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Anthocyanins in cereals
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Abstract

The anthocyanic composition of some pigmented cereals is still not well established, neither in relation to some of their components, nor
from the quantitative point of view. Nonetheless, the use of analytical techniques, such as diode array spectroscopy and mass spectrometry
(MS, PDMS, MALDI) coupled or not to liquid chromatography, are permitting, in recent years, the confirmation of the structure of some of
the principal anthocyanins and a knowledge of those which are present in minor proportion. In this article, firstly, a review of the principal
methods of analysis of anthocyanins is made. This is followed by a review of the most significant advances achieved in the last years in the
field of the identification and quantification of these pigments in cereals and the present uses of the commercial extracts of anthocyanins
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obtained from these sources and the perspectives for their use is included.
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1. Introduction

The anthocyanins compose a group of intensely coloured
pigments responsible for the orange, red, purple and blue
colours of many fruits, vegetables, flowers, leaves, roots
and other storage organisms of plants. They are found in
nature in the form of polyhydroxylated and or methoxy-
lated heterosides which derive from the flavylium ion or 2-
phenylbenzopyrilium (Fig. 1). Aglycon (anthocyanidin) is
found united to one or various sugars, which, in turn, can be
acylated with different organic acids. The presence of these
hydroxyl groups on the rings, as well as one or several sugar
molecules, make these compounds quite soluble in water,
ethanol, and methanol[1].

According to the literature, 21 anthocyanidins have been
fully described, of which only 6 are widespread and usually

the nature and number of sugars attached to the aglycon and
the position of the attachment and in the nature and number
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rhamnose among pentoses and galactose and glucose among
hexoses. They are linked to the aglycon by an� or� linkage of
the free anomeric hydroxyl. Di- and trisaccharide functional
groups are also common, among which the most usual are
rutinose (6-O-�-rhamnosyl-d-glucopyranose), sophorose (2-
O-�-glucopyranosyl-d-glucopyranose), 2G xylosylrutinose
and glucosylrutinose. Sugar moieties are always found at-
tached to the hydroxyl group at position 3 of the antho-
cyanidin. When additional sugar groups exist, they occupy
positions 5 and/or 7, and less frequently 3′and 5′. Sugars
may be substituted by aliphatic, hydroxybenzoic or hydrox-
ycinnamic acids, the most usual being acetic, malonic,p-
coumaric, and caffeic acids[1].

In relation to the stability, anthocyanins are compounds
that may suffer reactions that alter their structures through
the action of different agents due to the electronic deficiency
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ing monoglycosides[2,3].
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Fig. 1. The structure of the flavylium ion or 2-phenylbenzopyrilium

able 1
ommon anthocyanidins present in nature

nthocyanidins Substitution pattern

elphinidin 3,5,7,3′,4′,5′-OH
yanidin 3,5,7,3′,4′-OH
elargonidin 3,5,7,4′-OH
etunidin 3,5,7,4′,5′-OH; 3′-OMe
eonidin 3,5,7,4′-OH; 3′-OMe
alvidin 3,5,7,4′-OH; 3′,5′-OMe
During analysis, it is important to control the tempera
ince the rate of degradation of anthocyanins increas
emperature rises and is more accused at higher pH v
4–7].

Furthermore, luminous radiation accelerates the deg
ion of anthocyanins[7,8], acylated diglucosides being mo
table than monoglucosides[9].

The functions of the anthocyanins in plants are simila
he general functions of all flavonoids: antioxidant functio
hotoprotectors, defence mechanisms, and other ecol

unctions (symbiotic phenomena). Since they give colou
ifferent parts of plants, they also play an interesting ro
eproductive mechanisms: found in flowers, they serve t
ract pollinators and in seeds and fruits to attract seed dis
nators. It has also been observed that cyanide-3-gluc
nhibits larval growth in tobacco worms (Heliothis viriscens)
nd thus, anthocyanins may be considered agents of b

cal control[10].
In the last decades there has been considerable inte

he chemistry of the anthocyanins, since, on the one h
heir use as a possible alternative to artificial food color
as been posited, and, on the other, it seems they p
found in fruits and vegetables (Table 1). They are: pelargoni-
din, cyanidin, peonidin, delphinidin, petunidin and mal-
vidin. These are based on the same 2-phenylbenzopyrilium
(flavylium) skeleton hydroxylated in 3, 5, and 7 positions,
and differing in the number and position of hydroxyl and
methoxyl groups in the B-ring. Derived from these antho-
cyanidins, a wide range of anthocyanins exist which differ in

of their flavylium nuclei. Anthocyanin stability increase
with the number of methoxyls in the B ring and decreas
as hydroxyls increase. Thus, among the most common
thocyaninidins, the most stable is malvidin, followed b
peonidin, petunidin, cyanidin and delphinidin. In gener
anthocyanins are more stable at an acid pH. Glycosyla
and acylation of the sugars also increases stability and, th
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bio-active properties. The consumption of foodstuffs rich in
anthocyanins has been associated with an increase in visual
acuteness[11], anti-oxidant capacity[12–21], vasoprotective
and anti-inflammatory effects[22], inhibition of platelet ag-
gregation[23], etc.

The blue, red and purple varieties of some cereals are
drawing the attention of scientists and the food industry, since
they are potential sources for the obtention of extracts rich in
anthocyanins. These compounds are found in some cereals,
such as in purple corn, in such quantities as to make the obten-
tion and commercialisation of the extracts viable, moreover,
the fact that they are frequently located in external tissues of
the plant greatly facilitates their production.

In spite of that, for some cereals, the anthocyanic compo-
sition is still not well established, neither in relation to some
of their components nor from the quantitative viewpoint. At
present, a rapid advance is taking place favoured by the de-
velopment of more precise and selective analysis techniques,
such as diode array spectroscopy and mass spectrometry (MS,
PDMS, MALDI) coupled or not to liquid chromatography,
which facilitate the detection and characterisation of pig-
ments. These techniques have, in recent years, permitted the
confirmation of the structure of some of the principal antho-
cyanins and the knowledge of the others present in lesser
proportion in the pigmented cereals.
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tion process is carried out in the presence of heat, artifacts
may be produced through esterification reactions with free
carboxylic groups, for example: in malonyl conjugate antho-
cyanins from maize[45].

When it is suspected that the extract could contain lipidic
material or liposoluble substances (waxes, chlorophylls, etc.),
these can be eliminated by washing the extract with an organic
solvent such as hexane. For this it is necessary to previously
incorporate water to the extract and eliminate the alcohol by
evaporation.

