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Preface 

Color is appreciated both for its intrinsic esthetic value and as a basis 
for identification and quality judgment. Anthocyanins are responsible for 
some of the most spectacular natural colors. The term anthocyanin, de
rived from the Greek words for flower and blue, was coined by Marquart 
in 1835 to designate the blue pigments of flowers. It was later realized that 
not only the blue color, but also the purple, violet, magenta, and nearly all 
of the red hues appearing on flowers, fruits, leaves, stems, and roots are 
attributable to pigments chemically similar to the original "flower blues." 
There are two notable exceptions: tomatoes owe their red color to 
lycopene and red beets to betanin, pigments not belonging to the an
thocyanin group. Teleologists assume that anthocyanins help attract in
sects to flowers for pollination and herbivorous animals to fruits for seed 
dissemination. 

Anthocyanins impart esthetic appeal and serve as quality indicators in 
foods; for example, red apples and red grapes are considered ripe when 
sufficient anthocyanin has appeared in the skin, and berry preserves are 
more attractive when the anthocyanin color has been retained during 
processing and storage. Anthocyanin coloration can, when unexpected, 
even be undesirable, as in the pinking of canned pears or pickled Brussels 
sprouts. 

Interest in anthocyanins has been recently rekindled as a result of the 
continuing official delisting of artificial food dyes, chiefly those of the coal 
tar (or azo) type. Anthocyanins are being considered as replacements for 
the banned dyes. For this purpose, anthocyanins possess the following 
advantages: (a) they have been consumed by man (and animals) for count
less generations without apparent adverse effects to health; (b) they are 
brightly colored, especially in the red region; and (c) they are water solu
ble, which simplifies their incorporation into aqueous food systems. But 
they also have disadvantages in that their tinctorial power and stability in 
foods are generally low by comparison with coal tar dyes. 

The objective of this volume is to assemble scattered information on 
anthocyan ins pertinent to food coloration. Both basic and applied aspects 
of these pigments are discussed. Anthocyanins have been extensively 

xi 



xii Preface 

investigated during the present century from chemical, biochemical, 
botanical, and food technological points of view . Interesting developments 
in this field, however, have not ceased, as exemplified by the recent 
findings on the chemical constitution and stability of these pigments. The 
food industry needs additional information in order to maximize the visual 
appeal of these pigments both in products in which they are naturally 
present and in products to which they may be added as colorants. 

The authors have all had first-hand experiences on which to base their 
contributions to our understanding of anthocyanins. The editor extends 
his deep appreciation to all contributors for their toil and hopes that this 
work will satisfy both the general gnostic urge and the specific utilitarian 
need of the readership. 
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I. INTRODUCTION 

Anthocyanins are among the most important groups of plant pigments 
(Harborne. 1967). They are present in almost all the higher plants and are 
found in all parts of the plant. They are most obvious, however, in flowers 
and fruits. Because men and animals have consumed these pigments from 
the beginning of time without any apparent ill effects, they are a highly 
desirable substitute for synthetic food colors which, obviously. cannot be 
subjected to such extensive testing. 

The classic work of Willstatter, Robinson, and Karrer on the isolation, 
purification, identification, chemical properties, and synthesis of natural 
anthocyanins has been reviewed (Hayashi, 1962; Dean, 1963; 
Livingstone, 1977). The initial material-consuming methods used to obtain 
and identify pure anthocyanin extracts have been revolutionized by new 
physical techniques, e.g., chromatography (Bate-Smith and Westall, 
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2 Raymond Brouillard 

1950; Harborne, 1958; Asen, 1965, 1979; Kagan and Mabry, 1965; Hraz
dina, 1970) and UV-visible absorption spectrophotometry (Harborne, 
1957, 1967). When the isolated pigment is not a new one, therefore, its 
structure can be fully determined by its R f values in appropriate solvents 
and by its UV-visible spectrum recorded in 0.01% HCI-acidified 
methanol. The characteristic reaction with aluminum chloride displayed 
by anthocyanins possessing two adjacent hydroxyl groups in the B-ring is 
also a useful test (Geissman et al., 1953; Geissman and Jurd, 1955). For a 
newly discovered natural anthocyanin, structure elucidation generally re
quires the use of chemical degradation as well as chromatographic and 
UV-visible spectrophotometric methods. The appearance of only one 
spot on a paper or a thin-layer chromatogram, however, does not guaran
tee that the anthocyanin sample is free from any impurity, nor does an 
absorption spectrum. To check the purity, it is necessary to measure the 
molecular extinction coefficient at the absorbance maximum in the visible 
spectrum for sufficiently acidified solutions. Values should be close to 
3 x 1()4 M-l cm-1 (Jurd, 1964; Jurd and Asen, 1966; Somers and Evans, 
1974; Brouillard et al., 1978; Brouillard and El Hage Chahine, 1980b); 
values much lower than this are indicative of a fairly contaminated sam
ple. These criteria can also be used to check the purity of commercial 
pigments. Other physical methods less often used in determining the 
structure of anthocyanins and related compounds include polarography 
(Zuman, 1953; Harper and Chandler, 1967a,b), IR (Ribereau-Gayon and 
Josien, 1960; Bendz et aI., 1967; Nilsson, 1967; Takeda et al., 1968), ESR 
(Osawa and Saito, 1968), gas-liquid chromatography and mass spec
trometry (Bombardelli et al., 1977; Lanzarini et al., 1977), and IH NMR 
(Nilsson, 1973; Goto et al., 1978). 

Considerable attention has been devoted to recent developments in the 
chemistry and biochemistry of anthocyanin pigments (Harborne, 1967, 
1979; Jurd, 1972a; Timberlake and Bridle, 1975; Swain, 1976; Grisebach, 
1979). Sources of anthocyanins are now well-documented (Harborne, 
1967; Timberlake and Bridle, 1975), and some edible fruits, such as 
grapes, are known to contain a wide variety and sometimes large quan
tities of these pigments (Ribereau-Gayon, 1959, 1974; Singleton and Esau, 
1969; Anderson et ai., 1970; Fong et al., 1971; Hrazdina and Franzese, 
1974; Bourzeix, 1980; Timberlake and Bridle, 1980). 

Anthocyanins have the same biosynthetic origin as other natural 
flavonoid compounds (Harborne, 1967; Hahlbrock and Grisebach, 1975; 
Grisebach, 1979; Weiss and Edwards, 1980) and, like other flavonoids, are 
structurally characterized by the presence of a carbon skeleton made up 
of a C6CaC6 unit (Geissman, 1962). Unlike other flavonoids, however, 
anthocyanins strongly absorb visible light and thereby generally confer an 



1. Chemical Structure of Anthocyanins 3 

infinite variety of colors upon the media in which they occur. In the plant 
cell, they are located in the vacuole as an aqueous solution (Goodwin and 
Mercer, 1972), and it has been shown that, whatever the flower, the vac
uole sap is always slightly acidic or neutral (Shibataet al., 1949; Bayeret 
al., 1966; Yasuda, 1967; Asen et al., 1971; Stewart et al., 1975; Asen, 
1976). When attempting to gain a better understanding of the role played 
by anthocyanins in plant pigmentation, therefore, it is of the utmost im
portance to study their structural transformations in acidic aqueous solu
tions at room temperature, as these physical conditions are as similar as 
possible to the conditions in nature. Moreover, if these pigments are to be 
used as food colors, greater insight into their chemical and biochemical 
interactions with other substances ever-present in human food is required. 
Such overall knowledge could be highly useful in preserving the natural 
color of fruits and vegetables during their storage and processing. 

In the following sections, attention is focused on the relationships be
tween structure and color. Section II deals with the basic structural ele
ments of the natural anthocyanins discovered at this time; Sections III and 
IV deal with the structural transformations undergone by anthocyanins in 
aqueous solutions and with the stabilization mechanisms of the chemical 
structures involved in pigmentation. 

II. PRINCIPAL HYDROXYLATION, METHOXYLATION, 
GLYCOSYLATION, AND ACYLATION PATTERNS 
OF NATURAL ANTHOCYAN INS 

Anthocyanins are glycosylated poly hydroxy and polymethoxy deriva
tives of2-phenylbenzopyrylium (flavylium) salts. The reader interested in 
the chemistry of simple pyrylium salts should refer to the article by Bas
selier (1961) and to the accounts by Balaban et al. (1969) and Staunton 
(1979). In many cases, the sugar residues are acylated by p-coumaric, 
caffeic, ferulic, or sinapic acids, and sometimes by p-hydroxybenzoic, 
malonic, or acetic acids. Acyl substituents are usually bonded to the C-3 
sugar (Harborne, 1964). For a few pigments, they have been shown to be 
attached to the 6-hydroxyl and, less frequently, to the 4-hydroxyl group of 
the sugar (Birkofer et al., 1965; Gueffroy et al., 1971; Hrazdina and Fran
zese, 1974). The most common sugars are monosaccharides, i.e., glucose, 
galactose, rhamnose, and arabinose. Di- and trisaccharides formed by 
combinations of these four monosaccharides also occur. The 3-hydroxyl is 
always replaced by a sugar. When a second sugar is present, it is generally 
at C-5. Glycosylation of the 7-,3'-, and 5'-hydroxyl groups, however, has 
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also been demonstrated. Anthocyanins with more than two glycosidic 
residues have been identified, e.g., acylated delphinidin 3-
rutinoside-5,3' ,5'-triglucoside (Yoshitama, 1977), acylated cyanidin 
3,7,3'-triglucoside (Yoshitama and Abe, 1977) and caffeoylferuloyl cyani
din 3,7,3'-triglucoside (Stirton and Harbome, 1980). Purely chemical 
methods are not efficient enough to completely determine the stereostruc
ture of anthocyanins. In contrast, it has been possible to establish by 
IH-NMR spectroscopy that the stereo structure of awobanin (Fig. 1) is 
delphinidin 3-(6-0-trans-p- coumaroyl-l3-o-glucoside)-5-(I3-o-glucoside). 
By a detailed analysis of the IH-NMR spectrum obtained in DCI-acidified 
CDsOD at 70°C, Goto et al. (1978) were also able to elucidate the stereo
structures of two other acylated anthocyanins, shisonin and violanin 
chlorides. The position of attachment of the p-coumaroyl group at the 
3-glucose, the geometry of the ethylenic bond and the anomeric configura
tions of the glucosidic moieties were unambiguously determined, while 
the pigments were assumed to be in the flavylium form. Such spectros
copic structural investigations are more reliable than the chemical meth
ods based essentially on degradation reactions that lead to the three frag
ments of the anthocyanin, i.e., anthocyanidin or aglycone, sugar(s) and, 
when the pigment is acylated, organic acid(s). 

The most frequently encountered anthocyanidins are given in Fig. 2. 
With very few exceptions (3-deoxyanthocyanidins), the basic structure of 
an anthocyanidin is that of the 3,5,7,4'-tetrahydroxyflavylium cation. In 
general, anthocyanidins do not accumulate in the plant (Harborne, 1967), 
and the pigments occur in flowers and fruits mainly in the glycosylated 
form. Since anthocyanidins have been shown to be unstable in water and 
much less soluble than anthocyanins (Timberlake and Bridle, 1966), 

OH 

HO 

Fig. 1. Stereostructure of awobanin as established by I H-NMR spectroscopy. [From 
Goto et al. (1978), by permission of Pergamon Press.] 
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Fig. 2. The commonest anthocyanidins. Their names originate from the plant species 
from which the corresponding 3,5-diglucosides were isolated for the first time (Harbome, 
1967). 

glycosylation is assumed to confer solubility and stability to the pigment 
(Harbome, 1979). Methoxylation usually takes place at C-3' and C-5'. 
Rare anthocyanins with a methoxyl instead of a hydroxyl group at C-7 or 
C-5 are known (Harbome, 1967; Momose et al., 1977). It is noteworthy 
that no natural anthocyanin where all the 5, 7, and 4' positions are 
glycosylated or methoxylated has been discovered. Indeed, a free hy
droxyl group at one of these three positions is absolutely essential for the 
formation of a quinonoidal structure (cf. Section III,A). This structure, 
largely responsible for ftower and fruit pigmentation, is generated from the 
ftavylium structure by loss of the acidic hydroxyl hydrogen. The positive 
charge of the ftavylium cation is de localized over the whole heteroaroma
tic system, and the highest partial positive charges have been shown to 
occur at C-2 and C-4 (Bendz et al., 1%7). The six principal contributing 
structures for the 5,7,4' -trihydroxyftavylium cation-i.e., an oxonium, 
two carbonium and three phenoxonium ions-are given in Fig. 3. Thus, 
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OH OH wffH 
HO~ HO~ HO 0 1.& 

~ I ~ I 
+ 

HO HO HO 

~ ~ )OH 

H~_~~~# 
HO HO+ HO 

Fig. 3. Major contributing resonance structures for 5,7,4'-trihydroxyftavylium cation. 

the anthocyanic ftavylium cation is a heteroaromatic carboxonium cation. 
One of the most striking features of ftavylium chemistry lies in the stabil
ity of this organic cation in aqueous solutions (cf. Section III). This stabil
ity is only relative, however, and it can be foreseen that nucleophilic 
addition (and perhaps nucleophilic substitution) will take place at C-2 and 
C-4 and that the protons of the hydroxyl groups at positions 5, 7, and 4' 
will be easily removed, even by weak bases. Therefore, there is a close 
parallel between the addition of a nucleophile to activated benzene deriva
tives such as 2,4,6-trinitrobenzene leading to a negatively charged 
O"-adduct (Crampton, 1969; Strauss, 1970) and the addition of a nu
cleophile to the ftavylium cation leading to a stable neutral O"-adduct. Since 
the heteroaromatic 2-phenylbenzopyrylium cation bears a full positive 
charge, however, the pyrylium nucleus is probably more electron
deficient than the benzene nucleus in 2,4,6-trinitrobenzene derivatives. 
Consequently, a given O"-adduct should be more stable for ftavylium com
pounds than for 2,4,6-trinitrobenzene derivatives (Brouillard and EI Hage 
Chahine, 1980b). 

It is well known that the color of an anthocyanin solution is affected by 
the structure of the pigment. The relationships between the position of the 
absorption maximum in the visible spectrum and the structure have been 
extensively discussed only when the pigment is in the ftavylium form 
(Harborne, 1957, 1967; Timberlake and Bridle, 1975; Swain, 1976; Asen, 
1976). In the plant itself, however, due to the slightly acidic conditions, 
anthocyanins appear more frequently as quinonoidal bases than as 
ftavylium salts. In order to explain the pigmentation of such media, the 
mechanisms whereby the quinonoidal bases are generated and stabilized 
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are of great importance. These problems, among others, are discussed in 
the next sections. 

III. STRUCTURAL TRANSFORMATIONS 
IN WATER 

Structural modifications of anthocyanins in water are due to the high 
reactivity of the aglycone moiety. Sugars, acylated sugars, and methoxyl 
groups have a marked effect upon the reactions inducing these modifica
tions but, in general, do not themselves react. It is well established that, 
under conditions as similar as possible to natural conditions (room tem
perature and slightly acidic aqueous medium), ordinary anthocyanins are 
rapidly and almost completely converted into colorless forms. Exceptions 
have now been found for some pigments acylated with caffeic or ferulic 
acid, which retain a stable color near neutrality (Yoshitama, 1978). 

It has recently been demonstrated by means of kinetic, thermodynamic 
and spectroscopic techniques that, at 25"C in acidic aqueous solutions, 
four anthocyanin species exist in equilibrium-namely, the quinonoidal 
base A, the flavylium cation AH+, the pseudobase or carbinol B, and the 
chalcone C (Fig. 4). Interconversion between these four structures takes 
place according to Scheme 1 (Brouillard and Delaporte, 1977). K~, Kit and 

k 
AH+ ~ A + H+ Acid-base equilibrium (1) 

L. 
k 

AH+ + H20 ....:.. B + H+ Hydration equilibrium (2) 
Lh 

B .::- C Ring-chain tautomeric equilibrium (3) 
LT 

Scheme 1 

KT are the equilibrium constants for the acid-base, hydration, and ring
chain tautomeric equilibria, respectively. K ~ = ([A]/[AH+ DaH+, Kit = 
([B]/[AH+])aH+, and KT = [C]/[B). The concentration of species X is 
henceforth referred to as [X). Concentrations refer to equilibrium con
centrations, and aH+ is the activity of the hydronium ion (pH = -log aH+ ). 

The concentrations of AH+, A, B, and C can be easily expressed as a 
function of the equilibrium constants K ~, Kit, and K T, the acidity of the 
medium aH+, and the overall pigment concentration Co, as shown by 
Eqs. (6-9). 

Co = [AH+] + [A] + [B] + [C) 

Co = [AH+] K~ + Kit + KhKT + aH+ 
a H + 

(4) 

(5) 
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R' R' pOH (x0H 

O¢: .' H0'Olyi .' 
:::,.. OR' "OR' 

OR" OR" 

A AH+ 

R' R' 
OH yX0H 

HO 
HO 0 

R2 HOWOR' .' 
ORN ORn 

8 C 
Fig. 4. The four anthocyanin structures present in aqueous acidic solutions at room 

temperature. R' and R2 are usually H, OH, or Oella. R' is glycosyl and R" is H or glycosyl. 

Thus, 

[AH+] = (aH+/8)Co 
[A] = (K~/8)C 0 

[B] = (K;'J8)C 0 

[C] = (KhKT/8)Co 

where 8 = K~ + Kh + KhKT + aH+' 

(6) 
(7) 
(8) 
(9) 

Knowing K~, K h, K T, and the acidity, one can calculate the relative 
amounts [X]/C 0 (where X is AH+, A, B, or C) for a particular anthocyanin 
at a given temperature. A general method (experimental and theoretical) 
for measuring these three fundamental equilibrium constants that only 
requires a UV-visible spectrophotometer fitted with a reference cell and a 
thermostated sample cell with a magnetic stirring device was recently 
reported (Brouillardet al., 1978). Changes in the acidity are brought about 
by injecting microquantities of more or less concentrated acidic or basic 
solutions into the sample cell, where the pH is measured directly by using 
a combined microelectrode. The resulting absorbance changes at the ab
sorption maximum of the fiavylium form are recorded both as a function 
of time and of the final medium acidity. Estimating K~, K h, and KT from 
the experimental curves, however, requires some experience ofthe chem
ical relaxation method. Using the same technique, it is also possible to 
obtain the absorption spectrum of each of the four entities AH+, A, B, and 
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C, even when one of these species is a minor component. The absorption 
spectrum of the chalcone form of malvidin 3-glucoside has been measured 
in this way, despite its quite negligible contribution to the overall spec
trum (Brouillard et aI., 1979). Relative amounts ([X]IC 0) at 25°C of AH+, 
A, B, and C are expressed as a function of the pH in the following cases: 
malvidin 3-glucoside (Fig. 5), 4' ,7-dihydroxyftavylium (Fig. 6), and 4'
methoxy-4-methyl-7-hydroxyftavylium (Fig. 7) chlorides. For malvidin 
3-glucoside, a typical natural anthocyanin, the pigment occurs under 
acidic conditions (pH 0-6) as an equilibrium mixture of the ftavylium ca
tion and the carbinol. At low pH, the ftavylium structure dominates the 
carbinol, whereas, toward neutrality, the opposite is true. Since the only 
two species absorbing visible light are AH+ and A, the degree of coloring 
of a solution at a given pH is readily obtained by determining their concen
trations at this pH. It is clear that malvidin 3-glucoside itself does not 
confer much color to a solution in which the pH ranges from 4 to 6. This 
last observation is also true for 4' ,7-dihydroxyftavylium chloride. In this 
case, however, the pale color near neutrality is not due to a high concen
tration of the colorless carbinol, but rather to a high chalcone content, as 
indicated by an extraordinarily high value (20.6) of the tautomeric ring
chain equilibrium constant K T (R. Brouillard and G. A. Iacobucci, unpub
lished results). The last of these three examples (Fig. 7) is characteristic of 

0.501----------

+C~OH 
HO'()"Oyu-'- OCH3 

______ ~ ~ ~O-glucosyl 

X=c X= A 
\ 

5 

pH 
Fig. 5. Equilibrium distribution at 2SoC of AH+, A, B, and C for malvidin 3-glucoside as 

a function of pH. [From Brouillard and Delaporte (1978a), by permission of Elsevier.] 
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O.50t-----------

4=~=:::::~2--~~~:rt,::~~~~j:~~~5~::~~~~ 
P!KhKT) h>Kh 

pK~ pH 
Fig. 6. Equilibrium distribution in the dark at 25°C of AH+, A, B, and C for 4' ,7-

dihydroxyftavylium chloride as a function of pH (R. Brouillard and O. A. Iacobucci, unpub
lished results). 

a pigment in which the quinonoidal structure is strongly stabilized. The 
presence of a C-4 substituent such as the methyl group is probably the 
cause of this exceptional color stability (Timberlake and Bridle, 1968; 
Somers, 1971). A pigment of this type gives rise to solutions that are 
colored, regardless of pH. 

Using the van't Hoff equation, Brouillard and Delaporte (1977) were 
able to measure the enthalpy and entropy changes associated with the 
three equilibria of Scheme 1 in the case of malvidin 3-glucoside. These 
results, together with the values of K~, Kt" and K T are given in Table I. 
The reactions A -+ AH+, AH+ -+ B, and B -+ C are all endothermic; 
thus, any temperature rise will strongly favor the ring-opened chalcone C 
at the expense of A, AH+ and B. Therefore, the chalcone content will be 
higher at elevated temperatures (60 to 1OO"C) than at room temperature, 
and it is not surprising that its existence was postulated in studies of 
anthocyanin thermal decomposition products many years before it could 
really be detected at room temperature (Markakis et aI., 1957; Adams, 
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1------ ----____ =-----------------------------------
[XJ 

X=A 
Co 
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o .. .. 
2 3 4 

'K' P a pH 
Fig. 7. Equilibrium distribution in the dark at 25°C of AH+, A, B, and C for 4'

methoxy-4-methyl-7-hydroxyftavylium chloride (R. Brouillard and G. A. Iacobucci, unpub
lished results). 

TABLE I Thermodynamic Constants Associated with the Structural 
Transformations of Malvidin 3-Glucoside in a 0.2 M Ionic Strength Aqueous 
Medium at 2SCa 

K~ = 5.7(±l) x 10-'M 
[pK~ = 4.25(±0.l)) 
tJ.H~ = - 3(±2)b 

K~ = 2.5(±0.l) x 10-3M 
[pK~ = 2.60(±O.02)) 
tJ.Hg = 4.7(±0.2)b 
tJ.sg = 4(±O.7)C 

K T = 0.12(±0.Ol) 

tJ.H~ = 3.7(±O.2)b 
tJ.S¥ = 8.5(± tr 

a Reprinted with permission from Brouillard and Delaporte J. Am. Chern. Soc. 
99,8461, 1977. Copyright 1977, American Chemical Society. 

b kcal mol-I. 
C cal deg-I mol-I. 
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1973). Of course, lowering the temperature has the opposite effect and 
strongly favors the quinonoidal base A. The temperature drop (e.g., from 
25 to 5°C) can never be great enough to significantly stabilize A, however, 
since its equilibrium concentration at 25°C is very small for most common 
anthocyanins. The positive values of the entropy changes measured for 
the transformations AH+ - Band B - C are in good agreement with the 
increase of the degrees of freedom of the aglycone moiety; for AH+, the 
carbon at position 2 is Sp2 and the aglycone carbon skeleton is probably 
planar. For the pseudobase B, C-2 is Sp3, and the aglycone skeleton is now 
characterized by a phenyl ring (B-ring) obviously outside the plane of the 
benzopyranol system. From B to C, the rigid heterocyclic ring is de
stroyed, and additional motions of the aglycone carbon skeleton are now 
possible. 

A. Acid-Base Equilibria and 
Prototroplc Tautomerlsms 

In slightly acidic solutions (pH 4-6), deprotonation ofthe hydroxylated 
ftavylium cation occurs (Reaction 1, Scheme 1). A detailed investigation 
of this system is presented here. There are usually two or even three 
hydroxyl groups at C-4', C-5 and C-7, where a proton loss can occur. 
Thus, Reaction 1, which describes a single proton transfer process, is 
valid only when there is one free hydroxyl and must be replaced by a 
much more complicated system when there are three ionizable hydroxyls, 
as in Scheme 2. The three prototropic tautomers All, AT, and A 4• are 
formed by proton loss from the hydroxyls at positions 5, 7, and 4' , respec
tively. Previously, it was suggested that a base attacks preferentially at 
the C-7 hydroxyl (Aroraet a/., 1962; Jurd and Geissman, 1963; Brouillard 
and Dubois, 1977). Now, however, on the basis of the recently measured 
acidity constants (Table II) of differently hydroxylated ftavylium salts, a 
complete study of this tautomerism is possible and is given here. As, AT 
and A., are formed in reactions characterized by the acidity constants K~s, 
K~T' and K~4" respectively. These constants are defined as 

K~II = ([As]/[AH+])aH+ 
K~T = ([AT]/[AH+])a H+ 
K~4' = ([A".]/[AH+])aH+ 

where [AsJ, [AT], [A".], and [AH+] are the equilibrium concentrations of 
All, AT, A"" and AH+, respectively, and aH+ is the activity of the hy
dronium ion (pH = -log a H+). All three reactions have diffusion-controlled 
rates, and they consequently equilibrate at very similar and extremely fast 
rates (Eigen, 1964). Since it is not possible to distinguish them kinetically, 



I. Chemical Structure of Anthocyanins 

Ho¢?OH 
I I 

..... OR 

0 

-H+ 

/' H 
~OH o\XX?OH H~I -H+ 

1\ .... ~ 

..... "" ..... I OR 
-.--

OR 
OH OH 

-H+ 

H AH+ ~ 

~ 
HO 0 

Ib 
OR 

OH 

Scheme 2 

TABLE II Overall Acidity Constants for the Deprotonation Reactions of the 
F1avylium Form of Some Anthocyanins and Related Compounds in Water 

Compound 

Malvin chloride 
Malvidin 3-g1ucoside chloride 
Caffeoylferuloyl cyanidin 3,7,3'-

triglucoside chloride 
4' ,7-Dihydroxyflavylium chloride 
4' -Methoxy-4-methyl-7-hydroxy

flavylium chloride 
Apigeninidin chloride 
4'-Methoxy-4-methyl-5,7-

dihydroxyflavylium chloride 

K~(M) 

K~., + K~7 = 10-' 
K~., + K~. + K~7 = 7.9 x 10-' 
K~., + K~5 = 3.1 X 10-4 

K~., +- K~7 = 5.0 x 10-· 
K~7 = 1.4 X 10-5 

K~., + K~. + K~7 = 6.3 X 10-5 

K~. + K~7 = 5.0 x 10-5 

A5 

A7 

AJ.' 

pK~ 

4.00a 
4. lOa 
3.5ot' 

4.30< 
4.85< 

4.20< 
4.30< 

• at 6SC and 0.2 M ionic strength. Reprinted with permission from Brouillard and 
Delaporte J. Am. Chern. Soc. 99, 8461, 1977. Copyright 1977, American Chemical 
Society. 

b at 25°C and ionic strength lower than 10-3 M, from Brouillard (1981). by permis
sion of Pergamon Press. 

< at 25°C and ionic strength lower than 10-3 M (R. Brouillard and G. A. Iacobucci. 
unpublished work). 

13 
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any procedure for determining the ftavylium cation concentration will give 
only the overall equilibrium constant K~. K~ is related to the individual 
equilibrium constants K~lh K~7' and K~4' by Eq. (10). If, however, one or 
two of the hydroxyl groups are methylated or glycosylated, as is fre
quently the case, the expression for K~ will be reduced to K~5 + K~4' (no 

free C-7 hydroxyl) or to K~4' (only one free hydroxyl at C-4'), for instance. 
The values of K~ for some anthocyanins and some synthetic ftavylium salts 
with different hydroxylation, methoxylation and glycosylation patterns are 
given in Table II. With the exception of two compounds (caffeoylferuloyl 
cyanidin 3,7,3' -triglucoside and 4' -methoxy-4-methyl-7-hydroxyftavylium 
cation), the values of K~ range from 5 x 10-5 (pK~ = 4.30) to 1O-4M 
(pK~ = 4.0), irrespective of the number and positions of the hydroxyl, 
methoxyl, and glycosyl groups. This result clearly indicates that the 
elementary acidity constants are of the same order of magnitude and that 
Scheme 2 correctly describes the structural transformations undergone by 
anthocyanins immediately after dissolution in slightly acidic water. The 
relatively low value of K~ for the 4'-methoxy-4-methyl-7-
hydroxyftavylium cation probably indicate.s that K~7 is slightly smaller 
than K~5 or K~4" Structural modifications, however, by virtue of electronic 
and steric effects, as well as solvent and salt effects, may be important 
enough to cause significant changes in the values of the elementary 
equilibrium constants from one compound to another. The relative 
amounts of the tautomers As, A 7 , and A4, do not depend on the pH, as 
shown by Eqs. (11-13). 

[A7]/[A5] = K~7IK~5 
[A7]/[A4,] = K~7IK~4' 

[A5]/[A4,] = K~5IK~4' 

(11) 
(12) 
(13) 

If, for instance, K~4' > K~s > K~7' one obtains [A4,] > [All] > [A7]' The 
greater the equilibrium constant, the larger the amount of the correspond
ing tautomer. In the case in which K~7 is 10-5 M and K~4' is 10-4 M, the 
ratio [A 4,]/[A7] equals 10. To our knowledge, no direct evidence for the 
simultaneous existence of two or three of the above tautomeric structures 
has been reported. (Throughout the remaining text, the symbol A denotes 
the entire set of neutral tautomers). 

Interconversion from one tautomer to another does not necessarily 
occur via the ftavylium structure. "Nondissociative" proton transfer 
mechanisms have been detected in a few cases. They proceed mainly via 
auto associated substrate species forming a bridge between the proton-
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donor and proton-acceptor sites (Bensaude et al., 1978). In dilute aqueous 
solutions of anthocyanins, however, this pathway [Eq. (14)] is highly im
probable. Another direct interconversion pathway could be achieved by 
participation of two or more molecules of the solvent (Grunwald and 
Eustace, 1975), as in Eq. (15). This direct interconversion, bifunctionally 
catalyzed by the solvent, is demonstrated by failure of acid and base 
catalysis by water to account for the constant term in the rate law (Ben
saude et al .. 1977). The structural requirements are very stringent, and the 
relative positioning of the atoms between which the proton is transferred 
appears to markedly influence the contribution of this mechanism. A 
major point should, however, be stressed: Among the numerous 
tautomeric systems investigated, this mechanism rarely occurs (Dubois 
and Dreyfus, 1978), and, even in the cases where it does, its efficiency is 
very low in comparison to that of the ultrafast proton transfer taking place 
in diffusion-controlled intermolecular reactions (Bensaude et al., 1979) . 

.. H/0~00 ..... 0~00 
.' yv H" lyV 

o· .0 ~0A/ 0 (14) 
~) /H/ I"" .... H/ 
00~0 0"'" 0" 

(15) 

In neutral or slightly alkaline solutions, when more than one hydroxyl 
group is present, a second deprotonation occurs and leads to the forma
tion of a negatively charged species. Sperling et al. (1966) have measured 
a pK value of 7.5 for this acid-base reaction in the case of 4' ,7-
dihydroxyftavylium perchlorate [Eq. (16)]. For natural anthocyanins, 

(16) 

it can be deduced from visual and spectral observations that the same 
value applies. When two hydroxyl groups are still present in the neutral 
tautomers, however, as is the case for the 3-monosides, the situation is 
more highly complex and can be fully represented by Scheme 3. There are 
three negatively charged prototropic tautomers, ATII, AT4', and AM" and 
six acidity constants, K~75 = ([AT5]/[A7])aH+, K~7'" = ([AT4']/[A7])aH+, 
K~1I7 = ([AT5]/[A5])aH+,K~1I4' = ([Aw]/[AII])aH+,K~4'5 = ([Aw]/[A ... ])aH+and 
K~"'7 = ([A74.]/[A4·])a H+' At present, the values of these six elementary 



16 Raymond Brouillard 

,0 

~ -=7 

Scheme 3 

constants are unknown. The existence of one or more of the three neutral 
tautomers and of one or more of the three negatively charged tautomers is 
shown by the large bathochromic shift that occurs in the visible spectrum 
of a natural anthocyanin when the pH increases from 2 to 10 (Fig. 8). It is 
noteworthy that both the neutral tautomers and the negatively charged 
tautomers form in the acidity range corresponding to the acidity of the cell 
vacuole. All these species are highly conjugated systems strongly absorb
ing visible light and strongly coloring the medium in which they occur. A 
recent survey of many flowers has shown that the acidity of their cell 
vacuoles ranges from 2.5 to 7.5 (Stewart et al., 1975). For the most acidic 
cells, pigmentation is probably due to the flavylium form alone. In the 3-4 
range, both the flavylium cation and the neutral tautomers contribute to 
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Fig. 8. Absorption spectra in the visible range ofmalvin chloride at pH 2, 6, and 10. The 
spectra were recorded at 25°C immediately after dissolution of the pigment. 

the color. In the 4-6 range, the neutral tautomers dominate, and at neu
trality the negatively charged species is as stable as A. This demonstrates 
that pH is one of the most important factors in the phenomenon of flower 
and fruit pigmentation due to anthocyanins. There are, however, other 
important factors (cf. Section IV). 

When three hydroxyl groups are present at C-4', C-5, and C-7 in the 
flavylium form, and when the medium is sufficiently alkaline, a single 
dianion N- might be formed by loss of a third proton (Scheme 4). Obser
vation of this final deprotonation is obscured by the fact that for the most 
alkaline media, the pigment is quickly converted to what is probably the 
ionized chalcone (Jurd and Geissman, 1963). The 12 proton transfer 
equilibria of an anthocyanin possessing 3 hydroxyl groups, as in the case 
of the 3-monosides, are represented in Scheme 5. For the sake of clarity, 
they are represented by a cube in which each summit is occupied by an 
anthocyanin chromophore, and each edge indicates an acid-base equilib
rium. When there are only two free hydroxyls in the flavylium form, there 
are only two neutral tautomers and one negatively charged species. For 
instance, for the common 3,5-dimonosides, Scheme 5 reduces to the sim
pler Scheme 6. With the exception of AH+ and A 2-, all these structures of 
the anthocyanin aglycone are present in slightly acidic or neutral aqueous 
solutions. This indicates that the flavylium form of anthocyanins can give 
rise to seven different structures of the aglycone in the case of 
3-monosides and to three different structures of the aglycone in the case of 
3,5- and 3,7-dimonosides. Unfortunately, for ordinary anthocyanins in 
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aqueous media, these structures are unstable and, depending on the acid
ity, disappear more or less rapidly until the solution is almost colorless 
(Fig. 9). The main factor in the fading process is the great reactivity of the 
ftavylium cation toward nucleophilic reagents, including the water mole
cule and the hydroxyl ion. This problem is discussed in the next sub
section. 
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Fig. 9. Absorbance changes recorded after complete dissolution (I = 0) of malvin 

chloride at (A) pH 6 and (B) pH 10 at 25°C. 

B. Covalent Hydration of the Pyrylium Nucleus 

This is a reversible pH-dependent reaction [Eq. (2)] for which the 
equilibrium constant K" = ([B]/[AH+])aH+ was first measured by Sond
heimer (1953) in the case of pelargonidin 3-monoglucoside. Covalent 
addition of water takes place at C-2. The mechanism associated with this 
reaction is probably a concerted process where the proton transfer and the 
C-O bond breaking (or making) occur at the same time, as in Eq. (17) 
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(Brouillard and Dubois, 1977). It could also be a process whereby an inter
mediate BH+ forms after the nucleophilic addition of water [Eq. (18)]. 
This protonated species would be highly unstable in the pH range usually 
investigated, and would yield the carbinol by transfer of a proton to the 
solvent molecule (Brouillard and Dubois, 1977). At present, however, 
there is no evidence for the existence of BH+. For natural anthocyanins, 
this reaction is responsible for the loss of color when the solution is 
slightly acidic. Since the conjugation between the A-ring and the B-ring is 
suppressed in the carbinol, visible light is not absorbed. As a general rule, 
nucleophilic addition to anthocyanins leads to fading. 

=ltIT-dHH
' 

Transition 8 
state 

H .... O .... H - \ + 

ti~ 

B 

(17) 

(18) 

Work in this laboratory (Brouillard and Delaporte, 1977) has shown that 
the rate of equilibration of hydration is about 106 times lower than that of 
the acid-base reactions giving rise to the prototropic tautomers. This 
result implies that, whatever the pH, the prototropic tautomers are always 
the first to form or to disappear in pH-jump experiments. Moreover, in 
order to understand the extraordinary reactivity of anthocyanins with 
water, it is necessary to compare the values of K;' with those of K~. For 
the commonest anthocyanins (3,5-dimonosides and 3-monosides), K;' is 
-10-2_10-3 M at 25°C (Timberlake and Bridle, 1967; Brouillard et al., 
1978), and is much greater than K~ (cf. Table 11). It is easy to demonstrate 
that, at equilibrium, the ratio of the concentration of B to that of A is 
simply K;'/K~ and is independent of the acidity ofthe medium. For malvi
din 3-glucoside, this ratio is 43 at 25°C. The carbinol is, therefore, 43 times 
more abundant than the quinonoidal structures A •. , As, and A7• Its forma
tion is under thermodynamic control. Very recently, however, (R. Brouil
lard and G. A. Iacobucci, unpublished work), K;' values considerably 



I. Chemical Structure of Anthocyanins 21 

lower than K~ were found for a series of synthetic ftavylium salts and for a 
natural acylated anthocyanin. For instance, in the case of 4' -methoxy-4-
methyl-7-hydroxyftavylium chloride, pK" = -log K" is 6.05 at 25"C, and 
pK~ = -log K~ is 4.85 at the same temperature (Table 11). For caffeoyl
feruloyl cyanidin 3 ,7,3'-triglucoside , Kh is so low in comparison toK~ that 
the carbinol could not be detected, and K" is, therefore, lower than 10-5 M 
(Brouillard, 1981). Compounds of this type give rise to solutions which are 
colored regardless of the pH. 

It has been reported that addition should occur at both C-2 and C-4, 
since the partial positive charges borne by these atoms are almost the 
same (Bendzet al., 1967; Martensson and Warren, 1970; C. F. Timberlake, 
personal communication). In the case of malvin, cyanin and malvidin 
3-glucoside, studies in this laboratory led to the conclusion that the 
4-adduct is not formed. This conclusion is based on two facts: (a) no 
relaxation signal corresponding to the 4-adduct is detected, and (b) the 
excellent agreement between the theoretical and experimental amplitudes 
shows that the sum of the concentrations of the four structures AH+, A, 
B, and C is equal to the analytical weighed-in concentration (Brouillard et 
al., 1978). For anthocyanins, C-2 is always substituted by a phenyl group 
(B-ring), and C-4 is always unsubstituted. It is highly probable that forma
tion of the 2-adduct and formation of the 4-adduct occur at different rates 
and to different extents. This reasoning is based on kinetic and ther
modynamic studies concerning the competitive formation of <T-adducts 
when two differently substituted addition sites exist (Crampton, 1969; 
Strauss, 1970). On the basis of the very recent work of McClelland and 
Gedge (1980) concerning ftavylium salts devoid of hydroxyl groups, and 
earlier results from this laboratory (Brouillard and Dubois, 1977; Brouil
lard and Delaporte, 1977; Brouillard et al., 1978), our failure to observe 
the 4-adduct for anthocyanins and for ftavylium salts possessing ionizable 
hydroxyl groups can be explained as follows: For ftavylium perchlorate 
and its 4' -methyl and 4' -methoxy derivatives, McClelland and Gedge 
(1980) observed that formation ofthe 4-adduct was under kinetic control 
and occurred only at high pH, whereas that of the 2-adduct was under 
thermodynamic control and occurred at much lower pH. The hydration 
constants related to the formation of these two <T-adducts are given in 
Table III. pKt (stability constant of the 4-adduct) is much larger than pKt 
(stability constant of the 2-adduct). In fact, for anthocyanins and for 
ftavylium salts possessing at least one hydroxyl at the 5, 7, or 4' position, 
after a suitable pHjump, the quinonoidal bases A are always formed first. 
Since the formation of the quinonoidal bases A takes place at pH values as 
low as 4, if pKt is larger than this value and is also larger than pKt, only 
undetectably small amounts of the 4-adduct will be formed. If pKt is a 
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TABLE III Equilibrium Constants for Nucleophilic 
Addition of Water to some Nonhydroxylated Flavylium 
Salts at 25°C and 0.1 M Ionic Strength" 

Compound pK~b pK~c 

Flavylium perchlorate 3.01 4.93 
4'-Methyltlavylium perchlorate 3.65 5.54 
4'-Methoxytlavylium perchlorate 4.47 6.46 

a Reprinted with permission from McClelland and 
Gedge 1. Am. Chern. Soc. 102, 5838, 1980. Copyright 
1980, American Chemical Society. 

b K~ = ([2-adduct][H+])/[AH+J = K:,1'YH+, where 'YH+ is 
the activity coefficient of the hydronium ion. 

c K~ = ([4-adduct][W))/[AWJ. 

little smaller than pK~, however, small amounts of the 4-adduct can be 
formed. Due to unfavorable kinetic and thermodynamic conditions, there 
will never be large amounts of the 4-adduct in natural anthocyanins 
(Scheme 7). For nonhydroxylated cations, which are not natural pigments, 
observation of the 4-adduct as the kinetic product could be achieved by a 
suitable pH jump. 

Water 4-adduct (neither kinetic nor 

j r 
thermodynamic product) 

hydnitiOll at C-4 

~_~AH,_ 

Water 2-adduct Prototropic tautomeric 
(thermodynamic product) structures (kinetic 

product) 

Scheme 7 

The hydroxyl, hydrogen sulfite, and sulfite ions provide further exam
ples of nucleophilic addition to the flavylium cation (Brouillard and EI 
Hage Chahine, 1980a). Addition of the hydroxyl ion is achieved by placing 
the flavylium cation in an alkaline medium. When a free ionizable hy
droxyl group is present, however, a proton is first abstracted from this 
hydroxyl, and the addition of OH- to the pyrylium ring takes place at a 
later stage. An exhaustive list of nucleophiles adding to the flavylium ion 
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has been given by Bendz et al. (1967). In some cases, the existence of 
4-adducts has been postulated (Jurd, 1972b). 

c. Ring-Chain Tautomerism 

For a time, it was thought that natural anthocyanins do not form chal
cones (Jurd, 1964, 1972a). Brouillard and Delaporte (1977), however, de
tected small quantities of a chalcone form of a natural anthocyanin by 
increasing the temperature of an aqueous solution of malvidin 3-glucoside 
at pH 4 (Fig. 10). A temperature rise of about 30°C, starting from room 
temperature, produces a significant increase of the absorbance in the vi-
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Fig. 10. Absorbance changes with temperature of a malvidin 3-glucoside solution at pH 4 
in the neighborhood of the absorption maximum ofthe chalcone form. T = 54 (a); 40.5 (b); 
and 25°C (c). [Reprinted with permission from Brouillard and DelaporteJ. Am. Chern. Soc. 
99,8461, 1977. Copyright 1977, American Chemical Society.] 
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cinity of the absorption maximum of chalcones (350 nm). Such an increase 
is indicative of the existence of a ring-chain prototropic tautomerism 
between the cyclic carbinol B and the ring-opened chalcone C [Eq. (19)]. 
This transformation is base-catalyzed and is very similar to the base
catalyzed keto-enol tautomerism of {3-dicarbonyl compounds (Brouillard 
and Dubois, 1974). In acidic media, the ionized forms B- and C- are 
unstable and cannot be detected; the rate of interconversion of the two 
neutral tautomers Band C is, therefore, slow. In slightly alkaline media, 
B - and C- are formed rapidly. In the absence of a 3-substituent, the equilib
rium between Band C almost completely shifts toward the open form 
(Jurd, 1963). In the presence of a 3-substituent, the cyclic form is favored. 
This result is in good agreement with substituent effects observed for the 
ring-chain tautomerism in general (Escale and Verducci, 1974). The ring
closure reaction C - B is probably an important step in the biosynthesis 
of anthocyanins. The aglycone is probably first formed as a chalcone 
structure. Introduction of a glycosyl at C-3 is essential for a good yield of 
carbinol B. Under appropriate conditiops, the carbinol just formed is rap
idly and quantitatively converted into the colored ftavylium species. It is 
noteworthy that, with the exception of the rare 3-deoxyanthocyanins, all 
natural anthocyanins have low chalcone contents due to the presence of 
the 3-glycosidic residue. For ftavylium salts devoid of a substituent at C-3, 
detection of the carbinol is difficult, especially when acidic hydroxyl 
groups are present. 

(19) 

B c 
For some synthetic ftavylium salts, it has been demonstrated that the 

position of the carbinol-chalcone equilibrium is light-dependent (Timber
lake and Bridle, 1965) and that the chalcone is mainly in the trans form 
(Jurd, 1972a). Conversion of the trans- to the cis-chalcone is the rate
limiting step for the cyclization process and occurs faster in light than in 
darkness. For 4' ,5,7-trimethoxyftavylium perchlorate and 3' -methoxy-
4' ,7-dihydroxyftavylium perchlorate, the equilibrium between the 
ftavylium ion and the trans-chalcone in the dark requires a few hours at 
room temperature (Jurd, 1969, 1972a). McClelland and Gedge (1980) pos
tulated that, at all pH values, except perhaps in the most acidic solutions 
(i.e., pH = 1), the trans-chalcone is the only stable structure for the 
ftavylium cation itself and for its 4' -methyl and 4' -methoxy derivatives. As 
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demonstrated by Jurd (1969), however, acidification of a solution of the 
trans-chalcone ofthese salts in the dark to about pH 1 does not regenerate 
the cationic form. In order to explain this result, McClelland and Gedge 
(1980) suggest that, in the dark, the apparent acidity constant for the 
flavylium-trans-chalcone equilibrium much favors the neutral species, 
even at pH 1, or that the half-life for cation recovery in the dark at room 
temperature is more than two years. In the latter case, it would be in
teresting to carry out the same experiment in the light, since it is well 
known (Timberlake and Bridle, 1965) that light favors the cyclization 
process by decreasing the value of the apparent acidity constant for the 
flavylium-trans-chalcone equilibrium. It was found that the chalcone con
tent of natural anthocyanins increases markedly with the temperature due 
to a high endothermicity of the pyrylium ring-opening reaction (Brouillard 
and Delaporte, 1978b). A large part of the so-called thermal decomposi
tion of anthocyanins could be attributed to the increase of the concentra
tion of the chalcone with the temperature. Very recently, the chalcones of 
malvidin 3-glucoside and malvidin 3,S-diglucoside have been quantita
tively prepared by high-performance liquid chromatography (Preston and 
Timberlake, 1981). 

D. Self-Association 

Asen et al. (1972) observed that, for cyanin at pH 3.16, an increase of 
the overall pigment concentration from 10-4 to 10-2 M produces a 300-fold 
increase ofthe absorbance at the absorption maximum in the visible spec
trum. The same result has been reported by Timberlake (1980) for malvi
din 3-glucoside at pH 3.5. Using Eqs. (6-7), it is possible to show that, for 
a given pH, the absorbance D should be directly proportional to the pig
ment concentration Co if Scheme 1 applies (Eq. 20). EAH+ and EA are the 
molecular extinction coefficients of the cationic form and the quinonoidal 

(20) 

base A at the absorption maximum in the visible spectrum, respectively. 
Consequently, for sufficiently high concentrations, a process not depicted 
in Scheme 1 must be occurring. This deviation from Beer's law has been 
attributed to self-association of the pigment, but details of the bonding are 
unknown (Asen et al., 1972). In the pH range investigated, cyanin and 
oenin are mainly in the carbinol form, but there are small quantities of the 
cationic and chalcone forms, as well as of the quinonoidal base. There
fore, one or more of these four species could be involved in the process 
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leading to the anomalous absorbance increase. In contrast, for cyanin in a 
phosphate buffer (pH 7.0), Hoshino et al. (1980) reported a large increase 
of the circular dichroism at the absorption maximum in the visible spec
trum when the solution was kept for an hour after dissolution of the 
pigment. They ascribed this increase to cyanin self-association and found 
the mechanism to be analogous to the stacking interactions between adja
cent bases in nucleic acids. Nevertheless, due to an unfavorable competi
tion with the hydration reaction leading to the colorless carbinol-chalcone 
system, a decrease of the absorbance at the absorption maximum in the 
visible spectrum was observed. This self-association phenomenon should 
be different from that observed by Asen et al. (1972), however, since the 
anthocyanin structures present at pH 7 are completely different from 
those in the 3-4 pH range. 

IV. COLOR STABILIZATION EFFECTS 

It is well known that the color of anthocyanin solutions depends on 
several factors such as concentration, solvent, temperature, pH, structure 
of the pigment, presence of substances known to react reversibly or ir
reversibly with anthocyanins, etc. For instance, sulfur dioxide and ascor
bic acid in the presence of oxygen have a bleaching effect. In contrast, 
quercitrin and rutin enhance the color. As shown by Asen et al. (1972), 
this color enhancement is directly related to an improved stability of the 
quinonoidal structures. Metallic ions such as AP+ and Fe3+ form deeply 
colored coordination complexes with anthocyanins possessing an 
o-dihydroxyl group in their B-ring. In this section, the discussion is re
stricted to the influences of the acidity of the medium, the structure of the 
pigment, and the presence of compounds called copigments in acidic 
aqueous solutions. The color stabilizing effect produced by some metallic 
ions will not be considered here, since it is unlikely that such an effect 
occurs commonly in nature (Asen, 1976). 

A. pH Effects 

Placing an anthocyanin in aqueous solutions with pH values ranging 
from 1 to 14 results in the production of all the colors of the rainbow. On 
the basis of such visual observations, it is clear that a great number of 
elementary reactions must be involved in the appearance as well as in the 
disappearance of so many colored states. What is also easily appreciated 
is that the three species of water, i.e., H+, OH-, and H20, are highly 
reactive toward these pigments. Much of this has already been discussed 
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(cf. Section III). Aside from purely covalent interactions, there is no 
doubt that water plays an important role as a solvent by influencing the 
stability and the reactivity, as well as the spectral properties, of the nu
merous and varied structures anthocyanins adopt in water. It must first be 
recognized that, at room temperature, anthocyanin coloring is really sta
ble only in acidic media. In alkaline media, cleavage of the pyrylium ring 
takes place more or less rapidly. This is seen in acidification experiments 
when the final pH is -1; acidic solutions always quantitatively regenerate 
the flavylium cation, even when they are long-standing solutions. On the 
other hand, only freshly prepared alkaline solutions quantitatively regen
erate the flavylium structure on acidification. Such a result is of practical 
importance, as it indicates that during food-color processing involving 
anthocyanins, alkaline conditions should be avoided. The high stability of 
natural anthocyanins in acidic aqueous solutions at room temperature 
agrees well with the observation that the plant cell sap is always slightly 
acidic. When starting from the flavylium salt, many of the colored states 
of anthocyanins are formed under kinetic control and rearrange into more 
stable structures, which sometimes result in destruction of the pigment. In 
water, for ordinary anthocyanins, the only stable colored species is the 
flavylium ion, which is generally obtained for pH values lower than 3. For 
pH values ranging from 5 to 12, intensively colored solutions are produced 
immediately after dissolution of the flavylium salt. The quinonoidal struc
tures, A, A -, and perhaps A2-, are responsible for these strong initial 
colors. In acidic media, the quinonoidal structures evolve, at a pH
dependent rate, to the colorless neutral carbinol. In alkaline media, fol
lowing the disappearance of the blue color, a pale yellow, corresponding 
to the ionized chalcone, develops. This last species is not stable, and the 
yellow color in tum disappears more or less rapidly, depending on the pH. 
After this last stage is over, regeneration of the flavylium cation by simple 
acidification to pH 1 is no longer possible. In the case of malvin chloride, 
an interesting feature of freshly prepared alkaline solutions is that two 
absorption bands are observed after acidification. The band with a Amax 

near 350 nm corresponds to the neutral chalcone, and the band with a Amax 

near 520 nm corresponds to the flavylium cation. At room temperature, 
over a period of a few hours, the 350-nm band vanishes completely, while 
the visible band increases (R. Brouillard and B. Delaporte, unpublished 
results). 

When a colorless solution of pH 4-6 is quickly acidified to pH 1-2, the 
color of the cationic form appears immediately. The structural modifica
tions in acidic solutions were satisfactorily interpreted in terms of the 
equilibrium constants and rate constants associated with Scheme 1 
(Brouillard and Delaporte, 1977). The ratios of the equilibrium concentra-
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tion of AH+ to the equilibrium concentrations of A, B, and C are given by 
Eqs. (21-23), respectively. Though there is no reaction forming C directly 

[AH+]/[A] = aH+IK~ 

[AH+]/[B] = aH+IKh 
[AH+]/[C] = aH+IK~ where K~ = KhKT 

(21) 
(22) 
(23) 

from AH+, one can always define an equilibrium constant K~ for the 
overall reaction AH+ ;:::! C + H+. K~ has the same dimensions as K h, since 
it is easily demonstrated that it is identical to the product of K h and the 
dimensionless tautomeric ring-chain constant K T. It will be demonstrated 
later that, for some synthetic ftavylium salts that are not anthocyanins, the 
intermediate carbinol is not detected because of unfavorable kinetic and 
thermodynamic conditions, and it appears as though there were a single 
equilibrium between the ftavylium ion and the neutral chalcone. The 
ftavylium cation predominates whenever aH+ > K~ + Kh + K~. Con
versely, the neutral forms A, B, and C predominate whenever K~ + Kh + 
K~ > a H+, for a H+ values higher than 10-7 M. The ratios of the equilibrium 
concentrations of the neutral species A, B, and C are given by Eqs. 
(24-26). As expected, as long as Scheme 1 is valid, i.e., for dilute solu-

[A]I[B] = K~/Kh 

[A]/[C] = K~/K~ 

[B]/[C] = VK T 

(24) 
(25) 
(26) 

tions, the ratios do not depend on the pH. Equation (27) represents the 
ratio of the sum of the equilibrium concentrations of the colored species 
AH+ and A to the sum of the equilibrium concentrations of the colorless 

([AH+] + [AD/([B] + [CD = (K~ + a H+)/(Kh + K~) (27) 

species Band C. Knowing the values of K~, K h, and KT for a given 
anthocyanin, one can plot (K~ + aH+)/(Ki, + ~) as a function of aH+ 
and measure the fraction of the pigment that is present in the colored 
states for a given pH. 

B. Structural Effects 

What has generally been measured in the past is the sum of the three 
eqUilibrium constants K~, K h, and K~ corresponding to the overall trans
formation AH+ ;:::! (A + B + C) + H+, characterized by an eqUilibrium 
constant K = K ~ + K h + K ~. It is obvious that the changes of K related to 
structural modifications arise from simultaneous changes of the values of 
K~, Ki, and K~. Since these three constants refer to three different types of 
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reaction, the influence of a given substituent is necessarily different from 
one reaction to another, For instance, any substituent at C-3 or C-4 will 
probably strongly affect the hydration (K;') and tautomeric (K~) equilib
rium positions, but will probably affect the proton transfer equilibria to a 
much lesser extent. 

As just explained, the flavylium form is stable whenever aH+ > K, In 
general, the K values are sufficiently small for this condition to be satisfied 
for low pH values, This means that most K values are lower than 0.1 M 
(Sondheimer, 1953; Sperling et ai" 1966; Timberlake and Bridle, 1967). 
Some synthetic flavylium saits, however, like 4' ,8-dimethoxyflavylium 
perchlorate and 4' -methoxyflavylium perchlorate, do not form the 
flavylium cation in the dark when solutions containing essentially the 
trans-chalcone are brought to a pH close to unity (Jurd, 1969; McClelland 
and Gedge, 1980). The main reason for this anomalous behavior is that the 
lack of electron-donating substituents at C-5 and C-7 strongly favors the 
cation hydration reaction. As shown by Jurd (1969), however, at this pH 
the cyclization reaction of 4' ,8-dimethoxyflavylium cation takes place in 
the light. In the dark, high values of K~ would preclude formation of the 
flavylium cation, even in 0.1 M HCI solutions. On the other hand, for 
sufficiently low values of K, the flavylium cation could be stable at much 
higher pHs, even near neutrality. This implies that K~, K;', and K T must all 
be small. It is possible to demonstrate that characteristic situations may 
be observed for the stabilities of the three neutral species A, B, and C, 
depending on the relative values of K~, K;', and K~, as shown below. 

1. K:' ;.:. K~, K~. After complete equilibration, the pigment behaves as if 
the only equilibrium were AH+ ~ B + H+. This is valid for ordinary 
anthocyanins where the only stable species in acidic solutions are the 
cation and the carbinol (Fig. 5). 

2. K~ ;.:. K~, K:'. When the equilibrium state is attained, the system is 
fully described by the reaction AH+ ~ C + H+. Values of K T much larger 
than one must be observed. The frequently investigated 4' ,7-
dihydroxyflavylium chloride is a good example (Fig. 6). 

3. K~ ;.:. K h, K~. This is the most interesting situation, since it implies 
that the chromophore A is stable near neutrality. Many examples are now 
known for synthetic flavylium salts, acylated anthocyanins, and naturally 
occurring quinonoidal bases. The only observable entities are the 
flavylium ion and the quinonoidal base, as the carbinol and the chalcone 
are very hard to detect. The only observable reaction is the proton trans
fer reaction AH+ ~ A + H+. It should be noted that ifK:' andK~ are lower 
than -1% ofK~, the very small amounts ofB and C formed at equilibrium 
cannot be detected, and K:' and K~ cannot be measured. The main reason 



30 Raymond Brouillard 

for this is that, after a suitable pH jump, A is simultaneously the kinetic 
and thermodynamic product. This case applies to theZebrina anthocyanin 
(Brouillard, 1981), as well as to some other structurally related an
thocyanins (Yoshitama, 1978). It also applies to the 4' -methoxy-4-
methyl-7-hydroxyflavylium cation (Fig. 7). Such pigments display re
markable color stability in slightly acidic or neutral solutions (Fig. 11). 
Moreover, it is now also possible to explain the existence of some natur
ally occurring quinonoidal bases, like carajurin and dracorhodin (Dean, 
1963). One can easily ascertain that the unusual stabilities of these two 
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quinonoidal bases are due to the low values of K~ and K~. Compared to 
anthocyanins, carajurin and dracorhodin are characterized by the exis-
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Fig. 11. Absorption spectra in the visible range of caffeoylferuloylcyanidin 3,7,3'

triglucoside chloride at 25°C and at various acidities. pH = 5.52 (a); 4.02 (b); 3.48 (c); 3.37 
(d); 3.07 (e); and 1.37 (f). [From Brouillard (1981), by permission of Pergamon Press.] 
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tence of a substituent at C-6, a pyrylium ring free of a substituent at C-3, 
and by the lack of a hydroxyl at C-4'. Upon acidification, carajurin and 
dracorhodin quinonoidal bases revert to the flavylium ion. 

