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The aim of the present work was to study the effects of tannins from carob (CT; Ceratonia siliqua), acacia leaves (AT; Acacia cyanophylla) and

quebracho (QT; Schinopsis lorentzii) on ruminal biohydrogenation in vitro. The tannins extracted from CT, AT and QT were incubated for 12 h in

glass syringes in cow buffered ruminal fluid (BRF) with hay or hay plus concentrate as a substrate. Within each feed, three concentrations of

tannins were used (0·0, 0·6 and 1·0mg/ml BRF). The branched-chain volatile fatty acids, the branched-chain fatty acids and the microbial protein

concentration were reduced (P,0·05) by tannins. In the tannin-containing fermenters, vaccenic acid was accumulated (þ23%, P,0·01) while

stearic acid was reduced (216%, P,0·0005). The concentration of total conjugated linoleic acid (CLA) isomers in the BRF was not affected

by tannins. The assay on linoleic acid isomerase (LA-I) showed that the enzyme activity (nmol CLA produced/min per mg protein) was unaffected

by the inclusion of tannins in the fermenters. However, the CLA produced by LA-I (nmol/ml per min) was lower in the presence of tannins. These

results suggest that tannins reduce ruminal biohydrogenation through the inhibition of the activity of ruminal micro-organisms.

Tannins: Rumen: Biohydrogenation: Conjugated linoleic acid: Fatty acids

In recent years, research has focused on the fatty acid compo-
sition of ruminant products for the effects of their consump-
tion on human health. In particular, cis-9,trans-11-C18 : 2
(conjugated linoleic acid, CLA) is active in the prevention
of cancer(1) and atherosclerosis in mammals(2). CLA is par-
tially synthesised in the rumen by cellulolytic bacteria, and
mainly by Butyrivibrio spp.(3), during the biohydrogenation
of linoleic acid (cis-9,cis-12-C18 : 2, LA). However, the largest
proportion of CLA present in meat and milk is endogenously
produced in the tissues by the action of the enzymeD9-desaturase
on vaccenic acid (trans-11-C18 : 1, VA)(4,5), which is another
product of the ruminal biohydrogenation of LA and linolenic
acid (cis-9,cis-12,cis-15-C18 : 3, LNA)(6).
Recently, Vasta et al. (7) analysed the intramuscular fatty

acid composition of lambs fed a diet containing tannins
from carob (CT; Ceratonia siliqua) pulp. They noted that
the meat from lambs receiving the tanniniferous diet contained
lower amounts of CLA and VA when compared with the meat
from those that received the same diet but with the supplemen-
tation of polyethylene glycol (PEG), a tannin-inactivating
agent(8). Vasta et al. (7) suggested that, perhaps, dietary tannins
had inhibited the activity of ruminal micro-organisms respon-
sible for the biohydrogenation. It is widely known and
accepted that tannins are able to bind proteins(9) and inhibit
the growth of ruminal bacteria(10).

The objectives of the present study were to verify whether
the tannins from three different sources (CT; acacia, AT;
Acacia cyanophylla; quebracho, QT; Schinopsis lorentzii)
inhibit the ruminal biohydrogenation in vitro and whether
there is a dose-dependent effect of tannins.

Materials and methods

Optimisation of linoleic acid isomerase assay

Linoleic acid isomerase (LA-I) is the enzyme responsible for
the conversion of LA to CLA(3). So far, the activity of LA-I
has been studied only with pure bacterial strains(3,11–16).
Therefore, before conducting the main experiment, we have
optimised the method for measuring the LA-I activity in the
whole ruminal fluid in order to operate in the conditions of
linearity of this assay.

