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The goal of this paper was, first, to study the effect of red clover polyphenol oxidase (PPO) activity on

protein-bound phenols and measured lipase activity in vitro and, second, to study the effect of PPO

activation, measured as an increase in protein-bound phenols, as a result of degrees of damaging (not

damaged, crushed, and freeze/thawed) of red clover before wilting on measured enzyme activity and

in vitro lipid metabolism when incubated in a phosphate buffer. There was a positive relation between

PPO activity and the occurrence of protein-bound phenols with a concomitant decrease in measured

lipase activity, indicating a possibility to a direct inhibition of enzymes as a result of protein-bound

phenols. Furthermore, damaging can activate PPO in red clover, measured as an increase in protein-

bound phenols during wilting [0.7-20.6 nmol of tyrosine equiv (mg of protein)-1], again with a

concomitant decrease in measured lipase activity [41.3-20.3 μmol of p-nitrophenyl butyrate (PNPB)

min-1 (mg of protein)-1]. Lipid metabolism during incubation of these forages in a phosphate buffer

with ascorbic acid was only influenced by damaging when wilted for 24 h, with a lower lipolysis in

crushed and freeze/thawed (52.9 and 32.6%, respectively, after 8 h of incubation) material compared

to all other treatments (on average 60.4% after 8 h of incubation).
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INTRODUCTION

Polyphenol oxidase (PPO) is a phenol and diphenol oxidizing
enzyme, especially active in red clover more so than in other
forages (1). Because of this oxidation, quinones are formed,which
are reactive molecules capable of binding to nucleophilic binding
sites, e.g., some amino acids. Therefore, these quinones can bind
to proteins. The influence of red clover PPO on proteolysis and
lipolysis, two important degradation processes in silages, has been
studied in vitro and in silo (2-5). This showed that proteolysis as
well as lipolysis can be inhibited in forages with PPO activity. A
reduced in silo lipolysis might be of interest because this could be
hypothesized to reduce the consecutive biohydrogenation of the
polyunsaturated fatty acids (PUFAs) in the rumen (6). The latter
is desirable because of health claims on PUFAs, which are
generally low in ruminant products. There are two hypotheses
how PPO could inhibit lipolysis: (1) direct enzyme inhibition as a
result of binding of quinones to the enzymes and thus blocking the
substrate binding site and (2) substrate protection as a result of
binding of the quinones to the substrate and/or encapsulation of
the substrate in proteins with bound quinones. PPO in a living
plant is present in a latent form, separated from its substrates
(phenols). Therefore, to becomeactive, plant stress (e.g., damaging)

is required (7). Furthermore, the time needed after activation to
allow sufficient PPO-mediated diphenol oxidation followed by
binding to proteins to induce a significant decrease in lipase
activity and lipolysis, is not clear.

The first goal of this study was to evaluate the possibility of
direct lipase inhibition as a result of protein-bound phenols, indu-
ced byPPOactivity, without, however, excluding the option of an
indirect inhibition by protection of the lipids as a result of bound
phenols (experiment 1). The second goal was to study the effect of
damaging and wilting time on PPO activation, assessed by the
increase in protein-bound phenols, as well as on lipase activity
and in vitro lipid metabolism (experiment 2).