The selected techniques to carry out the isolation and
purification of the anthocyanins are the chromatographic
ones. Initially the techniques ofpaper chromatography(PC)
[46–49] or thin layer chromatography(TLC) [24,50], per-
mitted not only isolating, but also identifying, and quantify-
ing certain anthocyanins. At present, others, which achieve
greater efficacy and yield, are more used. Thus, column
chromatography (CC) techniques began to be used because
of the need to obtain pure compounds in sufficient quan-
tities for subsequent identification and characterization and
to be used as reference substances in qualitative and quan-
titative analyses. Many different chromatographic supports
have been tried, Amberlite GC-50[51], Amberlite XAD-
7 [52,53] Toyopearl [54], Sephadex[55,56], Polyamide
[57,58], polyvinylpirrolidone (PVP, Polyclar AT)[59–62]
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In this article, firstly, a review of the principal metho
f analysis of anthocyanins is made. This is followed b
eview of the most significant advances achieved in the
ears in the field of the identification and quantification
hese pigments in cereals. The present uses of the comm
xtracts of anthocyanins obtained from these sources a
erspectives for their use are also included.

. Analysis of anthocyanins

.1. Extraction and isolation

Extraction of anthocyanins is commonly carried out un
old conditions with methanol or ethanol containing a sm
mount of acid with the objective of obtaining the flavyli
ation form, which is red and stable in a highly acid med
24]. However, acid may cause partial hydrolysis of the
oieties in acylated anthocyanins, especially in anthocya
cylated with dicarboxylic acids such as malonic acid. Fo
xtraction of anthocyanins with the dicarboxylic substitu

ntact, the use of weak acids is advisable, such as ta
25,26]or citric acid[27–29].

Recently new techniques have been introduced for th
raction of phenolic compounds which can be used for
xtraction of anthocyanins, such as pressurized liquid
raction (PLE)[30] and supercritical fluid extraction (SF
31–44].

For use in food, it is preferable to use ethanol, as
ess toxic, even though it is less efficient in extraction

ore difficult to eliminate later. With ethanol, if the extra
l

nd resin mixtures[63–67]. In CC, the best resolution
chieved with reverse phase columns of the type Lichrop
PS[68] which offer a quick and efficient separation of
nthocyanins.

The technique of choice today ishigh performance liq
id chromatography(HPLC) [54,69,70], since it permits s
ultaneous separation, identification and quantificatio
nthocyanin compounds, without requiring excessive
ity in the extracts. Nevertheless, solid-phase extrac
SPE) on C18 cartridges or Sephadex is commonly u
or the initial purification of the crude anthocyanin extra
efore carrying out the HPLC method. The anthocya
re bound strongly to these adsorbents through thei
ubstituted hydroxyl groups and are separated from u
ated compounds by using a series of solvents of increa
olarity.

As it is well known, the anthocyanidins become more
ar as the number of hydroxyl groups in the B-ring ring
reases and more apolar as the number of methoxyl g
ncreases. Thus, the following order of elution for the

ost widespread anthocyanidins is observed[71]: delphini-
in → cyanidin→ petunidin→ pelargonidin→ peonidin

malvidin.
This same elution order is maintained for anthocya

earing identical sugar substituents. Sugar substitutio
reases the polarity and, therefore, anthocyanins elu
horter retention times than their parent anthocyanidins

nfluence of the sugar moieties on the polarity varies dep
ng on the type of sugars and their position of substitu

hen considering the more usual 3-glycoside derivat
he elution observed for anthocyanins derived from the s
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anthocyanidin is as follows[71]:

Monosaccharides:galactoside→ glucoside→ arabin-
oside→ xyloside→ rhamnoside.

Disaccharides:sophoroside→ sambubioside→ rutin-
oside.

The anthocyanins may also bear additional sugar moieties,
usually attached to their 5, 7 or 3′ position. In general, the
introduction of a second sugar moiety in the anthocyanin
molecule increases the polarity, and, thus, for instance, 3,5-
diglucosides elute before the corresponding 3-glucosides. It
has also been indicated that the increase of polarity is greater
in the case of 3,5-derivatives than in that of 3,7-derivatives
bearing identical sugars[72]. On the other hand, disaccha-
ride moieties in position 3 increase the polarity less than
the presence of same two monosaccharides in 3,5-positions
[71].

Acylation of the sugar moieties of the anthocyanins in-
volves a loss of polarity that is reflected in an increase of the
retention time. The extent of this polarity decrease depends
on the type of acyl substituent. For the most usual aliphatic
acids’ residues, the elution order would be as follows: malic
→ acetic→ malonic→ succinic.

High-speed countercurrent chromatography(HSCCC)
and high-performance centrifugal partition chromatogra-
p and
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ence of methoxyl groups on the B ring provokes a certain
movement of colour toward the red zone, lending, at the
same time, greater stability to the molecule. Also, delphni-
din, petunidin and cyanidin, unlike malvidin and peonidin
undergo bathochromic shift in the presence of AlCl3, a fact
that has been used occasionally as criterion for differentiating
between them.

Glycosylation produces a displacement of the absorp-
tion maximum in the visible region of some 10 nm toward
lower wavelengths, in relation to the corresponding aglycon
and, at the same time, decreases the molar absorption coeffi-
cient. Diglycoside anthocyanins present absorption maxima
toward lower wavelengths than the corresponding monogly-
cosides and the presence of a shoulder in the visible region
at about 440 nm in the 3-monoglycosides is not seen in the
3,5-diglycosides.

The presence of acyl groups in the molecule may cause the
appearance of an additional maximum (or shoulder) in the UV
spectrum. Thus, sterification withp-coumaric acid increases
absorption approximately at 308–313 nm and with caffeic
acid at 326–329 nm. With aliphatic acids no modifications in
this range of the spectrum are produced.

The introduction of diode array detection systems (DAD)
and their utilisation jointly with HPLC opened new perspec-
tives for anthocyanin separation, identification and quan-
t line
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t site,
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hy (HPCPC) have been used recently for separating
urifying anthocyanins from plants and red wine[73–76].
s an all-liquid chromatographic technique, CCC use
olid support and allows complete recovery of the sam
ince no irreversible adsorption on active surfaces ca
ur [73]. Capillary electrophoresis(CE) is a relatively new
nalytical tool with excellent mass sensitivity, high res

ion, low sample consumption, and minimal generatio
olvent waste. Very few reports have appeared in the
rature on the application of capillary zone electropho
ethods (CZE) for separating anthocyanins[77–79]. In the

ase of anthocyanins, the applicability of this techniqu
imited, in part, by the fact that anthocyanins are not
le under alkaline conditions. This is why anthocyanins
eparated using an acidic running buffer[80]. The use o
icellar electrokinetic chromatography(MEKC) with SDS

olution in a phosphate buffer at pH 7.0, produced ex
ent results for separating anthocyanins from elderberry
81].

