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a b s t r a c t
Increasing the rumen-stable protein content of feed would lead to improved nitrogen utilisation in cattle, and less
nitrogenous waste. Red clover (Trifolium pratense L.) is a high protein ruminant feed containing high polyphenol
oxidase (PPO) activity. PPO mediated protein-quinone binding has been linked to protecting plant proteins from
proteolysis. To explore the mechanism underlying the effect of PPO on protein protection in fresh forage feeds,
proteomic components of feed down-boli produced from wild-type red clover and a low PPO mutant, at point
of ingestion and after 4 h in vitro incubation with rumen inoculum were analysed. Signiﬁcant differences in
proteomic proﬁles between wild-type and mutant red clover were determined after 4 h incubation, with over
50% less spots in mutant than wild-type proteomes, indicating decreased proteolysis in the latter. Protein
identiﬁcations revealed preferentially retained proteins localised within the chloroplast, suggesting that PPO
mediated protection in the wild-type operates due to the proximity of target proteins to the enzyme and
substrates, either diffusing into this compartment from the vacuole or are present in the chloroplast. This
increased understanding of protein targets of PPO indicates that wider exploitation of the trait could contribute
to increased protein use efﬁciency in grazing cattle.
Biological signiﬁcance: One of the main challenges for sustainable livestock farming is improving capture of
dietary nitrogen by ruminants. Typically up to 70% of ingested protein-N is excreted representing a loss of
productivity potential and a serious environmental problem in terms of nitrogenous pollution of lands and
water. Identiﬁcation of key characteristics of rumen-protected protein will deliver target traits for selection in
forage breeding programmes. The chloroplastic enzyme PPO catalyzes the oxidation of phenols to quinones,
which react with protein. Little is currently known about the intracellular protein targets of the products of
PPO activity or the mechanism underlying protein complexing, including whether there is any speciﬁcity to
the reaction. Here we have determined signiﬁcant differences in the proteomes of freshly ingested down boli
corresponding to the presence or absence of active PPO. These results show that in the presence of PPO the forage
protein is less amenable to proteolysis and provide the novel information that the protected proteins are
putatively chloroplastically located. These data also contribute to a growing evidence base that a chloroplastic
PPO substrate exists in red clover in addition to the currently known vacuolar substrates.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
The rapid breakdown of proteins from forage feed and the inefﬁcient
capture of the breakdown products by rumen microbiota is the
foremost source of nitrogen loss from cattle production systems [1,2].
The inadequate utilisation of dietary protein by ruminants results in
high economic losses to farmers and has huge negative implications
for the environment in ruminant agricultural systems [3]. Dietary
protein from forage materials is degraded by proteolytic rumen microorganisms [4] and in fresh forage feeding systems by endogenous
⁎ Corresponding author at: IBERS, Penglais Campus, Aberystwyth University, SY23 3FG,
UK.
E-mail address: ahk@aber.ac.uk (A.H. Kingston-Smith).

plant proteases, particularly during the initial phase of protein degradation [5–8]. As these plant enzymes could make a signiﬁcant contribution
to rumen function [6–8] understanding forage based-mechanisms by
which to manipulate rates of protein breakdown in ingested feed
would be advantageous in terms of mitigating the environmental impact of N-deposition resulting from livestock farming systems.
Red clover (Trifolium pratense L.) provides a high-protein feed for grazing livestock and during conservation is prone to lower levels of protein
degradation compared with other legume feed sources such as alfalfa
[9]. Despite alfalfa and red clover being of similar protein content [10], between 44 and 87% of protein is degraded during ensilage of alfalfa whereas only 7–40% of protein is degraded in red clover [11]. This reduction in
the extent of postharvest proteolysis in red clover is due to the activity
of polyphenol oxidase (PPO) [12]. PPO is a copper metallo-protein that
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catalyses the oxidation of endogenous phenols to quinones in the presence of oxygen [13]. These reactive o-quinones can then form covalent
bonds with the nucleophilic groups of proteins, such as sulfhydryl,
amine, amide, indole or imidazole groups due to their electrophilic nature
[14,15]. The digestibility of these complexed plant proteins is greatly reduced, and consequently the amount of non-degraded dietary protein
ﬂow to the small intestine is increased, which is advantageous to the efﬁciency of a ruminant production system [16]. PPO occurs in either an active or a latent state. In red clover PPO is typically found in its latent
form, with the active enzyme accounting for approximately 20% of the
total PPO [17]. Activation and activity of latent PPO is prevented by the
differential compartmentalisation of the enzyme which is present in the
chloroplast and the known substrates, phaselic acid and clovamide,
which are reputed to be present in the vacuole [18–20]. Proposed roles
for PPO include defence mechanisms, oxygen regulation, electron transport and involvement in the Mehler reaction [21–24] plus a complex involvement in plant–microbe interactions [23,24].
PPO has been well studied in red clover in relation to production of
silage feeds for ruminants [25-27], with recent studies focusing on genomic and transcriptomic analysis of the members of the PPO multigene
family [28,29]. However, little is currently known about the speciﬁcity
of protein targets involved in quinone-protein complexing reactions
mediated by PPO which potentially limits our ability to increase protein
stability in forages. Identiﬁcation of core features of the endogenous
protein targets would allow quality traits to be included in selective
breeding programmes for forage crop improvement. Ruminants are
extremely inefﬁcient in their use of forage protein. Typically up to 70%
of the ingested protein is not incorporated into milk or meat product
but is excreted leading to widespread environmental pollution and
availability of substrates for N2O production. In real terms this equates
to a loss of approximately 150 g N per head of cattle per day, or
54.6 kg per head per year [30]. Hence, even an apparently insigniﬁcant
increase (i.e. ~ 5%) in protein stability in the rumen would result in a
signiﬁcant improvement to protein use efﬁciency; the increased
availability of protein for uptake by the animal in post-rumen digestion
would decrease the need for on farm supplemental protein feeds and
thereby decrease production of nitrogenous wastes.
In order to understand the potential beneﬁt that could be conferred
by PPO activity within the rumen system in the grazing context we have
taken a proteomic led approach to explore the effect of PPO on protein
complexing in ingested forage. Comparisons of 2D gels were made
based on the null hypothesis that protein proﬁles from wild-type and
mutant samples would be the same if all protein is degraded to the
same extent regardless of the presence or absence of PPO. We have
compared the proteomes formed from wild type red clover and a
naturally occurring mutant line, which contains low PPO activity
through a lack of PPO4 expression in the leaves [17], both in terms of
the immediate effect of masticative ingestion and after fermentation
in the presence of a rumen microbial inoculum.
2. Materials and methods
All experimentation involving animals was conducted in accordance
with the U.K. Animals (Scientiﬁc Procedures) Act 1986. Six HolsteinFriesian non-lactating dairy cows, each ﬁtted with permanent rumen
cannula had free access to a perennial ryegrass pasture diet prior to
commencement of the experiment.
2.1. Plant materials
Freshly cut plant material from red clover wild type (Trifolium
pratense cv Milvus; WT, Aa 4381) and a low PPO mutant (M) lacking
expression of PPO4 (Aa 4521) [13,17] were obtained from adjacent
plots at Trawscoed Research Farm, Aberystwyth, which had been cut
and fertilised 4 weeks prior to harvesting. Forage was harvested from