MATERIALS AND METHODS

Experiment 1. For the first experiment, one protein extract of red
clover cv. Milvus was used (location: 50� 590 50 0 N/3� 460 270 0 E). The red
clover was harvested during late autumn of 2008 using scissors. The
protein extract wasmade as described byVanRanst et al. (6). Briefly, after
fresh plant material was ground in liquid nitrogen, approximately 42 g of
the fresh plant material was extracted with 280 mL of phosphate buffer
with 30 mM ascorbic acid (pH 7.0). Proteins were precipitated using ice-
cold acetone, and the pellet, recovered after centrifugation,was redissolved
in 42 mL of phosphate buffer without ascorbic acid (pH 7.0). Using this
single protein extract, all measurements were performed in triplicate. In an
aliquot of 3 mL of this protein solution, 0.5 mL of 4-methyl-catechol
(0.2M; Sigma, Bornem, Belgium) was added. This mixture was incubated
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for 0, 10, 20, 60, or 120 s. The PPO activity in the extract was varied
through different concentrations of NaCN (Sigma, Bornem, Belgium) in
the incubation buffer, namely, 0, 0.1, or 5.0 mM. A separate aliquot of the
original protein solution was used for each time point and NaCN
concentration. Incubation was stopped by adding four volumes of
ice-cold acetone. The proteins were allowed to precipitate for 35 min at
-20 �C. After centrifugation (3500g, 10 min, 4 �C; Beckman J2-HS with
JA-17 123 rotor, GMI, Inc., MN), the supernatant was discarded and
protein and protein-bound phenols were determined in the pellet accord-
ing to Winters and Minchin (8), which is adjusted from the spectro-
photometrical Lowry method for protein determination using the Folin-
Ciocalteau reagent (9). Lipase activity in the pellet was measured specro-
photometrically (400 nm) using para-nitrophenylbutyrate (PNPB) as a
substrate according to Van Ranst et al. (6).

Experiment 2. For the second experiment, red clover cv. Lemmonwas
sown in three replicates on Sept 12, 2006 and mowed on five occasions in
2007 (location: 50� 590 50 0 N/3� 460 270 0 E). The cut used for this experiment
was harvested onAug 5, 2008 using anHaldrup harvester (J. Haldrup s/a,
Loegstoer, Denmark). This was the third cut of 2008; the two former cuts
were taken onMay 19, 2008 and June 30, 2008. The three replicates in the
field were kept as replicates throughout the experiment. A sample was
taken of the fresh red clover; after which, the forages were separated into
three parts.One partwas not damaged; a secondwas damaged by crushing
by hand (squeezing and turning); and a third part was quickly frozen using
liquid nitrogen and thawed at room temperature (freeze/thawed).After the
sample was damaged, the forages were left on the floor at approximately
16 �C for 4 or 24 h before sampling. Samples were immediately frozen
in liquid nitrogen, ground in a mortar with liquid nitrogen, and stored at
-80 �C until analysis. Directly on the sampled forages, proteins, protein-
bound phenols (8), PPO (10), and lipase activity (6) were measured.
Approximately 3 g of sample was incubated in a phosphate buffer
(0.1 M; pH 7.2) with 30 mM ascorbic acid for 0, 1, 2, 4, and 8 h. Ascorbic
acid was added to the incubation buffer to avoid PPO activity during the
incubation, tomeasure the effect of PPOactivity duringwilting rather than
during the incubation. After this incubation, a fatty acid (FA) extract was
made using chloroform/methanol (2:1, v/v) (11) and 10 mg of C19:0
(Sigma, Bornem, Belgium) was added as an internal standard. Lipids were
separated into free fatty acids (FFAs), membrane lipids (MLs), and
neutral fraction [triacylglycerols (TAGs), diacylglycerols (DAGs), and
monoacylglycerols] using two kinds of solid-phase extraction (SPE)
columns (12). To these three fractions, 10 mg of internal standard
(C21:0) was added before methylation (13). The total FA and FA in the
lipid fractions were analyzed after methylation and gas chromatography
(GC; Hewlett-Packard 6890 gas chromatograph, Hewlett-Packard, Brus-
sels, Belgium) with a Solgel-wax column (30 m� 0.25 mm� 0.25 μm; SGE
Analytical Science, Victoria, Australia) and a flame ionization detector
(FID).The temperature programwas as follows: 150 �C for 2min; increased
at 3 �C min-1 until 250 �C; injector temperature, 250 �C; and detector
temperature, 280 �C. The FA content was calculated using the area of the
internal standard as a reference, taking into account the theoretical response
factor. Lipolysis was calculated as the difference in proportion of total FA
that was occurring in theMLbetween the 0 and 1, 2, 4, or 8 h of incubation,
respectively, and divided by the proportion of total FA in the ML after 0 h
of incubation.

