the British foot, inch and perch, but the lengths were different 
for the corresponding French and British units. Even within France, the pied-
de-roi varied in length. The Paris pied was 11% longer than the Strasbourg 
pied and 10% shorter than the Bordeaux pied. In 1790, the French Academie 
des Sciences set about producing a unified system of weights and measures 
(Freeman, 1990). A pendulum system was initially proposed as the basis of 
the unit of length, as previously considered in collaboration with the Royal 
Society of Britain, whereby the pendule would be the length of a pendulum 
with a swing period of one second, leading to secondary units of kilopendules, 
millipendules and cubic pendules (Freeman, 1990). 
 Nevertheless, the Academie des Sciences decided upon the metre as 
one ten millionth part of one quarter of the Earth’s meridian. The original 
package of units also included a ten-hour clock, a circle divided into 400 
grades (still in limited use) and a Republican calendar. The Republican year 
started on September 22nd (the equinox) with twelve renamed months (e.g., 
Pluviose for January, Floreal for April, Thermidor for July), each month 
being divided into three ten-day decades, plus a five-day annual holiday (fête) 
(six days’ holiday in a leap year) (Freeman, 1990). The package of changes 
met public resistance, plus some confusion, and in 1812 the government of 
the day proclaimed that the traditional system may be used in parallel with 
the new one. Nevertheless, many aspects of the new metric system survived 
and have gone on to acceptance in many, but not all, countries. 
 The 1790 initiative of the French Academie des Sciences included an 
approach to the King of England for British collaboration in this process, 
even though France and England were officially at war at the time. Perhaps 
this offer was not relayed to the English or perhaps it was rebutted at a 
high level. It was, however, a natural continuation of apparently cordial 
cooperation previously. The Philosophical Transactions of the Royal Society 
of 1742 record (as quoted by Freeman, 1990, and unedited): 

 ‘Some curious Gentlemen both of the ROYAL SOCIETY of London and 
of the ROYAL ACADEMY of SCIENCES at Paris, thinking it might be 
of good Use, for better comparing together the Success of Experiments 
made in England and in France, proposed some time since, that accurate 
Standards of the Measures and Weights of both Nations, carefully examined, 
and made to agree with each other, might be laid up and presented in 
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the Archives both of the ROYAL SOCIETY here, and of the ROYAL 
ACADEMY of SCIENCES at Paris. Which proposal having been received 
with the general Approbation of both those Bodies, they were therefore 
pleased to give the necessary Directions for the bringing the same into 
Effect.’

A2.2.1 The international system of units (SI system)
The SI system of metric units (Système Internationale d’Unités) has developed 
as a result of successive General Conferences on Weights and Measures, 
starting in 1889, and continuing about four-yearly to the present, with world-
wide representation. At the 10th such conference (in 1954) seven base units 
were adopted: the metre, the kilogram, the second, the ampere, the Kelvin 
(for temperature) the mole, and the candela (for luminous intensity). All 
other metric units are derived from these. At the 11th such conference in 
1960, the official symbol ‘SI’ was allocated for the Système International 
d’Unités as the ‘modernised metric system’ providing a practical system of 
units for unifying techniques for measurement used in industry, commerce 
research and education (reviewed by Lentner, 1981). The 11th conference 
also confirmed prefixes (pico-, nano-, micro-, mega-, giga- and tera-) to 
indicate powers of ten as prefixes to the SI units. The expanded list of these 
is provided in Table A2.3.

Table A2.3 SI prefixes to indicate the sizes of 
SI units, based on powers of ten

Factor  Prefix Symbol

1024  yotta Y
1021  zetta Z
1018  exa E
1015  peta P
1012  tera T
109  giga G
106  mega M
103  kilo k
102  hecto h
101  deca da
10–1 deci d
10–2 centi c
10–3 milli m
10–6 micro µ
10–9 nano n
10–12 pico p
10–15 femto f
10–18 atto a
10–21 zepto z
10–24 yocto y
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A2.3 Imperial units in two versions

If the Anglo-French cooperation of the eighteenth century had been successful 
a few centuries ago, it could have led to a more unified world today. The 
lack of uniformity of units was compounded by the spread of the earlier 
British Imperial System to North America, where it remained in its original 
form, despite a subsequent British revision of Imperial units defined by 
the ‘British Weights and Measures Act’ of 1824 (the ‘foot-pound-second’ 
system). Continued use of the pre-1824 British system in the USA created 
the following differences between the British Imperial System of 1824 and 
the US Customary System (adapted from Wrigley, 2004):

∑ One US liquid gallon is 3.785 litres, smaller than the British gallon, dry 
or liquid (4.546 litres), the volume of ten pounds (avoirdupois) of water 
at 62°F. British units of liquid capacity are thus about 20% larger than 
the corresponding American units.

∑ One US dry gallon is 4.405 litres, one-eighth of a US Winchester 
bushel.