Ruminal content was collected before the morning feeding
from one fistulated cow and filtered through two layers of
cheesecloth to eliminate raw feed particles. The cow was
fed a diet containing 2 kg of concentrate mixture and offered
ad libitum roughage, with free access to drinking-water.
The concentrate mixture comprised (in g/kg) rapeseed cake
(360), maize (200), wheat (200), molasses (200) and vitamin
and mineral mixtures (40). The filtered fluid was centrifuged
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at 20 000 g (20min at 48C), and the pellet was then washed
with 0·05M-potassium phosphate buffer (pH 6·8). The
washed pellet was then suspended in 3ml of 0·05M-potassium
phosphate buffer (pH 6·8) and sonicated for three cycles of 60 s
each, with 90 s of intervals between each cycle. The power of
the sonicator (Vibra Cell, Bioblock Scientific, Illkirch, France)
was set to 240W and the vessel containing the suspended
pellet was kept on an ice-bath to keep the temperature of
the medium below 48C. Initially, for the setting up of this
method, the cellular membranes (insoluble particulate frac-
tion) obtained after centrifugation (20 000 g for 20min) were
discarded and the soluble endocellular fraction was used
for the assay, as described in earlier studies with pure bacterial
strains(3,12,13). In a second assay, the sonicated pellet (sub-
sequently addressed as whole-cell extract, WCE), containing
both microbial cell membranes (insoluble particulate fraction)
and endocellular organules, was used for testing the activity
of LA-I. The WCE was kept at 2808C until the determination
of the enzyme activity. The protein content of the WCE was
determined according to Lowry’s method(17). In a third
assay (to countercheck the necessity of the presence of
the insoluble particulate fraction), the insoluble particulate
fraction was separated from the endocellular fraction by
centrifuging at 20 000 g (20min at 48C) and the assay (illus-
trated later) was repeated first on the latter fraction only and
successively on the same endocellular extract re-added to its
cell-insoluble particulate fraction (reconstituted WCE).

Pure LA was dissolved in 1,3-propanediol by 60 s exposure
to sonic oscillation (240W) to obtain the stock solution of LA
(0·72mM) used as a substrate for the enzyme assay. The stock
solution was stored at 2808C until needed. For the enzyme
assay, we tested three volumes of the WCE (40, 60 and
80ml, containing, respectively, 104, 156 and 208mg proteins),
and for each volume of the extract the incubation time was 2,
4 and 6min. The reaction was started by adding 100ml LA
stock solution to a glass tube containing the WCE, 300ml of
1,3-propanediol and the 0·1 M-potassium phosphate buffer
(pH 7·0), to give a total assay volume of 2·0ml. After 2, 4
or 6min of incubation at 258C, the reaction was stopped
by adding 2·5ml of 2·0N isopropanol–isooctane–H2SO4

(40:10:1, v/v/v). Then, 1·0ml of isooctane and 1·0ml of
distilled water were added. The reaction mixture was mixed
thoroughly by vortexing for 1min and the isooctane layer
containing fatty acids was collected. The absorbance of
the isooctane layer was recorded at 233 nm wavelength
(lmax of conjugated diene bonds(18)) by a spectrophotometer.
The absorption of CLA was read against a blank, in which
LA was added after the isopropanol–isooctane–H2SO4 sol-
ution. An extinction coefficient of 2·4 £ 104M/cm was used(3).
Therefore, it may be noted that all the commentsmade in the pre-
sent study refer to the unspecific formation of CLA.

Tannins extraction

Tannins from CT, AT and QT were extracted with aqueous
acetone 70% (v/v) and purified using Sephadex LH-20
(Sigma, St Louis, MO, USA), as described by Makkar &
Becker(19). Tannins were added into the syringes as dissolved
in a water solution, freshly prepared in the morning just before
starting the incubations. In order to enhance the solubilisation

of tannins in distilled water, the solutions were sonicated for
15min at room temperature in a sonication bath.