plots with a Haldrup 1500 plot harvester (J. Haldrup a/s, Løgstør,
Denmark) and cut to 5 cm above the soil to allow regrowth.
2.2. Preparation of rumen ﬂuid inocula
Approximately 200 ml rumen ﬂuid from each cow was removed and
combined and passed through two layers of muslin. This was prepared
as a 10% inoculum with Van Soest buffer for use in in vitro fermentations
as described previously [31] and kept at 39 °C until required.
2.3. Collection of feed down boli
Food was removed from animals 16 h prior to offering the test
forages. Each cow was offered fresh forage in a randomised crossover design. Water was available ad libitum throughout the experiment. Immediately before bolus collection rumen contents were
emptied from each animal and kept warm until replaced. Newly
ingested down boli were collected at the oesophageal junction,
accessed from a rumen cannula. The ﬁrst three boli from each animal
and treatment were discarded to avoid contamination from
previously ingested forage. Boli numbers four and ﬁve were retained
for analysis.
2.4. Bolus incubation and sample preparation
Each retained bolus was individually placed in muslin and sealed
with an elastic band. The boli were rinsed in water for 45 s (boli were
immersed ﬁve times and gently squeezed while still in the water, the
whole process repeated a total of ﬁve times). Each bolus was then
drained, divided into quarters and weighed. One quarter was immediately frozen in liquid nitrogen as an untreated sample and a second
quarter was used for dry matter (DM) determination, conducted by drying samples to a constant weight at 105 °C prior to N determination by
the Dumas method [32]. The remaining two quarters were placed
individually into each of two 250 ml Duran bottles containing 100 ml
of the 10% rumen ﬂuid inoculum. One quarter bolus was removed
immediately from one bottle (0 h sample) while the other was ﬂushed
with CO2 and capped tightly for 4 h incubation at 39 °C (Fig. 1). This time
period was chosen to speciﬁcally assess the effect of PPO during the initial stages of colonisation and feed degradation in the rumen [33–35].
After exposure to rumen ﬂuid the boli were removed from the bottles,
drained in a sieve and rinsed with 100 ml deionised water before they
were lyophilised to a constant weight and stored at − 20 °C prior to
protein extraction. At both 0 and 4 h post incubation a 4 ml subsample
of buffered rumen ﬂuid was also removed from the bottles and
preserved with 1 ml orthophosphoric acid containing 20 mM 2-ethyl
butyric acid and stored at 4 °C prior to determination and quantiﬁcation
of volatile fatty acids (VFA) by GC against known standards as described
previously [36].
2.5. PPO quantitation
PPO activity was determined spectrophotometrically by measuring
the initial linear rate of change in absorption at λ 420 nm according to
the method of [17] on subsamples of each boli. One PPO activity unit
was determined as a change of 0.01 in the absorbance per min, and
was expressed as per gram of fresh weight of the sample (U/g FW).
The active pool of PPO was determined by adding 20 μl of desalted
protein fraction to a cuvette containing 1.135 ml of a reaction buffer
(88 ml of McIlvaine buffer (pH 7), containing 1.2 ml of 0.15 mM copper
sulphate and 1.6 ml of water) with the reaction initiated by the addition
of 10 mM methylcatechol as the substrate. Total PPO activity (active
plus latent pools) was determined as described above except that
0.26% SDS (w/v) was also included in the reaction mixture. Signiﬁcant
differences (P N 0.05) between PPO levels were determined by ANOVA
analysis using Genstat, [37].
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Fig. 1. Diagrammatic representation of the collection and in vitro incubation of feed down boli.

2.6. Protein sample preparation for 2DE
Protein was extracted from 0.5 g DW of the bolus samples recovered
after 0 and 4 h incubation. Samples were ground twice into a ﬁne
powder under liquid nitrogen and then incubated overnight at
−20 °C in 5 ml of extraction buffer; 20% TCA, 1% phosphotungstic acid
(PTA), and 0.2% DTT in ice cold acetone. Extracts were then centrifuged
at 21,000 ×g at 4 °C for 30 min and the resulting pellet washed with 0.2%
DTT in cold acetone and incubated at -20 °C for 1 h. This wash process
was repeated twice before the protein extracts were air dried and resuspended in 8 M urea, 2 M thiourea, 4% CHAPS, 50 mM DTT and 0.8%
pharmalytes pH 3–10 (Amersham, Little Chalfont, Buckinghamshire,
U.K.) according to [38]. Quantiﬁcation of protein content in prepared
samples was conducted by the method of [39] with reference to a BSA
standard.

2.7. 2DE and image analysis
To determine whether the protein distribution was different
between genotype and/or treatment times an equal volume of protein
was applied for each sample. Changes were determined in relative
abundance of individual spots. A total of 150 μg of protein from the resuspended protein extracts were passively rehydrated overnight on
7 cm non-linear IPG strips (pH 3–10) and then focused to 10,000 VH
using the Protean IEF cell (BioRad Ltd, Hemel Hempsted,UK) as
described previously [40]. The use of 7 cm strips is consistent with
previous studies into the plant proteome [41–43]. Equilibration of
each IPG strip was conducted for 12 min in 2.5 ml equilibration buffer
(50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol v/v and 2% SDS w/v),
with the presence of DTT (Melford, Ipswich, U.K.) at 10 mg/ml followed
by a second equilibration with IAA (iodoacetamide) (Sigma, Gillingham,