A situation may be encountered where one of the three stability con
stants is negligible compared to the two others. For instance, ifK~ = K~ ~ 
K~, only small amounts of carbinol are formed, and the equilibrium con
centrations of A and C are approximately equivalent to half the analytical 
concentration in slightly acidic solutions. 4' ,5,7-trihydroxyflavylium 
(apigeninidin) chloride is characterized by such a set of equilibrium con
stants (R. Brouillard and G. A. Iacobucci, unpublished work). 

Which structural elements most influence the position of one or more of 
the three equilibria in Scheme I? At this time, there has not been enough 
work done on the subject, and it is therefore not possible to answer this 
question satisfactorily. From Table II, it can be inferred that the measured 
K~ values range from 1.4 x 10-5 to 31 X 10-5 M. No doubt the various 
substituents borne by the flavylium heterocycle have an influence on the 
prototropic tautomerism. It is not very important, however, and almost all 
pK~ values measured to date lie between 4 and 4.3. The delocalization of 
the positive charge over the whole flavylium system is probably the prin
cipal factor determining the magnitude of K~. Conversely, the position of 
the hydration equilibrium seems to be strongly dependent on the struc
ture. For 3,5-dimonosides, Ki, values are close to 10-2 M; for 3-monosides, 
they are close to 10-3-M, and for compounds without a substituent at C-3, 
they are much lower. The lowest known value is 8.9 x 10-7 M for 4'
methoxy-4-methyl-7-hydroxyflavylium chloride (R. Brouillard and G. A. 
Iacobucci, unpublished data), which is about 15,000 times lower than the 
values corresponding to the 3,5-dimonosides. Surprisingly, the sugar moi
ety at C-3 strongly favors hydration of the pyrylium nucleus. At the same 
time, it greatly reduces the chalcone content (K T)' For flavylium salts with 
a substituent at C-4, the hydration equilibrium is probably more highly 
shifted toward the cation than for compounds without a substituent at C-4. 
In this case, if K T is not too large, the chromophore A should be stable. 

For malvin and malvidin 3-glucoside chlorides, rate constants of the 
transformations represented in Scheme 1 (see p. 7) have been measured 
in the dark (Table IV). The presence of a glucosidic residue at C-5 instead 
of an OH group has only a minimal influence not only on the position, but 
also on the kinetics of the fast proton transfer equilibrium AH+ ~ A + 
H+. In contrast, the presence of the 0- glucosyl at C-5 considerably in
creases the hydration rate constant kh and significantly slows down the 
rate constant k -h of the reverse reaction. This is expressed by a large shift 
of the hydration equilibrium position toward the carbinol. This shift is 



32 Raymond Brouillard 

TABLE IV Scheme 1 Rate Constants for Malvin and Malvidin 3-Glucoside Chlorides 
(in Water; Ionic Strength 0.2 M)" 

Rate constant Malvidin 3-glucoside 

1.8 x 10' sec-I (6SC) 
1.8 x 10' M-' sec-I (6SC) 
0.95 x 10-2 sec-I (4°C) 
6.2 M-' sec-' (4°C) 
4.5 x 10-5 sec-' (25°C) 
3.8 x 10-' sec-' (2SC) 

Malvin 

1.8 x 10' sec-' (6SC) 
1.4 x 10' M-' sec-' (6SC) 
4.7 x 10-2 sec-' (4°C) 
2.6 M-' sec-' (4°C) 

a Reprinted with permission from Brouillard and DelaporteJ. Am. Chern. Soc. 99, 
8461, 1977. Copyright 1977, American Chemical Society. 

responsible for the lower coloring power of 3,5-diglucosides as compared 
to 3-monoglucosides. The rate constants kT and k -T associated with the 
carbinol-chalcone ring-chain equilibrium show that, in acidic solutions, 
complete equilibrium between these two structures takes a few hours. 
Ring opening and ring closure occur via the ionized carbinol and the 
ionized chalcone. As. soon as these two ionized species exist in appre
ciable amounts (alkaline conditions), the ring-chain tautomeric equilib
rium is set up very rapidly. 

The kinetic stability of the quinonoidal base A has been shown (Brouil
lard and Dubois, 1977) to be expressed by Eq. (28). T is the relaxation time 
associated with the transformation A ~ B under conditions where 

K' T = __ 8_ 

kha H+ 
(28) 

the ftavylium cation is no longer stable (near neutrality). The relaxation 
time T is a measure of the lifetime of A. It increases when the acidity 
decreases. This phenomenon has always been attributed to the greater 
stability of the quinonoidal base A at higher pH values. In fact, it is only a 
kinetic stability. 

C. Copigmentation Effects 

We have emphasized the kinetic and thermodynamic competitions be
tween the proton transfer reactions and the nucleophilic addition of water. 
It has been demonstrated that factors increasing K~ and/or decreasing Kt, 
and K T markedly enhance the color of acidic solutions, and vice versa. 
Such a result is obtained for some synthetic fiavylium salts with appropri
ate substituents at appropriate carbons of the ftavylium system. For 
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natural anthocyanins, however, the number of substituents is limited to a 
few groups that are always attached to selected carbons of the flavonoid 
skeleton. We have also emphasized the fact that, for ordinary, nonacy
lated anthocyanins, starting from the flavylium structure, formation of the 
quinonoidal structures is under kinetic control, and formation of the color
less carbinol is under thermodynamic control. Therefore, as previously 
pointed out, ordinary anthocyanins do not confer much color upon slightly 
acidic or neutral solutions. Since, in nature, anthocyanins are associated 
with highly colored materials and are, therefore, not in the colorless car
binol state, the colored forms must be strongly stabilized by some unusual 
factors. Among these factors, two appear to be dominant. The first dis
covered factor is related to the presence of compounds generally called 
copigments (Robinson and Robinson, 1931). The second, discovered more 
recently (Saito et aI., 1972), is related to the existence of anthocyanins 
with two or three acyl groups linked to the sugar moieties. Copigments by 
themselves do not significantly contribute to the color. Their main effect is 
to produce, with almost all natural anthocyanins under suitable condi
tions, a bathochromic shift and an increase in the absorbance of the visible 
band. The most efficient copigments so far discovered are flavonol 0- and 
C-glycosides, in which the aglycone is quercetin. For instance, on addition 
of rutin (6 x 10-3 M) to cyanin (2 x 10-3 M), Asen and his collaborators 
(1972) measured a 20-nm bathochromic shift and a 228% absorbance 
increase in the visible absorption maximum at pH 3.32 and room tem
perature. The extent of the bathochromic shift and the extent of the 
absorbance increase generally vary in the same way. Using quercitrin 
(quercetin 3-rhamnoside) and cyanin chloride, these authors showed that 
copigmentation occurred at pH values as low as 2.12. For acylated pig
ments, color stabilization probably results from hydrophobic interactions 
between the anthocyanin pyrylium ring and the copigment molecule or 
the acyl groups of the anthocyanin itself, leading to a flavylium structure 
much less reactive toward water. The net result is that more of the pig
ment is in the colored flavylium and quinonoidal forms. 

Scheme 8 represents the simplest mechanism describing the intermo
lecular copigmentation effect. AHCP+ and ACP are the flavylium co-

AHCP+ ~ ACP + H+ K~ 

AH+ + CP ~ AHCP+ Kinter 
AH+ + H20 ~ B + H+ K;' 

Scheme 8 

pigment and the quinonoidal base-copigment complexes, respectively. It 
can reasonably be assumed that AHCP+ deprotonates to ACP at a rate and 
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to an extent very similar to the deprotonation of AH+ to give A. On the 
other hand, both AH+ ;;:= A + H+ and B ;;:= C have been omitted from 
Scheme 8, since their contributions are negligible. The equilibrium con
centration of the copigmented quinonoidal base ACP is given by Eq. (29) 

[ACP] = KlnterK~[CP] C (29) 
Kinter[CP](K~ + a H+) + K" + aH+ 0 

where Co = [ACP] + [AHCP+] + [AH+] + [B],K~ = ([ACP]/[AHCP+])aH+' 
Kinter = [AHCP+]/([AH+][CP]), and K" = ([B]/[AH+])aH+' Estimates of 
the copigmentation effect [ACP]/[A] are given in Table V. This ratio de
pends on the pH, the stability constant of the copigmented complex Kinter. 
and the anthocyanin and co pigment concentrations. The K inter value was 
arbitrarily chosen so as to obtain values for the [ACP]/[A] ratios in agree
ment with the experimental results concerning more or less concentrated 
cyanin and copigment solutions. The cyanin and copigment concentra
tions in Table V were taken from Asenet al. (1972) to show that Scheme 8 
accounts well for these authors' measurements. For cyanin at room tem
perature, K~ and K" are close to 10-4 and 10-2 M, respectively. [A] is the 
quinonoidal base equilibrium concentration in the absence of the copig
ment. As expected, no measurable copigmentation effect arises when the 
cyanin and/or copigment concentrations are too low. Increasing the con
centration of the copigment or that of cyanin makes the ratio [ACP]/[A] 
larger. Increasing Kinter from loa to 106 M-I gives a fourfold increase of 
this ratio when Co = [CP] = 5 x 10-3 M and pH is 3.16. Asen et al. (1972) 
showed that a small or negligible copigmentation effect was observed 
when the anthocyanin or the copigment concentration was low. From 
their results, it can be assumed that the ACP structure absorbs in the visi
ble spectrum at slightly longer wavelengths than A does. A rough estimate 

TABLE V Theoretical Evaluation of the Copigmentation Effect for Cyanin 
(K inter = 10" M-' ) 

Cyanin Copigment 
concentration (M) concentration (M) pH [ACP)(M) [A]a(M) [ACP)/[A) 

5 x 10-· 5 x 10-' 3.16 2 x 10-· 4.6 X 10-7 5 X 10-' 
5 X 10-' 5 X 10-4 3.16 2 x 10-· 4.6 X 10-6 0.5 
5 x 10-3 5 X 10-3 3.16 1 x 10-' 4.6 x 10-· 2.2 
5 x 10-3 5 X 10-3 4.15 2.1 x 10-4 5 x 10-· 4.2 
5 x 10-3 5 X 10-3 5.10 2.3 x 10-4 5 x 10-· 4.6 

a [A) is the calculated concentration of A in the absence of copigment. Cyanin. copigment 
concentrations. and pH have been taken from Asenet al. (1972). by permission of Pergamon 
Press. 
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of the value of the stability constant K inter for the cyanin-quercitrin 
AHCP+ complex can be calculated. Brouillard and Delaporte (1977) found 
that the molecular extinction coefficient of A in the case of malvidin 3-glu
coside at 517.5 nm was 14,000 M-I cm- I • Correcting this value for the ab
sorption maximum of A gives 16,500 M-I cm- I • Assuming that this last 
value is valid for the molecular extinction coefficient of the copigmented 
ACP structure of cyanin at its Amax in the visible spectrum, and consider
ing the fact that the absorbance of a co pigmented cyanin solution at its 
Amax in the visible band is 10 for a 1-cm path length when Co = [CP] = 
5 x 10-3 M at pH 5.10 and room temperature (Asen et al., 1972), one gets 
2 x loa M- I for the stability constant Kinter of the cyanin ftavylium-quer
citrin AHCP+ complex. This effect is identical to an apparent reduction of 
the cyanin Kh value from 10-2 (pKh = 2) to 7 x 10-4 M (pKh = 3.15). For 
complete stabilization of the cyanin chromophores, K inter values much 
larger than 2 x loa M- 1 are required. It can be seen that, in the case in 
which the K~ value is larger for AHCP+ than for AH+, an increase in the 
stability of the chromophores is expected. If both these effects are opera
tive, they would lead to complete retention of the color of aqueous solu
tions of co pigmented anthocyanins. 

Anthocyanins possessing at least two acyl groups have been discovered 
recently. Such pigments display extraordinary color stability throughout 
the whole pH range. Anthocyanins belonging to this category are listed 
below: dicaffeoyldelphinidin-3-rutinoside 5-glucoside from Platycodon 
grandiflorum (Saito et al., 1972); dicaffeoyldelphinidin 3,7,3'-triglucoside 
from Senecio cruentus (Yoshitama et al., 1975); dicaffeoylpeonidin-3-
sophoroside 5-glucoside from Ipomoea tricolor (Asen et al., 1977); 
caffeoylferuloyl-p-coumaroyldelphinidin-3-rutinoside 5,3' ,5'-triglucoside 
from Lobelia erinus (Yoshitama, 1977); tricaffeoyldelphinidin 3,7,3'
triglucoside and caffeoylferuloylcyanidin 3,7,3' -triglucoside from Trade
scantia refiexa (Yoshitama, 1978); caffeoylferuloyIcyanidin 3,7,3' -triglu
coside and tricaffeoyIcyanidin 3,7,3' -triglucoside from Zebrina pendula 
(Stirton and Harborne, 1980). Their ftavylium cations are stable in the 
most acidic solutions, and the proto tropic tautomers are stable in the 
least acidic solutions. In the case ofcaifeoylferuloyIcyanidin 3,7,3'-triglu
coside, the carbinol and the chalcone could not be observed, thus indi
cating the existence of a mechanism completely protecting the pyrylium 
ring from water attack. For these acylated anthocyanins, the hydrophobic 
forces might arise from the interactions between the pyrylium ring and the 
aromatic moieties of the acyl groups. Apparently, two acyl groups are 
necessary for complete color retention, and it has been inferred by Brouil
lard (1981) that one acyl group is situated above the pyrylium ring and the 
other beneath it. Hydrolysis of the acyl groups gives the corresponding 
deacylated anthocyanins that behave normally, i.e., fading occurs im-
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mediately after their dissolution in slightly acidic or neutral media 
(Yoshitama, 1978). Therefore, since monoacylated anthocyanins do not 
show such color stability, the presence of two acyl groups is a fundamen
tal structural requirement for good color retention in water. Stabilization 
of the anthocyanin chromophores appears to be more efficient for intra
molecular copigmentation than for intermolecular copigmentation. 
Scheme 9 gives a detailed mechanism for the intramolecular copigmenta
tion effect. AH+ is the ftavylium structure where the pyrylium nucleus 

AH+;;= A + H+ 
AH+;;= AH+ 

AH+ + H 20 ;;= B + H+ 

Scheme 9 

K' a 

Kintra 

is freely accessible to water. AH+ is the intramolecularly co pigmented 
ftavylium structure, and it is not expected to undergo attack by the 
water molecule. The small quantities of A and C can be neglected, as 
far as intramolecular copigmentation goes. Moreover, the value of the 
acidity constant for the reaction AH+ ~ A + H+ is similar to that of 
K~ for the reaction AH+ ~ A + H+. Under such conditions, the equi
librium concentrations of the copigmented ftavylium structure AH+ and 
the copigmented quinonoidal structure A are given by Eqs. (30) and (31), 
respectively. For sufficiently large values of Kintra(Kintra > 103 ), and for 
K~ = 10-4 M and K;' = 10-2 M, it is easy to show that the overall pigment 

where 

Co = [1\] + [AH+] + [AH+] + [B] 
K ~ = ([A]/[AH+])aH+ 
Kintra = [AH+]/[AH+] 

(30) 

(31) 

concentration Co is practically [AH+] + [A], since Band AH+ are no 
longer present in the solution. For K intra values of 103 , 102 , and 10, 
[A] = [AH+] equals 0.47 Co, 0.33 Co, and 0.08 Co, respectively, when 
aH+ is 10-4 M. For Kintra values lower than loa, measurable quantities of 
the two ring-chain tautomers Band C should be observed. 
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Fig. 12. A plausible mechanism for the stabilization of the anthocyanin chromophores 
during the ultimate stage of their biosynthesis. 

It has been demonstrated that, in the biosynthesis of flavonoids, 
glycosylation and acylation are closely associated steps and that they 
follow the formation ofthe flavonoid unit (Harborne, 1967). In the present 
author's opinion, the anthocyanin precursor is a 3-deoxyanthocyanidin 
rather than an anthocyanidin, since this latter compound is unstable in 
aqueous media. 3-Deoxyanthocyanidins are characterized by the absence 
ofsubstituents at C-3 and C-4 and, consequently, their chalcone content is 
probably large. Introduction of a sugar at C-3 will favor the ring-closure 
reaction, and then the 3-glycosylated chalcone will be converted, quan
titatively, to the 3-glycosylated carbinol. This structure has rarely been 
observed in nature, thereby indicating that its conversion to the 
chromophores is complete. The flavylium form occurs to a small extent in 
slightly acidic solutions (about 1% of malvidin 3-glucoside is in the 
flavylium form at pH 5 and room temperature). This small quantity of the 
cation available at high pH values could be trapped by fast intra- or 
intermolecular copigmentation, however, depending on the structure of 
the pigment. This fast trapping would prevent any possibility of return to 
the colorless carbinol. Such a mechanism (Fig. 12) would account satis
factorily for the ultimate stage of anthocyanin biosynthesis. 
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I. INTRODUCTION 

As stated previously in this book (Chapter 1), anthocyanins are respon
sible for many of the red, purple, and blue colors exhibited by flowers, 
fruits, and other parts of plants. The color of isolated anthocyanins, how
ever, can be varied significantly by the presence of certain other sub
stances, as first observed by Willstatter and Zollinger (1916). Along with 
this effect, which Robinson and Robinson (1931) called the copigment 
effect, the color of anthocyanins can be enhanced and stabilized. Copig
mentation is one of the most important factors leading to the profuse color 
variability displayed by flowers. 

Although the phenomenon of co pigmentation was studied mainly on 
flowers, the results of those studies are applicable to foods, too. It should 
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be noted that copigmentation has been discussed in several recent re
views: Blank (1958); Dean (1963); Harborne (1965); Singleton (1972), and 
Asen (1976). 

II. ANTHOCYANIN COLORATION 
OF FLOWERS 

Many investigators (Harborne, 1965; Timberlake and Bridle, 1975) have 
shown that the color of pure anthocyanins is affected by the hydroxyla
tion, methylation, glycosylation, and acylation patterns of the molecule of 
these pigments and by the pH of the solution in which they are dissolved. 
These effects, however, cannot satisfactorily explain the great variety of 
colors associated with the presence of anthocyanins in plant tissues 
(Robinson and Robinson, 1931; Harborne, 1965; Timberlake and Bridle, 
1975; Asen, 1976), nor can they account for the following inconsistencies: 
(a) the same anthocyanin may display different color in different petals 
(Saito, 1967); (b) different anthocyanins may manifest the same coloration 
in different tissues (Robinson and Robinson, 1931); and (c) an anthocyanin 
which is brightly colored in a tissue may fade when placed in a pure 
solution of the same pH as that of the cell sap (Harborne, 1965; Timber
lake and Bridle, 1975; Asen, 1976). 

A. Genuine Anthocyanins with Red Shades 

1. Pelargonin 

A red anthocyanin was isolated and crystallized from red cornflower 
petals by Saito et al. (1964) using 70% methanol for the extraction, fol
lowed by mild treatments. The structure of the pigment was presumed to 
be pelargonin-OH. 

2. Cyanin 

Another red pigment, extracted with neutral solvents from red rose 
petals by Saito et al. (1964) was thought to be cyanin-OH. 

To both of these pigments a quinonoidal structure was proposed by 
Takeda et al. (1968) and was assigned to the 7 position (Abe et al., 1977a). 
The visible spectra of the pigments had only one peak, and there was no 
difference between the spectra from intact petals and from pure solutions 
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for each of these pigments. The conclusion was reached that pelargonin 
and cyanin were present in the aforementioned tissues as free, genuine 
anthocyanins (Saito, 1967). The structures of these pigments was later 
studied in more detail by Osawa et al. (l975a), Veno and Saito (l977a,b), 
and Saito (1979), using physicochemical methods. 

3. Malvin 

A third purplish-red pigment that was shown to be present in Fuchsia 
petals as a genuine anthocyanin was malvin (Yazaki, 1976). It was crystal
lized as its anhydrobase, in which position 4' was quinonoidal (Abe et al., 
1977a). 

B. Unstable Acylated Anthocyanins 

Takeda and Hayashi (1965) crystallized from pansy petals the violet
colored anhydrobase of delphinidin 3-p-coumaroylrutinoside 5-glucoside, 
which they named violanin. The visible spectrum of this anthocyanin had 
one peak and was the same for both the pure pigment in solution and the 
intact petals (Saito, 1967). The optical rotatory dispersion (ORD) of the 
pigment indicated that the molecule was chiral and different from nonacy
lated anthocyanins (Osawa et al .. 1971a). So, the chirality may be due to 
acylation. A blue copigmented form of the same pigment also exhibited 
the "Cotton effect" in the visible region in ORD (Fig. 1). 

-+0.5 

-0.5L..-4-0LO----SOLO---6-0LO---...J700 

Wavelenglh(nm) 

Fig. 1. ORD curves for violanin (A) and copigmented violanin (B). Light path: 1 mm. 
Solvent: water. (Redrawn from Osawa et al .. 1971a.) 
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c. Stable Acylated Anthocyanins 

1. PJatyconin 

Saito et al. (1971, 1972) obtained blue crystals from the purplish-blue 
petals of Chinese bellftowers. The blue pigment was identified as delphini
din 3-dicaffeoylrutinoside 5-glucoside and named platyconin. It showed 
three peaks in the visible range of the spectrum and almost no difference 
between purified solution and intact petals in that spectral region. 
Platyconin was also crystallized as chloride, which was easily converted 
to the anhydrobase in weak acid or water. This anthocyanin is very stable, 
even in neutral solutions, a fact attributed to the diacyl group. On the basis 
of circular dichromism (CD) measurements, Abe et al. (1977b) concluded 
that the platyconin molecule is chiral. The chirality had been previously 
observed by Osawa et al. (1971a) using ORD (Fig. 2). 

2. Cinerarin 

This blue pigment was isolated from the blue petals of Cineraria by 
Yoshitama and Hayashi (1974) and Yoshitama et al. (1975). Cinerarin is 
dicaffeoyldelphiqidin 3,7,3' -triglucoside. Like platyconin, cinerarin dis
played three peaks in the visible spectrum and was very stable in neutral 
solutions. 
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Fig. 2. ORD curve (A) and visible spectrum (B) of platyconin. Light path: 1 mm. Sol
vent: water. Only ORD scale shown. (Redrawn from Osawa et al.. 1971a.) 
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3. Rubrocinerarin 

From red petals of Cineraria, Yoshimata and Abe (1976) isolated the red 
pigment rubrocinerarin, which is cyanidin 3,7,3' -triglucoside acylated 
with caffeic acid and 4-0-.$-glucosylcaffeic acid, and shares the stability of 
cinerarin. 

4. The Blue Anthocyanin of Lobelia 

This pigment was isolated from Lobelia petals and was identified 
as caffeoylferulyl-p -coumaryldelphinidin-3-rutinoside 5,3' ,5' -triglucoside 
(Yoshitama, 1977). 

5. Anthocyanins from Tradescantia 

From the blue and purple petals of Tradescantia reflexa, Yoshitama 
(1978) isolated a blue tricaffeoyl 3,7,3' -triglucoside of delphinidin and a 
purple ferulylcaffeoyl 3,7,3'-triglucoside of cyanidin, respectively. 

6. The Blue-Purple Pigment of Gentiana 

This pigment was isolated from Gentiana petals by lino and Takeda 
(1978, 1979) and was assigned the structure of a dicaffeoyl triglucoside of 
delphinidin. It displayed the stability of other anthocyanins containing 
caffeic acid residues. 

7. The Blue-Purple Pigment of Aconitum 
chinense Petals 

This is a delphinidin triglucoside with one hydroxybenzoic acid residue. 
The high stability of this anthocyanin in neutral solutions is attributed to 
the acyl residue (Ueno et al., 1980). 

8. The Blue Anthocyanin of Ipomea 

Asen et al. (1977) crystallized a new anthocyanin, peonidin 
3-(dicaffeoylsophoroside) 5-glucoside, from morning glory flowers 
(Ipomea tricolor, cv. Heavenly Blue). The strong reddish-purple buds 
change to light-blue open flowers within hours, with a concomitant pH 
change ofthe epidermal tissue from 6.5 to 7.5. This pigment is very stable 
in the pH range of 2 to 8. Asen et al. (1979) were granted a patent for the 
possible use of this pigment as a food colorant (U.S. Patent 4,172,902). 
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Ishikura and Shimizu (1975) and Ishikura and Yamamoto (1980) isolated 
the same blue compound from Ipomea, but they found the pH at which the 
color change occurs to be lower. It is not easy to measure the pH of intact 
tissues; Yasuda (1977), using his own method of pH determination in rose 
petals, obtained lower values from those of Stewart et al. (1975). As no 
metals or copigments were involved in the color change of the Ipomea 
anthocyanin, it appears that there are instances in which pH alone may 
cause in vivo color changes of anthocyanins. 

Regarding the exceptional stability of the acylated anthocyanins, espe
cially those with two acyl groups (Yoshitama, 1977), the explanation of
fered for it by Brouillard (1981) is particularly interesting. Studying the 
forms of the cyanidin 3,7,3' -triglucoside acylated with caffeic and ferulic 
acid, he noticed the total absence of the colorless pseudobase and of the 
chalcone in an aqueous system. He theorized that the aromatic acyl 
groups interact with the positively charged pyrylium nucleus, thereby 
inhibiting the nucleophilic attack of water. 

D. Metal Complexes 

1. Commefinin 

With ethanol and water, Hayashi (1957), Hayashi et al. (1958), and 
Mitsui et al. (1959) extracted a blue anthocyanin (commelinin) from the 
petals of Commelina communis var. hortensis and found it to contain Mg, 
awobanin (delphinidin 3-p-coumaroylglucoside 5-glucoside), and a 
flavone-like substance at the ratio of 1 : 4: 4; it also contained K. Later, 
Hayashi and Takeda (1970) reported a corrected value for this ratio, 
1 : 2 : 2. The experimental MW obtained for the complex agreed approxi
mately with the theoretical value: 2817 (Osawaet al., 1972). The flavone
like substance was also identified as flavocommelin (Takeda et al., 1966). 
Commelinin was very stable in a wide pH range and displayed a brilliant 
blue color in aqueous solution. It displayed two absorption peaks in the 
visible spectrum; the main one (591 nm) was close to that of intact petals 
(592 nm), whereas the smaller peak (643 nm) was at a wavelength 30 nm 
shorter than that of the intact tissue. The discovery of commelinin jus
tified the theory of Shibata et al. (1919) regarding the existence of metallic 
complexes of anthocyanins. Goto and Hoshino (1975), Goto et al. (1976), 
and Hoshino et al. (1980), however, showed that the blue color of com
melinin can be obtained by a stacked molecular complex between awoba
nin and flavocommelin without the intervention of Mg. 

Osawa et al. (1970) and Takeda and Hayashi (1977) reconstructed com
mel in in from its components: awobanin, flavocommelin, and Mg. Pur-
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thermore, Takeda (1977) was able to prepare commelinin analogs using 
Mn, Co, Zn, Ni, Cd, and other bivalent metals instead of Mg. The provi
sional structure proposed for commelinin by Hayashi and Takeda (1970) is 
shown in Fig. 3. 

The idea of attaching the bivalent metal through the vicinal hydroxyl 
groups of the B-ring was Bayer's, originally (Bayer et at., 1%6). Yet, 
Ayukawa and Osawa (1973) and Osawa (1974) intimated that other at
tachment mechanisms must be operative, since commelinin retains the 
cytochrome c reducing capacity of other anthocyanins possessing two free 
0- hydroxyl groups on the B-ring (Table I). 

ESR studies suggested that Mg is indeed bonded in the commelinin 
molecule (Osawa and Saito, 1968). Additional evidence for the bonded 
state of the commelinin metal was provided by ESR studies of a Mn 
analog of commelinin (Osawa and Hasegawa, 1979). Figure 4 shows the 
ESR signals of aqueous solutions of Mn acetate and Mn commelinin. The 
signals differ significantly in magnetic fields of higher intensity, indicating 
the loose combination of Mn with awobanin and/or ftavocommelin. 
Takeda et at. (1980) further showed that the nature and length of the 
acylglucose moiety of commelinin analogs exert an effect on the metal 
complex formation. 

2. Protocyanin and Cyanocentaurin 

In 1958, Bayer isolated a blue pigment from the petals of Centaurea 
cyanus, which he named protocyanin. He described it as a complex of 
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Fig. 3. Provisional structure of commelinin proposed by Hayashi and Takeda, 1970. 
(Redrawn by permission of the authors and the Japan Academy.) 
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TABLE I The Cytochrome c Reducing Efficiencies of Anthocyanins 
(l x 10-3 M: 1 x 10-' M)a 

Hydroxylation 
pattern 

Compound Aglycone 3' 4' 5' 

Pelargonin Pelargonidin OH 
Cyanin Cyanidin OH OH 
Peonin Peonidin O-Me OH 
Awobanin Delphinidin OH OH OH 
Violanin Delphinidin OH OH OH 
Platyconin Delphinidin OH OH OH 
Petunin Petunidin O-Me OH OH 
Malvin Malvidin O-Me OH O-Me 
Commelinin Delphinidin OH OH OH 

a From Osawa, 1974. 
b -B: without NaOAclHaBOa, +B: with NaOAclHaBO •. 

Yoshinobu Osawa 

Reducing 
efficiencies 

0.0% 
10.2 
0.9 

39.7 
55.0 7.0% 
18.7 0.0 
8.3 1.7 
0.0 

41.0 6.2 

cyanin, a polysaccharide, Fe, and AI. From the same source, Hayashi et 
al. (1961) and Saito et al. (1%1) crystallized a blue pigment that was found 
to contain cyanin, a flavone-like substance, a polysaccharide, a polypep
tide, K, Fe, and Mg, but no AI. Tomita et al. (1979) reexamined the 
constitution of protocyanin and concluded that only Fe and Mg were 
essential metallic parts of its structure. 

In 1%7, Asen and Jurd isolated from the same plant a blue pigment that 

Fig. 4. ESR signals ofa Mn derivative of com melin in (A), and ofMn acetate (B), both in 
aqueous solution. (Redrawn from Osawa et al., 1979.) 
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contained cyanin, bisflavone, and Fe, and was named cyanocentaurin. 
Later, Asen and Horowitz (1974) identified the copigment as apigenin-
4' -O-I3-o-glucoside 7-0-I3-o-glucuronide. 

Protocyanin and cyanocentaurin were subjected to comparative stud'ies 
by Osawa et al. (1975b) , using molecular sieving, ultracentrifugation 
[Osawa et al. (1972)], electrophoresis [Osawa et al. (1971b)], and spec
trophotometry; they found no difference between the two pigments re
garding the principal molecular constituents responsible for the blue 
color. In general, the controversy concerning the so-called metal com
plexes of anthocyanin continues. 

E. Copigmentation 

The successful isolations of pure anthocyanins that are alone responsi
ble for the red, purple, and blue colors of plant tissues are few at present. 
Furthermore, metal complexation is possible only for the glycosides of 
cyanidin, delphinidin, and petunidin, but not for those of pelargonidin, 
peonidin, and malvidin. It is, therefore, necessary to invoke copigmenta
tion-that is, the loose combination of anthocyanins with other sub
stances, mostly flavonoids-in order to explain the bathochromic shift, 
the increased light absorption, and the stability of these pigments in vivo 
(Asen, 1976; Yazaki, 1976). It was the difficulty of extracting the intact 
pigment complex from the tissue that led Hayashi (1962) to underrate the 
importance of co pigmentation in the coloration of flowers. 

Abe et al. (1977b) proposed the terms "intermolecular copigmentation" 
for the loose association of anthocyanins with compounds modifying the 
color and stability of the former, and "intramolecular copigmentation" 
for the strong bonding of organic acids to anthocyanins. Metal complexa
tion could be considered a special type of intramolecular copigmentation. 

The comparison of the absorption spectra of intact flower petals with 
those of extracted anthocyanins (Saito, 1967; Stewart et al .. 1969; Ishi
kura, 1978) and the quantification of the effects of copigments (Asen et al .• 
1972) leave no doubt that copigmentation occurs extensively in nature and 
contributes significantly to the profusion of colors in flowers and other 
plant tissues. A detailed discussion of copigmentation will be presented in 
Section III. 

F. Miscellaneous 

In addition to those described previously, the anthocyanin coloration of 
flowers is influenced by several other factors, such as (a) the concentra-
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tion of anthocyanins in the tissue (Zieslin and Halevy, 1969; Ashtakala 
and Forward, 1971; Yasuda, 1971); (b) the reoccurrence of two or more 
anthocyanins (Robinson and Robinson, 1931, 1932; Hayashi and Abe, 
1953); (c) the presence of granular or microcrystalline anthocyanins 
(Yasuda, 1970; Asen et al., 1975; Ishikura, 1980); (d) the adsorption of 
these pigments on colloidal materials (Robinson and Robinson, 1939; 
Bayer et al., 1966); (e) the localization of anthocyanins within the tissue 
(Ishikura, 1975); (f) the shape of the epidermal cells (Yasuda, 1964; 
Ootani, 1973); and (g) the background effect of carotenoids (Harborne, 
1965; Ootani, 1973) and some other substances. 

Ill. COPIGMENTATION IN SOME DETAIL 

A. Discovery of Copigments 

Willstatter and Zollinger (1916) observed that the color of oenin, one of 
the grape pigments, changed to bluer red by the addition of tannin or gallic 
acid, even in the presence of a mineral acid. Later, Robinson and Robin
son (1931) obtained a blue-red acid extract from the violet inner corolla of 
Fuchsia. The color of the extract turned red by washing with amyl alcohol, 
but it was restored when the alcohol fraction, in which tannin was de
tected, was combined with the residue. 

The rose-colored flowers of Pelargonium peltatum have pelargonin as a 
pigment component. The acid extract of this pigment changes its bluish
red color to a red shade similar to that of pure pelargonin on heating. 
Upon cooling, the reverse reaction occurs. 

These phenomena do not occur at all in purified anthocyanins, and they 
are attributed to the formation of weak additive complexes between an
thocyanins and organic substances, named copigments. 

B. Definition, Nature, and Mechanism 
of Copigmentatlon 

Copigmentation may be defined as the phenomenon which makes the 
color of anthocyanins bluer, brighter, and stabler due to interaction be
tween organic substances and anthocyanins, even at the pH of living 
tissues. 

The relation of copigment to pigment may be compared with that of 
coenzyme to enzyme. Of course, there is a marked difference between 
them; that is, the copigment is not indispensable for the color of the 
pigment, whereas the coenzyme is indispensable for the activity of the 
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enzyme. Since anthocyanins free from any adducts are assumed to be 
virtually colorless at the pH of cell sap (Robinson and Robinson, 1931; 
Harbome, 1965; Timberlake and Bridle, 1975; Asen, 1976), however, 
copigments may be practically indispensable for the coloration of living 
tissues when anthocyanins are involved in it. 

Commonly, the copigments have been thought to be faintly colored 
flavonoids and related compounds, but other substances can also be con
sidered as copigments. 

Originally, Robinson and Robinson (1931), and later Lawrence (1932) 
and Blank (1958), interpreted copigmentation as a weak complex forma
tion. Recently, charge transfer was offered as a plausible explanation of 
the phenomenon (Ootani, 1973). Yazaki (1976) thought it to be a case of 
molecular interference (excitation) between anthocyanin (anhydrobase) 
and copigment, mainly because he failed to find a chemical complex with 
a definite composition. Timberlake and Bridle (1975) and Asen (1976) 
related copigmentation to hydrogen bonding. 

InMathiola, the variety with magenta-colored flowers contains acylated 
pelargonidin 3 ,5-dimonoside , while the violet-colored variety contains 
acylated cyanidin 3,5-dimonoside. The blue-red acid extracts of these 
flowers change color only a little upon heating. These observations led 
Robinson and Robinson (1931) to theorize that the acyl groups of these 
anthocyanins exert an intramolecular effect similar to the intermolecular 
effect of copigments. Extending the enzyme analogy, one may think that 
intermolecular copigmentation resembles the loose association of coen
zyme to apoenzyme on the one hand, and intramolecular copigmentation 
resembles the firm attachment of a prosthetic group to an enzyme on the 
other. 

More recently, Goto and Hoshino (1975) and Hoshino et al. (1980) 
proposed a stacked molecular complex between awobanin and flavocom
melin (Fig. 5). 

C. Factors Affecting Copigmentation 

1. Type of Anthocyanin 

Already Robinson and Robinson (1931) had observed that a copigment 
may affect the color of certain anthocyanins but not the color of others; 
e.g., 2-hydroxyxanthone is a strong general copigment, but does not affect 
the color of mecocyanin. 

Asenet al. (1972) and Yazaki (1976) noticed that copigmentation is very 
widespread, but the bluing (bathochromic) effect for the same copigment 
varies among different anthocyanin glycosides; also, the tinctorial effect 
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Fig. 5. Stacked molecular complex between awobanin and flavocommelin. (Redrawn 
from Goto and Hoshino. 1975. by permission of the authors and the Phytochemical Society 
of Japan.) 

(absorbance change) is affected by the glycosylation at position 5. Abe 
and Kakisawa (1974) studied this phenomenon in model systems and ob
served that rutin formed a copigment association only with the anhy
drobase of cyanin, but both the anhydrobase and the ftavylium salt of 
peonin associated with rutin. 

2. Concentration of Anthocyanin 

Asenet al. (1971, 1972), Asen (1976), and Jurd and Asen (1966) showed 
that the concentration of anthocyanin was a limiting factor in copigmenta
tion; e.g., cyanidin 3-glucoside would not copigment at concentration 
lower than 3.5 x 10-5 M. For deeply colored ftower petals, the an
thocyanin concentration in the epidermal cells should be 10-2 M or higher. 

3. Type of Copigment 

The names of a number of copigments are shown in Tables II and III. It 
can be seen that not only ftavonoids but also alkaloids, amino acids, nu
c1eotides, and other compounds can serve as copigments. Anthocyanins 
themselves can serve as copigments of other anthocyanins (Nakayama 
and Powers, 1972). The structural specificity of co pigments is exemplified 
by 2-hydroxyxanthone, which is a highly effective copigment, in contrast 
to its isomeric 4-hydroxyxanthone, which is not (Robinson and Robinson, 
1931). Another example of the difference between isomers regarding 
copigmentation efficiency is cited in Section III,F,2. 
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TABLE II Bluing Effect of Copigments on Oenin Solutions· 

(a) most effective: 2-hydroxyxanthone glucoside 
(b) strongly effective: aesculin, ethyl gallate, tannin 
(c) moderately effective: m- and p-hydroxybenzaldehyde, {:i-resorcylic acid, gentisic acid, 

protocatechuic acid, vanillin, phlorhidzin, aloin, quercitrin, 4-hydroxyxanthone 
glucoside 

(d) slightly effective: tyrosine, 2-hydroxy-3-naphthoic acid, protocatechuic aldehyde, 
pyrogallol, orcinol, salicylic acid, p-hydroxybenzoic acid, arbutin, euxanthic acid, 
baptisin, 2-hydroxyanthraquinone, {:i-methyl glucoside, {:i-naphthol glucoside, catechin 

" From Robinson and Robinson, 1931, with permission of the Biochemical Society. 

TABLE 111 Copigmentation of Cyanidin 3,5-diglucoside (2 x 10-3 M) at pH 3.32" 

Copigment 
(6 X 10-3 M) 

None 
Aurone 

Aureusidinb 

Alkaloids 
Caffeine 
Brucine 

Amino acids 
Alanine 
Arginine 
Aspartic acid 
Glutamic acid 
Glycine 
Histidine 
Proline 

Benzoic acids 
Benzoic acid 
0- Hydroxybenzoic acid 
p-Hydroxybenzoic acid 
Protocatechuic acid 

Coumarin 
Esculin 

Cinnamic acids 
m-Hydroxycinnamic acid 
p- Hydroxycinnamic acid 
Caffeic acid 
Ferulic acid 
Sinapic acid 
Chlorogenic acid 

Dihydrochalcone 
Phloridzin 

Amax 

(nm) 

508 

540 

513 
512 

508 
508 
508 
508 
508 
508 
508 

509 
509 
510 
510 

514 

513 
513 
515 
517 
519 
513 

517 

tiAmax 

(nm) 

32 

5 
4 

o 
o 
o 
o 
o 
o 
o 

1 
1 
2 
2 

6 

5 
5 
7 
9 

11 
5 

9 

Afmm 
at Amax 

0.500 

2.135 

0.590 
1.110 

0.525 
0,600 
0.515 
0.530 
0.545 
0.595 
0.625 

0.590 
0.545 
0.595 
0.615 

0.830 

0.720 
0.660 
0.780 
0.800 
1.085 
0.875 

1.005 

% A increase 
at Amax 

327 

18 
122 

5 
20 
3 
6 
9 

19 
25 

18 
9 

19 
23 

66 

44 
32 
56 
60 

117 
75 

101 

(continued) 
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TABLE III Copigmentation of Cyanidin 3,5-diglucoside (2 x 10-3 M) at pH 3.32" (Continued) 

Copigment Amax ~Am •• A/mm % A increase 
(6 x 10-3 M) (nm) (nm) at Am •• 

Flavan-3-ols 
( + )-Catechin 514 6 0.890 

Flavone 
Apigenin 7-glucosideb 517 9 0.840 

C-glycosyl Flavone 
8-C-Glucosylapigenin (vitexin) 517 9 1.690 
6-C-Glucosylapigenin (isovitexin) 537 29 1.705 
6-C-Glucosylgenkwanin (swertisin) 541 33 2.835 

Flavonones 
Hesperidin 521 13 1.095 
Naringin 518 10 0.985 

Flavonols 
Kaempferol 3-glucoside 530 22 1.693 
Kaempferol 3-robinobioside-7-

rhamnoside (robinin) 524 16 1.423 
Quercetin 3-glucoside (isoquercitrin) 527 19 1.440 
Quercetin 3-rhamnoside (quercitrin) 527 19 1.588 
Quercetin 3-galactoside (hyperin) 531 23 1.910 
Quercetin 3-rutinoside (rutin) 528 20 1.643 
Quercetin 7-glucoside (quercimeritrin) 518 to 1.363 
7-0- Methylquercetin-3-rhamnoside 

(xanthorhamnin) 530 22 1.576 

" From Asen et al., 1972, by permission of the authors and Pergamon Press. 
b Formed a slight precipitate. 

4. Concentration of Copigment 

at Am .. 

78 

68 

238 
241 
467 

119 
97 

239 

185 
188 
217 
282 
228 
173 

215 

Asen et al. (1971, 1972) and Asen (1976) showed that the ratio of copig
ment to anthocyanin is important. Unfortunately, it is not always possible 
to prepare aqueous solutions of copigments at high concentrations. 
Flavocommelin happens to be very soluble in water, and Takeda (1975) 
and Nonaka et al. (1978) were able to prepare mixtures with molar ratios 
as high as 3900 flavocommelin to 1 awobanin. They observed that the 
tinctorial intensity continued to increase as the proportion of the copig
ment increased. 

5. pH 

It has long been known that the color of pure anthocyanins is affected 
by pH (WillstiiUer and Everest, 1913). It is equally true that pH affects 
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copigmentation in model systems (Asen et aI., 1972; Yazaki, 1976), and in 
vivo. Yazaki (1976), for example, showed that the color change of Fuchsia 
flowers from bluish purple to red during the period of blooming is caused 
by pH-dependent copigmentation. 

6. Temperature 

The effect of temperature on copigmentation was first noticed by Robin
son and Robinson (1931) on crude extracts ofPelargonium. Similar obser
vations were made recently on larkspur by Asen et al. (1975). 

7. Metals 

In general, metals are not necessary for copigmentation to proceed 
(Asen et al., 1970, 1971; Yazaki, 1976). Jord and Asen (1966), however, 
reported that simple mixing of cyanidin 3-glucoside and quercitrin did not 
lead to copigmentation, but adding aluminum salts did. 

B. Heredity 

Copigmentation in vivo is under genetic control, as already shown in the 
pioneer work on Dahlia by Lawrence (1932). Scott-Moncrief! (1936) 
showed that the copigmented anthocyanin in Primula sinensis is inherited 
as a dominant characteristic over the noncopigmented anthocyanin. On 
the contrary, the copigmented blue anthocyanin of pansies was found by 
Ootani .(1973) to be present as a recessive characteristic. Harbome and 
Sherratt (1%1) examined the flavonoids of Primula genotypes in detail. 

9. Multifactorial Effects on Copigmentation 

In certain instances (Lawrence, 1932), copigmentation is influenced by 
several factors, some of which may be known and others that are un
known. An appropriate example involving blue roses and observed by 
K. Toki, N. Saito, M. Yokoi, and Y. Osawa (unpublished) will be dis
cussed in Section III,F,3. 

D. Anticipation and Representation 
of Copigmentation 

1. Prediction Based on a Survey 

It is of interest to be able to guess whether the color of cells is due to 
free anthocyanins or to anthocyanins associated with other substances. 
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Ishikura (1978) conducted a survey of 43 species of flowers and fruits and 
proposed a set of measurements by means of which such a prediction is 
possible. His method is essentially as follows: (a) measure AVis max in intact 
cells by means of a microphotometer; (b) extract petals or fruit skins with 
0.1% MeOH-HCI, and measure A,,!smax of the extract; (c) measure the 
optical density Evismax of the 0.1% MeOH-HCI extract; (d) measure the 
optical density E vv max of the 0.1% MeOH-HCl extract; then calculate ~A 
(a - b) and the optical density ratio ODR (dlc). 
The prediction should be based on the following criteria: 

Origin of color <1>- ODR 

Glycoside alone small small 
Intramolecular copigmentation large small 
Intermolecular copigmentation large large 
Metal complex large small 

Figure 6 is a plot of ~A versus ODR for several plants. 
Saito (1967) classified the anthocyanin-related colors of flowers into 

four groups, based on the visible absorption spectra of intact petals. 
Ishikura (1978), using the aforementioned criteria, suggested the following 
four groups: 

Group A contains the purple glycosides of delphinidin, petunidin, and 
malvidin. The spectra show a major peak at 523-564 nm accompanied by 
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Fig. 6. Plot of <1>- versus ODR for several plants: 1. Viola tricolor (purple); 2. Lychnis 
miqueliana; 3. Platycodon grandiflorum; 4. Viola tricolor (blue); 5. Cynoglossum amabile; 6. 
Commelina communis. (Adapted from Ishikura, 1978, by permission of the author and the 
Japanese Society of Plant Physiologists.) 
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a small one at 618-672 nm; ODR and ~A. values are small. An example: 
the deep-purple petals of Viola tricolor owe their color to delphinidin 
glycoside alone. 

Group B encompasses the red to purple glycosides of pelargonidin and 
cyanidin. The spectra show a single peak at 512-546 nm; the ODR values 
are small and a,\ varies from 0 to 23. An example: in Lychnis miqueliana, 
the petals are colored vermilion-red by pelargonidin glycoside alone. 

Group C consists of the blue-purple glycosides of delphinidin and other 
anthocyanidins. The spectra show three peaks: 522-560, 568-585, and 
614-642 nm. ODR values vary, and ~A. is within 25 to 55. The purple color 
ofthe petals of Platy codon grandijlorum (a'\ = 30, ODR small) is due to an 
anthocyanin intramolecularly copigmented. The blue color of Viola 
tricolor (a'\ = 46, ODR large) is attributed to intermolecular copigmen
tation. 

Group D includes glycosides of delphinidin and cyanidin. The spectra 
have two peaks, one at 578-598 nm and the other at 614-679 nm. The 
ODR can be small or large, and the a,\ varies from 48 to 59. The brilliant 
blue color of Commelina communis (a'\ = 55, ODR small) is due to an 
anthocyanin-metal complex (see Section n,D,1). The blue shade of 
Cynoglossum amabile (~,\ = 49, ODR large) is attributed to an acylated 
anthocyanin intermolecularly copigmented. 

2. Copigmentation Constant kc and Affinity 
Index, 1/kc 

Hoshinoet al. (1980) introducedkc and its reciprocal value lIkc in order 
to describe quantitatively the copigmentation effect. They defined kc as 
the copigmentlanthocyanin molar ratio corresponding to half-maximal ab
sorbance, at a given concentration of anthocyanin. A high kc value indi
cates a low affinity of copigment to anthocyanin, since a large quantity of 
the former is necessary for enhancing the absorbance (color intensity) of 
the anthocyanin. In Fig. 7, the copigmentation constant for ftavocommelin 
(F) with nonacylated malvin (M) is about 8.0, whereas for the same 
copigment with monoacylated tibouchinin (T) the constant is about 1.6, 
when both anthocyanins are present in 5 x 10-4 M concentration. 

When the anthocyanin concentration was increased to 5 x 10-3 M, the 
kc for MF became 1.5 and that for TF 1.1. Using the same copigment (F), 
Hoshino et al. (1980) found the kc for awobanin (A) to be 1.0 and for 
delphinidin 3,5-diglucoside (D) to be 12.0, which shows the intense affinity 
of awobanin toward ftavocommelin. The stability of DF was slightly in
creased by adding Mg acetate to the system. The high affinity (stability) of 
AF was attributed to the acyl group of awobanin. The acyigiucose residue 
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Fig. 7. Relationship between absorbance and the molar ratio of ftavocommelin to an
thocyanin. M, nonacylated malvin; T, monoacylated tibouchinin. (Adapted from Hoshino 
el af .• 1980, by permission of the authors and Pergamon Press.) 

in commelinin appears to play an important role in the formation of a 
stable stacked molecular complex. 

E. A Model ExperimeRt (Osawa and Ayukawa, 1980) 

A further insight into the biochemical activity of anthocyanins was 
gained by reacting violanin and commelinin with NAD+ and NADH. Mix
ing aqueous solutions of violanin and N AD+ resulted in changing the color 
of the anthocyanin from violet to blue. This suggested that NAD+ exerted 
a copigmentation effect on violanin. The difference spectra shown in Fig. 8 
and the spectra in the visible region of Fig. 9 indicate that such a co pig
mentation does occur, but its magnitude is decreased as the pH is low
ered. No copigmentation was observed at a- pH below 4.0. 

The difference spectra show that NAD+ is reduced to NADH. In the 
system containing commelinin, neither co pigmentation nor reduction of 
the NAD+ occurred. Only when a large excess of NAD+ was added was 
there a slight change of the commelinin color from blue to purplish blue. It 
is interesting that cytochromes c and! were both reduced by commelinin 
(Ayukawa and asawa, 1973; Osawa et al., 1977). NADH itself exerted a 
copigmentation effect on both violanin and commelinin. 

F. Examples of Copigmentation 

1. Fuchsia 

Robinson and Robinson (1931) identified malvidin 3,5-dimonoside as the 
major pigment of these flowers and tannin as the copigment. Much later, 
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Fig. 8. Difference spectra of violanin (l0~4 M) versus violanin-NAD+ (2 x 1O~3 M) 
systems. pH: A, 6.5; B, 6.0; C, 5.5. (Adapted from Osawa et al .. 1980.) 

Yazaki (1976) isolated crystalline malvin anhydrobase and three 
flavonols--spiraeoside, quercitrin, and isoquercitrin--from the same 
source. He then studied the effect of pH on the copigmentation of 
spiraeoside with malvino The results are shown in Table IV and Fig. 10. 

The maximal bathochromic effect was observed at pH 4.8, and the 
absorbance increase appeared at pH values lower than 3.0. Tables V and 
VI indicate that malvin is strongly copigmented with spiraeoside and 
the bathochromic shift increases as the pigment to copigment ratio 
decreases. 

Young Fuchsia petals have a blue-violet shade, which can be repro
duced by mixing malvin with spiraeoside at the molar ratio of 1 : 0.6, and 
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Fig. 9. Absorption spectra of violanin (lO~4 M) and violanin-NAD+ (2 x 1O~3 M) sys
tems. pH: A and B, 6.5; C and D, 6.0; E and F, 5.5. B, D, and F, violanin alone. (Adapted 
from Osawa et al., 1980.) 
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TABLE IV Absorbance at the Visible A.max of Aqueous Buffer Solutions of 
Malvin (2.5 x 10-4 M) Alone, and Malvin (2.5 x 10-4 M) + Spiraeoside 
(2.5 x 10-4 M)G 

Malvin alone Malvin + spiraeoside 

pH Absorbance Amax (nm) Absorbance A.max (nm) 

1.0 1.50 525 1.50 540 
2.0 0.43 528 1.50 540 
3.0 0.34 529 1.30 556 
4.0 0.08 532 0.45 570 
5.0 0.05 550 0.29 580 
6.0 0.06 580 0.32 586 
7.0 0.16 600 0.37 600 

a From Yazaki, 1976, by permission of the author and the Botanical Society 
of Japan. 

pH 4.8, which is similar to that ofthe young petal sap. In the old petals, 
the purple-red color is attributed to both copigmentation and lowering of 
the pH to 4.2 due to the accumulation of organic acids. Figure 11 shows 
the spectra of young and old petals, as well as those of solutions prepared 
by mixing anthocyanin with yellow fractions of the petals. 

It is interesting that, recently, Crowden et al. (1977) examined the 
flavonoid patterns of 10 species of Fuchsia and found no evidence of 
copigmentation in the flowers of this plant. 
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Fig. 10. Absorption spectra in the visible region, showing the pH effect on copigmenta
tion. Pure malvin (5 x 10-4 M) + spiraeoside (2.5 x 10-4 M) at pH 4.2 (A); pure malvin + 
spiraeoside at pH 4.8 (B); pure malvin at pH 4.2 (C); pure malvin at pH 4.8 (D). (Yazaki, 
1976, redrawn by permission of the author and the Botanical Society of Japan.) 
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TABLE V Values of Absorbance and the Corresponding Amax of 
Pigment Mixtures, in the I : I Molar Ratio, Anthocyanin to 
Copigment (Spiraeoside) at pH 4.8" 

Pelargonin (genuine) 
Cyanin (genuine) 
Peonin (chloride) 
Violanin (genuine) 
Petanin (chloride) 
Ensatin (chloride) 
Malvin (chloride) 

Anthocyanin + copigment (l : 1) 

Absorbance 

0.08 (0.05) 
0.13 (0.09) 
0.17 (0.07) 
0.76 (0.28) 
0.99 (0.51) 
0.73 (0.24) 
0.42 (0.05) 

Amax (nm) 

520 (510) 
540 (520) 
550 (530) 
555 (542) 
560 (545) 
580 (545) 
582 (550) 

a From Yazaki, 1976, by permission of the author and the Bo
tanical Society of Japan. 

2. Hydrangea macrophylla 
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The basic pigment of the sepals of Hydrangea is delphinidin 3-glucoside 
(Lawrence et al., 1938; Hayashi and Abe, 1953; Asen et al., 1957). Both 
copigments and metals (Fe, AI) are thought to participate in the color 
expression of these sepals. Allen (1943) demonstrated the effect of Al on 

TABLE VI Values of Absorbance and the Corresponding Amax of 
Pigment Mixtures, in the I : 4 Molar Ratio, Anthocyanin to 
Copigment (Spiraeoside) at pH 4.8" 

Pelargonin (genuine) 
Cyanin (genuine) 
Peonin (chloride) 
Violanin (genuine) 
Petanin (chloride) 
Ensatin (chloride) 
Malvin (chloride) 

Anthocyanin + copigment (l : 4) 

Absorbance 

0.04 (0.02) 
0.07 (0.04) 
0.10 (0.03) 
0.34 (0.07) 
0.50 (0.16) 
0.84 (0.18) 
0.25 (0.03) 

Amax (nm) 

520 (510) 
540 (520) 
560 (530) 
584 (542) 
590 (546) 
586 (548) 
586 (548) 

a From Yazaki, 1976, by permission of the author and the 
Botanical Society of Japan. 
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Fig. 11. Visible absorption spectra of Fuchsia petals: young blue-violet petals (A); 
old purple-red petals (B); anthocyanin fraction from young petals (C); anthocyanin fraction 
from old petals (D); fraction in C plus yellow fraction from young petals (E); and fraction 
in D plus yellow fraction from old petals (F). (Yazaki, 1976, redrawn by permission of the 
author and the Botanical Society of Japan.) 

their color. Kubota and Takeda (1978, 1979) were able to show that the 
anthocyanin is copigmented with 5-p-coumaroylquinic acid and 5-
p-caffeoylquinic acid, but not with 3- and 4-isomers of the former. 

3. Blue Roses 

Harborne (1961) attributed the color of blue roses to copigmentation of 
cyanin with gallotannin or leucocyanidin. K. Toki, N. Saito, M. Yokoi, 
and Y. Osawa (unpublished results) found that there is no difference in the 
basic falvonoid pattern between red and blue roses, but the concentration 
ratio of flavonols to cyanin varies considerably between the two types of 
roses: it is 30 to 50 in blue roses and only 1 to 3 in red roses. Suspecting 
copigmentation, they prepared mixed solutions containing 5 x 10-4 M 
cyanin and varying concentrations of quercitrin, a major flavonol of blue 
roses. The results shown in Table VII leave no doubt that copigmentation 
is effective in these systems. 

In the absorption spectra of the preceding solutions, the authors could 
not see the 600-nm shoulder, which is characteristic of blue rose spectra. 
By Sephadex column chromatography, they were able to separate two 
dull-looking pigments, one reddish-purple and the other bluish-purple 
(Fig. 12). 
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TABLE VII The Effect of Quercitrin on the Spectral 
Characteristics of Cyanin at pH 3.Sa 

Cyanin (5 x 10-4 M) 
Molar ratio 

Quercitrin : cyanin hmax (nm) Absorbance 

0.0: 1 508 0.422 
0.5: 1 512 0.540 
1.0: 1 514 0.643 
2.0: 1 517 0.842 
5.0: 1 523 1.300 

10.0: 1 530 2.682 

a From K. Toki. N. Saito. M. Yokoi. and Y. Osawa. 
unpublished. 
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The authors tentatively concluded that the blueness of the Blue Moon 
roses are due to the dull-purplish pigments together with the ftavonol
copigmented cyanin. 

4. Prof. Blaauw Iris 

According to Asenet al. (1970), the pigment of the petals ofthislris is a 
blue, nonmetallic copigment complex between delphanin and four 
C-glycosyl fl.avones. The complex is adsorbed onto pectin. The absorption 
spectra of delphanin and one of the copigments, swertisin, at two pH 
levels are shown in Fig. 13. 