Statistics. All results were analyzed using the general linear models of
SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL). Multiple comparisons
were performed using the Tukey test. For the incubations in experiment 1,
the following model was used: Yij=μ þ NaCNi=1, ..., 3þ Ij=1, ..., 5 þ εij,
withNaCNbeing theNaCNconcentration in the incubationbuffer (0, 0.1,
or 5.0 mM) and I being the effect of the incubation time (0, 10, 20, 60, or
120 s). Two-way interaction between the main effects was tested in the
same model. For the incubation in experiment 2, the following model was
used:Yijk=μþWi=1, ..., 3þ Tj=1, ..., 4þ Ik=1, ..., 5þ εijk, with fixed factors
W being the effect of wilting (0, 4, or 24 h), T being the effect of treatment
(fresh, no damage, crushing, and freeze/thawing), and I being the effect of
the incubation time (0, 1, 2, 4, or 8 h) as a repeated measure. Two- and
three-way interactions were tested in the same model.

RESULTS

Experiment 1. The PPO activity was measured in a phosphate
buffer (pH 7.0) with a range of NaCN concentrations. Incuba-
tions with 0.1 mM NaCN showed 74.8(14.7% of the control
PPO activity, as measured in the incubation without NaCN.
When 5.0mMNaCNwas added to the phosphate buffer, only 1.8
(0.03% of the activity was left.

Figure 1. Influence of the NaCN concentration in the incubation buffer of a
protein extract of red clover with 4-methyl-cathecol on measured lipase
activity [μmol of PNPBmin-1 (mg of protein)-1] and protein-boundphenols
[nmol of tyrosine equiv (mg of protein)-1]. The error bars indicate the
standard error of the mean (n = 3).

Table 1. PPO [ΔA min-1 (mg of Protein)-1], Lipase Activity [μmol of PNPB min-1 (mg of Protein)-1], and Protein-Bound Phenols [nmol of Tyrosine equiv (mg of
Protein)-1] in a Protein Extract of Either Fresh, Not Damaged, Crushed, or FT Red Clovera

PPO activity [ΔA min-1 (mg of protein)-1]

lipase activity [μmol of PNPB min-1 (mg of

protein)-1]

protein-bound phenols [nmol of tyrosin equiv

(mg of protein)-1]

treatment wilting time (h) mean SEMb mean SEM mean SEM

fresh 0 16.1 a,b 1.57 41.3 a,b 1.97 0.746 d 0.3606

no damage 4 26.7 a 0.92 41.0 a 2.54 0.874 d 0.4295

24 19.2 a,b 2.35 34.8 a,c 2.14 2.19 c,d 0.448

crushed 4 16.7 a,b 3.42 28.1 b,c 2.41 4.77 c 0.349

24 20.0 a,b 5.45 21.2 b 3.22 7.38 b 0.617

FT 4 11.5 b 0.87 24.2 b,c 0.54 9.69 b 1.893

24 13.3 a,b 2.83 20.3 b 2.92 20.6 a 2.31

a All treatments except for the fresh were wilted for 4 and 24 h (n = 3). Different letters indicate a significant difference (p < 0.05) between treatments and wilting times. b SEM =
Standard error of the mean.
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In Figure 1, the results of the lipase activity and the protein-
bound phenol measurements are given. Therefore, a protein
extract of red clover was incubated with 4-methyl-catechol as a
substrate for PPO. Different NaCN concentrations were applied
to induce a variation in the PPO activity. The duration of the
incubations was 0, 10, 20, 60, or 120 s. Lipase activity decreased
from 26.1 to 10.2 and from 26.1 to 14.9 μmol of PNPBmin-1 (mg
of protein)-1 during the incubation when no or 0.1 mM NaCN
was applied, respectively. At the highest NaCN concentration,
lipase activity was not affected by the 2 min incubations.