U.K.) at 25 mg/ml. Proteins were separated in the second dimension
using the Mini Protean system (BioRad Ltd, Hemel Hempsted, UK) at
180 V using 14% T, 3.3% C polyacrylamide gels. Gels were visualised
via Coomassie blue staining (PhastGel Blue R, Amersham Biosciences,
U.K.) and images captured using a GS-800 calibrated densitometer
(Biorad Ltd, Hemel Hempsted, U.K.) and analysed using Progenesis
(PG220 v.2006. Nonlinear Dynamics, Newcastle upon Tyne, UK).
Analysis was performed on three biological replicates using normalised
spot volumes to identify spots showing a ± 2 fold change in protein
abundance. Protein abundances were further analysed using a two
way ANOVA (Genstat) [37].
2.8. Protein identiﬁcation and database searching
Spots of interest, determined as increase or decrease in protein
abundance, unique or landmark were subjected to trypsin digestion
according to the method of [44] with slight modiﬁcation [45]. Mass
spectrometry was performed using an Agilent 6550 QTOF LC MS/MS
(Agilent, Cheshire, UK).
Peptides were analysed using Mass Hunter software (Agilent, UK)
and tandem mass spectra (MS/MS) queries were performed using the
MASCOT database search engine v2.1 (Matrix Science, London, U.K.)
[46] on the Swiss-Prot database. Searches were restricted to the
Viridiplantae taxonomy with trypsin speciﬁcity (one missed cleavage
allowed), the tolerances for peptide identiﬁcation were set as 0.3 Da.
Fixed modiﬁcation was set as cysteine modiﬁcation by iodoacetamide
and methionine oxidation was set as variable modiﬁcation. Search
results were evaluated manually and quality MS data conﬁrmed for
two peptides and above with E value P b 0.05 for each peptide (overall
P b 0.0025).
Putative protein identiﬁcations were subjected to bioinformatic
sequence interrogation using Expasy Prosite for motif and sequence
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analysis (http://www.expasy.org/[accessed January 2015]), speciﬁcally
interrogating SMART (Simple Modular Architecture Research Tool),
Motif search, ELM (Eukaryotic Linear Motif resource), Prosite, Scratch
protein predictor and Top pred (Mobyle portal) KEGG (Kyoto
encyclopedia of genes and genomes) [47] database searching was also
conducted on protein identiﬁcations to determine potential related
biochemical pathways.
3. Results
3.1. PPO activity levels and VFA concentrations in wild-type versus mutant
genotypes
Comparison of the active pool of PPO in boli formed from the wildtype red clover plants and the mutant red clover genotype at both 0
and 4 h of anaerobic incubation demonstrated signiﬁcantly higher
activity (P b 0.01) in the wild-type (Fig 2). However, the wild-type
also showed a signiﬁcant reduction (P b 0.01) in PPO activity post
incubation. No signiﬁcant difference in the level of PPO activity
(P N 0.05) was determined post incubation for the mutant genotype.
Total VFA concentration was unaffected (P N 0.05) by the presence of
PPO, but was affected by time (P b 0.05) with mean values of 51.9 and
157.3 mM for 0 and 4 h respectively, indicative of a normal
fermentation.
3.2. Comparison of wild-type vs mutant proteomes
In the mutant the 4 h incubation resulted in a decrease in dry matter
content from 12.5% to 9% whereas in the wild type the dry matter content was unaffected by incubation (recorded as 8% at both 0 and 4 h).
Loss of total nitrogen as a result of the 4 h incubation was observed to
be greater in the mutant (26% ± 0.9 SEM) than in the wild-type
(55% ± 1.14 SEM) indicating differential loss of protein from mutant
and wild type (Fig 3). Two dimensional proteomic analyses were used
to speciﬁcally determine which proteins were affected by the presence
or absence of PPO. The distributions of proteins within the protein
proﬁles were examined and the relative abundance of spots present in
150 μg of protein extract computed to identify protein spots with
altered relative abundance according to time or genotype. Reproducible
2D proﬁles were generated from both wild-type and mutant genotypes;
matching between replicate gels averaged over 70% using Progenesis
software. Genotype and time-dependent differences in 2D proﬁles
were observed (Figs. 4 and 5, Suppl. Table S1). In the wild-type,

incubation for 4 h resulted in no overall change in total spot number
(112 spots) of the averaged 2D proﬁle compared with the total spot
number of the wild type at 0 h (Fig. 4), but in terms of normalised
spot volume 25 of those spots had decreased abundance at 4 h
compared with the wild type protein proﬁle at 0 h. In the mutant
genotype, 4 h incubation resulted in a decrease in total spot number
as compared with the proﬁle observed for the 0 h time point (from
172 average spot numbers at 0 h to a total of 55 average spot numbers
at 4 h) with 117 of the spots present at 0 h no longer present on the
protein proﬁle at 4 h. Of those spots present in both mutant and
wildtype after 4 h incubation, 12 were determined to be of decreased
abundance in the mutant proﬁle as compared to the wildtype proﬁle.
3.3. Identiﬁcations and functional characterisation of differentially
abundant proteins
Landmark spots or spots presenting differences in protein
abundance (increased, decreased or absent; Fig. 4) were putatively
identiﬁed (Table 1) following in gel tryptic digestion and subsequent
QTOF LCMS/MS analysis. Out of the 31 spots excised for mass
spectrometry all were assigned to the kingdom plantae. Of the 31
proteins identiﬁed ﬁve corresponded to ribulose bisphosphate carboxylase/oxygenase (Rubisco) large subunit and one to the small subunit.
Five spots corresponded to oxygen evolving enhancer proteins and
ﬁve proteins were putatively identiﬁed as ATP synthase subunits. The
remaining proteins identiﬁed within this dataset were fructose
bisphosphate, aldolase, oxalate oxidase and chlorophyll a-b binding
protein relating to two protein spots each. Spots identiﬁed as malate
dehydrogenase, glyceraldehyde 3 phosphate dehydrogenase, 50S
ribosomal protein, triosephosphate isomerase, sedoheptulose-1,7
bisphosphatase, cytochrome b6-f complex, serine-glyoxylate aminotransferase and apocytochrome all corresponded to a single spot each.
Overall, the normalised spot volumes were decreased in the majority
of protein spots for both the wild-type and mutant proﬁles following
4 h incubation (Fig. 4) indicating protein degradation over time. These
included the Rubisco large subunit (spots 1,20,24,25 and 26), malate
dehydrogenase (spot 2), oxygen enhancer proteins (spot 3, 4, 12, 29
and 31), chlorophyll a-b binding protein 215 (spot 5) and chlorophyll
a-b binding protein (spot 13), sedoheptulose 1.7 bisphosphatase (spot
19), oxalate oxidase (spots 21 and 30) and cytochrome B6 f complex
iron (spot 22). After 4 h incubation many of these spots were found to
be decreased in normalised spot volume in the wildtype and absent
from the mutant (Table 1, Fig. 4 and Suppl. Table S1, Fig, S1.). These

