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Abstract

The fatty acid (FA) concentration of herbage and lipid

metabolism in silage, mainly oxidation and lipolysis, of

different species (perennial ryegrass, red clover and

white clover) and three cultivars of white and red

clover at three cutting dates in the growing season

(April, July and October) were studied. FA concentra-

tion and composition was strongly affected by species

and cutting date. Perennial ryegrass had lower concen-

trations of C16:1, C18:0, C18:1 and C18:2 than red and

white clover. Within red and white clover, the effect of

cultivar was small. Oxidation of C18:3 during wilting

was different between species and cutting date despite

similar wilting conditions. Lipolysis in silage was also

influenced by cutting date, species and to some extent

by cultivar. Furthermore, in some cuts silages of red and

white clover displayed a lower lipolysis than silage of

perennial ryegrass. On average, over the three cutting

dates proportionately 0Æ903, 0Æ864 and 0Æ857 of the

membrane lipids in perennial ryegrass, red clover and

white clover were hydrolysed during ensiling. In red

clover this could be due to the lipid-protecting proper-

ties of polyphenol oxidase (PPO) activity. This was not

observed in perennial ryegrass or white clover. Never-

theless, differences in lipolysis in silage between

cultivars of red clover were not correlated with PPO

activity.
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Introduction

There is increasing interest in the composition of fatty

acids (FA) of herbages and forages, especially their

concentration of polyunsaturated fatty acids (PUFA).

Herbages and forages are an important part of the

ruminant diet and, as such, they are a significant source

of PUFA, despite their low lipid concentration. Higher

PUFA intakes, due to higher PUFA concentrations in

herbage and forage, can lead to a better FA profile of the

ruminant product in terms of human health (von

Schacky et al., 1999). Lipid metabolism in silages,

however, could also be of importance for the PUFA

concentration of ruminant products. This is suggested

by the lower milk PUFA concentration when dairy cows

are fed conserved forages instead of grazed herbage

(French et al., 2000; Whiting et al., 2004; Eriksson and

Pickova, 2007). In conserved forages a majority of the

FA occur as free fatty acids (FFA) as opposed to fresh

herbages in which the concentration of FFA is low

(Steele and Noble, 1984; Elgersma et al., 2003a;

Lourenço et al., 2005; Van Ranst et al., 2009). As

lipolysis is a prerequisite to biohydrogenation, it can

be hypothesized that changes in lipid metabolism in

silage, which is predominantly lipolysis, could influence

biohydrogenation in the rumen.

In comparison with ryegrass silages, red and white

clover silages have been found to result in higher PUFA

concentrations in milk and meat (Dewhurst et al.,

2003b; Lourenço et al., 2007a; Lee et al., 2009a). This

‘clover-effect’ has been attributed to a lower lipolysis in

silage due to lipase-inhibiting compounds present in red

and white clover (Lourenço et al., 2005; Van Ranst

et al., 2009). In red clover, polyphenol oxidase (PPO)

has been suggested to inhibit lipolysis in silage, leading

to lower FFA concentrations in silages (Lee et al., 2007,

2008; Lourenço et al., 2008). Lower FFA concentrations

in white clover silages on the other hand have been

suggested to be related to another lipase-inhibiting
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compound, i.e. saponins (Lourenço et al., 2005),

although their contribution to lipase inhibition in silage

remains to be elucidated. Variations in the

concentration of these compounds and ⁄ or their activity

can occur over different cutting dates and cultivars

(Fothergill and Rees, 2006; Carlsen and Fomsgaard,

2008). However, differences in flow rates of digesta

between forages have also been suggested to be an

important factor in PUFA transfer to milk (Dewhurst

et al., 2003a; Vanhatalo et al., 2007).

This experiment had two objectives. Firstly, the FA

composition of herbage during the ensiling process was

studied for three different species (perennial ryegrass,

red clover and white clover) and three cultivars of red

and white clover over three cutting dates in a five-cut

system. The second goal was to study the effect of

species and cutting date on lipid metabolism, especially

lipolysis, in the silage. For red clover it was attempted to

link differences in lipolysis to differences in PPO

activity.

Materials and methods

Plant material

The plant material used was: red clover (Trifolium

pratense L. cultivars Merula, Lemmon and Milvus),

white clover (Trifolium repens L. cultivars. Barbian,

Barblanca and Riesling) and perennial ryegrass (Lolium

perenne L. cv. Aberdart). All species were grown at the

same location: 50�59¢N, 3�46¢E. The three red clover

cultivars were chosen out of 14 cultivars which were

grown in the greenhouse for 8 weeks after sowing in

trays, cut to a height of approximately 3 cm and planted

in the field. The three cultivars were chosen based on

the PPO activity measured after 8 weeks of regrowth in

the field (Figure 1). Cultivars with a high (Lemmon),

low (Merula) and intermediate (Milvus) PPO activity

were chosen. For white clover, cultivars were chosen

on diversity in leaf size [small (Barbian), large

(Barblanca) and intermediate (Riesling) leaf types]. All

cultivars were sown in separate fields in three replicates

on 20 September and 12 September 2006 for perennial

ryegrass and all the clover cultivars respectively.

Herbage was cut on five occasions in 2007: perennial

ryegrass on 23 April, 4 June, 16 July, 27 August and 8

October; red and white clover on 8 May, 11 June, 17

July, 27 August and 8 October. Herbage was harvested

to a height of approximately 5 cm using a Haldrup

harvester (J. Haldrup s ⁄ a, Løgstør, Denmark). Clover

cultivars were fertilized on four occasions with a

compound N-P-K fertilizer (kg ha)1); 68-0-90 before

the first cut, 45-15-65 after the first cut, 37-12-55 after

the third cut and 27-0-0 after the fourth cut. Perennial

ryegrass had the same fertilizer applications as the

clover cultivars with an additional application of

fertilizer of 54-0-0 after the second cut. For this study

only the herbage from the first, third and fifth cuts were

used. The harvested herbage from the species and

cultivars was stored overnight at 4�C. The following

morning, the herbage was crushed using a metal roller

of approximately 50 kg. Next, the herbage was wilted in

an oven at 35�C for approximately 8 h until a dry-

matter (DM) content of approximately 350 g DM kg)1

had been reached. After wilting, the herbages were

ensiled by means of vacuum-packing in thick (200 lm)

polyethylene bags. According to Johnson et al. (2005),

polyethylene bags are a good alternative for the more

conventional laboratory-scale silages in fixed volume

glass vessels. This resulted in laboratory-scale silages of

about 300 g of wilted plant material. No additives were

used. Every silage treatment was made in three

replicates. Silages were opened after 9 weeks.