.2. Detection and identification

.2.1. UV–vis spectroscopy
Spectral properties are often very useful for charact

ng anthocyanins, especially for identifying the anthocy
in type[64,72,82–85]. Ring B functional groups may ha
ome influence on the wavelength of maximum absorpti
he visible, so the anthocyanins that possess two funct
roups in that cycle (cyanidin and peonidin) have abs

ion maxima 11 nm lower than those with three functio
roups (delphinidin, petunidin and malvidin)[15]. The pres
ification in that they made it possible to acquire on-
V–vis spectra during chromatographic analysis[64,72]. To-
ay, DAD is the usual technique used for analysing t
ompounds.

.2.2. Mass spectrometry
Mass spectrometry is a technique that permits anthoc

dentification thanks to determining the mass of the mol
ar ions in the sample and of the fragments from the rup
f these compounds through the application of higher

zation energies. The application of HPLC–DAD–MS us
lectrospray ionization (ESI) has facilitated the identifica
f the anthocyanins in numerous plant samples such a
xample, black carrots[86], grapes[87], strawberries[88],
orn cobs[45], red wines[89,90].

Anthocyanidins in their flavylium cation form are re
ively stable and do not have an easily broken linkage
onsequently, their spectra present anm/z signal which cor
esponds to a molecular ion with very little fragmentation
rovoke fragmentation, electrospray ionization in comb

ion with collision-induced dissociation (CID) and/or tand
ass spectrometry (MS–MS) are used.
In anthocyanins, the number and type of fragments for

ill vary depending on whether the substance is mono
oside, diglucoside, or bioside. With anthocyanins su
uted on position 3 with a single sugar, the ion mainly
ected will correspond to aglycon in addition to the p
t m/z of the molecular ion. In the case of a diglucos
ith sugars on positions 3 and 5, several ions will be

ected in the spectrum, the ion corresponding to agl
lone, the ions corresponding to anthocyanin substi
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on positions 3 and 5 and the anthocyanin molecular ion
[91,92].

If the two sugars are the same, only one signal appears,
apart from the molecular ion and the aglycon ion, so that
the elimination sequence cannot be characterized. In the case
of a 3-bioside, only one fragment will be formed, since the
glucosidic bond between the two sugar units does not usually
break. There is an exception, when the bioside on 3 is a rutin
derivative there will be a rupture in the glycosidic linkage
leading to an additional fragment corresponding to the loss
of the rhamnose. This 1–6 linkage between rhamnose and
glucose permits free rotation and greater accessibility of the
gas used in fragmentation[91]. In this type of compound, the
formation of an ion has also been observed due to loss of the
rhamnose terminal and of oxygen from the glucosidic bond.

In the case of acylated anthocyanins, there will not be any
breaking of the ester bonds and the sugar and acid will be lost
together.

Gas chromatography combined with mass spectrometry
have been used in some cases, though this proves to be a
difficult and costly application due to the structural lability of
the anthocyanins with regard to ionization techniques using
electronic impact, and due to the necessity of derivatizing
them[16,93,94].
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3. Occurrence in cereals

3.1. Maize

Purple corn is a pigmented variety ofZea maysL. cul-
tivated in Latin America, principally in Peru and Bolivia,
where the traditional drink “Chicha Morada”, to which ben-
eficial effects for health are attributed, is prepared cooking
the corn with pineapple and quincepeel, cinnamon and cloves
[102]. Purple maize is also used for the production of purple
tortilla chips and the extracts are used as food colorants.

In the plant, the anthocyanins appear in epidermal cells,
where it is believed they exercise, among others, a protective
function against UV-B radiation[103].

3.1.1. Identification of anthocyanins in purple corn
Maize is one of the cereals whose anthocyanic compo-

sition is better defined. In our laboratory[45], liquid chro-
matography coupled to diode array spectrometry and mass
spectrometry detection (LC–DAS–MS) was used to identify
the anthocyanins present in a commercial extract of purple
corn cob used as an additive in the food industry. Thus, in the
extract, which contained 34% of anthocyanins (expressed as
cyanidin-3-monoglucoside), nine anthocyanins were identi-
fied of which six were present in the original cob and three
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.2.3. Nuclear magnetic resonance
This technique has been used for identifying anthocya

nd it undoubtedly permits correct identification. The us
D and 2D1H and13C NMR spectroscopy with large sign
uppression methods enable reliable assignments for1H and
3C resonance signals of individual anthocyanins in CD3OD
95].

The NMR technique, in homo- and heteronuclear exp
ents, such as COSY, TOCSY, NOESY, HMQC and HM

s commonly used for identifying anthocyanins and t
erivatives in natural plant sources and in industrial prod
s well.

.2.4. Hydrolysis techniques
These techniques can serve as a complement t

ore modern methods of identification previously descri
hese consist of the performance of selective hydrolyse

ater identification of the resulting compounds. Thus,acid
ydrolysis, which is usually carried out in a concentrated
rochloric medium at boiling temperature, provokes the

ure of the heteroside linkages, leading to the appearan
he corresponding sugars and aglycones[69,96–99]. Aglycon
dentification may be carried out by HPLC[97] and sugar

ay be identified by classic paper, thin layer, or gas c
atography techniques.
Furthermore,alkaline hydrolysisprovokes the rupture o

he bonds between the anthocyanin heterosides and th
ating acids. The analysis of these last can be carried o
er solvent extraction by spectroscopic and chromatogra
echniques[83,96,100,101].
-

ere generated during the process of industrial extractio
ere identified as ethylmalonyl derivatives. A similar ev
as been indicated by Fossen et al.[104], since these au

hors, on identifying the anthocyanins present in flower
. mays, found that during the isolation and later storag

he anthocyanins in the RMN solvent, methyl esterifica
f the free acid function of the malonyl units of the pigme
as produced.
Previously, in maize, cyanidin-3-glucoside had b

dentified and various glycosides of cyanidin, pelargoni
eonidin and delphinidin insufficiently described[105–112].
he presence of cyanidin-3-galactoside in Peruvian d
eeded corn and in leaves of aZ. mayshybrid has bee
uggested [109–113]. Cyanidin-3-(6′′-malonylglucoside
nd cyanidin-3-dimalonylglucoside were identified in ma

eaves [111]. Nonetheless, the pattern of substitution
his diacylated anthocyanin was not determined. Rece
his dimalonylated anthocyanin, present in the flowers
eaves of maize, has been identified by homo and he
uclear two-dimensional NMR as cyanidin-3-(3′′,6′′-
imalonylglucoside)[104]. Later, Schwarz et al.[102] also
nalysed, by HSCCC, the commercial extract of corn
roving the presence of the anthocyanins previously
ated by de Pascual-Teresa et al. 2002[45] and contributed
oreover, the presence of trace quantities of dimalony
onoglucosides of cyanidin and peonidin. Recently,

esearch group has identified the compound correspond
he dimer formed by the condensation between a flavan
nd cyanidin-3,5-diglucoside[114].