Fig. 2. PPO activity (units/g Fw) in boli from wild-type and mutant genotypes at 0 h and after 4 h incubation. Signiﬁcant differences in PPO activity are denoted by ** where P b 0.01, nonsigniﬁcant differences are shown as NS between bars.
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Fig. 3. Average total protein (nitrogen) content of boli from wild-type and mutant genotypes at 0 h and after 4 h incubation.

included ATP synthase beta proteins (spots 6, 7 and 8), 50s ribosomal
protein (spot 14), triosephosphate isomerase (spot 15), fructose
bisphosphate aldolase (spots 16 and 17) and serine-glyoxylate aminotransferase (spot 27). An increase in normalised spot volume in both
the mutant and the wild type was observed post 4 h incubation for

three spots (numbers 10, 18 and 23) corresponding to chlorophyll a-b
binding protein 8, ATP synthase subunit alpha and RUBISCO small
subunit respectfully (Fig. 4, Suppl. Fig. S1), indicating their relative
preservation within the total protein pool as other proteins were
degraded. It has been proposed previously that PPO mediated

Fig. 4. Proteomic proﬁles of boli formed from wild type and mutant red clover at 0 h and after 4 h incubation. Gels were run on 3–10 non-linear IPG strips, 14% T, 3.3% C SDS-PAGE. Gel
images represent gel averages from three biological replicates. Gel A = wild type at 0 h, Gel B = mutant at 0 h, Gel C = wild type at 4 h, Gel D = mutant at 4 h. Circled spots indicate those
excised for mass spectrometry.
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complexing involves the sulphur amino acids [16]. However, motif
searching within the peptide sequences did not reveal any common
regions or pattern between those proteins that remained in the wildtype post incubation compared with those that were no longer present
in terms of methionine and cysteine content, with and without the
inclusion of disulphide bridges. Alternatively, bioinformatic searches
indicated that proteins that were preserved in the wild type showed
potential phosphoprotein and acetylation modiﬁcations (spots 5, 6, 7
and 27), with several proteins having transmembrane domains (5, 6,
7, 14, 16, 17 and 27).
Bioinformatic interrogation of protein sequences determined that
the majority of spots identiﬁed (88%) were associated with the chloroplastic function of the cell (Table 1, Suppl. Table S2), with many of the
proteins located within the thylakoid membrane. The remaining
proteins were located in either the apoplast or the mitochondria.
Variations of normalised spot volumes corresponding to the top 15
most signiﬁcant spot normalisation volume differences were observed
for spots belonging to both the chloroplastic and non-chloroplastic
regions of the cell (Fig. 5). Although several proteins were determined
to include a transit peptide to the chloroplast region, this was not
exclusive to either those deemed preserved in the presence of PPO or
degraded. Protein identiﬁcations were subjected to KEGG (Kyoto
encyclopedia of genes and genomes) (http://www.kegg.jp/kegg/
kegg2.html [accessed January 2015]) pathway database analysis,
which conﬁrmed that most of the identiﬁed proteins (over 50%) were
involved in biochemical pathways relating to photosynthesis and
photorespiration (Fig. 6). The remaining proteins were involved in
ATP synthesis, electron transport, translation, glycolysis, oxidoreductase
activity and carbohydrate metabolism (Fig. 6).
4. Discussion
The inefﬁcient utilisation of dietary forage protein could potentially
be improved by decreasing the extent of protein degradation that
occurs within the rumen, and PPO containing forages could be a
sustainable mechanism which contributes to achieving this. The
subsequent increased ﬂow of non-degraded proteins to the small
intestine will improve the nutritional value of the forage feed [31,48],
contributing to overall improved animal productivity. Within the
rumen, protein breakdown occurs rapidly during the ﬁrst 6 h of
ingestion [31], with transition from primary to secondary microbial
colonisation occurring at 4 h [35]. Therefore, targeting mechanisms to
decrease forage protein degradation within this early post-ingestive
time frame is important if we are to reduce protein losses from
ruminants. Here we have investigated the forage proteomes of a wildtype and a low PPO mutant red clover to determine if the presence of
PPO can inﬂuence the stability of speciﬁc proteins under a fresh forage
feeding strategy.
PPO activation is a rapid process. Protein complexing has been suggested to occur in the presence of oxygen during mastication and to
continue within the rumen for a limited time. High molecular weight
protein complexes have been shown to form in red clover over a
15 min period [5,27]. The presence of oxygen initiates the formation
of covalent bonds of o-quinones to the nucleophilic groups of amino
acids [27] and once commenced continues spontaneously [15]. In the
present study, the wild-type red clover exhibited higher levels of PPO
activity than the low PPO mutant at both 0 and 4 h. Nevertheless, PPO
activity decreased in both the wild-type and mutant genotypes over
the incubation period, suggesting a time limitation on any potential
protective effect of PPO. This correlates with recorded oxygen depletion
rates within the rumen, for example [49] determined oxygen levels in
grass boluses to be 5.8 mg O2/L upon mastication, reducing to
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0.05 mg O2/L over a period of 10 min, which was further lowered in
the presence of ruminal microbes which consume O2 [16]. Therefore,
it is unlikely that sustained PPO activity occurs in the rumen so early
events involving mastication will be important to exploiting the protective potential of PPO containing crops in a fresh forage scenario.
Previous work has determined the inhibition of proteolysis of wild
type red clover compared to the low PPO mutant during ensilage [17,
50] and in the simulated rumen PPO has been demonstrated to reduce
plant-mediated proteolysis in fresh-fed forages [13,51]. However,
realisation of the potential for PPO to protect protein from proteolysis
is likely to depend on the extent of cell damage during mastication as
it is this which enables enzyme and substrates to come in to contact.
Hence, here we have used a more realistic model to those used
previously by using forage down boli captured immediately post
mastication. The resulting proteomic differences in protein proﬁles between the wild-type and low PPO mutant in this study demonstrated
the ability of PPO to have a protective effect on the red clover proteins
in the fresh forage down bolus, conﬁrming the indications of previous
studies. Our results clearly showed that signiﬁcant degradation of
some of the polypeptides contained in the ingested down bolus took
place over the 4 h incubation for both wild-type and mutant red clover
lines. However, signiﬁcantly more spots were lost during the 4 h incubation in the low PPO mutant compared to the wild-type, in accordance
with the proposed mechanism of protein protection.
The rapid breakdown of plant protein in the rumen is attributed to
both rumen microbial activity as well as proteolysis catalysed by plant
enzymes [7,52]. It has been shown that plant protein can be protected
from degradation through the presence of PPO activity, mediated
through the complexing of plant proteins [12,36]. While this is generally
considered to result in altered structure of the bound proteins, thus
making them unsuitable for proteolysis (e.g. by removing access to
cleavage site), direct quinone-protease binding will also lead to
decreased proteolysis through inactivation of proteases. Although 31
spots were identiﬁed as being affected by the presence of PPO
(Table 1), these did not include candidate protease targets for PPOmediated quinone protein binding. The majority of the proteins
detected as being affected by the presence/absence of PPO were
chloroplastic (Table 1) with relatively few of those identiﬁed being located in the cytosol. PPO has previously been shown to be located in
the thylakoid membrane of the chloroplast [53–55] suggesting that in
the wild-type red clover these chloroplastic proteins may be subjected
to PPO mediated protection to a greater extent due to their proximity
to the enzyme and substrates which must either diffuse into this
compartment from the vacuole or be present in the chloroplast. A
chloroplastic substrate for PPO has been identiﬁed in walnut [56] but
to date remains to be identiﬁed in red clover [57].
PPO induced quinones are highly reactive and have been shown
to affect protein physicochemical properties and their susceptibility
to degradation [58,59]. Quinones are strong electrophiles binding to
nucleophilic groups of amino acids [60], but exactly how quinone
complexes form still remains largely unknown. Sulphur containing
amino acids (methionine and cysteine) may act as PPO induced quinone binding sites to form protein bound phenol [16]. It is well
established that increasing the content of sulphur-amino acids
would increase delivery of what are essential dietary amino acids
for ruminants [48,61] suggesting a possible further role for PPO in
protecting these sulphur containing amino acids from metabolism
within the rumen [62] thereby making them relatively more available for ruminant nutrition and less prone to wasteful deamination.
However, it is unknown whether the acid conditions within the
lower gut would be sufﬁcient to reverse the quinone binding of
peptides to prevent onset of anti-nutritional effects [63].