Analyses

For FA analyses, grab samples of approximately 200 g

were taken in triplicate after mowing and wilting. After

ensiling, a single sample per silage was taken. All

samples were frozen immediately in liquid nitrogen
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Figure 1 Polyphenol oxidase (PPO)

activity expressed as increase in absor-

bance (A min)1 mg)1 of protein) in a

protein extract of 14 red clover cultivars

after 8 weeks of regrowth in the field.

Error bars indicate standard error of mean

(n = 4). *Indicates the cultivars chosen for

the experiment.
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and a subsample of approximately 5 g of fresh material

was extracted on the day of sampling with chloro-

form ⁄ methanol (2 ⁄ 1, v ⁄ v) according to Lourenço et al.

(2007b). The final volume of the extract was 100 mL.

These extracts were stored at )18�C until further

analysis.

Lipid fractions

Lipid fractions were separated using solid-phase

extraction (SPE) sequentially over two different kinds

of SPE columns (Dreyfus et al., 1997; Burdge et al.,

2000). For this separation 10 mL of extract was taken

and dried under a nitrogen stream, re-dissolved in

300 lL of chloroform and put on a glass SPE column

(Sigma, Bornem, Belgium) with 600 mg silica gel 60,

220–240 mesh (Fluka, Bornem, Belgium). This was

washed twice using 2 mL of chloroform before sample

application. The first fraction [triacylglycerols

(TAG) + diacylgyceraol (DAG) + FFA was eluted using

10 mL of chloroform ⁄ acetic acid (99 ⁄ 1, v ⁄ v). The

second fraction [membrane lipids (ML)] was eluted

using sequentially 10 mL of acetone ⁄ methanol (9 ⁄ 1;

v ⁄ v) and 5 mL methanol. The first fraction containing

the TAG, DAG and FFA had to be further separated

into FFA and neutral (DAG + TAG) fractions. There-

fore, this fraction was dried under a stream of nitrogen,

re-dissolved in a small amount of hexane ⁄ chloro-

form ⁄ methanol (95 ⁄ 3 ⁄ 2, v ⁄ v ⁄ v) and put on an

amino-propyl column which was activated by eluting

with 7Æ5 mL hexane before sample application. The first

fraction, the neutral fraction (TAG + DAG), was eluted

with 8 mL of chloroform. The second fraction (FFA)

was eluted using 5 mL of diethylether ⁄ acetic acid

(98 ⁄ 2, v ⁄ v) and the last fraction (which contained

the residual ML) was eluted using 2Æ5 mL metha-

nol ⁄ chloroform (6 ⁄ 1, v ⁄ v) and 2Æ5 mL 0Æ05 M sodium

acetate in methanol ⁄ chloroform (6 ⁄ 1, v ⁄ v). This last

fraction was added to the last fraction of the first

column. To these three fractions 10 mg of internal

standard (C21:0) was added before methylation (Raes

et al., 2001). Lipolysis in silage was calculated as the

difference in proportion of total FA that occurred in the

ML between the wilted herbage and the ensiled forages

divided by proportion of total FA in the ML of the

wilted herbage.

Fatty acid analysis

Fatty acids were analysed by gas chromatography (GC)

using an Interscience Trace GC Ultra (Interscience B.V.,

Breda, The Netherlands) with BPX-90 column for FA

methyl esters (30 m · 0Æ25 mm · 0Æ25 lm; Chrompack

Inc., Middelburg, The Netherlands). The temperature

programme was as follows: starting temperature: 100�C;

increase at 5�C min)1 to 210�C; hold for 1 min; tem-

perature injector: 250�C; temperature detector: 280�C.

Silage measurements

After 9 weeks of ensiling, a single sample of

approximately 50 g per silage was taken and stored

vacuum-packed at )18�C for determination of pH and

fermentation acids (FeA) (lactic acid, acetic acid and

butyric acid) (Fraser et al., 2004). For determination of

FeA, an extract was made. Five grams of fresh silage

was mixed for 1 min (Ultra-turrax T25; Janke and

Kunkel, Staufen, Germany) in 50 mL of distilled water

with 20 mL formic acid L)1 and shaken for 2 h (Uni-

max 2010; Heidolph Instruments, Schwabach, Ger-

many). In 20 lL of this extract lactic acid was

determined by oxidizing to acetaldehyde in Conway

micro-diffusion chambers and measuring spectropho-

tometrically (224 nm) (Conway, 1957). Volatile fatty

acids (VFA) were determined on the same extract as for

lactic acid using a GC (Shimadzu GC-14A; Shimadzu

Corporation, ‘s Hertogenbosch, The Netherlands) (Van

Nevel and Demeyer, 1977). Silage pH was determined

in a water extract. Five grams of fresh silage was mixed

for 1 min (Ultra-turrax T25; Janke and Kunkel) in

50 mL of distilled water and shaken for 2 h (Unimax

2010; Heidolph Instruments) before the pH was mea-

sured (692 pH ⁄ ion; Metrohm, Herisau, Switzerland).

Ammonia concentration was measured in the same

water extract using a steam distillation (Vapodest 20;

Gerhardt, Köningswinter, Germany) without previous

destruction. The distillate was collected in boric acid and

consequently titrated with chloric acid (0Æ1 MM). The

method was adapted from Horneck and Miller (1997).

For determination of DM content, samples were dried

for 48 h at 75�C. DM content was determined by

weighing before and after drying; for silage samples a

correction was made for the FeA by including the

amount of determined VFA in the DM.

Enzyme activity

Approximately 50 g of fresh and wilted herbage were

taken for measurements of enzyme activity and were

frozen immediately in liquid nitrogen, ground in a

mortar and stored in airtight pots at )80�C until

analysis. Proteins were extracted using a 0Æ1 MM

phosphate buffer with 30 mMM ascorbic acid (pH = 7Æ0).

After filtration and centrifugation (15 000 g, 20 min,

4�C), acetone was added to the supernatant until a

concentration of 800 mL acetone L)1 total volume and

the samples kept at )18�C for 35 min. After

centrifugation (5000 g, 5 min, 4�C) the pellet was

re-dissolved in a 0Æ1 MM phosphate buffer (pH = 7Æ0)

without ascorbic acid. This purified protein extract was
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used to measure PPO activity according to Robert et al.

(1995) using 4-methyl-catechol (Sigma). Absorbance

(A) was measured at 400 nm every 10 s for 1 min. PPO

activity is expressed as DA min)1 mg)1 protein. Protein

content was analysed using Folin-Ciocalteau reagent

(Sigma) according to Winters and Minchin (2005).