∑ One US ‘short ton’ is 2000 pounds (20 US hundredweight (cwt), 907.2 
kilograms), a ‘shorter’ measure than the British ‘long ton’ of 2240 pounds 
(1016 kilograms), made up of 20 British hundredweight of 112 pounds 
each.

∑ The US hundredweight (45.36 kilograms) is one hundred pounds (as 
the name suggests), significantly less than the British hundredweight of 
112 pounds (50.80 kilograms). This anomaly has been explained by the 
changes incurred during the shipping of wool from Australia to Britain 
in the nineteenth century. Although bales of wool started as 100 pounds 
on the dry Australian sheep station, they gained moisture during the long 
ocean voyage in the wool Clippers to become 112 pounds on arrival 
in Britain. Evidently the British mill owners preferred to change the 
definition of the hundredweight than to pay for 12 pounds of water!

∑ The word ‘ton’ (pronounced ‘tun’) used in the British and US systems 
is similar to the metric ‘tonne’ (pronounced ‘ton’, to rhyme with ‘Don’), 
also known as a ‘metric ton’. However, the ton (in its various forms) 
and the tonne are slightly different quantitatively (see Tables A2.1 and 
A2.2). One US long ton is 1.016 tonne (metric ton) and one US short 
ton is 0.9072 tonne. 

∑ A barrel (dry) is 105 US dry quarts (26.25 dry US gallons) or 36 British 
gallons (liquid and dry are the same). A barrel of flour, sometimes in 
US use, is 196 pounds. Otherwise, the mass of the US barrel obviously 
depends on the commodity being measured. One US liquid barrel is 
31.5 US gallons.

A2.3.1 The US bushel – both dry volume and mass
The US bushel (35.24 litres), a dry measure of volume, is 2150 cubic inches, 
8 US dry gallons, 4 pecks or 32 dry quarts. The US bushel differs from the 
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British bushel (8 British gallons), which is 36.37 litres. The British bushel 
is thus about 3% larger than the US bushel. The term ‘Winchester bushel’ 
originated in Britain as a result of the choice of the city of Winchester by 
King Alfred the Great as the capital of his kingdom of Wessex in the ninth 
century; the term ‘Winchester measure’ did not appear in British law until 
the seventeenth century. The ‘Winchester bushel’ crossed the Atlantic and 
stayed on after the term was abandoned by the British in 1824.
 The US bushel is primarily a measure of volume, but it has also become 
a measure of mass (weight); however, its weight differs for each of several 
grain species (Tables A2.1 and A2.2). In the metric system, grain yield 
is measured in tonnes per hectare; that is, units of mass per unit of area. 
However, the US tradition has been to measure yield in bushels per acre; 
that is, units of volume (originally not mass) per unit of area. The use of 
volume measurement units for grain in the US makes it difficult to provide 
direct conversion between metric and US units for grain yield. To overcome 
this problem, the US government has defined the bushel for the following 
grains in terms of mass, irrespective of the true test weight:

∑ 1 bushel of wheat = 60 pounds.
∑ 1 bushel of maize = 56 pounds.
∑ 1 bushel of oats = 32 pounds.
∑ 1 bushel of barley = 48 pounds.
∑ 1 bushel of rye = 56 pounds.

 As a result, conversion factors for grain yields depend on the grain being 
considered. For wheat, 100 bushels/acre becomes 6000 pounds per acre, 
equal to 2723 kg per 0.4047 ha, or 6.73 tonnes per hectare (Tables A2.1 and 
A2.2). A rough ‘rule-of-thumb’ for wheat is to take the yield in lb/acre and 
increase it by 10% to obtain an approximation to kg/ha. Correspondingly, 1 
tonne/hectare equates to 14.86 bushels/acre for wheat, 13.87 bushels/acre for 
maize, 7.92 bushels/acre for oats, 11.89 bushels/acre for barley and 13.87 
bushels/acre for rye.
 Farmers use yet another measure of grain yield, namely, ‘bags to the acre’. 
However, this colloquial and informal estimate of grain yield is difficult to 
define. The British bag measures three British bushels (0.1091 cubic metre), 
so a grain yield of one tonne per hectare is about 15 British bushels per acre 
and about 5 bags per acre. The US bag is 50 pounds.

A2.4 Conclusion

Despite the lack of general adoption of the metric system in the USA, its 
limited use there has also involved spelling changes that further confound 
the possibility of international standardisation. Specifically, the tonne, litre, 
metre and gram of the SI Metric System have become the metric ton, the liter, 
the meter and the gram, respectively, in US spelling and terminology. 
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 The US is officially on the metric system. All US units are defined in 
terms of SI units. The use of customary US units continues to be permitted in 
trade, but they are not mandated. In many cases, including consumer foods, 
such as canned foods and packaged baking mixes, they are dual-labelled in 
US customary units as well as in their metric equivalent.
 Until there is worldwide agreement on units and universal adoption of 
one system of weights and measures, we need to rely on conversion tables 
to permit reliable ‘translation’ from one system to another. Tables A2.1 and 
A2.2 provide for conversion between the two systems in most general use, 
namely, the SI metric system and US units.
 Finally, to answer the trivia question in the Introduction section, a barleycorn 
is an old British unit of length, equal to 1/3 inch or 0.84667 cm.