Fig. 5. Montage images for wild type 0 and 4 h (WT0, WT4) and mutant 0 and 4 h (M0, M4) average gels and corresponding normalised volume graphs for the top 15 protein spots showing
the greatest difference in spot normalisation volume between wild-type and mutant proteomes. Images and graphs for each spot are separated into boxes A and B based on the cellular
location of each protein from putative identiﬁcations (Fig. 4, Table 1).
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Table 1
Spot numbers corresponding to excised spots from gels (Fig. 4) showing normalised spot volumes for the mutant at 0 h (0 M), wild-type and 4 h (4WT) and mutant at 4 h (4 M) compared
to the wild type at 0 h. Putative identiﬁcations of each spot and corresponding protein locations for each identiﬁcation are shown together with the accession number and Mascot score.
Spots not present (np) are indicated.
Spot no.

Description

Accession

Species

Location

Mascot score

Abundance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Ribulose bisphosphate carboxylase large chain
Malate dehydrogenase
Oxygen-evolving enhancer protein 1
Oxygen-evolving enhancer protein 2
Chlorophyll a-b binding protein 215
ATP synthase subunit beta
ATP synthase subunit beta-2
ATP synthase subunit alpha
ATP synthase subunit alpha
Chlorophyll a-b binding protein 8
Glyceraldehyde-3-phosphate dehydrogenase A
Oxygen-evolving enhancer protein
Chlorophyll a-b binding protein
50s Ribosomal protein L12
Triosephosphate isomerase
Fructose-bisphosphate aldolase
Fructose-bisphosphate aldolase
ATP synthase subunit alpha
Sedoheptulose-1.7-bisphosphatase
Ribulose bisphosphate carboxylase large chain
Oxalate oxidase
Cytochrome b6-f complex iron-sulphur subunit
Ribulose bisphosphate carboxylase small chain
Ribulose bisphosphate carboxylase large chain
Ribulose bisphosphate carboxylase large chain
Ribulose bisphosphate carboxylase large chain
Serine–glyoxylate aminotransferase
Apocytochrome
Oxygen-evolving enhancer protein 2
Oxalate oxidase
Oxygen-evolving enhancer protein 1

RBL_BYRCR
MDH_PSEM
PSBO_PEA
PSBP_PEA
CB215_PEA
ATPB_HYANO
ATPBN_ARATH
ATPA_BUXMI
ATPA_BUXMI
CB28_PEA
G3PA_PEA
PSBP_WHEAT
CB23_ORYSI
RK12_ORYSJ
TPIC_SECCE
ALFC_ORYSJ
ALFC_ORYSJ
ATPA_LOLPR
S17P_WHEAT
RBL_LOLPR
GER2_WHEAT
Q7X9A6
RBS_FAGCR
RBL_LOLPR
RBL_LOLPR
RBL_LOLPR
SGAT_ARATH
CYF_LOLPR
PSBP_WHEAT
GER2_WHEAT
PSBO_WHEAT

Byrsonima crassifolia
Pseudotsuga menziesii
Pisum sativum
Pisum sativum
Pisum sativum
Hyacinthoides non-scripta
Arabidopsis thaliana
Buxus microphylla
Buxus microphylla
Pisum sativum
Pisum sativum
Triticum aestivum
Oryza sativa indica group
Oryza sativa subsp. japonica
Secale cereale
Oryza sativa japonica group
Oryza sativa japonica group
Lolium perenne
Triticum aestivum
Lolium perenne
Triticum aestivum
Triticum aestivum
Fagus crenata
Lolium perenne
Lolium perenne
Lolium perenne
Arabidopsis thaliana
Lolium perenne
Triticum aestivum
Triticum aestivum
Triticum aestivum

Chloroplast
Mitochondria
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Mitochondria
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Apoplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast
Apoplast
Chloroplast
Chloroplast
Chloroplast
Chloroplast