Absorption was measured at 650 nm. Standards of 0 to

0Æ8 mg mL)1 casein were assayed simultaneously.

Statistics

The effect of cut, species and cultivar was assayed in fresh

herbage samples using the following model:

Yijk¼ lþCuti¼1�3þSpeciesj¼1�3þCultivar (Species)k

þCuti�Speciesjþ �ijk;

with fixed effects of cutting date (the first, third and fifth

cut of five cuts), species (perennial ryegrass, red clover

and white clover) and cultivar (species) which indicates

the effect of cultivar within species (cultivars Milvus,

Merula and Lemmon for red clover and cultivars

Barbian, Barblanca and Riesling for white clover);

cut · species is the interaction between the main effects

of cut and species. When the effect of wilting and ensiling

was assessed, the same model was used with treatment

(fresh, wilted and ensiled) as an extra main effect.

Multiple comparisons were performed using a Tukey

test. Statistics were performed using SPSSSPSS 15.0 for

Windows (SPSS Inc., Chicago, IL, USA).

Results

FA composition of fresh herbages

The total FA concentration and the FA composition of

the herbages as a mean over the cultivars and for the

three cutting dates analysed are shown in Table 1. This

table shows lower C16:1, C18:0, C18:1c9 (C18:1) and

C18:2n-6 (C18:2) concentrations in perennial ryegrass

compared to the two clover species. In perennial

ryegrass, there was an effect of cutting date on all FA

except for C18:1 and C18:2. For the clover species,

however, there was an effect of cutting date on

concentrations of total FA, C18:3 n-3 (C18:3), C18:2

(red clover only) and C16:1. The lowest total FA and

C18:3 concentrations occurred on the third cutting date

for perennial ryegrass and white clover. For red clover

the first and the third cutting dates were not different.

For all three herbages, the highest C18:3 concentrations

occurred on the fifth cutting date.

In Table 2 the total FA concentration and concentra-

tion of the most important FA in the separate clover

cultivars are shown. Generally, the effect of cultivar was

small with only a trend within cultivars of red clover to

differ in total FA and C18:3 concentrations. Cultivar

Lemmon tended to show higher concentrations than

the other cultivars for both total FA and C18:3

concentrations. There was an effect of cutting date on

concentrations of C16:1, C18:1 (white clover only),

C18:2 (red clover only), C18:3 and total FA. There were

no interactions between cultivar and cutting date.

Effect of wilting and ensiling on FA composition

Figure 2 shows the relative disappearance of C18:3 in

the herbages after 8 h of wilting in an oven at 35�C. The

relative disappearance of C18:3 was highest for red

clover at the first cutting date and for perennial ryegrass

at the fifth cutting date. At the first cutting date, the

relative disappearance of linolenic acid in perennial

ryegrass and white clover did not differ from zero. There

were no differences between the cultivars within red

and white clover.

No measurable amount of butyrate was found in the

silages (Table 3). Accidentally, the silage samples from

the third cutting date were dried before analysis for

VFA. Therefore, for this cut, no VFA data can be

presented. Nevertheless, all silages could be considered

to be of good to fair quality. Dry matter contents of

silages were only different between cutting dates. They

did not differ between species or cultivars within

cutting dates. There were differences between cutting

dates and species in silage variables. Silages of cultivars

within species only differed in ammonia concentration.

Table 4 shows the FA concentration and composition

of the herbage of the different species after wilting and

ensiling. There were no differences between cultivars

within red or white clover and individual cultivar

values are, therefore, not presented. Table 4 shows

mean values of the three cultivars. The total FA

concentration, expressed in terms of mg g)1 DM, was

higher in silages than in wilted herbages. The propor-

tion of C16:0 and C18:0 tended to be higher in silages

than in wilted herbages.

Lipid metabolism in silages

In Figure 3, the lipolysis of total FA from the ML

fraction is presented. An extensive lipolysis of ML

(proportionately >0Æ80) occurred in all silages. Never-

theless, at the first cutting date lipolysis was lower in

red clover compared to perennial ryegrass silages. White

clover was intermediate and did not differ from the

other species. At the second cutting date there were no

differences between species and at the third cutting date

lipolysis in white clover silages was lower than in red

clover and perennial ryegrass silages. At the first cutting

date cultivar Barbian showed the lowest and cultivar

Riesling the highest lipolysis within white clover. At the

second cutting date cultivar Milvus displayed a lower
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lipolysis than the two other red clover cultivars. At

other cutting dates, no effect of cultivar occurred.

Lipolysis at the fifth cutting date was higher than at the

two other cutting dates.

In Table 5 the distribution of FA over the three lipid

fractions is presented and it shows that wilting and

ensiling herbages drastically changed this distribution.

Generally, there was a strong decrease in the FA present

in the ML. This was accompanied by an increase in FA

in the neutral fraction during wilting and by an

increase in FA in the FFA and the neutral fraction

during ensiling. The proportion of total FA in the

different fractions was influenced by species, cutting

date and treatment. Moreover, interactions between

these main effects occurred. Generally, white clover

was more similar to red clover than to perennial

ryegrass. The proportion of FA in the neutral fraction

of the wilted herbages was generally higher than in the

clovers. However, after ensiling, the proportion of FA in

the neutral fraction was higher in the ryegrass silages

compared to red and white clover silages. The propor-

tion of FA in the FFA and ML fraction after ensiling was

generally higher in clover silages, except for the fifth

cutting date, where red clover and ryegrass silages did

not differ. Differences occurred among the individual

FA in terms of their distribution over the lipid fractions,

with C16:0, the most important saturated FA in forages,

being proportionally more present in the FFA than

C18:2 and C18:3. C18:3, the most important unsatu-

rated FA, was proportionally more present in the ML

fraction. C18:2 was more or less intermediate.

Polyphenol oxidase activity

Polyphenol oxidase activities in the protein extract of

the three red clover cultivars before wilting are given

in Figure 4. Measured PPO activity in white clover

cultivars and perennial ryegrass did not differ from

zero (results not shown). Results for red clover show

that PPO activity was influenced by cutting date

(P < 0Æ05) although the effect of cutting date was

different for the different cultivars. Moreover, PPO

activity of cultivar Merula was lower (P < 0Æ05) for

cutting dates one and three than the two other

cultivars, which did not differ.

