
pubs.acs.org/JAFCPublished on Web 01/15/2010© 2010 American Chemical Society

J. Agric. Food Chem. 2010, 58, 1371–1382 1371

DOI:10.1021/jf9024294

Oxidative Phenols in Forage Crops Containing Polyphenol
Oxidase Enzymes

IFAT PARVEEN,*,† MICHAEL D. THREADGILL,‡ JON M. MOORBY,† AND ANA WINTERS
†

†Institute of Biological, Environmental and Rural Sciences, Aberystwyth University, Gogerddan,
Aberystwyth SY23 3EB, U.K., and ‡Department of Pharmacy & Pharmacology, University of Bath,

Claverton Down, Bath BA2 7AY, U.K.

Polyphenol oxidases (PPOs) are copper-containing enzymes that catalyze oxidation of endogenous

monophenols to ortho-dihydroxyaryl compounds and of ortho-dihydroxyaryl compounds to ortho-

quinones. Subsequent nucleophilic addition reactions of phenols, amino acids, and proteins with

the electrophilic ortho-quinones form brown-, black-, or red-colored secondary products asso-

ciated with the undesired discolouration of fruit and vegetables. Several important forage plants

also exhibit significant PPO activity, and a link with improved efficiency of ruminant production has

been established. In ruminant animals, extensive degradation of forage proteins, following con-

sumption, can result in high rates of excretion of nitrogen, which contributes to point-source and

diffuse pollution. Reaction of quinones with forage proteins leads to the formation of protein-phenol

complexes that are resistant to proteolytic activity during ensilage and during rumen fermentation.

Thus, PPO in red clover (Trifolium pratense) has been shown to improve protein utilization by

ruminants. While PPO activity has been demonstrated in a number of forage crops, little work has

been carried out to identify substrates of PPO, knowledge of which would be beneficial for

characterizing this trait in these forages. In general, a wide range of 1,2-dihydroxyarenes can serve

as PPO substrates because these are readily oxidized because of the ortho positioning of the

hydroxy groups. Naturally occurring phenols isolated from forage crops with PPO activity are

reviewed. A large number of phenols, which may be directly or indirectly oxidized as a consequence

of PPO activity, have been identified in several forage grass, legume, cereal, and brassica species;

these include hydroxybenzoic acids, hydroxycinnamates, and flavonoids. In conclusion, a number of

compounds are known or postulated to enable PPO activity in important PPO-expressing forage

crops. Targeting the matching of these compounds with PPO activity would be a useful plant

breeding approach to improve the utilization of feed nitrogen by ruminant livestock and help reduce

the environmental impact of livestock agriculture in temperate countries.
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INTRODUCTION

Polyphenol oxidases (PPOs) are a group of enzymes that are
widely distributed in forage crops and fruit and vegetable
plants (1-4). Numerous studies have been devoted to PPOs
because they are responsible for browning of fresh fruit and
vegetable products, following bruising, cutting, or other treat-
ments causing cell damage (1,5).Moreover, enzymatic (PPO) and
nonenzymatic oxidation of phenolic compounds contribute to
quality loss in foods and beverages due to postharvest deteriora-
tion reactions which result in shortened shelf life and consequent
commercial losses (5-7). The importance of PPO activity in
forage crops for ruminant animal consumption has also received
attention because it has been associated with reductions in
proteolysis and lipolysis in forage (e.g., Trifolium pratense L.;

red clover) when consumed fresh (8) or when ensiled (9). Reduced
proteolysis of forage protein in the silo and in the rumen would
lead to a slower uptake of nonprotein nitrogen (NPN) from the
rumen, much of which is excreted and is ultimately lost as a
potential pollutant on livestock farms.

POLYPHENOLOXIDASEACTIVITYANDRUMINANTNUTRITION

PPOs (E.C.1.10.3.1), also termed catechol oxidases, catecho-
lases, diphenol oxidases, ortho-diphenolases, phenolases, and
tyrosinases, are enzymes containing a dinuclear copper center
that inserts molecular oxygen ortho to a hydroxy group in an
aromatic ring (monophenol oxidase activity) (2, 4-7, 10, 11).
This reaction is followed by the two-electron oxidation of the
ortho-dihydroxyphenol compounds to ortho-quinones with a
concomitant two-electron reduction of oxygen yielding one
molecule of water (10). Quinones are powerful oxidants and
strong electrophiles that undergo different reaction pathways,

*Corresponding author. Tel: þ44 (0) 1970 823207. Fax: þ44 (0)
1970 823245. E-mail: ifp@aber.ac.uk.



1372 J. Agric. Food Chem., Vol. 58, No. 3, 2010 Parveen et al.

resulting in the formation of intensely colored secondary pro-
ducts. Secondary reactions involving quinones include (i) oxida-
tion of substrates with lower redox potential, which can be
converted into other quinonoids by coupled oxidation, (ii)
nucleophilic addition reactions with amino acids and proteins,
and (iii) condensation and polymerization (1, 7). The formation
of brown-, black- or red-colored polymers is associated with the
undesired discolouration of fruit and vegetables (5). Several
factors determine the rate of enzymatic browning, including the
concentrations of active PPO and endogenous phenolic com-
pounds, pH, temperature, and the availability of molecular
oxygen (5, 13, 14). In ruminants, extensive degradation of
proteins in the rumen can result in increased absorption of
ammonia by the animal, which is largely excreted in the urine (15),
particularly in the absence of an adequate energy supply for
incorporation into microbial protein. This can lead to poor
retention of nitrogen and to increased risk of pollution. Reaction
of quinones with protein inhibits degradation of the protein, and
protein-phenol adducts are formed (3, 9, 16). PPO in red clover
has been shown to improve utilization of proteins by rumi-
nants (17). Following harvesting, red clover tends to brown
almost immediately (18, 19). In agricultural forages, the loss of
protein by proteolysis during ensilage of forage legumes is a
common and major problem (12, 17-19). It has been speculated
that the rate of proteolysis is greater in forage legumes than in
forage grasses (19). Previous studies have shown that, when
ensiled, red clover experiences significantly less degradation of
protein to NPN in comparison to that of forages such as alfalfa
(Medicago sativaL.) (19).More recent studies have demonstrated
lower levels of breakdown of protein during ensilage in red clover
and, moreover, high levels of the enzyme PPO were thought
to be responsible for this diminution (12, 17). In a recent study,
PPO was shown to decrease the hydrolysis of peptides in
crude plant extracts (17). The authors demonstrated a 5-fold
increase in the extent of proteolysis in leaves of red clover when
native ortho-diphenols were removed, which returned to initial
levels when an exogenous ortho-diphenol was added. This sug-
gested that the action of PPO enzyme on ortho-diphenol sub-
strates was crucial for postharvest inhibition of proteolysis (17).
Furthermore, it was shown that the endogenous PPO ortho-
diphenol substrates disappeared, concordant with the inhibition
of proteolysis.