481
156
415
83
137
350
141
214
163
155
63
231
72
216
84
360
345
643
479
485
108
42
28
627
627
627
52
502
184
127
1684

2686.8
2368.2
271.1
546.1
1377.4
1180.8
1106.3
850.4
711.4
481.4
656.6
813.1
397.6
506.2
455.2
358.8
283.2
313.1
319.9
np
400.6
344.7
np 4441.1 np
526.7
318.7
279.4
775.2
374.3
354.5
152.4
174.1
125.3
np
np
np
131.5
np
887.3
650.9
75.7
np
334.2
np
730.8
581.6
458.1
np
2686.8
2368.2
271.1
546.1
1377.4
1180.8
1106.3
850.4
711.4
481.4
656.6
813.1
397.6
506.2

0M

In this study, sequence interrogation of red clover proteins showed
the presence of a number of methionine and cysteine residues ranging
from 2 to 5% of the amino acid content in all proteins excised for identiﬁcation. Although, no deﬁnitive distinction could be observed relating
amino acid content and protein degradability, a large proportion of
those proteins preserved in the presence of PPO contained methionine

4WT

4M
350.8
604.6
214.9
314.5
193.0
652.3
293.3
588.9
113.7
np
136.3
221.5
501.2
82.2
291.7
np
527.8
np
160.2
np
np
1216.2
np
350.8
604.6
214.9
314.5
193.0
652.3
293.3

at a level of 2% and above. In contrast to red clover, the legume alfalfa
is high in protein content but with little PPO activity [3] compared to
red clover and has also been shown to be lacking in sulphur containing
amino acids [64]. It is not surprising that many proteins were identiﬁed
here as ribulose bisphosphate, considering that this is the most
abundant protein present in plants [65]. However, although the sulphur

Fig. 6. Functional classiﬁcation of differentially abundant protein identiﬁcations from spots excised (Fig. 4). Functional classiﬁcations were determined from putative identiﬁcation
descriptions from Uniprot.
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amino acid content (methionine and cysteine) of these proteins was
relatively high (4%) compared to some other proteins identiﬁed in this
study, the majority appeared to be degraded in the wild-type and
mutant proﬁles to similar extents following incubation.
In conclusion, the results presented here indicate that increasing our
ability to exploit PPO mediated protein complexing could be incorporated into strategies to ameliorate losses of dietary protein in general, but
could also help with delivery of essential nutrients to enhance animal
health by increasing efforts in targeted improvement of PPO containing
species such as red clover and cocksfoot.
Conﬂict of interest
The authors declare that there is no conﬂict of interest.
Acknowledgements
This work was supported by the Rumen System Biology BBSRC ISPG
(BBS/E/W/10964A-01).
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.04.023.
References
[1] J.C. MacRae, J.S. Smith, P.J.S. Dewey, A.C. Brewer, D.S. Brown, A. Walker, The
efﬁciency of utilisation of metabolisable energy and apparent absorption of amino
acids in sheep given spring and autumn harvested dried grass, Br. J. Nutr. 54
(1985) 197–209.
[2] R.J. Dewhurst, A.M. Mitton, N.W. Offer, C. Thomas, Effects of the composition of grass
silages on milk production and nitrogen utilization by dairy cows, Anim. Sci. 62
(1996) 25–34.
[3] M.L. Sullivan, R.D. Hatﬁeld, D.A. Samac, Cloning of an alfalfa polyphenol oxidase
gene and evaluation of its potential in preventing postharvest protein degradation,
J. Sci. Food Agric. 88 (2008) 1406–1414.
[4] R.J. Wallace, Ruminal microbial metabolism of peptides and amino acids, J. Nutr. 126
(4) (1996) 1326S–1334S.
[5] M.K. Theodorou, A.H. Kingston-Smith, A.L. Winters, M.R.F. Lee, F.R. Minchin, P.
Morris, J. MacRae, Polyphenols and their inﬂuence on gut function and health in
ruminants, Environ. Chem. Lett. 4 (3) (2006) 121–126.
[6] W.Y. Zhu, A.H. Kingston-Smith, D. Troncoso, R.J. Merry, D.R. Davies, G. Pichard, H.
Thomas, M.K. Theodorou, Evidence of a role for plant proteases in the degradation
of herbage in the rumen of grazing cattle, J. Dairy Sci. 82 (1999) 2651–2658.
[7] A.H. Kingston-Smith, A.L. Bollard, I.P. Armstead, B.J. Thomas, M.K. Theodorou,
Proteolysis and cell death in clover leaves is induced by grazing, Protoplasma 220
(3–4) (2003) 119–129.
[8] A.H. Kingston-Smith, R.J. Merry, D.K. Leemans, H. Thomas, M.K. Theodorou, Evidence
in support of a role for plant-mediated proteolysis in the rumens of grazing animals,
Br. J. Nutr. 93 (2005) 73–79.
[9] Y.A. Papadopoulos, B.D. McKersie, A comparison of protein degradation during
wilting and ensiling of six forage species, Can. J. Plant Sci. 63 (1983) 903–912.
[10] K.B. Kephart, G.R. Hollis, D.M. Danielson, Forages for swine, Extension: PIH-126. USA,
2010.
[11] B.A. Jones, R.E. Muck, R.D. Hatﬁeld, Red clover extracts inhibit legume proteolysis, J.
Sci. Food Agric. 67 (1995) 329–333.
[12] M.L. Sullivan, R.D. Hatﬁeld, Polyphenol oxidase and o-diphenols inhibit postharvest
proteolysis in red clover and alfalfa, Crop Sci. 46 (2) (2006) 662–670.
[13] M.R.F. Lee, A.L. Winters, N.D. Scollan, R.J. Dewhurst, M.K. Theodorou, F.R. Minchin,
Plant mediated lipolysis and proteolysis in red clover with different polyphenol
oxidase activities, J. Sci. Food Agric. 84 (13) (2004) 1639–1645.
[14] A.D. War, M.G. Paulraj, T. Ahmad, A.A. Buhroo, B. Hussain, S. Ignacimuthu, H.C.
Sharma, Mechanisms of plant defense against insect herbivores, Plant Signal.
Behav. 7 (10) (2012) 1306–1320.
[15] K. Brudzynski, L. Maldonado-Alvarez, Polyphenol-protein complexes and their
consequences for the redox activity, structure and function of honey. A current
view and new hypothesis — a review, Pol. J. Food Nutr. Sci. 65 (2) (2015) 71–80.
[16] M.R.F. Lee, Forage polyphenol oxidase and ruminant livestock nutrition, Front. Plant
Sci. 5 (2014) DOI. 10.3389/fpls.2014.00694.
[17] A.L. Winters, F.R. Minchin, T.P.T. Michaelson-Yeates, M.R.F. Lee, P. Morris, Latent and
active polyphenol oxidase (PPO) in red clover (Trifolium pratense) and use of a low
PPO mutant to study the role of PPO in proteolysis reduction, J. Agric. Food Chem. 56
(8) (2008) 2817–2824.
[18] V. Lattanzio, A. Cardinali, V. Linsalata, Plant Phenolics: A Biochemical and Physiological Perspective, in: V. Cheynier, P. Sarni-Manchado, S. Quideau (Eds.), Recent Advances in Polyphenol Research, 3, Wiley-Blackwell, Chichester, UK 2012, pp. 1–39.