O.OL..------:5=-'OO'--=-----S ..... O...,.O----......... 700 

Wavelength (nm) 

Fig. 12. Absorption spectra of intact blue rose petals (A), an extracffrom them (B), and 
two dull-purplish pigments separated from the extract (C and D). (Redrawn from K. Toki. 
N. Saito, M. Yokoi, and Y. Osawa, unpublished.) 
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Fig. 13. Absorption spectra of delphanin and swertisin at a low pH and at a pH close to 
that of Prof. Blaauw Iris petals: delphanin, pH 1.3 (A); delphanin + swertisin, pH 1.2 (B); 
delphanin + swertisin, pH 4.9 (C); and delphanin, pH 4.9 (D). (From Asen et al., 1970, 
redrawn by permission of the authors and Pergamon Press.) 

5. Fruits 

According to Robinson and Robinson (1931), black currants (Ribes nig
rum) owe their color to highly copigmented cyanidin 3-bioside. Somers 
(1968) has found strong complexes of anthocyanins with tannins in black 
grapes. The berries of Vaccinium ashei are blue when viewed intact. 
Upon breaking the cells, as it is done when the fruit is cooked, the color 
turns red. The blue berries ofV. corymbosum, however, retain their color 
upon a similar treatment. Addition of Al salts to the red juice leads to 
matching of the colors of the two different berries. When the two species 
are extracted with acidified methanol, the spectra are similar, showing an 
absorption maximum at 540 nm (Nakayama and Powers, 1972). In Chen
ery's survey (1948) of 154 plant species bearing blue fruits, 87% of the 
colored tissues examined contained large quantities of Al. 

Since considerable quantities of flavonoids are found in many blue fruits 
(Ishikura and Takahama, 1972), it is likely that copigmentation occurs in 
these fruits. The involvement of copigments, along with the local pH, was 
suggested by van Buren (1970) as the origin ofthe blue coloration in fruits. 
Copigmentation was suggested by Ishikura and Hayashida (1979) to occur 
in the blue seed coat ofOphiopogonjaburan. The colored tissue was found 
to contain petunidin and delphinidin glycosides as a major and minor 
anthocyanin, respectively, along with four flavonols. 

Recently, Ishikura (1975) reported that the red fruit skins of/lex crenata 
and /lex rotunda, which contain flavonols, exhibit a bathochromic shift of 
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11-12 nm in their absorption maximum over the fruit skins offlex sinensis, 
which do not contain flavonols, again suggesting copigmentation. The 
reason that the fruits of I. crenata are a darker red than those of I. ro
tunda is believed to be morphological, as there is only one layer of red 
epidermal cells in I. rotunda and four to five layers of such cells in I. 
crenata. The anthocyanin involved is the same: ilicicyanin. 

In general, the in vivo absorption maxima of anthocyanin-colored fruits 
tend to be at higher wavelengths than those of the corresponding juice. 
The factors responsible for this difference include copigmentation, metal 
chelation, and pH. 

IV. CONCLUDING REMARKS 

In this chapter, copigmentation was discussed in a rather broad sense. 
In vivo, copigmentation may occur as a result of a loose association of 
anthocyanins with other substances, through the so-called intermolecular 
copigmentation, or it may be due to substances that form part of an 
expanded anthocyanin molecule, through the so-called intramolecular 
copigmentation. 

In vitro, copigmentation may involve not only copigments naturally en
countered, the eu-copigments, but also substances not known to effect 
co pigmentation in the cell, the pseudocopigments. These latter substances 
may enlarge the possibilities of obtaining strongly colored and stable an
thocyanins to be used as food colorants. 

The discovery of the diacylated anthocyanins may prove to be of par
ticular importance to the technology of foods, since they display an ex
traordinary stability in weak acid or neutral solutions. In the future, such 
acylated anthocyanins may be produced in fruits by breeding or by the 
newer techniques of cell fusion and gene manipulation. 
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I. INTRODUCTION 

On the basis of an analysis of the substitution pattern in A- and B-rings 
of flavonoids, Sir Robert Robinson postulated as early as 1921 that these 
compounds are biogenetically derived from a CS-C3 (B- and C-ring atoms 
at positions 2, 3, 4) and a Cs unit (A-ring). This hypothesis was expanded 
in 1953 by Birch and Donovan, who formulated the synthesis of flavanone 
from three acetate units and cinnamic acid or a related compound. The 
first tracer experiments on biosynthesis of flavonoids were carried out in 
1957 with red cabbage seedlings by the author and with buckwheat seed
lings by Underhill, Watkin, and Neish. The distribution of 14(: in cyanidin 
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from red cabbage and in quercetin from buckwheat with differently 
labeled acetate and phenylalanine as precursors was in full accord with 
the Robinson-Birch hypothesis. The labeling pattern obtained is shown in 
Fig. 1. There followed a period of extensive tracer studies, in which the 
importance of chalcones as key intermediates of various flavonoids and 
the biogenetic relationships among different flavonoids was established. 
The discovery of the first enzyme of the phenylpropanoid pathway, 
phenylalanine ammonia-lyase, by Koukol and Conn (1961) marked the 
beginning of enzymatic studies on phenylpropanoids in general and 
flavonoids in particular. In this work, plant cell suspension cultures 
proved to be a very valuable source of enzymes. Use of parsley cell 
cultures led to the isolation and characterization of all but one enzyme of 
the flavone-glycoside pathway in this plant. 

The genetics of flower pigments began with Gregor Mendel, who used 
peas with red and white flowers in hybridization experiments. After the 
structure of anthocyanins had been elucidated, mainly by the work of 
Willstatter, Robinson, and Karrer, extensive chemogenetic studies were 
started in several laboratories. The work of Wheldale, Scott-Moncrieff, 
Lawrence, Price, Beale, and others showed that changes in the genotype 
of a plant were correlated with particular structural changes of the an
thocyanins. More recently, biochemical studies have supplemented the 
chemogenetic investigations. Use of flowers from defined genotypes 
proved to be valuable for elucidation of some steps in the anthocyanin 
pathway. The more recent work will be described here. For the more 
classical studies, the reader is referred to the review of Alston (1964). 

The biosynthesis of anthocyanins has to be seen in the general context 
of flavonoid biosynthesis. Before concentrating on anthocyanins, I will, 
therefore, give a short account of general phenylpropanoid metabolisms 
and of the biogenetic relationships among the various classes of 
ftavonoids. 

Numerous reviews on biosynthesis of flavonoids have appeared. The 
more recent reviews are the following: Hahlbrock and Grisebach (1975, 
1979); Wong (1976); and Grisebach (1979). 

H~ 
OH 

Fig. 1. Origin of carbon atoms in the flavanone skeleton .•• Phenylpropane unit; .... 
carboxyl group of acetate; x. methyl group of acetate. 
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Early chemogenetic studies of flower color had indicated that, in the 
formation of various classes of flavonoids, there is competition for a com
mon precursor (Alston, 1964). Tracer experiments and enzymatic studies 
proved that such a common precursor for all flavonoids is a chalcone [Fig. 
2 (1)] that is synthesized in the plant from 4-coumaroyl-CoA and three 
molecules of malonyl-CoA by action of the enzyme, chalcone synthase 
(see Section IV,A). The activated cinnamic acids for this central reaction 
in flavonoid biosynthesis are supplied by the general phenylpropanoid 
metabolism (see Section III) and malonyl-CoA by the acetyl-CoA car
boxylase reaction (Egin-Biihler et at., 1980). 

Further transformations of the chalcone to various flavonoids are de
picted in Fig. 2. Aurone is probably synthesized directly from chalcone, 
whereas flavone (Sutter et at., 1975) and dihydroflavonol (see Section 
IV,C) are formed from the isomeric flavanone. The latter originates by 
enzymatic cyclization of the chalcone (see Section IV,B). Dihydro
flavonols are biosynthetic intermediates for anthocyanidins, flavonols, 
and catechins. Whether the rearrangement to isoflavone, involving a 2,3-
aryl shift, takes places with chalcone or flavanone is still uncertain. 

Ill. GENERAL PHENYLPROPANOID METABOLISM 

General phenylpropanoid metabolism is defined as the sequence of 
reactions involved in the conversion of L-phenylalanine to activated cin
namic acids (Hahlbrock and Grisebach, 1975). The reaction sequence of 
this pathway, together with the corresponding enzymes, is shown in Fig. 
3. It is not implied by this figure that only one set of enzymes is present in 
a particular plant. Parallel pathways could occur in different cell com
partments, and metabolic channeling would be made possible by multien
zyme complexes or isoenzymes. 

The first enzyme of this pathway, phenylalanine ammonia-lyase, 
catalyzes the trans elimination of ammonia from L-phenylalanine to 
trans-cinnamic acid. Cinnamic acid is then converted, by a sequence of 
hydroxylation and methylation reactions, to a number of substituted acids 
that can be activated to the corresponding coenzyme A esters. These 
activated acids can enter different biosynthetic pathways leading to lignin, 
flavonoids, stilbenes, benzoic acids, and other compounds. General 
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Fig. 2. Biogenetic relationships among various flavonoids. Acetyl-CoA carboxylase (a); 
chalcone synthase (b); chalcone isomerase (c); flavanone 3-hydroxylase (d). Chalcone 0); 
flavanone (2); aurone (3); dihydroflavonol (4); flavone (5); anthocyanidin (6); flavonol (7); 
catechin (8); isoflavone (9). 

phenylpropanoid metabolism is therefore one of the most important path
ways in higher plants, and details of it are discussed in the review by 
Hahlbrock and Grisebach (1975). That a very close metabolic relationship 
exists among enzymes of the general phenylpropanoid metabolism is 
apparent from their interdependent regulation in a number of plant tissues 
(Hahlbrock and Grisebach, 1979). 

Recently, a new enzyme from petals of Silene dioica was described that 
uses not free 4-coumaric acid (10) but its coenzyme A ester as a substrate 
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for hydroxylation in position 3 (Kamsteeg et aI., 1980a,b). This enzyme, 
4-coumaroyl-CoA 3-hydroxylase, which catalyzes the conversion of 
4-coumaroyl-CoA to caffeoyl-CoA, is controlled by the gene P. FAD and 
NADPH seem to be cofactors for this hydroxylation. Whether caffeoyl
CoA can function as a direct precursor for cyanidin synthesis will be 
discussed (Section IV,D). 

IV. BIOSYNTHESIS OF ANTHOCYANINS 

A. Chalcone Synthase 

As has already been mentioned, the key enzyme for synthesis of the 
central C15 intermediate is chalcone synthase, formerly called flavanone 
synthase. This enzyme catalyzes the condensation of one molecule of 
4-coumaroyl-CoA with three molecules of malonyl-CoA to form 
4,2' ,4' ,6'-tetrahydroxychalcone (naringenin chalcone). The reaction 
shown in Fig. 4 was first believed to lead directly to the isomeric flavanone 
(naringenin) (Kreuzaler and Hahlbrock, 1975a). With the homogeneous 
enzyme from parsley cell cultures, it was later demonstrated that naringe
nin chalcone is the immediate product of the synthase reaction (Heller and 
Hahlbrock, 1980). Siitfeld and Wiermann (1980) came to the same conclu
sion from their studies with enzyme extracts from tulip anther tapetum, 

1 
H~OH.~OH yy + 3 CO2 + 4 (oASH 

OH 0 

Fig. 4. Reaction catalyzed by chalcone synthase. 
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using a biphasic enzyme assay. Anthocyanidin-forming plants in which 
chalcone synthase has been found are cell cultures ofHaplopapfJus gracilis 
(Saleh et al., 1978), red cabbage seedlings (Hrazdina and Creasy, 1979), 
and flowers of Matthiola incana, Antirrhinum majus, Callistephus chinensis, 
and Dianthus caryophyl/us (Forkmann, 1981). In Matthiola, chalcone 
synthase is controlled by the gene F. Recessive genotypes (11) do not 
contain the enzyme (Spribille and Forkmann, 1981). 

With the synthase from parsley and H. gracilis cell cultures, additional 
products besides naringenin chalcone were found in vitro; these products 
originate by condensation of 4-coumaroyl-CoA with only one or two mol
ecules of malonyl-Co A (Kreuzaler and Hahlbrock, 1975b; Hrazdinaet al., 
1976). It is assumed, however, that these products are not formed under 
physiological conditions. 

In addition to 4-coumaroyl-CoA, chalcone synthase from parsley and 
H. gracilis cell cultures (Saleh et al., 1978) and from Tulipa (Siitfeld and 
Wiermann, 1976) can also use caffeoyl-CoA as substrate, in which case 
eriodictoyl chalcone (3,4,2' A' ,6' -pentahydroxychalcone) is formed. 
Whether this reaction lies on the pathway to 3' ,4' -substituted anthocyani
dins will be discussed in Section IV,D. 

The chalcone synthase from parsley cell cultures was purified to appar
ent homogeneity by a four-step procedure (Kreuzaler et al., 1979). As 
determined by sedimentation-equilibrium measurements, the molecular 
weight of the enzyme is about 77,000. It is composed of two probably 
identical subunits of about Mr 42,000. The amino acid analysis and an 
assay with Lactobacillus plantarum showed that chalcone synthase does 
not contain a pantetheinyl residue. These results indicate that chalcone 
synthase differs considerably from both 6-methylsalicylic acid synthase 
from Penicillium patulum (Mr - 106) and the type-I fatty acid synthase 
from eukaryotes in which the acyl residue is intermittently linked to a 
pantetheinyl arm. 

B. Chalcone Isomerase 

Chalcone isomerase catalyzes the stereospecific isomerization of chal
cone to (- )-(2S)-flavanone (Fig. 5). This enzyme, which has been isolated 
from several plants, shows specificity toward the substitution pattern of 
the A-ring of the chalcone (Hahlbrock and Grisebach, 1975). 

Important clues about the role of this enzyme in anthocyanin biosyn
thesis came from experiments with defined genotypes of several plants. 
Several anthocyanin-containing and acyanic genotypes of the China aster 
(Callistephus chinensis L.) were analyzed for their flavonoid content. Ex
tensive crossing experiments indicated that anthocyanin synthesis is 
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Fig. 5. Reaction catalyzed by chalcone isomerase. R can be H or OH. depending on the 

source of the enzyme. 

blocked in the acyanic lines by at least two complementarily acting fac
tors, a and f. In addition, another gene (Ch) responsible for anthocyanin 
synthesis was detected. It exists in yellow lines in a recessive state and 
causes an accumulation of tetrahydroxychalcone 2' -glucoside (isosalipur
puroside) (Table I). Measurements of chalcone isomerase activity showed 
that this enzyme is present in the anthocyanin-containing or flavonol
containing genotypes (e.g., 01 and lOa in Table I), but is completely absent 
from the yellow line 07, which accumulates the chalcone glucoside (Kuhn 
et al .• 1977). The accumulation of isosalipurpuroside should therefore be 
due to lack ofthe isomerase. The site of the genetic block is shown in Fig. 
6. The gene Ch could be directly responsible for synthesis of this enzyme. 

These results permit the following conclusions: (a) higher amounts of 
anthocyanins* are formed only in the presence of chalcone isomerase; (b) 
the pathway to anthocyanins proceeds via the flavanone; (c) chalcone lies 
in this pathway before flavanone. 

The genetic control of chalcone isomerase was also investigated in 
flowers of Dianthus caryophyllus (carnation) (Forkmann and Dangelmayr, 
1980). This investigation was based on earlier chemogenetic studies on 
different colored strains of carnation by Geissman and Mehlquist (1947). 
Table II summarizes the results of chemical analysis of four color types 
and the activity of chalcone isomerase. Comparison of these results with 
those reported by Geissman and Mehlquist suggested that, in the pure 
yellow and in the yellow-orange strain, accumulation of tetrahydroxy
chalcone 2' -glucoside is caused by recessive alleles at the locus I, 
whereas wild-type alleles must be present at this locus in the white and 
red strain. This conclusion is fully supported by the correlation of chal
cone isomerase activity with genotype. 

A situation similar to that in flowers of aster and carnation exists in 
genetically defined lines of Petunia hybrida. differing with regard to the 
pollen color, which is influenced by the two genes, Po and An 4. In 
genotypes with the recessive allele po, naringenin-chalcone accumulates 

* Lesser amounts of anthocyanins can be formed even in the absence of chalcone 
isomerase. possibly because of chemical cyclization of chalcone (see Table 11). 
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TABLE I Some Genotypes of Callistephus chinensis L. a 

Tetrahydroxy-
chalcone Flavonol 

Line Genotype Color 2' -glucoside glycoside Anthocyanin 

01 ChCh AA FF RR MM Blue ++ +++ 
07 chch aa FF IT MM Yellow +++ Traces 
lOa ChCh AA II RR MM Ivory +++ 

a Symbols: Ch, gtne for chalcone isomerase; A and F, complementary factors for an
thocyanin formation; R, multiple alleles at this locus are responsible for the degree of 
substitution in the B-ring; M, this gene concerns g1ycosylation in position 5 of anthocyanins; 
+++, high concentration; ++, medium concentration; -, not detectable. 

(de Vlaming and Kho, 1976). As shown in Table III, enzymic investigation 
on anthers of four lines with different pollen coloration revealed a clear 
correlation between accumulation of naringenin-chalcone and lack of ac
tivity of chalcone isomerase (Forkmann and Kuhn, 1979). 

Since it has been established that chalcone and not flavanone is the 
product of chalcone synthase reactions, the important role of chalcone 
isomerase is now evident. 

c. Dihydroflavonols as Precursors 
for Anthocyanidins 

Tracer experiments with [3H]dihydrokaempferol and [1-14C]phenyl
alanine as internal standard had shown that dihydrokaempferol (aroma-

OH 

OH 0 

OH 

OH 0 

ifOH 

cD ...... c ...... h HO 7 0 ::,... I ~ Flavones 
---+-0""";" -~~ ::,... I ~ Flavonols 

Anthocyanins 
OH 0 

Fig. 6. Accumulation of tetrahydroxychalcone 2' -glucoside in a mutant of Callistephus 
chinensis with recessive alleles (chch) for chalcone isomerase. 
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TABLE II Chemogenetic Characterization of Four Flower Color Types of 
Dianthus caryophyllus and Activity of Chalcone Isomerase 

Chalcone 
isomerase 

Strain Color Flavonoid GenotypeG activity 

Legion d'honneur Brick-red Pelargonidin YIA High 
Jeanne Dionis White Kaempferol Y I aa High 
Marie Chabaud Yellow Tetrahydroxychalcone Y ii aa Not detectable 

2' -glucoside, 
some kaempferol, 
and quercetin 

Greenhouse type Yellow-orange Tetrahydroxychalcone YiiA Not detectable 
2' -glucoside, some 
pelargonidin 

a Genotypes according to Geissman and Mehlquist (1947); supplementation experiments 
(Forkmann and Dangelmayr, 1980) suggest that, in recessive genotypes aa, anthocyanin 
synthesis is blocked after dihydroflavonol formation (see Section D). The gene Y seems 
to influence flavonoid concentration. I is the gene for chalcone isomerase. 

dendrin), but not kaempferol, is a very efficient precursor for cyanidin 
and quercetin in buckwheat (Fagopyrum esculentum L.) seedlings 
(Patschke et al., 1966). Similar experiments were carried out with 
cell suspension cultures of Haplopappus gracilis. In these cultures, 

TABLE III Genetically Defined Lines of Petunia hybrida and Activity 
of Chalcone Isomerase in Anthers 

Specific activity 
of chalcone isomerase 

in anthers 
Pollen Pollen (~A x min-I 

Line genotypeG color Pollen flavonoid x mg-I protein) 

VI0 PoAn4 Blue Anthocyanin 0.572 ± 0.017 
V28 po An4 Green Naringenin -chalcone, a 0.026 ± 0.014 

little anthocyanin 
V31 Po an4 White Dihydroflavonol 0.509 ± 0.070 

and flavonol 
V33 po an4 Yellow Naringenin -chalcone, 0.023 ± 0.020 

some flavonol, and 
dihydroflavonol 

a Po is the gene for chalcone isomerase; gene An4 controls anthocyanin synthesis 
in pollen. 
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dihydrokaempferol proved to be a much better precursor for cyanidin 
than 4,2' ,4' ,6'-tetrahydroxychalcone (administered as the 2'-glucoside) or 
phenylalanine (Fritsch et al., 1971). 

From these results, it was concluded that dihydrokaempferol is an 
intermediate in the biosynthesis of cyanidin from the chalcone/flavanone 
precursor (Fig. 2). 

The mechanism of the transformation of the tetrahydroxychalcone to 
dihydrokaempferol was investigated in Chamaecyparis obtusa. When the 
chalcone labeled with 3H and 14C in the ,8-position (position 2 of naringe
nin) was fed to this plant, the isolated dihydrokaempferol had the same 3H 
to J4C ratio as the precursor. Synthesis of dihydrokaempferol via flavone 
or flavonol, in which case 3H would be lost, was therefore excluded, and it 
was assumed that dihydrokaempferol arises by direct hydroxylation of 
naringenin in position 3, as shown in Fig. 7 (Grisebach and Kellner, 1965). 
This hydroxylation was first demonstrated with dimethylsulfoxide
permeabilized cells of H. gracilis and a microsomal preparation from these 
cells (Fritsch and Grisebach, 1975). A better characterization of the 
flavanone 3-hydroxylase was possible with flowers of defined genotypes of 
Matthiola incana (Forkmann et al., 1980; Britsch et al., 1981). For this 
purpose, white flowers of line 17 (genotype ee fl-f'" bb) were used. In this 
line, the anthocyanin pathway is blocked after dihydroflavonol formation 
(recessive e), and 3'-hydroxylation also does not occur (recessive b) (Ta
ble IV). The 3-hydroxylase from these flowers is a soluble enzyme and 
needs 2-oxoglutarate, ferrous ion, and ascorbate as cofactors. According 
to these cofactor requirements, the enzyme belongs 1.0 the 
2-oxoglutarate-dependent dioxygenases (Abbott and Udenfriend, 1974). 
Eriodictyol (5,7,3' ,4'-tetrahydroxyflavanone) was also a substrate for the 
enzyme leading to the formation of dihydroquercetin. 

HO~:.o-OH 

~ oHIOH 

"'WO-OH-L-. "~ 
w?oH OH,O 0 

HO ~ aJ I~ _HOWOT .... ~H HoW.T ... ~OH 
-- ~ '. I ~ H ~ H ~ ····H 

ORO OH OHO OH 

Fig. 7. Several possibilities for the formation of dihydroftavonol from chalcone. Path
ways 2 and 3 would lead to loss of hydrogen (tritium) at the B-position of the chalcone. 
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TABLE IV Genes of Marthiola incana Mentioned in the Text 

Gene 

BIb 

E/e GIg 

Flf 

Functional role 

Hydroxylation of naringenin 
and dihydrokaempferol in 
position 3' 

Unknown role between 
dihydroftavonols and 
anthocyanin 

Synthesis of chalcone 
intermediate 

Corresponding enzyme 

Microsomal 3' -hydroxylase 

Chalcone synthase 

Flavanone 3-hydroxylase has also been detected in flowers of the snap
dragon. In the incolorata mutant, a correlation between recessive 
genotype (inc inc) and absence of 3-hydroxylase was found (Forkmann 
and Statz, 1981). 

Further strong support for the role of dihydroflavonols as intermediates 
in anthocyanin biosynthesis has come from work with genetically defined 
acyanic lines of Matthiofa incana (Forkmann, 1977), Petunia hybrida (Kho 
et af., 1975; 1977), and Antirrhinum majus (Harrison and Stickland, 1974; 
Stickland and Harrison, 1974). In these experiments, a supplementation 
technique was used that is similar to successful techniques with mutants 
of microorganisms blocked in a discrete step of a biosynthetic pathway. 
This technique is based on the assumption that the compound lying imme
diately before the block accumulates and that synthesis of the end product 
takes places when a compound is provided that lies after the block. 

Dihydroflavonols or their glycosides that accumulated in white flower
ing mutants were supplied to acceptor mutants blocked in the synthesis of 
dihydroflavonols. This led to anthocyanin synthesis in the acceptor mu
tant. For example, in flower buds of the white flowering mutant W 19 of 
Petunia hybrida, dihydroquercetin 7-glucoside, dihydroquercetin 4'
glucoside, dihydroquercetin, and dihydrokaempferol 7-glucoside accumu
lated. When flower extracts of line 19 or dihydroquercetin were supplied 
to in vitra cultured corollas of the white flowering mutant W 18, cyanidin 
3-glucoside was formed as the major pigment, together with smaller 
amounts of cyanidin 3-diglucoside and delphinidin 3-glucoside. These an
thocyanins are the same as those detected in flowers of a red flowering 
genotype R 3 of Petunia hybrida. 

Similar results were obtained with acyanic genotypes of Matthiala in
can a and Antirrhinum majus. In lines of the genotype if of Matthiala, 
administration of dihydrokaempferol, dihydroquercetin, naringenin or the 
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corresponding chalcone, or tetrahydroxychalcone 2' -glucoside permitted 
synthesis of anthocyanins. In contrast, hydroxycinnamic acids were inef
fective. This indicates that the genetic block in these lines lies before 
naringenin and very probably concerns chalcone synthase. Lines with the 
genotype ee or gg did not produce anthocyanins with the precursors men
tioned above. This supports the assumption that the genes e and g block 
the pathway after dihydroflavonol synthesis but before anthocyanin for
mation. The probable position of the genetic blocks in Matthiola is shown 
in Fig. 8 (Forkmann, 1977). In genotype if, dihydroflavonols were clearly 
superior to flavanone and chalcone as precursors for anthocyanin forma
tion, as can be seen from Fig. 9. 

Anthocyanin biosynthesis in the aleurone tissue of maize endosperm 
(Zea mays) has also been investigated by supplementation experiments 
(McCormick, 1978). In this tissue, the complementary genes C, C2, R, A, 
Az, Bz, and Bz2 are required for anthocyanin formation. Recessive alleles 
at one of the first five loci listed results in colorless aleurone, and recessive 
alleles at either ofthe bronze loci (Bz, Bz2) results in formation of a brown 
pigment whose structure is as yet unknown. 

Supplementation of seeds recessive in the locus C2 with dihydroquerce
tin resulted in synthesis of cyanidin; when naringenin was supplied, the 
pigments formed were cyanidin and pe1argonidin. From these results, it 
could be concluded that the C2 block is before the flavanone intermediate. 

Additional evidence for dihydroflavonols as intermediates in an
thocyanin biosynthesis comes from experiments with inhibitors of 
phenylalanine ammonia-lyase (PAL). The most powerful inhibitor of 
phenylalanine ammonia-lyase is L-a-aminooxy-/3-phenylpropionic acid or 
its N-benzyloxycarbonyl derivative (Amrhein et al., 1976; Amrhein and 
Godeke, 1977), which inhibits this enzyme with a K j of 1.4 x 10-9 M. This 
compound is also a potent inhibitor of cyanidin synthesis in buckwheat 
hypocotyls, in buds of Ipomoea purpurea and Catharanthus roseus, and in 
red cabbage seedlings (Amrhein, 1979). Inhibition of cyanidin synthesis 
can be fully or partially reversed by precursors of the B-ring of cyanidin 

4-Coumcroyl-CoA -(ff)+narinRenin chalcone 
+ 3malonyl-CoA ~ r 

naringenin -+ dihydrokaempferol-(ee,gg) -+ anthocyanin 

+ / 
dihydroquercitin-(ee,gg) 

Fig. 8. Genetic blocks that have been found in Matthiola incana. 
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Fig. 9. Anthocyanin formation in Matthiola incana with recessive alleles if (see Fig. 8) 
after administration of dihydroquercetin (6-6), naringenin (x-x), or tetrahydroxychalcone 
(0-0). 

(trans-cinnamate, 4-coumarate) and by naringenin, dihydrokaempferol, or 
dihydroquercetin. In contrast, reversion was not observed with apigenin, 
kaempferol, quercetin, and dihydrofisetin (Amrhein, 1979). 

Enzyme(s) for the conversion of dihydroflavonols to anthocyanidins are 
still unknown. In flowers of Petunia hybrida, wild-type alleles of both 
genes An 1 and An2 are required for conversion of dihydroquercetin to 
cyanidin 3-glucoside. Evidence for glucosylation of dihydroquercetin was 
not found, and it seems most probable that dihydroquercetin is trans
formed to cyanidin, which is then immediately glucosylated at the 
3-hydroxyl group (see Section IV,E). The possibility of conversion of 
dihydroflavonol 3-glucoside to anthocyanidin 3-glucoside cannot, how
ever, be excluded at present. 

D. B-Ring Substitution 

The question of whether the oxygenation pattern of the B-ring of 
flavonoids is determined at the cinnamic acid stage or at the stage of a CIS 

intermediate has been the subject of several investigations. With regard to 
anthocyanidins, the first-mentioned possibility would mean that 
4-coumarate is the precursor for pelargonidin, caffeate for cyanidin, feru
late for peonidin, etc. In the second case, 4-coumarate would be the 
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precursor for all anthocyanidins, and introduction of further hydroxyl 
groups or methylation reactions would occur at the chalconelflavanone 
stage or later in the pathway. 

Tracer experiments in buckwheat seedlings with 4,2' ,4' ,6'-[14C]tetra
hydroxychalcone and 3,4,2',4' ,6'-[14C]pentahydroxychalcone, corre
sponding in their substitution pattern to pelargonidin and cyanidin, 
respectively, showed that both chalcones were incorporated into cyanidin 
with about equal dilution values and incorporation rates (Patschke and 
Grisebach, 1965). These and other experiments with labeled chalcones or 
dihydrokaempferol (Patschke et al., 1966) proved that the 3'-hydroxyl 
group can be introduced at the chalcone/flavanone stage or later in the 
pathway. 

In the search for enzymes capable of catalyzing the 3'-hydroxylation, 
attention was first focused on phenolases. A phenolase preparation from 
leaves of spinach beet (Beta vulgaris L. ssp. vulgaris) that catalyzes hy
droxylation of 4-coumaric acid to caffeic acid was also able to catalyze 
hydroxylation of naringenin, dihydrokaempferol, and kaempferol at posi
tion 3' to eriodictyol, dihydroquercetin, and quercetin, respectively (Vau
ghan et al., 1969). In contrast, a phenolase preparation from cell cultures 
of parsley had only weak hydroxylating activity with naringenin and none 
with other flavonoid substrates. Since irradiation of the cell cultures had 
no effect on extractable phenolase activity, it was concluded that 
phenolase is not specifically involved in the flavone glycoside pathway 
(Schill and Grisebach, 1973). 

More recent results indicate that, rather than a phenolase, a microsomal 
mixed function oxidase is involved in the 3'-hydroxylation reaction. Hy
droxylation of naringenin and dihydrokaempferol to eriodictyol and dihy
droquercetin, respectively, was found with a microsomal fraction from H. 
gracilis cell cultures (Fritsch and Grisebach, 1975) and a microsomal frac
tion from flowers of defined genotypes of Matthio/a incana (Forkmann et 
al., 1980, Britsch et al., 1981). The reaction is dependent on NADPH and 
molecular oxygen. In M. incana, 3'-hydroxylation is found only in lines 
with wild-type alleles at the locus b. Since analytical investigations and 
supplementation experiments had shown that this locus is responsible for 
3' -hydroxylation (Forkmann, 1980), the correlation between enzyme ac
tivity and genotype is strong support for participation of this enzyme in 
cyanidin biosynthesis. In the snapdragon, a correlation of wild-type allele 
of the gene Eos and the presence of 3'-hydroxylase activity was possible 
(Forkmann and Stotz, 1981). 

Analysis of genotypes from flowers of Petunia hybrida (Tabak et al., 
1978), Antirrhinum majus (Stickland and Harrison, 1974; Harrison and 
Stickland, 1974), aleurone tissue of maize (McCormick, 1978), and seeds 
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or seedlings of Melilotus alba (Specht et al., 1976) also led to the definition 
of specific genes responsible for 3' -hydroxylation and allowed the conclu
sion that these genes act at a C15 intermediate. 

In petals ofthe red campion (Silene dioica), however, the hydroxylation 
in the B-ringseems to be determined at the cinnamic acid stage. From 
chemogenetic experiments, it was concluded that gene P has a pleiotropic 
effect: It controls both the formation of cyanidin and the hydroxylation 
pattern of the hydroxycinnamoyl group esterified to the rhamnosyl res
idue of cyanidin 3-rhamnosyl(1 ~ 6)glucoside 5-glucoside (Kamsteeg et 
al., 1980a). In accord with these results, an enzyme was discovered in 
these petals that catalyzes hydroxylation of 4-coumaroyl-CoA to 
caffeoyl-CoA (see Section III). Enzyme activity was only found in petal 
extracts of plants with the genotype PP. It has already been mentioned 
(see Section IV,A) that chalcone synthase can use caffeoyl-CoA as a 
substrate and that the product of this reaction, eriodictyol, can be hy
droxylated to dihydrokaempferol (see Section II,C). 

Obviously, both possibilities for introduction of the 3' -hydroxyl group 
mentioned at the beginning are possible in the case of cyanidin. The 
situation is less clear with methylated anthocyanidins, such as peonidin 
and petunidin. Chemogenetic experiments with Primula melacoides by 
Seyffert (1959) have shown that malvidin is present in the genotype 
BBBB and petunidin in the recessive genotype. These results do not 
allow a conclusion as to the stage at which methylation occurs. Methyl
transferases for anthocyanidins have not yet been found. A B-ring 
methyltransferase for flavoneslflavonols has a low affinity for eriodictyol 
(Ebel et al., 1972). 

E. Glycosyltransferases and Acyltransferases 

Glycosylation is probably the last step in anthocyanin biosynthesis. 
Because of the instability of the aglycones, lack of a 3-0 -glucosyl
transferase would be expected to prevent accumulation of ant hocyani dins. 
It can be assumed that, under physiological conditions, the anthocyanidin 
formed is immediately glucosylated at the 3-hydroxyl group. Additional 
sugars may then be attached to the 3-glucosyl residue and/or to the 
5-hydroxyl group. 

3-0-Glucosyltransferases for cyanidin from red cabbage seedlings 
(Salehet al., 1976b), cell cultures ofH. gracilis (Salehet al., 1976a), petals 
of Silene dioica (Kamsteeg et al., 1978), and maize (McCormick, 1978; 
Larson and Coe, 1977) have been described. All enzymes use UDP
glucose as the glucosyl donor. 

The best substrate for the transferases from red cabbage and H. gracilis 
was cyanidin. Of the other anthocyanidins tested, pelargonidin, peonidin, 
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and, to a lesser extent, malvidin were also glucosylated. These enzymes 
were not specific for anthocyanidins but could also glucosylate flavonols 
like kaempferol and quercetin at position 3. Dihydroflavonols like dihy
droquercetin, however, did not serve as substrates. 

In maize, the 3-0-glucosyltransferase can also glucosylate both an
thocyanidins and flavonols. In this plant, it could be shown that the gene 
Bz is the structural gene for this enzyme (Larson and Coe, 1977). A clear 
gene dosage effect was found in maize, for example in the endosperm. 
Recessive alleles bz cause brown pigmentation of the aleurone, which is 
presumably due to complexing of unstable anthocyanidins (McCormick, 
1978). In studies by Dooner and Nelson (1977), a more complex genetic 
control of this enzyme was reported. In addition to the gene Bz, the genes 
C and R are necessary for full expression of the glucosyltransferase. The 
genetic control exerted by C and R seems to be indirect. 

The 3-0-glucosyltransferase from S. dioica is specific for anthocyani
dins. An enzyme catalyzing the transfer of the rhamnosyl moiety of 
UDP-L-rhamnose to the 6-hydroxyl group of the 3-0-bound glucose of 
anthocyanidin 3-0- glucosides was demonstrated in petal extracts of S. 
dioica (Kamsteeg et ai., 1980c). Enzyme activity is controlled by a single 
gene N. No rhamnosyltransferase activity was found in petals of 
homozygous recessive nn plants. The 3-0-glucosides of pelargonidin, 
cyanidin, and delphinidin could serve as acceptors. Rhamnosylation of 
anthocyanin 3,5-diglucoside occurred at a reduced rate. 

A third transferase, which catalyzes the transfer of the glucosyl moiety 
of UDP-glucose to the 5-hydroxyl group of cyanidin 3-rhamnosyl(1 ~ 6)
glucoside (cyanidin 3-rutinoside), was also detected in these extracts 
(Kamsteeg et ai., 1978). This transferase is controlled by a single gene 
M. Pelargonidin 3-rutinoside was also an acceptor. Cyanidin 3-glucoside 
was converted to the 3,5-diglucoside at a much lower rate at pH 7.5, 
which is the pH maximum for glucosylation of the 3-rutinoside. At pH 
6.5, however, glucosylation of the 3-glucoside proceeded at a higher 
rate. It seems, therefore, that the same transferase can use either accep
tor, depending on the pH of the medium. 

From these results, it can be concluded that glycosylation in S. dioica 
petals takes place in the following order: anthocyanidin 3-glucoside ~ 
3-rutinoside ~ 3-rutinoside 5-glucoside with a branch from the 3-glucoside 
to the 3,5-diglucoside. 

Anthocyanins also occur in acylated form in the petals of S. dioica. It 
has been mentioned before (see Section IV,D) that 4-coumaric acid is 
esterified to pelargonidin glycosides and caffeic acid to cyanidin 
glycosides. In anthocyanidin 3-glucosides, the acyl residue is esterified to 
the 6-hydroxyl group of glucose and in the 3-rutinosides to the 4-hydroxyl 
group of rhamnose. 



86 Hans Grisebach 

The presence of an enzyme catalyzing the transfer of the 4-coumaroyl 
or caifeoyl moiety of the corresponding coenzyme-A esters to the 
4-hydroxyl group of the rhamnosyl moiety of anthocyanidin 3-rutinosides 
or 3-rutinosides 5-glucosides has been demonstrated in these petals 
(Kamsteeg et al., 198Od). This acyl-transferase is governed by the 
gene Ac. 

F. Cellular and Subcellular Localization of 
Anthocyanin Biosynthesis 

This subject is covered in a review by McClure (1975). As is easily 
recognized, anthocyanins do not occur in all cells of a plant synthesizing 
these pigments. Anthocyanins are typically found in flower and fruit tissue 
and in the epidermal and hypodermal layers ofleaves and stems. But even 
within one type of tissue, the distribution of flavonoids must not be uni
form. A careful investigation by Wellmann (1974) has shown that, in mus
tard cotyledons (Sinapis alba L.), the upper epidermis contains mostly 
flavonol (80% quercetin and 12% anthocyanin) and the lower epidermis 
the bulk of anthocyanin but little flavonol (82% anthocyanin and 9% 
quercetin). The enzymes phenylalanine ammonia-lyase and chalcone 
isomerase were only detected in the epidermal tissue, and the activity of 
these enzymes correlated well with formation of anthocyanin in the lower 
epidermis after illumination (see Section IV,G). 

While a good deal is known about the tissue distribution of an
thocyanins, little information exists concerning the subcellular location of 
their synthesis. It is usually assumed that anthocyanins are dissolved in 
the cell sap. Recent studies by Pecket and Small (1980) have focused 
attention on pigmented organelles called anthocyanoplasts as the possible 
site of anthocyanin biosynthesis. These organelles are of widespread oc
currence in both dicotyledons and monocotyledons. Mature anthocyano
plasts are spherical and more deeply red-colored (or blue) than the cell 
vacuole. Only one mature anthocyanoplast is normally found in each 
anthocyanin-containing cell within the vacuole. The following observa
tions point to these organelles as the site of anthocyanin synthesis: (a) 
pigment appears first in several smaller vesicles within the vacuole, which 
apparently coalesce to form the mature anthocyanoplast; (b) light expo
sure leads to an increase in both anthocyanin production and the size of 
the anthocyanoplasts. 

When methods become available to isolate anthocyanoplasts in suffi
cient quantity, it will be interesting to investigate whether enzymes of the 
anthocyanin pathway are actually localized in these organelles. 

In connection with the above results, it is of interest that Hrazdinaet al. 
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(1978) have investigated the subcellular localization of enzymes of an
thocyanin biosynthesis in protoplasts obtained from Hippeastrum and 
Tulipa petals and Tulipa leaves. Over 90% of the enzyme activity from 
chalcone synthase, chalcone isomerase, and anthocyanidin 3-0-glucosyl
transferase was found to be located in the cytosol fraction. No enzyme 
activity could be detected in the isolated vacuoles. In developing ftoral 
buds of Hippeastrum, a parallel increase in anthocyanin content and 
activity of chalcone synthase was found but again no enzyme activity was 
detected in the vacuole. These results are, therefore, not in agreement 
with the synthesis of anthocyanin within the vacuole, but further investi
gations are needed to clarify this question. 

Some ftavonoids seem to occur in chloroplasts, but these compounds 
are more hydrophobic, and anthocyanins would not be expected to be 
present in these organelles. An investigation into the activities of several 
enzymes involved in ftavonoid biosynthesis showed that, for example, 
chalcone synthase is not found in isolated chloroplasts from red cabbage 
seedlings (Hrazdina et al., 1980). 

G. Regulation 

Anthocyanin accumulation in plants is inftuenced by many external 
environmental factors, such as light, temperature, nutritional effects, plant 
hormones, mechanical damage, and pathogenic attack. These factors have 
been reviewed by McClure (1975). The most important external factor is 
light. Extensive studies concerning the action of light on anthocyanin 
accumulation in mustard seedlings (Sinapis alba L.) and other plants have 
shown that phytochrome is the pigment responsible for the stimulation of 
anthocyanin accumulation (Mohr, 1972). As an example, the inftuence ofa 
far-red irradiation (720 nm) on anthocyanin accumulation in the mustard 
seedling is shown in Fig. 10. Far-red light produces a low but constant 
photostationary state of the active form of phytochrome (Pfr, far-red ab
sorbing). 

The action of phytochrome has been traced to the enzyme level. A 
review by Schopfer (1977) on phytochrome control of enzymes has sum
marized this work, and only a few results that are relevant to anthocyanin 
synthesis are described here. 

The enzyme phenylalanine ammonia-lyase (see Fig. 3) has been most 
intensively studied with respect to Pfr control. Fig. 11 shows the increase 
in phenylalanine ammonia-lyase activity in mustard cotyledons under the 
inftuence ofPfr. Enzyme activity rises rapidly, reaches a peak about 20 h 
after the onset of irradiation with far-red light, and then declines. The dark 
control has only very low phenylalanine ammonia-lyase activity. For a 
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Fig. 10. Anthocyanin accumulation in mustard seedlings under the influence of continu
ous far-red irradiation. 

discussion of the molecular basis for this induction kinetic, the reader is 
referred to the review by Schopfer. 

From experiments on the light induction of other enzymes of general 
phenylpropanoid metabolism and of flavonoid biosynthesis, it has become 
evident that the rate of flavonoid synthesis is not solely dependent on the 
induction of phenylalanine ammonia-lyase. Induction studies with cell 
cultures of parsley have, for example, demonstrated that all enzymes of 
the flavone-glycoside pathway (including acetyl-eoA carboxylase) are 
induced by light (Hahlbrock and Grisebach, 1979). In some plants, UV 
light is required in addition to active phytochrome for induction of 
flavonoid biosynthesis (Wellmann, 1975). In cell cultures of HapJopappus 
gracilis, only UV light below 345 nm stimulated anthocyanin formation 
(Wellmann et al., 1976). Under continuous UV light, drastic increases in 
the activities of phenylalanine ammonia-lyase, chalcone synthase, and 
chalcone isomerase were observed, which occurred somewhat earlier 
than accumulation of anthocyanin. 

Much less is known about the molecular basis for anthocyanin induction 
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Fig. 11. Increase in extractable activity of phenylalanine ammonia-lyase in mustard 
cotyledons under the influence of continuous far-red irradiation, 

by the other external factors mentioned above, In some cases, induction 
of phenylalanine ammonia-lyase was reported. For details, the reader 
should consult the review by McClure. 

v. SUMMARY AND OUTLOOK 

The biosynthesis of anthocyanins proceeds by the pathway chalcone ~ 
flavanone ~ 3-hydroxyflavanone (dihydroflavonol) ~ anthocyanidin ~ 
anthocyanin. This pathway is in accord with results of tracer and enzyme 
studies, work with blocked mutants, and inhibitor studies. The enzymes 
are known for all the steps in the basic pathway, except the step dihy
droflavonol ~ anthocyanidin. Variation in the B-ring substitution can be 
introduced at the cinnamic acid level or at the flavanone or dihy
droflavanol stage. Glycosylation begins with formation of the 3-0 -glucoside 
and proceeds in a stepwise manner to higher glycosylated anthocyanins. 
Anthocyanin biosynthesis is governed by a set of dominant genes. A 
correlation between genotype and set of enzymes is possible for chalcone 
synthase, chalcone isomerase, flavanone 3-hydroxylase, flavanone 3'-
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hydroxylase, several glycosyltransferases, and acyltransferase. An
thocyanins are only formed in certain types of cells or tissues. The 
intracellular localization of anthocyanin biosynthesis is uncertain. An
thocyanin formation is influenced by a number of external factors, among 
which light is the most important one. Light signals are perceived and 
transmitted by the phytochrome system and cause increased activity of 
enzymes involved in the biosynthetic pathway. In some cases, UV light is 
needed in addition to active phytochrome for enzyme induction. 

Future work will be concerned with further characterization of enzymes, 
especially for the conversion of dihydroflavonols to anthocyanidins. Work 
with defined genotypes is expected to play an important role in these 
studies. A complete correlation between genotype and set of enzymes 
should be possible for some plants in the near future. Further work on the 
molecular basis oflight-induced changes in enzyme activities could lead to 
an understanding of how light functions as a trigger for flavonoid biosyn
thesis in general and anthocyanin synthesis in particular. 
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I. INTRODUCTION 

Tswett (1914) was the first to demonstrate that certain colorless 
ftavanoids yield anthocyanidins upon treatment with mineral acid. This 
property defined a new class of ftavanoids, which were classified by 
Rosenheim (1920) with the collective name leucoanthocyanidin. Although 
certain objections were raised against this name, Robinson and Robinson 
(1933) continued its use. So when in the 1950s Bate-Smith (1954) and 
Bate-Smith and Lerner (1954) systematically investigated a broad variety 

* For abstract see Pomilio and Weinges. 1975; Weingeset ai., 1969a.b. 1972; Weinges and 
Piretti, 1971b. 
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of plant materials by heating extracts thereof with 2 N HCI and 
chromatographing the resulting anthocyanidins with the so-called Forestal 
solvent (acetic acid-water-hydrochloric acid, 30: 10: 3), he thought of 
studying the spread ofleucoanthocyanidins in flora. Since the rules of dye 
chemistry unequivocally define the term "leuco," however, it is highly 
uncertain that the natural products detected by Bate Smith meet the struc
tural requirements for the term "Ieucoanthocyanidin." In the case of 
cyanidin (1), only two isomeric compounds may correctly be classified as 
leucocyanidins, i.e., the 3,5,7,3' ,4'-pentahydroxy-2-flaven (2) and the 
3,5,7,3' ,4'-pentahydroxy-3-flaven (3). All attempts to synthesize these 
leucocyanidins (2 and 3) or to isolate them from plant material, however, 
failed, so that their occurrence in nature is highly uncertain. Therefore, 
Freudenberg and Weinges (1958c) suggested the collective name "proan
thocyanidins" for all flavanoids yielding anthocyanidins upon treatment 
with acid. 
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Although the determination of the structure of proanthocyanidins only 
started in 1954, their first representatives, cyanomaclurin (Perkin and 
Cope, 1893) and peltogynol (Robinson and Robinson, 1935), were isolated 
very early, without being recognized as such. Then the chemistry of 
proanthocyanidins developed fast. King and Bottomley (1954) extracted 
melacacidin from Acacia melanoxylon and determined its constitution as 
7,8,3' ,4'-tetrahydroxy-3,4-ftavandiol. At the same time, Freudenberg and 
Roux (1954) prepared 7,3' ,4' ,5'-tetrahydroxy-3,4-flavandiol from the cor
responding hydroxyflavanolon (dihydrorobinetin). In the following pe
riod, many new compounds of this class of natural products have been 
isolated from barks and woods having in common the 3,4-flavandiol struc
ture. Without violating the general understanding of the term leuco, these 
3,4-flavandiols may be classified by Rosenheim's name "Ieucoan
thocyanidin," or, better yet, by the designation "leucoanthocyanidin 
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hydrate" (Freudenberg and Weigners, 1958a). Not all fiavanoids yielding.. 
anthocyanidins with acid, however, possess the constitution of a 
polyhydroxy-3,4-fiavandiol. 

The first representative of a second group of proanthocyanidins was 
isolated in 1958 by Forsyth and Roberts from the extract of cacoa beans. 
Upon treatment with dilute acid, this proanthocyanidin disintegrated in 
organic solvents, yielding one molecule of cyanidin and (- )-epicatechin, 
respectively. Therefore, it had to be a dimeric ftavanoid with a CaD skele
ton. From this type of proanthocyanidin-hereafter called dimeric 
proanthocyanidin-several other representatives have been isolated in the 
meantime, preferentially from fruits. Their composition and configura
tions were elucidated in the 1960s by Weinges and co-workers (1968c), 
and finally proved by the synthesis of the diacetyloctamethyl ester of the 
dimeric proanthocyanidin B3 (Weinges et al., 1970). According to their 
structure, these dime ric proanthocyanidins may be termed as dehy
drodicatechins. It has been shown (Weinges et al., 1969d; Weinges and 
Miiller, 1972), however, that dehydrodicatechins that are formed by en
zymic oxidative coupling of catechins (polyhydroxy-3-ftavanols) possess a 
structure that does not allow the formation of anthocyanidins upon the 
action of acid. Additionally, with labeled compounds, Jacques and Has
lam (1974) were able to show that the biogenesis of these dimeric proan
thocyanidins does not proceed via the intermediate of a catechin. Yet 
another group of dimeric proanthocyanidins of different structure is 
formed by acid-catalyzed self condensation of polyhydroxy-3,4-
ftavandiols (leucoanthocyanidins). These also have been isolated from 
plant materials (Drewes et al., 1966). Thus, one classification, dimeric 
proanthocyanidins, is used for two structural patterns. To clarify this 
situation, we suggest the name "proanthocyanidinocatechins" for those 
dimeric anthocyanidins that disintegrate into anthocyanidin and catechin. 
By this name, a clear-cut distinction between this class of natural products 
and leucoanthocyanidins and its dimers, as well as the actual dehy
drodicatechins, is realized. 

All different groups of proanthocyanidins have in common the inclusion 
of a number of asymmetric carbon atoms (at least three). Thus, optically 
active stereoisomers can be isolated. Since at least one, and often more, 
carbon atoms are configurationally labile, especially in the presence of 
acid, epimerization may occur either in the plant material or during their 
isolation. Very often, this stereochemical situation is responsible for the 
isolation of mixtures of stereo isomers of partially racemized products. In 
some cases, this may lead to a situation in which more stereoisomers are 
reported in literature than can exist. Some examples are given in the 
description of the single groups of proanthocyanidins. 
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II. THE NATURAL LEUCOANTHOCYANIDINS 

All naturally occurring leucoanthocyanidins known possess the struc
ture (4) of a polyhydroxy-3,4-flavandiol, differing only in the number and 
positions of the hydroxyl groups distributed about the carbon atoms 5-8 
and 2' -6' (Scheme 1). According to their general sum formula C15H1403+11 
(n = 2-5), they contain the elements of water more than the actual 
leucoanthocyanidins 2 and 3 (C15H1202+J, which agrees with the rules 
of dye chemistry. Therefore, they are also called leucoanthocyanidin 
hydrates. 
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A. Acid-Catalyzed Reactions 

In their reactions with acids, the leucoanthocyanidins exhibit competi
tion between elimination and substitution reactions (see Scheme 1). In the 
elimination of water, the corresponding anthocyanidins (9) are formed, 
whereas in the substitution process, the dimeric leucoanthocyanidins (11) 
which are formed at first may further react to oligomers with pronounced 
tannin properties. 

The formation of the mesomeric stabilized carbenium ion 6 is the rate
determining step for both reaction pathways, the elimination and the sub
stitution. In the elimination, 6 loses a proton to yield the proper leucoan
thocyanidin 7. In the presence of air oxygen, the leucoform is oxidized to 
the pseudoform 8, which loses water upon the action of acid and yields the 
anthocyanidin cation 9. Depending on the substitutional pattern of nuclei 
A and B, the anthocyanidins formed show the colors yellow to dark red. 
In the substitution reaction, the carbenium ion 6 attacks a second 
polyhydroxy-3,4-ftavandiol at a carbon atom that has the highest nu
cleophilicity. In most cases, this is either C-6 or C-8, as is shown in Scheme 
1. Thus, the benzenium ion 10 is formed, which is stabilized by the loss of 
a proton, yielding the dimeric leucoanthocyanidin 11. Since 11 still has 
one benzylic hydroxyl group left, this acid-catalyzed substitution process 
proceeds further in most cases, leading to higher polymers. 

The ratio of elimination to substitution depends on the following factors: 
(a) nucleophilicity of the A-ring (as determined by the number and posi
tions of phenolic hydroxyl groups); (b) solvent-dipolar, protic solvents 
(water, alcohols) preferentially favor substitution, whereas dipolar, apro
tic solvents favor elimination; and (c) temperature (at low tempera
ture ~ substitution favored, at high temperature ~ elimination favored). 

The above-described dependencies show that a quantitative specifica
tion of the leucoanthocyanidin content of extracts cannot be made on the 
basis of calorimetric determinations of the anthocyanidins formed through 
acid catalysis. To a certain variable extent, dimeric and oligomeric prod
ucts are formed and thus are not registered by this method. The different 
values reported in the literature for some plant extracts are most certainly 
caused by this competition. 

From the results from the temperature and solvent dependency of 
elimination and substitution reactions, however, the following conclusions 
may be drawn. At low temperature and in the presence of moisture, the 
polycondensation of leucoanthocyanidins occurs at pH 4-5, yielding tan
nins. Therefore, leucoanthocyanidins have to be regarded as a natural 
source of tannins. This statement is in agreement with the observation that 
the heartwood of young trees contains large quantities of monomolecular 
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leucoanthocyanidins, whereas old seasoned wood contains only traces of 
monomers, but large quantities of tannins. 

Many years have been devoted to the problem of determining the com
position of these type of tannins. One has, however, to accept that the 
results of this research cannot be expressed by a single or a few structural 
formulas, since the course of their formation (starting off with a dimeric 
leucoanthocyanidin) may vary within certain limits. The mechanism will, 
therefore, not proceed as uniformly as one may expect from Scheme 1 
(formation of 11). For example, condensation reactions between phenolic 
and secondary aliphatic hydroxyl groups are possible. This has been 
proved experimentally (Freudenberg and Alouso de Lama, 1958; Mayer 
and Merger, 1961) by investigation of the mechanism of the acid-catalyzed 
polymerization of polyhydroxyftavans. The fact that no unique structural 
pattern can be formulated for these tannins is obvious already from their 
composition. These tannins consist of polymers scanning the whole range 
of different grades of polymerization, reaching from the water-soluble, 
actual tannins to the insoluble phlobaphens. 

B. Determination of Structure and Configurations 

Today, the composition and configurations of leu co ant hocyani dins 4 are 
easily determined by spectroscopic means (lH_, 13C-NMR, and mass 
spectrometry). In the best procedure, the polyhydroxy-3,4-ftavandiols are 
transferred to the corresponding polyhydroxy-3-ftavanols (12) by catalytic 
hydrogenation (Weinges, 1958). Since the mass spectrometric degradation 
of the methylated polyhydroxy-3-ftavanols proceeds in a more defined 
way than that of the free compounds, the phenolic hydroxyl groups are 
methylated with dimethyl sulfate-50% KOH. These methyl ethers are 
crystalline in most cases, and purification is achieved easily by recrystalli
zation. In the mass spectrometer, they disintegrate preferentially with the 
cleavage of the heterocyclic ring, a pathway that is similar to the re
trodiene reaction. As a result, splitting of the bonds C-I-C-2 and C-3-C-4 
is accompanied by a simultaneous transfer of a hydrogen atom to the 
fragment that contains the A-ring (cf. Scheme 2). Compared with the 
normal retrodiene degradation, fragment 13 is higher and fragment 14 
lower by one mass unit. 

4 H2/Pt, ~ ~OH C/~ H2C--0 A I H- -----. A I • II - ~ :::,.. 
~ C·H2 

I -
H OH C· C 

2 'OH III 
(12) (13) (14) 

o· 

Scheme 2 
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The number of hydroxyl groups in the A- and B-rings of the original 
leucoanthocyanidin can be calculated from the masses of the two main 
fragments 13 and 14. These fragments show a further, but irregular, deg
radation which includes cleavage of CO (m/e = 28), CHO (29), and CRa 
(15). Elimination of water from the M+ ion is observed only to a minor 
extent. 

With the knowledge about the number of hydroxyl groups acquired by 
mass spectrometry, the interpretation of aromatic signals in the I H-NMR 
spectrum has become quite easy. The spectra of aromatic protons show 
long-range couplings with dimensions characteristic for ortho- (three 
bonds), meta- (four bonds), and para-positioned (five bonds) hydrogen 
atoms. The different average values for these coupling constants are listed 
for 15. Thus, the substitutional pattern of hydroxyl groups in leucoan
thocyanidins is easily deduced, when care is taken that a para substitution 
is possible only for the B-ring. 