In Fig. 2we show the chromatogram registered at 520
btained on injecting in HPLC a sample correspondin



134 M.T. Escribano-Bail´on et al. / J. Chromatogr. A 1054 (2004) 129–141

Fig. 2. HPLC chromatogram recorded at 520 nm corresponding to original
cob extract[45]. Peak identification inTable 2.

the original extract of cob corn and inTable 2the identity
of the pigments which have been identified together with
their chromatographic characteristics and molecular ions and
fragments found in MS and MS2.

The anthocyanins identified in flowers and leaves[104]
are shown inTable 3together with the percentage that each
of the anthocyanins represents. Both contain the same antho-
cyanins in very similar relative proportions. The derivatives
of cyanidin represent more than 90% in both parts of the
plant and only small quantities of peonidin derivatives were
detected. With regard to the acylated anthocyanins, they are
found in a high proportion, constituting more than 40% of
the total of anthocyanins.

In seeds of purple corn (Table 3), Aoki et al.[115] identi-
fied, by MS and1H, 13C NMR, the glucosylated derivatives
and the 3-(6′′-malonylglucoside) corresponding to cyanidin,
peonidin and pelargonidin. The relative content of deriva-
tives of acylated anthocyanins, around 40%, was similar to
that found in leaves and flowers and notably superior to that

Table 2
Identity, chromatographic characteristics and molecular ions and fragments

Peak Compound Rt [M]+ )

1 Dimera 14.0 899
2 Cyanidin-3-glucoside 28.8 44
3 Pelargonidin-3-glucoside 34.8 43

46
53
51
54
56
54

1 57

yanidi

T
I t in flow

P-G

F 2
L 2
S 11

C Cy-DM P-
M lucosi glucose;
P ide).

found in the commercial extract of cob corn. The proportion
of the derivatives of cyanidin was inferior to that in leaves and
flowers and similar to that found in the commercial extract
of cob corn, around 70%.

Regarding the total content of anthocyanin present in pur-
ple corn, it is notably high. It has been found that, for whole
purple corn, the content is 1642 mg/100 g in humid base and
1779 mg/100 g in dry base expressing the concentration in
mg of cyanidin-3-glucoside/100 g[116], which makes this
cereal a good source for the obtention of extracts rich in an-
thocyanins.

3.1.2. Utilisation of the anthocyanins of purple corn
3.1.2.1. Activity against plant pathogens. Aspergillus flavus
andAspergillus parasiticusare pathogens of food crops such
as maize. Some strains of these fungi produce aflatoxin B1,
a potent hepatotoxin and carcinogen. The contamination of
maize is still endemic in many regions and could affect pub-
lic health as well as causing important economic losses. Fur-
thermore, it appears that the anthocyanins are involved in
the resistance of the maize to diverse pathogens[117–119].
Given that the anthocyanins are present in kernels of some
maize lines, Norton[120] studied the possibility that the ker-
nel components or their precursors could inhibit the produc-
tion of aflatoxins, which would make it interesting to pose
t hich
c
t d that
b ority
a e and
c the
p

4 Peonidin-3-glucoside 37.2
5 Cyanidin-3-(6′′-malonylglucoside) 39.8
6 Pelargonidin-3-(6′′-malonylglucoside) 42.3
7 Peonidin-3-(6′′-malonylglucoside) 43.2
8 Cyanidin-3-(6′′-ethylmalonylglucoside) 47.7
9 Pelargonidin-3-(6′′-ethylmalonylglucoside) 48.9
0 Peonidin-3-(6′′-ethylmalonylglucoside) 49.5

a Dimer formed by direct condensation between a flavan-3-ol and c

able 3
dentification and relative abundance (%) of the anthocyanins presen

Cy-G Cy-MG Cy-DMG

lowers 49 26 17
eaves 48 26 16
eeds 44 23 3

y-G: cyanidin-3-glucoside; Cy-MG: cyanidin-3-(6′′-malonylglucoside);
G: peonidin-3-(6′′-malonylglucoside); P-DMG: peonidin-3-dimalonylg
l-G: pelargonidin-3-glucoside; Pl-MG: pelargonidin-3-(6′′-malonylglucos
found in a commercial extract of cob corn. Adapted from[45]

(amu) Fragments [M+ H]+ (amu) Relative abundance (%

737, 575, 423 1.8
9 287 54.3
3 271 6.1
3 301 14.7

5 449, 287 11.6
9 433, 271 3
9 463, 301 5.5
3 449, 287 2.6
7 433, 271 0.2
7 463, 301 0.1

n-3,5-diglucoside[114].

ers and leaves[104] and in seeds[115] of Zea mays

P-MG P-DMG Pl-G Pl-MG

t 1 n.d.
t 1 n.d.
6 n.d. 5 4

G: cyanidin-3-(3′′,6′′-dimalonylglucoside); P-G: peonidin-3-glucoside;
de, without determination of the bonds between the malonyl units and

he development of maize lines rich in anthocyanins w
ould be well resistant to infection byA. flavusor inhibit
he production of aflatoxins. These authors demonstrate
oth the glycosylated forms and the aglycons of the maj
nthocyanins present in maize, pelargonidin-3-glucosid
yanidin-3-glucoside, present a high inhibitory activity of
roduction of the toxin.
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3.1.2.2. Source of natural extracts of anthocyanins.Interest
in foodstuffs and extracts rich in anthocyanins has intensified
in recent times. On the one hand, there is a considerable de-
mand for food colorants from natural sources which can serve
as an alternative to the use of synthetic colorants, due both to
existing legal restrictions and the rejection by the consumer of
the use of synthetic additives. On the other, the anthocyanins
are potent anti-oxidants which could also have possible ben-
eficial effects for health[2,3,7–9,12,14,121]. Nevertheless,
they present an important limitation which has greatly re-
stricted their use in food systems: their relatively low stability
against some processes, formulations and storage conditions.
However, thanks to the stabilising effect of the intramolec-
ular copigmentation[122–124], polyglycosilated and poly-
acylated anthocyanins present greater stability against
changes of pH, thermal treatment and exposure to light
[125–128].