Concomitantly, the bound phenols were influenced by NaCN,
with an increase in the incubations without NaCN from 5.5
to 30.7 nmol of tyrosine equiv (mg of protein)-1, from 5.4 to
18.3 nmol of tyrosine equiv (mg of protein)-1, and no effect of the
incubation time with the highest concentration of NaCN in the
buffer.

Experiment 2. In the first part of this experiment, PPO, lipase
activity, and protein-bound phenols in a protein extract of red
clover were measured. Before making the extract, red clover was
treated in different ways: (1) no damaging, (2) crushing, or (3)
quickly freezing with liquid nitrogen followed by thawing. The
results are presented in Table 1. PPO activity varied considerably
between treatments and wilting times, being highest after 4 h of
wilting without damaging [26.7ΔAmin-1 (mg of protein)-1] and
lowest after 4 h of wilting with previous freeze/thawing (FT) [11.5
ΔA min-1 (mg of protein)-1]. When not damaged, measured
lipase activity and protein-bound phenols were not affected by
wilting. However, when crushed or freeze/thawed, lipase activity
was decreased and protein-bound phenols increased after 4 h of
wilting compared to fresh. The increase in protein-bound phenols
was highest when the forage was freeze/thawed. The lipase
activity in red clover after FT with 4 h wilting or crushing or

Table 2. FA Composition Expressed as Grams per 100 g of FAMEs and Lipolysis [Calculated As (Proportion of Total FA in MLs at 0 h of Incubation- Proportion of
Total FA in MLs at 1, 2, 4, or 8 h of Incubation)/Proportion of Total FA in MLs at 0 h of Incubation] of ML during Incubation of Red Clover Fresh and after Wilting (4 or
24 h) with Different Treatments [No Damaging, Crushing (Crush), or FT] (n=3)a

treatment wilting (h) incubation time (h) C16:0 C18:0 C18:1 n-9 C18:2 n-6 C18:3 n-3 lipolysis

fresh 0 0 12.4 2.33 2.94 19.0 58.2

1 11.5 2.01 2.35 18.4 60.2 29.3

2 12.3 2.18 3.15 19.3 57.7 33.4

4 12.2 2.02 2.45 19.5 58.2 54.0

8 12.9 2.10 2.82 20.7 55.9 61.6

no damage 4 0 11.7 2.14 2.52 17.0 60.9

1 11.8 1.98 2.14 16.8 61.3 25.9

2 12.5 2.32 2.57 18.0 58.6 34.8

4 11.8 1.91 1.99 17.2 61.1 50.0

8 13.7 3.88 3.31 19.9 53.0 58.1

24 0 14.4 2.18 2.50 17.1 57.4

1 14.1 2.06 1.80 16.8 58.5 24.2

2 14.5 2.21 2.17 17.9 56.6 45.1

4 15.2 2.30 2.18 18.4 54.9 57.5

8 15.0 2.16 1.87 18.4 55.9 68.6

crush 4 0 12.4 2.11 2.12 16.3 60.2

1 12.6 2.10 1.79 17.1 59.5 22.9

2 12.4 1.98 3.08 15.6 60.4 39.8

4 12.7 2.05 1.89 17.0 60.3 49.8

8 13.4 1.99 1.86 17.9 58.6 62.5

24 0 14.3 2.19 2.46 18.2 55.9

1 14.6 2.14 2.50 18.3 55.3 27.4

2 14.7 2.30 2.55 18.1 55.1 41.2

4 15.0 2.24 2.54 18.9 54.3 42.5

8 15.3 2.23 2.43 19.7 53.5 52.9

FT 4 0 12.7 2.06 2.05 16.6 59.4

1 13.0 1.98 2.12 16.9 58.6 29.3

2 13.1 2.07 2.26 17.0 58.1 44.9

4 13.3 2.01 2.16 17.1 58.5 52.1

8 13.8 2.11 2.08 18.1 56.7 64.0

24 0 15.8 2.47 2.80 16.5 53.9

1 16.5 2.61 3.02 16.3 52.3 7.43

2 16.4 2.41 2.99 17.0 52.4 27.7

4 16.3 2.44 3.00 16.9 52.7 37.3

8 17.0 2.56 3.02 17.2 51.0 32.6

Statistics

treatment /// NS NS / /// ///
wilting /// NS T T /// ///
incubation /// NS NS /// T ///
treatment � wilting /// / // // // ///
treatment � incubation NS NS NS NS NS /
incubation � wilting NS NS NS NS NS T