In vitro incubations with ruminal fluid

The rumen liquor from one rumen-fistulated non-lactating
Friesian–Holstein cow was collected manually by squeezing
the feed material into pre-warmed (approximately 398C) ther-
mos flasks. The cow was maintained on a diet containing 2 kg
of concentrate mixture and fed ad libitum roughage, with free
access to drinking-water. The concentrate mixture (in g/kg)
comprised rapeseed cake (360), maize (200), wheat (200),
molasses (200) and vitamin and mineral mixtures (40).
The rumen liquor was collected from the cow just before
the morning feeding and transported in warm (approximately
398C) insulated flasks, strained through two layers of cheese-
cloth and used as the source of inoculum. Strained ruminal
fluid was added to an in vitro incubation medium, according
to Menke et al. (20), in a proportion of 1:2 (v/v), under constant
CO2 flux. In each graduated 100ml capacity glass syringe,
190mg DM of hay (H) or hay plus concentrate (H þ C,
being the two feeds in a proportion of 1:1 on a DM basis)
were incubated with 30ml of the in vitro medium containing
strained ruminal fluid. The ingredients of the concentrate were
as follows: barley (470 g/kg); wheat bran (350 g/kg); soyabean
meal (150 g/kg); mineral premix (30 g/kg); soyabean oil
(1 g/kg). For each tannin source, the tannin solution was
added at two different levels (0·6 and 1·0mg/ml of buffered
ruminal fluid, BRF) into the syringes containing H or
H þ C. For each type of tannin and at each concentration,
two replicates were run. The control syringes, containing
either H (n 3) or H þ C (n 3), were tannin free. All the
syringes were incubated in a water-bath set to 398C. At time
0 and 12 h, the position of the piston on each syringe was
recorded for net gas production measurement. During the
first 6 h and the following 6 h of incubation, the syringes
were gently shaken every 2 and 3 h, respectively. After 12 h
incubation, the syringe content was immediately handled for
the following analyses.

Extraction of fatty acids

The extraction of fatty acids was performed as described by
Wąsowska et al. (12). Briefly, 2·4ml of the syringe content
was mixed with 1·5ml of acidified salt solution (17mM-
NaCl in 1mM-H2SO4). An aliquot of 200ml of heptadecanoic
acid in methanol (200mM) was added as an internal standard,
followed by 5·0ml of methanol, and the mixture was vortexed
for 1min. Then, 5·0ml of chloroform containing 0·2mg/ml
butylated hydroxytoluene was added and the mixture was
vortexed again for 2min. The upper layer was removed by
aspiration. The lower layer was dried by passing through
anhydrous sodium sulphate, and the solvent was removed
by fluxing nitrogen for 20min. The dried lipid extract was
suspended in toluene and stored at 2308C until methylation.
Extracted fatty acids were converted to fatty acid methyl
esters by the addition of 2ml of 0·5 M-sodium methoxide
(10min at 508C) and 3ml of 5% methanolic HCl (v/v;
10min at 808C), as described by Kramer et al. (21).
Methyl esters were separated by using a GC 8000 TOP gas
chromatograph (Thermo Fisher Scientific Inc., Milan, Italy)
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fitted with a fused silica capillary column (WCOT Select
fatty acid methyl esters, 100m £ 0·25mm internal diameter,
£ 0·2mm film thickness; Varian Inc., Middelburg, The Nether-
lands). Helium was used as a carrier gas. The injector tempera-
ture was 2708C, while the detector temperature was 3008C,
and the split ratio was 80:1. The oven temperature was 608C
for 5min, increased by 158C/min to 1708C, for 44min, increased
by 18C/min to 2028C, for 1min, and increased by 38C/min
to 2308C, for 9min. The identification of 18 : 1 andCLA isomers
was based on commercial standard mixtures (Supelco, Belle-
fonte PA, USA) and published isomeric profiles(22).

Feed analyses

Feed used as a substrate for the incubations were analysed for
fibre fractions(23), crude protein (AOAC, 1995; method
984.13)(24), diethyl ether extract (AOAC, 1995; method
39.1.05)(24) and ash (AOAC, 1995; method 942.04)(24).