Among the highly pigmented plant products which have
been suggested as sources of anthocyanic colorants purple
corn (Z. mays) is included[13,99,110]. The presence of acyl
groups in the molecules of the anthocyanins which contain
them, together with the fact of the high concentration they
present, makes the extract of purple corn a good alternative
as a food colorant. The anthocyanins of purple corn have a
long history as colorants, since it seems they were already
u eral
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Table 4
Anthocyanin contents in pigmented rices[133]. Expressed as mg of antho-
cyanin/100 g of grain

Varieties Cyandin-3-
glucoside

Peonidin-3-
glucoside

Total Cyandin-3-
glucoside (%)

Suwon #415 470 23 493 95
Kilimheugmi 240 26 266 90
Suwon #425 206 40 246 84
Heugjinmi 200 32 232 86
Sanghaehyeolla 50 5 55 91
Hongmi 30 6 36 83
Suwon #405 16 4 20 80
Suwon #420 10 n.d. 10 100
Jawangdo 10 t 10 100

n.d.: not detected; t: traces.

phy and determined the content of anthocyanins. They found
that the content of total anthocyanins in the whole grain was
0.16% and of the aleurone layer 1.36%. This latter presents
85% of the total anthocyanins contained in the whole rice.

3.2.2. Perspectives
3.2.2.1. Utilisation of the anthocyanins present in pigmented
rices. As a consequence of the antioxidant activity and scav-
enging capacity of the anthocyanins, diverse authors have
proposed the utilisation of pigmented rices as an extra source
of anthocyanins in the diet and even as a potential source of
them in the elaboration of nutraceutical or functional food
formulations[135,136].

A recent study[138] shows that supplementation of
atherogenic diets with black rice reduces the oxidative stress,
thus the anthocyanins present could provide cardiovascular
protection. Hu et al.[136] investigated the capacity of the
anthocyanic extract of black rice to neutralise reactive ni-
trogen and oxygen species (free radicals) in model cell cul-
tures. These authors demonstrated that, as a consequence of
a marked antioxidant activity and a capacity to capture free
radicals in vitro, the pigmented fraction of black rice prevents
DNA scission and the deterioration of human LDL induced by
reactive oxygen species. The extract of black rice suppresses
the formation of nitric oxide in activated macrophage without
p

ice
a bet-
i itory
a of
r
(
J trains
f

3 ses.
P cts
f nted
r of
r of
1 a-
t ng,
tilised by Inca civilisations. At present there are sev
atents which describe preparations and processes of
ation for their use as colorants.

.2. Rice

Anthocyanins are found in red rice and black rice grai
usk. Coloured rice has been consumed traditionally in A
ountries where, what is more, the anthocyanin pigme
ontains are used as food colorants in the elaboration
oholic beverages[129].

.2.1. Identification of anthocyanins in rice
The principal anthocyanin in rice is cyanidin

lucoside, followed, in minor proportion by peonidin
lucoside[112,130–136]. Small quantities of other deriv

ives of cyanidin have also been found: cyanidin
entiobioside[134], cyanidin-3-rhamnoside, cyanidin-3
iglucoside and cyanidin-3-rhamnoglucoside[112,131]. In
ome crops malvidin-3-galactoside[131,137], peonidin-3
hamnoglucoside and a derivative of delphinidin[112,131]
ave been described.

With regard to the total content of anthocyanins, it va
reatly according to the species. Ryu et al.[133] quanti-
ed the two principal anthocyanins present in 10 black
rops: Jawangdo, Sanghaehyeolla, Hongmi, Heugjinmi
on #405, Suwon #415, Suwon #420, Suwon #425 and

mheugmi. InTable 4the contents for these anthocyan
ound in the varieties analysed are shown.

Recently, Hu et al.[136] isolated the pigmented fraction
n extract of black rice by Bio-Gel P-2 column chromato
roducing cell toxicity[136].
Morimitsu et al.[135] assayed the anthocyanins of r

s potential inhibitors of the formation of cataracts in dia
cs. They used rat lens organ culture and observed inhib
ctivity for lens opacity of extracts from different strains
ed rice and black rice. Of them, two strains,asamurasaki-2
AS2; Japanese black rice) andchikushi-akamochi-2 (CH2;
apanese red rice) were selected as potential inhibitory s
or rat lens opacity.

.2.2.2. Utilisation of varieties of rice resistant to disea
admavati et al.[139], observed that anthocyanic extra

rom the leaves and the pericarpium of a crop of pigme
ice inhibit the growth of one of the principal pathogens
ice,Xanthomonas oryzaepv. Oryzae, at a concentration
00�g disc−1. This fact led to the proposal of the utilis

ion of metabolic engineering with the objective of favouri
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Table 5
Content in anthocyanins (mg/100 g), in whole meal, flour and bran of Blue
wheat, Purple wheat and Red wheat[143,144]

Wheat product Blue wheat Purple wheat Red wheat

Whole meal 16 9 0.5
Flour 2 0.7 0.2
Bran 46 24 1

in the plant, determined biosynthetic routes, particularly the
routes of secondary metabolites which give rise to the syn-
thesis of molecules, such as anthocyanins, which serve as
chemical defence against the attack of pathogens.

3.3. Wheat (Triticum spp.)

3.3.1. Identification of anthocyanins in wheat
The anthocyanin composition of pigmented wheat is not

well characterised. Little is known about the identity of the
majority of the compounds present and those which are
known have been identified by comparison with standards.
According to our knowledge, for the moment, in wheat, the
presence of glucosides and rutinosides of cyanidin and peoni-
din has been indicated as well as acylated derivatives of them
[140,141]. The presence of cyanidin-3-gentiobioside[142]
has also been indicated.

Recently, Abdel-Aal and Hucl[143] studied the antho-
cyanic composition of blue aleurone spring wheat (Triticum
aestivumL. cv. Purendo 38), purple wheat (T. aestivumL. cv.
Konini) and red wheat (T. aestivumL. cv. Katepwa) during
three harvests. The average contents of anthocyanins found
in whole meal, flour and bran are shown inTable 5. The an-
thocyanins are found in noteworthy concentrations in purple
wheat and above all in blue wheat whole meals (16 mg/100 g)
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pigments in the wheat grain[143]. The purple pigments are
localised in the pericarpium (outer cover), whereas the blue
pigments are found in the aleurone layer[146].