three-way-interaction NS NS NS NS NS //

a T = trend at 0.10 > p g 0.05. /, //, and /// indicate p < 0.05, p < 0.01, and p < 0.001, respectively. NS = not significant (p g 0.10).
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FT with 24 h wilting did not differ. Nonetheless, protein-bound
phenols of these treatments did differ from the control.

The second part of experiment 2 considered the incubation of
the ground red clover with and without damaging and differing
wilting times, in a phosphate buffer with ascorbic acid. FA
composition and lipid fractions after incubation for 0, 1, 2, 4,
and 8 h were determined, and lipolysis was calculated. An
overview of the results on FA composition is shown in Table 2.
This illustrates a decrease in C18:3 and a concomitant increase in
C16:0 during wilting of forages but also during incubation. This
indicates FA oxidation, which is a degradation of unsaturated
FAs. Furthermore,Table 2 shows the rate of lipolysis, which is an
indication of the degradation of the ML. Before incubation, the
proportion of C16:0 was higher and the proportion of C18:3 was
lower when the forage was damaged compared to undamaged.
The wilting time had a similar general effect, but this was more
pronounced when the forage was damaged, as indicated by the
significant interaction between treatment and wilting time. The
effect of treatment and incubation on other FAs was rather
limited. Lipolysis ofMLduring incubationwas extensive because
up to 68.6% of the ML was hydrolyzed after 8 h of incubation.
Nevertheless, lipolysis was lower in crushed red clover wilted for
24 h and lowest in FT red clover wilted for 24 h compared to all
other treatments. In Figure 2 the decrease in C18:3 during wilting
and expressed as a proportion of FA methyl esters is presented.
No decrease in C18:3 was observed in forages wilted for 4 h,
regardless of damaging. In forages wilted for 24 h, however, a
decreased proportion of C18:3 was found for all types of dama-
ging but the decrease was highest in the FT forage.

In Figure 3, the proportion of the total FA over the three lipid
fractions, ML, FFA, and neutral fraction, are presented. After
wilting, ML was the largest fraction, containing up to 70 g per
100 g of total FA. When wilted for 4 h, there were no differences
between the treatments for any of the fractions. However, when
wilted for 24 h, 58.4 and 42.6 g 100 g-1 of total FAoccurred in the
ML fractions and 30.9 and 40.1 g 100 g-1 of total FA in the
neutral fraction in the crushed and FT, respectively, whereas in
the fresh forage, this was 67.7 and 22.7 g 100 g-1 of total FA in
MLandneutral fraction, respectively. The proportionof total FA
in the FFA fraction after 24 h of wilting was highest in the FT
forages; the other treatments did not differ.

In the forages wilted for 4 h, no differences in lipid metabolism
between treatments could be found during the incubation for all
fractions.After 24hofwilting, however, theproportionof totalFA
in theML fractionswas lowest and in theFFA fractionwas highest

in the not damaged forage after 8 h of incubation. Differences
occurring between treatments in the neutral fraction after 24 h of
wilting decreased during the incubation, to disappear after 8 h.