A2.5 Sources of further information and advice

http://www.bipm.org/en/home/ … describes the International Bureau of 
Weights and Measures (BIPM), which has the mandate to provide the 
basis for a single, coherent system of measurements throughout the world, 
traceable to the International System of Units (SI). The headquarters of 
BIPM is near Paris, France.

http://www.sizes.com/units/ … provides definitions of a wide diversity of 
units, graphical conversion charts and lists of symbols and acronyms for 
units.
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Assured Combinable Crops Producing 

Trust, 355
Australian Durum, 286
Australian Feed, 286
Australian General Purpose, 286
Australian grain inspection system, 280–6
Australian Grain Research and 

Development Corporation, 384
Australian Hard, 286
Australian Noodle, 286
Australian Premium White, 286
Australian Prime, 286
Australian Soft, 286
Australian spring wheat line L8, 383
Australian Standard White, 286
Australian Wheat Board, 280
Avena byzantina, 165
Avena fatua, 165
Avena hybrida, 165
Avena L. see oats
Avena sativa, 165
Avena sterilis, 165
Avena strigosa, 165
avenanthramides, 166, 171
avenin, 175
awns, 65
azodicarbonamide, 359
azoxystrobulin, 349

Bacillus cereus, 452
Bacillus spp, 357
Bacillus thuringiensis, 301
backcross method, 372
Baker’s asthma, 135
balanced moisture content, 189
b-amylase, 249, 326, 327

Bánkúti wheat see Hungarian wheat 
Bánkúti 1201

barley, 54, 311, 473
 characteristics and quality, 141– 60
  future trends, 159–60
 characteristics for grain variety 

identification, 32
 grain morphology, 30
 grain variety and quality type 

identification, 316–17
 lab-on-a-chip analysis, 318
 maintaining quality, 157–9
  breeding for quality, 157–8
  growing conditions effects, 158
  processing, 159
  seeding rate effects on homogenicity 

and malt quality, 159
  storage conditions, 158–9
 malting, 20
 malting quality, 325–9
  alpha-amylase, 327
  beta-amylase, 327
  diastatic power, 326
  grain size, 326
  haze stability, 328–9
  malt extract, 328
  wort viscosity, 328
 morphological and biochemical 

characteristics, 142–4
  aleurone cells enzyme synthesis, 143
  easily degraded endosperm walls, 

142–3
  hull retention, 143
  proteins, 144
  tocopherol and tocotrienol elevated 

levels, 144
 NIR/NIT analysis, 468–9
 production and major uses, 144–8
  amounts used for malt, feed and 

food, 146
  average annual production, 145
  feed barley, 147
  food barley, 147–8
  major end uses around the world, 

145
  malting barley, 145–6
 related products nutrient contents, 490–1
 specific quality requirements, 148–57
  analyses used to determine suitability 

for malting, 149
  feed barley, 155
  food barley, 155–7
  germination assessment tests, 150
  germination results and suitability for 

malting, 151
  kernel ratios and pearling suitability, 

156
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  malt analyses, 154
  malting and brewing end use, 148–55
 spikelets, 31
 storage, 421–3
Barley Max, 318
barley mutant Amo1, 383
barley starch, 378
barley tea, 147, 156
barleycorn, 501
Barr and Murphy Process, 453–4
Basmati, 53, 215
Batter Process, 93, 453
b-carotene, 330, 462
b-cryptoxanthin, 330
b-glucan, 41, 145, 153, 156, 157, 166, 

169–71, 174, 380–1, 464
b-glucanase, 131, 169
bioethanol, 92, 474
biofuels, 92, 474
biogas, 474
biohydrogen, 474
biolistic method, 383
biorefining, 207
Biotect, 301
black bread, 128
black rice, 475
Bmy1, 326
Boerner device, 271
Boerner divider, 272
bound water, 188
Brabender farinograph, 375
Brabender Visco Amylograph, 247
bran, 71, 435, 436
Branscan, 439
Brazilian maize, 351
bread, 7
bread wheat, 52
 see also Triticum aesticum
breakfast cereals, 91
breeding, 95–6, 369–85
 improved wheat quality, 371–8
  market classes and endosperm 

structure, 371–2
  wheat protein composition, 372–8
 mutation breeding, 382–3
 starch quality and bioactive compounds 

in small-grain cereals, 378–82
  genetic variation of dietary fibre and 

bioactive compounds, 380–2
  quality improvement, 378–80
 transgenesis, 383–5
British bag, 500
British bushel, 500
British Weights and Measures Act (1824), 