CHEMICAL PROPERTIES AND REACTIONS OF PLANT

PHENOLS

Plant phenols are secondary metabolites that are synthesized
via complex nonreversible biosynthetic pathways (i.e., shikimate
and phenylpropanoid pathways) that are not present in animals
and often offer the plant protection against herbivory, microbial
pathogen invasion, invertebrate pests, and environmental stres-
ses. It is therefore not unexpected that such compounds may con-
fer antinutritional properties. Plant phenols havemultifunctional
properties, for example, they are reducing agents, hydrogen-
donating antioxidants, and quenchers of singlet oxygen. It is
these properties that account for the role of phenols in browning
reactions. The presence of the phenolic hydroxy group imparts an
acidic nature to phenol molecules and increases the aqueous
solubility of these compounds (20).

The reactive nature of the hydroxy-substituted cinnamic acids
is due to the presence of the acrylic acid group conjugatedwith the
aromatic ring which facilitates two-electron oxidation of the ring
hydroxy groups to the corresponding ortho-quinone. Interactions
occur between the π-electron ring and unpaired electrons on the
sp2-hybridized oxygen atom (20). This mesomeric effect results in

a decrease of electron density on the oxygen atom which in
turn pulls electrons from the hydroxy hydrogen atom with
subsequent loss of the hydrogen, leaving a negative charge on
the oxygen (20). This interaction gives this class of molecules
special properties, most notably the ability to generate free
radicals, which can be stabilized by ring delocalization, and
subsequently modifies radical-mediated oxidation processes (7).
The oxidation potential of the monocyclic phenolics is high-
est in the 2,4,5,-trihydroxy compounds and least among the
monophenols. Typically, a wide range of 1,2-dihydroxyarenes
(ortho-dihydroxyphenols) can potentially serve as PPO sub-
strates; these are readily oxidized because of the ortho position-
ing of the hydroxy groups (5). The nature of the side chain,
number of hydroxy groups, and their position on the benzene
ring have a major effect on their oxidation by PPOs (12). In
addition, these properties will determine the extent to which
these compounds maybe indirectly oxidized as a consequence
of reactions with PPO products. PPO substrate specificity is
dependent on plant species and isoform, and is generally much
higher for diphenols than monophenols. Potential PPO sub-
strates must accumulate to sufficient levels to be physiologically
significant.

FORAGE PLANT PHENOLS

Here, we consider compounds which may be directly or
indirectly oxidized as a result of PPO activity. The most probable
PPO substrates are the ortho-dihydroxyaryl compounds without
a high steric environment. Monohydroxyaryl compounds may
also be oxidized to ortho-dihydroxyaryl compounds; however, as
noted above this activity has not been demonstratedwith all plant
PPOs characterized to date. Enzymes from different plant species
generally exhibit distinct substrate specificities. Many PPOs are
capable of oxidizing smaller compounds, including hydroxyben-
zoic acids, hydroxycinnamic acids, and their derivatives. A
number of flavonoids have also been identified as the preferred
substrate in plant species. Phenols with greater antioxidant
properties may also have an important role in browning of forage
plant material via secondary reactions with PPO generated
quinones.

Hydroxybenzoic Acids. The family of hydroxybenzoic acids
or hydroxybenzoates are characterized by the core structure
C6-C1 (21-23) (Figure 1). In plants, they are formed primarily
by the shikimate pathway but can also be formed via the
phenylpropanoid pathway (23) and are found in high abundance
in forage plants. A large number of hydroxybenzoic acids, for
example, gallic, para-hydroxybenzoic, para-hydroxyphenylace-
tic, and protocatechuic acids, have been identified in kale,
sorghum, millet, and oat forages (24-26). In forage plants, these
compounds are also widely distributed as hydroxybenzoic acid
glycosides. Naturally occurring PPO substrates include gallic acid
and catechol (11).

Hydroxycinnamic Acids and Derivatives. The class of hydro-
xycinnamic acids, otherwise known as phenylpropanoids, is the
most widely distributed group of naturally occurring com-
pounds (21, 23), and a large number are recognized PPO
substrates. These compounds are characterized by the carbon
skeletonC6-C3 (Figures 1 and 2) (21,23). In higher plants, they are
found in high concentrations and consist of the basic acids
(in nature, the phenolic cinnamic acids usually occur in the trans
form), known as coumaric and caffeic acids (21-23,27,28). The
majority of these compounds in forage plants are in the form of
esters, the most common being 5-caffeoylquinic acid (5-CQA),
also known as chlorogenic acid (Figure 2). Where caffeoyl
esters are present in relatively high abundance, they may be
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considered themost likely endogenous PPO substrates in the forage.
Recently, a large number of cinnamoyl conjugates (Figure 3) have
been reported in cocksfoot (Dactylis glomerataL.) (29). Cinnamic
acids can also undergo esterification with glycerol, saturated long
chain alcohols, fatty diols, and fatty hydroxy acids (26, 30-34)
(Figure 4).