Discussion

FA composition of fresh herbages

The FA concentration and composition of herbages

was affected by species and cutting date, confirming

earlier findings (Dewhurst et al., 2001; Boufaied et al.,

2003; Elgersma et al., 2003b). Boufaied et al. (2003)

also reported higher C18:0, C18:1 and C18:2 concen-

trations in legume than in grass species. The FA

concentration of herbages is dependent on the grow-

ing stage of the plant. Plants in the generative stage

will have a higher FA concentration than in the

reproductive stage as leaves are richer in FA than

stems (Bauchart et al., 1984). This possibly explains

the effects of cutting date on the FA concentration

and composition. The stems are lower in FA than

Table 1 Total fatty acid concentration and the concentration of the most important fatty acids in herbages, expressed in

mg g)1 dry matter for perennial ryegrass (n = 3; mean of one cultivar), red clover (n = 9; mean of three cultivars) and white clover

(n = 9; mean of three cultivars) for three cutting (1, 23 April; 3, 16 July and 5, 8 October).

Species

Cutting

date

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 Total

Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m.

Perennial

ryegrass

1 3Æ59 0Æ076 0Æ362 0Æ0246 0Æ221 0Æ0135 0Æ530 0Æ0167 3Æ11 0Æ009 17Æ8 0Æ59 26Æ2 0Æ67

3 3Æ43 0Æ113 0Æ234 0Æ0120 0Æ293 0Æ0246 0Æ394 0Æ0470 2Æ61 0Æ145 14Æ0 0Æ38 21Æ7 0Æ78

5 4Æ31 0Æ242 0Æ482 0Æ0431 0Æ418 0Æ0415 0Æ541 0Æ0193 2Æ87 0Æ143 23Æ2 1Æ45 32Æ9 1Æ89

Red clover 1 3Æ83 0Æ165 0Æ405 0Æ0231 0Æ524 0Æ0421 0Æ692 0Æ0751 4Æ51 0Æ172 15Æ7 0Æ81 26Æ0 1Æ15

3 4Æ17 0Æ213 0Æ526 0Æ0490 0Æ620 0Æ0336 0Æ786 0Æ0517 5Æ21 0Æ280 17Æ7 1Æ71 29Æ4 2Æ34

5 4Æ11 0Æ172 0Æ667 0Æ0485 0Æ569 0Æ0248 0Æ642 0Æ0363 5Æ69 0Æ296 23Æ8 1Æ69 36Æ3 2Æ25

White clover 1 5Æ00 0Æ173 0Æ661 0Æ0273 0Æ598 0Æ0289 0Æ922 0Æ0462 5Æ20 0Æ168 23Æ0 0Æ83 36Æ2 1Æ06

3 4Æ56 0Æ107 0Æ500 0Æ0339 0Æ627 0Æ0100 0Æ927 0Æ0449 5Æ43 0Æ293 16Æ4 0Æ94 28Æ8 1Æ23

5 4Æ75 0Æ177 0Æ800 0Æ0433 0Æ631 0Æ0137 0Æ725 0Æ0315 5Æ48 0Æ182 27Æ0 0Æ98 40Æ5 1Æ35

Level of

significance

Species *** *** *** *** *** ** ***

Cutting date NS *** ** NS NS *** ***

Species ·
cutting date

* ** NS NS NS * *

NS, not significant; *, P < 0Æ05; **, P < 0Æ01; ***, P < 0Æ001.
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leaves, as most of the FA are localized in the

chloroplasts. However, effects of photoperiod, temper-

ature and precipitation (Hawke, 1973) cannot be

excluded. The interactions between species and cut-

ting date were most probably due to differences in

generative period and ⁄ or generative growing stage.

The lack of major differences between cultivars could

have been due to the limited number of cultivars used

in this study. Nevertheless, in accordance with this

study, differences between cultivars of herbages found

in earlier studies were mostly of minor importance

(Elgersma et al., 2003a,b). There are no other studies to

the knowledge of the authors that have extensively

studied differences in cultivars in FA concentration and

composition over cutting dates.

Effect of wilting and ensiling on FA composition

Losses of FA in herbages during wilting are generally

accepted to be due to oxidation of unsaturated FA.

Table 2 Total fatty acid (FA) concentration and the concentration of the most important FA in the herbage of the different red

clover (RC) and white colver (WC) cultivars for three cutting dates (1, 23 April; 3, 16 July and 5, 8 October), expressed in mg g)1

dry matter (n = 3).

Cutting

date Species Cultivar

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 Total FA

Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m.

1 RC Lemmon 3Æ84 0Æ262 0Æ462 0Æ035 0Æ526 0Æ098 0Æ652 0Æ152 4Æ47 0Æ295 17Æ9 1Æ17 28Æ2 1Æ85

Merula 3Æ75 0Æ339 0Æ375 0Æ040 0Æ495 0Æ054 0Æ611 0Æ114 4Æ51 0Æ388 14Æ1 0Æ81 24Æ3 1Æ69

Milvus 3Æ90 0Æ372 0Æ378 0Æ034 0Æ551 0Æ089 0Æ813 0Æ142 4Æ55 0Æ343 15Æ1 1Æ45 25Æ6 2Æ37

WC Barbian 5Æ33 0Æ391 0Æ732 0Æ036 0Æ641 0Æ074 0Æ989 0Æ116 5Æ33 0Æ167 25Æ4 0Æ98 39Æ2 1Æ27

Barblanca 5Æ03 0Æ256 0Æ647 0Æ058 0Æ590 0Æ048 0Æ900 0Æ091 5Æ47 0Æ186 22Æ7 1Æ29 36Æ0 1Æ71

Riesling 4Æ66 0Æ165 0Æ605 0Æ009 0Æ564 0Æ027 0Æ878 0Æ023 4Æ81 0Æ394 20Æ7 0Æ52 33Æ3 0Æ47

3 RC Lemmon 4Æ28 0Æ429 0Æ525 0Æ076 0Æ704 0Æ062 0Æ815 0Æ055 5Æ29 0Æ359 19Æ4 2Æ97 31Æ3 3Æ95

Merula 4Æ39 0Æ444 0Æ628 0Æ093 0Æ607 0Æ045 0Æ779 0Æ070 5Æ30 0Æ806 19Æ4 3Æ91 31Æ7 5Æ47

Milvus 3Æ86 0Æ288 0Æ424 0Æ063 0Æ551 0Æ041 0Æ765 0Æ153 5Æ03 0Æ375 14Æ2 1Æ50 25Æ0 2Æ45

WC Barbian 4Æ62 0Æ301 0Æ515 0Æ087 0Æ622 0Æ010 1Æ02 0Æ084 5Æ90 0Æ830 16Æ5 2Æ78 29Æ8 3Æ62