Linoleic acid isomerase assay and volatile fatty acid

For testing the effects of tannins on the LA-I activity and
volatile fatty acid (VFA) production, 18·0ml of the syringe
content were centrifuged at 20 000 g for 20min at 48C.
An aliquot of the supernatant (2·0ml) was collected for the
VFA analysis. Then, an aliquot of this solution was sonicated
to obtain the WCE for the LA-I assay. Also, 2·0ml of the WCE
were centrifuged (20 000 g for 15min at 48C) and the super-
natant was used for protein determination, according to the
method described by Lowry et al. (17). This protein content
was termed as microbial protein. The WCE was stored at
2808C until the LA-I assay, which was conducted using
60ml of the WCE, 300ml of 1,3-propanediol, and 1540ml
of 0·1 M-potassium phosphate buffer (pH 7·0). The reaction
was started by the addition of 100ml of a solution of
0·72mM-LA in 1,3-propanediol and stopped after 4min of
incubation at room temperature. For each syringe, the assay
was run in triplicate.

Statistical analysis

The data were analysed by a two-way ANOVA with a model
including two types of feed (H or H þ C), three levels of
concentration of tannins in the fermenters (0·0, 0·6 and
1·0mg/ml BRF) and the interaction between the type of feed
and the level of concentration. When the interaction was not
significant (P.0·05), it was excluded from the model.
A second two-way ANOVA with a model including two
types of feed (H or H þ C) and three types of tannin source
(CT, AT and QT) was then applied only for those fermenters
containing tannins (i.e. 0·6 and 1·0mg/ml of the in vitro
system). The interaction between the two factors (type of
feed £ type of tannin source) was included in the model
when it was significant (P,0·05). For both analyses, when
the ANOVA was significant (P,0·05), the differences
between means were separated using pairwise Tukey’s
comparison test. The data were analysed by the software
MINITAB version 14.0.

Results

Optimisation of the linoleic acid isomerase assay

When the LA-I activity was measured on the sole soluble
endocellular fraction, no increase in the absorption at 233 nm
was observed. Conversely, when the WCE was used for the
assay, we observed the enzymatic activity. To confirm these
observations, the assay was repeated using the endocellular
fraction only and no increase in the absorption at 233 nm
was observed. However, when the insoluble particulate frac-
tion was added to the endocellular fraction, an increase in
the absorption at 233 nm was recorded. The production
of CLA increased proportionally by the increase in the
WCE (40, 60 or 80ml; (Fig. 1(A)). When 40ml of the WCE
(which contained 0·104mg protein) and a short incubation
time (2min) were used, the specific activity of LA-I was not
reproducible (Fig. 1(B)).

Fig. 1. (A) The effect of the amount of proteins (mg) at different times of incubation (2 min, X; 4 min, W; 6 min, P) on conjugated linoleic acid (CLA) production

(mg) in the ruminal whole-cell extract. (B) The effect of the time of incubation (2, 4 and 6 min) using 40ml (X), 60ml (W) or 80ml (P) of the whole-cell extract con-

taining respectively 104, 156 and 208mg of proteins on the linoleic acid isomerase (LA-I) activity (nmol CLA produced/min per mg protein). The results are the

mean values for three replicates, with the standard errors represented by vertical bars.
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Feed composition

Feed used as the substrates of the fermentation are shown in
Table 1. H had a higher content of neutral-detergent fibre
(613 v. 234 g/kg DM) and of diethyl ether extract (25 v.
18 g/kg DM) when compared with the concentrate (Table 1).
Lauric acid (12 : 0), a-linolenic (18 : 3n-3) and g-LNA
(18 : 3n-6) were present at higher percentages in the H diet
when compared with the H þ C diet. The H þ C feed con-
tained higher amounts of stearic acid (18 : 0, SA; þ43%),
oleic acid (18 : 1; þ 88%) and LA (18 : 2n-6; þ 65%) when
compared with the H diet (Table 2).