499
broken grain, 216–17
brush, 68

bulgur, 431
bulk density, 272, 293
butanol-HCl method, 252

cakes, 90–1
calcium salts, 361
Canada Eastern Amber Durum, 274
Canada Eastern Hard Red Winter, 274
Canada Eastern Hard White Spring, 274
Canada Eastern Red, 274
Canada Eastern Red Spring, 274
Canada Eastern Soft Red Winter, 274
Canada Eastern Soft White Spring, 274
Canada Eastern White Winter, 274
Canada Grain Act, 279
Canada Prairie Spring Red, 274
Canada Prairie Spring White, 274
Canada Western Amber Durum, 274
Canada Western Extra Strong, 274
Canada Western Hard White Spring, 274
Canada Western Red Spring, 274
Canada Western Red Winter, 274
Canada Western Soft White Spring, 274
Canadian durum wheat, 317
Canadian Food Inspection Agency, 273
Canadian Grain Commission, 274, 294
Canadian grain inspection system, 272–80
Canadian spring wheat Red Fife, 372
Canadian Wheat Board, 278
capacitive moisture meter, 279
capillary electrophoresis, 314–15
carbamates, 419
carbohydrates, 189–90
carbon dioxide, 419
carbon disulphide, 419
carbon fertiliser, 466
carbonyl sulphide, 420
carotene, 193
carotenoids, 83, 85, 193, 385
Carter Dockage Tester, 272, 278, 279, 294
caryopsis, 5, 67, 240
CCFRA Method 07, 439
CCFRA Method 08, 438
CCFRA Method 10, 451
CCFRA Method 12, 438
CCFRA Method 19, 438
CEAD see Canada Eastern Amber Durum
coeliac disease, 100
cellulose, 55, 380
cereal flower
 and pollination, 26–8
  mature corn ear, 28
  seed-bearing head of wheat, barley 

and oats, 27
  wheat flower at anthesis, 26
cereal grains
 diversity of uses, 45–56
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  coarse grains utilisation, 49
  feed, 49
  food, 47–9
  future trends, 55
  grain substitution, 53–4
  industrial uses, 50
  rice utilisation, 48
  wheat utilisation, 48
  whole-plant utilisation, 54–5
  world food production by type, 46
  world production and utilisation, 46
  world utilisation, 47
 dough properties measurement method, 

441
 DoughLab mixing curve, 442
 end product characteristics assessment, 

450
 extensographs of unbalanced flours, 443
 major providers for mankind’s food 

needs, 3–21
  agricultural grains, 9–12
  future trends, 21
  grain quality, 12–19
  grains and people, 4–9
  quality management, 19–20
 Mixolab profiles of weak and strong 

flours, 444
 morphology and composition, 24–42
  approaches to composition analysis, 

37
  effects of processing on composition, 

41–2
  future trends, 42
  grain composition, 37–41
  processing effects, 41–2
  ultrastructure, 33–7
  variety identification, 25–33
 starch damage measurement method, 

441
 utilisation of individual cereals, 50–3
  rice, 52–3
  wheat, 51–2
cereal straw, 474
cereals, 342, 394
 see also cereal grains
 bread from field to fork production flow 

diagram, 346
 defined, 7–8
 effect of sowing on yield and quality, 

401
 equilibrium moisture content, 418
 food processing, 356–61
  food additives and process aids, 

358–60
  microbiological safety, 357–8
  mycotoxins and pesticides, 358
  process contaminants, 360–1

 general principles of safety, 344–5
 grain processing, 353–6
  assuring product safety, 354–6
  contribution to food safety, 353–4
 maximum residue levels for some 

pesticides and fumigants used, 
420

 post harvest handling, 350–3
  man-made contaminants, 352–3
  mycotoxins, 351–2
 RASFF notifications
  comparison for cereal-based foods, 

343
  mycotoxins significance, 348
  root cause analysis, 356
 role of agronomy, 345–50
  cereal-based natural food toxicants, 

346–8
  mycotoxins, 348–50
  plant treatment agents, 350
Ceres, 8
Cervitec system, 300
CFIA see Canadian Food Inspection 

Agency
CGC see Canadian Grain Commission
chalk, 216, 226
chlorination, 448
chlorine, 358, 359
chlorine dioxide, 358, 359
chlormequat, 409
Chlorox bleach test, 251
Chopin SDmatic, 440
CIMMYT see International Maize and 

Wheat Improvement Centre
Claviceps purpurea, 126, 349
Claviceps spp, 403
climate change, 466–8
club head, 65
coarse flour see semolina
coarse grains, 10
 utilisation in millions of tonnes, 49
Cochliobolus sativus, 406
Codex Alimentarius, 345, 347, 361
coleoptile, 63
Commercially Objectionable Foreign 