Barblanca 4Æ55 0Æ082 0Æ549 0Æ043 0Æ625 0Æ010 0Æ885 0Æ041 4Æ85 0Æ224 16Æ1 1Æ43 27Æ8 1Æ69

Riesling 4Æ51 0Æ191 0Æ438 0Æ033 0Æ635 0Æ031 0Æ880 0Æ098 5Æ53 0Æ103 16Æ7 0Æ83 28Æ8 1Æ06

5 RC Lemmon 4Æ40 0Æ275 0Æ738 0Æ104 0Æ609 0Æ023 0Æ717 0Æ026 6Æ19 0Æ332 26Æ7 3Æ09 40Æ3 3Æ88

Merula 4Æ11 0Æ233 0Æ653 0Æ018 0Æ583 0Æ058 0Æ652 0Æ040 5Æ92 0Æ362 23Æ2 1Æ39 35Æ8 2Æ09

Milvus 3Æ68 0Æ166 0Æ574 0Æ003 0Æ496 0Æ004 0Æ520 0Æ022 4Æ71 0Æ049 19Æ9 0Æ56 30Æ7 0Æ78

WC Barbian 4Æ60 0Æ189 0Æ824 0Æ044 0Æ615 0Æ016 0Æ705 0Æ033 5Æ41 0Æ088 26Æ2 0Æ93 39Æ4 1Æ31

Barblanca 4Æ89 0Æ497 0Æ744 0Æ128 0Æ621 0Æ032 0Æ814 0Æ041 5Æ96 0Æ306 26Æ3 2Æ88 40Æ3 4Æ10

Riesling 4Æ76 0Æ268 0Æ832 0Æ042 0Æ658 0Æ020 0Æ658 0Æ053 5Æ08 0Æ312 28Æ5 0Æ86 41Æ7 1Æ41

Level of

significance

RC Cutting date NS ** NS NS * ** *

Cultivar NS NS NS NS NS NS NS

Interaction NS NS NS NS NS NS NS

WC Cutting date NS *** NS ** NS *** ***

Cultivar NS NS NS NS NS NS NS

Interaction NS NS NS NS NS NS NS

NS, not significant; *, P < 0Æ05; **, P < 0Æ01; ***, P < 0Æ001.
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Figure 2 Disappearance of C18:3 after 8 h wilting in an oven

at 35�C calculated as (C18:3 as % of FA methyl esters (FAME)

in fresh herbage – C18:3 as % of FAME in wilted herb-

age) · 100 ⁄ C18:3 as % of FAME in fresh herbage. Herbages

are perennial ryegrass (j; n = 3, mean of one cultivar), red

clover ( ; n = 9; mean of three cultivars) and white clover (h;

n = 9; mean of three cultivars) for three cutting dates (1, 23

April; 3, 16 July and 5, 8 October). Error bars indicate 2 · s.e.m.
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These unsaturated FA are more susceptible to

oxidation than saturated FA and, therefore, oxidation

leads to a concomitant decrease in total FA

concentration and proportion of C18:3 whereas the

proportion of C16:0 increases. Oxidation during

wilting has not been studied extensively. There are

reports about the effect of wilting on FA composition

of herbage (Dewhurst and King, 1998; Boufaied et al.,

2003; Arvidsson et al., 2009; Van Ranst et al., 2009)

but what could cause differences in lipid oxidation

in herbages has not been considered. This study

showed that large variations in losses of C18:3

(0–0Æ15) occurred despite similar wilting conditions

(ventilated oven at 35�C), duration of wilting (8 h)

and DM content (at least within cuts), indicating that

there are characteristics or constituents of herbage

that can influence lipid oxidation during wilting (e.g.

lipoxygenase activity and ⁄ or anti-oxidant content).

Lipoxygenase activity has been linked with tolerance

to stress, such as cold, where a higher tolerance of

cold stress corresponded with lower lipoxygenase

activity (Kaniuga, 2008).

The effect of ensiling on FA composition was

small, which is in line with the findings of Van Ranst

et al. (2009), but there are also studies reporting changes

in FA composition during ensiling (Boufaied et al., 2003;

Elgersma et al., 2003a; Arvidsson et al., 2009), which

could have been due to degradation of FA due to

microbial activity and ⁄ or oxidation due to oxygen that

is present in the silage with incomplete anaerobiosis.

Increases in FA concentration during ensiling have

been reported before (Boufaied et al., 2003). This was

Table 3 Dry-matter (DM) content (g kg)1), pH and concentrations of lactic acid, acetic acid, total fermentation acids (FeA) and

ammonia (g kg)1 DM) of the silages for the cultivars of the three species [perennial ryegrass (RG), red clover, (RC) and white clover

(WC)] at three cutting dates (1, 23 April; 3, 16 July and 5, 8 October) (n = 3).

Cutting

date Species Cultivar

DM

content pH Lactic acid Acetic acid Total FeA Ammonia

Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m.