Net production of gas and volatile fatty acid and microbial
protein synthesis

Before starting this experiment, we performed another fermen-
tation using the same experimental conditions as in the present
study. In the pilot study, we observed that up to 12 h of fer-
mentation, the inclusion of tannins reduced the gas production,
while in the following 12 h this effect was not observed,
suggesting that tannins had major effects on the
fermentation within 12 h of incubation. Therefore, we have
chosen to run the fermentation over a period of 12 h. The
net production of gas in the syringes after 12 h of fermentation
was higher (P,0·0005) in the fermenters containing H þ C as
a substrate when compared with the syringes incubated with
H (43·3 v. 30·7ml, respectively). No tannin dose–response
effect was observed on the net gas production (Table 3).
However, the gas produced in the syringes containing CT or
AT was significantly (P,0·0005) lower compared with that
in the syringes incubated with tannins from QT (Table 4).

The VFA, iso-butyrate, butyrate and valerate were found at
a higher concentration (P,0·05) in the syringes incubated
with H þ C when compared with those incubated with H
(Table 3). The presence of tannins decreased the production
of iso-butyrate, iso-valerate and valerate (P,0·005) when
compared with the tannin-free syringes. Also, the VFA pro-
duction was not significantly affected by the different types
of tannins used in the fermenters (Table 4).

The microbial protein concentration was higher (P¼0·002)
in the fermenters incubated with H þ C than with H. When
tannins were present at 1·0mg/ml of the BRF, the concen-
tration of soluble proteins was lower (P¼0·014) compared
with the tannin-free syringes (1·98 v. 2·44mg/ml, respect-
ively), while with 0·6mg/ml of tannins, the microbial protein
concentration was not different (P.0·05) when compared
with the control fermenters. When the effect of the source
of tannins was tested, it was found that the microbial protein

concentration was lower in the fermenters incubated with
CT, while QT tannins seemed not to affect the microbial
protein concentration.

Fatty acid profile

Table 5 shows the effect of the feed and concentration of tan-
nins on the fatty acid profile of the fermented ruminal digesta.
The syringes incubated with H contained higher amounts of
12 : 0, 14 : 0, trans-11,cis-15-C18 : 2 and 18 : 3n-6 and lower
amounts of 18 : 0 and 18 : 2n-6 when compared with the syr-
inges incubated with H þ C (P,0·05). When the fermenters
contained 1·0mg/ml of tannins, the concentrations of 15 : 0
iso-, 15 : 0 anteiso-, 16 : 0 iso-, 17 : 0 and 17 : 0 anteiso-fatty
acids were significantly lower (P,0·005), compared with
the control syringes that did not contain tannins. In particular,
when H was used as a substrate, 15 : 0 iso and 15 : 0 anteiso
were reduced (P,0·05) by 2-fold and 16 : 0 iso was reduced
(P,0·05) by 3-fold by the addition of 1·0mg/ml tannins, com-
pared with the systems containing 0·6 or 0·0mg/ml tannins.
These results could not be observed in the fermenters incu-
bated with H þ C. Among the eighteen carbon fatty acids,
SA was found at significantly higher (P,0·0005) amounts
in the syringes containing 0·0 and 0·6mg/ml tannins compared
with the 1·0mg/ml fermenters (respectively, 30·1 and 30·7 v.
25·3mg/100mg total fatty acids). At 0·6mg/ml tannins, VA
(trans-11-C18 : 1) was 1·4-fold higher compared with that
in the tannin-free syringes (P,0·05), while at 1·0mg/ml,
VA acid was intermediate when compared with the tannin-
free fermenters and those containing 0·6mg/ml tannins.
The trans-11,cis-15-C18 : 2 and 18 : 3n-3 were lowered
(P¼0·026 and 0·001, respectively) by the incubation with tan-
nins at a level of 1·0mg/ml compared with 0·6mg/ml, while
the amounts of these fatty acids found in the control
syringes were intermediate compared with the tannin-contain-
ing fermenters. Among the CLA, the isomer cis-11,trans-13
was present at significantly (P¼0·015) lower levels in
the syringes containing tannins when compared with the con-
trol syringes, while the isomer trans-10,cis-12-C18 : 2 was
reduced (P¼0·015) when tannins in the syringes amounted
to 1·0mg/ml when compared with the fermenters not contain-
ing tannins (0·099 v. 0·169mg/100mg total fatty acids,
respectively). The isomers cis-9,trans-11, trans-7,cis-9 and