Besides forming hydroxycinnamate esters, plants are also able
to synthesize, albeit to a lesser degree, cinnamic acid amides
(cinnamamides). For example, para-coumaroylagmatine, in red
clover, is a common type of hydroxycinnamic acid amide, while
amides with aromatic amino acids, such as caffeoyl hydroxyphe-
nylalanine (caffeoyl DOPA) (also referred to as clovamide)

and para-coumaroyl DOPA (also found in red clover) are less
widely distributed in the plant kingdom (35, 36) (Figure 5).
Another subset of hydroxycinnamic acid amides is avenanthr-
amides (also termed N-cinnamoylanthranilates), which con-
sist of an anthranilic acid or hydroxyanthranilic acid connected
to a hydroxycinnamic acid through the amide bond (26)
(Figure 6). Caffeoyl DOPA is a recognized substrate of red clover
PPO (12).

Flavonoids. The flavonoids are based on the C6-C3-C6 skeleton
and consist of six major subgroups, flavones, flavonols, flavo-
nones, isoflavones, flavan-3-ols, and anthocyanidins (22,23,37),
depending on oxidation level and mode of cyclization. A number
of these compounds have been identified as PPO substrates. The
family of flavonoids is well documented, and the subgroups will
only be discussed briefly in this review. Figure 7 represents the
principal structures from the flavonoid group distributed in
forage plants (22, 23, 28). Flavonoid compounds are character-
ized by two phenyl cycles, designated A- and B-rings, linked by a
heterocycle, C ring (Figure 7). The B-ring in contrast with the
A-ring has been established as the most important site for
H-transfer. The oxidation potential of flavonoid compounds is
largely determined by the hydroxylation pattern on the B-ring,
with a catechol moiety (preferably at the 30- and 40-positions)
conferring a high degree of stability to the flavonoid phenoxy
radical. This is increased by a C2-C3 double bond and a hydroxyl
at position C3 (38, 39).

The family of flavonols or 3-hydroxyflavans is widely distrib-
uted in the plant kingdom (22, 23). The most common flavonols
in forage plants are myricetin, quercetin, and kaempferol; of
these, quercetin is reported to be the most widely distributed
(22, 23, 37) and has a wide range of biological activities in
mammals (40) (Figure 8). Generally, the flavonols are found as
O-glycosides, formed through substitution of a hydroxy group at
the 3-position of theC-ring, with substitutions also possible at the
5-, 7-, 40-, 30-, and 50-positions (23). The common glycosylated
structures include the 3-glucosides, 3-galactosides, 3-rhamno-
sides, and 3-glucuronides. It must be considered that linked
glycosides may cause steric hindrance to the PPO enzyme and
prevent enzyme-substrate binding.

Flavones are structurally related to flavonols, with the excep-
tion of the hydroxy group at position 3 of the C-ring (22, 23).
These compounds are reported to be widely dispersed in angio-
sperms (23). Apigenin and luteolin are themost common flavones
in the plant kingdom (22, 23) (Figure 9). Flavones can undergo
many substitution reactions including hydroxylation, methyla-
tion, O- and C-alkylation, and glycosylation (23).

Flavanones are characterized by the presence of an asymmetric
chiral carbon atC2 (resulting in two possible optical isomers) and
the absence of a double bond in the C-ring (23, 41). In naturally
occurring flavanones, theC-ring is attached to theB-ring atC-2 in

Figure 1. Structures of hydroxybenzoic and hydroxycinnamic acids found
in forage crops.

Figure 2. Structures of hydroxycinnamate quinic esters found in forage
crops.

Figure 3. Structures of hydroxycinnamate esters found in forage crops.
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the R-configuration (23). Flavanones are formed from flavones
by reduction of the double bond in the central C-ring. These types
of compounds are highly reactive and readily undergo hydroxy-
lation, glycosylation, and O-methylation reactions. These com-
pounds are less widely dispersed, in comparison to that of the
flavones and flavonols. The main flavanone aglycones are nar-
ingenin and eriodictyol; these are structurally related to apigenin
and luteolin (23) (Figure 9).

Isoflavones are isomers of the flavones that are generally
characterized by attachment of the B-ring at the C-3 position of

the central heterocycle (22, 23). In higher plants, a large number
of isoflavones have been described, and many have been found
exclusively in the leguminous forages red clover and subterranean
clover (Trifolium subterraneum) (23, 42-44) (Figure 10). The
most common isoflavone compounds are daidzein, genistein,
formononetin, and biochanin A. These compounds are reported
to be weakly estrogenic (45) and hence are termed phyto-
estrogens.

Flavan-3-ols or catechins are possibly the most complex
subclass of the flavonoids, with structures ranging from the
simple monomers (þ)-catechin and its optical isomer (-)-epica-
techin, to the oligomeric and polymeric proanthocyanidins, also
termed condensed tannins (22, 23) (Figure 11). Several com-
pounds from this class are recognized PPO substrates in a number
of plant species. In the plant kingdom, these compounds are
usually distributed as aglycones and not the glycosylated
forms (20, 22, 23). The flavan-3-ols, proanthocyanidins, and
flavonones consist of a saturated C-ring system, which make
these compounds nonpolar (23). In flavan-3-ols, the two asym-
metric carbon centers atC-2 andC-3 produce fouroptical isomers
of which (þ)-catechin and (-)-epicatechin are most widely
distributed in nature. The differences in the configuration of
these compounds are thought to influence the compounds’
binding properties, whichmaybe important in enzyme-substrate
interactions (23). There are two types of proanthocyanidins (type-
A and type-B), both of which are formed from (þ)-catechin and
(-)-epicatechin units. In type B proanthocyanidins, oxidative
coupling occurs between the C-4 of the heterocycle and the C-6 or
C-8 positions of an adjacent unit to produce oligomers and
polymers, while type-A proanthocyanidins contain an additional
ether bond between C-2 and C-7 (23). Both catechin and
epicatechin have been demonstrated to be PPO substrates in
banana and litchi (or lychee) fruit, respectively, (46-48) while
procyanidin A2 has been identified as a substrate of PPO in
pericarp tissues of litchi fruit (49).