3.4. Sorghum

As a response against situations of stress, such as fun-
gal infections, some plants produce phytoalexins[147–151].
At present, more than 300 phytoalexins have been identified
and characterised[149,152]. These compounds are secondary
metabolites which act as antimicrobials forming part of an
active defence mechanism which protects the plant from the
infection [152–154]. Since it was discovered that the phy-
toalexins served as factors of resistance in the defence of the
plants against microorganisms[155,156], diverse investiga-
tions have questioned when, where and how these compounds
are produced and act.

Few species of monocotyledons are capable of synthe-
sising phytoalexins, among them, sorghum (Sorghum bi-
color L.) produces pigmented phytoalexins after inoculation
with various fungi, both pathogenic and non-pathogenic
[147,150,157–162].

The phytoalexins of sorghum are 3-deoxyanthocyanidins,
an unusual type of anthocyanins which present a struc-
ture in which position 3 of the oxygen heterocycle of
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nd brans (46 mg/100 g)[144]. This fact leads to the thoug
f the possible utilisation of this last variety as a source

he commercial obtention of anthocyanins or for the el
ation of functional foods. On the contrary, as can be se
able 5, red wheat hardly contains anthocyanins.

These same authors separated, by HPLC, the anthocy
resent in the extracts corresponding to blue and p
heat. Cyanidin-3-glucoside was the principal one in
amples corresponding to purple wheat, whereas it wa
econd principal in samples of blue wheat, which seems
icate that each type of wheat has a characteristic anthoc
rofile. Regarding the principal anthocyanin present in
heat, at present it remains without having been identifi
Significant differences were found in the content of t

nthocyanins from one year to another, indicating that
ynthesis is influenced by environmental factors. In fa
as been demonstrated by diverse authors that deter
nvironmental factors, such as the quantity of UV-B rece
y the plant, alter the expression of defence genes g
ise, among other changes, to an increase in the syn
f anthocyanins[145]. The magnitude of the environmen
ffects was observed to be greater in purple wheat than in
heat, which was attributed to the different localisation o
he flavylium cation is not substituted. In lower plants
eoxyanthocyanidins have been found in musci[163] and
teridophytes[164,165]and in few species of higher plan
mong them inSorghumsp. Here, the 3-deoxyanthocyanid
eem only to be formed after fungal infection, accu
ating in cellular inclusions[147,166]which are presente
n vesicles derived, probably, from the ER-Golgi appar
147,166]and which are localised around the area of infec
n the cells which are under the fungal attack.

It appears that the host tissue can rapidly detect the
nce of the pathogen and as soon as the fungus beg
enetrate, the host initiates the defence. A rise in the ph
lanine ammonia-lyase (PAL) has been observed and th
umulation of PAL transcripts in response to infection wi
on-pathogen,Bipolaris maydis[167]. This enzyme is nec
ssary for the synthesis of phenols in general and particu
nthocyanins[168–172]and it has been frequently demo
trated that a rise in the level of its activity is produced
n early response of plants against pathogens[173–178]or
nvironmental stress[179–181]. In the tissues of sorghu
ffected by the infection, an accumulation of transcripts
odify chalcon synthase, a key enzyme in the synthes
avonoids, is observed[148,182–184]and an increase in th
ctivity of the enzyme[185].

Aguero et al.[186], observed that the concentration o
eoxyanthocyanidins of sorghum inoculated withCochliobo-
us heterotrophuspresents a accumulation curve with a m
mum rate between 10 and 32 h after the inoculation. T
ame authors demonstrated that the 3-deoxyanthocya
egin to be produced hours before what had been previ
ssumed[158]. The analyses carried out by HPLC show
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the presence of phytoalexins 4 h after the inoculation, which
confirms that the host can rapidly detect the presence of the
infecting agent.

With regard to the expression of the fungotoxicity, this
takes place when the compounds are released from the inclu-
sions[147,186]. It seems that these pigments are toxic for the
pathogens at concentrations of less than 10�M [158,159], al-
though they accumulate in the infected tissue at much higher
concentrations than those necessary to exercise fungotoxicity
[166]. This often makes these compounds toxic for the plant,
killing the cell that synthesised them at the same time as they
restrict the growth of the pathogen.

3.4.1. Identification of anthocyanins in sorghum
The induction of the formation of deoxyanthocyanidins in-

oculating fungal conidia in sorghum is a habitually used prac-
tice with the objective of obtaining sufficient quantities to al-
low them to be identified[159,160,187]. Once the compounds
are synthesised by the plant, their extraction is usually per-
formed incorporating the habitual solvents of anthocyanins,
methanol or ethanol, slightly acidified on occasions, to the
samples of tissue, the extraction being favoured if the contact
between the material and the solvent is maintained at low tem-
perature for 12–24 h[160,186,188,189]. Other authors[190],
due to the lesser polarity of the 3-deoxyanthocyanidins, pre-

fer extraction with chloroform, although they use other plant
sources.

Various authors have identified some components of the
phytoalexin complex from leaves and mesocotyls of in-
fected bicolour sorghum. The most utilised techniques in
the last years, with identification aims, are characterised by
their great sensitivity. Plasma desorption mass spectrometry
(PDMS), which has been used satisfactorily to analyse pheno-
lic compounds[187,191], has also been used for the identifi-
cation of phytoalexin deoxyanthocyanidins in sorghum plant
tissue[159,187,191–193]. Matrix-assisted laser desorption
ionization mass spectrometry (MALDI) permits the analysis
of very small quantities of compound in purified samples,
quantities between 5 and 15 pmol/�l, which makes this tech-
nique useful for the detection of these pigments in plant tis-
sues[160]. Furthermore, MALDI has the advantage that the
extracts can be analysed directly, previous purification being
unnecessary, whether by HPLC or liquid–liquid extraction,
which avoids the loss of sample during the pre-treatment.

The phytoalexin-3-deoxyanthocyanidins that have been
identified in sorghum up to the present are shown inFig. 3.
The principal compounds present in the plant are apigenidin
and luteolinidin[147,150,166,186,187,194–196], although if
the infection is severe a caffeic acid ester of arabinosyl-5-O-
apigenidin also accumulates[150,158,186,187]. Sugui et al.
Fig. 3. 3-Deoxyanthocyanidins identified in sorghum, substitu
tion pattern and molecular ion (m/z) recorded in positive mode.
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[160], using MALDI, found in the mass spectrum obtained for
extracts corresponding to etiolated sorghum seedlings which
had been inoculated with conidia of the fungusCochliobo-
lus heterostrophus, peaks atm/z255, 269, 271 and 285. Ions
which concord with the following deoxyanthocyanidins: api-
genidin, 7-methoxy apigenidin[186,196], luteolinidin and
5-methoxy luteolinidin[150,159].