75

[19] J.K. Webb, A. Cookson, G. Allison, M.L. Sullivan, A.L. Winters, Gene expression patterns, localization, and substrates of polyphenol oxidase in red clover (Trifolium
pratense L.), J. Agric. Food Chem. 61 (2013) 7421–7430.
[20] I. Parveen, M.D. Threadgill, J.M. Moorby, A. Winters, Oxidative phenols in forage
crops containing polyphenol oxidase enzymes, J. Agric. Food Chem. 58 (2010)
1371–1382.
[21] N.E. Tolbert, Activation of polyphenol oxidase of chloroplasts, Plant Physiol. 51 (2)
(1973) 234–244.
[22] L. Li, J.C. Steffans, Overexpression of polyphenol oxidase in transgenic tomato plants
results in enhanced bacterial disease resistance, Planta 215 (2002) 239–247.
[23] P. Thipyapong, M.J. Stout, J. Attajarusit, Functional analysis of polyphenol oxidases
by antisense/sense technology, Molecules 12 (8) (2007) 1569–1595.
[24] T. Boeckx, R. Webster, A.L. Winters, K.J. Webb, A. Gay, A.H. Kingston-Smith,
Polyphenol oxidase-mediated protection against oxidative stress is not associated
with enhanced photosynthetic efﬁciency, Ann. Bot. 116 (2015) 529–540.
[27] M.R.F. Lee, V.J. Theobald, N. Gordon, M. Leyland, J.K.S. Tweed, R. Fychan, N.D. Scollan,
The effect of high polyphenol oxidase grass silage on metabolism of polyunsaturated
fatty acids and nitrogen across the rumen of beef steers, J. Anim. Sci. 92 (2014)
5076–5087.
[28] A.L. Winters, S. Heywood, K. Farrar, I.S. Donnison, A.M. Thomas, K.J. Webb, Identiﬁcation of an extensive gene cluster among a family of PPOs in Trifolium pratense L.
(red clover) using a large insert BAC library, BMC Plant Biol. 9 (2009) 1471–2229.
[29] K. Webb, A. Cookson, G. Allison, M. Sullivan, A. Winters, Gene expression patterns,
localization, and substrates of polyphenol oxidase in red clover (Trifolium pratense
L.), J. Agric. Food Chem. 61 (31) (2013) 7421–7430.
[30] A.H. Kingston-Smith, T.E. Davies, J.E. Edwards, M.K. Theodorou, From plants to animals;
the role of plant cell death in ruminant herbivores, J. Exp. Bot. 59 (3) (2008) 521–532.
[31] A.H. Kingston-Smith, T.E. Davies, J.E. Edwards, A. Gay, L.A.J. Mur, Evidence of a role for
foliar salicylic acid in regulating the rate of post-ingestive protein breakdown in ruminants and contributing to landscape pollution, J. Exp. Bot. 63 (8) (2012) 3243–3255.
[32] K. Helrich (Ed.), Association of Ofﬁcial Analytical Chemists, Ofﬁcial Methods of
Analysis, 15th ed.AOAC Inc., VI USA, 1990.
[33] J.E. Edwards, S.A. Huws, E.J. Kim, A.H. Kingston-Smith, Characterization of the dynamics of initial bacterial colonization of non-conserved forage in the bovine
rumen, FEMS Microbiol. Ecol. 62 (2007) 323–335.
[34] S.A. Huws, O.L. Mayorga, M.K. Theodorou, L.A. Onime, E.J. Kim, A.H. Cookson, C.J.
Newbold, A.H. Kingston-Smith, Successional colonisation of perennial ryegrass by
rumen bacteria, Lett. Appl. Microbiol. 56 (2013) 186–196.
[35] S.A. Huws, J.E. Edwards, C.J. Creevey, P. Rees Stevens, W. Lin, S.E. Girdwood, J.A.
Pachebat, A.H. Kingston-Smith, Temporal dynamics of the metabolically active
rumen bacteria colonising fresh perennial ryegrass, FEMS Microbiol. Ecol. (2015),
http://dx.doi.org/10.1093/femsec/ﬁv137.
A.H.
Kingston-Smith, T. Davies, P. Rees Stevens, L.A.J. Mur, Comparative metabolite
[36]
ﬁngerprinting of the rumen system during colonisation of three forage grass
(Lolium perenne L.) varieties, PLoS One 8 (11) (2013), e82801.
[37] R.W. Payne, D.A. Murray, S.A. Harding, D.B. Baird, D.M. Soutar, GenStat for Windows
(12th Edition) Introduction, VSN International, Hemel Hempstead, 2009.
[38] G. Kang, L. Gezi, X. Wei, X. Peng, Q. Han, Y. Zhu, T. Guo, Proteomics reveals the effects
of salicylic acid on growth and tolerance to subsequent drought stress in wheat, J.
Proteome Res. 11 (2012) 6066–6607.
[39] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilising the principle of protein-dye binding, Anal. Biochem.
72 (7) (1976) 248–254.
[40] E.H. Hart, R.M. Morphew, D.J. Bartley, P. Millares, B.T. Wolf, P.M. Brophy, J.V. Hamilton,
The soluble proteome phenotypes of ivermectin resistant and ivermectin susceptible
Haemonchus contortus females compared, J. Vet. Parasitol. 190 (1–2) (2012) 104–113.
[41] P.O. Havanapan, A. Bourchookarn, A.J. Ketterman, C. Krittanai, Comparative
proteome analysis of rubber latex serum from pathogenic fungi tolerant and susceptible rubber tree (Hevea brasiliensis), J. Proteome 131 (2016) 82–92.
[42] V. Dani, W.J. Simon, M. Duranti, R.R. Croy, Changes in the tobacco leaf apoplast
proteome in response to salt stress, Proteomics 5 (2005) 737–745.
[43] E. Fasoli, E.A. Pastorello, L. Farioli, J. Scibilia, G. Aldini, M. Carini, A. Marocco, E.
Boschetti, P.G. Righetti, Searching for allergens in maize kernels via proteomic
tools, J. Proteome 72 (2009) 501–510.
[44] A. Shevchenko, Tomas, J. Havlis, Olsen JV, M. Mann, In-gel digestion for mass spectrometric characterization of proteins and proteomes, Nat. Protoc. 1 (6) (2007)
2856–2860.
[45] E.H. Hart, P.M. Brophy, M. Prescott, D.J. Bartley, B.T. Wolf, J.V. Hamilton, A new enabling proteomics methodology to investigate membrane associated proteins from
parasitic nematodes: case study using ivermectin resistant and ivermectin susceptible isolates of Caenorhabditis elegans and Haemonchus contortus, Vet. Parasitol. 207
(3–4) (2015) 266–275.
[46] D.N. Perkins, D.J. Pappin, D.M. Creasy, J.S. Cottrell, Probability-based protein
identiﬁcation by searching sequence databases using mass spectrometry data,
Electrophoresis 20 (18) (1999) 3551–3567.
[47] M. Kanehisa, S. Goto, KEGG: Kyoto encyclopedia of genes and genomes, Nucleic
Acids Res. 28 (1) (2000) 27–30.
[48] X. Sun, C.L. Chi-Ham, T. Cohen-Davidyan, C. DeBen, G. Getachow, E. DePeters, D.
Putnam, A. Bennett, Protein accumulation and rumen stability of wheat γ-gliadin
fusion proteins in tobacco and alfalfa, Plant Biotechnol. J. 13 (2015) 974–982.
[49] M.R.F. Lee, J.K.S. Tweed, F.R. Minchin, A.L. Winters, Red clover polyphenol oxidase:
activation, activity and efﬁcacy under grazing, Anim. Feed Sci. Technol. 149 (3)
(2009) 250–264.
[50] G.A. Broderick, R.P. Walgenbach, S. Maignan, Production of lactating dairy cows fed
alfalfa or red clover silage at equal dry matter or crude protein contents in the diet, J.
Dairy Sci. 84 (2001) 1728–1737.