Anthocyanidin compounds are highly abundant in the plant
kingdom; in fruit and flower tissues, they contribute to red, blue,
and purple colors (20,23,41). These compounds protect plants by
absorbing light and are susceptible to oxidation because of their
oxidizable hydroxy groups in ring B (20, 23). Anthocyanidins
have the core structure 2-phenylbenzopyrilium (with the C in the
form of a pyrilium cation) or flavium and vary in extent of
hydroxylation and methoxylation of the B-ring (23). In nature,
the most common anthocyanidins are pelargonidin, cyanidin,
delphinidin, peonidin, petunidin, and malvidin, with cyanidin
being the most widely distributed (20, 23). In plant tissues, these
compounds do not occur as aglycones; they are usually dispersed
as glycosides, which are known as anthocyanins (Figure 12).With
the exception of apigeninidin and luteolinidin, the anthocyanins
carry the sugar residue in the 3-position. It is proposed that part of

Figure 4. Structures of hydroxycinnamate/caffeoyl fatty acid conjugates
(inlcuding saturated long chain alcohols, fatty diols, and fatty dihydroxy
acids) found in forage crops.

Figure 5. Structures of hydroxycinnamate amides found in forage crops.

Figure 6. Structures of avenanthramides found in forage crops.
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Figure 7. General structures of six major flavonoid subgroups: flavone, flavonol, flavanone, isoflavone, flavanol, and anthocyanidin.

Figure 8. Structures of flavonols found in forage crops.
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the browning process in litchi fruit involves PPO-catalyzed
oxidation of anthocyanidin (46, 47).

DISTRIBUTION AND CONCENTRATION OF PHENOLS IN

FORAGE PLANTS WITH PPO

The compositions of the polyphenolic compounds in forage
crops vary depending on the species, cultivar and genetics,
maturity, climate, and agricultural practices (7,20). Furthermore,

factors such as stability, biosynthesis, and degradation will
influence the level of these compounds in forage plants. There-
fore, the levels and ranges of these compounds may vary
considerably. Although the range of natural phenols in forage
crops is vast, only those that are potential PPO substrates will be
discussed in this review. Of the various classes, the C6-C1 (benzoic
acids), C6-C3-C6 (flavonoids, isoflavonoids, flavonoid glycosides,
and anthocyanins), and (C6-C3-C6)n (condensed tannins or
proanthocyanidins) are of major significance in forage plants.

Forage plants reported to have PPO enzymes include grasses,
tall fescue (Festuca arundinacea), meadow fescue (Festuca pra-
tense), timothy (Phleum pratense), perennial ryegrass (Lolium
perenne), Italian ryegrass (Lolium multiflorum), hybrid ryegrass
(Loliumperenne�multiflorum), and cocksfoot (or orchard grass);
legumes, red clover and white clover (Trifolium repens); cereal
grasses, pearl millet (Pennisetum glaucumsorghum (Sorghum
bicolour), wheat (Triticum spp.), barley (Hordeum vulgare), corn
(Zea mays), and oat (Avena sativa); and brassica forages, kale
(Brassica oleraceae) and turnip (Brassica rapa) (3, 8, 17, 50-58).

Forage Grasses. Studies conducted at the Institute of Biologi-
cal, Environmental and Rural Sciences (IBERS) at Aberystwyth
have shown 5-CQA to be the major component in several live-
stock forage grasses including timothy, meadow fescue, Italian,
and perennial and hybrid ryegrasses (50), and to be a minor
component of cocksfoot (29) (Table 1). Esterification of caffeic
acid can also occur to hydroxy groups at positions 1, 3, and 4 on

Figure 9. Structures of flavones and flavanones found in forage grasses.

Figure 10. Structures of isoflavones found in forage grasses.

Figure 11. Structures of flavan-3-ols found in forage grasses.

Figure 12. Structures of anthocyanidins and anthocyanins found in forage
crops.
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Table 1. Sources of PPO Substrates in Forage Plants

source PPO substrates

Forage Grasses

tall fescue (Festuca arundinacea) hydroxycinnamates: 5-caffeoylquinic acid

meadow fescue (Festuca pratense) hydroxycinnamates: 3-caffeoylquinic acid; 4-caffeoylquinic acid; 5-caffeoylquinic acid

timothy hydroxycinnamates: 4-caffeoylquinic acid; 5-caffeoylquinic acid

perennial ryegrass (Lolium perenne) hydroxycinnamates: 3-caffeoylquinic acid; 4-caffeoylquinic acid; 5-caffeoylquinic acid

Italian ryegrass (Lolium multiflorum) hydroxycinnamates: 3-caffeoylquinic acid; 4-caffeoylquinic acid; 5-caffeoylquinic acid

hybrid ryegrass (Lolium perenne

x Lolium multiflorum)

hydroxycinnamates: 5-caffeoylquinic acid

cocksfoot (Dactylis glomerata) hydroxycinnamates: 3-caffeoylquinic acid; 4-caffeoylquinic acid; 5-caffeoylquinic acid; 2-O-caffeoylisocitric acid; 2-O-

caffeoylisocitric acid 6-methyl ester; 2-O-caffeoylthreonic acid; 2-O-caffeoylhydroxycitric acid

Forage Legumes

red clover (Trifolium pratense) hydroxycinnamates: 2-O-caffeoylmalic acid; caffeoyl DOPA; para-coumaroyl DOPA; caffeoyltyrosine; para-coumaroyltyrosine;

flavonols: kaempferol; quercetin; quercetin-3-O-β-D-glucoside; quercetin-3-O-β-D-glucoside-60 0-O-malonate; quercetin-3-O-β-
D-galactoside; 3-methylquercetin; 3-methylquercetin-7-O-β-D-glucoside; 3-methoxyquercetin-7-O-β-D-glucoside-60 0-O-
malonate;

flavones: apigenin; apigenin-7-O-β-D-glucoside; luteolin; luteolin-7-O-β-D-glucoside
isoflavones: daidzein; daidzein-7-O-β-D-glucoside; genistein; genistein-7-O-β-D-glucoside; genistein-7-O-β-D-glucoside-60 0-O-
malonate; glycitein;glycitein-7-O-β-D-glucoside, prunetin