Moreover, the distinction between derivatives of luteolin-
idin and apigenidin can also be made by bathochromic shift
analyses, since the derivatives of luteolinidin, after the addi-
tion of aluminium chloride, present a bathochromic shift of
10 nm as a consequence of a pattern of ortho dihydroxylation
[159,197]. Similarly, which hydroxyl group (OH-5 or OH-7)
of ring A of the deoxyanthocyanidin presents substitution can
be determined, since the addition of sodium acetate causes an
immediate bathochromic shift of approximately 70 nm when
the molecule of the compound presents a hydroxyl group
without substitution in position 7[159].

Concerning the non-phytoalexin anthocyanidins present
in sorghum, cyanidin-3-dimalonyl glucoside has been iden-
tified [160,189]and glycosides of cyanidin and pelargonidin
not characterised[112]. The synthesis of these pigments is
independent of the possible fungal infection of the plant, al-
though it has been observed that red light and UV-A induce
their formation[198].
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tion 3′, which is the result of the activity of a 3′-hydroxylase.
Moreover, the formation of methoxyluteolinidin requires the
O-methylation of luteolinidin, a process which generally oc-
curs in the last stage in biosynthetic routes[204]. The iso-
lation and characterisation of the genes involved in the syn-
thesis of the enzymes responsible could permit metabolic
engineering to manipulate the levels of these phytoalexins,
achieving a greater resistance of the plant to diseases[205].
The transference of determined genes involved in the syn-
thesis of phytoalexins could increase the resistance to some
fungal pathogens in transgenic plants[150].
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Alonso, M.T. Escribano-Bailón, J.C. Rivas-Gonzalo, C. Santos-
Buelga, Food Chem. (in revision).

[115] H. Aoki, N. Kuze, Y. Kato, Food Food Ingred. J. Jpn. 199 (2002)
41.

[116] B.A. Cevallos-Casals, L. Cisneros-Zevallos, J. Agric. Food Chem.
51 (2003) 3313.

[117] R. Hammerschmidt, R.L. Nicholson, Phytopathology 67 (1977)
251.

[118] J.M. Kraft, Phytopathology 67 (1977) 1057.
[119] R.L. Wilson, B.R. Wiseman, M.E. Snook, J. Econ. Entomol. 88

(1995) 755.
[120] R.A. Norton, J. Agric. Food Chem. 47 (1999) 1230.
[121] H. Kamei, T. Kojima, M. Hasegawa, T. Koide, T. Umeda, T.

Yukawa, K. Terabe, Cancer Invest. 13 (1995) 590.
[122] C. Malien-Aubert, O. Dangles, M.J. Amiot, J. Agric. Food Chem.

49 (2001) 170.
[123] T. Goto, Prog. Chem. Org. Nat. Prod. 52 (1987) 113.
[124] R. Brouillard, Phytochemistry 22 (1983) 1311.

119.

Iida,

. 81

siol.

d Sci.

995)

29.
hem.

, T.

m.

47.
33

em-

77.
81.

74.

i. 132

l. 30

[150] S.C. Lo, K. Verdier, R.L. Nicholson, Physiol. Mol. Plant Pathol.
55 (1999) 263.

[151] H.D. VanEtten, J.W. Mansfield, J.A. Bailey, E.E. Farmer, Plant
Cell. 6 (1994) 1191.

[152] R.J. Grayer, J.B. Harborne, Phytochemistry 37 (1994) 19.
[153] C.J. Smith, New Phytol. 132 (1996) 1.
[154] R.L. Nicholson, K.V. Wood, Physiol. Mol. Plant Pathol. 59 (2001)

63.
[155] K. Hahlbrock, D. Scheel, Annu. Rev. Plant Physiol. Plant Mol.

Biol. 40 (1989) 339.
[156] R.A. Dixon, C.J. Lamb, Annu. Rev. Plant Physiol. Plant Mol. Biol.

41 (1990) 339.
[157] R.L. Nicholson, F. Jamil, B.A. Snyder, W.L. Lue, J.D. Hipskind,

Physiol. Mol. Plant Pathol. 33 (1988) 271.
[158] J. Hipskind, R. Hanau, B. Leite, R.L. Nicholson, Physiol. Mol.

Plant Pathol. 36 (1990) 381.
[159] S.C. Lo, I. Weiergang, C. Bonham, J. Hipskind, K. Wood, R.L.

Nicholson, Physiol. Mol. Plant Pathol. 49 (1996) 21.
[160] J.A. Sugui, C. Bonham, S.C. Lo, K.V. Wood, R.L. Nicholson, Phy-

tochemistry 48 (1998) 1063.
[161] Y. Aida, S. Tamogami, O. Kodama, T. Tsukiboshi, Biosci. Biotech-

nol. Biochem. 60 (1996) 1495.
[162] C. Lo, C.R. Coolbaugh, R.L. Nicholson, Physiol. Mol. Plant Pathol.

61 (2002) 179.
[163] T. Iwashina, J. Plant Res. 113 (2000) 287.
[164] J.B. Harborne, Phytochemistry 5 (1966) 589.
[165] R.K. Crowden, S.J. Jarman, Phytochemistry 13 (1974) 1947.
[166] B.A. Snyder, B. Leite, J. Hipskind, L.G. Butler, R.L. Nicholson,

Physiol. Mol. Plant Pathol. 39 (1991) 463.
[167] W. Orczyk, J. Hipskind, E. Neergaard, P. Goldsbrough, Physiol.

Bil-

115

.A.

.P.
85)

ol.

ta

em.

Plant

ay-

ol.

ant

yto-

R.L.
[125] O. Dangles, N. Saito, R. Brouillard, Phytochemistry 34 (1993)
[126] F.J. Francis, Trends Food Sci. Technol. 3 (1992) 27.
[127] K. Murai, D. Wilkins, Food Technol. 44 (1990) 131.
[128] N. Saito, F. Tatsuzawa, K. Yoda, M. Yokoi, K. Kasahara, S.