J A •• (ortho) = 6-10 Hz 
J A ... (meta) = 1-3 Hz 
J A.p (para) = 0-1 Hz 

Leucoanthocyanidins (4) have three centers of chirality and, therefore, 
may occur in eight optically active and four racemic forms. To decide 
which stereoisomer is present in a certain case, leucoanthocyanidin (4) is 
transferred to the 3-ftavanol (12) by catalytic hydrogenation (cf. Scheme 
2). Since the absolute configurations of most polyhydroxy-3-ftavanols (12) 
are known, the configurations at C-2 and C-3 of the leucoanthocyanidins 
are thus established. In case the absolute configuration of 12 should be 
unknown, it can be deduced from a comparison of the specific rotations of 
different derivatives, applying Freudenberg's rule of shift (Weinges, 1959) 
(displacement rule). When the absolute configurations of C-2 and C-3 are 
determined in either way, that of C-4 can be deduced from the coupling 
constantJ3.4 in the IH-NMR spectrum ofleucoanthocyanidin (4). The size 
of the coupling constant of two neighboring hydrogen atoms is solely 
dependent on their dihedral angle, which, on the other side, is a function 
of possible conformational equilibria. In the case of leucoanthocyanidins, 
one only has to choose between two half-chair conformations 16 and 17 for 
the heterocyclic ring. In their conformational equilibrium, that conformer 
always prevails that has the aryl group at C-2 in the equatorial position. 
Since one already knows the absolute configuration at C-2, the dominating 
conformation is known, too, and one can estimate the sizes of the cou-
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a 
l161 (17) 

piing constantsJ2.3 andJa•4 • The following approximate values for respec
tive coupling constants of leucoanthocyanidins have been determined ex
perimentally: 

Relative positions of 
protons at C-2, C-3, and C-4 

2a,3a (E)-3a,4a' (E) 
2a,3a (E)-3a,4e' (Z) 
2a,3e (Z)-3e,4a' (E) 
2a,3e (Z)-3e,4e' (Z) 

9H 
10 H 
IH 
IH 

J •• .(Hz) 

7H 
3H 
3H 
4H 

The chemical shifts of protons of the heterocyclic ring depend on many 
factors. On the one hand, the nature of substituents at C-3 and C-4 is 
decisive. Upon acetylation of the hydroxyl groups, the protons at C-3 and 
C-4 suffer the known acetyl shift to lower field strengths. On the other 
hand, protons at C-2 and C-4 may be influenced by neighboring sub
stituents at the aromatic rings. Therefore, these protons may vary sub
stantially in their chemical shift, appearing usually in a 8-region between 
2.5 and 5.0 ppm. The exact values for specific cases may be taken from the 
original literature. 

C. Occurrence 

The naturally occurring leucoanthocyanidins (18-26) are listed in Table 
I, together with their ratio of hydroxyl groups of the A-ring to the B-ring. 
Their single constitutions are not represented here, since they are easily 
constructed from 4 and the number and positions of hydroxyl groups as 
given in Table I. It is peculiar that no naturally occurring leucoan
thocyanidin is known that has a hydroxyl function in position 6 of the 
A-ring. Those leucoanthocyanidins having hydroxyl groups at C-2' or C-6' 
easily eliminate water with the hydroxyl group at C-4 (see Section 11,0). 

The stereochemistry discussed in Section II,B allows a maximum of 
eight optically active and four racemic forms for 18-26, which principally 
could occur in nature. In quite a few cases, however, little is known about 



4. Proanthocyanidins 

TABLE I Naturally Occurring Leucoanthocyanidins 

Trivial name 

Guibourtacacidin (18) 
Leucofisetinidin (19) 
Leucorobinetinidin (20) 
Lebbecacacidin (21) 
Teracacidin (22) 
Melacacidin (23) 
Leucopelargonidin (24) 
Leucocyanidin (25) 
Leucodelphinidin (26) 

Systematic name 
3,4-ftavandiol (3) 

7,4' -Dihydroxy-
7,3' ,4' -Trihydroxy-
7,3' ,4' ,5'-Tetrahydroxy-
8,3' ,4' -Trihydroxy-
7,8,4' -Trihydroxy-
7,8,3' ,4' -Tetrahydroxy-
5,7,4' -Trihydroxy-
5,7,3' ,4' -Tetrahydroxy-
5,7,3' ,4' ,5' -Pentahydroxy-

Ratio ofOH 
A-ring: B-ring 

1 : 1 
1:2 
I: 3 
I: 2 
2: 1 
2:2 
2: 1 
2:2 
2:3 
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the actual stereochemistry. Very often, mixtures of different dias
tereoisomeric leucoanthocyanidins were isolated which did not crystallize 
and which obviously could not be separated. 

1. Guibourtacacidin (18), Leucofisetinidin (19), and 
Leucorobinetinidin (20) 

These three leucoanthocyanidins commonly share one hydroxyl group 
at C-7, differing only in the number of hydroxyl groups at the B-ring. 
Guibourtacacidin (18), the simplest leucoanthocyanidin, was first isolated 
in 1959 from some species of the African kopaiva tree (Guibourtia spp.) 
(Roux, 1959; Roux and de Bruyn, 1963). The natural product is not crys
talline, whereas all four racemates, prepared synthetically, do crystallize 
very well (Phatak and Kulkarni, 1959). This already indicates that natural 
guibourtacacidin is stereochemically unhomogenous. Saayman and Roux 
(1965), by interpretation of NMR spectra, were able to establish the rela
tive configurations of all four synthetic racemates. Simultaneously, they 
could show that natural guibourtacacidin is a mixture of three stereo
isomers. 

From the mimosa tree (Acacia mearnsii, earlier A. mollissima), Keppler 
(1957) isolated a dextrorotatory leucofisetinidin (19), which he named 
(+ )-mollisacacidin. A short time later, a levorotatory leucofisetinidin was 
isolated from the heartwood of the quebracho tree (Schinopsis quebracho 
colorado or S. lorentzii and S. balansae) (Freudenberg and Weinges. 
1958b; Roux, 1958; Roux and Evelyn, 1958b). Clark-Lewis and Roux 
(1959) recognized that these two leucofisetinidins with opposite rotations 
are enantiomers. Their absolute configurations, (2R ,3S ,4R)-( +)- and 
(2S ,3R ,4S)-( - )-leucofisetinidin, were determined in the way described 
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previously (Section II,B). Today, two naturally occurring representatives 
are known of the four possible dextrorotatory diastereoisomers, whereas 
of the levorotatory all four have been isolated from natural sources. Their 
origins and absolute configurations are listed in Table II, together with 
respective literature citations. The simultaneous occurrence of three 
levorotatory leucofisetinidins (19) in Guibourtia coleosperma recalls the 
analogous situation in the case of the guibourtacacidins. 

Racemic leucorobinetinidin (20) was generally the first leucoan
thocyanidin that was synthesized (Freudenberg and Roux, 1954) by 
hydrogenation of racemic dihydrorobinetinidin (5,7,3',4' ,5'-pentahy
droxyftavanolon). In 1958, optically pure, dextrorotatory 20 was isolated 
by Weinges (1958) from the wood of robinie (Robinia pseudoacacia). 
It proved to be identical to the product obtained by hydrogenation 
of (+ )-dihydrorobinetin. The absolute configuration 2R ,35 ,4R was 
determined analogously to that of (+ )-leucofisetinidin from Acacia 
mearnsii (Weinges, 1959). These studies were confirmed by Roux and 
Paulus (1962). From an extract of Acacia arabica, ~hich is known 
by the name "babul" in Southeast Asian countries, and which for a 
long time past was used in the production process of leather, Endres and 
Hillal (1963) isolated a leucorobinetin (20). A stereochemical identifica
tion, however, was not undertaken. Polymeric leucorobinetidin is the 
main constituent of the extract of Acacia mearnsii (Roux and Evelyn, 
1958a). 

2. Lebbecacacidin (21). Teracacidin (22). and 
Me/acacidin (23) 

The OH group at C-8 is common to all leucoanthocyanidins 21-23. 
Such ftavanoids are generally very rare in nature. The only leucoan
thocyanidin with a presumable 8,3',4' pattern for the phenolic hydroxy 
substitution is lebbecacacidin (21). It was isolated among melacacidin (23) 
by Rayudu and Rajadurai (1965) from the heartwood of the Indian nut tree 
(Albizzia lebbec; in Hindi "siris"). Its composition was deduced from the 
oxidation products of the trimethyl ether of 21 which, according to the 
authors, were identified as 2-hydroxy-3-methoxybenzoic acid and 3,4-
dimethoxybenzoic acid. Guptya, Malik, and Seshadri (1966), who investi
gated the heartwood of this tree at about the same time, however, only 
found leucopelargonidin (23). Since lebbecacacidin (21) and leucopelar
gonidin (24) are positional isomers, the structure has to be regarded as 
uncertain until a clarifying reinvestigation has been undertaken. 

The heartwood of Acacia orites and Acacia sparsijiora contains (-)
teracacidin (22) and its C-4 epimer ( - )-isoteracacidin, as was reported by 
Clark-Lewis and co-workers (1961 and 1964). These leucoanthocyanidins 
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TABLE II Origin and Absolute Configurations of the Natural Leucofisetinidins (19) 

Absolute 
configuration 
and sign of 

rotation 

(2R, 3S, 4R)-( + )-

(2R,3S.4S)-( +)
(2S, 3R, 4S)-( -)-

Origin 

Acacia mearnsii 
GJeditsia japonica 

CoJophospermum mopane 
Schinopsis lorentzii 

Reference 

Keppler, 1957 
Clark-Lewis and Mitsuno, 1958; 

Mitsuno and Yoshizaki, 1957 
Drewes and Roux, 1965b 
Freudenberg and Weinges, 1958b; 
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(2R,3R, 4R)-( -)
(2R. 3R, 4S)-( - )
(2S,3R, 4R)-( -)-

Guibourtia coJeosperma 
Guibourtia coJeosperma 
Guibourtia coleosperma 

Roux, 1958; Roux and Evelyn, 1958b 
Drewes and Roux, 1965a 
Drewes and Roux, 1965a 
Drewes and Roux, 1965a 

were, however, accompanied by the corresponding flavenolon and (-)
melacacidin (23), and were thus not completely homogenous. Later 22 
was isolated free of accompanying materials from Acacia obtusifolia and 
Acacia maidenii (Clark-Lewis and Dainis, 1967). From these sources, (-)
teracacidin can be obtained very easily. In high yield (10%) the (-)
teracacidin was isolated by Drewes and Roux (1966b), together with its 
isomeric compound from Acacia auriculiformis. 

(- )-Melacacidin (23) was isolated as an amorphous compound by King 
and Bottomley (1953, 1954) from Acacia melanxylon (australian 
blackwood) by ether extraction. Later crystalline (- )-melacacidin (0.2-
1%) was isolated from other acacia species (A. harpophylla andA. excelsa) 
by Clark-Lewis and Mortimer (1960), together with (- )-isomelacacidin 
(less than 0.2%). The latter represents the C-4 epimer in analogy to the 
diastereoisomeric pair teracacidin-isoteracacidin. 

Both (- )-teracacidin and (- )-melacacidin possess the 2R ,3R ,4R con
figuration, as was shown (Clark-Lewis and Katekar, 1960) by the follow
ing reaction sequence. The methyl ethers of 22 and 23 were hydrogenated. 
The resulting products showed configurational identity with the (2R ,3R)
(- )-tetramethylepicatechin. The coupling constants of protons at C-3 and 
C-4 of 22 and 23 (13•4 = 4 Hz) proved the R configuration at C-4. To the 
contrary, (- )-isoteracacidin and (- )-isomelacacidin yielded the S con
figuration at C-4. 

3. Leucopelargonidin (24), Leucocyanidin (25), and 
Leucodelphinidin (26) 

Analogous to the natural occurrence of their anthocyanins, leucopelar
gonidin (24), leucocyanidin (25), and leucodelphinidin (26) are the most 
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TABLE III Naturally Occurring Leucopelargonidins (24) 

Trimethyl ether 
Origin mp eC) (adD (deg) Solvent Reference 

Eucalyptus calophylla 148-150 -122.8 Ganguly and Seshadri, 1961 
Connarus monocarpus 158-160 Aiyar et al., 1964 
Musa acuminata 223-226 -71.8 Ethyl Chadha and Seshadri, 1962b 

acetate 
Casearia esculenta 192-193 +29.1 Ethanol Krishan and Rangaswami, 1965 

vastly spread leucoanthocyanidins in nature. The results of the different 
investigations about their occurrence are therefore summarized in Tables 
III-V. Only those reports are considered that refer to defined methyl ether 
derivatives. The cases in which the presence of leucoanthocyanidins 
24-26 is only suggested from the application of the Tswett reaction fol
lowed by chromatographic identification are omitted in this summary for 
reasons of clarity. For details we refer to "Chemotaxonomie der Pftanze" 
by Hegnauer (1962-1973). 

In the cyanidin series (25), a number of apparently different 3,4-
f1avandiols have been described that exceed the number of theoretically 
possible diastereoisomers (four dextrorotatory, levorotatory, and race
mates each). The most likely explanation is in the sense of the previous 

TABLE IV Naturally Occurring Leucocyanidins (25) 

Tetramethyl 
ether (a)o 

Origin mp("C) (deg) Solvent Reference 

Bruguiera gymnorrhiza 170-174 + 10 Ethanol Seshadri and Venkataramani, 1959 
Psidium guajava 155-158 + 13.9 Ethyl acetate Seshadri and Vasishta, 1963 
Litchi sinensis 153-161 + 38.6 Acetone Chadha and Seshadri, 1962a 
Seeds of peanut 155-157 +46 Methanol Nagarajan and Seshadri, 1960 
Bruguiera gymnorrhiza 164-166 + 96 Ethanol Seshadri and Venkataramani, 1959 
Areca nut 160-163 + 97 Methanol Nagarajan and Seshadri, 1961 
Litchi sinensis 282-290 +130 Dimethyl· Chadha and Seshadri, 1962a 

formamide 
Butea frondosa 198-200 +125.2 Ethanol Ganguly and Seshadri, 1959 
Entada scandens 195-200 +228 Chloroform Chadha, 1962 
Seeds of tamarind 200-205 +236 Chloroform Laumas and Seshadri, 1958a 
Dacrydium cupressinum 172-174 - 45.6 Ethanol Cambie and Scain, 1960 
Cedrelle toona 121-124 - 98 Methanol Nagarajan and Seshadri, 1961 
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TABLE V Naturally Occurring Leucodelphinidins (26) 

Pentamethyl ether 

mp (a)D 
Origin ee) (deg) Solvent Reference 

Cleisthantus sollinus 160-164 -53.8 Ganguly et al., 1958 
Eucalyptus pilularis 180-184 +72.9 Ganguly et al., 1958 
Terminalia spp. 186-187 +70 Rowand Subba Rao, 1962 
Ephedra equisetina 243-245 Taraskina and ehumbalov, 1958 
Dacrydium biforme 166-167 eambie and Mander, 1964 
Emblica officinalis 180-185 Laumas and Seshadri, 1958b 

remarks: Some of the substances isolated were stereochemically un
homogenous, consisting of partially racemized or epimerized material. 

D. Unusual Leucoanthocyanidlns 

Those leucoanthocyanidins that either do not show the typical struc
tural features as they are represented by 4 or contain additional residues 
attached to the carbon atoms of the A- and B-rings are designated "un
usual leucoanthocyanidins." Hereto belongs the already mentioned 
cyanomaclurin (27), as well as peltogynol (28), mopanol (29), and mar
gicassidin (30). 

OH 
OH 

OH 

Cyanomaclurin was already discovered in 1893 by Perkin and Cope in 
the heartwood of the jack tree (Artocarpus integrifolia) , and was de
scribed as a colorless, water-soluble compound (S. A. Perkin, 1905). The 
name cyanomaclurin originates from the deep-blue solution 
(blue = K"a:"O~) one obtains upon heating the water solution with alkali. 
Subsequent treatment with acid yields the red moridin salt. From this 
behavior, Appel and Robinson (1935) implied a half ketal structure at C-3 
of a ftavanoid skeleton. When, however, the IH-NMR spectrum of the 
trimethyl ether of 27 did not show methylene protons, Chakravarty and 
Seshadri (1962) postulated a new structure in which an ether linkage be
tween C-3 and C-6' and a free hydroxyl group at C-4 was assumed. Since 
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neither catalytic hydrogenation nor oxidation led to appropriate structural 
alterations, however, a free hydroxyl group at C-4 was highly uncertain. 
N air and Subramanian (1963) finally, in comprehending all experimental 
investigations, suggested structure 27, with an ether linkage between C-4 
and C-6' and a free hydroxyl group at C-3. The synthesis of racemic 
trimethyl-cyanomaclurin, which was identical with the natural racemate, 
(Bhatia et al., 1966a,b), confirmed structure 27. 

Peltogynol (28) and its C-4 epimer peltogynol-B were isolated for the 
first time from the heartwood of Peltogyne porphyrocardia (Robinson and 
Robinson, 1935). Investigations of the oxidation products, as well as the 
conversion to the corresponding anthocyanidin by heating with acid, 
led-as in the case of cyanomaclurin-to the postulation of a structure 
with a half ketal at C-3. This had to be revised to the cyclic ether structure 
28 by Chan, Forsyth, and Hassall in 1958. 

Mopanol (29) and its C-4 epimer mopanol-B were discovered by Drewes 
and Roux in 1965 (1965b) in the heartwood of Colophospermum mopane. 
From the mixtures of compounds extracted, both epimeric peItogynols 
(28) and leucofisetinidin (19) were isolated, as well as polymeric material. 
The same composition was found for the extracts of other Peltogyne spp. 
(P. porphyrocardia, P. venosa, andP. pubescens) (Drewes and Roux, 1967). 
Peltogynol (28) and mopanol (29) are isomeric compounds, differing only 
in the substitution pattern of hydroxyl groups at the B-ring (3' ,4' and 4' ,5' , 
respectively). Therefore, the aromatic protons show a para coupling 
(J2/,51 "'" 1 Hz) in the NMR spectrum ofpeltogynol, whereas the spectrum 
of the isomeric mopanol (29) shows an ortho coupling (J2/,3' = 8.8 Hz). 
The common occurrence of leucofisetinidin (19), peltogynols (28), and 
mopanols (29) indicates a biogenetic relation between them via a C-l 
synthon. Thus, 28 and 29 may be formed from leucofisetinidin (19) by an 
attack of the synthon at either C-2' or C-6' , followed by subsequent ether 
formation with the OH group at C-3. 

The absolute configurations at C-2 and C-3 of 28 and 29 were derived 
from the comparison of the ORD curves of (+ )-peltogynol and (+)
mopanol and their respective derivatives with those of the corresponding 
ftavanolons (peltogynon and mopanon) of which the absolute configura
tions were known. Thereby one has to consider that, in going from the 
ftavanolons to the 3,4-ftavandiols, the priorities of ligands at C-3 change 
according to the rules of the R,S notational system, thus reversing the 
designation. Herewith 28 and 29 possess the configuration 2R,3S. The 
coupling constant (13,4 = 8.8 Hz) defines the absolute configuration at 
C-4. This value is in accord with an E-orientation of H-3 and H-4, hence 
4R configuration follows. Therefore, we are dealing with (2R ,3S ,4R)
( + )-peltogynol and (2R ,3S ,4RH + )-mopanol, respectively (Drews and 
Roux, 1966a). 
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(- )-Margicassidin (30) is found in the flowers of Cassia marginata, to
gether with an anthocyanin. The latter has been identified as a 
3-diglucoside of margicassinidin as the aglycon (Adinarayana and 
Seshadri, 1966), the corresponding anthocyanidin of the former. It may be 
emphasized at this point that margicassidin (30) hitherto is the only 
leucoanthocyanidin that is accompanied by the corresponding an
thocyanin and that has been isolated from flowers. 

Margicassidin (30) is an amorphous compound that forms a well crystal
lizing trimethyl ether (mp 218-220"C; [a]D = -111°). In agreement with 
structure 30, the IH-NMR spectrum shows only one signal for the aro
matic hydrogen atoms at the A-ring and two signals for the four ortho- and 
para-positioned protons at the B-ring. A further characteristic feature in 
its NMR spectrum is two nonequivalent methyl groups at {) = 1.15 
(aliphatic methyl) and {) = 1.86 ppm (vinylic methyl). 

E. Significance of Leucoanthocyanidins 

As emerges from the preceding discussion, the leucoanthocyanidins are 
monomolecular precursors of tannins and therefore can be isolated pre
dominantly from tannery wood and respective barks. For centuries, ani
mal skins have been one of mankind's most important raw materials. 
Since untreated hides show properties that make them unsuitable for 
direct utilization, the natural tannins were of great economic importance 
before the discovery and introduction of synthetic tannins. This fact ex
plains the vivid interest and vast research in this field in the first half of 
this century. Fundamental advances on the structural side of this prob
lem, however, succeeded only with the beginning of the 1950s, when new 
and powerful analytical techniques were introduced. This occurred at a 
time when the economic importance of natural tannins was already declin
ing. Today, the interest in tannin chemistry has markedly dropped, and 
direct research in this field no longer seems advantageous for a number of 
reasons. First, natural tannins have lost their economic importance. To
day, they are needed only in cases of subsequent dressings of special 
kinds of leather (e.g., mimosa and quebracho tannins). Second, most of 
the possible leucoanthocyanidins are known, and, third, their 
chemistry-especially the acid-catalyzed self-condensation-is under
stood very well (Freudenberg and Weinges, 1962). There may be, of 
course, yet unknown leucoanthocyanidins in nature, but it is highly un
likely that their knowledge would open new insights into the understand
ing of this group of natural compounds. A different situation may possibly 
arise for the oligomeric leucoanthocyanidins. They occur in some of the 
plant extracts traded for medicinal use. Since they are water soluble and 
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show tannin properties, thus adding to proteins, they could have some 
pharmacological effects. For these oligomeric compounds, the remarks of 
page 97 hold, however, namely that it seems impossible to specify correct 
structural formulas. Therefore, even a simple task like their analytical 
registration, e.g., specification of their percent content in extracts, is 
highly problematic. 

III. THE NATURALLY OCCURRING 
PROANTHOCYANIDINOCATECHINS 

In 1958, the first report appeared (Forsyth and Roberts, 1958) about a 
colorless natural product isolated from cacoa beans that, upon heating 
with dilute acid in organic solvents, disintegrates into one molecule of 
cyanidin and one molecule of ( - )-epicatechin. In the following years, it 
was shown that this compound is representative of a whole group of 
natural products that are widespread in all kinds of different fruits 
(Weinges et al., 1%8c). Although the free, amorphous compounds slowly 
decompose on standing in the air and under the influence of light
recognizable by a change in color to red-brown-their derivatives are 
stable and often crystallize very well. On the basis of microanalytical data 
and mass spectroscopic investigations, the sum formula C30Hz60n has 
been established for the free procyanidins. Therefore, their structure 
combines two linked flavanoid units. Their general structure 31 was estab
lished both by spectroscopy and by synthesis (Weinges et al., 1970). All 
proanthocyanidins of structure 31 contain a phenolic hydroxyl group at 
C-7", which is of importance for the explanation of their acid-catalyzed 
disintegration mechanism. This OH group is therefore included in 
formula 31. 

A. Mechanism of Acid-Catalyzed Disintegration 

The action of acid on C30 proanthocyanidins of the general formula 31 
causes cleavage of the bond C-4-C-8". An explanation for this carbon
bond fission arises from the experimental fact that resorcinol and espe
cially phloroglucinol are in equilibrium with their keto forms. Analo
gously, the keto form 32 can be formulated for 31. In this form, an attack 
of an acid proton should occur preferentially at the electronegative car
bonyl oxygen to give the cation 33. The positively charged oxygen conse
quently causes an electron shift with rearomatization of the C-ring and 
heterolytic cleavage ofC-4-C-8". From the "lower half," thus, the corre
sponding polyhydroxy-3-flavanol is formed. The carbenium ion fragment 
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H2 
(31) (32) 

H+ 

~~ """ ~ OH 
H 

~ (7) 

H~ H2 I H-

""" (33) 
H2 OH 
(34) 

Scheme 3. Mechanism of the acid-catalyzed cleavage of proanthocyanidinocatechins. 

consisting of the "upper half" of the proanthocyanidin molecule is 
stabilized by loss of a proton, leading to the leucoanthocyanidin (7) which 
converts to the anthocyanidin according to the mechanism shown in 
Scheme 1 (see page 96). This rational disintegration mechanism is strongly 
supported by the experimental fact that, in the presence of strong nu
cleophiles like benzyl mercaptan the upper half of the proanthocyanidin is 
isolated as 4-substituted polyhydroxy-3-ftavanol (35). Here, the carbenium 
ion formed from 32 by C-C bond fission is attacked by the strong nu
cleophile, yielding the substitution product (35) (see Scheme 4) instead of 
the elimination product (7) (loss of a proton). 

-34 
31-

(35) 

H2 • 
Ra -Ni 

(J(tp0 H f '\ 
I H-

~ QH 
~ 

(36) 

Scheme 4. Acid-catalyzed cleavage of 31 in the presence of a strong nucleophile. 
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The benzylmercapto group in 35 may be removed by catalytic hydro
genation (Ni), and one obtains the catechin (36) from the upper half of the 
original molecule. Via this reaction sequence, it is possible to determine 
the absolute configurations of the chirality centers at C-2 and C-3 of 31. 
The absolute configuration ofC-4 may then be deduced from the IH-NMR 
spectrum of 31 or its peracetate by analysis of the coupling constant 13•4 • 

B. Nomenclature 

The acid-catalyzed disintegration of proanthocyanidins (31) into one 
molecule of anthocyanidin and catechin, respectively, tempted us to sug
gest the systematic collective name proanthocyanidinocatechin for this 
class of natural products. Depending on the anthocyanidin formed, one 
thus differentiates-propelargonidino-, procyanidino-, prodelphinidino
(upper half of molecule 31)-and supplements the name with that of the 
isolated catechin (lower halt). The term catechin is used synonymously 
for all polyhydroxy-3-ftavanols in the same way as the collective name 
leucoanthocyanidin stands for all polyhydroxy-3,4-ftavandiols (4). The 
single representatives are then designated according to the nomenclature 
suggested by Freudenberg and Weinges (1960). Thus, the original catechin 
(5,7,3' ,4'-tetrahydroxy-3-ftavanol is named "cyanidanol." Since two 
centers of chirality are present, the cyanidanol may occur both as (+)
and (- )-cyanidanol and as (+)- and (- )-epicyanidanol [( +)- and 
(- )-epicatechin). According to the proposed nomenclature, the proan
thocyanidin isolated from cacoa beans is thus to be named pro-( - )
epicyanidino-( --epicyanidanol. From this name, the resulting disintegra
tion products cyanidin and (- )-epicatechin are recognized immediately, 
and the absolute configuration at C-2, C-3, C-2", and C-3" are included. 
On the other side, the affiliation with the group of proanthocyanidins is 
still at hand. 

Proanthocyanidins (31) possess five centers of chirality (C-2, C-3, C-4, 
C-2", and C-3"). Therefore, 32 optically active forms are possible. These 
may be classified by specifying the absolute configuration using the R,S 
notational system. This, however, is not absolutely necessary, since the 
absolute configurations are already defined unequivocally by the name 
according to the above nomenclature. Since the absolute configurations of 
the catechins are known, that of the proanthocyanidinocatechins can be 
determined from the products obtained in the disintegration reaction con
ducted in the presence of benzyl mercaptan (see Scheme 4). Difficulties 
may arise only in determining the configuration at C-4 in those cases in 
which the coupling constant does not allow a straightforward correlation 
with the relative positions of the respective vicinal protons. 
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c. Isolation 

Proanthocyanidinocatechins are best obtained by the procedure de
scribed by Weinges and co-workers (1968c). The fruits are covered with 
ethanol and ground in a liquifier. The mass obtained is squeezed off in 
sacks of linen and concentrated by vacuum distillation at 45°C. The re
sidual extract is taken up in water. Chlorophyll, if present., is removed by 
chloroform extraction. Then, the phenolic products are extracted with 
ethyl acetate. Evaporation in vacuum yields a residue which is dissolved 
in a little ethanol. In this form, the extract can be stored in a freezer for a 
long time. Further treatment consists of column chromatography on 
polyamide, .eluted first with ethanol followed by ethanol-dimethyl
formamide (ratio 9: 1). The eluate of the second solvent contains the 
proanthocyanidinocatechins. In free form, they are difficult to sepa
rate (for separation with Sephadex LH 20, see Thompson et al., 1972); 
additionally, they decompose in contact with air and light visible by a 
change in color. Therefore, after drying in a vacuum desiccator, they are 
preferentially converted to the peracetates by treatment with acetic acid 
anhydride-pyridine (6: 5) at room temperature. The mixtures of perace
tates can be separated on a silicagel-celite (5: 1) column with benzene
acetone (9: 1). The pure peracetates are crystalline, air-stable com
pounds. 

D. Occurrence 

Like cyanidin and its respective glycosides, procyanidinocyanidanols 
of the sum formula C3oH26012 are the most vastly spread representatives 
of the group (see Table VI). Contrary to the anthocyanins, they have 
not yet been encountered as glycosides. Only a few proanthocy
anidinocatechins have been found. From the disintegration products 
(see Table VI) and their respective configurations, it follows that pro
cyanidinocyanidanols preferentially possess either RIR or RIS configura
tions at C-2/C-3 ("upper half") and C-2"/C-3" ("lower half"). Thus, four 
combinations of preferred configurations are possible as shown in Table 
VII for the upper and lower ftavanoid units in 31, leaving open the ques
tion of the configuration at C-4, the point of interftavan linkage. 

However, the old concept that only those catechins and proan
thocyanidinocatechins that have the configurations referred to in Table 
VII occur in nature and that their enantiomers can only arise from ar
tifacts has to be revised now. Delle Monarche et al. (1971) described the 
isolation of two C-4 diastereoisomeric pro-( + )-epicyanidino-( + )
epicyanidanols, along with that of ( + )-epicyanidanol. The decaacetate of 
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TABLE VI Occurrence of Proanthocyanidinocatechins 

Disintegration products 
with dilute acids 

Cyanidin 
( + )-cyanidanol 

Cyanidin 
( - )-epicyanidanol 

Cyanidin 
( - )-epipelargonidanol 

Delphinidin 
( - )-cyanidanol 

Plant 

Annona cherimolia 
Cotoneaster spp. 
Chaenomeles japonica 
Wisteria sinensis 
Cola acuminata 

Humulus lupulus 
Vaccinium vitis idaea 

Persea gratissima 
Pirus malus 

Vitis vinifera 
Pomoidea spp. 
Theobroma cacao 

Cola acuminata 

Humulus lupulus 
Crataegus oxyacantha 

Aesculus hippocastanum 
Persea gratissima 
Chamaerops humilis 
Pomoidea spp. 
Wisteria sinensis 

Ginkgo bi/oba 

Reference 

Weinges et al., 1969c,e 
Weinges et al., 196ge 
Weinges et al., 196ge 
Weinges et al., 1968d 
Weinges and Freudenberg, 1965; 

Weinges and Pemer, 1967; 
Weinges et al., 1968c 

Gorissen et al., 1967 
Weinges and Freudenberg, 1965; 

Weinges et al., 1968c 
Geissman and Dittmar, 1965 
Van Buren and Neukom, 1965; 

Van Buren et al., 1966 
Weinges and Piretti, 1971a 
Nortje, 1966 
Forsyth and Roberts, 1958, 1960; 

Quesnel, 1968 
Weinges and Freudenberg, 1965; 

Weinges and Pemer, 1967; 
Weinges et al., 1968c 

Gorissen et al., 1967 
Freudenberg and Weinges, 1961; 

Weinges, 1961; 
Weinges and Pemer, 1967 

Mayer et al., 1966 
Geissman and Dittmar, 1965 
Delle Monarche et al., 1971 
Nortje, 1966 
Weinges et al., 1968d 

Weinges et al., 1968a,b 

one of the two pro-( + )epicyanidino-( + )-epicyanidanols, which was 
classified as procyanidin C by the authors, showed a NMR spectrum 
identical with that of the decaacetate prepared earlier from procyanidin 
B2. Since the optical rotations are of opposite values, the enantiomeric 
relationship between these two natural products is proved unequivocally. 

In 1972, the isolation of four additional isomeric procyanidino
cyanidanols, named procyanidins B5-B8, was described (Thompson 
et al., 1972). On the basis of the disintegration products, the same con
figurational combinations as for B1-B4 (see Table VII) were stated. 



4. Proanthocyanidins 

TABLE VII Combinations of Configurations of the Two Molecular Halves of 
Procyanidinocyanidanols 

Molecular halves 

113 

Upper Lower Name Abbreviation" 

2R,3R 
2R,3R 
2R,3S 
2R,3S 

2"R,3"S 
2"R,3"R 
2"R,3"S 
Z'R,3"R 

pro-( - )-epicyanidino-( + )-cyanidanol 
pro-( - )-epicyanidino-( - )-epicyanidanol 
pro-( + )-cyanidino-( + )-cyanidanol 
pro-( + )-cyanidino-( - )-epicyanidanol 

"Earlier used abbreviations: procyanidin Bl, B2, etc. 

Bl 
B2 
B3 
B4 

The kind of isomeric relationship between these two groups, however, 
was not elucidated. In a later publication, Fletcher and colleagues, (1977), 
through an extensive 13C-NMR analysis of the procyanidinocyanidanols 
BI-B8, based on a study of a number of suitable model compounds, 
attempted to solve this problem. Through this investigation, they were 
able to give evidence about the configuration of C-4 of the upper ft.avanoid 
unit. Thus, they confirmed 4S configuration for pro-( + )-cyanidino-( + )
cyanidanol (B3), pro-( + )-cyanidino-( - )-epicyanidanol (B4) (Weinges 
et ai., 1968d), and pro-( + )-cyanidino-( + )-cyanidanol (B6), whereas 4R 
configuration was established for pro-( - )-epicyanidino-( + )-cyanidanol 
(B 1), pro-( - )-epicyanidino-( - )-epicyanidanol (B2), pro-( - )-epicyanidino
( - )-epicyanidanol (B5), and pro-( - )-epicyanidino-( + )-cyanidanol (B7). 
Since, according to this investigation, B3/B6 as well as B2IB5 and B1IB7 
are thus identical in all their configurations, they should represent constitu
tional isomers differing in their interflavan linkage, which could be either a 
C-4-C-8" or a C-4-C-6" bond. This conclusion is quite reasonable, since 
such a constitutional isomerism has been proved unequivocally for the 
related dehydroprocyanidinocyanidanols (At and A2) (see Section III,E; 
Schilling, 1975). 

In this context, the investigations on the conformational properties of 
proanthocyanidinocatechins may be worth mentioning here. The NMR 
spectra of 4-arylpolymethoxyflavans-prepared as model compounds
showed a distinct dependency on the temperature, indicating that the 
rotation around the sp 3_Sp 2 bond between C-4 and C-8" must be hindered 
(Weinges et al., 1970). From these results, it was concluded that one may 
perhaps encounter stable conformational isomers (atropisomers) among 
appropriate naturally occurring proanthocyanidinocatechins. Indeed, pre
liminary proof for the existence of such an isomerism has been given for 
the proguibourtidino-( + )-cyanidanol by DuPreez and co-workers (1971). 
Attempts to isolate individual isomers by conventional techniques, how
ever, have failed. In the case ofprocyanidinocyanidanols, a detailed NMR 
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spectroscopic investigation was undertaken (Thompson et al., 1972). 
For B I and B2, a straightforward first-order analysis was possible, and 
thus the existence of conformational isomerism was excluded. On the 
other hand, the spectra of B3 and B4, which are rather similar, showed a 
multiplicity of signals assigned to restricted rotation around the interfla
van linkage (C-4-C-8") rather than to a conformational flipping of the 
heterocyclic rings. Investigation of the temperature dependence showed 
that with increasing temperature a simultaneous and progressive coales
cence is observed until at about 75°C the duplicated aromatic signals have 
merged. At this point, the aromatic spectral region resembles that of the 
spectra of Bland B2. This temperature of coalescence indicates, how
ever, that at room temperature two slowly interconverting rotamers are 
present which therefore should not be separable. This was confirmed by a 
later study (Fletcher et al., 1977). Although in both described cases an 
isolation of atropisomers is not possible because of the low barrier of 
rotation, one cannot regard this conformational situation as clarified com
pletely. With new proanthocyanidinocatechins of type 31, additional ex
perimental material should contribute to a more extensive and elaborate 
view on the conformational properties of these dime ric compounds. 

E. Dehydroproanthocyanidinocatechins 

Two procyanidins, previously named Al and A2, are now known to 
have the sum formula C30H24012. They possess two hydrogen atoms less 
than the ordinary proanthocyanidinocatechins (C30H26012). Therefore, 
and because of the disintegration products obtained upon treatment with 
acid, cyanidin and (- )-epicyanidanol, are named dehydroprocya
nidinoepicyanidanols. Of this type of dimeric proanthocyanidins, 
only the above two compounds Al and A2 have been isolated from cran
berries (Vaccinium vilis idaea) (Weinges and Freudenberg, 1965), from 
horse chestnuts (Aesculus hippocastanum) (Mayer et al., 1966), and from 
colanuts (Cola accuminata) (Weinges et al., 1968c). However, one may 
assume that more representatives of this group occur in nature. 

Both compounds form crystalline derivatives; the respective nona
acetyl and the heptamethyl diacetyl compounds. Therefore, 9 of the 
12 oxygen atoms possess hydroxyl character (7 phenolic and 2 aliphatic 
ones). The remaining three must represent ether oxygens, since carbonyl 
groups can be excluded on the basis of IR spectra. The NMR spectra of 
the derivatives show only six aliphatic protons (2H = -CH2-, 
4H = -CH-) and one phenolic hydroxyl groups less than the ordinary 
procyanidinocyanidanols. Therefore, it was concluded that the additional 
ether oxygen links an aliphatic with an aromatic carbon atom. A \3C-NMR 
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spectroscopic investigation with suitably substituted ftavan derivatives 
showed that via this method an unequivocal differentiation is possible 
between heterocyclic carbon atoms substituted by oxygen and substituted 
by carbon (Jacques et al., 1973; Schillinget al., 1973). For Al and A2, this 
means that the phloroglucinol ring of the lower (- )-epicyanidanol half is 
linked via a C-C bond to C-4 and via an O-C bond to C-2 of the upper 
half of the molecule. Thus, the common structure 37 was recognized for 
both procyanidins A I and A2, leaving open the question as to the kind of 
their isomeric relationship. 

(37) 

A configurational isomerism concerning the asymmetric atoms C-2, 
C-3, C-4, C-Z', and C-3" was excluded for the following reasons. The 
methylation of a homogenous sample of the crystalline nonaacetate of Al 
with dimethyl sulfate-KOH solution led to the formation of the hep
tamethyl ethers of both Al and A2. In the case of a configurational 
isomerism, the methylation has to involve an epimerization. Since both 
isomers yield (- )-epicyanidanol besides cyanidin, they must have identi
cal configurations in their lower ftavanoid units, thus excluding an 
epimerization process there. An epimerization at C-4 of the upper half of 
the molecule can be excluded, since such a process involves C-C bond 
breaking, most certainly leading to a complete destruction rather than to a 
reclosure. An epimerization at C-2 involves opening and closure of the 
acetal ring whereby an epimerization should lead to an E-orientation, 
which is impossible for steric reasons. Since an epimerization at C-3 has 
never been observed for catechins under the reaction conditions of meth
ylation, it can also be excluded. 

The exclusion of configurational isomerism leaves only three possible 
structural isomers (38-40) that are in accord with partial structure 37. Of 
these, two have to be correct. The definite assignments were possible only 
on the basis of a detailed NMR spectroscopic investigation undertaken by 
Schilling (1975), who made especially successful use of long-range cou
pling phenomena. Such long-range couplings between methoxyl groups 
and ortha-hydrogen atoms were described first by Forsen and co-workers 
(1964). Later, it could be shown that neither meta- nor para-positioned 



116 Klaus Weinges and Franz W. Nader 

hydrogens can lead to such couplings. Thus, this phenomenon was used 
successfully by some groups for the determination of structures (Woods et 
al., 1968; Yagudaev et al., 1973). The NMR spectra of both procyanidins 
Al and A2 show long-range couplings for all methoxyl groups, so that they 
all have at least one ortho-hydrogen neighbor. Additionally, the ortho 
position between hydrogen and the methoxyl group is coupled with the 
appearance of a substantial intramolecular, nuclear Overhauser effect 
(NOE) (Lugtenburg and Havinga, 1969; Saunders et aI., 1968). The 
aromatic protons of the A- and C-rings are distinctly different from those 
of the B- and O-rings, absorbing at higher field. Therefore, a successful 
NOE experiment was possible for the phloroglucinol protons showing an 
increase in their intensities of about 25-35% for all respective protons. 
Thus, two independent methods proved that the phloroglucinol protons 
are in an ortho posit~on to methoxyl groups. This excludes structure 40 for 
both procyanidins At and A2, since here the 5"-methoxyl group of the 
phloroglucinol C-ring is in a para position to H-8". Through interpretation 
of the chemical shifts of the respective methoxyl groups and by 13C-NMR 
spectroscopic investigations, Schilling was finally able to establish struc
ture 38 for the dehydroprocyanidino-( - )-epicyanidanol Al with a 
C-4-C-8" linkage. For A2, then, remains structure 39 with a C-4-C-6" 
linkage. 

OH 

(38) (39) (40) 

F. Biogenesis 

Procyanidin dimers of the type 31 are located in most vegetative tissues 
of plants with woody habit of growth, often concentrated in the skin and 
seed shells of fruits. Invariably, one or both monomeric catechins (+)
cyanidanol and (- )-epicyanidanol, respectively, are accompanying con
stituents. The biogenic pathway of their formation has been elucidated by 
Jacques and Haslam (1974) through radioactive tracer experiments. When 
young shoots of Aesculus carnea and Rubrus fructiosus were treated with 
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cinnamic acid separately labeled at C-2 and C-3 with 14C and at H-2, H-3, 
and H-4' with 3H, radioactive procyanidinocyanidanols were obtained. 
Through a degradation scheme for procyanidins B that included the 
cleavage of procyanidins with benzyl mercaptan (see Scheme 4) and deg
radation of the obtained cyanidanols and epicyanidanols, respectively, 
veratric acid was obtained containing either C-2 or C-2" of the original 
procyanidin molecule. It turned out that the incorporation of radioactivity 
at C-2 of the upper ftavanoid unit was about 3-4 times as high as that of 
C-2" of the lower half of the molecule. With these results, the authors 
postulated a biogenic pathway for procyanidins B and by analogy also for 
A, which is shown in Scheme 5. Dihydroquercitin (41), which is an estab
lished intermediate in the biogenesis of ftavanoids (Patschke et al., 1966; 
Patschke and Grisebach, 1968; Zaprometov and Grisebach, 1968), may 
exist in the isomeric form 42, from which loss of water leads to the 
quinonemethide 43, which may either isomerize to 44 or reduce to 45. 44 is 
the direct precursor of the cyanidin ion 46, whereas 45 is that of the 
cyanidanols 47. According to the authors, the reductive process leading to 
47 should prevail in those parts of the plant in which procyanidin forma
tion takes place. A protonation of 45 leads to the mesomeric carbenium 
ion 48, which in one form corresponds to the carbenium ion 6 in Scheme 1. 
An electrophilic attack on cyanidanol or epicyanidanol47 then leads to the 
formation of procyanidinocyanidanols 31. The modest radioactivity found 
for the lower ftavanoid unit is explained by the presence of catechins prior 
to the labeling experiment, thus diluting the respective products from the 
labeled precursor. The carbenium ion 6, which may be formed either by 
protonation of the quinonemethide 45 (48 in Scheme 5) or by water elimi
nation from leucocyanidin 25, reacts with the phloroglucinol ring of 
cyanidanol or epicyanidanol, respectively, by electrophilic attack. There
fore, this step corresponds to the mechanism proposed by Geissman and 
Yoshimura (1966) for procyanidin formation. 

Protonation of 43 and 44 may also lead to the formation of a C-4 car
benium ion, which as an electrophile can attack either C-6 or C-8 of a 
catechin. Thus, from 49 and 47 a dimeric product with the quinonemethide 
structure of B-ring is formed, which may be stabilized by the addition of 
an OH group of the lower half of the dimer (OH group at C-5" or C-7") to 
yield dehydroprocyanidinocyanidanol Al or A2. Such intramolecular ad
ditions are known from the formation of dehydrodiconiferyl alcohol as 
well as from various lignans (Freudenberg, 1965; Weinges and Spanig, 
1967). Since 44 is the precursor of the cyanidin ion, the formation of 
procyanidins Al and A2 would proceed analogously to the well-known 
condensation of either phloroglucinol (Jurd and Waiss, 1965; Jurd and 
Lundin, 1968) or (+ )-cyanidanol (Weinges et al., 1968c) with ftavylium 
salts. 
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Ifthis biogenic mechanism postulated by Jacques and Haslam (1974) is 
correct, a radical mechanism of an oxidative coupling of catechins is 
excluded. By the action of phenol dehydrases on (+ )-cyanidanol, dehy
drodicatechins are formed which are of different composition and there
fore do not yield cyanidin upon treatment with acid (Weinges et al .. 
1969d). This fact seems to be supporting the above mechanism. One can
not rule out the possibility, however, that an oxidative coupling of cate
chins to procyanidinocatechins may be caused by plant-specific, yet
unknown enzymes. Such a mechanism would explain the striking fact 
that, until now, no leucoanthocyanidin 4 has been detected in the plant 
material that contains the procyanidinocatechins. The respective cate
chins with the appropriate configurations, however, were always found as 
accompanying constituents (Weinges et al .. 196ge). If the quinonemethide 
45 exists as an intermediate in the biogenic route to procyanidinocate
chins, it should alternatively be stabilized through addition of water, 
yielding the leucocyanidin. In any case, this should be detectable by chro
matographic means. Since this has been described in no case, some doubt 
still remains as to the relevance of the biogenic pathway as it was de
scribed by the British authors. 

G. Significance 

Proanthocyanidinocatechins occur in large quantities in fruits and are, 
therefore, jointly responsible for certain qualities of fruit-based products 
like fruit juice, beer, and wine. As polyphenols, they possess tannin prop
erties; and thus they precipitate proteins by complexing. The permanent 
cloudiness and the cloudiness caused by the cold observed in fruit juice 
and especially in beer is caused by this process. In the latter case, the beer 
not only changes its appearance but also its taste, with the consequence 
that it becomes unpalatable. To prevent the occurrence of cloudiness, the 
proanthocyanidinocatechins may be removed by treatment with 
polyamide powder (Kipphan and Birnbaum, 1964). The beer can be thus 
stabilized. Since proanthocyanidinocatechins may be of an astringent 
flavor, however, the taste of the resulting beer and fruit juice is changed 
substantially by this manipulation. Therefore, the polyamide process 
should only be applied when the beer has to be stored at low temperatures 
for a long time. The cloudiness of fruit juice is usually accepted. 

Another visible property of proanthocyanidinocatechins is reflected in 
the change of color they suffer upon contact with air. This causes, for 
example, the deepening in color of fruit juice, which often is not desirable. 
This process is easily recognizable on cutting an apple. At the cutting 
surface, the apple quickly turns brown. With certainty, this is caused by a 
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dehydrogenation process accelerated by enzymes set free by the cell de
struction. Addition of large amounts of antioxidants should prevent this 
process. 

For a long time, the removal of brownish fruit stains from natural and 
synthetic textiles represented a big problem to the washing powder indus
try, since oxidative additives to washing powders cause the formation of 
even more insoluble dehydrogenation polymers during the washing pro
cess. These can only be removed at even higher washing temperatures 
forbidden, however, for some of the textiles. Through the development 
of new additives to washing powders, this problem has generally been 
overcome. 

IV. PROSPECTS 

Research in the chemistry of proanthocyanidins can be regarded as 
largely secluded, although some questions still remain open. The structure 
and configuration of the most important proanthocyanidins are known, 
and their chemistry and biogenesis have been more or less elucidated, so 
that it is not excluded that perhaps some corrections are still required. 
However, it seems of great importance to investigate their physiological 
and pharmacological properties, since for decades plant extracts contain
ing mixtures of dimeric and oligomeric proanthocyanidins have been 
traded. The pure proanthocyanidinocatechins have been investigated with 
this perspective, whereas no uniformly defined oligomers have yet been 
obtained that would allow such investigations. Therefore, one of the most 
important tasks should be the search for procedures that allow the isola
tion of single, well-defined oligomeric proanthocyanidins. As is the case 
for all physiological processes, configurations and conformations of 
oligomeric proanthocyanidins should play an important role in the mecha
nism of their pharmacological effects. However, the isolation of defined 
natural products from plant materials quite often still represents a tedious, 
time-consuming, and sometimes even insoluble task, despite great ad
vances in the field of analytical chemistry. 
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I. INTRODUCTION 

Anthocyanins are particulariy characteristic of the angiosperms or 
flowering plants, which themselves provide our major source of food 
plants. The two families of paramount importance in satisfying human 
nutritional needs are, first, the Gramineae or grass family, which provides 
all cereal crops and sugar cane, and, second, the Leguminosae or pea 
family, notable for the ability to fix atmospheric nitrogen and for large 
seed-protein contents. In the temperate zone, other important economic 
families are the Rosaceae (many fruits and berries) and the Cruciferae 
(principally brassicas), whereas in tropical areas the Palmae (oil, coconut, 
date, etc.) assumes greater significance. Of the remaining families, the 
Solanaceae provides a diverse selection of foods such as potatoes, to
matoes, aubergines, and various peppers, whereas the single genus Citrus 
of the Rutaceae includes the many citrus fruits. Several food crops are the 
only species of their family cultivated for food, notably the olive 
(Oleaceae) and the sweet potato (Convolvulaceae). Of course, many of 
the food plants mentioned contain pigments other than anthocyanins. 

Consideration of the distribution of anthocyanin pigments among the 
food plant families leads to a very different order of significance than that 
based on nutritional requirements. Anthocyanin pigmentation is more 
prominent in fruits and berries than in other plant organs, in keeping with 
its likely function of aiding seed dispersal by animals. Two families now 
predominate, namely, the Vitaceae and the Rosaceae. Grapes, the ma
jority of which are black (i.e., produce red wine), comprise the largest 
cultivated single fruit crop. The grapevine belongs to the genus Vitis and is 
the only cultivated food plant in the family Vitaceae; it is represented in 
greatest amounts by the species V. vinifera. Grape pigmentation will not be 
considered here, since it is dealt with in detail in Chapter 8. In contrast, 
the Rosaceae includes a wide generic spectrum of pigmented fruits, such 
as the apple (Malus), pear (Pyrus), apricot, cherry, plum, peach, and sloe 
(Prunus), blackberry and raspberry (Rubus), strawberry (Fragaria), and 
quince (Cydonia). Other families containing pigmented fruits include the 
Ericaceae (blueberry, cranberry), Saxifragaceae (black and red currants), 
and Caprifoliaceae (elderberry). The Solanaceae contains pigmented 
fruits, such as the tamarillo, huckleberry, and aubergine, which is eaten 
like a vegetable; it also contains the potato. The natural function of pig
mentation in root crops and vegetables, particularly when the colored part 
is hidden underground, is not as evident as with fruits. But among culti
vated crops there is a conscious selection for color as a feature of qUality. 
Colored varieties of the potato tuber may have been prized by the Peru
vian peasants of pre-Inca days in much the same way that the splash of 
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red anthocyanin on potato skin is associated with quality today, due to its 
presence in the "King Edward" variety (Harborne, 1967, 1976b). The 
esthetic pleasure that color gives to man is well illustrated by the 
Cruciferae: Red or red and white roots of the radish (Raphanus sativus) 
are more popular than white roots (Harrison et al., 1969), and the red 
cabbage (Brassica oleraceae) appears to be grown principally for its color. 
Similar considerations apply to the colored pods of legumes 
(Leguminosae), and possibly also to the colored seeds of the cereals 
(Gramineae). 

As emphasized by Harborne (1967), there is evidence that all higher 
plants may have the potential to produce anthocyanins and that color is 
lacking either because its synthesis is not favored by the particular envi
ronmental conditions or because it has no selective advantage. Thus, 
many plants, some otherwise acyanic, such as lettuce (Lactuca sativa), 
produce a "temporary flush" of anthocyanin color in their young leaves. 
Likewise, green-leafed plants, such as tomato (Lycopersicon esculentum) 
and mustard (Sinapsis alba), can be induced to produce anthocyanins 
under artificial growth conditions (nitrogen starvation, low temperatures, 
light irradiation, etc.). Finally, cells of some normally acyanic plants can 
produce anthocyanin in tissue cultures (Daucus carota). 

In this chapter, we have arranged the plant families in order according 
to Engler's "Syllabus of the Plant Families" (1964). The dicotyledons 
discussed have been subdivided into the Archichlamydeae (15 families) 
and the Sympetalae (7 families). The monocotyledons described consist of 
5 families. Data have been confined largely to edible portions of the plants, 
with additional information pertaining to other organs or species when 
relevant to the type of pigment being discussed. 

II. ANTHOCYANINS OF THE DICOTYLEDONS: 
ARCHICHLAMYDEAE 

A. Moraceae 

1. Ficus carica 

The anthocyanin pigmentation of fig fruits was examined as early as 
1932 (Robinson and Robinson, 1932), when only cyanidin 3-mono
glucoside was reported. Later work has shown that varietal differences 
may exist, however, and Puech et al. (1975) revealed a more complex 
anthocyanin pattern in the "Mission" fig, one of the main Californian 
commercial cultivars. These authors confirmed the findings of the Robin-
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sons and further reported cyanidin 3-rutinoside (major component, 75%), 
cyanidin 3,5-diglucoside and pelargonidin 3-rutinoside (minor component, 
3%). Cyanidin 3-rutinoside also occurs in drupelets of this cultivar and in 
two other cultivars with nonpigmented fruit skin. Anthocyanin accumula
tion in Mission figs was promoted by Ethephon spraying, although the 
total amount of pigment was no greater than in untreated fruit (Puech et 
al., 1976). 

F. carica var. nigra contains only cyanidin 3-glucoside in the fruit skins 
(Duro and Condorelli, 1977), as does F. pumila (Ishikura and Sugahara, 
1979). The latter authors also examined F. nipponica fruit and identified 
cyanidin 3-glucoside, 3-rutinoside and 3,5-diglucoside. 

2. Morus Species 

a. Morus nigra. The common or black mulberry contains only cyani
din 3-glucoside (Harborne, 1967; Toscano and Lamonica, 1975). 

b. Morus alba. The purple fruits of the Asian white mulberry have a 
more complex anthocyanin pattern, but there is some disagreement be
tween authors. Ishikura (1975) claimed that cyanidin 3-rutinoside was the 
major component, accompanied by cyanidin 3-glucoside, whereas Maki 
and Inamoto (1973) found mainly cyanidin 3-glucoside, with minor 
amounts of pelargonidin 3-glucoside and petunidin 3-rutinoside. 

These investigations into anthocyanin distribution in both Morus and 
Ficus spp. indicate that the occurrence of 3-rutinosides may be more 
prominent in the Moraceae than supposed previously. 

B. Polygonaceae 

Rheum rhaponticum 

The red pigments of the petiole or fleshy leaf stalk of rhubarb are largely 
cyanidin 3-glucoside and cyanidin 3-rutinoside (Gallop, 1965; Hetmanski 
and Nybom, 1968). In one variety, Canada Red, relative amounts were 
estimated as follows: cyanidin 3-glucoside, 87%, and cyanidin 
3-rutinoside, 13% (Wrolstad and Heatherbell, 1968). Minor components 
have also been detected but remain unidentified (Wrolstad and Struthers, 
1971). 
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c. Berberidaceae 

Berberis vulgaris 

The red berries of the edible common barberry (B. vulgaris) contain 
pelargonidin 3-glucoside, accompanied by some cyanidin 3-glucoside 
(Fouassin, 1956; Lawrence et ai., 1939). Nonedible species have also been 
studied. Thus, a similar pattern in the berries ofB. thunbergii was found by 
Du and Francis (1974). But the finding by Pomilio (1973) of as many as 10 
pigments in fruits of B. buxifolia suggests that anthocyanin composition 
in the genus Berberis (ca. 150 species) is complex and worthy of further 
investigation. 

D. Guttiferae 

This family is a member of the order Guttiferales. Anthocyanin identifi
cations within the order, to date, have been few and the class of an
thocyanins not complex. Thus, other families within the order contain 
only mono- or diglucosides of cyanidin (Paeonia petals, Camellia sinensis 
leaves and Eurya japonica fruit). The family Guttiferae contains the well
known East Indian tropical fruit the mangosteen, the only recognized 
edible fruit within the Guttiferales. 

Garcinia mangostana 

The mangosteen is globular in shape with a dense, thick, purple-brown 
rind which encloses juicy white locules arranged in the manner of an 
orange. The rind contains anthocyanins and also tannic acid in amounts 
sufficient to impart considerable astringency (Du and Francis, 1977). The 
anthocyanin pattern is simple, with cyanidin 3-sophoroside as the main 
component and cyanidin 3-glucoside the minor one. 

E. Cruciferae 

The Cruciferae are a source of a number of useful vegetable foodstuffs, 
principally the brassicas. However, only a few genera of edible vegetables 
contain anthocyanins: Brassica oleraceae (red cabbage), B. juncea 
(Chinese mustard), and Raphanus sativus and R. caudatus (radish). 



130 c. F. Timberlake and P. Bridle 

1. Brassica Species 

a. Brasslea o/eraceae. Red cabbage leaves are an abundant and 
cheap source of anthocyanin and as such have been investigated as a 
possible source offood colors (Shewfelt and Ahmed, 1977). The composi
tion of red cabbage anthocyanins is now known in considerable detail, and 
hence this species is particularly suited for biosynthetic work and the 
effect of photocontrol in this process (Hathout Bassim and Pecket, 1975; 
Saleh et at.. 1976; Hrazdina and Creasy, 1979). 

Red cabbage, in common with other Crociferous plants, has a very 
sophisticated pattern of acylated anthocyanins. This complexity has been 
reflected in the differing reports regarding the exact composition of the red 
cabbage anthocyanins. Early reports (Stroh, 1959; Harborne, 1962; Stroh 
and Seidel, 1965) described cyanidin 3-sophoroside-5-glucoside acylated 
with p-coumaric acid and ferolic acid (1 and 2 mol). Later, Tanchev 
and Timberlake (1969) noted the mono- and disinapic acid esters of 
cyanidin 3-sophoroside-5-glucoside, cyanidin 3-sophoroside-5-glucoside, 
and cyanidin 3,5-diglucoside. Again, Lanzarini and Morselli (1974) found 
cyanidin 3,5-diglucoside and cyanidin 3-sophoroside-5-glucoside with 
p-coumaroyl and diferoloyl esters of the latter anthocyanin. Thus, it 
seems that cyanidin 3-sophoroside-5-glucoside is well established as the 
basic red cabbage anthocyanin. The controversy regarding the acylation 
pattern was resolved by Hrazdinaet at. (1977) using techniques of column 
and preparative paper chromatography with well-established chemical, 
TLC, and GLe methods of component identification. These authors found 
the following components in the red cabbage cultivar "Red Danish": 
cyanidin 3-sophoroside-5-glucoside, cyanidin 3-(malonoylsophoroside)-5-
glucoside, cyanidin 3-(p-coumaroylsophoroside)-5-glucoside, cyanidin 
3-( di1J -coumaroylsophoroside)-5-glucoside, cyanidin 3-(feruloylso
phoroside)-5-glucoside, cyanidin 3-( diferuloylsophoroside)-5-glucoside, 
cyanidin 3-(sinapoylsophoroside)-5-glucoside, and cyanidin 3-(disina
poylsophoroside)-5-glucoside. The previously reported cyanidin 3,5-
diglucoside may be present in other varieties or have occurred as a 
hydrolysis artifact from the 3-sophoroside-5-glucoside. 

b. Brassica Juneea (Chinese mustard). Leaves of this species were 
examined (Park, 1980) and found to contain peonidin 3-glucoside and 
3-galactoside. 