white clover (Trifolium repens) flavonols: kaempferol; kaempferol-3-O-β-D-galactopyranoside; kaempferol-3-O-(60 0-acetyl)-β-D-galactopyranoside; myricetin-
3-O-β-D-galactopyranoside; myricetin-3-O-(60 0-acetyl)-β-D-galactopyranoside; quercetin; quercetin-3-O-glucoside; querce-
tin-3-O-β-D-galactopyranoside; quercetin-3-O-(60 0-acetyl)-β-D-galactopyranoside

isoflavones: daidzein; genistein

tannins: epigallocatechin; gallocatechin; gallocatechin-(4R-8)-epigallocatechin

Cereal Grasses

pear millet (Penninsetum glaucum) hydroxycinnamic acids: cinnamic acid; para-coumaric acid; para-hydroxybenzoic acid; protocatechuic acid

foxtail millet (Setaria italica) flavones: lucenin-1; glucosylorientin; isoorientin; orientin; saponarin; violanthin; glucosylvitexin; isovitexin; vitexin

finger millet (Eleusine coracana)

proso millet (Panicum miliaceum)

sorghum (Sorghum bicolour) hydroxybenzoic acids: para-hydroxybenzoic acid; protocatechuic acid

Johnson grass (Sorghum halepense) hydroxycinnamic acids: caffeic acid; para-coumaric acid

jowar (Sorghum vulgare) flavonols: kaempferol-3-rutinoside-7-glucuronide; taxifolin

flavones: apigenin

flavonones: eriodictyol; luteolin; naringenin

flavanals: apiforol; luteoforol

anthocyanidins: apigeninidin; apigeninidin-5-glucoside; 7-methoxylapigeninidin-5-glucoside; luteolidin; luteolidin-5-glucoside;

5-methoxyluteolinidin-7-glucoside; 7-methoxyluteolinidin

wheat (Triticum spp.) hydroxybenzoic acids: para-hydroxybenzoic acid

hydroxycinnamic acids: caffeic acid

flavones: apigenin

anthocyanins: cyanidin-3-galactoside; cyanidin-3-glucoside; pelargornidin-3-glucoside

barley (Hordeum vulgare) hydroxycinnamates: N-4-coumaroylputrescine; para-coumaroylagmatine

maize (Zea mays) hydroxycinnamates: 2-O-caffeoylhydroxycitric acid; 2-O-coumaroylhydroxycitric acid; para-coumaroyltyramine;

oat (Avena sativa) hydroxybenzoic acids: gallic acid; para-hydroxybenzoic acid; para-hydroxyphenylacetic acid; protocatechuic acid

hydroxycinnamic acids: caffeic acid; para-coumaric acid

hydroxycinnamates: n-hexacosylcaffeate; n-octacosylcaffeate; 26-O-caffeoyl-26-hydroxyhexacosanoic acid; 28-O-caffeoyl-

28-hydroxyoctacosanoic acid; hexacosane-1,26-diol dicaffeate; 1-O-caffeoyl-26-feruloylhexacosane diol

avenanthramides: N-(40-hydroxycinnamoyl)-5-hydroxyanthranilic acid; N-(40-hydroxy-30-methoxycinnamoyl)-5-hydroxyan-
thranilic acid; N-(30,40-dihydroxycinnamoyl)-5-hydroxyanthranilic acid; N-(40-hydroxycinnamoyl)-anthranilic acid; N-(30,40-
dihydroxycinnamoyl)-anthranilic acid; N-(40-hydroxycinnamoyl)-4-hydroxyanthranilic acid; N-(30,40-dihydroxycinnamoyl)-4-
hydroxyanthranilic acid

avenalumic acids: avenalumic acid; 3-hydroxyavenalumic acid; 3-methoxyavenalumic acid

flavonols: kaempferol; kaempferol-3-O-rutinoside; quercetin; quercetin-3-O-rutinoside

flavones: apigenin; apigenin-6-C-glucoside; apigenin-8-C-glucoside; luteolin; isoorientin-20 0-arabinoside; isoswertisin-

20 0-rhamnoside; isovitexin-20 0-arabinoside; vitexin-20 0-rhamnoside

Brassica Forages

kale (Brassica oleraceae L. var. acephala DC.) hydroxybenzoic acids: gallic acid; para-hydroxybenzoic acid; protocatechuic acid

hydroxycinnamic acids: caffeic acid; para-coumaric acid

hydroxycinnamates: para-coumaroylquinic acid



1378 J. Agric. Food Chem., Vol. 58, No. 3, 2010 Parveen et al.

quinic acid to yield 1-caffeoyl (1-CQA), 3-caffeoyl- (3-CQA), and
4-caffeoylquinic acid (4-CQA). To date, 1-CQA has not been
identified in forage plants. Small quantities of 3-CQAand 4-CQA
were detected inmeadow fescue and cocksfoot, while 4-CQAwas
found as the minor component in timothy. In Italian ryegrass,
3-CQA was present in relatively high concentrations (50%
abundance relative to 5-CQA acid), but only small quantities
were detected in perennial ryegrass. In both of these ryegrasses,
4-CQA was present in only trace quantities. Not surprisingly,
PPO activity was reported in temperate grass species, with
particularly high activities of the enzyme found in cocksfoot
and Italian, perennial and hybrid ryegrasses, while low levels were
detected in tall fescue and timothy (3).

Recently in our laboratory, we identified a major hydroxycin-
namate ester present in cocksfoot leaf tissue, 2-O-caffeoylisocitric
acid, and its 6-methyl ester (29) (Table 1). Furthermore, 2-O-
caffeoylthreonic acid (and diastereoisomer) and 2-O-caffeoyl-
hydroxycitric acid were also detected in cocksfoot grass. Typical
relative abundance of cinnamate esters in crude grass extracts on
a molar basis were 3-CQA (2%), 4-CQA (0.7%), 5-CQA (1.1%),
2-O-caffeoylisocitric acid (39.5%), 2-O-caffeoylisocitric acid
6-methyl ester (38.6%), 2-O-caffeoylthreonic acid (6.3%), its
diasteroisomer (1.7%), and 2-O-caffeoylhydroxycitric (9.6%).
2-O-Caffeoylisocitric acid 6-methyl ester was also found in trace
quantities in timothy grass. PPO enzyme isolated from cocksfoot
grass showed a high affinity for 2-O-caffeoylisocitric acid and the
methyl ester, and a high rate of activity with chlorogenic acid.We
have also shown that 2-O-caffeoylthreonic acid and 2-O-caffeoyl-
hydroxycitric acid are substrates of PPO (29).