DISCUSSION

Experiment 1. The inhibition of enzymes as a result of bound
phenols has been studied before (14-16). These studies showed
that the binding of quinones, originating from phenols by non-
enzymatic oxidation, is capable of binding to enzymes and, as
such, inhibiting them. In particular, Rohn et al. (16) found a pH-
dependent decrease (87.6-61.3%) in R-chymotypsin activity
when chlorogenic acid, a phenol, was added to the incubation
media. They concluded that this was due to covalent binding of
phenols to the enzyme during the incubation. The enzyme lost
activity as a result of lower affinity for the substrate, indicating
that it was deformed and the substrate binding sitewas blocked as
a result of binding of quinones. A higher amount of protein-
bound phenols corresponding with a lower lipase activity, as
indicated by our results, is in accordance with these results. This
suggests that the lipolysis inhibiting role of PPO could be at least
partially due to a direct inhibition of lipases through their binding
with quinones, although a protection of the lipids, as a result of
direct binding of quinones with the lipids or binding of quinones
with proteins and thus encapsulating the lipids, cannot be
excluded. When NaCN was added as an inhibitor of PPO, the
amount of bound phenols occurring during the incubation with
4-methyl-catechol was lower. This indicates that PPOactivitywas
linked with the increase in protein-bound phenols and, thus, with
the inhibition of themeasured lipase activity. Sodium cyanide has
been described before as a noncompetitive PPO inhibitor in other
plant species (17-20).

Experiment 2. An increase in the amount of protein-bound
phenols over time can be a measure for the duration and the
intensity of the PPO activity, whereas the measured PPO activity
in a protein extract is rather an indication of the potential PPO
activity present in a plant at a certain time point. The lack of a
difference in protein-bound phenols between the fresh and
undamaged forages after 4 h of wilting (Figure 2) showed that
PPO was not active or only to a low extent. When the forage was
crushed, 4 h was sufficient to generate an increase in protein-
bound phenols from 0.75 to 4.77 nmol of tyrosine equiv (mg of
protein)-1 (Figure 2). This indicates that damaging can activate
PPO, which has been suggested to be present in a latent form (7),
in the fresh forage. They state that activation of red clover PPO
can occur in two ways: by an interaction between the (oxidized)

Figure 2. Disappearance of C18:3 after wilting (4 or 24 h) of treated [not damaged (ND), crushed, or FT] red clover calculated as (g of C18:3 per 100 g of fatty
acid methyl esters (FAMEs) in fresh)- (g of C18:3 per 100 g of FAME in treated samples)/(g of C18:3 per 100 g of FAME in fresh). The error bars indicate the
standard error of the mean (n = 3).
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substrate and the enzyme or by proteolytic cleavage of the latent
PPO as a result of proteases. The first is a fast process because it
can already occur, for instance, during the extraction of PPO.The
latter is a rather slow process (21). Lee et al. (7) indicated that,
after damaging, PPO activation is mediated by oxidized sub-
strates of PPO. Because endogenous phenolic substrates are
localized in vacuoles and PPO in the chloroplasts, PPO activition
will only occur following disruption of cellular compartmenta-
tion. This would implicate that, in our FT treatment, PPO was
most likely activated by the fast process of oxidized substrates.
Similar to the first experiment, measured lipase activity increased
when the amount of protein-bound phenols decreased. However,
in the damaged forages, as opposed to the incubation of protein
extracts with 4-methyl-catechol in experiment 1, there was not
always a concomitant decrease in lipase activity when protein-
bound phenols increased. This could indicate that not all extracted
lipases are reachable for the quinones when in a cell structure.
Therefore, the quinones bind to non-enzymatic proteins or to

previously inhibited enzymes, resulting in an increase in protein-
bound phenols without a decrease in measured lipase activity.
However, it should be stated that the method used to determine
protein-bound phenols will also determine non-protein-bound
phenol complexes if these are insoluble in an 800 mL acetone L-1

solution, because this is used to precipitate the proteins. Although
Sripad et al. (22) reported that the solubility of polyphenols in
sunflower seeds in a 800 mL acetone L-1 water was low,
precipitationof traces of polyphenols cannot be excluded.Because
non-protein-bound phenol complexes (i.e., polyphenols) could
occur as a result of polymerization of quinones with phenols, this
could lead to an overestimation of protein-bound phenols and,
thus, also explain the increase in protein-bound phenols without a
decrease in measured lipase activity.