2. Raphanus species 

a. Raphanus satilfus. The red-skinned radish has received less at
tention than red cabbage. Their basic glycosidic patterns are similar, but 
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the radish also contains pelargonidin derivatives. Acylated pelargonidin 
and cyanidin 3-sophoroside-5-glucosides predominate, the acylating 
groups being p-coumaric acid and ferulic acid (Harborne, 1964; Fuleki, 
1969). Ishikura and Hayashi (1965) found caffeic acid as an additional 
acylating group. The actual skin color is determined by the proportions of 
pelargonidin (orange) and cyanidin (red) glycosides. 

b. Raphanus caudatus. Lele (1959) found malvidin 3,5-diglucoside 
in this species. 

F. Saxifragaceae 

Ribes Species 

a. Ribes grossularia and R. uva-crispa. The cultivated (R. gros
sularia) and wild (R. uva-crispa) gooseberry contain two pigments only, 
cyanidin 3-glucoside and cyanidin 3-rutinoside (Harborne and Hall, 1964). 
Fruit of American species may also contain delphinidin glycosides 
(Nilsson and Trajkovski, 1977). 

b. Ribes sativum, R. rubrum, R. petraeum. Red currants only con
tain cyanidin as aglycone but exhibit a more complex glycosidic pattern. 
Some cultivars contain as many as six anthocyanins, including the two 
branched-chain trisaccharides 2G-glucosylrutinose and 2G-xylosylrutinose. 
Harborne and Hall (1%4) found that the simplest pattern was exhibited by 
the cultivar "Rondom," which contained only cyanidin 3-rutinoside and 
cyanidin 3-glucoside, and by the cultivar "Red Lake," in which the 
rutinoside was replaced by cyanidin 3-sophoroside. The cultivar "Fay's 
Prolific," R. sativum, andR. rubrum contained four cyanidin glycosides
the 3-glucoside, 3-rutinoside, 3-sambubioside, and the 3-(2G-xylosyl
rutinoside). The cultivar "Earliest of the Fourlands" and other species 
and species hybrids were the most complex since they additionally con
tained cyanidin 3-sophoroside and cyanidin 3-(2G-glucosylrutinoside). 
Both triglycosides were found in 11 of the 29 species and 4 cultivars 
examined. Nybom (1970) distinguished two groups of red currant cul
tivars, namely, theR. petraeum group containing all six glycosides and the 
R. sativum group lacking the sophoroside and the 2G-glucosylrutinoside. 

Quantitative data have been provided by 0eydvin (1974), who examined 
the relative amounts and the total contents of anthocyanins in ripe fruits of 
five red currant cultivars grown in Norway in two seasons. In contrast to 
the findings of Harborne and Hall (1964), the cultivar "Red Lake" con
tained cyanidin 3-(2G-xylosylrutinoside) in large amounts (71-73%), with 
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smaller amounts of cyanidin 3-rutinoside, 3-sambubioside, and 
3-glucoside; cyanidin 3-sophoroside was lacking. The cultivar "Rondom" 
contained all six glycosides, as did the cultivars "Earliest of the Four
lands" and "Red Dutch." Total anthocyanins varied from 8.4-28.0 
mg/l00 g. 

c. Ribes nigrum. Black currants (R. nigrum) contain cyanidin and 
delphinidin 3-glucosides and 3-rutinosides (Chandler and Harper, 1962; 
Demina, 1968). 

G. Rosaceae 

The Rosaceae family is large, encompassing some 2000 species belong
ing to approximately 100 genera. The family includes many cultivated, 
fruit-producing plants that are important as foodstuffs, namely, apple, 
pear, plum, apricot, peach, loganberry, raspberry, and strawberry. Also 
included, but perhaps of less importance, are the blackberry, sloe, quince, 
salmonberry, and thimbleberry. 

Cyanidin is the most ubiquitous anthocyanidin in the family, pelargoni
din is rare, while delphinidin is completely absent. The glycosidic sub
stitution is relatively simple, with the exception of certain Rubus and 
Prunus species; there is no certain evidence of acylation in the edible 
fruits of the Rosaceae. The sugars occurring are glucose, galactose, 
xylose, rutinose, and sophorose. The triglycosides glucosylrutinose and 
xylosylrutinose previously noted in Ribes species are present in raspber
ries and cherries. 

1. Malus pumila 

The major pigment of apples (Malus pumila) was identified as cyanidin 
3-galactoside by Sando (1937). Paper chromatography has since revealed 
the presence of minor components whose identities are somewhat more 
controversial. American Red Delicious apple skin was analyzed by Sun 
and Francis (1967), who identified cyanidin 3-arabinoside and cyanidin 
7-arabinoside. Timberlake and Bridle (1971) could not find the latter an
thocyanin in English apples, but identified the minor components as 
cyanidin 3-glucoside, 3-arabinoside, and the previously undescribed 
3-xyloside, together with derivatives presumed acylated with nonultra
violet-absorbing compounds. 

Other work on Malus species includes the identification of cyanidin 
3-galactoside and 3-glucoside, also acyl derivatives (Pais and Gombkoto, 
1967) in Jonathan apples. 
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2. Pyrus communis 

Generally, the red color of pear skin is much less common, and the 
intensity of color is not so great as in apple. However, Francis (1970) 
mentioned the introduction of colored mutants and their development into 
commercial varieties, prized for their attractive red appearance. The same 
author identified the anthocyanins of pear skin as cyanidin 3-galactoside 
(major) and cyanidin 3-arabinoside; thus, the principal anthocyanins are 
the same in both apple and pear. Further, Harborne (1967) described the 
presence of cyanidin 3-galactoside in the flesh of some Pyrus varieties. 

3. Prunus Species 

The genus contains about 200 species of trees and shrubs, mostly na
tives of the temperate parts of the Northern Hemisphere. Many species 
are ornamentals, mostly spring flowering, but edible fruits are produced 
by the plum, cherry, apricot, peach, nectarine, and sloe. 

a. Prunus domestica, P. cerasitera, P. insititia, P. damascena, and 
P. salicina. Anthocyanins of plum skins are based on cyanidin 
3-glucoside and cyanidin 3-rutinoside, with lesser amounts of the related 
peonidin derivatives (Harborne and Hall, 1964). However, it seems that 
varietal differences may account for the absence of certain of these four 
anthocyan ins in some red plums. Popov (1969) failed to find peonidin 
3-glucoside in studies of two varieties; similarly, Blundstone and Crean 
(1966) did not report this anthocyanin in Victoria plums. Ishikura (1975) 
found only the two cyanidin derivatives in the Japanese plum (P. salicina). 
Ahn (1974) similarly found only cyanidin glycosides in "Santa Rosa" 
plums, but these were the 3-glucoside and 3-xylosylglucoside of cyanidin. 

Prunus cerasifera, the cherry plum, contains four anthocyanins
cyanidin and peonidin 3-glucosides and 3-rutinosides (Tanchev and Vas
ilev, 1973}-and although no findings are at hand regarding the bullace (P. 
insititia) or the damson (P. damascena), it seems probable that the same 
pigments will be present in these species. 

b. Prunus a,,'um. The sweet cherry is important commercially as a 
table fruit, and "Bing" cherries (Lynn and Luh, 1964) are an important 
Californian variety, having firm flesh, an attractive color, and sweet taste. 
Much fruit is also used as an ingredient for fruit cocktails and maraschino 
cherries. The above authors found the generically typical anthocyanins in 
the fruit skin, namely, cyanidin and peonidin 3-glucosides and 
3-rutinosides. The presence of peonidin glycosides in P. avium is not con-
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ceded by Harborne and Hall (1964), however, who found only cyanidin 
3-glucoside and 3-rutinoside in 3 named varieties, as did Olden and 
Nybom (1968) in 12 cultivars. 

c. Prunus cerasus. In contrast to the sweet cherry, the anthocyanin 
content ofthe sour cherry (P. cerasus) is quite complex and has been the 
subject of many investigations. Early studies on "Montmorency" cherries 
indicated that the major anthocyanins are cyanidin 3-glucoside and 
3-rutinoside (Li and Wagenknecht, 1956). A triglycoside, cyanidin 
3-glucosylrutinoside, was found in six out of seven varieties of sour 
cherry, together with cyanidin 3-sophoroside, 3-rutinoside, and 
3-glucoside (Harborne and Hall, 1964). The cultivar "Montmorency" 
contains the additional minor components cyanidin 3-xylosylrutinoside 
(Shrilchande and Francis, 1973) and peonidin 3-glucoside and 3-rutinoside 
(Oekazos, 1970). Apparently, cyanidin 3-gentiobioside (von Elbe et aI., 
1969, and earlier reports) has been reported incorrectly (Ou et al., 1975b). 

d. Prunus perslca. The peach is a prized fruit with a velvety skin, 
varying in color from greenish-white to golden yellow, with a crimson 
coloring, which may be almost nonexistent or a complete covering. 

Peaches are an important fruit in the canning industry, especially the 
"freestone" varieties. This fruit differs from the "clingstone" by having 
more red pigment near the pit side and a softer texture in the ripened fruit 
(Hsiaet al., 1965). Occasionally, canned peaches discolor, and the extent 
of this problem is related to the amount of anthocyanin present in the 
tissue (Chung and Luh, 1972). Fruit with a high content of red pigment-a 
factor dependent on varietal characteristics and ripeness-is more liable 
to discoloration when canned. 

The main anthocyanin in P. persica is indisputably recognized as cy
anidin 3-glucoside (Hsia et al., 1965; Van Blaricom and Senn, 1967; 
Harborne, 1967; Ueno et al., 1969). Indeed, this was thought to be the 
only pigment present until Ishikura (1975) ooted the presence of cy
anidin 3-rutinoside also, amounting to 10% of the total anthocyanin. 
Thus, it appears that the peach may well possess both generically 
typical anthocyanins after all, i.e., cyanidin 3-glucoside and cyanidin 
3-rutinoside. 

e. Prunus spinosa. The blackthorn or sloe is the wild plum of West
ern Europe and a parent of the European plum P. domestica. Sloes are 
small, round, black fruit having a blue, waxy bloom and green flesh with a 
remarkable acidity and astringency. The fruit has no commercial value 
except for making sloe wine and sloe gin. The anthocyan ins are again 
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cyanidin and peonidin 3-glucosides and 3-rutinosides, the peonidin 
glycosides contributing 40% of the pigment (Harborne and Hall, 1964): 

f. Prunus armen/aea. Apricots have the same uses as peaches, and 
the fruit varies in coloring from pale yellow to deep orange; the skin has 
red speckles of anthocyanin. The effect of fluoride pollution on apricot 
trees and fruit was studied by Quinche et al. (1974). Fluoride had general 
corrosive effects, but also enhanced the production of anthocyanin in the 
fruit. The pigment was identified as cyanidin 3-glucoside. 

4. Rubus Species 

The genus consists of approximately 400 species and includes many 
wild and cultivated soft fruits, e.g., raspberry, blackberry, loganberry, 
and other bramble fruits. The anthocyanins are again based mainly on 
cyanidin and, more rarely, pelargonidin; sugars comprise 3-monosides, 
3-biosides, and branched-chain 3-triosides. Rarer is the occurrence of 
3,5-diglucosides, found in some red raspberries. Even at the present time, 
classification within the genus is not wholly settled, and one of the main 
values of anthocyanin identification in the Rubus species has been in the 
complementation of taxonomic data (Jennings and Carmichael, 1980). 

a. Rubus idaeus. Raspberries are a delicious fruit and may be eaten 
fresh, cooked or in jams, jellies, and drinks. Large quantities are frozen 
and canned. The anthocyanins in this and other Rubus species were iden
tified and characterized by Harborne and Hall (1964). These authors ex
amined a range of raspberry varieties and found four cyanidin glycosides: 
cyanidin 3-glucosylrutinoside, 3-sophoroside, 3-rutinoside, and 
3-glucoside. One variety ("September") contained these four cyanidin 
pigments, as well as the four related pelargonidin derivatives. Harborne's 
results have been confirmed by studies on other varieties and cultivars 
(Blundstone and Crean, 1966; Gombkoto and Pais, 1970; Francis, 1972). 

These initial findings have since been augmented by the discovery of 
cyanidin 3,5-diglucoside in the cultivar "Willamette" (Barritt and Torre, 
1973). Nine anthocyanins (five cyanidin, four pelargonidin) in various 
combinations depending on the cultivar were later found by the same 
authors (Barritt and Torre, 1975); the pelargonidin glycosides, however, 
were present in trace amounts. One unique selection contained the four 
cyanidin glycosides and two other major pigments-cyanidin 
3-sambubioside and cyanidin 3-xylosylrutinoside-reported for the first 
time in Rubus idaeus. It was concluded that unique anthocyanin finger
prints do not occur for most cultivars or selections of raspberries. 
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b. Rubus occidentalis. According to Harborne and Hall (1964) and 
Nybom (1968), European species of black raspberry are characterized by 
xylose-containing pigments-cyanidin 3-xylosyrutinoside and cyanidin 
3-sambubioside-as well as by cyanidin 3-rutinoside and 3-glucoside. 
American varieties, however, may have a different pattern. Thus, 
Daravingas and Cain (1966, 1968) failed to find pigments containing xylose 
in the variety "Monger", but rather cyanidin 3-rutinoside-5-glucoside, 
3-diglucoside, 3,5-diglucoside, and 3-glucoside. 

Black raspberries contain 214-428 mg/tOO g total pigment (Torre and 
Barritt, 1977), considerably more than the red raspberry (R. idaeus). 
While the dark color of the black raspberry must be due mainly to its large 
quantity of pigment, the complete absence of pelargonidin glycosides may 
be an additional factor to be considered. 

c. Rubus fruticosus. Blackberries cannot synthesize sophorose or 
xylose pigments, and hence their anthocyanin pattern is less complex than 
that of raspberries. The predominant anthocyanin is cyanidin 3-glucoside, 
with cyanidin 3-rutinoside present in lower amounts or even traces, de
pendent on the cross (Harborne and Hall, 1964; Barritt and Torre, 1973; 
Jennings and Carmichael, 1980). Quantitatively, pigment content lies be
tween that of red raspberry and black raspberry, at 82-326 mg/l00 g 
(Torre and Barritt, 1977). 

d. Rubus parvlflorus. The thimble berry provides an example of the 
rare appearance of pelargonidin glycosides in the genus Rubus. Harborne 
and Hall (1964) found a simple glycosylation pattern consisting of cyanidin 
and pelargonidin 3-glucosides. However, Barritt and Torre (1973) re
ported two pelargonidin glycosides as the major pigments-the 
3-glucoside and 3-rutinoside, with lesser amounts of the cyanidin 
analogues. Jennings and Carmichael (1980) indicated the presence of a 
rhamnose synthesizing system (gene R) in the species, thus confirming the 
likelihood of finding anthocyanins containing rutinose. 

e. Rubus spectabilis. The salmonberry is indigenous to the Pacific 
Northwest, where it grows wild. The red fruit of this species contains five 
anthocyanins, all derived from cyanidin and qualitatively similar to those 
found in the red raspberry: cyanidin 3-glucosylrutinoside, 3-rutinoside, 
3-sophoroside, 3,5-diglucoside, and 3-glucoside (Barritt and Torre, 1973). 

f. Rubus hybrids (loganberry, boysenberry, youngberry, and mer
tonberry). These fruits originated as hybrids of raspberry and 
blackberry or as derivatives of other blackberry-raspberry hybrids. The 
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presence of sophorose in the anthocyanin pigments is considered sufficient 
evidence to substantiate these origins (Jennings and Carmichael, 1980). 
These hybrid fruits have pigments typical of red raspberry, but amounts 
more typical of blackberries, to which they are morphologically similar. 

Thus, the pigments all based on cyanidin are 3-glucosylrutinoside, 
3-sophoroside, 3-rutinoside, and 3-glucoside (Harborne and Hall, 1964; 
Blundstone and Crean, 1966; Nybom, 1968; Barritt and Torre, 1973). 

5. Fragaria Species 

8. Fragar;a anannassa. Strawberries are greatly valued fruits of 
temperate climes, all deriving from American species. Mainly a dessert 
fruit, they may be canned, made into jam, and, perhaps less successfully, 
frozen. The edible part of the strawberry is an enlarged receptacle with 
the seeds embedded on the surface. 

The fruit is orange-red in color, due mainly to the presence of pelar
gonidin 3-glucoside, with smaller amounts of cyanidin 3-glucoside (Sond
heimer and Karash, 1956; Blundstone and Crean, 1966; Popov, 1967; Co 
and Markakis, 1968; Ishikura, 1975). The early report of pelargonidin 
3-galactoside (Robinson and Robinson, 1934) was incorrect. Wrolstad et 
al. (1970), in a study of 40 lots of strawberries consisting of 13 selections 
and 5 varieties, noted the presence of a third pigment, chromatographi
cally separable from the main two pigments. Quantitatively, the new an
thocyanin was present at up to 5% of the total anthocyanin content, al
though some varietal variations were noted. Analysis showed that the 
third compound might be a furanose or an anomeric form of pelargonidin 
3-glucoside, and was not an artifact of the extraction and purification 
procedure. 

In strawberries, anthocyanin is not produced until chlorophyll and 
carotenoid synthesis ceases, i.e., some 35 days after petal fall. Pigment is 
then synthesized rapidly (Woodward, 1972). 

b. Fragar;a v.sea. The European wild strawberry, distributed in 
woods and shady grasslands in the Northern Hemisphere, has smaller 
fruit which are less acid but more richly flavored than the garden straw
berry. The anthocyanins are again pelargonidin and cyanidin 3-glucosides 
(Blundstone and Crean, 1966; Sondheimer and Karash, 1956). The only 
difference between the two species would seem to be in the relative pro
portions of the pigments. In the cultivated species, the ratio of pelargoni
din 3-g1ucoside to cyanidin 3-glucoside is 1 : 0.05, whereas in F. vesca it is 
closer to 1: 1 (Sondheimer and Karash, 1956). 
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6. Cydonia oblonga 

The quince is of some local interest but has no commercial importance. 
The fruit is hard and acid, but cooking with sugar turns it into a delicious 
dull-pink jam or jelly. Markh and Kozenko (1966) examined 40 quince 
varieties and found only cyanidin 3-glucoside and cyanidin 3,5-
diglucoside. 

H. Legumlnosae 

The Leguminosae or pea family contains many species of enormous 
importance to man and includes peas, beans, lentils, and groundnuts. 
Anthocyanins occur in the pods of some species and in the seed coats of 
others. 

1. Phaseolus multiflorus, P. vulgaris, and 
P. aureus 

The pod of the runner bean "Blue Coco" (P. multiflorus) contains mal
vidin 3,5-diglucoside (Harbome, 1967). The same pigment occurs in the 
stems of runner bean seedlings (Nozzolillo, 1971). The anthocyanins of P. 
vulgaris (French, kidney, or bush beans) have been reported variously as 
delphinidin 3-glucoside and 3,5-diglucoside (Harborne, 1967) or mixed 
pelargonidin and cyanidin 3-glucosides and 3,5-diglucosides in orange-red 
beans (Yoshikura and Hamaguchi, 1971). The colored seed coats of the 
French bean are a rich source of anthocyanins. Thus, as much as 5% of 
the dry seed coat of the variety Canadian Wonder consists of an
thocyanins, namely, pelargonidin -and cyanidin 3-glucosides, and pelar
gonidin 3 ,5-diglucoside with lesser amounts of delphinidin 3-glucoside and 
cyanidin 3,5-diglucoside (Stanton and Francis, 1966). The pigments may 
have ecological significance in influencing growth of microflora. The seed 
coats examined by Feenstra (1960) additionally contained petunidin and 
malvidin 3-glucosides and delphinidin 3,5-diglucoside. The seed of a 
Japanese cultivar was found to lack pelargonidin derivatives but con
tained delphinidin, petunidin, and malvidin 3-glucosides and malvidin 
3,5-diglucoside (Okita et al., 1972). The major pigment in the seed of the 
"Azuki" bean was delphinidin 3-glucoside, obtained as its crystalline 
picrate (Sasanuma et al., 1966). 

In the mung bean (P. aureus), identifications have been made in the 
seedlings only. The cotyledon contains delphinidin 3,5-diglucoside, free 
as well as acylated withp-coumaric acid (awobanin) (Proctor, 1970). The 
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hypocotyl contains mainly delphinidin 3-glucoside, with lesser amounts of 
malvidin and pelargonidin derivatives (NozzoliIIo, 1971). 

2. Glycine maxima 

The seed coat of the soybean contains cyanidin 3-glucoside (Kuroda 
and Wada, 1935). The black variety additionally contains delphinidin 
3-glucoside (Yoshikura and Hamaguchi, 1969). 

3. Pisum sativum 

Certain genotypes of the pea (Pisum sativum) produce colored pods. 
Red pods contain cyanidin glycosides, the 3-sophoroside-5-glucoside and 
the 3-sambubioside-5-glucoside (Dodds and Harborne, 1964). Purple pods 
contain the analogous delphinidin derivatives, not previously identified in 
plants, as major components (Statham et al., 1972). 

I. Rutaceae 

The economic importance of the Rutaceae is provided by edible citrus 
fruits as well as ornamental species. 

1. Citrus sinensis 

As in other citrus fruits, the pigments of the sweet orange (Citrus sinen
sis) are carotenoid in nature. However, the red coloration in the fleshy 
endocarp of the "blood orange" is caused by anthocyanin. Chandler 
(1958) first identified the major component in the variety "Moro" as 
cyanidin 3-glucoside. Delphinidin 3-glucoside was also present in very 
minor amounts. In three other varieties, "Tarocco," "Florida," and 
"Ruby Red," the main pigment was indistinguishable chromatographi
cally from that in "Moro." Subsequent researchers have confirmed 
cyanidin 3-glucoside as the main anthocyanin in "Moro" orange juice, 
and have detected others in traces. Porretta et al. (1966) mentioned five 
unidentified pigments, and Licastro and Bellomo (1973) claimed that some 
of these are cyanidin 3,5-diglucoside, peonidin 5-glucoside, and petunidin 
3-glucoside. 

2. Zanthoxylum piperitum 

Japanese pepper consists of the ground seeds of Zanthoxylum piperitum, 
a deciduous shrub or small tree. The round red fruits which succeed the 
green flower contain cyanidin 3-rutinoside as pigment (Ishikura, 1975). 
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J. Anacardlaceae 

1. Mangifera indica 

The mango is a characteristic tropical fruit with origins in the Indo
Burmese region. The fruit is produced on long stalks in small clusters; 
anthocyanins can occur in the skin, which is not eaten. The edible flesh 
inside is orange-colored and surrounds the central stone. The sugar con
tent is high (10-20%), making the juice very sticky when the fruit is eaten 
fresh. Mangoes are also canned, used in preserves, and unripe fruit goes 
into mango chutney. 

The anthocyanin composition is simple, but the single anthocyanin pres
ent, peonidin 3-galactoside, is rare (Proctor and Creasy, 1969b). The only 
previous reported occurrence was in red cranberries, but it has since been 
also found in sugar cane (Misra and Dubey, 1974). The red skin color was 
increased in area and intensity in response to an antitranspirant spray 
(Barmore et al .• 1974). 

K. Saplndaceae 

Litchi chinensis 

The "lychee" is a fruit which has long been valued in its native China, 
where it is planted mainly in the tropical and subtropical south. The fruit 
is borne on the tree in bunches; each fruit is about the size of a plum and 
has a rough, lumpy skin of a pinkish-crimson hue. The edible part is the 
pulp, a translucent, white, jelly-like substance. 

The fruit skin color is deep red when fully ripe. Anthocyanin production 
is enhanced by light, and the pigments have been identified as cyanidin 
3-glucoside and 3-galactoside, and pelargonidin 3-glucoside and 3,5-
diglucoside. The cyanidin glycosides are the first to appear, followed by 
the pelargonidin glycosides (Prasad and Jha, 1978). 

L. Sterculiaceae 

In the Sterculiaceae. the economically important genera are Theobroma 
and Cola. 

Theobroma cacao 

The pigment in the cacao bean was first identified as a cyanidin 
3-monoside by Lawrence et al. (1938). Further investigation was carried 
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on by Forsyth (1952), who separated two mobile monoglucosides (and 
detected traces of a cyanidin 3-diglycoside) in purple beans (cotyledons) 
of Forastero and other pigmented types, freshly removed from their 
pods. The pigments were conclusively identified as cyanidin 3-galactoside 
(major) and cyanidin 3-arabinoside by Forsyth and Quesnel (1957). Cacao 
husk contains a pigment claimed to be of use as a food colorant, but it is a 
polyftavone glucoside (Kimura et al .• 1973) rather than an anthocyanin. 

M. PassHloraceae 

Only a few of the 50 to 60 species of Passiftora possessing edible fruits 
are cultivated commercially. 

Passiflora edulis 

The passion fruit or purple granadilla is grown in Australia, India, and 
Sri Lanka and used in beverages and sweets. The purple pigment of the 
outer rind contains a 3-diglucoside of pelargonidin (Pruthi et al.. 1961). 
The fruit contains delphinidin 3-glucoside (Harborne, 1967). 

N. Punicaceae 

Punica granatum 

The pomegranate, of tropical and subtropical cultivation, is eaten raw, 
although it may be an acquired taste since the fruit has a large number of 
seeds and much acid pulp in relation to the comparatively small amount of 
juicy ftesh. In the East, the juice is used in cool drinks. It can also be used 
in winemaking, while the seeds are used in conserves and syrups. 

Quantitatively, pomegranates are a good source of anthocyanins. The 
juice contains the single anthocyanin delphinidin 3,5-diglucoside (Har
borne, 1967). The pigment composition of the fresh fruit was analyzed by 
Duet al. (1975a), who isolated and identified the anthocyanins in the seed 
coats and in the peel. The seed coats contain six anthocyanins, and these 
are, in decreasing order of amounts present: cyanidin 3-glucoside, del
phinidin 3-glucoside, cyanidin 3,5-diglucoside, delphinidin 3,5-digluco
side, pelargonidin 3-glucoside, and pelargonidin 3,5-diglucoside. 

Analysis of peel extracts revealed only four anthocyanins. The pelar
gonidin glycosides were present in greater amounts than in the seed coats, 
and the cyanidin glycosides were also present in appreciable concentra
tions. Delphinidin glycosides, however, were absent from the peel. 

There appears to be no data on pigmentation in the only other species P. 
protopunica. which is native to Socotra. 
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O. Umbelliferae 

The Umbelliferae is a family of some 250 genera and 3000 species. 
U mbelliferous plants are mostly poisonous, but several are useful as food 
plants. Vegetables of importance include the carrot and parsnip, while 
also worthy of mention are celery, certain herbs and condiments, and 
some plants with medicinal or pharmaceutical uses. Umbelliferous food 
plants pigmented with anthocyanins are few, with pigments mostly con
fined to vegetative growth. The colored Umbellifers have not received a 
great deal of attention, but it is clear that the anthocyanin patterns are not 
simple. Although at the aglycone level, nearly aU are derivatives of the 
basic plant anthocyanidin cyanidin, the glycosidic patterns are highly 
complex, involvi~g rare disaccharides and trisaccharides and acylation 
with three phenolic acids. The presence of these unusual sugars and 
acylating groups, however, has not been correlated with any obvious 
function in the plant (Harborne, 1976a). 

1. Daucus carota 

Carrots generally are colored orange-red by carotenoid pigments. The 
only carrot root pigmented with anthocyanins and, incidentally, lacking 
carotenoids, is the purple-black rooted D. carota ssp. sativa cultivated in 
India. The first partial characterization of anthocyan ins in this vegetable 
was made by Krishnamoorthy and Seshadri (1962), who identified only a 
cyanidin derivative. Harborne (1976a) provided the first complete identifi
cation of anthocyanins in the Daucus species, mainly in leaves, flowers, 
and stems, but also in the black carrot root. Three anthocyanins were 
separated and identified as cyanidin glycosides. The first pigment was the 
rare cyanidin 3-(2G-xylosylgalactoside) or 3-lathyroside, a sugar previ
ously found in Lathyrus odoratus petals. The second pigment was a unique 
linear trisaccharide, cyanidin 3-xylosylglucosylgalactoside, whereas the 
third pigment was the monoferuloyl derivative of this triglycoside. Again, 
this was a new pigment and was the first report of acylated anthocyanins 
in the Umbelliferae. It is of interest to note here that these pigments 
also occur in other parts of the carrot plant (leaf, flower, stem), where 
three further new pigments were also found-cyanidin 3-sinapoyl
xylosylglucosylgalactoside and the sinapoyl and feruloyl derivatives of 
cyanidin 3-glucosylgalactoside. Acylation with sinapic acid is rare, 
occurring elsewhere only in red cabbage (Tanchev and Timberlake, 
1969; Hrazdina et al., 1977). 

The red color formed in D. carota tissue culture is also anthocyanic, 
although characterization is incomplete. Schmitz and Seitz (1972) re
ported only cyanidin xylosylglucoside. 
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2. Apium graveolens 

Cultivated celery (distinguished as variety "dulce") as we know it 
today is a relatively new crop of French and Italian origins. Celery is a 
useful vegetable, as it can be eaten raw in salads, or as a cooked vegeta
ble, or in soup. However, anthocyanins have been found only in the wild 
celery Apium australe from the New World temperate regions and Apium 
graveolens from the Old World. These species provide a possible correla
tion between anthocyanin data and geographical location (Harborne, 
1976a); thus, there are some differences in anthocyanin pattern between 
the two species, with ap-coumaroyl derivative seemingly specific to the 
Old World A. graveolens. 

Stems of both species contain the feruloyl and sinapoyl esters of cyani
din 3-xylosy1glucosylgalactoside, whereas A. australe additionally con
tains cyanidin 3-xylosylgalactoside and A graveolens additionally con
tains the p-coumaroyl ester of cyanidin 3-xylosylglucosylgalactoside. 

3. Foeniculum vulgare 

The fennel plant originates in Italy. The swollen leaf bases form a kind 
offalse bulb, which comprises the edible portion, although the upper stem 
is used for flavoring purposes. The anthocyanins of the stem are cyanidin 
3-feruloylxylosylglucosylgalactoside and cyanidin 3-sinapoylxylosyl
glucosylgalactoside (Harborne, 1976a). 

4. Crith mum maritimum 

Samphire is native to sea cliffs, sand, or shingle around the southwest 
coast of Britain and other European coasts. The fleshy leaves are aroma
tic and can be salted, boiled, and pickled or just used as a herb. 

The anthocyanin in the leaf of samphire is cyanidin 3-sinapoylxylosyl
glucosylgalactoside. 

III. ANTHOCYANINS OF THE DICOTYLEDONS: 
SYMPETALAE 

A. Ericacaae 

The Ericaceae is a family of about 50 genera and 1350 species and is 
valued mainly for ornamentals (Erica, Rhododendron); however, Vac
cinium is grown to a limited extent as a fruit crop in North America. 
Anthocyanins with a distinctive glycosidic pattern (3-galactoside) occur to 
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a large extent throughout the family, although only Rhododendron and 
Vaccinium species have been studied in depth. 

It appears that the genus Vaccinium can be characterized by mono
glycosidic combinations of cyanidin and peonidin with glucose, galactose, 
and arabinose, thus lending support to the present classification of the 
American cranberry under Vaccinium and not to the separate genus 
Oxycoccus, as believed previously (Fuleki and Francis, 1967). 

The red and black berries of Vaccinium are an abundant source of 
pigment and in some instances provide a complex range of anthocyanins; 
the genus is the best source of anthocyanin 3-galactosides, containing all 
but the pelargonidin derivative. 

1. Vaccinium Species 

a. Vaccinium angustifolium. The lowbush blueberry is grown com
mercially in the northeasthern United States and Canada. It is a hardy 
shrub about a foot high, bearing bluish-black fruits up to half an inch in 
diameter. It is sold in the canned, frozen, and fresh-fruit markets and has 
been freeze-dried and puff-dried (Eisenhardt et al., 1964). Other uses in
clude juices, wines, and pie fillings. 

There has been little information concerning anthocyanins in the ripe 
fruits of this species since that reported by Francis et al. (1966), who 
found the most complex mixture of anthocyanins occurring in a single 
plant tissue as ofthat time. Fifteen pigments were identified, representing 
glycosides of all the common anthocyanidins except pelargonidin; thus, 
the 3-glucosides, 3-galactosides, and 3-arabinosides of cyanidin, delphini
din, peonidin, petunidin, and malvidin were isolated and characterized. 
The arabinose derivatives occurred in small quantities only, and several 
diglycosides were also present, but in quantities too low for identification. 
No acylation was apparent. 

b. Vaccinium corymbosum. The high-bush blueberry is a bushy 
shrub up to 15 feet tall. The blue-black fruits are about one-third of an inch 
in diameter on wild plants, larger on selected cultivars, many of which are 
of hybrid origin from this species and V. ashei (the Rabbit-eye blueberry) 
and V. australe (the Southeastern high-bush blueberry). 

The variety "Croatan" was analyzed for anthocyanin content by Bal
lingeret al. (1970) and is the first identification of pigments in this species. 
The major anthocyanins, in order of decreasing amounts, are malvidin 
3-galactoside, delphinidin 3-galactoside, delphinidin 3-arabinoside, 
petunidin 3-galactoside, petunidin 3-arabinoside, and malvidin 
3-arabinoside. 
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Also present in lesser amounts are the 3-glucosides of cyanidin, del
phinidin, peonidin, petunidin, and malvidin, with peonidin 3-arabinoside 
and cyanidin 3-galactoside. The anthocyanins were also characterized 
during fruit ripening in the cultivar "Wolcott" (Makus and Ballinger, 
1973). In unripe red fruit, cyanidin 3-glucoside and 3-galactoside com
prised 40% of the total pigment, but all combinations ofthe five aglycones 
with glucose, galactose, and arabinose (15 pigments) were detected. In 
ripe and over-ripe fruit, all were again present, except peonidin 
3-galactoside; malvidin 3-glucoside and 3-galactoside were then the main 
components. The relative proportions of glucosides, galactosides, and 
arabinosides were fairly constant during ripening. 

The ripe fruits of a pink-fruited hybrid contained delphinidin, petunidin, 
and malvidin 3-arabinosides and 3-galactosides as the main anthocyanins, 
although the remaining nine anthocyanins of the blue-fruited varieties 
were also present. The overall pigment content of the pink fruit was 20 
times smaller than that of the blue fruit (Ballinger et at., 1972). 

The colored leaves of V. corymbosum showed a simpler glycosylation 
pattern than the fruit, with only 3-glucosides of cyanidin, delphinidin, 
petunidin, and malvidin present (Pourrat et at., 1978). 

c. Vaccinlum macrocarpon. Cranberries are used for making cran
berry sauce to be eaten with turkey or venison. The native British fruit is 
V.oxycoccus, but the large or American cranberry, V. macrocarpon, is also 
cultivated and naturalized in Britain. In America, cranberry fruit juice has 
assumed increasing importance in recent years. An expanding market has 
meant that paler berries have to be included in the process, and this has 
prompted research into recovery of pigment from cranberry pomace 
which may contain up to 40% of the original fruit pigment (Staples and 
Francis, 1968). The purified pigment extract (Chiriboga and Francis, 
1970, 1973) is concentrated and added back to the juice. A spray-dried 
anthocyanin extract is used to color beverages and gelatin desserts 
(Clydesdale et at., 1979), while pie fillings have been colored with cran
berry juice concentrate (Volpe, 1976). 

The presence of four anthocyanins in cranberries was noted by Saka
mura and Francis (1961), although only two were fully characterized
cyanidin and peonidin 3-galactosides; two were partly identified as mono
glycosides of these aglycones. The latter pigments were later shown to be 
cyanidin and peonidin 3-arabinosides (Zapsalis and Francis, 1965) in the 
variety "Early Black." Further investigations employing a new 
chromatographic solvent revealed the presence of two minor 
components--cyanidin and peonidin 3-glucosides (Fuleki and Francis, 
1967, 1968). 
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Thus, the cranberry shows the characteristics of the family and species 
but at a simpler level than in the blueberry. The six anthocyanins present 
are based on only two aglycones, but retain the characteristic glycosides. 

d. Vacc;n;um myrtlllus. The bilberry or whortleberry is a native of 
the British Isles and parts of Europe and northern Asia. Acid when raw, 
the fruit is more palatable in tarts or jams. The berries tend to be ne
glected, since picking is laborious in comparison with other wild fruits. 

The anthocyanins in the bluish-black fruit have received cursory exam
ination. Suomalainen and Keranen (1961) noted glucose and arabinose 
derivatives of cyanidin, delphinidin, petunidin, and malvidin, but only the 
cyanidin g1ycosides were characterized. Troyan and Borukh (1970) re
ported only delphinidin anthocyanins in whortleberries of the Carpa
thians. 

More detailed information is lacking, but since V. myrtillus is a close 
relative of V. angustifolium, it is likely that the anthocyanin patterns will 
be similar. 

a. Vacc;n;um "itis-idaaa. The cowberry or mountain cranberry is 
native to the British Isles and cooler parts of the Northern Hemisphere. 
The low shrub bears red, globose fruit less than half an inch in diameter. 

The anthocyan ins in this minor fruit have been described as cyanidin 
xylosylglycoside and malvidin 3,5-diglucoside (Troyan and Borukh, 
1970). A complete identification is awaited. 

B. Sapotacaaa 

Synsepa/um du/cificum 

Although the deep-red, oval berries of this plant-the miracle fruit-are 
not primarily a food source, the presence of an intensely sweet compound, 
which offers potential as a non-nutritive sweetener, make it of interest to 
the food industry. At the same time, the red skin offers possibilities of 
anthocyanin extraction for food-color uses, an ideal situation since 
sources of anthocyanin for food colors are likely to be economically ad
vantageous if they are by-products of crops grown for other purposes 
(Buckmire and Francis, 1978; Timberlake and Bridle, 1980). 

The skin anthocyanins were isolated and identified (Buckmire and 
Francis, 1976); the main component is cyanidin 3-galactoside, with a 
smaller quantity of cyanidin 3-glucoside, and the three minor components 
are cyanidin 3-arabinoside, delphinidin 3-galactoside, and delphinidin 
3-arabinoside. 
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C. Oleaceae 

Olea europaea 

The fruit of the olive plant has long been used as a food and source of 
edible oil obtained by pressing the ripe fruit. Olive oil has also found 
religious, medicinal, and cosmetic uses. The fruit of this species is the 
only one in the family cultivated for human food. 

The olive is a drupe, changing color from green to dark blue or purple 
during ripening. The fully grown but still green fruits are pickled in brine 
and used in hors d'oeuvres and various dishes. 

The anthocyanins of ripe fruit of Manzanillo olives are glycosides of 
cyanidin and peonidin. The main pigments are cyanidin 3-glucoside and 
peonidin 3-(dicaffeoylsophoroside)-5-g1ucosides, these being the first acyl
ated pigments reported in the Convolvulaceae at that time (Imbert et al., 
triglycosides-cyanidin and peonidin 3-glucosylrutinosides acylated with 
caffeic acid. Linear and branched-chain triglycosides have been reported 
(Luh and Mahecha, 1972; Vazquez and Maestro, 1~70; Maestro and Vaz
quez, 1976). The fruit pulp contains mainly cyanidin 3-glucoside and 
3-rutinoside (Vazquez et al., 1974). 

D. Convolvulaceae 

Ipomoea batatas 

The sweet potato (Ipomoea batalas) is the only food crop of significance 
in the Convolvulaceae. The stem of cultivar C9 contains cyanidin and 
peonidin 3-(dicaffeoylsophoroside)-5-glucosides, these being the first acyl
ated pigments reported in the Convolvulaceae at that time (1m bert et al., 
1966). Since then, peonidin 3-(dicaffeoylsophoroside)-5-glucoside has 
been found in flowers of Ipomoea species (Ishikura and Shimizu, 1975; 
Asen et al., 1977). 

E. Solanaceae 

The family comprises upwards of 2000 species, with several poisonous 
genera but also many food plants of economic importance, e.g., potato, 
tomato, aubergine, chillies, and cayenne pepper. In anthocyanin
containing food sources, it is of interest to note the frequent appearance of 
methylated pigments, particularly petunidin, which occurs in nearly all 
solanums. Similarly, all Solanum species are characterized by glycosyla
tion with 3-rutinoside-5-glucosides, useful as a taxonomic marker (Har
borne, 1967). 
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1. Solanum species 

a. Solanum me/ongena. The anthocyanins in the purple skin of the 
aubergine or eggplant have been analyzed by several workers; differences 
which occur in these findings may reflect varietal characteristics. 

In most varieties, delphinidin 3,5-diglucoside is the main pigment, but it 
is occasionally replaced by delphinidin 3-rutinoside (Harborne, 1967), 
which in the Bulgarian aubergine occurs also with delphinidin 3-rutinoside-
5-glucoside (Tanchev et aI., 1970). 

Some researchers noted acylated glycosides. Delphinidin 3-glucoside, 
3,5-diglucoside, and the p-coumaroyl acylated 3,5-diglucoside were re
ported by Nagashima and Taira (1966). The precise structure of the acyl
ated anthocyanin "nasunin" characterized by Watanabe et al. (1966) 
is delphinidin 3-[4-(p-coumaroyl)-L-rhamnosyl(1 ~ 6)glucosido]-5-gluco
side, more complex than described earlier (Nagashima and Taira, 1966). 

Anthocyanin coloration in the aubergine plant is under the control of 
nine genes, which determine the development and distribution of pigments 
within the plant (Tigchelaaret al., 1968). These authors also confirmed the 
presence of nasunin. Delphinidin 3-p-coumaroylrutinoside was addition
ally reported by Casoli and Dall' Aglio (1969), but according to Pi1reri and 
Zamorani (1969) the acylating group is caffeic acid. 

b. Solanum nlgrum (var. gulnean.a). The garden huckleberry has 
larger fruits than S. nigrum; these are used in pies and preserves and as a 
colorant for applesauce and fruit juices. Being rather insipid, however, 
the fruit has not gained much popularity. It is surprising that the fruit is 
harmless, since the fruits of the very similar black nightshade (S. nigrum) 
contain solanine alkaloids in sufficient quantity to be poisonous. 

The berries are typically pigmented by petunidin glycosides, and acyl
ated pigments are also present. Saito et al. (1965) reported petunidin 
3-rutinoside-5-glucoside di-p-coumaroyl ester and malvidin 3-(p-cou
maroylrutinoside)-5-glucoside. Francis and Harborne (1966) identified 
petanin (the major pigment) as petunidin 3-(p-coumaroylrutinoside)-5-
glucoside, contributing 93% of the total pigments. Minor pigments were 
malvidin 3-(p-coumaroylrutinoside)-5-glucoside and petunidin 3-rutino
side-5-glucoside. The anthocyanin present in smallest amount, "guine
esin," would seem to correspond to that identified by Saito et al. (1965), 
i.e., petunidin 3-rutinoside-5-glucoside acylated with 2 mol ofp-coumaric 
acid. 

c. Solanum tuberosum. The potato is one of the most important 
food plants in the world today, although as a crop of world-wide impor-
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tance, it is a relative newcomer. A valuable article of diet, potatoes are 
almost 78% water and 18% carbohydrate, with small amounts of protein 
and potash. 

Although nearly always "white," there are a few potato varieties that 
have colored tubers. Thus, Chmielewska (1936) isolated "negretein" from 
the purple-black "Negresse" potato. However, the complete structures 
of this and other anthocyanins occurring in various colored forms of the 
cultivated potato were not described until 1960 by Harbome. Dependent 
on variety and whether red- or purple-skinned, the anthocyanins which 
may be found in potato tubers are the 3-rutinosides of pelargonidin, del
phinidin, and petunidin and the 3-(p-coumaroylrutinoside)-5-glucosides 
of peiargonidin, peonidin, petunidin, and malvidin. 

Single anthocyanins were found in other pink and purple potatoes, and 
were identified as the 3-(p-coumaroylrutinoside)-5-glucosides of pelar
gonidin and peonidin, respectively (Howard et al., 1970). Varieties 
"Urgenda" and "Desiree" contained pelargonidin 3-(p-coumaroylrutino
side)-5-glucoside and peonidin feruloyI3-rutinoside-5-glucoside; the latter 
pigment was previously undescribed and the position of acylation not 
known (Sachse, 1973). 

2. Cyphomandra betaceae 

The tamarillo or tree tomato, a native of Peru, is grown in subtropical 
regions and is of minor importance except in New Zealand, where it is 
cultivated on a larger scale and has some commercial importance. The 
fruit is the size of an egg and may be eaten fresh, in jams, juice preserves, 
or in chutneys. 

Red-skinned varieties have yellow-orange flesh with an intensely col
ored purple jelly surrounding the seeds. Partial identification work of 
Dawes (1972) was extended by Wrolstad and Heatherbell (1974). The 
main anthocyanins reported were pelargonidin, cyanidin, and delphinidin 
3-rutinosides and 3-glucosides. The flesh of the fruit contains little pig
ment, but the seed jelly contains mainly delphinidin 3-rutinoside and the 
skin mainly cyanidin 3-rutinoside. 

F. Caprlfoliaceae 

Sambucus nigra 

The fruits or berries ofthe European elder (S. nigra) are much used for 
making wine. The pigments present are all cyanidin derivatives, namely, 
the 3-sambubioside-5-glucoside, 3-sambubioside, and 3-glucoside 
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(Reichel and Reichwald, 1960; Harborne, 1967). The structure of cyanidin 
3-sambubioside-5-glucoside was confirmed by Reichel and Reichwald 
(1977). This pigment acylated withp-coumaric acid has been found in the 
European red elder fruits (Sambucus racemosa) , not normally edible 
(Lamaison et ai., 1979). Apparently, no work has been done on other 
species, such as the American elder (S. canadensis). 

G. Composllae 

One of the largest of all plant families with 15,000 species and 1000 
genera, the Compo sitae are rich in chemical constituents and phylogeneti
cally near the top of the evolutionary tree. The family is known more for 
its wide variety of flowering plants than as a source of foodstuffs. The 
characteristic anthocyanidin is once again cyanidin, although delphinidin 
glycosides have been noted in some flowers (Harborne, 1967). Glycosyla
tion patterns likewise are simple, with glucose and rutinose predominat
ing; acylation is extremely rare in the family. 

1. Cichorium intybus 

The ground root of chicory is used blended with coffee, usually as a 
liquid .. coffee extract," and imparts a bitterness to this beverage which 
many people find refreshing. Blanched leaves and young shoots may be 
used in salads or as cooked vegetables. 

The occurrence of delphinidin glycosides in the bright-blue flowers is 
well-known (Harborne, 1967; Proctor and Creasy, 1969a). Certain cul
tivars bearing red leaves are also pigmented with anthocyanins. Thus, for 
example, the cultivar "Rosa di Verona" contains cyanidin 3-glucoside in 
the red leaves and also two derivatives of this anthocyanin acylated with 
unidentified acid(s) (Timberlake et al., 1971). 

2. Cynara scolymus 

The globe artichoke has numerous bracts with fleshy bases around the 
flower head or "choke." These fleshy bases are the parts usually eaten
baked, fried, stuffed, or served with sauces. The receptacle at the base of 
the young flower head is also eaten. The plant is thistle-like, and globes 
often grow to three inches or more in diameter. Varieties are usually listed 
as "green" or "purple." 

The pigments in the choke have received little attention. they are again 
based on cyanidin, being the 3-caffeoylglucoside, 3-caffeoylsophoroside, 
and 3-dicaffeoylsophoroside (Pifferi and Vaccari, 1978). 
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IV. ANTHOCYANINS OF THE MONOCOTYLEDONS 

A. LUiaceae 

The Liliaceae is one of the largest families and is very important hor
ticulturally. The food plants to be considered are onion, garlic, and as
paragus. 

The genera so far examined indicate rather simple glycosidic 
patterns-3-glucoside, 3,5-diglucoside, or 3-rutinoside. However, two of 
the three species described below contain more complex and previously 
undescribed sugars; hence, the glycosidic pattern may be not as simple as 
originally indicated by Harborne (1967). 

1. Allium cepa 

In red onions, the presence of three cyanidin glycosides was indicated 
by Fouassin (1956) and peonidin 3-arabinoside by Brandwein (1965). The 
occurrence of the latter pigment could not be confirmed by Fuleki (1971); 
rather, he found peonidin 3-glucoside in minor amounts. The same author 
identified the main component of the red onion cultivars "Ruby" and 
"Southport Red Globe" as cyanidin 3-glucoside, with a cyanidin 
3-diglucoside as the next largest component. Several other cyanidin 
glycosides occurred in lesser amounts. The bioside was neither the 
3-sophoroside nor the 3-gentiobioside but was identified as the new cyani
din 3-If.lminariobioside by Du et al. (1974). Laminariobiose is {31 - 3 
glucosylglucose, as distinct from other {3-glucosylglucosides, namely, 
sophorose, cellobiose, and gentiobiose, with linkages 1 - 2, 1 - 4, and 
1 - 6, respectively. 

2. Allium sativa 

As in the onion, the major pigment of the colored inner scale leaves of 
garlic was found to be cyanidin 3-glucoside (Du and Francis, 1975). Six 
other anthocyanins were detected, some believed to be acylated with 
unknown aliphatic derivatives. 

3. Asparagus officinalis 

Wann and Thompson (1965) found that epidermal extracts at the base of 
the spears of purple types of asparagus contained cyanidin 3,5-diglucoside 
and cyanidin 3-glucoside, possibly acylated with carboxylic acids. In con
trast, Francis (1967) identified cyanidin 3-glucosylrutinoside as the main 
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pigment, accompanied by cyanidin 3-rutinoside, in the reddish bracts 
of edible shoots of the asparagus cultivar "Mary Washington." Two 
other pigments present were thought to be the corresponding peonidin 
derivatives. The previously undescribed trioside of the main pigment 
was linear (namely, glucose-rhamnose-glucose), since hydrolysis gave 
cyanidin 3-glucoside and cyanidin 3-rutinoside, rather than the cyanidin 
3-diglucoside and cyanidin 3-rutinoside expected from a branched-chain 
trioside. The author was not surprised to find cyanidin 3-rutinoside, since 
the corresponding flavonol rutin has been found previously in asparagus 
shoots. 

B. Dloscoreaceae 

The Dioscoreaceae is a small family of only six genera, but it contains 
the economically important genus of Dioscorea or yams. As many as 60 
species are cultivated for the food value of their tubers in 3 main areas, 
Southeast Asia, West Africa, and Central and South America. Some con
fusion may arise, as the word yam can be loosely applied to other tropical 
root crops, and also to sweet potatoes in America. Anthocyanin identifica
tions within the family appear limited to the three Dioscorea species de
scribed below, which exhibit some variations in pigment patterns. 

Dioscorea Species 

a. Dloscorea a/ata. Most cultivars of the greater or water yam (D. 
a/ata) have white flesh, but some are pigmented. Rasper and Coursey 
(1967) claimed that the latter contain cyanidin 3,5-diglucoside and two 
minor cyanidin components. Three pigments were also found by Imbert 
and Seaforth (1968) in St. Vincent red yams, but these were identified as 
cyanidin 3-gentiobioside acylated with ferutic acid (major pigment) and 
two secondary cyanidin 3-glycosides, also acylated with ferulic acid. 

b. Dioscorea batatas. The comparatively rare sugar gentiobiose has 
also been found as a component of the pigments of the Philippine purple 
yam (D. batatas). Tsukui et al. (1977) isolated three pigments-cyanidin 
3-gentiobioside, malvidin 3-gentiobioside-5-rhamnoside, and malvidin 
3-gentiobioside-5-glucoside-each being acylated with 1 mol of 
p-coumaric acid. Substitution in position 5 with sugars other than glucose 
is very rare. 

c. Dioscorea trifida. The cush-cush yam (D. trijida), unlike other 
species, is native to America and is an important food crop in Venezuela. 
The pigments in the tuber flesh were reported to lack cyanidin and gen-



5. Distribution of Anthocyanins in Food Plants 153 

tiobiose, but to contain the 3,5-diglucosides ofpeonidin and malvidin; the 
latter anthocyanin was also acylated with ferulic acid (Carreno-Diaz and 
Grau, 1977). 

c. Gramineae 

The Gramineae (or Poaceae) or grass family is one of the largest of all 
plant families, the most dominant ecologically and the most important 
economically in the world. It includes wheat, barley, oats, rye, rice, mil
let, sorghum, and sugar cane. Within these food crops, cyanidin 
3-glucoside is characteristic, occurring in six out of the seven genera to be 
described. Acylation of anthocyanins with unidentified aliphatic com
pounds is also a feature and occurs in Sec ale cereale, Sorghum vulgare, 
Tritium aestivum, and Zea mays. Deoxyanthocyanins are found in Sor
ghum species and Zea mays. 

1. Hordeum vulgare 

Cyanidin 3-arabinoside occurs in the husks (Metche and Urion, 1961) 
and cyanidin 3-glucoside in the pericarp and aleurone (Mullick et al.. 
1958) of barley. The presence of delphinidin and cyanidin glycosides in 
various tissues of blue- or black-grained barleys was reported by Jende
Strid (1979); pelargonidin occurred additionally in purple grains. 

2. Oryza sativa 

The cultivated varieties of rice contain cyanidin 3-glucoside and 
3-rutinoside in the leaf sheath or stigma and malvidin 3-galactoside in the 
grain paricarp (Nagai et al.. 1960). 

3. Saccharum officinarum 

A delphinidin mono methyl ether was reported in sugar cane by Dasa 
Rao et al. (1938), but more recently the reddish-brown pigment in the peel 
has been identified as peonidin 3-galactoside (Misra and Dubey, 1974). 

4. Secale cereale 

The following anthocyanins occur in green-seeded rye: delphinidin 
3-rutinoside in the aleurone layer of the seeds, cyanidin 3-rutinoside in 
coleoptiles, and cyanidin 3-glucoside in the first leaves (Dedio et al .• 
1969). In the less usual purple-seeded varieties, cyanidin and peonidin 
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3-glucosides were the main pigments in the pericarp. Unidentified acy
lated forms of these anthocyanins were also present, as well as traces of 
the corresponding 3-rutinosides and acylated derivatives (Dedio et aI., 
1972a). Metche (1967) also found cyanidin 3-rhamnosylglucoside and 
3-rhamnosyldiglucoside, in addition to cyanidin 3-glucoside in leaves. 

5. Sorghum durra and S. vulgare 

Glumes of the tropical millet sweet sorghum (S. durra) contain the 
3-deoxyanthocyanins luteolinidin and apigeninidin (Misra and Seshadri, 
1967), but bran made from sweet sorghum contains cyanidin and pelar
gonidin glycosides (Olifson et al., 1971). The latter were the colored com
ponents ofa red dye extracted from the bran, having possibilities of use as 
a food color. 

The first internode of S. vulgare produces red cyanidin 3-glucoside acy
lated with an unknown aliphatic acid, when exposed to light after being 
grown in the dark for four days. After a longer period in complete dark
ness, yellow apigeninidin and orange luteolinidin are produced, each as 
the aglycone, 5-glucoside and a further unidentified acid stable form (Staf
ford, 1965, 1968). The unidentified orange pigment observed in whole 
kernels of red varieties of grain sorghum (Nip and Bums, 1969) may be 
luteolinidin, since both luteolinidin and apigeninidin were subsequently 
observed even in the seeds of white varieties (Nip and Bums, 1971). 

6. Triticum aestivum syn. T. vulgare 

The coleoptiles of the 13 cultivars of winter and summer wheat (T. 
vulgare) examined by Vogel (1970) all contained cyanidin and peonidin 
3-glucosides as major pigments, with minor amounts of cyanidin 
3-gentiobioside. However, Dedioet al. (1972b) found a different pattern in 
the coleoptiles of the purple wheat cultivar UM 606a (T. aestivum). The 
pigments were mostly cyanidin 3-rutinoside, acylated cyanidin 
3-glucoside and 3-rutinoside, with smaller amounts of the corresponding 
peonidin derivatives and further unidentified acylated cyanidin 
glycosides. The pericarp of the same cultivar contained cyanidin and 
peonidin 3-glucosides and their acylated derivatives, with traces of the 
corresponding rutinosides. The acyl groups were, again, not aromatic in 
character. 

7. Zea mays 

Straus (1959) identified cyanidin and pelargonidin 3-glucosides in en
dosperm tissue culture of "Black Mexican Sweet Com" (Z. mays). Har-
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borne and Gavazzi (1969) found the same pigments in the aleurone layer 
(i.e., the outermost layer) of the endosperm of com, but they were ac
companied by two aliphatic, acylated derivatives of each. Nakatani et al. 
(1979) identified cyanidin 3-glucoside as the major anthocyanin in com 
cobs and kernels (Bolivian purple corn), so confirming the work of Sando 
et al. (1935) on purple maize husks. Pelargonidin and peonidin 
3-glucosides were minor components, and more than seven other compo
nents were detected. It seems possible that the latter may include the 
acylated derivatives found by Harborne and Gavazzi (1969), as well as 
luteolinidin and other unidentified components detected in tissues of ge
netic strains of maize by Styles and Ceska (1972). In the shoots of maize 
seedlings (variety E.S. 1), Lawanson and Osude (1972) found that cyani
din 3-galactoside, rather than the 3-glucoside, accompanied pelargonidin 
3-glucoside. Cyanidin 3-galactoside was also reported earlier in a Peru
vian dark-seeded com, where it may also be acylated with p-coumaric 
acid (Baraud et aI., 1965). Phosphorus-deficient maize plants appear to 
accumulate cyanidin 3-rhamnoside in their leaves (Bhatla and Pant, 1978). 

Extracts of Z. mays known as Corn Silk (i.e., the dried styles and 
stigmata of the pistils containing anthocyanin) are used as flavor compo
nents in many major food products (Leung, 1980). 

D. Araceae 

C%casia antiquorum 

"Taro" or "Eddo" is a root crop of primary importance grown in Fiji, 
Hawaii, and other parts of the Pacific. The edible portion is the corm, 
formed underground by stem thickening, and the starch content is very 
fine-grained and easily digested. 