Very few flavonoids have been detected in forage grasses;
nevertheless, in leaf extracts of subtropical cocksfoot species,
mono-C- and di-C-glycosides of luteolin and di-C-glycosides of
apigenin are reported to be abundant (59).

Forage Legumes. Red clover (also known as meadow clover,
purple clover, and cow clover) is an important forage legume that
is grown throughout the world as feed for sheep and cattle (60).
Red clover is native to Europe, western Asia, and northwest
Africa and has been planted and naturalized in many regions
of the world, including the Americas and Australasia.
Several studies have found 2-O-caffeoylmalic acid (also referred
to as phaselic acid) and trans-clovamide to be the major PPO
substrates in the leaves and stems of red clover (12, 17, 61)
(Table 1). The abundance of phaselic acid in red clover leaves is
reported to be equivalent to 5-20 μmol of caffeic acid g-1

FW (12, 17). Trans-clovamide is observed at much lower

concentrations, with values reported to be equivalent to 1-
4 μmol of caffeic acid g-1 FW.

Diverse stimuli, such as wounding and elicitor treatments
(chitooligosaccharides and jasmonic acid (JA)), have been shown
to induce accumulation of hydroxycinnamic acid amides in red
clover (36). Treatment with JA induced several of these com-
pounds including clovamide, para-coumaroyl DOPA, caffeoyl-
tyrosine, and para-coumaroyltyrosine. Clovamide was present in
the highest concentrations, while the remaining three compounds
were present in only minor quantities (36).

Recently, Lin et al. (42) detected a large number of flavonoids
and their glycoside malonates from the flowers and leaves of red
clover by liquid chromatography-electrospray ionization mass
spectrometry (ESI-MS) (Table 1). Concentrations of daidzein
and genistein were reported to be the highest in the leaves of red
clover, while lower levels were detected in the stems and
petioles (42-45). These compounds have also been identified in
subterranean clover (43).At IBERS,we have shown that daidzein
and genistein are not substrates of the PPO enzyme isolated from
red clover (unpublished data); however, this does not necessarily
imply that these compounds are not substrates of other PPO
isoenzymes.

In New Zealand, the most common pasture for ruminant
(cattle and sheep) grazing consists of a mixture of both perennial
ryegrass and white clover (62). White clover is a highly nutritive
legume native to Europe, North Africa, West Asia, and North
America (60). In contrast to red clover, white clover contains low
levels of PPO, which is in the latent form and is not activated
during ensilage or grazing (63). Several studies have detected
condensed tannins and proanthocyanidins in the flowers of white
clover and in trace amounts in leaf trichomes (62, 64-67)
(Table 1). Recently, Foo et al. (67) detected a number of flavonoid
glycoside derivatives in the flower extracts. Quercetin 3-O-(60 0-
acetyl)-β-D-galactopyranoside was found to be the most abun-
dant in the flower extract, while kaempferol 3-O-(600-acetyl)-β-D-
galactopyranoside was present in smaller concentrations (67).
Furthermore, the condensed tannins, gallocatechin, epigalloca-
techin, gallocatechin-(4R-8)-epigallocatechin, and the corres-
ponding prodelphinidin polymers were also detected. Other
compounds isolated from white clover include members of the
flavonol and isoflavone classes (65, 66). High levels of soluble
hydroxycinnamates have been observed in white clover leaf
extracts in our laboratory (unpublished work); however, these
compounds have not been identified. These compounds are the
most likely substrates of white clover PPO.

Table 1. Continued

source PPO substrates

flavonols: kaempferol-3-O-glucoside; kaempferol-3,7-O-diglucoside; kaempferol-3-O-tetraglucoside-7-O-sophoroside;

kaempferol-3-O-sophoroside-7-O-glucoside; kaempferol-3-O-(feruloyl/caffeoyl)-sophoroside-7-O-glucoside; kaempfe-

rol-3-O-(methoxycaffeoyl/caffeoyl)-sophoroside-7-O-glucoside; kaempferol-3-O-(sinapoyl/caffeoyl)-sophoroside-7-O-glucoside;

kaempferol-3-O-sophoroside; kaempferol-3-O-(feruloyl)-sophoroside; kaempferol-3-O-(sinapoyl)-sophoroside; kaempferol-3-O-

sophoroside-7-O-sophoroside; kaempferol-3-O-sophotrioside; kaempferol-3-O-sophotrioside-7-O-glucoside; kaempferol-3-O-

sophotrioside-7-O-sophoroside

turnip (Brassica rapa var. rapa L.) hydroxycinnamic acids: caffeic acid

hydroxycinnamates: para-coumaroylquinic acid; caffeoyl malate; coumaroyl malate

flavonols: kaempferol; kaempferol-3-O-glucoside; kaempferol-3,7-O-diglucoside; kaempferol-3-O-glucoside-7-O-sophoroside;

kaempferol-3-O-(caffeoyl)-sophotrioside-7-O-sophoroside; kaempferol-3-O-(methoxycaffeoyl)-sophotrioside-7-O-

glucoside; kaempferol-3-O-(coumaroyl)-sophotrioside-7-O-sophoroside; kaempferol-3-O-(feruloyl/caffeoyl)-sophoroside-

7-O-glucoside; kaempferol-3-O-(feruloyl)-sophoroside; kaempferol-3-O-(feruloyl)-sophotrioside-7-O-sophoroside;

kaempferol-3-O-(sinapoyl)-sophotrioside-7-O-glucoside; kaempferol-3-O-sophoroside; kaempferol-3-O-sophoroside-

7-O-sophoroside; quercetin; quercetin-3-O-glucoside; quercetin-3-O-sophoroside; quercetin-3-p-(coumaroyl)-sophoroside-