1 RG Aberdart 283 10Æ4 4Æ37 0Æ033 13Æ2 2Æ29 5Æ43 0Æ633 18Æ6 1Æ73 0Æ633 0Æ170

RC Lemmon 287 16Æ3 4Æ57 0Æ088 26Æ3 1Æ69 6Æ73 0Æ851 33Æ0 1Æ94 0Æ913 0Æ089

Merula 307 19Æ5 4Æ70 0Æ100 21Æ0 2Æ36 5Æ57 0Æ088 26Æ6 2Æ28 0Æ743 0Æ003

Milvus 290 10Æ1 4Æ63 0Æ088 20Æ5 1Æ31 5Æ50 0Æ153 26Æ0 1Æ22 0Æ730 0Æ038

WC Barbian 270 7Æ3 4Æ40 0Æ058 26Æ7 0Æ31 6Æ97 0Æ176 33Æ7 0Æ24 1Æ38 0Æ051

Barblanca 291 3Æ2 4Æ33 0Æ033 27Æ1 1Æ59 7Æ53 0Æ968 34Æ6 2Æ49 1Æ03 0Æ069

Riesling 283 26Æ6 4Æ43 0Æ088 27Æ1 0Æ72 7Æ57 0Æ120 34Æ7 0Æ60 1Æ40 0Æ171

3 RG Aberdart 396 34Æ8 4Æ43 0Æ033 22Æ3 3Æ55 –† – – – 0Æ520 0Æ027

RC Lemmon 397 7Æ3 4Æ70 0Æ000 16Æ4 0Æ82 – – – – 0Æ610 0Æ015

Merula 390 15Æ7 4Æ73 0Æ033 15Æ3 0Æ47 – – – – 0Æ520 0Æ012

Milvus 360 17Æ9 4Æ63 0Æ120 16Æ8 0Æ50 – – – – 0Æ483 0Æ052

WC Barbian 360 12Æ4 4Æ67 0Æ033 20Æ6 1Æ56 – – – – 1Æ64 0Æ020

Barblanca 390 11Æ6 4Æ60 0Æ100 22Æ5 3Æ52 – – – – 1Æ44 0Æ040

Riesling 367 18Æ2 4Æ53 0Æ033 21Æ6 1Æ22 – – – – 1Æ37 0Æ098

5 RG Aberdart 393 36Æ8 4Æ87 0Æ033 11Æ1 0Æ80 6Æ13 0Æ726 17Æ2 0Æ37 0Æ923 0Æ033

RC Lemmon 474 57Æ0 5Æ00 0Æ200 28Æ2 1Æ55 9Æ45 2Æ054 37Æ6 3Æ60 1Æ58 0Æ050

Merula 375 18Æ2 4Æ80 0Æ058 29Æ0 1Æ20 10Æ6 0Æ769 39Æ6 0Æ85 1Æ40 0Æ094

Milvus 433 75Æ5 4Æ65 0Æ050 31Æ9 2Æ30 10Æ7 0Æ500 42Æ6 1Æ80 1Æ31 0Æ060

WC Barbian 440 31Æ5 4Æ63 0Æ033 26Æ6 0Æ35 7Æ90 0Æ404 34Æ5 0Æ52 1Æ96 0Æ064

Barblanca 332 21Æ0 4Æ27 0Æ033 29Æ6 1Æ77 5Æ93 0Æ384 35Æ5 2Æ12 1Æ54 0Æ094

Riesling 352 10Æ3 4Æ43 0Æ088 27Æ9 1Æ12 6Æ77 0Æ296 34Æ6 1Æ24 1Æ59 0Æ071

Level of

significance

Cutting date *** *** * ** *** ***

Species NS *** *** ** *** ***

Cultivar (species)‡ NS NS NS NS NS ***

Cutting date

x species

NS *** *** *** *** ***

NS, not significant; *P < 0Æ05; **P < 0Æ01; ***P < 0Æ001.

†Indicates missing values due to mistreatment of samples.

‡Cultivar (species) is the effect of cultivar within species.
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hypothesized to be due to DM losses other than FA,

associated with degradation and losses in effluent. As the

latter was not possible in this experiment, as silages were

vacuum-packed in polyethylene bags, the observed

increase in total FA concentration was most likely due

to degradation of DM (other than FA) during ensiling.

Table 4 Total fatty acid (FA) concentration (mg g)1 dry matter) and FA composition (% of FA methyl ester) of the different

species after wilting and after ensiling for three cutting dates (1, 23 April; 3, 16 July and 5, 8 October).

Treatment

Cutting

date Species

Total C16:0 C18:0 C18:1 C18:2 C18:3

Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m. Mean s.e.m.

Wilted 1 RG 24Æ9 1Æ60 14Æ6 0Æ24 0Æ941 0Æ030 1Æ72 0Æ158 12Æ1 0Æ45 67Æ3 0Æ71

RC 23Æ7 2Æ03 16Æ5 0Æ95 2Æ16 0Æ263 2Æ48 0Æ564 19Æ5 0Æ79 54Æ6 1Æ21

WC 33Æ6 2Æ13 13Æ9 0Æ38 1Æ67 0Æ068 2Æ05 0Æ159 14Æ1 0Æ34 63Æ8 0Æ88

3 RG 19Æ7 0Æ79 16Æ5 0Æ02 1Æ53 0Æ022 1Æ85 0Æ123 13Æ3 0Æ14 61Æ8 0Æ89

RC 24Æ8 1Æ49 16Æ1 0Æ24 2Æ19 0Æ116 1Æ76 0Æ029 19Æ8 0Æ42 52Æ8 0Æ55

WC 25Æ3 1Æ26 17Æ1 0Æ34 2Æ13 0Æ053 2Æ30 0Æ260 17Æ6 0Æ30 53Æ4 0Æ81

5 RG 23Æ3 1Æ13 16Æ7 0Æ13 1Æ31 0Æ038 1Æ47 0Æ374 13Æ4 0Æ20 60Æ2 0Æ81

RC 35Æ0 3Æ42 12Æ9 0Æ34 1Æ33 0Æ035 1Æ28 0Æ059 16Æ5 0Æ40 61Æ5 0Æ72

WC 38Æ7 2Æ08 13Æ2 0Æ18 1Æ46 0Æ083 1Æ37 0Æ058 13Æ4 0Æ26 63Æ8 0Æ46

Ensiled 1 RG 30Æ6 0Æ69 15Æ2 0Æ13 1Æ70 0Æ082 1Æ98 0Æ219 11Æ6 0Æ19 66Æ6 0Æ63

RC 29Æ3 1Æ86 16Æ6 0Æ26 2Æ35 0Æ035 1Æ86 0Æ051 19Æ2 0Æ58 55Æ2 0Æ74

WC 36Æ1 1Æ63 15Æ1 0Æ16 2Æ02 0Æ060 2Æ16 0Æ143 14Æ8 0Æ22 62Æ1 0Æ32

3 RG 21Æ9 1Æ52 16Æ8 0Æ64 1Æ81 0Æ312 2Æ35 0Æ338 15Æ1 0Æ32 60Æ1 1Æ68

RC 26Æ6 1Æ24 17Æ1 0Æ43 2Æ11 0Æ059 2Æ71 0Æ228 20Æ6 0Æ68 51Æ0 0Æ95

WC 30Æ5 1Æ23 17Æ6 0Æ43 2Æ17 0Æ221 2Æ19 0Æ155 17Æ2 0Æ45 54Æ3 0Æ78

5 RG 29Æ1 0Æ62 16Æ6 0Æ34 1Æ38 0Æ038 1Æ64 0Æ193 13Æ8 0Æ21 61Æ3 0Æ73

RC 36Æ8 1Æ67 13Æ0 0Æ10 1Æ33 0Æ016 1Æ22 0Æ047 16Æ4 0Æ15 61Æ0 0Æ40

WC 35Æ7 1Æ45 14Æ1 0Æ24 1Æ48 0Æ065 1Æ39 0Æ096 14Æ8 0Æ51 62Æ5 0Æ71

Level of significance

Species *** * *** NS *** ***

Cutting date *** *** *** *** *** ***

Wilted vs. ensiled ** NS NS NS NS NS

Species · cutting date * *** *** NS *** ***

Cultivar (species)† NS NS NS NS NS NS

n = 3 for perennial ryegrass (RG) and n = 9 for red clover (RC) and white clover (WC) expressed as a mean of the three cultivars.