When the forages were incubated, the FA composition and
lipid metabolism could be studied in more detail. Generally,
the FA composition of the forages was within the line of the
expectations (23-25). After wilting, a lower proportion of C18:3

Figure 3. Changes in the proportion of total FAs in lipid fractions (ML, FFA, and neutral fraction) during incubation in a phosphate buffer with ascorbic acid of
fresh, damaged (not damaged, crushed, and FT), or wilted [4 h (a, c, and e) or 24 h (b, d, and f)] red clover. The error bars indicate the standard error of the
mean (n = 3).
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(the most important unsaturated FA) and a higher proportion of
C16:0 (themost important saturated FA)were found after 24 h of
wilting compared to fresh. This indicates that oxidation of FA
occurredwhen the foragewaswilted for 24 h. The effect of wilting
and wilting duration on oxidation in forages has been observed
and studied before (6,24,26). However, the effect of damaging on
oxidation of C18:3 in forages during wilting has not been
reported. Our results suggest that more severely damaged forage
FAs are more prone to oxidation. This would be explained by the
stress-induced properties of lipoxygenases, enzymes responsible
for the oxidation of FA and, in particular, C18:3 (27).

Because of the pretreatment of our forages (damaging and
wilting), some processes already occurred before the incubation.
This can be concluded from the differences in lipid fractions
between treatments after wilting. Freeze/thawing and to a lower
extent crushing seemed to have caused an increase in the neutral
and FFA fraction during wilting for 24 h. The reason for this
might be that lipases as well as diacylglycerol acyltransferases
(DGATs) are stress-induced enzymes (28, 29). Increases in TAG
in forages during thawing (30) but also during wilting and
ensiling (6), which were probably due to DGAT activity, have
been reported earlier. The relatively high proportion of total FA
in the neutral fraction, even in the fresh forage, could be due to
thawing of the samples before extraction was started, because
samples were stored frozen at-80 �C before incubation. During
the incubation, however, the increase in FFAand neutral fraction
in forages damaged andwilted for 24 hwas lower, causing a lower
proportion of FFA after 8 h of incubation compared to unda-
maged forages. In the neutral fraction, no differences between
treatments occurredafter 8 h of incubation. This shows that lipase
andDGAT activity was lower in incubations of damaged forages
compared to fresh, indicating an enzyme inhibition, possibly as a
result of PPOactivity. Lee et al. (4) studied lipidmetabolism in red
clover extracts during incubation in a buffer without ascorbic
acid. They found increases in FFA, DAG, and to some extent in
TAG and a decrease inML. This is in accordance with the results
from our incubations. In this study, cultivars with a higher PPO
activity showed a lower increase in FFA and lower decreases in
ML. The lack of ascorbic acid in their incubation buffer allows
PPO activity during the incubation. In our buffer, ascorbic acid
was added, implying that PPO activity could only occur before
the incubation (i.e., during wilting). When PPO was activated by
damaging and wilting for 24 h, the increase in FFA and decrease
inMLwere also lower compared to fresh forage when incubated.
This confirms the role of PPO and indicates the importance of
PPO activation in altering the plant lipid metabolism. None-
theless, enzyme degradation (among which lipases) as a result of
protease activity during wilting or incubation cannot be excluded
because proteaseswill also be activated after damaging.However,
the decrease in lipase activity observed in the current experiments
are considerably higher than can be expected from protease-
mediated enzyme degradation. After 4 h of wilting, the effect of
damaging on lipid metabolism during incubation was limited,
implying a minimum amount of time after damaging was
required to induce differences in lipid metabolism. The discre-
pancy between the increase in the amount of protein-bound
phenols and decrease in measured lipase activity in the damaged
forages after 4 h of wilting on the one hand and the lack of
difference in lipid metabolism during the incubation of the same
forages on the other is hard to explain. It could be due to
compartimentation in the plant cell, meaning that enzymes
responsible for the lipid metabolism and PPO are in different
locations in a plant cell or that a high degree of enzyme inactiva-
tion is needed before an effect on in vitro lipolysis can be seen. It
certainly shows that there is not always a relation between

measured lipase activity, which assesses the potential lipase
activity and lipolysis of lipids during incubation in a buffer.
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