7-O-glucoside; quercetin-3-O-(diferuloyl)-sophoroside-7-O-glucosidequercetin-3-O-(feruloyl)-sophotrioside-7-O-

glucoside; quercetin-3-O-(sinapoyl)-sophotrioside-7-O-glucoside
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Forage Cereals. Forage cereals provide a valuable source
of ruminant feed, particularly for housed animalswhen the forage
is conserved and fed out as a whole-crop silage. Whole-crop
silages of corn, wheat, barley, triticale, oats, sorghum, and millet
are commonly produced in different parts of the world. The
occurrence of PPOs in wheat, sorghum, and millet has previously
been reported (51-53). Hydroxybenzoic acid was relatively
abundant in wheat bran extracts (68). Caffeic acid was detected
in wheat ears, after exposure to fungal infection (69). Seven
phenolic acids were identified in the free form in extracts of
sorghum kernels (70). para-Coumaric acid was the major phe-
nolic acid observed in millet (25). Lesser amounts of protocate-
chuic acid, para-hydroxybenzoic acid, and caffeic acid were also
reported.

Hu et al. (71) characterized the flavonoid content of dark blue-
grained wheat. Cyanidin-3-glucoside was the predominant an-
thocyanin, and cyanidin-3-galactoside and pelargornidin-3-glu-
coside were also detected. Diglycosyl apigenins were identified in
wheat bran from four varieties of wheat (68). Anthocyanidins are
themajor class of flavonoids identified in sorghum (25). These are
classified as 3-deoxyanthocyanins because of the absence of a
hydroxy group in the 3-position of the C-ring. This feature
increases their stability at high pH compared to that of common
anthocyanins. Highest levels are observed in sorghums with a
black pericarp. Flavan-4-ol compounds such as apiforol have
been detected in red pericarp sorghums. The only class of
flavonoids reported in millets are flavones (Table 1), and several
glycosyl flavones have also been identified including glucosylvi-
texin and glucosylorientin. Ozawa et al. (72) isolated cinnamate
esters, including 2-O-caffeoylhydroxycitric acid and 2-O-coumar-
oylhydroxycitric acid, in the whole corn plant. 2-O-Caffeoyl-
hydroxycitric acid has previously been shown to be a substrate of
the cocksfoot PPO enzyme (see above).

Oats have a high content of phenolic compounds and are used
widely as livestock feed, both as awhole-crop silage and as a grain
or groat (26, 73). Hydroxycinnamates (hydroxycinnamic acids
and cinnamate esters) are the most abundant antioxidants in oat,
while flavonoids are reported to be present in small quantities
(26,74-79). The phenolic acids which may be considered as PPO
substrates consisted of hydroxybenzoic acids and hydroxycin-
namic acids; the former include para-hydroxybenzoic acid, para-
hydroxyphenylacetic acid, protocatechiuc acid, and gallic acid;
while the latter consist mainly of caffeic acid and para-coumaric
acid (26, 75). In a variety of plant tissues, relatively small
concentrations of hydroxycinnamic acids occur in the free form;
the largemajority exist as covalent conjugates. Trace quantities of
free para-coumaric acids were detected in aqueous ethanol (70%)
extracts of cv. Hinoat (75). Moreover, in oat grain meal, the
majority of para-coumaric and para-hydroxybenzoic acids were
derived from soluble esters (75). Sosulski et al. (78) reported that
8.7 mg kg-1 of total free phenolic acids were detected in the oat
flour extract, while soluble phenolic acid esters totalled 20.6 mg
kg-1. para-Hydroxyphenylacetic acid and protocatechuic ester
were detected in trace amounts in the oat extracts. Emmons
et al. (76) found caffeic acid (2.4 mg kg-1) as the major comp-
onent in the oat groats with para-coumaric acid (0.9 mg kg-1)
present in smaller quantities. In contrast, in oat hulls, para-
coumaric acid (9.7 mg kg-1) was detected in the highest concen-
trations, while caffeic acid (0.9 mg kg-1) and gallic acid (0.6 mg
kg-1) were minor components.

In plants, phenolic acids have also been shown to exist in the
form of esters in conjunction with glycerol, saturated long-chain
monoalcohols, fatty diols, and hydroxy acids (26, 30-34)
(Table 1). These may serve as PPO substrates, provided that the
phenolic portion is in a polar environment. Daniels et al. (32)

isolated and identified several of these compounds in oats
extracts, with hexacosyl caffeate and octacosyl caffeate existing
in a 3:1 ratio. Similarly, 26-O-caffeoyl-26-hydroxyhexacosanoic
acid and 28-O-caffeoyl-28-hydroxyoctacosanoic acid were found
in a 3:1 ratio. Daniels et al. (32) also reported the presence of a
mixture of diols, hexacosane-1,26-diol and octacosane-1,28-diol
(relative ratios 2:1), each of which was esterified by two caffeoyl
groups and by one caffeoyl and one feruloyl moiety.

The presence of hydroxy- and/or methoxy-substituted N-
cinnamoylanthranilates, or avenanthramides in oat groats and
hulls has been documented by several researchers (26, 79-82)
(Table 1). Avenanthramides are synthesized by condensation of
substituted anthranilic acids, i.e., 5-hydroxyanthranilic acid and
substituted cinnamoyl-CoA such as feruloyl-CoA (79). Concen-
trations of avenanthramides were found to vary among different
oat genotypes and their growing environment, with abundance of
N-(40-hydroxy-30-methoxycinnamoyl)-5-hydroxyanthranilic acid
(AV2) ranging from 40 to 132 mg kg-1 in 10 oat genotypes (81).
Quantitative studies conducted byDimberg et al. (79) on avenan-
thramides N-(40-hydroxycinnamoyl)-5-hydroxyanthranilic acid
(AV1), AV2, and N-(30,40-dihydroxycinnamoyl)-5-hydroxyan-
thranilic acid (AV3) in three cultivars (Mustang, Svea, andKapp)
showed concentrations in groats to be in the region 25-47 (AV1),
21-43 (AV2), and 28-62 mg kg-1 (AV3). Of the three culti-
vars, Mustang contained a significantly higher abundance of
AV1, AV2, and AV3 when compared to that of the other two
cultivars. Emmons et al. (76) also identified AV1 and AV2 in oat
groats and hulls. The authors reported concentrations of 54, 36,
and 52 mg kg-1 in oat groats and 25, 17, and 14 mg kg-1 in oat
hulls.