The corm is pigmented with pelargonidin 3-glucoside, cyanidin 
3-rhamnoside, and cyanidin 3-glucoside (Chanet al., 1977). These findings 
accord with other identifications made in the Araceae, e.g., in Pistia and 
Anthurium species (Zennie and McClure, 1977; Iwata et al., 1979). 

E. Musaceae 

Musa Species 

The genus M usa provides a major food crop, the banana. The large red 
bracts which protect the sterile male flowers contain anthocyanins, the 
anthocyanidins of which depend on the species (Simmonds, 1954). Bracts 
of the edible banana contain partly methylated cyanidin and delphinidin. 
Similar anthocyanidins, i.e., peonidin and malvidin, have been reported as 
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components of anthocyanins in the skin of the red-skinned type (Har
borne, 1967, 1976b), such as the Musa coccinea variety "Chandrabale" 
(Singh, 1972). However, a similar red coloration induced in the skin of 
ripening bananas (vars. "Dwarf Cavendish" and "Poovan") by exposure 
to ultraviolet light was caused by accumulation of compounds behaving 
like 3-deoxyanthocyanidins (Singh, 1972). 

v. CONCLUSIONS 

The distribution of anthocyanins in edible parts of plants may be sum
marized as follows: Anthocyanins based on cyanidin occur most fre
quently. The percentage occurrence of the anthocyanidins can be esti
mated approximately as follows: cyanidin (50%); pelargonidin, peonidin, 
and delphinidin (each 12%); and petunidin and malvidin (each 7%). Thus, 
the cyanidin (62%) type predominates over the delphinidin (36%) and 
pelargonidin (12%) types. In terms of glycoside distribution, 3-glycosides 
occur about two and a half times more frequently than 3,5-diglycosides. 
The most ubiquitous anthocyanin is cyanidin 3-glucoside. The conclu
sions are in general agreement with previous surveys (Harborne, 1967), 
which indicate that cyanidin is the most primitive aglycone, from which 
delphinidin and pelargonidin are derived biogenetic ally , and that the 
3-monoside is the most primitive glycosidic pattern. 

The anthocyanins described here were identified largely as their 
flavylium cations after extraction of the plant material with methanol con
taining hydrochloric acid. It may be appropriate to consider the extent to 
which anthocyanins identified in this way correspond to the actual color 
(hue, tint, intensity) of the plant product itself. Color in plants is a complex 
phenomenon. Most work has been carried out on flower color, in which 
the main factors are well-established (Timberlake and Bridle, 1975; Har
borne, 1976b). Of these, the structure ofthe aglycone and the concentra
tion of the anthocyanin are the most important. Little corresponding work 
has been done on colors of other tissues, but it is apparent that many fruits 
and vegetables exhibit colors characteristic of their aglycone types. Thus, 
strawberries and passion fruit contain pelargonidin derivatives, apple skin 
and red currants are characterized by cyanidin glycosides, and aubergine 
contains delphinidin derivatives. Black currants may be darker than red 
currants because they contain additional delphinidin glycosides, as well as 
greater overall pigment concentrations. But the black raspberry, the black 
carrot, and the wild plum (sloe) are deeply pigmented even though they 
contain only cyanidin-type derivatives. 

It is not clear whether the intense colors of these products and of similar 
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blue-black fruits and berries can be attributed solely to very large pigment 
concentrations or whether physiochemical effects, such as copigmenta
tion, are also operative. Such additional effects are known to modify 
flower color (Harborne, 1976b), and their occurrence in model systems 
has been documented (Timberlake and Bridle, 1980; Timberlake, 1981a). 
Augmentation of anthocyanin color, presumably by copigmentation and 
like effects, has been described in red grape juice (Somers and Evans, 
1979) and in red wines (Timberlake, 198tb) and doubtless occurs in other 
natural juices. Thus, it might be supposed that such effects could be even 
more pronounced in fruit itself, since pigments and copigments are proba
bly localized in the cell vacuoles in large concentrations. If so, the mecha
nism involving hydrophobic interactions between the aromatic rings of 
anthocyanin and copigment postulated by Goto et al. (1979) for the blue 
flower pigment commelinin could be of wider significance. Metal complex
ing may also be involved, since a high proportion of blue berries are able 
to accumulate aluminum (Chenery, 1948). It is intriguing, therefore, that 
the most recent findings indicate that the anthocyanins are present in their 
free forms in the vacuoles of intact grape cells; apparently, complex for
mation between anthocyanins, flavonoids, and metal ions is not involved 
in the grape (Hrazdina and Moskowitz, 1981). 

Some anthocyanins, notably acylated 3,5- and 3,7-diglycosides, are par
ticularly stable in certain blue flower pigments without the need for 
copigmentation or metal complexing. Most of these pigments are based on 
delphinidin, but even a peonidin derivative is endowed with this remarka
ble stability in Ipomoea tricolor petals (Asen et al., 1977). Again, one can 
only speculate whether the acylated 3,5-diglycosides occurring in many 
fruits and vegetables (aubergine, huckleberry, potato, sweet potato, red 
cabbage, radish, yam, and mung bean) are of this intrinsically stable type 
or whether their colors and stabilities are supplemented by other effects. 
Finally, of course, plant color must be modified by the co-occurrence of 
other pigments, such as the yellow anthochlor pigments (chalcones and 
aurones), carotenoids, and chlorophylls (Harborne, 1976b), as well as the 
physical nature of the plant surface. 
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I. INTRODUCTION 

From the discussion in previous chapters on the structure of an
thocyanins, one might expect that these pigments would not be very stable 
in foods. The experience of the food industry concurs with this expecta
tion. Anthocyanin pigments generally display low stability both in the 
living tissue that hosts them and in products manufactured from it. Some 
of the most important chemical and physical factors involved in the deg
radation of anthocyanins will be discussed in this chapter. 

II. CHEMICAL STRUCTURE 

Not all anthocyanins appear to be equal in their resistance to the de
grading effects of various agents. According to Robinson et al. (1966), the 
anthocyanidin diglucosides of stored New York wines were more stable to 
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decolorization than the corresponding monoglucosides, but the latter were 
less prone to browning. In a corroborating study, Van Buren et at. (1968) 
reported that the same diglucosides were more stable to heat and light 
than the monoglucosides (cf. Chapter 8). Starr and Francis (1968) found 
the galactosidic anthocyanins of cranberry juice more stable than the 
arabinosidic ones during storage of the juice. From the work of Hrazdina 
et at. (1970), it appears that the stability of the anthocyanidin 3,5-
diglucosides of grapes increases with an increasing degree of methoxyla
tion but decreases with an increasing hydroxylation of the aglycon. Flora 
(1978), however, reported that, among the anthocyanidin 3,5-diglucosides 
of muscadine grape juice, malvidin 3,5-diglucoside suffered the highest 
decline upon heating (53% destruction after 2 hr at 72°C). 

III. ENZYMES 

Enzymatic systems capable of decolorizing anthocyanins have been 
found in molds (Huang, 1955, 1956; Peng and Markakis, 1963; Bolcato et 
aI., 1964; DaIl' Aglio et at., 1970), in roots (Grommeck and Markakis, 
1964), in leaves (Nagai, 1917; Bayer and Wegmann, 1957; Forsyth and 
Quesnel, 1957), in flowers (Proctor and Creasy, 1969), and in fruits (Van 
Buren et at., 1960; Wagenknecht et at., 1960; Sakamura et at., 1966; 
Schmidt, 1967; Segal and Segal, 1969; Pifferi and Cultrera, 1974). 

Some of these authors (Huang, 1955; Forsyth and Quesnel, 1957) attri
buted the enzymatic decolorization to glycosidases freeing the an
thocyanidins from their sugar moieties; the destabilized aglycon would 
spontaneously degrade to a colorless product. One paper (Grommeck and 
Markakis, 1964) reported a peroxidase-catalyzed anthocyanin degrada-

O2 

~ 
C(H Ih anthocyanin 

~Degraded 

H 

Enzymic Nonenzymic 

HO~ Cf ~ Anthocyanin 

2 ~ 0 
Fig. 1. Possible mechanism of anthocyanin degradation by phenolase (Peng and Mar

kakis, 1963). 
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tion; the remaining authors demonstrated the involvement of phenolases 
(phenoloxidases, polyphenoloxidases) in anthocyanin decolorization. 

Although phenolases are capable of reacting directly with anthocyanins, 
the attack is generally more vigorous when other phenolic compounds, 
which are better phenolase substrates than anthocyanins, are also present 
in the system. Peng and Markakis (1963) proposed a scheme of sequential 
reactions (Fig. 1) to explain the effect of mediating phenolics: Pyrocate
chol is first oxidized by phenolase to o-benzoquinone; then the anthocy
anin is oxidized by o-benzoquinone to a colorless product. Sakamura 
et ol. (1965) and Pifferi and Cultrera (1974) invoked a similar mechanism 
to account for the accelerating effect that chlorogenic acid and catechin 
exert on the destruction of anthocyanins by eggplant and cherry pheno
lases. Pifferi and Cultrera (1974) also showed that ascorbic acid was a 
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Fig. 2. Anthocyanin destruction in red tart cherries steam-blanched for 0,30,45, and 60 
sec, then frozen for 40 weeks and thawed in a Waring blender under air. 
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better recipient of the oxidative action of the a-quinone formed by the en
zymatic oxidation of the mediating phenolic than anthocyanins, and as long 
as ascorbic acid was present in the system, the anthocyanin was spared 
from destruction. This is reminiscent of the inhibition of phenolase-cata
lyzed browning, in which ascorbic acid reduces the a-quinone before the 
latter polymerizes. We will see later, however, that ascorbic acid can exert 
a deleterious effect on anthocyanins by other mechanisms. 

Anthocyanin-destroying enzymes may be inactivated by heat. Siegel et 
al. (1971) showed that steam-blanching red tart cherries for 45-60 sec 
before freezing resulted in minimal anthocyanin destruction when the 
cherries were later thawed and blended in air (Fig. 2). 

IV. TEMPERATURE 

The effect of temperature on the stability of anthocyanins in model 
systems and in food products has been studied by many investigators 
(Nebeskyet al., 1949; Meschter, 1953; Mackinney and Chichester, 1954; 
Decareau et al., 1956; Markakis et al., 1957; Ponting et al., 1960; Daravin
gas and Cain, 1965; Segal and Negutz, 1969; Hrazdinaet al., 1970; Adams 
and Ongley, 1972; Polesello and Bonzini, 1977). The general consensus is 
that anthocyanin pigments are readily destroyed by heat during the pro
cessing and storage of foods (Markakis, 1974). 

Several workers reported a logarithmic rise in anthocyanin destruction 
with an arithmetic increase in temperature. Meschter (1953) showed that 
processing a strawberry preserve at 100°C for 1 hr resulted in 50% de
struction of the fruit anthocyanin, i.e., the half-life of the pigment was 1 hr 
at lOOOC. During storage of the preserve at 38"C (a common U.S. Army 
food-storage temperature specification), the half-life of the pigment was 10 
days; at 20"C, it was 54 days; and, by extrapolation, the half-life of the 
anthocyanin would be 11 months at O°C storage. Markakis et al. (1957) 
found that the temperature effect on a solution of pure pelargonidin 
3-glucoside, the major strawberry anthocyanin, was not very different 
from that described by Meschter, and recommended a short time/high 
temperature process for best pigment retention. From their data, an acti
vation energy of 27,000 cal/mol could be calculated for the pigment. 
Adams and Ongley (1972) showed that canning red fruit juices at 100°C for 
less than 12 min resulted in negligible anthocyanin loss in comparison to 
losses occurring during slow cooling and subsequent ambient temperature 
storage. They stated that color deterioration rendered canned or bottled 
red fruit juices unsalable after one to two months storage at 0-5°C. Segal 
and Negutz (1969) formulated a logarithmic relationship between an-
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thocyanin destruction and temperature, whereas Adams (1972) described 
a similar relationship between anthocyanin destruction and time of heating 
at a constant temperature. 

The exact mechanism of anthocyanin degradation in simple aqueous 
systems has not been fully elucidated. Markakis et al. (1957), on scanty 
evidence, postulated opening of the heterocycle and formation of a chal
cone as the first step in the degradation. Adams (1973), without excluding 
the possibility of a chalcone glycoside formation, contended that an
thocyanins heated in the pH range 2 to 4 first undergo hydrolysis of the 
glycosidic bond (position 3), followed by conversion of the aglycon to a 
chalcone, which subsequently yields an a-diketone. It is interesting that 
the present, clearer views of the molecular structure of anthocyanins 
point to a degradation pathway over the chalcone glycoside step, as heat 
favors the opening of the heterocycle (Chapter 1). It is assumed that 
further degradation leads to brown products, especially in the presence of 
molecular oxygen. When a buffered solution (pH 3.4) of [14C]pelargonidin 
3-glucoside was stored at room temperature until virtual decolorization, a 
brown precipitate was formed containing most of the radioactivity of the 
anthocyanin (Markakis et al., 1957). 

Pursuing the fate of the 3,5-diglucosides of cyanidin, peonidin, del
phinidin, petunidin, and malvidin in the pH range 3 to 7, Hrazdina (1971) 
identified 3,5-di-(O-j3-D-glucosyl)-7-hydroxycoumarin as a common deg
radation product of these pigments, and proposed a mechanism accord
ing to which the ftavylium form (I) through the anhydrobase (II) and 
several other intermediate structures would break down to the coumarin 
derivative (III) and a product corresponding to the B-ring (IV) of the 
anthocyanidin. This degradation was unaffected by O2, but it was greatly 
accelerated by heat (Fig. 3). 

A comment by Brouillard in Chapter 1 and by Timberlake (1980) regard
ing thermal degradation studies deserves to be mentioned here. These 
authors observe that, according to current concepts, the equilibrium reac
tions among anthocyanin structures are endothermic in the left to right 
direction: 

blue quinonoid :;:: red flavyliurn :;:: colorless carbinol base :;:: colorless chalcone 

Heating shifts the equilibria toward the chalcone. The chalcone to 
ftavylium reversion is slow. According to R. Brouillard (private com
munication, 1981), it takes approximately 12 hr for the chalcone form of 
3,5-diglycosides and 6 hr for the chalcone form of 3-glycosides to reach 
equilibrium with the corresponding ftavylium form at 25°C (longer at lower 
temperatures). Since the amount of red ftavylium is usually taken as a 
measure of the total anthocyanin concentration, if in previous thermal 
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Fig. 3. Degradation of anthocyanidin 3,S-diglucosides at pH 3.7 (adapted from Hrazdina, 1971). 
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degradation studies insufficient time was allowed for the chalcone to 
flavylium transformation, the results of these studies were inaccurate. 

V. LIGHT 

Light exerts two antithetical effects on anthocyanins: It favors their 
biosynthesis, but it also accelerates their degradation. Regarding the 
biosynthetic role of light, it will be only mentioned here that immature 
apples of red varieties left to ripen in total darkness remain green (Siegel
man, 1964). * The adverse effect of light on the color of bottled Concord 
grape juice was noticed by Tressler and Pedersen (1936). Van Buren et al. 
(1%8) reported that acylated, methylated diglycosides were the most sta
ble anthocyanins in wine exposed to light, nonacylated diglycosides were 
less stable, and monoglycosides even less stable. Palamidis and Markakis 
(1975) found that light accelerated the destruction of anthocyanins in a 
carbonated beverage colored with anthocyanins extracted from grape 
pomace. 

Recently, Sweeny et al. (1981) showed that polyhydroxylated flavone, 
isoflavone and aurone sulfonates (copigments which also cause a batho
chromic shift) partly overcome the poor photostability of anthocyanins. 
They attribute this effect to the formation of a molecular complex by 
juxtaposition, favoring 7T-7T ring interaction, extensive H-bonding, and 
ionic bonding between the negatively charged sulfonate and the electron
deficient flavylium (Fig. 4). 

, 
:.,0 

H 
Fig. 4. Molecular complex between an anthocyanin and a polyhydroxyflavone sulfonate. 

Reprinted with permission from Sweeny et aI, J. Agric. Food Chern. 29, 563-567, 1981. 
Copyright 1981, American Chemical Society. 

* Horticulture students -used to attach black and white photographic negatives to imma
ture apples on the tree and see green and red pictures develop on the apples as the latter 
ripened in light. 



+a: .. .... ... -.. .. .. 
~ .. 

CL 

170 Pericles Markakis 

A light-mimicking effect regarding anthocyanin biosynthesis was ob
served by Ahmedet al. (1969) when they exposed mature green peaches to 
"Y irradiation (100 to 400 krad). More red anthocyanin color was developed 
during storage at 68"C on the irradiated peaches than on the controls. 
Ionizing radiations, however, are considered deleterious to anthocyanins, 
in general (Hannan, 1955; Markakis et al., 1959). 

VI. pH 

As already indicated in Chapter 1, pH not only exerts a profound influ
ence on the color of anthocyanins, but it also affects their stability. An
thocyanins are more stable in acidic solutions than in neutral or alkaline 
solutions. It appears, however, that within certain pH ranges oxygen mark
edly weakens the stability of anthocyanins. Lukton et al. (1956) showed 
that the rate of destruction of pelargonidin 3-glucoside, both in buffer 
solutions and in strawberry juice at 45°C, was virtually pH-independent in 
the pH range of2.0 to 4.5 and in the absence of oxygen. In the presence of 
oxygen, however, anthocyanin degradation increased dramatically with 
pH (Fig. 5). 

Similarly, Adams (1972) concluded that pH in the range 2 to 4 has little 
effect on the rate of anthocyanin breakdown during heat processing under 
anoxic conditions, at least in the case of cyanidin 3-glucoside and cyanidin 
3-rutinoside. He pointed out, however, that oxygen greatly accelerated 
anthocyanin degradation in the same pH range. 

60 in H2 in 02 

40 

20 .......--- pH 3.5 

pH 4.0 

0 400 600 800 

k X 10-4 hours-1 

Fig. 5. Effect of pH on the rate of anthocyanin destruction in strawberry juice heated at 
45°C in oxygen or nitrogen. Percentage R + is a measure of anthocyanin content; k is the 
reaction constant (Lukton et 01., 1956). 
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VII. OXYGEN 

In our discussion of pH, we already commented on the deleterious effect 
of molecular oxygen on anthocyanins. As early as 1936, Tressler and 
Pedersen noticed that the color change of bottled Concord grape juice 
from bright purple to dull brown could be greatly delayed by simply filling 
the bottles withjuice completely. Nebeskyet al. (1949) called oxygen and 
temperature "the most specific accelerating agents" in the degradation of 
the anthocyanins in blueberry, cherry, currant, grape, raspberry, and 
strawberry juices. Daravingas and Cain (1965) found a greater retention of 
anthocyanin in raspberries canned under nitrogen or vacuum than under 
air; and Starr and Francis (1968) demonstrated the detrimental effect of 
oxygen on cranberry anthocyanins. Clydesdale et al. (1978) found that the 
stability of Concord grape pigments used as colorants of a dry beverage 
mix was greatly enhanced by flushing the package with nitrogen. In one 
communication (Sastry and Tischer, 1952), no difference in anthocyanin 
destruction was reported between Concord grape j~ice stored under nit
rogen as opposed to air; the authors, however, stated that sufficient dis
solved oxygen may have been left in the juice under nitrogen to cause 
oxidative anthocyanin deterioration. The combined effect of oxygen and 
ascorbic acid will be discussed in the following section. 

VIII. ASCORBIC ACID 

Beattie et al. (1943) and Pederson et al. (1947) were among the first to 
observe the concurrent disappearance of ascorbic acid and anthocyanin in 
stored fruit juices and suggest a possible interaction between the two 
compounds. Similar observations were made by several other inves
tigators (Sondheimer and Kertesz, 1952; Meschter, 1953; Markakis et al., 
1957; Starr and Francis, 1968). Copper ions were found to accelerate and 
flavonols (quercetin and quercitrin) to diminish the destruction of both 
ascorbic acid and anthocyanin when the latter two substances were simul
taneously present (Shrikhande and Francis, 1974). Because H20 2 is 
formed when ascorbic acid is oxidized in the presence of oxygen and 
copper, and H20 2 is known to decolorize anthocyanins, it is thought that 
the ascorbic acid-induced anthocyanin degradation is mediated by H20 2 • 

While such a mechanism is possible when ascorbic acid is oxidized in the 
presence of oxygen and copper, some other mechanism must operate in 
the anoxic decolorization of anthocyanin by ascorbic acid (Markakis et 
aI., 1957). Jurd (1972) suggested a condensation reaction between ascorbic 
acid and anthocyanin, similar to that between dimedone and flavylium 
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salts. Such condensation products are unstable and degrade to colorless 
compounds. Meschter (1953) observed that dehydroascorbic acid can also 
decolorize anthocyanins, but at a rate considerably lower than ascorbic 
acid. 

IX. SUGARS AND THEIR 
DEGRADATION PRODUCTS 

A number of authors (Meschter, 1953; Mackinney et at., 1955; Tinsley 
and Bocian, 1960) noticed the accelerating effect of sugars on the degrada
tion of the chief anthocyanin of strawberries. Fructose, arabinose, lac
tose, and sorbose were found to be more deleterious to the pigment than 
sucrose, glucose, and maltose. Oxygen aggravated the destructive effect 
of the sugars. Meschter (1953) related the effect of sugars on anthocyanins 
to sugar degradation products, namely furfural and 5-hydroxymethyl-

• 
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Fig. 6. Effect of acetaldehyde concentration (ppm) on the absorbance of malvidin 3,5-
diglucoside and catechin, after 46 days at 20"C in darkness (Timberlake and Bridle, 1980). 
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furfural, which are formed when sugars are heated with acids. Other 
carbonyl compounds, such as acetaldehyde, may also cause fading of 
anthocyanins in crude plant extracts. Interestingly, however, when 
acetaldehyde is allowed to react with pure anthocyanins and ftavan-3-0Is, 
such as catechins and procyanidins, considerable color enhancement can 
occur, as shown in Fig. 6 (Timberlake and Bridle, 1980). This is attributed 
to the formation of "highly colored compounds in which anthocyanin and 
ftavan-3-01 are linked by CHaCH bridges." 

x. METALS 

As already mentioned in Chapter 2, metals are integral parts of many 
natural anthocyanin complexes. Metals may also come in contact with 
anthocyanins either inadvertently during the processing of fruit and veg
etables or because of the deliberate addition of salts to foods. Several 
multivalent metal ions can interact with anthocyanins possessing vicinal 
phenolic hydroxyls and shift the color of the pigment toward the blue end 
of the spectrum. The bathochromic shift caused by the addition of AICI3 is 
used as an analytical test in differentiating between cyanidin, petunidin, 
and delphinidin on the one hand, and pelargonidin, peonidin, and malvidin 
on the other (Harbome, 1973). Asen et al. (1969) showed the "dramatic" 
effect that pH exerts on the color and the formation of a complex between 
cyanidin 3-glucoside and aluminum. Other anthocyanin-metal complexes 
were reported by Salt and Thomas (1957) for tin, Somaatmadja et al. 
(1964) for copper, and Jurd and Asen (1966) for iron. A blue anthocyanin, 
complex containing AI, Fe, Ca, K, and a high proportion of a pectin-like 
substance was isolated from the syrup of canned blueberries (Van Teeling 
et al., 1971). Sistrunk and Cash (1970) were able to stabilize the color of 
strawberry puree by adding tin salts; Wrolstad and Erlandson (1973), 
however, showed that the stabilized red color was not due to a tin com
plex of the strawberry anthocyanin; the latter degraded as in the control. 
Francis (1977) stated that Ca, Fe, AI, and Sn afforded some protection to 
the anthocyan ins of cranberry juice, but the blue and brown discoloration 
caused by the metal-tannin complexes far overshadowed the protection; 
the net result was not beneficial. Recently, Segal and Oranesku (1978) 
reported improved color stability in tart cherry, grape, and strawberry 
juices to which Al salts were added. 

The discoloration of anthocyanin-pigmented fruits by reaction with the 
tin of cans has long been known to the canning industry (Culpepper and 
Caldwell, 1927). Cans lined with a special fruit enamel or fruit lacquer are 
used in the canning of red, blue, or purple fruits not only for preserving 
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the color of the food but also for preventing the corrosion of the can. In 
reacting with tin, anthocyanins can act as either cathodic or anodic de
polarizers. As cathodic depolarizers, anthocyanins are probably reduced 
by the nascent hydrogen formed in the acid-metal reaction. Anodic de
polarizers are usually anthocyanins with at least two phenolic hydroxyls 
in the ortho position. Stannous ions formed during corrosion initiation of 
the tin plate react with the ortho- hydroxyl groups, forming purplish com
pounds, while the SnH concentration at the anode is diminished and the 
corrosion process continues. Chandler and Clegg (1970) showed that the 
pink discoloration of canned pears is due to an insoluble tin
anthocyanidin complex. The tin originates from can corrosion and the 
cyanidin-type pigment from a pear leucocyanidin. Earlier, Luh et al. 
(1960) had associated the anthocyanidin formation in canned pears with a 
high leucocyanidin content, low pH, and failure to cool the cans quickly 
after packing. The indirect involvement of copper ions in anthocyanidin 
degradation through the catalysis of ascorbic acid oxidation has been 
discussed previously. 

XI. CONDENSATION 

Anthocyanins readily condense with themselves and with other organic 
compounds. The condensation of anthocyanins with each other is known 
as self-association and was discussed in Chapter 1. Condensation with 
other compounds often results in a bathochromic shift and increased ab
sorptivity; it is then called copigmentation (Chapter 2; Asen et al., 1972). 
The acetaldehyde-mediated condensation was already mentioned in Sec
tion IX of this chapter. The stability of all of these colored complexes 
under conditions encountered in the processing of foods has not been 
systematically studied. It appears, however, that these complexes are not 
as labile as most of the uncondensed anthocyanins (Timberlake, 1980; 
Ribereau-Gayon, Chapter 8). The apparently greater stability and higher 
tinctorial strength of these condensed anthocyanins should enhance their 
chances to be considered as potential food-color additives. While the 
anthocyanin condensation reactions just discussed result in color en
hancement, other condensation reactions lead to loss of anthocyanin 
color. According to Jurd (1972), certain amino acids, phloroglucinol, 
catechin, and other nuc1eophiles condense with ftavylium salts to yield 
colorless 4-substituted ftav-2-enes (Fig. 7), which are reactive and 
undergo further changes. Ascorbic acid is thought to participate in such a 
condensation (Fig. 7). 

Although the anthocyanins of grapes and wines will be discussed in 
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I n 

OH 

HO m 
Fig. 7. Colorless 4-substituted ftav-2-enes resulting from the condensation of ftavylium 

with ethylglycine (I), phloroglucinol (II), catechin (III), and ascorbic acid (IV). 

Chapter 8, it is worth citing here certain anthocyanin condensation prod
ucts involved in wine making. Somers and Evans (1979) propose the 
presence in red grape juice of pigment complexes between anthocyanins 
and related phenolics, similar in structure to that of Fig. 8. These com
plexes owe their stability to intermolecular hydrogen bonds, which break 
when ethanol is produced and significant red color loss ensues by the end 
of vinification. The authors state that removal of ethanol restores most of 
the lost coloration. Somers (1971) further contends that in ageing red 
wines a gradual formation of condensed or polymeric pigments occurs. 
The structure ofthese polymers is similar to that of Fig. 9, they are red
dish, much less sensitive to pH change than the anthocyanins, and quite 
resistant to decolorization by sulfur dioxide. 

XII. SULFUR DIOXIDE 

Bleaching of anthocyanins by S02 is frequently encountered in the fruit 
industry (Atsinson and Strachan, 1962). This bleaching may be reversible 
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Fig. 8. Red (ftavylium) and blue (quinonoid) anthocyanin forms self-associating and 
copigmented with related phenolics (such as the dimeric ftavan illustrated) are assumed to 
be present in red grape juice. Reprinted with permission from Somers and Evans J. Sci. 
Food Agric. 30,623-633, 1979. Copyright 1979, American Chemical Society. 

OH 

OH 
Fig. 9. Proposed polymeric reddish pigment in ageing wine. This pigment may be derived 

from quinonoid anhydrobase anthocyanin chromophores stabilized by substitution with 
reactive ftavans (Somers, 1971). 
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or irreversible. Fruits and musts preserved by moderate amounts (500 to 
2000 ppm) of S02 lose their anthocyanin coloration; before further pro
cessing, however, they are "de sulfured " and the anthocyanin coloration 
returns. 

In the reversible reaction, a colorless SOranthocyanin complex is 
formed 

AH+ + S02 ~ AHSOt 

which dissociates back to the original flavylium salt and free S02 upon 
acidification, say to pH 1. Timberlake and Bridle (1967) published forma
tion constants for the AHSOt complex which allow the calculation of the 
degree of anthocyanin decolorization afforded by different amounts of 
S02. Since these constants are large, e.g., 

(AH+S02) 
k = (AH+)(S02) = 25,700 

for cyanidin 3-glucoside at pH 3.2 and O°C, very small quantities of free 
S02 can de colorize significant amounts of anthocyanins. Timberlake and 
Bridle (1968) also suggested that S02 attaches at position 4, since in 
flavylium salts in which this position is occupied, particularly with a large 
substituent such as phenyl, S02 loses its decolorizing property (Fig. 10). 
An interesting new anthocyanin was isolated from Salix purpurea by Bri
die et al. (1973). It contains fructose and is resistant to S02 decolorization, 
possibly because it is presumed to be a dimer in which the two an
thocyanins molecules are linked through their 4 positions. 

The irreversible bleaching occurs in the brining of red cherries, which 
are subsequently used for preparing maraschino, candied, and glace cher
ries. Large quantities of S02 (0.8 to 1.5%) and lime (0.4 to 1.0%) are 
employed in the brining. If any color remains, sodium chlorite may be 
used to complete the bleaching. The reactions involved in the irreversible 
S02 (or chlorite) bleaching are not fully known. 

Very low concentrations of S02, around 30 ppm, can inhibit the en
zymatic degradation of tart cherry anthocyanins without bleaching them 
(Goodman and Markakis, 1965). Interesting is the observation by Adams 

OH 

HO 

Fig. 10. Colorless anthocyanin-SOs complex. 
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(1972) that addition of NaZS03 to pure cyanidin 3-rutinoside at pH 3.0 
increased the stability of the anthocyanin during refluxing at 100°C in a 
nitrogen atmosphere. He associated the stabilization with the electron
withdrawing effect ofthe bisulfite moiety of the complex, causing deactiva
tion of the aglycon-sugar bond and thereby preventing hydrolysis. 

Sulfur dioxide appears to influence the extraction of anthocyanins from 
plant tissues. Timberlake and Bridle (1971) found that incorporation of 
SOz in the extracting medium (acetone) significantly increased the yield of 
anthocyanin from apple peel. Peterson and Jaffe (1969) were issued a 
patent for a process resulting in extracts rich in anthocyanin color (and 
flavor) by treating the pomace of grapes and other fruits with water con
taining 200 to 2000 ppm SOz. Palamidis and Markakis (1975) reported that 
a 500 ppm aqueous solution of SOz was more effective than water in 
extracting anthocyanin from wine grape pomace, and the anthocyanin 
extracted with the SOz solution was more stable as a colorant of a carbon
ated beverage. 
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The analysis of anthocyanins is logically divided into two portions
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step and is common to both portions, but from there on the approaches 
differ depending on the aims of the analysis. 
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I. QUALITATIVE ANALYSIS 

The determination of the nature of individual anthocyanins is a mature 
area of science. The methods are well developed and sufficiently unam
biguous that anthocyanin identification has been included in a number of 
routine student exercises. The identification of individual anthocyanins 
came of age with the publication of the analytical approaches of Harborne 
(1958a). This was a scant 10 years after the introduction of paper partition 
chromatography by Bate-Smith in 1948. Since then a number of excellent 
reviews have appeared (Seikel, 1962; Harborne, 1967, 1973; Ribereau
Gayon, 1972). 

In this chapter, the well-proven approach as developed by Harborne 
will be adopted, for two main reasons. First, the methods rely on a larger 
body of comparative R f data and Harborne's laboratory has probably 
provided more than anyone else. Second, they work. 

A. Extraction 

The first step in the identification of individual anthocyanins is the prep
aration of a crude pigment extract. For plant materials, the almost univer
sal approach is to treat the sample with a solution of 1 % hydrochloric acid 
in methanol. With foods, 1% HCI in ethanol may be preferred, due to the 
toxicity of methanol, even though it is slightly less effective in extraction 
and more difficult to concentrate. The mixtures may be blended or merely 
allowed to stand overnight in the refrigerator. The ftask should be cov
ered, since if one makes a practice of leaving uncovered beakers contain
ing 1% HCI in MeOH in a refrigerator, soon a new refrigerator will be 
required. 

B. Concentration 

The decanted or filtered solution of anthocyanins in methanol is usually 
too dilute for purification by paper chromatography. The solution should 
be concentrated under vacuum without allowing the solution to go above 
30°C, in order to minimize pigment degradation. The water extracted from 
the sample will remain in the ftask and together with the remaining HCI 
provides a mixture suitable for streaking on paper. If there is reason to 
believe that the sample contains an appreciable proportion of lipid mate
rial or even chlorophyll, the mixture can be washed with petroleum ether 
or ethyl ether. This sometimes improves the purification, but it is not 
really necessary. 
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c. Purification 

The pigment mixture should be streaked on 46 x 57 cm Whatman No. 3 
(thick) or a corresponding type of filter paper. Considerable pigment ca~ 
be streaked on each paper, and experience soon allows one to judge this. 
The streaked papers can be allowed to dry or be developed immediately. 
They should not be allowed to stand several days, since lower pigment 
recoveries will result. The choice of developing solvent will depend on the 
type of sample. A list of solutions is presented in Table I. If the sample has 
relatively little sugar or degradation products (e.g., leaves), the papers 
should be developed first in BA W. If the sample has appreciable sugar 
content (e.g., strawberries or raspberries), or degraded pigments plus 
products of the browning reactions (e.g., strawberry jam), 1% HCI in 
water should be the first developing solution. If one uses BAW first with 
this type of sample, very uneven patterns with poor separations will re
sult. The developing solvents are divided into two main groups-aqueous 
and oily. The aqueous solvents usually require about 4-8 hr for adequate 

TABLE I Selected Solvents for Chromatography of Anthocyanins 

Abbreviation 

BAW 

BAcW 
BEW 
BU'HCl 

BuN 

BBPW 
Forestal 
Formic 
HOAc-HCl 
Phenol 
15% HOAc 
50% HOAc 
PrN 
TAW 
1% HCI 
BBFW 
BFW 
Sugar reagent 

MAW 

Composition 

n-Butanol-glacial acetic acid-water (4: 1 : 5). Upper phase. Aged 3 days 
for R f data 

n-Butanol-glacial acetic acid-water (6: 1 : 2). Upper phase 
n-Butanol-95% ethanol-water (4: 2: 2.2) 
n-Butanol-2 N hydrochloric acid (I: 1). Upper phase. Paper equilibrated 

24 hr after spotting and before running, in tank containing aqueous 
phase of BuHCI mixture 

n-Butanol-2% ammonium hydroxide (I: 1). The papers were dipped in a 
saturated solution of boric acid in water and dried prior to use 

n -Butanol-benzene-pyridine-water (5: I : 3 : 3) 
Glacial acetic acid-conc hydrochloric acid-water (30: 3: 10) 
Formic acid-conc hydrochloric acid-water (5: 2: 3) 
Water-glacial acetic acid-I2 N hydrochloric acid (82: 15: 3) 
Phenol-water (4: 1) 
Glacial acetic acid-water (15: 85) 
Glacial acetic acid-water (50: 50) 
n-Propanol-conc ammonium hydroxide (7: 3) 
Toluene-glacial acetic acid-water (4: 1 : 5) 
Conc hydrochloric acid-water (3: 97) 
I-Butanol-benzene-formic acid-water (100: 19: 10: 25) 
I-Butanol-formic acid-water (100: 25 : 60) 
o-Phthalic acid (16.6 g) and 91 ml of aniline dissolved in 480 ml of 

I-butanol, 480 ml of ethyl ether, and 40 ml of water 
Methanol-acetic acid-water (90: 5 : 5) 
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development; thus, they are usually run during the day. The oily solvents 
require 14-18 hr and are more conveniently run overnight. 

The developed chromatograms should be dried for 15-20 min in a fume 
hood. The pigments can be eluted from dry paper but come off much more 
quickly if the paper is slightly moist. However, some workers dry the 
papers thoroughly, because they do not like the smell of butanol. 

Strips containing the individual pigment bands can be cut out and eluted 
with MAW. Strips 5 in. long can be eluted in 1-2 hr, but 10-in. strips are 
often more convenient to handle. The pigments should be chromato
graphed off the strips rather than just dipped in MAW, since a more concen
trated pigment solution results. The combined eluates from each band 
should be concentrated, reapplied to another sheet of No.3 paper, and 
developed in another solvent. It is preferable to alternate aqueous and oily 
solutions to effect better pigment separations. A typical sequence for a 
relatively simple pigment mixture would be either 

BAW -+ 1% HCl in H20 -+ BAW 

or 

1% HC1-+ BAW -+ 1% HCl 

For more complex mixtures and those difficult to purify, several additional 
chromatographic steps may be added (e.g., with BuHCl, 15% HOAc, 
BFW, etc.). Three chromatographic separations are usually sufficient to 
provide an anthocyanin pure enough for sugar and aglycone analysis but 
five or six may be necessary. 

If the last purification is with a solution containing Hel, the eluate from 
the paper will always contain arabinose as an artifact. In the situation 
above, with 1% Hel as the last solvent, one additional run in BAW or 15% 
HOAc would be required. Alternatively, 15% HOAc could be substituted 
for 1% Hel in the third purification. HOAc (15%) is a less desirable 
solvent than 1% Hel, since it produces more diffuse bands and would 
normally only be used where the presence or absence of arabinose as a 
sugar in the pigment is of interest. 

D. Determination of Aglycone 

The aglycone and sugar portion of the pigment can be identified by acid 
hydrolysis followed by paper chromatography. About 1 mg of pigment 
dissolved in 2 ml of methanol can be transferred to a test tube. Two ml of2 
N Hel are added and the solution placed in a boiling water bath for 30 
min. After cooling, the aglycone can be extracted by the addition of 1 mt 
of amyl alcohol. The upper amyl alcohol layer can be removed, dried on a 
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watch glass, redissolved in MeOH, and spotted on Whatman No.1 (thin) 
paper. Standard reference aglycones, pelargonidin, cyanidin, peonidin, 
malvidin, petunidin, and delphinidin are spotted on the same papers. The 
papers are developed in Formic and Forestal solutions for 4-8 hr. The 
unknown aglycone can be identified by comparison with the known stan
dards. 

E. Determination of Sugars 

The aqueous solution remaining after removal of the amyl alcohol con
taining the aglycone will contain the sugars. The HCI remaining in the 
aqueous layer interferes with the sugar determination and must be re
moved. Successive washings with small portions of 10% di-n
octylmethylamine in chloroform will remove the acid. The mixture usu
ally has a purple tint, due to traces of aglycone, when all of the acid has 
been removed. A final rinse with chloroform will remove traces of amine, 
and the sugar solution can be dried. Add two drops of water to the dried 
residue and dissolve all the sugar. Spot the sugar on each of two Whatman 
No. 1 papers. Reference sugars, arabinose, xylose, galactose, glucose, 
and rhamnose are spotted on the same papers, and developed overnight in 
BBPW and phenol. The developed papers should be dried thoroughly, 
since both phenol and pyridine have disagreeable odors. Also, phenol 
(carbolic acid) is corrosive. The dry chromatograms are ~ipped in 
aniline-hydrogen phthalate sugar reagent (Partridge, 1949), dried, and 
heated at 105°C for 2-3 min. The sugar spots will show up as reddish or 
brownish spots under visible light. They are even more visible under UV 
light. Usually one sees one, two, or three sugars in a 1 or 1: 1 or 1: 2 or 
1: 1: 1 ratio. The ratio of intensity can be estimated visually. 

F. Spectral Data 

When the pigment aglycone and sugars are known, the spectral data can 
be very useful in determining the position of attachment of the sugar. 
Pigments with only one sugar molecule are nearly always substituted in 
position 3. With two sugars, they can both be on position 3 or on positions 
3 and 5. With three sugar molecules, all three can be on position 3 or two 
can be on position 3 and one on position 5. Only one pigment has been 
reported with more than three sugar molecules (Yoshitama, 1977). Only 
rarely have anthocyanins been reported with substitution other than posi
tion 3 or 5. 

Substitution of a sugar molecule on C-5 produces a shoulder on the 
absorption curve at 440 mm in 0.1% HCI in MeOH. This can be demon-
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strated by calculating the ratio of absorption at 440 mm to the absorption 
at maximum visible absorption (usually 500-540 mm). The A440/Amax ratio 
is usually about 24 for cyanidin derivatives substituted at position 3 and 13 
for cyanidin pigments substituted at position 5. For delphinidin, the corre
sponding values are 18 and 11. Lists of ratios were published by Harborne 
(1958a,b). Table II presents selected spectral data. 

The value for maximum absorption alone in 0.1% HCI in MeOH may 
give some information as to the class of pigments, but it is not reliable for 
identification of either aglycones or anthocyanins. 

G. Acyl Compounds 

A number of anthocyanins are acylated on C-4 of the sugar on position 3 
of the anthocyanin molecule. The presence of aromatic acyl compounds 
(caffeic, coumaric, and ferulic acids) shows up as an extra absorption peak 
in the 310-320 mm region. Acylation can also be detected by a change in 
R r values after mild alkaline treatment. Consequently, it is a simple matter 
to check for the presence or absence of aromatic acyl compounds. 

The identity of the acyl portion can be determined by mild alkaline 
hydrolysis. Approximately 1 mg of pigment in 2 ml of methanol in a test 
tube is flushed with nitrogen, and 1 ml of2N NaOH is added. After again 
flushing with nitrogen, the mixture is allowed to stand at room tempera
ture for 2 hr and acidified with 1 ml of 2 N HCl. The removal of oxygen is 
necessary, since pigments with artha-hydroxyl groups are unstable in al
kali media. The acyl component can be extracted with ethyl ether, spotted 
on No.1 paper, and developed in BAW, TAW, PrN, and BuN. Compari
son of the Rr values with those of reference standards will confirm the 
identity of the acyl acids. 

H. Rr Data 

The most important data for pigment identification are the Rr values in 
four or more solvents. Harbome (1958a, 1967) provided Rr data for a large 
number of pigments in four solvents (BAW, BuHCI, HOAc-HCI, and 1% 
HCI). A short list is presented in Table III. Data for Rr values obtained in 
other laboratories will not be identical with Harbome's data, but the 
relative results will be comparable. For this reason, it is desirable to run as 
many standard pigments as possible with the unknown pigment. Often, Rr 
data are presented in terms ofthe R r of a common standard pigment, such 
as Cn-3-G, rather than the Rr figures themselves. 

The Rr data, together with acyl, aglycone, and sugar identification and 
the A4401 Amax ratios, will enable one to identify most of the simple pig-
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TABLE II Spectral Data for Selected Anthocyanins 

Ratio 

"-max in Euv.max Eac~'l ~ak E ... 
0.01% HCl Evts.max Evis.max Evis.max 

Pigment in MeOH (%) (%) (%) 

Pg-5-G -,513 15 
Pg-7-G 270,508 51 42 
Pg-3-G 270, 506 64 38 
Pg-3,5-GG 269, 504 45 21 
Pg-3,7-GG 279,498 69 42 
Cn-3-G 274,523 60 24 
Pn-3-G 274,523 60 24 
Cn-3,5-GG 273, 524 44 13 
Pn-3,5-GG 273, 524 44 13 
Dp-3-G 276,534 54 18 
PT-3-G 276,534 54 18 
Mv-3-G 276, 534 54 18 
Dp-3,5-GG 273,533 42 II 
Pt-3,5-GG 273,533 42 II 
Mv-3,5-GG 273, .533 42 II 
Cn-3-AXG 279,528 14 25 
Pg-3-RGa 268, 508 70 

Under 20 
39 

Cn-3-GA -, 526 24 
Pg-3,5-GG 289,313,507 60 21 

(+ coumaric acid) 
Pg-3,5-GG 285, 329, 507 48 21 

(+ caffeic acid) 
Pg-3-XG-5-G 289, 328, 509 92 20 

(+ coumaric and 
ferulic acid) 

Pg-3-GG-5-G 278, 310, 523 60 17 
(+ coumaric acid) 

Cn-3-GG-5-G 282, 333, 530 88 14 
(+ 2 ferulic acid) 

Cn-3-G 284, 310, 527 64 21 
(+ coumaric acid) 

Pt-3-RG-5-G 282, 310,538 71 II 
(+ coumaric acid) 

Mv-3-G-5-G 282, 305, 536 64 10 
(+ coumaric acid) 

Pt-3-RG-5-G -,310,540 130 12 
(+ 2 coumaric acid) 

Dp-3-RG-5,3' ,5lGGG 302, 320, 544 142 19 
(+ 2 caffeic, ferulic, and 
coumaric acid) 
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TABLE III R r Data for Selected Anthocyanins 

Solvent CRr Value x 100) 

Pigment" BAW BuHCl HOAc-HCl 1% HCl 

Pg-3-G 44 38 14 35 
Pg-3-Ga 39 37 13 33 
Pg-3-RG 37 30 22 44 
Pg-3,5-GG 33 14 23 45 
Pg-3-RG-5-G 29 13 40 58 
Cn-3-G 38 25 7 26 
Cn-3-Ga 37 24 7 26 
Cn-3-RG 37 25 19 43 
Cn-3,5-GG 28 6 16 40 
Cn-3-RG-5-G 25 8 36 59 
Pn-3-G 41 30 9 33 
Pn-3-Ga 39 28 10 32 
Pn-3-RG 34 14 16 41 
Pn-3,5-GG 31 10 17 44 
Pn-3-RG-5-G 29 12 37 60 
Mv-3-G 38 15 6 29 
Mv-3-Ga 36 15 6 29 
Mv-3-RG 35 16 15 45 
Mv-3,5-GG 31 3 13 42 
Mv-3-RG-5G 31 10 34 61 
Dp-3-G 26 11 3 18 
Dp-3-Ga 23 11 3 18 
Dp-3-RG 30 15 II 37 
Dp-3,5-GG 15 3 8 32 
Dp-3-RG-5G 20 6 37 61 
Pt-3-R 40 42 10 36 
Pt-3-Gab 33 13 4 20 

" From Harborne, 1967. 
b See also Table IV. 

ments. However, as the structure of the pigment becomes more complex 
in terms of its substituents, additional data are necessary. 

I. Reference Pigments 

With the exception of cyanidin, it is seldom feasible to purchase stan
dard aglycones as reference pigments. Usually, one has to prepare them 
from known pigments. Similarly, anthocyanin pigments can be purchased, 
but their purity often leaves much to be desired (Fuleki and Francis, 
1967b). However, they can be chromatographed to purify the major band. 
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It is usually more rewarding to select local plants whose pigment composi
tion is well known and prepare one's own reference pigments. The more 
reference pigments one has available, the easier the identification task 
becomes. However, it is seldom desirable to prepare a number of refer
ence pigments, unless one intends to do a number of anthocyanin identifi
cations. 

J. Controlled Hydrolysis 

This experiment provides excellent confirmation of the structure of an 
anthocyanin pigment. Approximately 5 mg of pigment are dissolved in 2 
ml of methanol, and 1 ml of 2 N HCI is added. The test tube is placed in a 
boiling water bath and sampled at 0, 1, 2, 4, 6, 8, 12, 16, 20, and 32 min. 
Each sample is spotted on four Whatman No. 1 papers and developed in 
BAW, BuHCI, 1% HCI, and HOAc-HCl. The sugars hydrolyze off the pig
ment in more or less random fashion, and the course of hydrolysis can be 
followed by the production of intermediate pigments, as shown on the 
chromatogram. Since each pigment produced by hydrolysis will show Rr 
values in four solutions, its identity can be established. Not all the inter
mediate pigments will separate in each solvent, but all will separate in one 
or more solvents. A simple pigment, such as Cn-3-G, will show only two 
spots on a controlled hydrolysis chromatogram, the pigment itself and the 
aglycone. A complex pigment, such as Cn-3-GG-5G, will show six spots 
(Cn-3-GG-5G, Cn-3GG, Cn-3G-5G, Cn-3-G, Cn-5-G, Cn). It becomes a fas
cinating experiment to put the pieces together and reconstruct the original 
pigment. An example is presented in Table IV for the major pigment of 
Solanum guineese [petunidin-3-(p-coumaroyl rutinoside)-5-glucoside]. 

TABLE IV Products of Controlled Hydrolysis of the Major Pigment in Garden 
Huckleberries (in order of appearance)a 

Solvent (R r Value x 1(0) 

Pigment BAW BuHCI 1% HCI HOAc-HCl Formic 

Petanin 32 32 19 59 91 
Pt-3-RG-5-G 22 8 36 61 
Pt-3-RG 30 18 13 42 84 
Pt-3-G-5-G 20 4 9 32 86 
Pt-3-G 31 14 4 22 66 
Pt-5-G 34 3 30 62 
Pt 50 42 1 22 

a From Francis and Harborne, 1966. 

Forestal 

82 

70 

61 

44 
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K. Peroxide Hydrolysis 

This procedure is specific for sugars on the C-3 position and provides 
good confirmation of identity. Approximately 1 mg of pigment is dissolved 
in methanol and treated dropwise with 3% peroxide solution until the 
pigment is bleached. After addition of 1 ml of ammonia solution, the 
mixture is concentrated, spotted on No.1 paper together with reference 
sugar solutions, and developed as described previously for sugars. Mono-, 
di-, and triglycosides will be removed intact from position 3 and can be 
identified with appropriate reference sugars. 

L. Interpretation of Data 

The previous methods are appropriate for the identification of nearly 
any common anthocyanin, but obviously new pigments are being reported 
regularly. Minor pigments that were ignored by earlier investigators are 
being identified through the use of improvements on earlier methods. For 
example, the development of a new solvent (BBFW) (Fuleki and Francis, 
1967a) made it possible to separate the minor pigments (Cn-3-G and 
Pn-3-G) from their r.espective galactosides. The development of another 
solvent (BFW) made it possible to demonstrate the presence of minor 
anthocyanins in strawberries, rhubarb, radishes, and onions (Fuleki, 
1969). BBFW and BFW are superior to BAW in resolving power but were 
not included in the suggestions for R f data, because there is no large body 
of R f data available for these solvents. Some of the thin-layer methods are 
excellent, but again there is no data base available. 

The previous methods refer to six common anthocyanidins, yet one 
may encounter a pigment with another aglycone. Twenty-two aglycones 
have been reported, of which four do not occur as anthocyanin pigments 
but rather are formed as degradation products. Aglycones that appear to 
differ in color under visible and UV light, and R f values from the six 
standards should alert the investigator to look further afield. If one wants 
to do this, Mullick and Brink (1967) developed more efficient solvents for 
anthocyanidins. 

Considerable information can be obtained merely by looking at the 
color of an anthocyanin either in solution or on paper. The color changes 
from orange-red to bluish red as the structure is modified through Pg, Cn, 
Pn, Mv, Pt, and Dp. More information can be gained by the appearance of 
a chromatogram under UV. Compounds substituted in position 5 usually 
fluoresce. 

If the above approaches seem complicated, there is a much easier way 
to identify anthocyanins. One can determine the botanical classification 
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for the plant and look up in the literature which pigments are likely to be 
present by comparison with similar members of the plant family. One can 
then go to a library of known plant pigments and spot the appropriate 
compounds on paper. A crude or purified pigment extract run on the same 
papers will usually enable one to identify the pigments. Similar Rr values, 
when compared to a reference pigment in five different solvents, is ade
quate proof of identity. This is a very productive and efficient approach in 
laboratories that routinely handle large numbers of samples. Alas, few of 
us have a library of reference pigments. 

M. Acylated Anthocyanlns 

The presence of aromatic acyl substituents on the anthocyanin molecule 
is easy to determine and has been reported in a wide variety of plant 
tissues. The presence of aliphatic acyl substitution has also been reported 
in a number of cases and many of the earlier reports may be artifacts. 
Many recent reports indicated that noncinnamic acid acylation may be 
present but did not identify the component. Anderson et al. (1970) and 
Fong et af. (1971, 1974) identified acetic acid as one acyl component in 
grape pigments. Malonic acid has been identified in Mimulus luteus (Bloom 
and Geissman, 1973). The pigments in red onions have been investigated 
in eight reports, yet the anthocyanin composition remains unclear. Fuleki 
(1971) reported eight pigments and identified one as Cn-3-G and another as 
a new cyanidin 3-glucoside. This compound was subsequently identified 
by Du et al. (1974) as cyanidin 3-laminariobioside. All eight bands gave 
only cyanidin and glucose on hydrolysis; thus, it seemed likely that some 
of the bands were acylated with an aliphatic acid. 

Moore et al. (1981a,b) developed a low-temperature, acid-free, meth
anol extraction procedure that maximized the content of the so-called 
acyl compounds. Attempts to identify the acyl component by GLC of 
the free acids, esterification and GLC, silylation and GLC, IR analysis, 
and finally NMR equipped with Fourier transformation using 200 scans 
were not successful. The NMR methods are particularly sensitive to low 
MW mono- and dicarboxylic acids, so one would think that if the acids 
were present, they would be detected. Perhaps there are anthocyanin 
complexes with other components of the plant tissue. 

II. QUANTITATIVE ANALYSIS 

Methods for the quantitative analysis of anthocyanin may be conve
niently divided into three groups, depending on the needs of the analysis. 
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These are systems that contain little or no interfering materials, systems 
with interfering degradation products, and systems in which the amount of 
each individual pigment is desired. All require sample preparation. 

Samples containing anthocyanins usually involve a sampling procedure, 
primarily due to the heterogeneous pigment distribution and the difficulty 
in extraction. Examples in this chapter have been chosen primarily from 
the methods developed for cranberries, but the principles are applicable to 
other products. 

A. Sample Preparation 

With fruits or vegetables, the anthocyanin pigments are usually located 
in cells near the surface. An extracting solvent that will denature the cell 
membranes and also dissolve the pigments is necessary (Moore et al., 
1981a). Many solvent systems have been used, but methanol acidified with 
hydrochloric acid is the most effective. Acidified ethanol is only slightly 
less effective and may be more appropriate for food systems, due to the 
toxicity of methanol (Metivier et al., 1980). The following is a typical 
example (Lees and Francis, 1971, 1972). Fresh cranberries (100 g) are 
blended for 2 min with 100 ml ofa mixture of 95% ethanol and 1.5N HCI 
(85: 15, v/v). The macerate is quantitatively transferred to a 400-ml 
beaker, covered with parafilm, and stored overnight at 4°C. The mixture 
is decanted and the pomace washed repeatedly with the acidic ethanol 
solvent and made up to 500 ml. This results in a quantitative transfer 
of the pigment in the sample to the solvent. 

The blending procedure effectively disrupts the tissues and speeds up 
the extraction of the pigment. However, the overnight procedure is neces
sary to allow complete extraction ofthe pigment from the cell tissue. With 
softer tissues, such as strawberries, the time required to dissolve the 
pigments would be much shorter. With some samples, it may be desirable 
to increase the sample size in order to increase the accuracy. Such sam
ples may be blended with a small amount of water and a 50-g aliquot of the 
homogeneous blended sample extracted with acidic alcohol (Servadio and 
Francis, 1963). In either case, the final anthocyanin solution is usually 
clear enough for pigment measurement. If not, the sample can be filtered 
or centrifuged. 

Fruit or vegetable juices or beverages are even simpler to handle, be
cause they can be merely diluted with acidic alcohol. They may require 
filtering. In all cases, the ratio of sample to solvent may be adjusted to 
allow for the concentration of pigment in the original material. However, 
the ratio of original material should not be high enough to change appreci-
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ably the pH of the final solution. With samples that contain such a small 
amount of pigment, some concentration procedure would have to be used 
prior to the final dilution for measurement. 

B. Samples Containing Little or No 
Interfering Compounds 

Fresh fruit or vegetable juices usually contain very few compounds that 
absorb energy in the absorption ranges of anthocyanins (500-535 mm). 
Consequently, the amount of pigment can be determined simply by 
measuring the absorption at an appropriate wavelength. An example using 
cranberries would be as follows (Lees and Francis, 1972): 

Sample size = 100 g 
Original cranberry extract = 500 ml, of which 2 ml was diluted 

to 100 ml with ethanol-1.5 N HCI (85: 15) for absorbance 
readings 

Absorbance at 535 mm = 0.250 
The dilution factor = (500/2) x 100 = 25,000 

. 0.250 x 25000 
Total anthocyamn = 98.2 ' 

= 63.4 mg of pigment/ 100 g of fruit 

The factor 98.2 is the El~lh.535 value for the acid-ethanol solvent (Fuleki 
and Francis, 1968a; Zapsalis and Francis, 1965). It refers to the absorption 
of a mixture of cranberry anthocyanins in acid-ethanol measured in a 
l-cm cell at 535 mm, at a concentration of 1% (w/v). 

The above method has the advantage that, with another absorption 
reading at 374 mm on the same solution, an estimate of the yellow 
flavonoid compounds can be obtained using an El%lh,374 of 76.6 (Lees and 
Francis, 1971). 

The absorbance of pigments is more often expressed as the molar ab
sorptivity, which is defined as the absorbance of one molecular weight in 
one liter. The two systems are easily interconvertible. 

The pigment content of cranberries often is the limiting factor in juice 
production; therefore, analyses for anthocyanin are routine. Obviously, 
less time-consuming methods are highly desirable. Accordingly, the 
above method was shortened by Deubert (1978) while maintaining the 
same principle but with some sacrifice in accuracy. 

The main problem with this type of calculation is that the absorptivity of 
the pigments in a particular mixture may not be known. In earlier work 
with strawberries, Sondheimer and Kertesz (1949) resolved this difficulty 
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by calibrating an absorption meter with Congo Red. This introduces an
other problem in that all preparations of Congo Red do not give the same 
absorption (Francis, 1957). Indirect calibrations of their type should be 
avoided. However, one cannot simply do a direct calibration by purchas
ing a sample of the appropriate anthocyanin, since samples of sufficient 
purity are seldom available (Fuleki and Francis, 1967b). It is equally 
impractical to prepare one's own pure calibrating standards, since this is 
not an easy procedure. Furthermore, products seldom contain a single 
anthocyanin but rather a mixture, and one is forced to assume an average 
proportion. 