NS, not significant; *, P < 0Æ05; **, P < 0Æ01; ***, P < 0Æ001.

†Cultivar (species) is the effect of cultivar within species.
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Figure 3 Lipolysis of membrane lipids (ML),

calculated as (proportion of total fatty acids

(FA) in ML in wilted herbage – proportion of

total FA in ML in ensiled forage) ⁄ proportion

of total FA in ML in wilted herbage, in silages

of cultivars of three species [perennial rye-

grass (RG), red clover (RC) and white clover

(WC)]. Herbages at three cutting dates (1,

23 April; 3, 16 July and 5, 8 October) were

ensiled. Error bars indicate 2 · s.e.m.

(n = 3).
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Lipid metabolism in silages

Due to plant lipases, which are activated by plant stress

and damage, and microbial lipases, ML are hydrolysed

which results in an accumulation of FFA in the silage.

Lipolysis in silages is a very extensive process as has

been reported before in several studies (Steele and

Noble, 1984; Elgersma et al., 2003a; Van Ranst et al.,

2009). In this study, effects of species, cultivars and

cutting dates were found. The effect of cutting date in

Table 5 The distribution (%) over the three lipid fractions [free fatty acids (FFA), membrane lipids (ML) and triacyl- and

diacylglycerols (Neutral)] of three individual fatty acids and the total fatty acids, calculated as the amount (mg g)1 DM) in a particular

fraction divided by the sum of the three fractions and this for the three forages [n = 3 for ryegrass (RG) and n = 9 for red clover

(RC) and white clover (WC) expressed as a mean of three cultivars].