Small quantities of flavonoids have been reported in cereal
grains (26). The flavones apigenin and luteolin were identified in
oat flour, along with their glycosidic derivatives, apigenin-6-C-
glucoside and apigenin-8-C-glucoside. Furthermore, the flavo-
nols kaempferol and quercetin and their 3-O-rutinoside deriva-
tives, i.e., kaempferol-3-O-rutinoside and quercetin-3-O-rutino-
side, were also detected (26). Chopin et al. (83) identified vitexin
200-rhamnoside, isoswertisin 200-rhamnoside, isovitexin 20 0-arabi-
noside, and isoorientin 20 0-arabinoside have been identified in the
leaves, stems, and flowers of oats. More recently, vitexin-2-O-
rhamnoside was detected in leaves, stems, and panicles of oats,
with concentrations ranging from 0.04% to 0.18% (84).

Forage Brassicas.Kale is also widely used as a forage crop and
is cultivated in many regions of the world, particularly in the
Mediterranean, Southwestern Europe, and the U.K. (24). Kale
forages are adapted to awide range of climate conditions; they are
grown usually for summer-autumn-winter grazing in cool
temperate conditions and for winter-spring grazing in subtropi-
cal climates (85). The Brassicaceae family includes awide range of
horticultural crops; of these, turnip (Brassica rapa var. rapaL.) is
also used widely as a forage crop. Turnip grows well in cold
climates and can be stored several months after harvest (86-88).
Brassica species are reported to be good sources of natural
phenolic antioxidants, containing flavonoids, lignans, and con-
densed tannins (86) (Table 1). In kale leaves, potential PPO sub-
strates, including hydroxybenzoic acids (gallic, protocatechuic,
and para-hydroxybenzoic) and hydroxycinnamic acids (caffeic
and para-coumaric), were isolated and quantified by HPLC-
MS (24). Caffeic acid and para-hydroxybenzoic acid were found
to be among themost abundant free acids and soluble esters in kale
leaves, while smaller quantities were detected for para-coumaric
acid and protocatechuic acid. Gallic acid was present in trace
quantities. Of the soluble glycosides, caffeic acid derivatives were
present in the highest concentrations, while para-coumaric
acid derivatives were also detected in relatively abundant levels.
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The phenolic acids observed in the leaf extract were also observed
in kale seeds. In contrast to kale leaves, para-coumaric acid was
detected in appreciable levels. Caffeic and para-hydroxybenzoic
acids were detected in smaller quantities, while protocatechuic and
gallic acids were present in trace quantities. The ratios of total
hydroxybenzoic acids/total hydroxycinnamic acids in the leaves of
kale were 7:93, while in kale seeds, the ratio of abundance was
12:88, respectively (24).

In a study conducted by Sousa et al. (86), para-coumaroylqui-
nic acid (3-p-CoQA) and a large number of flavonoids were
identified in the flowers of kale (Table 1). Turnip contained
several phenolic acids and flavonoids distinct from those found
in kale (86). These compounds were detected in the leaves, stems,
and flowers of turnip (86, 87). In kale flowers, kaempferol-3-O-
sophoroside (2004 mg kg-1 dry matter (DM)) was the major
component and represented 21% of total phenols, while 3-para-
CoQA (166 mg kg-1 DM) and kaempferol-3-O-sophoroside-7-
O-glucoside (173 mg kg-1 DM) were the least abundant, with
each contributing to 2% of total phenols (86). Fernandes
et al. (87) also found that kaempferol-3-sophoroside-7-O-gluco-
side, kaempferol-3-O-feruloyl/caffeoyl-sophoroside-7-O-gluco-
side, was one of the major components in the flowers of turnip
and corresponded to approximately 15-17% of total phenols,
while 3-para-CoQA was found in minor quantities and repre-
sented 1%of the total phenols. A similar profile was observed for
the leaves and stems, with the major compounds each accounting
for about 13-20% of total phenolics, while the minor compo-
nents each contributed to less than 0.8%. Following treatment
with methyl jasmonate, in turnip leaves, coumaroyl malate,
caffeoyl malate, and chlorogenic acid were detected in trace
quantities (approximately 0.0004%) (88).

Turnip tops (Brassica rapa L. subsp. Sylvestris L.) also con-
tained a significant number of flavonoids (89) (Table 1). In
contrast to kale and turnip, this species also contained a large
number of quercetin flavonoids. Furthermore, the hydroxycin-
namic acids coumaric and caffeic were also identified. Quantita-
tive data indicated that the flavonoids were the most abundant
ranging from 102 to 139 mg/100 g, while hydroxycinnamic
derivatives were found in the range 5.8-52.5 mg/100 g. The most
abundant flavonoids among kaempferol and quercetin deriva-
tives were kaempferol-3-O-glucoside and quercetin-3-sinapoyl-
sophotrisoside-7-glucoside (89).

In summary, PPO activity in forage plant species offers a
potential mechanism for improving protein utilization by rumi-
nant livestock and limiting nitrogen losses to the environment. It
is evident from the literature that a broad range of phenolic
compounds accumulate in PPO-containing forage crops. This is
relevant to the role of PPO in ruminant nutrition as the extent of
browning is determined both by enzyme activity and phenol
composition. Oxidation of phenols can occur as a direct result of
PPO activity or indirectly as a consequence of secondary reac-
tions with PPO generated quinones. Studies on the effect of total
phenol composition on PPO activity in forage crops are limited.
This will be affected by both the range and levels of phenol
compounds which in turn will be influenced by genetic and
environmental factors. Further characterization of the PPO trait
in terms of phenol composition will inform breeding targets for
improving forages for livestock farming.
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