The situation with grapes, which may contain 20 or more anthocyanins, 
illustrates this problem. Niketic-Aleksic and Hrazdina (1972) suggested 
that, for juices and wines from V. labrusca, V. riparia, V. rupestris, and V. 
rotundifolia, the pigment be expressed as Mv-3,5-GG. With juices and 
wines from V. vinifera, the pigment should be expressed as Mv-3-G. The 
rationale for this is that products from the former group probably contain 
Mv-3,5-GG as the major pigment, whereas the latter contains primarily 
Mv-3-G. Actually, fresh fruit from Concord grapes (V. labrusca) contains 
cyanidin and delphinidin glycosides as major pigments, but the malvidin 
derivatives are likely to predominate in stored products, because the mal
vidin compounds are more stable (Hrazdina, 1975). The above recom
mendation is probably as good a compromise as possible. 

In the analysis of many products, it is likely that an average value for 
the absorbance of the pigment mixture is not available. In this case, the 
pigment content should be expressed in terms of a known pigment (e.g., 
Cn-3-G). Fortunately, anthocyanins do not vary appreciably in absor
bance, with minor differences in structure; hence, the averaging problem 
is minimized. This will be true even with a pigment such as the delphinidin 
pentaglycoside with four acyl components reported by Yoshitama (1977). 
This compound has a MW over 1800 and would be expected to have an E 

value similar to that of the other pigments, even though the El~,Amax 
value should be about one-third that ofthe monoglycosides. In any event, 
when the absorptivity values do become available, if desired, the data 
could be easily recalculated. 

If one wishes to do analyses in solvents other than those for which 
absorptivity values are available, it is a simple matter to obtain them. One 
can prepare a concentrated, purified solution of a pigment whose molar 
absorptivity is known and dilute it with the known and the desired solvent. 
A simple ratio of the absorbances will provide the new absorptivity value. 
Some selected absorptivity values are provided in Table V. An earlier list 
was published (Fuleki and Francis, 1968a), but there may be problems 
with sample purity in some cases. 
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TABLE V Selected Absorption Coefficients for Anthocyanin Pigments 

Ab- Wave-
sorp- length 

Pigment MW tion Solvent (nm) Reference 

Mv-3-G 529 28,000 0.1 N HCI 520 Niketic-Aleksic and 
Hrazdina, 1972 

Mv-3,5-GG 691 37,700 0.1 N HCI 520 Niketic-Aleksic and 
Hrazdina, 1972 

Pn-3,5-GG 661 36,654 0.1 N HCI 520 Niketic-Aleksic and 
Hrazdina, 1972 

Pn-3,5-GG 677 33,040 0.1 N HCI 520 Niketic-Aleksic and 
Hrazdina, 1972 

Cn-3,5-GG 647 30,175 0.1 N HCI 520 Niketic-Aleksic and 
Hrazdina, 1972 

Cn-3-G 449 25,740 0.1 N HCI 520 McClure, 1967 
Cn-3-G 502.5" 34,300 1 % HCI in MeOH 530 Siegelman and 

Hendricks, 1958 
Cn-3-Ga 502.5" 46,200 0.1 N HCI in ETOH 535 Zapsalis and 

(15: 85) Francis, 1965 
Cn-3-Ar 472.5" 44,400 0.1 N HCI in ETOH 538 Zap salis and 

(15: 85) Francis, 1%5 
Pn-3-Ga 516.5" 48,400 0.1 N HCI in ETOH 532 Zapsalis and 

(15: 85) Francis, 1965 
Pn-3-Ar 486.5" 46,100 0.1 N HCI in ETOH 532 Zapsalis and 

(15: 85) Francis, 1965 

" Calculated as the chloride salt, including one molecule water of crystallization. 

One would expect that the anthocyanin content would correlate with 
optical density, which in turn would correlate with visual color, but this 
may, or may not, be true. There are many factors that affect visual ap
pearance other than anthocyanin content, such as pH, metal content, 
copigmentation, degree of pigment ionization, etc. For example, Somers 
and Evans (1975) found over a threefold difference in optical density of 
wines with similar anthocyanin content. However, anthocyanin content is 
still one of the most important factors in visual appearance. 

There are interesting methods that estimate pigment content by absor
bance of spectra through intact cells for studies of pigments in situ (Ishi
kura, 1978). There are also methods that estimate pigment content through 
intact fruit, for example, with blueberries (Kushman and Ballinger, 1975). 
For the above reasons, pigment data with these methods have to be inter
preted as special cases. 
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C. Samples Containing Compounds That Interfere in 
the Absorbance Range for Anthocyanlns 

1. Total Anthocyanin Content 

F. J. Francis 

Information on anthocyanin content is often required on samples that 
have been heat-treated, stored, or processed in some way, and these 
samples always contain degradation products of anthocyanins. These 
compounds absorb energy in the same region as the anthocyanins, and it is 
fortunate that they do so. For example, a jam or jelly prepared from 
strawberries and allowed to stand at room temperature for six months will 
contain no anthocyanins, yet it looks, more or less, like strawberry jam or 
jelly. The pigment degradation products and other polymers are reddish
brown. If the purpose of the analyses on products, which contain degrada
tion products, is to relate to visual appearance, then the color should be 
measured, not the pigment. On the other hand, the pigment degradation 
kinetics may be a useful tool to follow changes in quality. 

The analyses for anthocyanins in the presence of interfering materials 
involves two approaches. First, one can separate the pigments from the 
interfering materials by anyone of a numbe~ of separation methods, such 
as ion exchange, paper, thin-layer, and column chromatography, gas 
chromatography, high-performance liquid chromatography, etc. For ex
ample, Lempkaet al. (1967) employed an ion-exchange column to remove 
interfering compounds. None of these methods have been very successful 
(for reasons of accuracy, time, and expense) for analytical procedures, but 
they are useful for characterization of anthocyanin preparations, e.g., 
Enocyana (Lin and Hilton, 1980). 

The most successful approach to this analytical problem has been to 
measure the pigment in situ and devise a method of correcting for the 
interference. The interference absorbance is due to chlorophyll com
pounds, degradation products of anthocyanins, sugar-amino acid 
Maillard-type reactions, and probably many others. Two approaches are 
possible. The first is an indirect approach based on the difference in ab
sorbance with changing pH. This was suggested by Sondheimer and Ker
tesz (1948), using pH values of 2.0 and 3.4. Swain and Hillis (1959) sug
gested pH values of 0.4 and 1.0. Ribereau-Gayon (1964) employed pH 
values of 0.6 and 3.4 with wines. The second approach is based on sub
traction techniques in which the pigment is measured before and after 
treatments that destroy either the pigment or the interfering compounds. 
For example, Dickinson and Gawler (1956) bleached the anthocyanins 
with sulfite, whereas Swain and Hillis (1959) bleached the anthocyanins 
with hydrogen peroxide. Treatments that destroy either the pigments or 
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the interfering compounds have not been well accepted, because they 
usually introduce other errors. 

The methods based on the changes in absorbance with changes in pH 
have probably been the most successful. The earlier methods were devel
oped empirically, but fortunately several groups have clarified the 
changes in pigment structure with changes in pH values (Brouillard and 
Dubois, 1977; Brouillard and Delaporte, 1977; Timberlake and Bridle, 
1980). The pigments change with pH according to the following scheme: 

A ~ AW ~ B +:t C 
H+ 

A is a blue quinoidal base. AH is a red ftavylium cation. B is a colorless 
chalcone. The relative proportions of each compound over a pH range of 
o to 5 are shown in Fig. 7 of Chapter 1. It is obvious that there is a 
large change in absorbance as the pH is changed, and this change can 
be exploited as a good analytical method. Presumably, the interfering 
materials that also absorb in this range would not be sensitive to pH 
changes. 

A method based on absorbance measurements at pH 1.0 and 4.5 was 
developed for cranberry juice by Fuleki and Francis (1968a, b). This 
required the determination of absorptivity constants in aqueous buffers 
at appropriate wavelengths, as shown in Table VI. The !lE value is 
merely the difference in absorbance between the readings at pH 1.0 and 
4.5, and can be used as a measure of anthocyanin content, according to 
the following equations 

!laD 1 !laD 
Total anthocyanin [T Acyl in mg/l00 ml ~ A DlOJo X 10 = 77.5 

avg L.U:.lcm.510 

where !laD = T 00 (pH 1.0) - T 00 (pH 4.5), after appropriate ad
justment for dilution. 

TABLE VI Extinction Coefficients for Cranberry Anthocyanins in Aqueous Media 

Buffer, pH 1.0 Buffer, pH 4.5 

Amax Amax 1% t:.E 
Pigment (nm) E~.Amax A&to (nm) Ek~.Amax Alto lem, 510 

Cy-3-Ga 512 851 851 517 86 86 765 
Cy-3-Ar 516 903 895 521 122 122 773 
Pn-3-Ga 512 887 886 517 88 88 798 
Pn-3-Ar 512 858 858 512 95 95 763 
Average 873 98 775 
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The preceding pH values were chosen for cranberry products that 
contain all monoglycosides and are on the flat portion of the absorption 
curves (Fig. 7 of Chapter 1). If this method were to be modified for 
use primarily with diglycosides, then possibly a better choice of pH 
values would be 0.5 and 4.0. Values for pH that occur on the steep 
portion of the curves (Fig. 7, Chap. 1) obviously should be avoided. 
The method seems to work equally well in aqueous or alcoholic systems, 
provided that the appropriate absorptivity constants are used. 

2. Degradation Index 

The pH differential methods have an advantage in that a degree of 
degradation can be calculated from the same analytical readings. The 
absorbance at pH = 1.0 can be used as an indication of total anthocyanins 
in samples with little or no degradation. With appreciable interference, 
obviously, the pH differential method will indicate a lower content of 
anthocyanins. 

. _ T Acy by the single pH method 
Degradation Index (DI) - TAb th H d'ffi t' I th d cy yep 1 eren fa me 0 

A DI reading of unity would indicate that the sample had little or no 
interfering compounds. 

3. Absorption Ratios 

The ratio of absorbance for interfering compounds and anthocyanin 
pigments has been used for many products. The ratio 535/415 was sug
gested for cranberry sauce (Servadio and Francis, 1963); 515/415 for cran
berry juice (Francis and Servadio, 1963); 440/500 for strawberry juice 
(Lukton et al., 1956); 520/420 for grape and boysenberry juice (Ponting et 
al., 1960); 420/520 for wine (Ribereau-Gayon, 1964); 520/430 for blueberry 
wine (Fuleki, 1965). Watada and Abbott (1975) used 630 and 690 mm for 
anthocyanins of grapes. The absorption ratios are useful for following 
degradation in a given system, but should not be used to compare systems 
with different pigment composition, i.e., systems containing predomi
nantly monglycosides as compared with those containing primarily di- and 
triglycosides. A system based on the DI principle should theoretically be 
more accurate than one based on a simple ratio, but it obviously requires 
more work to set up the absorptivity constants. 
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D. Determination of Individual Anthocyanins 

Any analytical method for the determination of individual pigments 
involves a separation of the pigments and a measurement of each pigment. 
It is not possible to measure the absorbance at the wavelength of maxi
mum absorption for each pigment and solve a series of simultaneous equa
tions in a manner analogous to that used for chlorophylls (Clydesdale and 
Francis, 1968). It is possible, however, to use this approach to separate 
groups of pigments, e.g., chlorophylls, carotenoids, and anthocyanins 
(Schmidt-Stohn et al., 1980) the red and yellow betalains (Saguy et aI., 
1978), the red anthocyanins and yellow flavonoids (Lees and Francis, 
1971), and the anthocyanins and polymers in wines (Somers and Evans, 
1977). Akavia and Strack (1980) developed a method for the estimation of 
chlorophylls, carotenoids, and anthocyanins in Codiaeum leaves based on 
spectrophotometry at four wavelengths. Forkman (1977) developed a 
method based on absorbance of the hydrolyzed anthocyanins, with the 
hope of estimating the anthocyanins. However, the 3-monoglycosides 
were underestimated and the 3,5-diglycosides were overestimated. 

1. Purification of Pigments 

It is seldom possible to prepare a simple acid-alcohol solution of a 
sample and chromatograph it with sufficient efficiency to separate the 
individual pigments. The reasons for this are that fresh plant extracts 
usually contain other flavonoid pigments, leucoanthocyanins, sugars, and 
so on, that interfere with the separations. Processed and/or stored samples 
usually contain the previously mentioned substances plus degradation 
compounds. These complications in separation do not constitute much of 
a problem in qualitative analysis, because repeated elutions and re
chromatographings will usually remove the impurities. One cannot usu
ally use these repeated steps in quantitative analyses, because each ma
nipulation introduces an error. An ideal purification system for a mixture 
of anthocyanins would be one that removes all compounds that interfere 
with. subsequent pigment separation and at the same time produces a 
concentrated pigment mixture to facilitate subsequent separation. 

A wide variety of procedures have been reported in the literature to 
make pure, concentrated preparations of anthocyanins. Possibly the old
est is lead acetate (Willstiitter and Everest, 1913). Fuleki and Francis 
(1968c) studied the performance of four well-known procedures: lead ace
tate, polyamide, polyvinylpyrrolidone, and ion-exchange resins. Both 
neutral (F~telson, 1967) and basic lead acetate (Hayashi, 1962) were stud-
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ied, but the former was soon abandoned, since it did not completely 
precipitate the anthocyanins and, furthermore, the proportion of each 
pigment was changed. With polyamide, the procedure as described by 
Chandler and Harper (1962) was followed. Polyvinylpyrrolidone (Poly
clar, A. T.; General Aniline and Film Corp., New York, N.Y.) as described 
by Gallop (1965) and Blundstone and Crean (1966) was used. Neither 
polyamide nor polyvinylpyrrolidone was suitable for quantitative analy
sis, since the elution times were long and the eluant was too dilute. A 
number of ion-exchange resins were tested, and Amberlite CG-50 was the 
most suitable. The performance characteristics of three systems are pre
sented in Table VII. 

The aim of a purification procedure was to obtain a concentrated alco
holic solution of anthocyanins free of sugar and degraded pigments, with
out altering the original individual anthocyanin composition of the sample. 
For this purpose, treatment with Amberlite CG-50 resin was recom
mended as being the most suitable. 

2. Estimation of Individual Pigments 

A variety of methods are available for separation and estimation of 
individual anthocyanin pigments. 

TABLE VII Performance Characteristics of Some Anthocyanin 
Purification Methods a 

Performance Basic lead 
characteristic acetate Polyamideb Ion exchangeC 

Recovery of Acy 
Total Acy 92-98% 92% 89% 
Individual Acy Good Good Good 

Purification profile 
Aqueous fraction None to some Some Some 
Crude Acy Concentrated Diluted Concentrated 
Retained Acy Very little Some Some 
Destroyed Acy None to some None None 

Purity of crude Acy 
Sugars None None None 
Degraded Acy All Some Traces 
Flavonoids Present Present Present 

a From Fuleki and Francis, 1968c. 
b Ultramid, B. M. (Badische Anilin and Soda Fabrik, Ludwigshaven, Germany). 
C Amberlite CG-50 (Rohm and Haas Co., Philadelphia, Pa.). 
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a. Effluent Methods. One of the simplest ways to determine the 
proportion of individual compounds is to develop a sample on a column or 
paper or thin-layer plate and collect the pigments as they come off. This 
was done by Sondheimer (1953) for strawberry anthocyanins on a silicic 
acid column. This emuent approach has been used for many products with 
a variety of methods. The problems with these methods are incomplete 
elution, incomplete separations, and possible degradation of pigment dur
ing the separation. 

b. Eluate Methods. Samples containing pigments can be developed 
in columns, paper, thin-layer plates, and so on, until an adequate separa
tion is obtained, and the pigment areas separated by cutting up the col
umn, scissoring paper, or scraping plates, etc. The pigments can be eluted 
off the support and measured absorptimetrically. An example of this 
method was illustrated by Francis and Harbome (1966) for the determina
tion of the pigments of garden huckleberries using paper chromatography. 
Daravingas and Cain (1965) used it with black and red raspberries. This 
type of analysis has probably been done hundreds of times, but the prob
lems are incomplete separation, incomplete elution, and possible degrada
tion of pigments. 

c. In Situ Methods. Quantities of individual anthocyanins may be 
measured by a variety of in situ methods directly on the developed 
chromatogram. Possibly the most common is a visual estimate of the size 
and intensity of spots, as illustrated by Ribereau-Gayon (1955) with wine. 
A refinement of the visual methods is the measurement of the absorbance 
of the spots by reflection densitometry on paper (Gombkoto, 1964). 
Transmittance densitometry, probably first used by Ribereau-Gayon 
(1955), provided a more accurate determination of individual pigments. It 
was used by Fitelson (1967) and Mattick et al. (1967) for products from 
Concord grapes. 

Fuleki and Francis (1968d) studied the quantitative estimation of the 
four major anthocyanin pigments in cranberries and developed a proce
dure which should be applicable to many other products. The principle of 
the method involves extraction of pigments fromjuice by absorption on an 
Amberlite CG-50 ion-exchange column, and elution with acidic methanol. 
This provided a relatively pure, concentrated pigment solution, which was 
chromatographed on paper in short streaks perpendicular to the machine 
direction of the paper. After ascending development in BBFW, the 
chromatograms were dried, fumed with hydrochloric acid, and strips were 
cut for transmission absorptimetry. Densitometric curves for each pig
ment, relating peak area to mg of pigment per streak, showed that the 
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instrument response was linear over a certain range of pigment on the 
chromatograms. The area under the peak for each pigment was measured 
and used to calculate the percent of each pigment as follows: 

N 1 A (%) = densitometric peak area for No.1 Acy x 100 
o. cy 0 densitometric peak area for all four anthocyanins 

An analysis for total anthocyanins on the original product can be utilized 
to calculate the actual percentages of individual pigment. 

No.1 Acy (mg/l00 ml) = No.1 Acy (~~; T Acy (mg) 

The use of the ratio method for individual anthocyanins that can be re
ferred back to the analysis for total anthocyanins is a decided advantage, 
since it eliminates the need for quantitative recovery at each step. The 
only requirement is that'any losses should be equally distributed among all 
pigments. This is true for cranberry pigments but would have to be ver
ified for other applications. 

The above method also assumes that the densitometric and ab
sorptimetric responses are similar for each pigment. This is not quite true 
for cranberry pigments and probably even less so for other pigment mix
tures. However, the pigment profile can be calculated by the above 
method and, with the known pigment ratios and the appropriate absorptiv
ity constants, the ratios can be corrected. If necessary, even a third ap
proximation can be done. However, the use of second or third approxima
tions is seldom justified by the improvement in accuracy. The first approx
imation on replicate samples gave values with a coefficient of variation of 
approximately 5%. 

The previously described method is suitable for routine analyses and 
has been used to determine the relative stability of individual pigments on 
storage (Starr and Francis, 1968) and effect of radiation on the fruit (Cans
field and Francis, 1970a). 

d. High-Performance Liquid Chromatography (HPLC) Meth
ods. The limiting factor in the analysis of individual anthocyanins has 
been the ability to separate the individual anthocyanins. Recent develop
ments in the state of the art of HPLC show great promise in the ability to 
separate complex mixtures of anthocyanins. Manley and Shubiak (1975) 
were the first to apply this technique to anthocyanins and separated the 
three monoglucosides of malvidin, petunidin, and peonidin. Adamovics 
and Stermitz (1976) separated both anthocyanidins and ftavonoids. Wil
kinson et al. (1977) was able to separate six common anthocyanidins in 
less than 30 min. Wulf and Nagel (1978) and Williams et al. (1978) were 
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able to separate the pigments from grapes into 20 discrete peaks. Camire 
and Clydesdale (1979) were able to separate the four major pigments in 
cranberries. Akavia and Strack (1980) published a HPLC method for an
thocyanidins. 

There are problems with the above analyses. For example, the instru
ments use a UV detector system, which will react to the minor absorption 
peak of anthocyanins in the ultraviolet region. The detector also reacts to 
many other UV-absorbing compounds, primarily yellow ftavonoids. The 
amounts of each compound are so minute that the operator cannot see the 
color of the effluent and judge whether it actually is an anthocyanin. This 
means that the identity of each peak would have to be established. This 
difficulty could be eliminated by the use of detector units in the range of 
the major absorption peaks of anthocyanins (490-540 mm). Detection 
units in this range are available, but their low sensitivity is another prob
lem. Another difficulty is the problems in complete separation of the com
plex mixtures of anthocyanins often found in plant material. Another prob
lem is the quantification of the peaks. Obviously, this could be handled 
with the same methods used for GLC, with internal standards for refer
ence. The standards probably would not be actual anthocyanins because 
of stability in storage problems, but the content of each anthocyanin could 
be expressed in terms of a stable standard or an actual anthocyanin (eg., 
Cn-3-G). 

The developments in HPLC look very promising, as certainly more 
sensitive detector units in the red range will be developed as well as better 
separation columns. The ability to analyze quantitatively for the individ
ual pigments in microgram quantities without extensive "work-up" is 
very appealing. 

e. Thin-Layer Chromatography (TLC). Analytical methods for TLC 
based on microcrystalline cellulose, silica gel, or polyamide are well es
tablished for checking purity, initial screening, etc. (Harborne, 1973). 
They are a natural development, following the success of paper 
chromatography, for both qualitative and quantitative analysis. For ex
ample, Nybom (1964, 1968) used two-dimensional TLC to clarify the an
thocyanin composition of black raspberries. Mullick and Brink (1967), 
Mullick (1979), and Quarmby (1968) developed methods for anthocyani
dins. Wrolstad (1968) developed TLC methods using mixed layers of cel
lulose and polyvinylpyrrolidone. Somers (1966) and Conradie and Neethl
ing (1968) used TLC for separation of grape pigments, as did Morton 
(1967) for black currants. Birkofer et al. (1966) used polyacrylonitrile
polyamide and alumina plates. The above authors used TLC primarily for 
separation, but the procedures could be quantified. The TLC methods 



204 F. J. Francis 

have a real advantage in time of analysis over paper methods but suffer 
from the disadvantage of low loading. The paper methods are well en
trenched and are unlikely to be replaced entirely by TLC methods. How
ever, there seems to be an increasing trend to use TLC for surveys of 
anthocyanins in taxonomy (Ballinger et al., 1979; Godeau et al., 1979). 

f. Miscellaneous. Gas-liquid chromatography (GLC) is similar in 
principle to HPLC in that in the former the carrier is a gas instead of a 
liquid. GLC preceded HPLC in development and has been applied to the 
analyses of anthocyanins. (Bombardelli et al., 1976; Lanzarini et al., 
1977). Bombardelli et al., (1977) employed GLC combined with mass 
spectrometry (MS) for anthocyanins. Mueller and Simon (1980) employed 
pyrolysis, GLC, and MS for anthocyanins. Unfortunately, separation by 
GLC requires derivatization to provide volatility, and this introduces 
problems in stability for anthocyanins. Future development is likely to be 
in the direction of HPLC rather than GLC for anthocyanins. 

Separation by electrophoresis has been suggested for anthocyanins in 
view of their amphoteric nature. Markakis (1960) separated the pigments 
in Montmorency cherries. Cansfield and Francis (1970b) were able to 
separate the major anthocyanins and yellow ftavonoids in cranberries. 
While electrophoresis techniques may be the methods of choice for beta
lains, they do not seem to have been widely accepted for anthocyanins. 

III. DIFFERENTIATION BETWEEN GROUPS 
OF COMPOUNDS 

The analyst may be faced with the problem of distinguishing an
thocyanins from other red colorants in foods, such as the synthetic food 
colorants FOC. Red Nos. 2, 3, 4, and 40, red beet pigments, or red 
carotenoids. The red and orange carotenoids, canthazanthin and 
apocarotenol, can be easily distinguished, since they are oil soluble and 
will partition when blended in a water-acetone-hexane mixture. Beet 
pigments (betalains), as compared to anthocyanins, are much more solu
ble in water than in alcohols; thus, extraction tests of dry samples with 
water and methanol will distinguish the two. The same tests will distin
guish between anthocyanins and synthetic food colorants. Andrey (1979) 
published a method involving cation exchange, TLC, and spec
trophotometry to detect betanin and carminic acid in orange juice. In all 
cases the chemical structure of the other red pigments is so different that 
chromatography will certainly enable one to distinguish the classes of 
compounds. 



7. Analysis of Anthocyanins 

REFERENCES 

Adamovics, J., and Stermitz, F. (1976). J. Chromatogr. 129, 464-465. 
Akavia, N., and Strack, D. (1980). Z. Naturforsch .. C: Biosci. 35, 16-19. 

205 

Anderson, D. W., Guefl'roy, D. E., Webb, A. D., and Kepner, R. E. (1970). Phytochemistry 
9, 1579-1583. 

Andrey, D. (1979). Mitt. Geb. Lebensmittelunters. Hyg. 70,237-245. 
Ballinger, W. E., Galletta, G. J., and Maness, F. P. (1979). J. Am. Soc. Hortic. Sci. 104, 

554-557. 
Bate-Smith, E. C. (1948). Nature (London) 161,835-838. 
Birkofer, L., Kaiser, C., and Donike, M. (1966). J. Chromatogr. 22,303-307. 
Bloom, M., and Geissman, T. A. (1973). Phytochemistry 12, 2005-2006. 
Blundstone, H. A. W., and Crean, D. E. C. (1966). Res. Rep., p. 9. Fruit Veg. Preserv. Res. 

Assoc., Chipping Campden, England. 
Bombardelli, E. A., Bonati, A., Gabetta, B., Martinelli, E. M., Mustich, G., and Danieli, E. 

(1976). J. Chromatogr. 120, 115-122. 
BombardelIi, E. A., Bonati, A., Gabetta, B., Martinelli, E. M., and Mustich, G. (1977). J. 

Chromatogr. 139, 111-120. 
Brouillard, R., and Delaporte, B. (1977). J. Am. Chem. Soc. 99,8461-8468. 
Brouillard, R., and Dubois, J. E. (1977). J. Am. Chem. Soc. 99, 1359-1364. 
Camire, A. L., and Clydesdale, F. M. (1979). J. Food Sci. 44, 926-927. 
Cansfield, P. E., and Francis, F. J. (1970a). Can. J. Plant Sci. 50, 673-677. 
Cansfield, P. E., and Francis, F. J. (1970b). J. Food Sci. 35,309-311. 
Chandler, B. V., and Harper, K. A. (1962). Aust. J. Chem. 15, 114-120. 
Clydesdale, F. M., and Francis, F. J. (1968). Food Technol. 22, 135-138. 
Conradie, J. D., and Neethling, L. P. (1968). J. Chromatogr. 34,419-420. 
Daravingas, G., and Cain, R. E. (1965). J. Food Sci. 30,400-405. 
Deubert, K. H. (1978). J. Agric. Food Chem. 26, 1978-1979. 
Dickinson, D., and Gawler, J. H. (1956). J. Sci. Food Agric. 7,699-705. 
Du, C. T., Wang, P. L., and Francis, F. J. (1974). J. Food Sci. 39, 1265. 
Fitelson, J. (1967). J. Assoc. Off. Anal. Chem. SO, 293-299. 
Fong, R. A., Kepner, R. E., and Webb, A. D. (1971). Am. J. Enol. Vitic. 22, 150-155. 
Fong, R. A., Webb, A. D., and Kepner, R. E. (1974). Phytochemistry 13, 1001-1004. 
Forkman, D. (1977). Theor. Appl. Genet. 49,43-48. 
Francis, F. J. (1957). Proc. Am. Soc. Hortic. Sci. 69,296-301. 
Francis, F. J., and Harborne, J. B. (1966). J. Food Sci. 31,524-528. 
Francis, F. J., and Servadio, G. J. (1963). Proc. Am. Soc. Hortic. Sci. 83,406-415 .. 
Fuleki, T. (1965). Food Technol. 19, 105-108. 
Fuleki, T. (1969). J. Food Sci. 34, 365-369. 
Fuleki, T. (1971). J. Food Sci. 36, 101-104. 
Fuleki, T., and Francis, F. J. (1967a). J. Chromatogr. 26,404-411. 
Fuleki, T., and Francis, F. J. (1967b). Proc. Am. Soc. Hortic. Sci. 91,894-898. 
Fuleki, T., and Francis, F. J. (1968a). J. Food Sci. 33,72-77. 
Fuleki, T., and Francis, F. J. (1968b). J. Food Sci. 33,78-83. 
Fuleki, T., and Francis, F. J. (1968c). J. Food Sci. 33, 266-274. 
Fuleki, T., and Francis, F. J. (1968d). J. Food Sci. 33,471-478. 
Gallop, R. (1965). Sci. Bull. No.5, p. 7. Fruit Veg. Canning Quick Freez. Res. Assoc., 

Chipping Campden, England. 
Godeau, R. P., Pellissier, Y., and Fouraste, I. (1979). Plant. Med. Phytother. 13, 37-40. 
Gombki:iti:i, G. (1964). Kert. Szolesz. Foiskola Evk. 26, 291-307. 



206 

Harborne, J. B. (1958a).1. Chromatogr. I, 473-488. 
Harborne, J. B. (1958b). Biochem. J. 74, 262-269. 

F. J. Francis 

Harborne, J. B. (1967). "Comparative Biochemistry of the Flavonoids." Academic Press, 
New York. 

Harborne, J. B. (1973). "Phytochemical Methods." Chapman & HaIl, London. 
Hayashi, K. (1962). In "The Chemistry of Flavonoid Compounds" (T. A. Geissman, ed.), 

pp. 248-285. Macmillan, New York: 
Hrazdina, G. (1975). Lebensm.-Wiss. Techno/. 8, 111-114. 
Ishikura, N. (1978). Plant Cell Physiol. 19, 887-894. 
Kushman, L. J., and Ballinger, W. E. (1975). J. Am. Soc. Hortic. Sci. 100, 561-564. 
Lanzarini, G., Morselli, L., Pift'eri, P. G., and Guimanini, A. G. (1977).J. Chromatogr. 130, 

261-266. 
Lees, D. H., and Francis, F. J. (1971). J. Food Sci. 36, 1056-1060. 
Lees, D. H., and Francis, F. J. (1972). HortScience 7, 83-84. 
Lempka, A., Kazmierczak, T., and Andrzejewski, H. (1967). Proc. Int. Congr. Food Sci. 

Techno/.,2nd, 1966 Abstract No. F2.14, pp. 22-27. 
Lin, R. I., and Hilton, B. W. (1980). J. Food Sci. 45, 297-306, 309. 
Lukton, A., Chichester, C. 0., and McKinney, G. (1956). Food Technol. 10,427-432. 
McClure, J. W. (1967). Plant Physiol. 43, 193-200. 
Manley, C. H., and Shubiak, P. (1975). J. Can. Inst. Food Sci. Technol. 8,35-39. 
Markakis, P. (1960). Nature (London) 187, 1092-1093. 
Mattick, L. R., Weirs, L. D., and Robinson, W. B. (1967). J. Assoc. Off. Anal. Chem. SO, 

299-303. 
Metivier, R. P., Francis, F. J., and Clydesdale, F. M. (1980). J. Food Sci. 45, 1099-1100. 
Moore, A. B., Francis, F. J., and Clydesdale, F. M. (1981a). J. Food Prot. (in press). 
Moore, A. B., Francis, F. J., and Jason, M. E. (1981b). J. Food Prot. (in press). 
Morton, A. D. (1967).1. Chromatogr. 28,480-481. 
Mueller, M. D., and Simon W. (1980). Mikrochim. Acta 2, 389-396. 
Mullick, D. B. (1979).1. Chromatogr. 39, 291-301. 
Mullick, D. B., and Brink, V. C. (1967). J. Chromatogr. 28, 471-474. 
Niketic-Aleksic, G. K., and Hrazdina, G. (1972). Lebens.-Wiss. Technol. 5, 163. 
Nybom, N. (1964). Physiol. Plant. 17, 157-163. 
Nybom, N. (1968). J. Chromatogr. 38, 382-387. 
Partridge, S. M. (1949). Nature (London) 164, 448. 
Ponting, J. D., Sanshuck, D. W., and Brekke, J. E. (1960). Food Res. 25,471-478. 
Quarmby, C. (1968). J. Chromatogr. 34,52-58. 
Ribereau-Gayon, J. (1955). Rev. Ferment. Ind. Aliment. 10,73-79. 
Ribereau-Gayon, J. (1964). Ann. Physio/. Veg. pp. 1-6, 119-147. 
Ribereau-Gayon, J. (1972). "Plant Phenolics." Oliver & Boyd, Edinburgh and London. 
Saguy, I., Kopelman, I. J., and Mizraki, S. (1978).1. Food Sci. 43, 124-127. 
Schmidt-Stohn, G., Preissel, H. G., and Krebs, O. (1980). Gartenbauwissenschaft 45, 

56-61. 
Seikel, M. K. (1962). In "The Chemistry of Flavonoid Compounds" (T. A. Geissman, ed.), 

pp. 34-69. Macmillan, New York. 
Servadio, G. J., and Francis, F. J. (1963). Food Technol. 17, 124-128. 
Siegelman, H. W., and Hendricks, S. B. (1958). Plant Physiol. 33, 409-413. 
Somers, T. C. (1966). J. Sci. Food Agric. 17, 215-219. 
Somers, T. C., and Evans, M. E. (1975). J. Sci. Food Agric. 25, 1369-1379. 
Somers, T. C., and Evans, M. E. (1977). J. Sci. Food Agric. 28, 279-282. 
Sondheimer, E., and Kertesz, A. I. (1948). Anal. Chem. 20,245-248. 



7. Analysis of Anthocyanins 

Sondheimer, E. (1953).1. Amer. Chem. Soc. 75, 1057-1059. 
Starr, M. S., and Francis, F. J. (1968). Food Technol. 22, 1293-1295. 
Swain, T., and Hillis, W. E. (1959).1. Sci. Food Agric. 10, 63-68. 

207 

Timberlake, C. F., and Bridle, P. (l980).ln "Developments in Food Colours-I" (J. Wal-
ford, ed.), pp. 126-129. App!. Sci. Pub!., London. 

Watada, A. E., and Abbott, J. A. (1975).1. Food Sci. 40, .1278-1279. 
Wilkinson, M., Sweeney, J. G., and Iacobucci, G. A. (1977).1. ChromattJgr. 132,349-351. 
Williams, M., Hrazdina, G., Wilkinson, M. M., Sweeney, J. G., and Iacobucci, G. A. (1978). 

1. Chromatogr. 155,389-398. 
Willstiitter, R., and Everest, A. E. (1913). 1ustus Liebigs Ann. Chem. 401, 189-232. 
Wrolstad, R. E. (1%8).1. Chromatogr. 37, 542-544. 
Wulf, L. W., and Nagel, C. W. (1978). Am. 1. Enol. Vitic. 29,42-49. 
Yoshitama, K. (1977). Phytochemistry 16, 1857-1858. 
Zapsalis, C., and Francis, F. J. (1%5).1. Food Sci. 30,3%-399. 



This page intentionally left blank



Chapter 8 

The Anthocyanins of Grapes and Wines 

Pascal Ribereau-Gayon 

I. Introduction........................................................... 209 
II. Identification Methods for the Anthocyanins of Grapes. .. .. ... . . ... . . .. . ... 210 

III. Distribution of Anthocyanins in the Different Species of Vitis ............... 213 
IV. Differentiation of Red Wines According to Their Anthocyanin Content....... 218 

A. Principle........................................................... 218 
B. Genetic Transmission of the Diglucoside Character. . . . . . . . . . . . . . . . . . . .. 219 
C. Analytical Methods ................................................. 220 

V. Changes in Anthocyanin Content during Grape Ripening ................... 222 
VI. Determination of Anthocyanin Content and Color in Red Wines. . . . . . . . . . . .. 226 

A. Total Anthocyanin Measurement ..................................... 226 
B. Anthocyanin Content in the Flavylium Form. . . . . . . . . . . . . . . . . . . . . . . . . .. 227 
C. Determination of Red Wine Color. . .. . .. .. . .. .. .. . .. .. .. . .. . .. .. .. . .. 229 
D. Results............................................................ 230 

VII. Anthocyanin Extraction from Grapes during Vinification ................... 233 
VIII. Transformation of Anthocyanins during Wine Storage and Aging.......... .. 236 

A. Modifications of Anthocyanins during the Different Stages of Wine 
Evolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236 

B. Elimination of Anthocyanins in New Wines ........................... 236 
C. Transformation of Anthocyanins and Their Condensation with Tannins 

during Aging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 237 
D. Mechanisms of Anthocyanin-Tannin Condensation in Wine...... ....... 239 

IX. Conclusions........................................................... 241 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 242 

I. INTRODUCTION 

Anthocyanins are important constituents of grapes and wines. They are 
responsible for all the differences between red and white grapes and 
wines. They are also the main compounds involved in the color of red 
wine. Their chemical transformation during aging is accompanied by a 
characteristic modification of color hue, "full red" in young wines, evolv
ing gradually to "orange-brown" in very old wines. 
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Grapes contain several types of anthocyanins which vary by the nature 
of the substituents on the B-ring as well as by the number and position of 
residual sugars. In addition, grapes contain different acylated an
thocyanins. Depending on the species of the genus Vilis, 5 to 17 an
thocyanins have been identified. The use of chromatographic methods, 
particularly paper chromatography, has permitted their separation and 
precise examination for the first time. 

Anthocyanin identification permits a characteristic differentiation of 
various species of the genus Vilis. Grapes present no other chemical con
stituents affording this same specificity. First, there are vines that produce 
red grapes and vines that produce white grapes; this difference is due to 
the fact that only the former can synthesize anthocyanins. In addition, 
among the red grape vines, certain are able to synthesize their an
thocyanins in diglucoside form and others in diglucoside and monoglu
coside form. In both cases, a permanent genetic character is involved, 
transmitted during crossing according to the classic laws of genetics. On 
this fact is based a classical method for distinguishing between grapes and 
wines of different species of the genus Vilis; the application of this method 
has had important economic consequences. 

Finally, anthocyanins, along with tannins, are the principal phenolic 
compounds of wine, conferring upon red wines their particular organolep
tic quality. 

All of these facts help to explain the research interest in grape and wine 
anthocyanins. 

II. IDENTIFICATION METHODS FOR THE 
ANTHOCYAN INS OF GRAPES 

Paper chromatography is well adapted for separating and identifying the 
anthocyanins in grapes; the first precise results have been obtained with 
this method (Ribereau-Gayon, 1953, 1959, 1968, 1972a; Ribereau-Gayon 
and Ribereau-Gayon, 1954a,b; Webb, 1964; Singleton and Esau, 1969). 
The skins are obtained by crushing the berries individually between the 
thumb and index finger. Extraction is done by maceration in 1% HC!. The 
resulting solution is rich enough in pigments that it may be directly 
chromatographed without preliminary concentration. Purification can be 
performed by preparing a basic lead acetate extract and chromatograph
ing it on a cellulose column using n-butanol-acetic acid-O.3 N HCI for 
development (Somers, 1966). 

Two-dimensional chromatography is performed (Ribereau-Gayon, 
1959) using a freshly prepared two~phase solvent system, butyl alcohol-
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acetic acid-water (4: 1: 5). The lower aqueous phase is Solvent 1, and the 
upper phase is Solvent 2. Using this method, all the pigments found in the 
different grapes studied separate on the chromatograms, as shown in Fig. 
1; Table I gives the identity of each substance. The pigments represented 
by 18 and 18', 20 and 20' have not been identified chemically. 

The data in Table I were obtained by observing the color of the spots, 
their fluorescence under UV light, and the relationship between chemical 
structure and position of the pigment on the chromatogram, which can be 
well established by utilizing the data of Fig. 1. In addition, each com
pound identified on Fig. 1 had to be isolated. This was done by a series of 
chromatographic separations, using many sheets of heavy paper. Thus, 
for each anthocyanin, the chemical characterization of the aglycone, the 
sugar, and eventually the acylated residue could be achieved. All of these 
points, as well as the methods for determining the proportions of the 

~ 
~~ 

7 

018\ 

6 

12 

.. Solvent 1 

Fig. 1. Schematic two-dimensional chromatogram of grape anthocyan ins (Ribereau
Gayon, 1959). 
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TABLE I Pigments Shown in Figure I 

Aglycones 

Glucoside Delphinidin Petunidin Malvidin Cyanidin Peonidin 

Diglucoside I 2 3 4 5 
Acylated diglucoside 6 7 8 9 10 
Monoglucoside 11 12 13 14 15 
Acylated monoglucoside (l)a 16 17 18 19 20 
Acylated monoglucoside (2)a 18' 20' 

a See Table II. 

individual pigments, were discussed in detail in papers cited previously. 
The advantages of these methods, especially those of the chromato
graphic chart in Fig. 1, have been fully discussed by Ingalsbe et al. (1963) in 
their study of the anthocyanins in the Concord variety. 

Anthocyanins of grape skins have also been separated by thin-layer 
chromatography on 1 : 1 cellulose NM-300-Silicagel G, by developing first 
with butyl formate-formic acid-water (7: 2 : 1) and, after drying and 90" 
rotation of the plates, with I-pentanol-acetic acid-water (2: 1 : 1) (Fong 
et al., 1971). 

High-performance liquid chromatography (HPLC) has been used for 
the separation of anthocyanins and other phenolic compounds from 
grapes (Nagel and Wulf, 1979). 

The separation of the anthocyanidin 3-glucosides, 3,5-diglucosides, and 
the corresponding 3-(6-0-p-coumaryl) derivatives that occur commonly in 
grapes has been investigated by Williams et al. (1978), using high-pressure 
liquid chromatography on a p.Bondapak CI8 analytical column. Mixtures 
of authentic anthocyanidin 3,5-diglucosides were observed to elute in the 
order of delphinidin, cyanidin, petunidin, peonidin, and malvidin, which 
is the order of decreasing polarity of the compounds. The same order was 
observed for the anthocyanidin 3-monoglucosides and for the p-coumaryl 
derivatives of the mono- and diglucoside pigments. Using a programed 
nonlinear gradient elution with two solvent systems, a mixture of all 20 
pigments gave 17 peaks. Not resolved were malvidin 3,5-diglucoside and 
cyanidin 3-glucoside, and the 3-(6-0-p-coumarylglucoside)-5-glucosides 
of cyanidin and petunidin and those of peonidin and malvidin. 

The main chemical structures that have been identified (Ribereau
Gayon, 1959, 1964, 1968, 1972a) are malvidin 3-monoglucoside, malvidin 
3,5-diglucoside, and acylated glucosides of malvidin. 



8. The Anthocyanins of Grapes and Wines 213 

The most commonly found acyl groups are, as in other plant materials, 
p-coumaric acid and caffeic acid. Acylated anthocyanins of Ives grapes 
have been studied by Hrazdina and Franzese (1974); the pigments were 
isolated using column chromatography on polyamide and polyvinyl
pyrrolidone. Controlled hydrolysis with Dowex 50W-X8 ion-exchange 
resin, KOH, peroxide oxidation, and spectroscopic characterization re
vealed their structure as the 3-(6-0-p-coumarylglucoside)-5-glucosides of 
cyanidin, peonidin, delphinidin, petunidin, and malvidin and the 3-
(6-0-p-coumarylglucoside) of delphinidin, petunidin, and malvidin. 

Also, acetic acid has been identified by IR, NMR, and mass spec
trometry as a major acylating acid in anthocyanidin 3-monoglucosides of 
grapes from Vitis vinifera (Anderson et ai., 1970a,b). 

III. DISTRIBUTION OF ANTHOCYAN INS IN THE 
DIFFERENT SPECIES OF vlrls 

The results of the identification of the anthocyanins in 15 species ofVitis 
are summarized in Table II. Table III shows the place of each species 
within the genus. The data in Table II show the following: 

1. Malvidin 3-monoglucoside (oenin) is the principal constituent of the 
grape coloring matter in V. vinifera, but it does not represent the majority 
of the pigments, since it makes up only 36% (even less in Muscat Ham
bourg) of the total pigment. 

2. There is no predominance of monomethylated derivatives as re
ported for American species. 

3. We have never found anthocyanidins in the coloring matter of 
grapes. 

4. Anthocyanidin diglucosides occur frequently in American species 
but not at all in V. vinifera. Before our work, this fact had only been 
reported by Brown (1940) for V. rotundifolia. The observation is very 
important, because the determination of these diglucosides makes possi
ble the differentiation between the grapes and wines of V. vinifera and 
hybrids. This has been confirmed by many researchers. 

5. The presence of cyanidin and peonidin derivatives (two OH groups 
on the B-ring) among the anthocyanins of grapes is common; they are 
systematically found in all the species, although they are abundant in only 
a few. This explains why this fact went unnoticed for so long. Note that, 
except for Muscat Hambourg, the two species that best illustrate this 
phenomenon are V. Lincecumii and V. aestivalis which, according to 
specialists in ampelography, are at least closely related if not identical. 



TABLE II Distribution of Anthocyanins among the Different Species of the Genus Vitis· 

Species of Vitis 
Spot 
no. rotun- Lab- Ari- Ber- Lin- amu- vinifera 

Anthocyanin (Fig. di- ripa- rupes- rus- zo- lan- monti- cordi- ce- aesti- coria- ren-
pigments 1) folia ria tris ca nica dieri cola folia rubra cumii valis cea sis (a) (b) 

Cyanidin 
monoglucoside 14 2 5 8 8 3 10 20 29 31 58 20 3 
acylated monoglucoside 19 7 
diglucoside 4 9 5 2 2 3 4 
acylated diglucoside 9 5 

Peonidin 
monoglucoside 15 10 14 16 5 11 5 7 11 6 13 45 15 
acylated monoglucoside (1) 20 3 2 
acylated monoglucoside (2) 20' 2 
diglucoside 5 6 2 8 10 2 2 3 4 4 15 
acylated diglucoside 10 2 4 



Delphinidin 
monoglucoside 11 14 9 21 13 23 36 15 30 17 31 20 6 12 
acylated monoglucoside 16 1 3 6 
diglucoside 1 38 12 34 1 
acylated diglucoside 6 2 6 3 

Petunidin 
monoglucoside 12 10 3 15 10 20 26 18 20 8 10 4 5 9 12 
acylated monoglucoside 17 1 
diglucoside 2 29 17 22 2 2 
acylated diglucoside 7 3 2 3 

Malvidin 
monoglucoside 13 6 2 34 29 25 27 30 16 4 6 27 20 36 
acylated monoglucoside (1) 18 2 7 3 2 3 4 2 9 
acylated monoglucoside (2) 18' 1 1 1 9 
diglucoside 3 18 21 8 2 10 2 5 2 2 40 
acylated diglucoside 8 2 2 

a From Ribereau-Gayon, 1959. Data are percentages of each pigment among total anthocyanin content. V. vinifera (a) = Muscat Hambourg; 
V. vinifera (b) = all other varieties studied. (1) and (2): The difference in structure of these two pigments has not been explained. 



TABLE III Species of the Genus Viris 

Muscadinia planch. 

v. munsoniana SIMPSON 
*v. rorundifolia MICHX. 

American 

*v. Labrusca L. 
V. californica BENTHAM. 
v. caribae CAND. 
v. coriacea SHTTL. 

*v. Lincecumii BUCKLEY 
v. bico/ar LEC. 

*v. aesrivalis MICHX. 
*v. Ber/andieri PLANCH. 
*v. cordifolia MICHX. 
v. cinerea ENGELM. 

*v. rupesrris SCH. 
*v. monricola BUCKLEY 
*v. Arizonica ENGELM. 
*v. riparia MICHX. 
*v. rubra MICHX. 

V. candicans ENGELM. 

* Denotes those which have been studied (Ribereau-Gayon, 1959). 

Euvitis planch. 

Asiatic 

v. coigneriae PULL. 
V. rhumbergii SIEB. 
v. fiexuosa THNBG. 
v. romaneti ROM. 
v. pagnucci ROM. 

*V. amurensis ROM. 
V. {anara ROXB. 
v. pedicel/ata LAWS. 
Spino vi tis davidii ROM. 

European 

*v. vinifera L. 
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6. The absence of acylated anthocyanins is demonstrated in the Pinots 
(Albachet at., 1959), and this characteristic is specific to these varieties of 
V. vinifera. 

Many works have been published on the comparison of species and on 
the presence of diglucosides in V. vinifera; they are reported in previous 
publications (Ribereau-Gayon, 1959, 1963, 1%4). Some of these publica
tions report the presence of diglucosides in V. vinifera, but their conclu
sions have been proved false; there are no diglucosides in V. vinifera. The 
chromatographic methods have allowed the reclassification of some var
ieties reported to belong to the species V. vinifera. Notably, at the Univer
sity of California, Davis, Bockian et al. (1955) reported malvidin 3,5-
diglucoside in Cabernet-Sauvignon, but this has not been confirmed in 
further work by a member of the same group (Webb, 1964). In the Soviet 
Union, Dourmichidze and Noutsoubidze (1958) and Dourmichidze and 
Sopromadze (1963) have identified these diglucosides in some V. vinifera; 
we have not confirmed this result on the same vines grown in France, nor 
on the grapes sent by S. V. Dourmichidze, except for Asuretuli Shavi. 
This variety was believed to be a vinifera, but now it appears to belong to 
another species. The same conclusion applies to the results of Cappelleri 
(1%5) and Getov and Petkov (1%6), who also suggest the presence of 
diglucosides in V. vinifera. Since we have been unable to reproduce their 
results, we suggest that they arise from misinterpretation of analytical 
results. 

People have vigorously debated the possible presence of traces of mal
vidin 3,5-diglucoside in V. vinifera, the identification of which is more often 
made in wines than in grapes. In fact, most of the work in this field has 
dealt more with the differentiation of wines from vinifera and hybrids, by 
analyzing their coloring materials, than with the physiology of the vine. 
The results are obtained by applying very sensitive methods which neces
sitate concentration of the coloring compounds but which can be shown to 
produce artifacts by carrying a weak spot along on the chromatograms 
which has never been identified, but which is located at the same place as 
the anthocyanin diglucosides. 

Finally, some work implies that the same vine mayor may not, depend
ing on conditions, produce anthocyanin diglucosides. This would be the 
same as saying that the same vine could produce, according to conditions, 
white grapes or black grapes. Even if this were true, could a vine which 
produced black grapes continue to be called a white vine? The presence of 
diglucosides can be thOught of as a physiological constant of the variety. 
Hence, all the plants must be identical. Mutations do occur, but they are 
definitive, and they also lead to new varieties. 
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IV. DIFFERENTIATION OF RED WINES ACCORDING 
TO THEIR ANTHOCYANIN CONTENT 

A. Principle 

U sing the results of anthocyanin identification in grapes, a practical 
method for differentiating red wines of V. vinifera and those of hybrids has 
been developed. This method has had a profound effect, not only on wine 
analysis, but also on the regulation of commercial transactions. Before 
this method was perfected, the planting of hybrid vines was increasingly 
common in some of the large Appellations controllees, making it more 
difficult to detect objectively the wines from the hybrids in the mixtures. 
The ensuing adulteration, threatening the reputations of the Appellations 
controlees, while decreasing the wine quality and increasing the volume, 
has completely disappeared. The previous methods, formerly used to de
tect this fraud, were difficult if not impossible to apply. The new method is 
based on the following observations (Ribereau-Gayon, 1959): (1) one 
never finds anthocyanins in the diglucoside form in the berries of V. vini
fera and (2) anthocyanin diglucosides in the berries is a property of V. 
riparia and V. rupestris. In addition, the diglucoside character is genet
ically dominant. 

V. riparia and V. rupestris are the two most commonly used Vitis species 
in hybridization; the majority of the commercial hybrids contain diglu
cosides in their coloring matter. But the monoglucoside character from 
V. vinifera is recessive; it may reappear after many crosses. Thus, a cross 
between V. riparia and V. vinifera yields an F 1 population of hybrids, all 
having the diglucoside character; but if one of these Fl hybrids is crossed 
again with V. vinifera, half the F2 hybrids will not have the diglucoside 
character. The fruit of these last vines will have the same coloring matter 
as V. vinifera (Ribereau-Gayon, 1959). There is, therefore, a limit of detec
tion inherent in the method. 

Most of the common producing hybrids contain anthocyanin diglu
cosides in their coloring matter, but a few are the same as V. vinifera 
(Seibel 5455, for example). The differentiation method, then, consists of 
identifying the anthocyanin diglucosides: their presence proves the hy
brid parentage of a grape or wine, but their absence is not proof that a grape 
or wine is V. vinifera. The absence of diglucosides in grapes from V. 
vinifera has been discussed previously. We will now consider the mecha
nism for transmitting the diglucoside character in successive hybridiza
tions. 
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B. Genetic Transmission of the 
Diglucoslde Character 
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It has been shown (Ribereau-Gayon, 1959) that the diglucoside charac
ter of V. riparia and V. rupestris is dominant over the mOI}.oglucoside 
character of V. vinifera. Any cross between V. riparia (or V. rupestris) and 
V. vinifera yields F 1 hybrids, all containing diglucosides in the coloring 
materials of their grapes. However, if an F 1 heterozygote is crossed with 
itself, it should show the segregation of characters and the reappear
ance of the recessive characters of V. vinifera. In other words, such 
a cross would give rise to a second generation, Fz, in which some 
individuals would produce no diglucosides in their grapes, just like 
V. vinifera. 

The theoretical possibility for character segregation in a heterozygote 
was shown for anthocyanin diglucosides of grapes (Ribereau-Gayon, 
1964). Two hybrid families were used, one from the selfing of Oberlin 595, 
and the other from the selfing of Seyve-Villard 18402. Oberlin 595 and 
Seyve-Villard 18402 are both heterozygous for the diglucoside character. 
In effect, they contain anthocyanin diglucosides in their coloring matter, 
but they result from a cross in which one parent had no diglucosides (V. 
vinifera is one parent; Seibel 5455 is the other). 

In the two cases described, individuals producing anthocyanin diglu
cosides in their grapes and individuals not doing so appeared with a 
large majority of the first type. This totally agrees with genetic laws, but 
we have been unable to determine the coefficient of segregation (theoreti
cally, 75% should have diglucosides); the number of individuals was too 
small in each case. 

This possibility of genetic segregation in the coloring material has also 
been verified by Boubals et al. (1962), who confirmed the dominance of 
the diglucoside character and the mode of transmission. Using 
chromatographic methods, they studied the anthocyanins in 105 individ
uals from a cross between V. vinifera and a homozygous hybrid that was 
diglucoside dominant (Seyve-Villard 2318). They all contained an
thocyanin diglucosides in the coloring matter of their fruits. The same 
authors also studied 77 individuals arising from a cross between V. vinifera 
and a recessive homozygote (Seyve-Villard 23353); all lack diglucosides. 
Finally, a cross between V. vinifera and a heterozygote (Seyve-Villard 
18402) produced 17 progeny with anthocyanin diglucosides in their fruit 
and 15 without them. This is close to 50% for each possibility, which is the 
theoretical percentage predicted by genetic laws. 



220 Pascal Ribereau-Gayon 

c. Analytical Methods 

Different possibilities can be used for the identification of diglucosides 
in wines. 

The method originally described (Ribereau-Gayon, 1963) used a 
simplified form of paper chromatography to detect the anthocyanin di
glucosides. This method separates the monoglucosides and diglucosides 
without separating the different substances in each family. Numerous 
variations have been suggested, all of which use some modification of 
paper chromatography. 

The wines to be studied are spotted on a piece of Arches 302 
chromatography paper 6 cm from the lower edge, in bars 2-cm long and 
2-cm apart. Ten applications need to be made, letting the spot dry between 
applications. The paper is kept vertical (Fig. 2) by appropriate means, 
with its lower edge in the solvent, which is a weak solution of a nonvolatile 
acid (citric acid, 6 g/liter). The paper may also be positioned as an inverted 
V with its two ends dipping in the solvent, making it possible to spot wines 
on both sides of the paper. The tank should have a cover to prevent 
excessive evaporation. The dimensions of the paper depend on the equip
ment used. 

/ 
,/" Arches 302 paper 

/' Wine to be studied 

/ Solvent: citric acid 6 g/Iiter 

I-----L---_'----I_~ 

Fig. 2. Device for separating red wine anthocyanins on paper to detect wines from 
hybrid grapes. 
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The solvent rises the length of the paper by capillarity, carrying the 
diglucosides faster than the monoglucosides. Thus, the desired separa
tions are obtained. The method results in two types of separations (Fig. 3): 
(1) absence of diglucosides, which corresponds to chromatogram 1 V. 
vini/era; (2) presence of diglucosides, which corresponds to chromato
gram 2 (majority ofthe hybrids) . The presence of diglucosides is confirmed 
by examining the chromatogram under ultraviolet light, under which the 
malvidin 3,5-diglucoside (malvoside or malvin) fluoresces a bright brick
red. This property is very sensitive to this test. 

The use of this method spread rapidly, mainly for the quality control of 
wines from the French Appellations controlees which must not contain any 
hybrid wine. Also, Germany legislated against the production and sale of 
hybrid wines; all the wines imported from France must first be analyzed 
by chromatography. 

Dorier and Verelle's method (1966) uses the same principle of differ-

Diglucosides 

Monoglucosldes 

Fig. 3. Differentiation of wines according to their anthocyanins; 1 is V. vinifera, 2 is the 
majority of the hybrids. 
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entiation between vinifera and hybrid wines, but the detection of diglu
cosides is based on the green fluorescence of a compound formed be
tween malvidin 3,5-diglucoside and sodium nitrite, rather than on 
chromatography. 

V. CHANGES IN ANTHOCYANIN CONTENT DURING 
GRAPE RIPENING 

Wine production necessitates a good knowledge of grape maturation to 
be able to harvest the grapes at optimum quality. 

Until recently, studies on grape maturation have included, for simplic
ity, only determinations of the composition of grape juice (sugar and 
acidity). The necessity for completing these kinds of results has long been 
recognized, especially the study of the solid constituents of the cluster 
(skins, seeds, stems) and particularly the phenolic compounds (an
thocyanins and tannins) in red grapes. This investigation encounters dou
ble difficulties: (1) measurements of complex substances, the analysis of 
which has taken a long time to perfect and which are not yet fully satisfac
tory; (2) preliminary extraction, which is indispensable. In most of the 
cases, anthocyanins are located only in the grape skin; a few varieties 
(Alicante-Bouschet) with red skin, pulp, and juice are called "teinturier 
grapes. " 

Quantitative extraction of all the phenolic compounds, including an
thocyanins, from skins and seeds is not possible; for that reason we have 
developed a standard, reproducible procedure (Ribereau-Gayon, 1971, 
1972b). Using a solvent with physicochemical properties similar to wine, 
one performs three cold extractions followed by two warm ones. This 
gives an estimate of the total phenols and an idea of their solubilities, an 
important technological factor. Our work done in 1969-1972 involved the 
two principal red varieties of grapes grown in Bordeaux vineyards (Merlot 
and Cabemet-Sauvignon) from two vineyards. One (P) is a Grand Cru of 
the Medoc region characterized by fast maturation, and the other (SC) 
matures more slowly. 