Cut Species Treatment

FFA ML Neutral

C16:0 C18:2 C18:3 Total C16:0 C18:2 C18:3 Total C16:0 C18:2 C18:3 Total

1 RG Fresh 15Æ9 6Æ77 2Æ10 8Æ69 61Æ0 57Æ7 81Æ4 68Æ8 23Æ1 35Æ6 16Æ5 22Æ5

Wilted 9Æ5 1Æ73 1Æ70 4Æ43 66Æ9 55Æ2 74Æ4 66Æ4 23Æ6 43Æ1 23Æ9 29Æ2

Ensiled 51Æ2 34Æ7 41Æ9 41Æ0 10Æ6 3Æ38 5Æ63 6Æ63 38Æ2 61Æ9 52Æ5 52Æ3

RC Fresh 12Æ7 1Æ71 0Æ858 5Æ34 59Æ3 67Æ6 90Æ6 72Æ8 28Æ0 30Æ7 8Æ51 21Æ9

Wilted 15Æ7 2Æ98 4Æ45 7Æ94 54Æ1 43Æ1 62Æ2 52Æ6 30Æ3 54Æ0 33Æ3 39Æ5

Ensiled 51Æ6 43Æ7 46Æ5 44Æ2 13Æ0 5Æ72 8Æ55 9Æ62 35Æ4 50Æ6 44Æ9 46Æ2

WC Fresh 12Æ2 2Æ00 1Æ14 5Æ15 61Æ9 61Æ7 90Æ8 73Æ5 25Æ9 36Æ3 8Æ08 21Æ3

Wilted 15Æ2 3Æ69 4Æ30 7Æ32 54Æ9 39Æ2 62Æ9 53Æ0 29Æ9 57Æ1 32Æ8 39Æ7

Ensiled 57Æ3 48Æ9 49Æ3 48Æ7 8Æ88 2Æ55 7Æ81 7Æ19 33Æ8 48Æ6 42Æ9 44Æ2

3 RG Fresh 14Æ7 2Æ93 3Æ39 7Æ95 55Æ1 51Æ0 77Æ0 61Æ5 30Æ1 46Æ1 19Æ6 30Æ5

Wilted 13Æ8 3Æ37 3Æ34 7Æ64 42Æ6 48Æ5 60Æ9 53Æ6 43Æ6 48Æ1 35Æ8 38Æ8

Ensiled 44Æ7 36Æ1 41Æ8 38Æ2 9Æ77 3Æ99 4Æ87 6Æ18 45Æ6 59Æ9 53Æ3 55Æ7

RC Fresh 12Æ6 3Æ33 1Æ95 6Æ36 70Æ8 74Æ0 92Æ6 78Æ0 16Æ6 22Æ7 5Æ47 15Æ6

Wilted 15Æ8 5Æ00 7Æ86 9Æ62 50Æ2 38Æ4 54Æ5 45Æ8 34Æ0 56Æ6 37Æ6 44Æ6

Ensiled 59Æ2 50Æ6 52Æ4 49Æ3 7Æ60 3Æ26 7Æ30 6Æ57 33Æ2 46Æ1 40Æ3 44Æ1

WC Fresh 13Æ8 2Æ22 2Æ34 6Æ61 60Æ4 64Æ5 87Æ1 66Æ9 25Æ8 33Æ3 10Æ6 26Æ4

Wilted 19Æ5 6Æ85 7Æ76 10Æ4 48Æ3 31Æ9 48Æ0 39Æ5 32Æ2 61Æ2 44Æ3 50Æ1

Ensiled 61Æ9 53Æ9 52Æ1 50Æ4 6Æ69 3Æ43 7Æ33 6Æ39 31Æ4 42Æ6 40Æ5 43Æ2

5 RG Fresh 8Æ1 1Æ73 1Æ75 3Æ76 60Æ0 60Æ7 84Æ3 69Æ2 31Æ9 37Æ5 13Æ9 27Æ1

Wilted 11Æ1 1Æ91 1Æ49 4Æ89 56Æ7 47Æ3 68Æ7 55Æ6 32Æ2 50Æ8 29Æ8 39Æ6

Ensiled 43Æ8 29Æ4 31Æ5 32Æ3 7Æ39 2Æ96 3Æ50 4Æ35 48Æ8 67Æ7 65Æ0 63Æ4

RC Fresh 12Æ5 2Æ19 1Æ23 6Æ61 68Æ0 79Æ6 93Æ4 77Æ4 19Æ5 18Æ2 5Æ34 15Æ9

Wilted 13Æ0 3Æ87 5Æ88 7Æ38 50Æ9 32Æ7 52Æ8 44Æ7 36Æ2 63Æ5 41Æ3 47Æ9

Ensiled 51Æ8 39Æ5 43Æ6 41Æ3 4Æ41 1Æ97 3Æ72 3Æ46 43Æ8 58Æ5 52Æ6 55Æ2

WC Fresh 11Æ8 2Æ49 1Æ39 4Æ93 66Æ0 75Æ4 92Æ7 76Æ0 22Æ2 22Æ1 5Æ86 19Æ0

Wilted 13Æ2 4Æ39 5Æ20 6Æ97 57Æ8 37Æ6 62Æ9 53Æ9 29Æ1 58Æ0 31Æ9 39Æ1

Ensiled 59Æ4 50Æ0 48Æ4 47Æ8 7Æ14 3Æ42 7Æ61 6Æ71 33Æ5 46Æ6 44Æ0 45Æ5

Statistics

Species *** *** *** *** NS * NS NS *** *** *** ***

Cut *** *** *** *** *** * *** *** * NS ** ***

Treatment† *** *** *** *** *** *** *** *** *** *** *** ***

Species · cut NS * T NS ** T *** *** *** ** *** ***

Species · treatment *** *** *** ** *** *** *** *** ** *** *** ***

Cut · treatment NS *** *** T *** *** *** *** ** *** *** ***

Species · cut · treatment ** NS NS NS ** NS T ** NS NS NS NS

Cultivar (species) NS NS T NS NS NS NS NS NS NS NS NS

The significance of main effects and interactions between main effects are indicated by ***, P < 0Æ001, **, P < 0Æ01, *, P < 0Æ05, T for

P < 0Æ1 and NS for P ‡ 0Æ1.

Cultivar (species) is the effect of cultivar within species, values not shown as no significant differences.

†Fresh vs. wilted vs. ensiled.
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the present study, however, could have been

confounded with differences in DM content at ensiling.

Van Ranst et al. (2009) reported that a higher DM

content can result in a lower lipolysis in perennial

ryegrass. Nevertheless, in the current study, the cutting

date with the highest DM content (fifth cutting date)

resulted in the highest lipolysis. It has also been

suggested that lipolysis could be influenced by fermen-

tation (Van Ranst et al., 2009). The lower lactic acid

concentration at the second cutting date, and the higher

ammonia and acetic acid concentrations at the fifth

cutting date of the red clover, could indicate an

extended or less efficient fermentation, explaining the

higher lipolysis in these silages of red clover. Neverthe-

less, the difference between white clover and perennial

ryegrass, and between red clover and perennial ryegrass

at the first cutting date, could suggest that there was a

lower lipolysis in red and white clover silages than in

perennial ryegrass silages.

Differences in lipolysis, between species as well as

between cultivars, could be explained by the presence

of lipase-inhibiting compounds in the herbage as

suggested by Lourenço et al. (2005). However, sapo-

nins, which were suggested to be responsible for lipase

inhibition in white clover, were not studied in this

experiment. Furthermore, variations between species

and ⁄ or cultivars in activities of enzymes, which are of

importance in lipid metabolism [e.g. lipoxygenase,

hydrolase and digalactosylacyl transferase (DGAT)],

could also be expected and thus explain at least part

of the observed differences. Variations in these enzyme

activities, however, were not measured. Nevertheless,

the PPO activity, which can influence lipolysis in silages

(Lee et al., 2008), was measured in cultivars of red

clover (Figure 4). Yet, no relationship between

measured PPO activity and lipolysis in silages with

cultivars of red clover was observed. This could have

been due to the wilting time (8 h) as PPO has the need

for an activation period after being damaged to generate

quinones (Lee et al., 2009b). These quinones have been

suggested to inhibit lipolysis in two ways: firstly, by

directly binding to the enzymes and secondly, by

binding to the ML, and, as such, protecting them

against the lipases. A longer wilting time could have

resulted in more quinones binding and thus in a higher

inhibition, as PPO needs oxygen to oxidize phenols to

quinones, no further forming of quinones can be

expected in the silage. Thus a longer wilting time could

have reduced lipolysis in silages of red clover even more

than silages of perennial ryegrass and make differences

between cultivars of red clover with different PPO

activities more distinct.

The changes in the distribution of FA over the three

lipid fractions, shown in Table 5, further indicate the

importance of lipid metabolism during ensiling. There

was not only an increase in the proportion of FFA

during ensiling due to lipolysis but also there was an

increase in the neutral fraction during wilting and

further during ensiling. This can be caused by two

processes: firstly, an increase in DAG due to galacto-

and phospholipases, as they hydrolyze the bond

between the galactose-group and the phosphorus-

group, and the glycerol in digalacto- and monogalac-

todiacylglycerols and phospholipids respectively (Dör-

mann, 2005). Secondly, DGAT activity can result in an

increase in TAG, which is a compound in the neutral

fraction. DGAT is responsible for the conversion of

mono- and digalactosyl glycerides to TAG (Kaup et al.,

2002; Lung and Weselake, 2006). This has been

reported before in silages (Fievez et al., 2004; Van

Ranst et al., 2009). The neutral fraction was higher in

clover herbage after wilting but after ensiling it was

higher in perennial ryegrass. This suggests a higher

phospho- and galactolipase activity, and ⁄ or DGAT

activity, in silages of perennial ryegrass which suggests

that not only lipases but also other enzymes, such as

DGAT, could be inhibited by PPO. The FA remaining

in the ML fraction were generally higher for the clover

silages compared to the perennial ryegrass silages. This

could at least partially explain the lower biohydroge-

nation in the rumen of FA in clover silages (Lee et al.,

2003; Loor et al., 2003), as lipolysis is a prerequisite to

biohydrogenation in the rumen, and ML could be

more resilient to lipolysis than the lipids in the neutral

fraction as they are most probably still in the mem-

brane structure where they could be more protected

than the converted and ⁄ or metabolized lipids. How-

ever, the importance of this lipid metabolism in silages

on the further metabolism in the rumen is still

unknown.
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Figure 4 Polyphenol oxidase (PPO) activity, expressed as

change in absorbance (A) min)1 mg)1 protein in a protein

extract of three red clover cultivars sampled at three cutting

dates (j, 23 April; , 16 July and h, 8 October). Error bars

indicate 2 · s.e.m. (n ¼ 3). a and b, and x and y, indicate

significant (P < 0Æ05) differences between cultivars within cuts

and between cuts within cultivars respectively.
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Conclusions

The differences between cultivars in FA concentration

and composition, and lipid metabolism during wilting

and ensiling, were small. There was an effect of species

and cutting date on FA concentration, composition and

lipid metabolism. Oxidation of C18:3 was different

between species and cutting dates despite similar

wilting conditions. Lipolysis was lower in clover silages

compared to perennial ryegrass silages although not in

all cuts. Within red clover no link between measured

PPO activity and lipolysis was found.
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