Odours, 271
concanavillin A, 454
conditioning, 71
Congress mashing procedure, 250
constant hydration, 443
consumer, 14–15
consumer feedback, 15
contaminants, 281
cookies, 90–1
cooking, 357
corn
 alkali treatment, 42
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 characteristics and quality requirements, 
183–208

  future trends, 207–8
 complex utilisation, 203–7
  ethyl alcohol production, 206
 effects of agronomy and storage on 

quality, 199–202
  major factors determining quality, 

199–202
  mineral fertilisation on zinc and 

tryptophan contents, 201
  nitrogen supply on yield and protein 

content, 201
  plant density, 200
  plant quality determining factors, 199
 importance of production in the 

international arena, 183–4
 mature corn ear, 28
 milling technologies, 202–3
 pollination, 27
 quality determination, 193–8
  grades and grade requirements, 195
  kernel and bulk corn physical 

properties, 193–5
  main analyses to assess quality, 195
  standard analyses, 195–8
 starch granule micrograph, 35
 structure and chemical composition, 

186–93
  amino acid composition, 191
  carbohydrates, 189–90
  kernel relative moisture content, 189
  lipids, 192
  main components distribution, 188
  maize kernel longitudinal section, 

187
  moisture content, 188–9
  nitrogenous compounds, 190–2
  other substances, 192–3
 utilisation, 184–6
  ethanol yield of various crops, 186
  field corn supply, 185
  human consumption, 185
corn gluten, 205
corn oil, 192
corn protein, 199
corn starch, 461
corn zein, 461
cotyledon, 12
couscous, 91, 432
crackers, 90–1
crisp bread, 128
Criticap Control Points, 452
Crop & Pasture Science, 466
crop nutrition, 406–9
crossbreeding method, 372
crude fat, 192

 content, 197
cryomilling, 471
CSIR see South African Council for 

Scientific and Industrial Research
CSIR Method No. 3, 248
CSIR Method No. 5, 249
cultivar, 51
cups, 293
customer, 354
cyanidine-3-glucoside, 475

DArT see Diversity arrays technology
debranning, 435
defects, 281
Demeter, 8
dent kernels, 186
deoxynivalenol, 155, 175, 296, 302, 348, 

354, 405
dextrinase, 326
diastatic power, 154, 326
9,10-dichloro-octadecanoic acid, 359
Dickey-john Grain Analysis Computer, 271
dicotyledonous grains, 11–12
 major species, 11
dietary fibre, 371, 380
differential scanning calorimetry, 454
digital imaging, 300
dihydrogen phosphate, 347
dioxin, 352
disulphide bonds, 376
Diversity arrays technology, 331, 377–8
diverters, 293
dockage
 Canada definition, 278
 GIPSA definition, 271–2
DON see deoxynivalenol
DONcast, 350
dormancy, 150, 151
DoughLab instrument, 442
dozynki, 7
dry milling, 202
drying, 159
Dumas method, 438, 454
Dupont, 300
durum, 10, 52, 270, 381, 436

EBC see European Brewery Convention
EBC Method 4.5.1, 250
EBC Method 4.12, 249
EBC Method 6.6, 250
EBC Ninhydrin Method 4.10, 249
EBmac501, 326
EC Regulation 396/2005, 350
EC Regulation 824/2000, 194
einkorn wheat, 62, 381
El Servicia Nacional de Sanidad y Calidad 

Agroalimentaria, 290
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electronic noses, 302
Electronic Sensor Technology, 302
ELISA test kit, 295, 301
 for insect activity, 301
 for mycotoxins, 295–6
Ellis cup, 293
emmer wheat, 62, 381
endosperm, 38
 cell wall, 142–3
endoxylanase, 380
endrin, 358
enzymes, 192
ergot, 126, 133–4, 155
 see also Claviceps spp
ergot alkaloids, 349
ergotism, 126
Escherichia coli, 452
ethanol, 92, 186, 205
 production from corn, 206
 yield from various crops, 186
ethyl formate, 419
EU Network of Excellence Project, 343
European Brewery Convention, 18, 153, 

249
European Union grain inspection system, 

286–8
Extensigraph, 425, 443
Extensograph, 98, 375, 443, 454
extract, 250
eyespot see Tapesia yallundae

Falling Number, 52, 55, 115, 126, 133, 
296–7

FAN see Free Amino Nitrogen
farina, 435, 436
farinograph, 98, 425, 441–2, 446, 454
 dough stability, 290
farm management, 96–7
Farmarco process, 454
Farrand method, 440
fats, 40
fatty acids, 168
FEB see fusarium ear blight
Federal Grain Inspection Service, 194, 269
FEED see Australian Feed
feed, 274
feed barley, 147, 155
feed value, 134
Fertile Crescent, 61
fertiliser, 465
FFI see flour fortification initiative
FGIS see Federal Grain Inspection Service
fibre, 40–1
field mycotoxins, 349
finger millet, 240
flag leaf, 29
flat breads, 90

flavonoids, 251, 455, 475
flint kernels, 186
flocculation, 155
flour, 358, 435, 436
 colour and purity measurement, 438–40
 cumulative ash curve for commercial 

flour mill, 447
 extensographs of unbalanced flours, 443
 general mill diagram, 434
 mill stream analysis commercial flour 

mill, 437
 Mixolab profiles of weak and strong 

flours, 444
 RP-HPLC of proteins extracted with 

disulphide-bond rupture, 375
 stream selection, 446–8
  divide flours, 447–8
  mill stream analysis, 446–7
 treatments and additives, 448–9
  bleaching, 448
  chlorination, 448
  flour modifying agents, 448
  heat treatment, 448
  vitamin and mineral enrichment, 