The development of anthocyanins from the beginning of ripening to 
complete maturity is shown in Table IV. There are three stages: (1) first a 
rapid increase of the substances, (2) then a slowing in the accumulation, 
and (3) at last a decrease at the end of maturation. The same phenomena 
were observed many times. Table IV also shows the change in tannins; 
their amount is relatively high at onset of ripening when the anthocyanins 
appear. According to these results, prolonging the maturation period does 
not increase anthocyanin levels in grapes; but, at the same time, water 
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TABLE IV Accumulation of Anthocyanins and Tannins 
during Maturation· 

Date Anthocyanins Tannins 

August 25, 1969 0.02 0.42 
September 1, 1969 0.11 0.70 
September 8, 1969 0.27 0.89 
September 15, 1969 0.35 0.93 
September 22, 1969 0.37 0.95 
September 26, 1969 0.31 0.75 

• Cabernet-Sauvignon, vineyard P. Results expressed in 
gram per 200 berries. 
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evaporation often induces an increase of the anthocyanin content related 
to the amount of juice. 

The decrease of anthocyanin content at the end of ripening has been 
confirmed by Somers (1976). He reported that anthocyanins became max
imal20 to 30 days after color break (veraison), when the Brix value was 21 
to 24 degrees. There was a decline from a maximum of about 1.0 mg total 
extractible anthocyanins per berry around day 20 to about 0.7 mg per 
berry approaching day 50; this decrease was associated with shrinkage of 
the berries. More details on the same subject are reported by Pirie (1977). 

Tables V and VI compare the data from four successive years with 
different climatic conditions. The concentration of anthocyanins and tan-

TABLE V Anthocyanins and Tannins in Grape Skins at Crop Maturity in Vineyard SC· 

Anthocyanins Tannins 

Date Cold extract Total Cold extract Total 

Merlot 
September 22, 1969 0.20 0.27 0.55 1.09 
September 28, 1970 0.32 0.41 0.66 1.03 
September 27, 1971 0.21 0.31 0.90 1.38 
October 9, 1972 0.21 0.24 0.44 0.77 

Cabernet-Sauvignon 
September 29, 1969 0.22 0.31 0.36 0.86 
September 28, 1970 0.41 0.55 0.72 1.34 
September 27, 1971 0.24 0.35 0.5.7 1.12 
October 16, 1972 0.24 0.28 0.45 1.09 

• Last sampling before harvest. Results expressed in gram per 200 berries. 
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TABLE VI Anthocyanins and Tannins in Grape Skins at Crop Maturity in Vineyard pa 

Anthocyanins Tannins 

Date Cold extract Total Cold extract Total 

Merlot 
September 22, 1969 0.23 0.30 0.50 0.96 
September 28, 1970 0.42 0.52 0.62 1.07 
September 27, 1971 0.32 0.41 0.59 0.96 
October 2, 1972 0.34 0.40 0.49 0.92 

Cabemet-Sauvignon 
September 26, 1969 0.25 0.31 0.36 0.75 
October 5, 1970 0.34 0.42 0.53 0.87 
September 27, 1971 0.23 0.31 0.60 0.97 
October 16, 1972 0.19 0.20 0.41 0.82 

a Last sampling before harvest. Results expressed in gram per 200 berries. 

nins can almost double from year to year. These results are in agreement 
with experiments by Pirie (1977). Tables V and VI also show larger differ
ences between years than between varieties; the varieties Merlot and 
Cabernet-Sauvignon, which are used for the production of Bordeaux 
wine, are very close. Flanzy et al. (1972) made the comparison of nine red 
grapes varieties; the amount of anthocyanins at maturation (in mg per 100 
berries) was 

Aramon 
Cinsault 
Grenache 
Tempranillo 
Carignan 
Mourvede 
Syrah 
Alicante-Bouschet 
Seibel 8357 

471 
706 

1033 
1427 
1496 
1316 and 1740 
2526 
4402 
7815 

The composition of phenolics in red grapes is of a specific character. 
Environment causes some changes in anthocyanins and tannins, but each 
grape variety keeps its phenolic characteristics, regardless of the place 
where it is grown (Bisson and Ribereau-Gayon, 1978; Bisson, 1980). 

The previous results demonstrate the importance of the year and clima
tic conditions on anthocyanin content. The variations are much more 
significant than those of other chemical constituents (sugars and acids). 

The comparison (Table V and VI) between two vineyards, both culti
vated by traditional methods, does not show significant differences. But 
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Guilloux (1981) made a comparison between the skin content in an
thocyanins and tannins of Merlot grapes grown on different soils in the 
Saint-Emilion and Pomerol regions and found differences related to the 
quality of vine-water alimentation (Table VIn. 

The most important factors that affect anthocyanin biosynthesis and 
accumulation during ripening are light and temperature. Grapes that ripen 
on vines grown under conditions of reduced illumination accumulate less 
anthocyanins in their skins than do berries from vines grown in full light 
(Ribereau-Gayon, 1959; Kliewer, 1970). Pirie (1977) has compared the 
amount of anthocyanins in grape skins from control vines and from vines 
with shaded grapes (15% full sun) during the first week after the beginning 
of berry coloration; the decrease of anthocyanin content was 60%. The 
author explains this phenomenon by the influence of light on the sugar 
level of the grape skin, which is considerably depressed, while the light 
has little impact on sugar level in the berry as a whole. Pirie and Mullins 
(1976) have shown that sucrose (0.09 to 0.12 M) induces accumulation of 
both total phenolics and anthocyanins in leaf and fruit disks of grape vines 
(Vilis vini/era L.) incubated in intermittent light. 

For maximum anthocyanin biosynthesis, temperatures should not ex
ceed certain levels. Kliewer (1970) found that Cardinal and Pinot noir 
fruits grown at 20°C day temperature, under either high or low light inten
sity, had significantly greater coloration than fruit grown at 30°C day 
temperature. Buttrose e/ al. (1971) found that the skins of Cabemet
Sauvignon fruits from vines grown at 20°C day temperature had two to 
three times as much anthocyanins as fruits ripened at 30"C. Kliewer and 
Torres (1972), from a study of the effect of day and night temperatures, 

TABLE VII Concentrations of Phenolic Compounds in Merlot Berries on October 8, 1979 
(Vintage Time), Saint-Emilion and Pomerol Vineyards· 

Weight Antho-
per cyanins Tannins 

Vine- Type Yield ETR 1000 berry (gIl (gIl 
yard of soil (hl/ha) ETP x (g) must) must) 

A clay 56 45 1.22 1.20 2.20 
B gravelly 39 45 1.18 1.50 2.30 
C limy 40 51 1.34 1.00 1.70 
D sandy 36 62 1.22 0.95 1.75 
E sandy-calcareous 54 76 1.55 0.90 1.70 

• From Guilloux, 1981. 
o ~TP = Potential ~vapotr:mspiration; ~TR = .Actual evapotranspiration; i~ x 100 = 

the mdex of the quahty of vme:...water alimentation. 
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have concluded that Tokay is least tolerant to hot temperatures, while 
Pinot noir and Cabernet-Sauvignon are the most tolerant. 

Another important factor of anthocyanin accumulation during grape 
maturation is the use of fertilizers and the magnitude of the crop. It has 
been known for a long time that a nitrogen deficiency in the soil enhances 
anthocyanin biosynthesis in plant tissues. Experiments have shown that 
using excess nitrogen fertilizer in soils can reduce by 30% the color of the 
wine produced from these grapes. 

During ripening, the anthocyanin content of grapes can be affected by a 
mold, Botrytis cinerea, which grows on the berry. It induces into the berry 
the production of many enzymes, among them an oxidase which belongs 
to the laccase family (Dubernet and Ribereau-Gayon, 1973; Dubernet et 
al., 1977) and possesses an anthocyanase activity. This enzyme partially 
destroys anthocyanins both in the grape and later during vinification. 
Protection can be achieved by the use of sodium bisulfite, which inhibits 
the enzyme. 

VI. DETERMINATION OF ANTHOCYANIN CONTENT 
AND COLOR IN RED WINES 

A. Total Anthocyanin Measurement 

Quantitative analysis of the anthocyanin concentration by direct col
orimetry in the visible range is not practical with red wines because of the 
presence of certain substances (tannins in particular) which absorb at the 
maximum for anthocyanins (from 500 to 550 nm). However, certain prop
erties ofthese pigments (for instance, color change as a function of pH or 
transformation to colorless derivatives through action with, for example, 
sodium bisulfite) allow a solution to this problem. 

The first method uses the fact that, in acid media, anthocyanins exist in 
red, violet, and noncolored forms (Fig. 4) (Brouillard and Dubois, 1977; 
Jackson et aI., 1978) in eqUilibrium. The position of the equilibrium de
pends upon the pH. Consequently, the difference in color intensity be
tween two pH values (0.6 and 3.5, for example) is proportional to the 
pigment concentration. Since the phenol function is not affected by this 
variation, other phenolic compounds, especially tannins, are supposed not 
to interfere, because their absorption at 550 nm is the same at both pH 
values. 

The second method utilizes the fact that anthocyanins form colorless 
compounds with the bisulfite ion (Jurd, 1964). Again, the other wine con
stituents are supposed not to interfere, and the variation in color, after a 
large excess of bisulfite is added, is proportional to the concentration of 
anthocyanins. 
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Fig. 4. Anthocyanin equilibria in wines: I, flavylium cation (colored); II. quinoidal base 
(colored); III, carbinol base (noncolored); IV, bisulfite addition compound (noncolored); V, 
polymeric pigment (colored, bisulfite-resistant); VI. polymeric pigment (noncolored); VII. 
polymeric pigment (pH < I. colored); R = H, OH, or OCH.; GI = glycoside. (Jackson et al .• 
1978). 

Ribereau-Gayon and Stonestreet (1965) have described ways to apply 
these methods. The agreement between the results obtained by using 
these methods, based on different principles, are close, although the 
figures from the first method are usually lower (Table IX). 

Thus, the amounts of anthocyanins in young wines from the Bordeaux 
region may vary between 0.2 and 0.8 g/liter, depending on yearly condi
tions. This content decreases progressively during aging, and at the end of 
10 years is around 20 mg/liter. It is not impossible that this value could fall 
to zero and that the minimum value (20 mg/liter) is an artifact of the assay. 
From another point of view, these results show it is not the anthocyanins 
but the tannins that play the leading role in the color of old wines. 

B. Anthocyanin Content in the Flavyllum Form 

The two previous methods determine free anthocyanins. But Somers 
(1966) has shown that the grape anthocyanins initially responsible for wine 
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color are displaced, progressively and irreversibly during aging, by more 
stable polymeric pigments which account for up to 50% of the color den
sity within the first year. These new pigment forms are much less sensitive 
to changes in pH than are the free anthocyanins and are also quite resis
tant to decolorization by sulphur dioxide. Evidence is given by Somers 
(1971) that the polymers contain quinonoid anhydrobase chromophores 
derived from the anthocyanins. Table VIII shows the effect of pH on the 
ionization (which determines the color intensity) and the Amax of the an
thocyanins of grapes and the polymeric pigments of wine. The separation 
between free anthocyanins and polymeric pigments in wine is made by gel 
filtration on Sephadex G25 (Somers, 1966). 

These results show that anthocyanins in a polymeric form play a sig
nificant role in the total wine color, but they are not correctly measured 
with the two methods described previously (differential pH colorimetry or 
sodium bisulfite bleaching). 

Somers and Evans (1974, 1977) have proposed methods for total an
thocyanin determination and also for the measurement of ionized an~ 
thocyanins (the colored forms). They measure the absorbance (converted 
to 10 mm) at 520 nm, of the wine and of the wine after addition of Hel or 
SOz. The estimate of the extinction value, that is to say, the absorbance in 

TABLE VIII Ionization Data: Total Grape Anthocyanins and Total Polymeric 
Wine Pigments· 

Total anthocyanins 

Colored 

"-max forms 
pH (nm) (%) 

0.75 519 100 

1.70 519 93.4 
2.05 520 85.3 
2.46 520 69.5 
2.80 520 51.7 
2.98 522 40.5 
3.20 522 30.5 
3.40 523 22.4 
3.60 523 16.6 
3.99 523 11.2 
4.18 523 8.9 
4.76 526 6.2 

• From Somers, 1971. 

2.85 
2.81 
2.82 
2.83 
2.81 
2.84 
2.86 
2.90 
3.09 
3.17 
3.58 

pH 

0.80 
1.20 
1.55 
2.05 

2.70 
3.00 

3.60 
4.00 

4.50 

Total polymeric pigments 

Colored 
Amax forms 
(nm) (%) 

524 100 
523 92.5 
522 85.0 
519 75.0 

516 66.8 
514 65.0 

508 58.1 
508 56.9 

500 55.0 

pKb 

2.29 
2.30 
2.53 

3.00 
3.27 

3.74 
4.12 

4.59 

b Calculated from the supposed relationship pK = log (colored/colorless forms) + pH. 
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a 100mm path length of a 1% solution at pH 1.0 of grape anthocyanins, is 
500. 

Total anthocyanin content is expressed by 

T.A. (mglliter) = 20(E~2CJ - iE~~~) 

The factor 5/3 has been used, because the polymeric pigments are much 
less affected by the lower pH than the free anthocyanins. The use of a 
somewhat arbitrary factor appears to be unavoidable, and is the main 
criticism of this method. 

The degree of ionization of anthocyanins ex is 

ex= 
E E80. 

520 - 520 

E HCI - JiEso• 
520 :J 520 

x 100 

The expression of ionized anthocyanins is 

I.A. (mg/liter) = l~ x T.A. 

and after substitution 

I.A. (mglliter) = 20 (E 520 - E~~~) 

C. Determination of Red Wine Color 

The red color of wines does not depend only on anthocyanin content. 
Other factors are involved: (1) polymeric pigments in equilibrium with 
anthocyanins (Fig. 4); (2) tannins and their chemical changes during aging 
(Section VI,D). The exact determination of red wine color can be done by 
spectrophotometric methods. 

Sudraud (1958) has discussed light absorption by red wines, notable as a 
function of aging, which is the essential cause of color changes (Fig. 5). 
Young red wines have a maximum absorption at 520 nm due to the grape 
anthocyanins, which are responsible for the true red color. Between this 
absorption band and the one in the ultraviolet, at about 280 nm, a mini
mum is found at about 420 nm. As the wine ages, the maximum at 520 nm 
tends to disappear, falling to a small shoulder in wines older than 10 years 
(Fig. 5). This corresponds to an increase in yellow color (420-nm absorp
tion), which explains why the true red turns to a tile-like red-orange in 
older wines. 

Evaluation of absorption curves shows that it is not feasible to use the 
520-nm absorption exclusively to characterize the intensity of wine color, 
because young wines would have exaggerated color values in relation to 
old wines. However, the sum of the absorption at 520 and 420 nm is a 
satisfactory expression of color intensity. 
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Fig. 5. Absorption spectra of three red wines: I, I-year-old wine; II, IO-year-old wine; 
III, 50-year-old wine. 

To define the shade or tint of color, Sudraud (1958) recommends using 
the ratio of the absorption at 420 to that at 520 nm. 

These two indexes may be faulted for being conventional and for not 
defining the color in absolute terms; the proportion of the blue color is not 
taken into account. Yet this methodology is useful, because it allows the 
wines to be compared among themselves during several processes (vinifi
cation, storage, aging). This is why the tristimulus method seems to us to 
be an unnecessary complication, even in a simplified form. 

Wine cannot be diluted for measuring its color, probably because of the 
colloidal nature of the coloring matter. There is no proportionality be
tween the dilution coefficient and optical density. Consequently, to get 
optical density readings to the order of 0.5 with precision, the measure
ments must be taken on very thin samples. For red wines, I-mm thick 
cuvettes are used. 

With D co and D 520 representing the values for absorbancies at 420 and 
520 nm in cells 1 mm thick, color intensity (/) and tint (1) are given by the 
two expressions: 

D. Results 

/ = Dco + D520 

T = D"20 
D520 

Table IX (Ribereau-Gayon and Stonestreet, 1965, 1966) gives the results 
from analysis of red wines from different vintages and vineyards of the 
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TABLE IX Anthocyanins and Tannins of Red Wines of Different Vintages from Two 
Vineyards of the Bordeaux Regiona 

Anthocyanins (mg/liter) 
Color Total 

intensity by pH by reaction tannins 
Vintage (D."" + Duo) difference with NaHSOa (g/liter) 

Vineyard 1 
1921 0.802 19 27 4.40 
1926 0.690 16 20 3.30 
1928 0.710 16 24 3.45 
1929 0.846 20 26 3.05 
1938 0.523 16 20 2.70 
1952 0.607 18 20 2.50 
1956 0.456 23 26 2.15 
1959 0.545 97 93 2.05 
1961 0.540 165 188 1.85 
1962 0.487 305 330 1.50 

Vineyard 2 
1953 0.720 30 42 3.70 
1957 0.520 39 50 2.00 
1960 0.590 60 69 2.25 
1962 0.765 110 122 2.50 
1963 0.359 133 125 2.25 
1964 0.835 362 385 2.25 

a From Ribereau-Gayon and Stonestreet, 1965, 1966 (analysis performed in 1964). 

Bordeaux region. These data show, first of all, the disappearance of free 
anthocyanins during aging and the large role of tannins in the color of old 
wines. Old wines show a much larger proportionality between tannins and 
color than between anthocyanins and color. Moreover, the older wines 
are also the richest in tannins. This fact is related to developments in 
viticulture and wine making which tend to produce wines which are softer 
and hence less tannic. But also, according to Glories (1978), during aging, 
chemical changes in the structure of tannins occur, which result in an 
increase of the rate of the reaction which transforms tannins (leucoan
thocyanins) into anthocyanins in the acid medium and boiling temperature 
used in tannin determination. 

Other results are given by Somers (1978) (Table X) for Shiraz and 
Cabernet-Sauvignon wines of the 1976 vintage in Australia. According to 
the author, the large color-related variabilities are thought to be collec
tively responsible for much of the range in wine quality. 

By assay and calculation, it is possible to obtain the proportion of the 
different forms of anthocyanins present in wine (Ribereau-Gayon and 
Glories, 1980). Figure 6 presents these determinations. Total anthocyanins 
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Fig. 6. Dift"erent forms ofanthocyanins in wine (Ribereau-Gayon and Glories, 1980). AO, 
T-AO: quinone form; AOH, T-AOH: pseudobase form; A+, T-A+: flavylium form; 
AHS03, T-AHS03: bisulfite form. 

can be measured by classic methods (Section VI,A). Fractionation on 
insoluble PVP (Glories, 1978) permits the separation of free and combined 
anthocyanins. The ionization index (Somers and Evans, 1977) gives the 
total colorless anthocyanins. Finally, by comparison with control an-

TABLE X Variability in Wine Color Composition, 1976 Vintage 

Shiraz Cabernet-Sauvignon 
(103 wines) (79 wines) 

Analytical measure Min Mean Max Min Mean Max 

Color density 2.7 7.6 16.5 2.5 7.6 15.7 
Actual degree of ionization (a) 3 15 33 4 14 32 
Natural degree of ionization (a')b 10 21 36 11 20 36 
Free S02 (mg/liter) 0 2.4 17.5 0 2.5 11.5 
Total anthocyanins (mg/liter) 125 357 733 107 366 620 
Ionized anthocyanins (mg/liter) 12 52 171 12 49 150 
Total phenolics (absorbance units) 26 50 96 23 50 67 
"Chemical age" index 0.16 0.35 0.58 0.19 0.36 0.58 
pH 3.38 3.79 4.34 3.37 3.81 4.40 
Quality rating 10.0 14.5 18.5 9.6 14.3 18.5 

a From Somers, 1978. 
b a' is the value found after abolition of the bleaching effect of S02' 
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thocyanin solutions, the proportion, at the pH of wines, of free an
thocyanins (colored and colorless) can be obtained. 

In one example, a wine contains 482 mg/liter of anthocyanins, its pH is 
3.45, and its amount offree S02 is zero. The following results are obtained 
(in mg/liter): 

free colored anthocyanins 63 
free colorless anthocyanins 318 
combined colored anthocyanins 62 
combined colorless anthocyanins 39 

These figures indicate the important role in wine color of combined 
anthocyanins compared with the free anthocyanins, their proportion in 
colored form being much greater. 

Moreover, it can be noted that the tannin-anthocyanin combinations 
participate to the order of 50% in the color of young wines. This propor
tion varies little during aging. The free anthocyanins account for 40% of 
young wine color. This percentage, however, decreases rapidly during 
aging. Simultaneously, the participation of condensed tannins in the total 
color increases; it is close to 10% in young wines and can attain 50% after 
several years of aging. 

VII. ANTHOCYANIN EXTRACTION FROM GRAPES 
DURING VINIFICATION 

The distribution and concentration of anthocyanins in grapes depends 
on the variety and degree of maturation; this last one is affected by cli
matic conditions, vine load and sanitary conditions. 

The passage into the wine of anthocyanins and of all the phenolic com
pounds (tannins) depends on the mode of extraction employed, that is to 
say, the maceration conditions. It occurs at the same time with the alco
holic fermentation, either with crushed grapes (classic vinification) or with 
whole grapes (carbonic maceration). The maceration can also constitute a 
distinct phase prior to the alcoholic fermentation, as is the case with 
heating of the crushed grapes. 

Anthocyanins are, compared to tannins, more easily extractable from 
vegetable tissue, but on the other hand they are more sensitive to oxi
dation. 

During extraction, certain factors act to increase anthocyanin content, 
others to diminish it. The crushing and brushing of the grapes, maceration 
time, and pumping over all permit the mixing of juice and marc, whereas 
treatments causing destruction of the epidermal cells of berries (S02, 
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alcohol, temperature) will also favor extraction. However, an excessively 
long maceration period and a temperature too elevated (higher than 35°C) 
can entail a decrease in anthocyanins, both by adsorption of these mole
cules on yeast and marc, and by reactions of degradation and condensa
tion with tannins (Ribereau-Gayon et al., 1970). According to Somers and 
Evans (1979), the decline in color density during fermentation can in
crease fivefold under conditions of high pH. The major color loss is actu
ally due to the extreme instability of the deeply colored pigment struc
tures present in the juice; these structures are formed by anthocyanin 
self-association and by copigmentation with related flavonoid phenolics 
(Fig. 7). The increasing ethanol content during fermentation results in 
progressive degradation of the pigment complexes by disruption of hydro
gen bonds between the associated phenolics. 

A vinification of short duration leads to a wine rich in anthocyanins but 
relatively poor in total phenolics (tannins); if the maceration period is 
lengthened, anthocyanin content and color intensity decrease, while total 
phenolics still increase but more slowly (Fig. 8). 

At vinification end, the free-run wine has an anthocyanin content be
tween 100 and 500 mg/liter. The majority of these molecules are in the 
form of free glucosides. 

During the pressing of the marc, the interstitial juice, rich in phenolic 
compounds, is extracted and anthocyanin content can reach 700-800 mgt 
liter. This juice contains free anthocyanins but also different complexes 
between anthocyanins and tannins (Glories, 1978). They are already pres-
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Fig. 7. Both red and blue anthocyanin chromophores. stabilized by charge interactions 

and by hydrogen bonding to related phenolics (such as the dimeric ftavan illustrated) are 
proposed as being present in grape juice pigment structures (Somers and Evans, 1979). 
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Fig. 8. Evolution of anthocyanins, color intensity, and total phenolics according to mac
eration time during vinification. 

ent in the grape, but, in addition, their formation is favored during the 
period of maceration. 

The new red wine contains a certain quantity of anthocyanins determin
able by titration involving S02 bleaching or color variation according to 
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pH (Section VI,A). A variable fraction occurs as free monoglucosides. 
Another fraction is in combination with tannins; this second fraction is, 
most ofthe time, less important than the free anthocyanins, but its amount 
increases during aging of the wine. It is the combined anthocyan ins that 
will ultimately play an important role in the color stability of the finished 
wines (Glories, 1978). 

VIII. TRANSFORMATION OF ANTHOCYANINS 
DURING WINE STORAGE AND AGING 

A. Modifications of Anthocyanins during the 
Different Stages of Wine Evolution 

In the course of the first months following vinification, the new wine 
undergoes numerous transformations, many of which are oxidative in 
nature. They are accompanied by a lowering of the amount of an
thocyanins (Section VI,A). This decrease is dependent upon both the 
storage conditions of the wine and its initial composition in phenolic sub
stances, particularly the structure of anthocyanins and tannins. 

After one year of storage, the anthocyanin content is about one-half that 
of the new wine. There occur within this period different phenomena 
resulting in the elimination of a certain amount of anthocyanins. Then, 
during agingper se, especially after bottling, the amount and nature of the 
substances present are modified by various reactions involving an
thocyanin transformation and condensation with tannins. A principal con
sequence is modification of color, bright red in the young wine becoming 
orange-brown with age. 

B. Elimination of Anthocyanins in New Wines 

The color stability of the young wine is obtained with the completion of 
the malolactic fermentation and the elimination by precipitation of a part 
of the coloring matter in the colloidal state. These two transformations 
have an effect on the phenolic compounds content and, more specifically, 
on the concentration and nature of the anthocyanins. 

The malolactic fermentation is a transformation of malate to lactate by 
lactic acid bacteria. It results in a diminution of wine acidity, and a lower
ing in anthocyanin content to the order of 100 mg/liter. The distribution of 
the different classes of phenolic compounds, as are defined by Glories 
(1978), is modified; in particular, the combined forms involving an
thocyanins and tannins, originating from the grapes and the vinification 



8. The Anthocyanins of Grapes and Wines 237 

process, are for the most part eliminated. Anthocyanins are partially ad
sorbed onto the membrane of lactic bacteria, the deposit eliminated at the 
end of the malolactic fermentation being strongly red colored. 

Also, a proportion of the anthocyanins and tannins of the new wine is 
associated with wine macromolecules (proteins, polysaccharides) and 
thus forms the colloidal fraction of the coloring matter. These "colored 
colloids" are sensitive to temperature, ion concentration, and different 
electrical charges of the medium; they precipitate at the same time as the 
organic salts during wine cooling. This precipitation depends on numerous 
factors (temperature, length of cold storage) and leads to a drop in an
thocyanin content to 50-100 mg/liter. 

In the course of this period, the clarification and stabilization of the 
young wine bring into action the treatments of filtration and fining. The 
latter is usually accomplished by adding to the wine gelatin or bentonite, 
which form flocculates with different colloidal matters, particularly 
phenolic compounds. The result is a stabilization of the color and a softer 
taste by reduction of the tannin content. 

Anthocyanin elimination due to these operations depends on the type of 
fining or filtration agent employed. It is obvious that bentonite, charged 
negatively, will eliminate more of the positively charged anthocyanin 
pigments than will the positively charged gelatin. The quantity of an
thocyanins that disappears can reach 100 mg/liter in extreme cases. 

C. Transformation of Anthocyanlns and Their 
Condensation with Tannins during Aging 

In the course of wine storage, other anthocyanin-related phenomena 
occur in addition to those described above. They are dependent upon the 
level of oxidation of the wine. Involved are reactions of anthocyanin 
degradation with loss of flavylium structure (thus of color) and condensa
tion reactions of these pigments with tannins. The latter reactions lead to 
red-colored combinations, which are more stable than free anthocyanins, 
less reactive vis-a-vis sulfur dioxide, and less sensitive to pH variations. 
This fundamental fact was brought to evidence by Somers (1%6, 1971). 
The corresponding reactions depend on numerous factors, such as the 
nature of the anthocyanin molecules and the structure of the tannins. 

Experimentally, it has been reported (Glories, 1978) that a water
alcohol solution at pH 3.2, containing the five grape anthocyanins and 
exposed to light and oxygen, will rapidly lose its color. It passes from red 
to colorless, then to yellow. The reaction is irreversible, and it is not 
possible to regenerate the flavylium form, even in acid medium. An
thocyanin determination gives a result rapidly diminishing to zero. 
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Chromatographic analysis reveals that the anthocyanins, in which the 
B-ring bears two or more hydroxyl groups (delphinidin, petunidin, cyani
din), are very sensible to this transformation; malvidin and peonidin are 
much more stable and, for this reason, remain detectible in wines several 
years after vinification. The mechanism of this degradation is yet un
known, though a formation of chalcone is possible. 

If procyanidins are added to the previously mentioned solution and 
stored under the same conditions, the anthocyanin content decreases less 
quickly and the color is much more stable, turning slowly to the orange
brown characteristic of old wines. The stability of the red color is depen
dent upon the quantity of procyanidins added. The different forms of 
ftavenes (tannins) act in the same manner, with more or less intensity 
(Ribereau-Gayon, 1973). 

In the case of wine, one observes that the color stability depends on the 
ratio between the concentration in anthocyanins and that in tannins (NT). 
For ratios near 1110, the evolution toward orange-brown is progressive but 
slow, meaning a stable color. A rapid evolution of this hue is observed for 
values both inferior and superior to 1110; however, the reaction mecha
nisms involved are different. 

Actually, a competition between several phenomena occurs: 

1. The reaction, previously described, resulting in anthocyanin degra
dation and color change from red to yellow. 

2. The condensation reaction of anthocyanins with tannins (Section 
VIII,B) which stabilizes anthocyanin color against pH variations and S02 
decoloration. 

3. The reaction of tannin polymerization which is slowed down in the 
presence of anthocyanins by reason of the respective electric charges of 
these molecules. In the case of a large excess of tannins, the reaction leads 
to an orange color which masks the red color of the anthocyanins. 

Finally, the following observations are made: 

1. For wines whose tannin concentration is insufficient (short macera
tion period, rose wines), only a small quantity of anthocyanins is com
bined with tannins; the anthocyanins are unstable and are decomposed; 
the wine loses its color and the .hue changes to yellow. 

2. For wines whose concentration in tannins is largely superior to that 
in anthocyanins (wines of long maceration with grapes of little color, 
certain press wines), the proportion of combined anthocyanins to tannins 
is high. However, the rapid polymerization of the tannins entails the ap
parition of polymerized ftavane molecules; their brown color masks the 
red ftavylium forms, and the wine color turns to an orange hue. 
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3. In wines with a convenient proportion of anthocyanins and tannins, 
there is a sufficient amount of anthocyanins combined with tannins to 
permit color stability. 

D. Mechanisms of Anthocyanin-Tannin 
Condensation In Wine 

The condensation of anthocyanins with tannins depends on the struc
ture of the tannins, the nature of the anthocyanins, and the medium condi
tions. Three types of reactions have been demonstrated in model solu
tions, leading each to combinations possessing different properties. The 
three types are all possible in wine. 

1. Reaction (Jurd and Waiss, 1965; Jurd, 1967) of a carbonium ion 
formed from procyanidin with the nucleophile positions (6 and 8) of an 
anthocyanin in the uncolored carbinol-base form (Fig. 9). The complex 
(C1) thus formed is in equilibrium with the fiavylium form (C2) and suscep
tible to the effect of pH, so that a recoloration is possible. Polymerization 
cannot continue, since the anthocyanin molecule is the terminal element 
of the reaction chain. 

oH 
I OH 

, H~ HO'QY./V I ....-H ... 
'OH 

I • ...... H 
OH 

Procyanidin 
(carbonium ion) 

R' 
I 

~ I I 001 
OHH 

Anthocyanin 
(carbinol base) 

Fig. 9. Condensation between wine anthocyanins and tannins (first mechanism). 
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2. Reaction (Somers, 1971) of an anthocyanin molecule in mesomer 
form [charge (+) on position 4] with the nucleophile positions (6 and 8) of 
procyanidins (Fig. 10). The combination is a dimer flavene (Cs), which, by 
oxidation, gives the colored flavylium form (CJ. Further polymerization 
is not blocked, because the anthocyanin molecule is the uppermost ele
ment of the reaction chain. 

3. Condensation (Timberlake and Bridle, 1976a) of two pigments (pro
cyanidin and anthocyanin) by the intermediary of the ethanal formed by 
oxidation of ethanol (Fig. 11). Ethanal in acid medium gives a carbonium 
ion, which reacts with the active positions (6 and 8) of the procyanidins 
(CII). This molecule in acid medium leads to anew, very reactive, car
bonium ion (C6), which has the property of combining with anthocyanin, 
with the formation of a flavylium form (C7). In this case, polymerization 
may also continue. 

The transformations of anthocyanins during wine storage also depend 
on oxidation, temperature, and light conditions. Ordinarily, oxidative 
favors condensation reactions, whereas a severe oxidation induces differ
ent decomposition reactions; temperature elevation accelerates the two 
types of reactions; and light, certainly by a photosensitive mechanism, 
contributes to anthocyanin disappearance. 
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Fig. 10. Condensation between wine anthocyanins and tannins (second mechanism). 
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Fig. 11. Condensation between wine anthocyanins and tannins (third mechanism). 

The phenomena that are involved during bottle aging, when the wine is 
at a low redox potential, seem, however, to be oxidative in nature, due to 
numerous oxidation catalyzing agents present in the medium at bottling 
time. 

Summing up, the evolution of anthocyanins in wine is extremely com
plex. In general, they disappear more or less rapidly during the first year 
of aging and are rarely identified in the free state in a wine after 10 years; 
nevertheless, they continue to playa role in wine color, due to the red 
ftavylium structure of their combined forms. 

IX. CONCLUSIONS 

This presentation shows that anthocyanins are very significant red wine 
components. Not only do they play an important role in the color of wine, 
but they also allow an objective distinction between wines made from 
different species of Vitis. 

More recent publications show relations between these· compounds and 
the overall qUality. According to Somers (1978), the interpretation of 
color composition in young red wines has enabled more objective descrip
tion, and some useful interpretation, of the various wine types and styles: 
"The method is proposed as providing a kind of' anatomical description' of 
a young red wine in terms which relate both to the harvest composition 
and the wine making method. The utility of this concept in oenology has 
been emphasized by the showing of correlations between several param
eters of wine color and independent assessments of wine quality." 
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Other results in this field have been reported by Timberlake and Bridle 
(1976b) and by Jackson et al. (1978): "In 15 young Beaujolais red wines 
from the 1974 and 1975 vintages statistically significant linear correlations 
were found between overall quality and the contents of total pigments, 
total anthocyanins, colored anthocyanins and taste mean scores, and also 
between flavor and the contents of total pigments and total an
thocyanins. " 

From research in this field, new developments can be expected, which 
will certainly be among the most important contributions to the progress 
of red wine technology. 
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I. INTRODUCTION 

Many people resent the use of food additives in general and of food 
colorants in particular, as they consider the latter substances "food 
cosmetics." Why, then, color food? The reason for coloring food is "to 
make it recognizable and appealing to the consumer" (Marmion, 1979). 
Two examples will illustrate the usefulness of food colorants. 

Mature Florida oranges are often greenish when they are harvested. 
Although they may contain the proper sugar-acid ratio and be as nutriti
ous as oranges can be, many people fail to recognize them as ripe fruit and 
avoid purchasing them. Coloring the fruit skin with a little red, safe sub
stance will render them salable, for the good of both the consumer and the 
producer. 

In the United Kingdom, a leading food manufacturer for a time left 
uncolored several popular commodities: canned green peas, canned 
strawberries, raspberry jam, and strawberry jam. The canned peas turned 
olive gray, the canned strawberries a pale straw color, and the jams dull 
brown. Sales suffered. When later the appearance ofthe commodities was 
improved with colorants, sales regained their original level (Goldenberg, 
1977). 

The apprehension and distrust of the public regarding food colorants is 
understandable in view of the recent delistings of several food dyes previ-

245 
ANTHOCYANINS AS FOOD COLORS 

Copyright © 1982 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

ISBN O·12·47255()'3 



246 Pericles Markakis 

ously enjoying official approval as "safe and effective." The banned col
orants, however, are synthetic compounds not naturally present in foods. 
The interest in anthocyanins and other natural pigments as possible food 
colorants has been spurred exactly because of these legal prohibitions. 
Anthocyanins are apparently harmless to health. Horowitz and Gentili 
(1969) stated that "flavonoids, as a group, are innocuous and they are 
metabolized by the intestinal flora to carbon dioxide (from the A-ring) and 
various aromatic acids (from the B-ring), none of which can be considered 
harmful." 

II. SOURCES OF ANTHOCYANINS 

Anthocyanins are produced by numerous species of plants (Chapter 5). 
Certain of these plants have been tested as potential sources of industrial 
anthocyanin preparations. In fact, by-products of one plant industry, the 
grape and wine industry, are already used for the preparation of a com
mercial anthocyanin product, the enocyanin or enocianina. Other plants 
around the world will probably be examined in the future for the possibil
ity of yielding marketable anthocyanins. 

The choice of the raw plant material to be used in such a commercial 
enterprise is determined by economic, technical, and legal considerations. 
The raw material should be available in sufficient quantity at a reasonable 
price, the process to obtain the pigment preparation should not be exces
sively complex and costly, and the final product should meet the perfor
mance expectations of the industry and the legal requirements of the 
government. Synthetic anthocyanins, if economically competitive, should 
also be considered for commercial use. 

Regarding legal requirements, it is worth noting that although an
thocyanins are considered natural substances safe for human consump
tion, when involved procedures are used in the preparation of food color
ants containing these pigments, the U.S. Food and Drug Administration 
(FDA) requires toxicological testing according to the Color Additives 
Amendment, prior to marketing. Such testing is costly and time consum
ing. Intensely pigmented fruit (e.g., cherry, blueberry, grape) juices or 
fruit juice concentrates may be used as food colorants without this testing. 
People interested in the legal aspects of the food anthocyanin trade may 
obtain information from: Food and Drug Administration, Division of Col
ors and Cosmetics, 200 C'Street, S.W., Washington, D.C. 20204. The 
Federal Register routinely publishes changes in pertinent regulations. 

Although it is unlikely that important crops, such as commercial fruits, 
would be exclusively used for the industrial production of anthocyanins, 
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waste products or by-products of the processing of these crops do hold 
promise for such production. Other potential sources of commercial an
thocyanins are plant materials oflesser economic significance, such as the 
leaves of certain trees and bushes (e.g., red maple or cherry-plum), which 
display a bright anthocyanin coloration, especially in the fall. 

III. PROCESSING OF THE RAW MATERIAL 

The extent of the processing of raw plant materials depends on the 
degree of purity ofthe desired anthocyanin product. "Impure" products 
such as anthocyanin-colored fruit juices may be used as carriers of these 
pigments, or the purification may be extended to obtain crystalline an
thocyanins. Extraction of the pigment from the raw material may be con
sidered as the first major purification step. Extraction is usually achieved 
by (a) water, (b) water containing S02, and (c) acidified alcohols. 

Hot water was used by Esselen and Sammy (1973, 1975) to extract the 
red cyanidin and delphinidin mono- and biosides of the calyces of roselle 
(Hibiscus sabdariffa). Water is also used for the leaching of the an
thocyanins present in flowers ofClitorea ternatea (Lowry and Chew, 1974) 
and purple com (Kikuchi et al., 1977). 

Sulfur dioxide in water has been used by several investigators. Accord
ing to Carpenter's method of preparing "enocianina" (Garoglio, 1965), 
red wine solid waste is extracted with water containing 2000 to 3000 ppm 
S02 (or 4000 to 6000 ppm metabisulfite). The S02 enhances the extraction 
of color several-fold over plain water. Peterson and Jaffe (1969) patented a 
process of anthocyanin extraction from "fruits and berries" with water or 
ethanol containing 200 to 2000 ppm S02' Palamidis and Markakis (1975) 
compared the extraction of grape wine pomace with hot water versus the 
extraction with a 500-ppm S02 solution. The S02 extract contained purer 
anthocyanin than the water extract; also, the anthocyanin of the S02 
extract was more stable as a colorant of a soft beverage than the an
thocyanin of the water extract. Shewfelt and Ahmed (1978) extracted the 
anthocyanins of blueberries and red cabbage with 350-ppm aqueous S02 
in comparison to an extraction with acidified methanol, which was fol
lowed by ion-exchange chromatography. The anthocyanin preparation 
obtained by the second method was purer and more potent, but the S02 
extract exerted a protective effect on botll the anthocyanin and the ascor
bic acid in a soft drink in which the two extracts were compared as 
colorants. 

Acidified alcohol extraction has been the classical method of removing 
anthocyanins from plant materials. Methanol or ethanol, containing a 
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small amount of mineral acid (1% HCl or less), are commonly used 
(Metivier et al., 1980). If acylated anthocyanins are present, as in grapes, 
the use of mineral acid must be avoided, since the acyl link is easily 
hydrolyzed (Andersonet al., 1970); instead, an organic acid may be used. 
Thus, Philip (1974) reported a process for recovering the anthocyanin 
present in grape wastes by extraction with methanol or ethanol containing 
0.1 to 1.0% tartaric acid. The excess tartaric acid can be removed from the 
extract as insoluble potassium hydrogen tartarate by adding a calculated 
amount of 40% KOH. A sophisticated system of anthocyanin recovery 
from cranberry press cake was reported by Chiriboga and Francis (1970, 
1973). The press cake was treated several times with methanol containing 
0.03% HCl, the methanol of the extract was evaporated under vacuum, 
and the aqueous concentrate was passed through a cation-exchange resin 
(Amberlite CG-50). The resin absorbed the pigment and allowed many 
impurities to be washed off the column with water. The anthocyanins 
(along with ftavonoids) were eluted with methanol containing 0.0001% 
HCl, and the eluate was freeze dried. A total of 26% of the pigment 
originally extracted from the cake was lost: 13% during solvent evapora
tion from the initial extract, 8% during ion-exchange purification, and 5% 
during freeze drying. A similar extraction and purification procedure was 
applied to miracle fruit (Synsepalum dulcificum) by Buckmire and Francis 
(1978) and to blueberries and cabbage by Shewfelt and Ahmed (1978). 

The extracts obtained by the aforementioned methods are usually con
centrated under conditions minimizing exposure to oxygen and high tem
peratures. Evaporation under reduced pressure is commonly employed 
for this purpose. The concentrates may be marketed at room temperature, 
or frozen, or they may be spray dried, or freeze dried. Some commercial 
and experimental anthocyanin colorants will be discussed in the following 
section. 

IV. ANTHOCYANIN COLORANTS 

By-products of the red grape processing industry have attracted consid
erable attention as sources of commercial anthocyanins, both because red 
grapes are produced in large quantities (red and white grape production 
represents one-fourth of the total fruit production worldwide), and be
cause these by-products are inexpensive. 

Probably the oldest commercial anthocyanin preparation is 
"enocianina" or enocyanin, a deeply colored extract of red grapes mar
keted in Italy since 1879 (Garoglio, 1965). Originally, this product was 
used to intensify the color of red wines; in later years, however, it has 
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found application as a general food colorant. Unfermented or fermented 
grape pomace is used in its preparation and aqueous sulfur dioxide (aqua 
solforosa) is the preferred extractant. The final product is a liquid, a paste, 
or a powder. Garoglio (1965) cites the following composition for a liquid 
Italian enocyanin: 

Density (15°C) 
Alcohol 
Total acidity 

(as tartaric acid) 
Volatile acidity 
Ash 
Pigments and tannin 
Sulfates (as H2SOJ 
Free S02 
Total solids 

1.0406 
trace or absent 
4.237% 

0.130% 
1.573% 
4.265% 
1.95% 
320 ppm 
8.640% 

Wallin and Smith (1977) measured the spectral response (absorbance at 
520 nm) to pH change (from 3.2 to 1.5) of six commercial grape extracts, 
two each from Italy, France, and the United States. The average absor
bance ratio A520.u/A520,3.2 was 1.32,2.05, and 2.23 for the Italian, French, 
and American samples, respectively; these values were interpreted as an 
indication that the Italian specimens contained more modified an
thocyanins than the French and American samples. The same authors 
state that the 3,5-diglucosides of anthocyanidins, which are present in the 
American type grapes, are considerably more resistant to acid hydrolysis 
than the 3-glucosides, which are present in the European type grapes. 

Additional efforts to prepare anthocyanin colorants from sources other 
than grapes include the following. 

Baker et al. (1974a,b) extracted with acidified ethanol the anthocyanin 
of the leaves and fruit skins of cherry-plum (Prunus ceracifera), an orna
mental plant. The extract was found organoleptically acceptable and 
nonmutagenic . 

Esselen and Sammy (1973, 1975) prepared an aqueous extract of the 
anthocyanins of the calyces of roselle (Hibiscus sabdarijJa) , an annual 
tropical plant. A concentrate of the extract was very stable in frozen 
storage. Main et al. (1978) successfully spray dried the concentrate. 

Chiriboga and Francis (1970, 1973) purified by ion exchange an 
ethanolic extract of cranberry press cake and found the extracted an
thocyanins suitable for strengthening the color of pale cranberry juice 
cocktail. Main et al. (1978) spray dried the extract. 

Buckmire and Francis (1978), using the Chiriboga and Francis (1970) 
procedure, prepared an anthocyanin extract from the miracle fruit (Syn-
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sepalum dulcificum), a tropical berry. The extract imparted an orange-red 
color to a carbonated beverage, in which the anthocyanin stability was 
"comparable to that of anthocyanins from other sources." The miracle 
fruit contains a taste modifier which may eventually be used as a 
sweetener; if it is, the berry may also serve as a source of a food 
colorant. 

Shewfelt and Ahmed (1977, 1978) freeze dried anthocyanin extracts 
from blueberries and cabbages. The powders displayed much greater 
color stability in dry soft drink mixes than in reconstituted beverages. 

Kikuchi et al. (1977) patented a process for obtaining an anthocyanin
containing food colorant from purple corn (Maiz morado). They treated a 
corn-flour aqueous suspension with amylase and endopeptidase, filtered 
the digest, and spray dried the filtrate. 

Lowry and Chew (1974) reported that blue anthocyanin extracts from 
the dried flowers of Clitorea ternatea are used for coloring rice cakes in 
Malaysia. 

Timberlake (1980) cites an anonymous reference according to which a 
French factory manufactures a high-quality anthocyanin product from 
bilberries (Vaccinium myrtillus) for pharmaceutical purposes. 

Francis (1975) mentions the berries of Viburnum dentatum, which con
tain anthocyanins amounting to about 1% of the fresh fruit weight, as 
potential sources of commercial anthocyanins. 

In 1979, a U.S. patent was granted to Asen et al. and assigned to the 
USDA for the use of an anthocyanin, peonidin 3-(dicaffeylsophoroside)-
5-glucoside, "which produces a wide range of stable colors in foods and 
beverages which have a pH range of 2.0 to about 8.0." The source of the 
pigment is the "Heavenly Blue" morning glory flowers (Ipomea tri
color), and the purification process includes three column chromato
graphic steps (PVP, cellulose, and Sephadex G-50) plus precipitation by 
ethyl ether (Asen et al., 1977). A popular citrus-flavored soft drink, 
dyed purple with this anthocyanin, lost no visible color after 11 months 
of storage. Also, gelatin desserts dyed vivid purplish, red, purplish-red, 
violet, and blue retained their color unchanged after 15 days of simulated 
commercial refrigerated storage (Anonymous, 1978). 

This author has recently seen in Greece liquid and spray dried an
thocyanin preparations originating from olive skins. 

V. SYNTHETIC FLAVYLIA 

It has long been known how to synthesize in the laboratory naturally 
occurring anthocyanidins and anthocyanins (Irvine and Robinson, 1927; 
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Robinson and Todd, 1932). The process is rather complex and appears to 
be uneconomical. It is easier and less costly, according to Jurd (1964, 
1966), to synthesize certain simple benzopyrylium salts, which display 
intense coloration and good stability in acidic media. Among the ftavylia 
that he synthesized and suggested for use in foods, four are yellow and 
two are red. The 7-hydroxy-2-(4-hydroxystyryl)benzopyrylium salt (Fig. 
1, I) has a Amax of 507 nm (in 1% citric acid solution) and is very similar 
visually and spectrally to FDC Red No.1, FDC Red No.4, and to natural 
pelargonidin 3-glucoside. The color intensity of this ftavylium is approxi
mately three times that of the aforementioned FDC dyes, when com
pared at the concentration of 5 ppm. The 7-hydroxy-2-(3-methoxY-4-
hydroxystyryl)benzopyrylium salt (Fig. 1, II) has a A max of 517 nm (in 1 % 
citric acid), and its color closely resembles FDC Red No.2 and that of 
the delphiriidin and cyanidin glycosides responsible for the bluish-red 
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color of grape juice. Both of these synthetic ftavylia were fairly stable 
in simulated fruit drinks, in which they lost about half of their original 
color upon exposure to light at room temperature for one month. Their 
stability toward SO! and ascorbic acid was rather low. The results of 
preliminary rat feeding trials were encouraging regarding "the toxicity of 
these compounds. 

Timberlake (1968) and Timberlake and Bridle (1968) improved the sta
bility of lurd' s ftavylia toward S02, ascorbic acid, and light by substituting 
the H at position 4 with a heavier group. Structures III and IV of Fig. 1 are 
yellow and present solubility problems. 

Kokkinos and Wizinger (1973) prepared dimethylamino derivatives of 
ftavylium salts (Fig. I, V and VI), which are carmine red in glacial acetic 
acid solution. Further structural modifications would be necessary for 
improving their water solubility. All of these synthetic ftavylia would 
require toxicological clearance for eventual use as food colorants. 
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A 

Absorption coefficients of anthocyanins 
(A*), 195 

Acetaldehyde, 173 
Acetate, in A* biosynthesis, 69 
Acetyl-CoA,71 
Acyl, determination of, 186 
Acylated A*, 4, 29,33,35,36,43,44, 130, 

131, 138, 142, 147, 148, 150, 151, 153, 
157, 169, 191,212,248 

Acylation, 37, 42, 43, 100 
Aesculin. 53 
Aglycone, determination of, 184 
AI, 48, 64, 173 
Alanine, 53 
Aleurone, 81, 83, 85, 153, 155 
Alkaloids, 53 
Aloin, 53 
Aluminum chloride, 2, 26, 173 
Amino acid(s), 53, 174 
Aminooxy-~-phenylpropionic acid, 81 
Amyl alcohol, 50 
Anthocyanoplasts, 86 
Apigenidin chloride, 82 

glycoside(s), 49, 53 
Apigenin, 82 
Apples, 169, 178 
Arginine, 53 
Ascorbate, 79 
Ascorbic acid, see also Ascorbate, 16, 165, 

171,252 
Aspartic acid, 53 
Aureusidin, 53 
Aurone, 53, 71 
Awobanin, 46, 48, 51, 54, 57, 138 

Benzenium, 97 
Benzoic acid, 71 

B 

Subject Index 

Benzoquinone, 165 
Benzyl mercaptan, 109, 110 
Betalains, 199 
Biosynthesis, of A *, 69 
Bistlavone, 49 
Bisulfite, See Sulfite 
Blueberries, 171, 195,248 
Boric acid, 48 
Brucine, 53 

c 
Ca,I73 
Caffeine, 3, 53, 82,83 
Caffeoyl-CoA, 75, 84, 86 
Caffeoylferuloyl glycosides, 13, 14, 30, 35, 

45 
5-p-Caffeoylquinic acid, 62 
Carajurin, 30, 31 
Carbenium, 97, 117 
Carbinol, 7, 9, 20, 25, 26, 27,28,29,31, 

32, 33, 35, 37 
Carboxonium, 6 
Carotenoids, 50 
Catechin(s), 53, 110, 119, 165, 173, 174 
Cd,47 
CD (circular dichroism), 44 
Chalcone, 7, 9, 10,23,24,25,26,27,28, 

29,32,35,37,70,71,75,83, 167 
isomerase, 75, 76, 77, 86, 87, 88 
synthase, 71, 74, 75, 80, 81, 84, 87, 88 

Cherries, 165, 177 
red tart, 165, 166, 173, 177 

Chlorogenic acid, 53, 165 
Chromatography, gas-liquid, 2, 196,204 

high-pressure liquid, 196, 202, 212 
ion-exchange, 1% 
paper, 183, 210, 220 
thin-layer, 196, 203 

Cineranin, 44 
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Cinnamic acid, 69,71 
Co, 47 
Commelinin, 46, 48, 57,157 
Copigmentation, 32, 34, 36, 41, 49 
p-Coumaric acid, 3, 72, 82, 152 
Coumarin, 53 
4-Coumaroyl-CoA, 71, 74, 84, 86 
5-p-Coumaroylquinic acid, 62 
Cranberries, 164, 193, 197,201,202,248 
Cu, 171, 173 
Currants, 64, 171 
Cyanidanol, 110, 112, 113 
Cyanidin, 4, 5, 49, 52, 69, 78, 79, 81,82, 

84, 95, 112, 173 
glycoside(s), 5, 57, 64, 80, 84, 85, 127, 

128, 129, 130, 131, 132, 133, 134, 
135, 136, 137, 138, 139, 140, 141, 
142, 143, 144, 145, 146, 147, 149, 
150, 151, 152, 153, 154, 155, 156, 
167, 170, 177, 178, 194,214,247 

Cyanin, 21, 25, 26, 33, 34, 35, 42, 48, 49, 
61,62 

Cyanocentaurin, 49 
Cyanomaclurin, 94, 105 
Cytochrome c, 47, 48 

D 

Dehydroascorbic acid, 172 
Dehydroproanthocyanidocatechins, 114 
Dehydroprocyanido-( - )-epicyanidanol, 

116 
Delphanin, 63, 64 
Delphinidin, 112, 173 

glycoside(s), 37, 44, 45, 46, 49, 56, 57, 
64,80,85, 138, 139, 141, 144, 145, 
146, 148, 149, 150, 153, 155, 156, 
157, 167, 194,215,247 

Deoxyanthocyanidin, 37 
Dicaffeoyldelphinidin glycoside(s), 35, 45 
Dicaffeoylpeonidin glycoside(s), 35 
Dihydrocha1cone, 53 
Dihydrodicatechins, 95 
Dihydrofisetin, 82 
Dihydroflavonol(s), 71, 77, 78, 79, 80, 81, 

82 
Dihydrokaempferol, 77, 79, 80, 81,82,83, 

84 
Dihydroquercetin, 79, 80, 81,82, 83, 117 

glycosides,80 

3,5-Di-(O-j3-D-glycosyl)-7-
hydroxycoumarin, 167 

Disaccharides, 3 

Eggplant, 165 
Enocyanin, 248 
Ensatin,61 
Enthalpy, 10 
Entropy, 10 

E 

Epicatechin, 95, 110 
Epicyanidanol, 112, 113 
Epidermis, 86 
Epipelargonidanol, 112 
Eriodictyol, 75, 79, 83, 84 
Esculin, 53 
Ethyl gallate, 53 
Ethyl glycine, 175 

F 

Fe, 26, 48, 49, 79, 173 

Subject Index 

Ferulic acid, 3, 53, 82, 152, 153 
3,4-Flavandiols, 94 
Flavanone, 71, 75 

3-hydroxylase, 79 
Flavanonols, 106 
Flavocommelin, 46, 51, 54, 57 
Flavone, 71, 79, 84 
Flavonoids, 2, 33, 37, 49, 52, ,62, 69, 199 
Flavonols, 64, 65, 78, 79, 84 
Flavylium, 3, 5, 6, 7, 8, 14, 16,21,22,24, 

27,28,29,31,32,117,167,250 
Forestal solvent, 94 
Furfural, 172 

G 

Gallic acid, 50 
Gallotannin, 62 
Gentisic acid, 53 
G1ucosylapigenin, 54 
Glucosylgenkwanin, 54 
Glutamic acid, 53 
Glycine, 53 
Glycosidase, 164 
Glycosylation, 3, 5, 14,37,42,52,84,85 
Glycosyltransferase, 84, 85, 87 
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Grapes, 164, 169, 171, 173, 175, 178, 194, 
209 

Guibourtacacidin, 101 

Hesperidin, 54 
Histidine, 53 

H 

Hydration, 7, 19, 20, 26, 29, 31 
Hydrogen peroxide, 171, 196 
Hydrolysis of A*, 189 
m- and p-Hydroxybenzaldehyde, 53 
0- and p-Hydroxybenzoic acid, 53 
m- and p-Hydroxycinnamic acid, 53, 81 
3' -Hydroxylase, microsomal, 80 
Hydroxylation, 14, 42, 71, 79, 80, 83, 84, 

164 
5-Hydroxymethylfurfural, 173 
2-Hydroxyxanthone, 51, 52, 53 
4-Hydroxyxanthone, 52, 53 

I 

IR (infrared), 2 
Isoftavone, 71 
Isoquercitrin, 59 
Isosalipurpuroside, 76 
Isovitexin, 53 

K, 48, 173 
Kaempferol, 78, 85 

glycoside(s), 54 

K 

L 

Lebbecacacidin, 101, 102 
Leucoanthocyanidin, 93 
Leucocyanidin, 62, 101, 103, 104 
Leucodelphinidin, 101, 103, 105 
Leucofisetinidin, 101 
Leucopelargonidin, 101, 102, 103, 104 
Leucorobinetinidin, 101 
Lignin, 71 
Luteolinidin, 154, 155 

M 

M absorptivities, see Molar absorption 
coefficients 

Maize, 81, 83, 85 
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Malonyl-CoA,71 
Malvidin, 9, 10, 13,21,23,25,31,32,35, 

84, 85, 173 
glycosides, 56, 58, 131, 138, 139, 144, 

145, 146, 148, 149, 153, 155, 156, 
164, 194,213,215 

Malvin, 13,21,27,31,32,43,48,57,59, 
60 

Margicassidin, 105, 107 
Margicassinidin, 107 
Mass spectrometry, 2 
Mecocyanin, 51 
Melacacidin, 94, 101, 102 
Methoxylation, 5, 164 
Methylation, 42, 71, 84, 115 
7-0-Methylquercetin-3-rhamnoside, 54 
Methyl transferase, 84 
Mg, 47, 48 
Miracle fruit, 250 
Mn, 47, 48 
Molar absorption coefficients, 195 
Monosaccharides, 3 
Mopanol, 105, 106 
Mustard seedlings, 88 

NAD+, 58 
NADH,58 

N 

Naringenin, 79, 80, 81, 82, 83 
Naringenin chalcone, 74, 75, 76,77,78 
Naringin, 54 
Ni,47 
NMR (nuclear magnetic resonance), 2, 4, 

99,105,107,113 
Nucleotides, 52 

Oenin, 25, 50 
Olive, 250 

o 

ORD (optical rotatory dispersion), 43, 44, 
106 

2-0xoglutarate, 79 

Parsley, 88 
Peaches, 170 
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