76

E.H. Hart et al. / Journal of Proteomics 141 (2016) 67–76

[51] M.R.F. Lee, L.J. Parﬁtt, N.D. Scollan, F.R. Minchin, Lipolysis in red clover with different
polyphenol oxidase activities in the presence and absence of rumen ﬂuid, J. Sci. Food
Agric. 87 (2007) 1308–1314.
[52] A.H. Kingston-Smith, F. Minchin, P. Morris, A. Winters, Reducing post harvest losses
of forage protein, IGER Innov. 8 (2004) 30–33.
[53] D.L. Arnon, Copper enzymes in isolated chloroplasts. Polyphenol oxidase in Beta
vulgaris, Plant Physiol. 24 (1) (1949) 1–15.
[54] A.R. Lax, K.C. Vaughn, Co-localisation of polyphenol oxidase and photosystem II
proteins, Plant Physiol. 96 (1) (1991) 26–31.
[55] A. Sommer, E. Ne'eman, J.C. Steffens, A.M. Mayer, E. Harel, Import, targeting and
processing of a plant polyphenol oxidase, Plant Physiol. 105 (1994) 1301–1311.
[56] S. Araji, T.A. Grammer, R. Gertzen, S.D. Anderson, M.M. Petkovsek, R. Veberic, M.L.
Phu, A. Solar, C.A. Leslie, A.M. Dandekar, M.A. Escobar, Novel roles for the polyphenol
oxidase enzyme in secondary metabolism and the regulation of cell death in walnut,
Plant Physiol. 164 (2014) 1191–1203.
[57] T. Boeckx, A.L. Winters, K.J. Webb, A.H. Kingston-Smith, Polyphenol oxidase in
leaves; is there any signiﬁcance to the chloroplastic localization? J. Exp. Bot. 66
(12) (2015) 3571–3579.
[58] J. Kroll, H.M. Rawel, Seidelmann, Physicochemical properties and susceptibility to
proteolytic digestion of myoglobin-phenol derivatives, J. Agric. Food Chem. 48
(2000) 1580–1587.

[59] J. Kroll, H.M. Rawel, Reactions of plant phenols with myoglobin: inﬂuence of
chemical structure on the phenolic compounds, J. Food Sci. 66 (2001) 48–58.
[60] S. Bittner, When quinones meet amino acids: chemical, physical and biological
consequences, Amino Acids 30 (2006) 205–224.
[61] S. Bagga, A. Armendaris, N. Klypina, I. Ray, S. Ghoshroy, M. Endress, D. Sutton, J.D.
Kemp, C. Sengupta-Gopalan, Genetic engineering ruminal stable high methionine
protein in the foliage of alfalfa, Plant Sci. 166 (2004) 273–283.
[62] A. Halmenies-Beauchet-Filleau, A. Vanhatalo, V. Toivonen, T. Heikkila, M.R.F. Lee, K.J.
Shingﬁeld, Effect of replacing grass silage with red clover silage on nutrient
digestion, nitrogen metabolism, and milk fat composition in lactating cows fed
diets containing a 60:40 forage-to-concentrate ratio, J. Dairy Sci. 97 (6) (2014)
3761–3776.
[63] J.M. Moorby, M.R.F. Lee, D.R. Davies, E.J. Kim, G.R. Nute, N.M. Ellis, N.D. Scollan,
Assessment of dietary ratios of red clover and grass silages on milk production
and milk quality in dairy cows, J. Dairy Sci. 92 (2009) 1148–1160.
[64] G. Galili, R. Amir, Fortifying plants with essential amino acids lysine and methionine
to improve nutritional quality, J. Plant Biotechnol. 11 (2013) 211–222.
[65] M.A.J. Parry, A.J. Keys, P.J. Madgwick, A.E. Carmo-Silva, P.J. Andralojc, Rubisco
regulation: a role for inhibitors, J. Exp. Bot. 59 (7) (2008) 1569–1580.