448–9
flour ash content, 71
flour fortification initiative, 449
flour/meal draft standards, 257
flour modifying agents, 448
flour Zeleny, 451
floury corn, 186
Fluoroscan, 439
folates, 84, 381
foliar disease, 403
Folin-Ciocalteu assay, 252
Folin-Denis assay, 252
food, 47–9
 EU definition, 344
 functional foods, 475–6
 processing, 356–61
  additives and process aids, 358–60
  microbiological safety, 357–8
  mycotoxins and pesticides, 358
  process contaminants, 360–1
 rice utilisation, 48
 safety, 451–2
 wheat utilisation, 48
 whole-grain, 474
 world cereal utilisation, 47
Food and Drug Administration, 301, 472
food barley, 147–8, 155–7
food fad, 473
foot-pound-second system, 499
Foss Infratec Grain Analyser, 298
fractionation, 144, 353
Free Amino Nitrogen, 153, 249
free water, 188
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French bread, 89
friabilin, 81, 371
Frontiersman, 373
fumonisins, 348, 351
functional ingredients, 475
fungicide, 405
furfural, 55
Fusarium, 175, 198, 296
fusarium ear blight, 349
Fusarium graminearum, 152
Fusarium spp, 349, 354, 405

Gaeumannomyces graminis, 400
Gaeumannomyces graminis var. tritici, 400
GAFTA see Grain and Feed Trade 

Association
Gatcher, 70
GBSS see granule-bound starch synthase
gel consistency test, 222
gel electrophoresis, 313, 379, 464
gelatinisation, 220
General Principles of Food Hygiene, 345
genetically engineered crops, 462
germ, 436
germination, 149–51, 159
 assessment tests of malt barley, 150
 malt barley results and suitability for 

malting, 151
Germinative Energy, 149–50, 248
germinative index, 151
g–gliadins, 374
GIPSA see Grain Inspection, Packers and 

Stockyards Administration
GIPSA’s Quality Handbook, 270
glass transition, 218
Glenlea, 375
gliadins, 77, 78, 116, 407
globulins, 38, 168, 191
glucose, 205
glucosolinolates, 346
glume colour, 65
glumes, 30
glutathione, 408
glutelins, 38, 39, 124, 168, 191
gluten, 40, 74, 77, 92, 93, 125
 production, 453–4
gluten-free, 244
glutenins, 77, 78, 407
Glycaemic Index, 225, 455, 474
glycosylated pyridoxine, 84
GMP see good manufacturing practice
golden rice, 462
Good food-safety management, 361
good manufacturing practice, 361
g–oryzanol, 475
grading, 179
Grain and Feed Trade Association, 291–2

grain-by-grain analysis, 469
grain chain, 13–15, 413, 458
 assessing grain quality, 17
 breeding, 13–14
 consumer, 14–15
 consumer feedback, 15
 growing, 14
 modified sequence, 459
 processing, 14
 receival, 14
grain colour, 32, 70
grain composition
 cereal grains, 37–41
 rye and triticale, 123–6
  antinutritional factors and vitamins, 

125–6
  polysaccharides, 123–4
  protein, 124–5
grain counter, 177
grain hardness, 32, 70, 71, 246
Grain Inspection, Packers and Stockyards 

Administration, 269, 271
grain protein, 132
grain quality, 12–19
 analysis at receival, 267–305
  Argentine grain inspection system, 

288–92
  Australian grain inspection system, 

280–6
  Canadian grain inspection system, 

272–80
  European Union grain inspection 

system, 286–8
  future trends, 303
  US grain inspection system, 268–72
 and financial viability, 464–5
 assessment, 15–17
  assessing quality along the grain 

chain, 17
  no nasty surprises, 15–16
 barley malting quality, 325–9
  alpha-amylase, 327
  beta-amylase, 327
  diastatic power, 326
  grain size, 326
  haze stability, 328–9
  malt extract, 328
  wort viscosity, 328
 breeding for grain-quality traits, 369–85
  improved wheat quality, 371–8
  mutation breeding, 382–3
  starch quality and bioactive 

compounds in small-grain cereals, 
378–82

  transgenesis, 383–5
 criteria and tolerances for test methods, 

17
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 dough rheological properties of 
transgenic vs control lines, 384

 effect on yield and quality
  disease control, 404
  sowing density of Hereward winter 

wheat, 402
  water availability and temperature 

regime on Hereward winter 
wheat, 397

  water availability during grain filling 
of winter wheat, 396

  water restriction and increased 
temperature on wheat grown 
under plastic, 398

 effects of growth environment and 
agronomy, 393–410

  crop nutrition, 406–9
  disease control, 403–6
  future trends, 410
  growing conditions and environment, 