A. Shigihara, T. Honda, Phytochemistry 40 (1995) 1283.
[129] K. Yoshinaga, K. Yakahashi, K. Yoshizawa, J. Brew. Soc. Jpn

(1986) 337.
[130] V.S. Reddy, K.V. Goud, P.R. Sharma, A.R. Reddy, Plant Phy

105 (1994) 1059.
[131] N. Terahara, N. Saigusa, R. Ohba, S. Ueda, J. Jpn. Soc. Foo

Technol. 41 (1994) 519.
[132] V.S. Reddy, S. Dash, A.R. Reddy, Theor. Appl. Gen. 91 (1

301.
[133] S.N. Ryu, S.Z. Park, C.T. Ho, J. Food Drug Anal. 6 (1998) 7
[134] T. Fossen, R. Slimestad, D.Ø. Ovstedal, Ø.M. Andersen, Bioc

Syst. Ecol. 30 (2002) 855.
[135] Y. Morimitsu, K. Kubota, T. Tashiro, E. Hashizume, T. Kamiya

Osawa, Int. Congress Ser. 1245 (2002) 503.
[136] C. Hu, J. Zawistowski, W. Ling, D.D. Kitts, J. Agric. Food Che

51 (2003) 5271.
[137] I. Nagai, G. Suzushino, Y. Suzuki, Jpn. J. Breed. 10 (1960) 2
[138] M. Xia, W.H. Ling, J. Ma, D.D. Kitts, J. Zawistowski, J. Nutr. 1

(2003) 744.
[139] M. Padmavati, N. Sakthivel, K.V. Thara, A.R. Reddy, Phytoch

istry 46 (1997) 499.
[140] W. Dedio, R.D. Hill, L.E. Evans, Can. J. Plant Sci. 52 (1972) 9
[141] W. Dedio, R.D. Hill, L.E. Evans, Can. J. Plant Sci. 52 (1972) 9
[142] F. Vogel, La Recherche 9 (1970) 97.
[143] E.S.M. Abdel-Aal, P. Hucl, J. Agric. Food Chem. 51 (2003) 21
[144] E.S.M. Abdel-Aal, P. Hucl, Cereal Chem. 76 (1999) 350.
[145] P.K. Sharma, P. Anand, S. Sankhalkar, R. Shetye, Plant Sc

(1998) 21.
[146] A.C. Zeven, Euphytica 56 (1991) 243.
[147] B.A. Snyder, R.L. Nicholson, Science 248 (1990) 1637.
[148] R.L. Nicholson, R. Hammerschmidt, Annu. Rev. Phytopatho

(1992) 369.
[149] C.J. Smith, New Phytol. 132 (1996) 1.
Mol. Plant Pathol. 48 (1996) 55.
[168] N. Amrhein, Phytochemistry 18 (1979) 585.
[169] D. Heim, R.L. Nicholson, S.F. Pascholati, A.E. Hagerman, W.

lett, Phytopathology 73 (1983) 424.
[170] S.F. Pascholati, R.L. Nicholson, L.G. Butler, J. Phytopathol.

(1986) 165.
[171] S.O. Duke, A.W. Naylor, Plant Sci. Lett. 2 (1974) 289.
[172] S.O. Duke, A.W. Naylor, Physiol. Plant. 37 (1976) 62.
[173] J. Chappell, K. Hahlbrock, Nature 311 (1984) 76.
[174] G.P. Bolwell, J.N. Bell, C.L. Cramer, W. Schuch, C.J. Lamb, R

Dixon, Eur. J. Biochem. 149 (1985) 411.
[175] C.I. Cramer, J.N. Bell, T.B. Ryder, J.A. Bailey, W. Schuch, G

Bolwell, M.P. Robbins, R.A. Dixon, Lamb C.J., EMBO J. 4 (19
285.

[176] J.N. Bell, T.B. Ryder, V.P.M. Wingate, J.A. Bailey, C.J. Lamb, M
Cell. Biol. 6 (1986) 1615.

[177] M.A. Lawton, R.A. Dixon, C.J. Lamb, Biochim. Biophys. Ac
633 (1980) 162.

[178] W. Jahnen, K. Hahlbrock, Planta 173 (1988) 197.
[179] J. Schr̈oder, F. Kreuzaler, E. Schafer, K. Hahlbrock, J. Biol. Ch

254 (1979) 57.
[180] H. Hyodo, S. Fa Yang, Plant Physiol. 47 (1971) 765.
[181] H. Eckey-Kaltenbach, D. Ernst, W. Heller, H. Sandermann Jr.,

Physiol. 104 (1994) 67.
[182] J.A. Arias, R.A. Dixon, C.J. Lamb, Plant Cell. 5 (1993) 485.
[183] J.D. Hipskind, P.B. Goldsbrough, F. Urmeev, R.L. Nicholson, M

dica 41 (1996) 155.
[184] S.C. Lo, R.L. Nicholson, Plant Physiol. 116 (1998) 979.
[185] W.L. Lue, D. Kuhn, R.L. Nicholson, Physiol. Mol. Plant Path

35 (1989) 413.
[186] M.E. Aguero, A. Gevens, R.L. Nicholson, Physiol. Mol. Pl

Pathol. 61 (2002) 267.
[187] K.O. Wood, C.C. Bonham, J. Hipskind, R.L. Nicholson, Ph

chemistry 37 (1994) 557.
[188] S. Chopra, A. Gevens, C. Svabek, K.V. Wood, T. Peterson,

Nicholson, Physiol. Mol. Plant Pathol. 60 (2002) 321.
[189] P.S. Wharton, R.L. Nicholson, New Phytol. 145 (2000) 457.



M.T. Escribano-Bail´on et al. / J. Chromatogr. A 1054 (2004) 129–141 141

[190] B. Devia, G. Llabres, J. Wouters, L. Dupon, M.T. Escribano-Bailón,
S.C. de Pascual Teresa, L. Angenot, M. Tis, Phytochem. Anal. 13
(2002) 114.

[191] K.O. Wood, C.C. Bonham, J. Hipskind, R.L. Nicholson, Rapid
Commun. Mass Spectrom. (1993) 7.

[192] R.L. Nicholson, J. Hipskind, K. Wood, Polyphénol Actualit́es 12
(1994) 20.

[193] J. Hipskind, K. Wood, R.L. Nicholson, Physiol. Mol. Plant Pathol.
49 (1996) 247.

[194] W.K. Nip, E.E. Burns, Cereal Chem. 46 (1969) 490.
[195] W.K. Nip, E.E. Burns, Cereal Chem. 48 (1971) 74.
[196] E. Pale, M. Kouda-Bonafos, M. Nacro, M. Vanhaelen, R.
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