394–400
  lodging and growth regulation, 409
  sowing, 400–3
  weed control, 403
 factors and means of assessment, 132–4
  contaminants absence, 133
  ergot bodies, 133–4
  feed value, 134
  grain protein and moisture content, 

132
  grain soundness, 132–3
  presence of insects, 133
  test weight, 132
  unmillable material, 133
  variety/varietal mix, 132
 government concerns, population 

pressures and world-trade 
policies, 476

 grain chain, 13–15
 importance of assessment, 12–13
 increased temperature and reduced water 

availability effect, 399
 innovation process, 459–62
 maintenance during storage and 

transport, 413–29
  future trends, 428–9
  generic characteristics of storage, 

414–26
  samples from truckload at sampling 

stand before delivery, 427
  transport, 426–8
 major aspects requiring assessment, 16
 management, 19–20
  breeding to grain-quality targets, 19
  grain receival, 20
  processing, 20
  sowing and growing, 19–20

 markers for maize nutritional value 
enhancement, 329–30

  pro-vitamin A content enhancement, 
330

  quality protein maize, 329–30
 markers for quality traits in wheat, 

320–5
  dough rheological traits, 324–5
  flour colour, 323–4
  gluten polymers and quality, 320–1
  grain hardness, 322–3
  grain protein content, 322
  loaf volume, 325
  milling yield, 323
  non-glutenin effects, 322
  polyphenol oxidase, 324
  water absorption, 324
 new technologies for use at receival, 

299–303
  digital imaging, 300
  electronic noses, 302
  ELISA test kits for insect activity, 

301
  hyperspectral imaging, 300–1
  PCR-based detection methods, 301–2
  X-ray imaging for internal insects, 

302–3
 oats
  maintaining and improving quality, 

176–80
  requirements, 174–6
 rye quality specifications, 127
 technical approaches to assessment, 

17–19
  quality assessment instant 

technologies, 18–19
  standard methods of analysis, 18
 the consumer, the scientist, the 

technologist and the future, 
458–76

 traditional equipment used in wheat 
inspection at receival, 292–9

  bulk density, 293
  ELISA test kits for mycotoxins, 

295–6
  falling number, 296–7
  human visual analysis, 297
  moisture content, 293–4
  NIR spectroscopy, 297–9
  protein content, 294–5
  sampling devices, 292–3
  sieves and dockage tester, 294
  wheat hardness, 295
 triticale specifications for USA, 127
 value-addition chain of events, 13
 variety and quality type identification, 

311–32
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  barley and maize, 316–17
  DNA-based variety identification, 

317
  future challenges, 317–19
  future trends, 330–1
  molecular markers use in 

identification, 319–30
  variety identification, 312
  wheat, 313–16
 wheat
  management, 95–100
  testing, 93–5
grain receival, 135
 quality management, 20
Grain Research and Development 

Corporation, 280, 282
grain sampling, 93
grain softness protein, 81, 371
grain soundness, 132–3
grain sowing, 19–20
Grain Standards Act, 298
grain storage
 bulk wheat storage facility, 416
 common insect pests on stored wheat, 

422
 equilibrium moisture content of cereals, 

418
 generic characteristics, 414–26
  control of insects, 418–21
  control of moisture levels, 417–18
  storage of barley, 421–3
  storage of rice, 423–5
  storage of wheat, 425–6
 pesticides in common use, 419
 pits dating from the Iron Age, Buoux, 

France, 414
 Sorghum granary, near Lake Victoria, 

Kenya, 415
 village rice store, Laos, 415
grain substitution, 53–4
grain texture, 70
Grain Trade Australia, 280
grain ultrastructure
 wheat, 70–3
  dough mixing, 73
  milling, 71–3
grain weight, 174
grains, 30–3
 see also cereal grains
 and grain products composition, 487–93
  barley, corn, rice, sorghum and oats 

nutrient contents, 490–1
  nutrient contents, 492–3
  nutrient tables preparation, 492
  wheat, triticale, rye and millet 

nutrient contents, 488–9, 492–3
 and people, 4–8

  Ceres, 8
  culture, 6
  Demeter, 9
  diet, 4–6
  dozynki, 7
  from various cereal species, 5
  language and festivities, 6–8
 and variety identification, 25–33
  cereal flower and pollination, 26–8
  head morphology, 29–30
  plant morphology, 28
 breeding, 462–4
  relating genotype to phenotype, 

462–3
  selection efficient methods, 463–4
  sources of new genes and novel 

genotypes, 462
 composition, 37–41
  approaches to analysis, 37
  fats, 40
  fibre, 40–1
  proteins, 38–40
  starch, 38
 drying, 418
 Eastern and Central European landraces 

and old wheat varieties genetic 
background and origin, 373

 effects of processing, 41–2
  alkali treatment, 42
  heat treatment, 41–2
  milling, 41
 equivalence between metric and US 

units, 494–501
  metric to US units conversion, 495
  US to metric units conversion, 496
 European Community standard in 

intervention programme, 287
 food safety aspects and cereal product 

quality, 342–61
  food processing, 356–61
  general principles with regard to 

cereals, 344–5
  grain processing, 353–6
  post harvest handling, 350–3
  role of agronomy, 345–50
 government concerns, population 

pressures and world-trade 
policies, 476

 growing, 14, 464–8
  climate change, 466–8
  fertiliser, 465
  grain quality and financial viability, 

464–5
  precision agriculture, 466
  quality management, 19–20
 metric system, 497–500
  imperial units in two versions, 499
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  the international system of units, 498
  US bushel, 499–500
 morphology and composition, 24–42
 nutritional benefits, 474–6
  functional foods, 475–6
  whole-grain foods, 474
 processing, 14, 353–6, 471–4
  additives to improve processing and 

product quality, 472
  assuring product safety, 354–6
  biofuels, 474
  contribution to food safety, 353–4
  gluten-free foods, 473
  greater diversity of uses for grains 

and their by-products, 473
  milling, 471–2
  quality management, 20
 processing to optimise product quality, 

431–55
  choice of wheats for blending, 432–3
  future trends, 454–5
  procurement of wheat for processing, 

432
  quality assessment during and after 

milling, 436–52
  starch and gluten production, 453–4
  wheat milling, 433–6
 protein concentration and grain yield 

response to fertiliser nitrogen, 
408

 quality innovation process, 459–62
  the consumer, 459–60
  the future, 461–2
  the scientist, 460–1
  the technologist, 461
 receival and segregation, 468–9
  identity preservation, 469
  improved quality-screening methods, 

468–9
 storage and transport, 469–71
  milled products, 470–1
  whole grain, 469–70
 the consumer, the scientist, the 

technologist and the future, 
458–76

 ultrastructure, 33–7
 wheat morphology, 62–70
  heads, 63–7
  plants, 63
Gramineae, 28
granule-bound starch synthase, 81, 378
grass weeds, 403
GRDC see Grain Research and 

Development Corporation
groat, 163
g–secalin, 374
GSP see grain softness protein

GSP-1, 371
GTA see Grain Trade Australia
gushing, 152

HACCP see Hazard Analysis Critical 
Control Point

Hagberg falling number, 400, 401, 405, 
407, 409

Hard Red Spring wheat, 270
Hard Red Winter wheat, 270
hard wheat, 91
Hard White wheat, 270
hardness index, 156
Hazard Analysis Critical Control Point, 

361, 451–2
 philosophy, 347–8
 principles, 350
head morphology, 29–30
head rice yield, 217
HEALTHGRAIN, 475
hearth breads, 89–90
heat treatment, 448, 470
heating, 41
hemicelluloses, 190
Hereward wheat, 376
 effect of water availability and day/night 

temperature regime, 397
 sowing density on yield and quality,  

402
Hessian fly, 374
hexaploid triticale, 117
hexaploid wheat, 62
HGCA see Home-Grown Cereals Authority
Hi-Maize, 318
high amylose starch, 383
high-lysine hybrids, 199
high performance liquid chromatography, 

252, 454
High-Pressure Disintegration Process, 453
high throughput screening, 331
Home-Grown Cereals Authority, 288
hominy, 185
hordeins, 175, 316
Hordeum spontaneum, 326
HRY see head rice yield
HT2 mycotoxins, 175
hull, 166, 173
 retention, 143
human visual analysis, 297
Hungarian wheat Bánkúti 1201, 372, 375, 

376
 amylose content variation, 379
hydrocolloids, 473
Hydrocyclone Process, 453
hydroxypropyl methylcellulose, 461
hygroscopic equilibrium, 189
hyperspectral imaging, 300–1
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ICC Draft Standard – Determination of 
Germinative Energy of Sorghum 
Grain, 248

ICC Draft Standard – Estimation of 
Sorghum Grain Endosperm 
Texture, 246

ICC Standard Method No. 143, 313
ICC Standard Method No. 167, 197, 438
ICC Standard Method No. 104/1, 438
ICC Standard Method No. 105-2, 197
ICC Standard Method No. 105/2, 438
ICC Standard Method No. 110-1, 196
ICC Standard Method No. 110/1, 438
ICC Standard Method No. 122/1, 198
ICC Standard Method No. 128/1, 198
Imperial units, 494, 499
Industry Expert Group, 280
injera, 247
INQR see International Network for Quality 

Rice
Institute of Brewing, 153
Instituto Nacional de Tecnología, 290
International Association for Cereal Science 

and Technology, 18
International Crops Research Institute for 

the Semi-Arid Tropics, 246
International Maize and Wheat 

Improvement Centre, 329, 377
International Network for Quality Rice, 

219, 227
International Organisation for 
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