Table 2. Fatty acid composition of feed used as the substrate
for in vitro incubations (mg/100 g of total fatty acids)

Fatty acids H H þ C

12 : 0 3·52 0·39
14 : 0 0·76 0·53
14 : 1 1·04 0·13
15 : 0 0·15 0·13
15 : 1 0·00 0·18
16 : 0 14·52 23·83
16 : 1 1·35 0·13
18 : 0 1·82 3·20
18 : 1 2·19 18·62
18 : 2n-6 16·62 47·30
18 : 3n-6 11·26 0·44
18 : 3n-3 46·78 5·11

H, hay; H þ C, hay plus concentrate.

Table 1. Chemical composition (g/kg DM) of feed used as
the substrate for the in vitro incubations

Hay Concentrate

DM (g/kg) 914 904
Crude protein 112 191
Neutral-detergent fibre 613 234
Acid-detergent fibre 318 50
Acid-detergent lignin 99 22
Diethyl ether extract 25 18
Ash 107 48
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cis-8,trans-10 of CLA (which co-eluted) were not affected by
the presence of tannins in the fermenters. As shown in Table
6, the fatty acid profile of the fermented ruminal fluid was not
influenced by the type of tannins included in the syringes.

Effects of tannins on the linoleic acid isomerase activity

The production of CLA by LA-I was almost doubled
(P,0·05) using H as feed in the fermenters compared with
H þ C (2·7 v. 1·5 nmol/ml per min, respectively), and this
result was displayed in tendency (P¼0·083) when only the
tannin-containing syringes were considered (5·23 v.
2·05 nmol/ml per min, respectively). Fig. 2 shows the pro-
duction of CLA (nmol/ml per min) by the enzyme LA-I as
affected by tannins. When rumen fluid was incubated with tan-
nins, at either 0·6 or 1·0mg/ml, the CLA produced were sig-
nificantly lower (P,0·05) when compared with the control
syringes. However, compared with the control syringes, the
specific activity of LA-I (nmol CLA produced/min per mg

protein) was unaffected (P.0·05) by the inclusion of tannins
in the fermenters, but it was higher (P¼0·024) in the fermen-
ters incubated with H (5·73 nmol/mg protein per min) when
compared with H þ C (2·67 nmol/mg protein per min) (data
not shown). As observed for the whole fatty acid profile, the
diverse sources of tannins did not affect the production of
CLA by LA-I.

Discussion

While optimising the enzymatic assay for the LA-I activity, it
was observed that the WCE of the ruminal fluid, comprising
both the soluble and insoluble particulate fractions, is
needed for the measurement of the enzyme activity. This is
consistent with an earlier study on the in vitro biohydrogena-
tion activity in the pure culture strains of Butyrivibrio fibrisol-
vens (25), in which it was reported that the biohydrogenation of
punicic acid (cis-9,trans-11,cis-13-C18 : 3) to VA (trans-11-
C18 : 1) was higher when the substrate was incubated with

Table 3. Effect of tannin concentration on microbial protein content and net gas and volatile fatty acid production in ruminal fluid after 12 h of incubation

(Mean values with their standard errors)

Feed Tannin concentration (mg/ml) P value

H HþC 0·0 0·6 1·0 Feed
Tannin

concentration
Feed £ tannin
concentration SEM

Replicates (n) 15 15 6 12 12
Microbial proteins (mg/ml) 1·95 2·29 2·44a 2·13ab 1·98b 0·002 0·014 NS 0·061
Net gas production (ml) 30·67 43·25 36·67 31·88 28·69 ,0·0005 0·134 NS 0·971
VFA (mM)

Acetate 7·67 11·82 13·30 11·70 6·48 0·145 0·124 NS 1·390
Propionate 3·12 4·51 4·53 3·32 4·53 0·071 0·494 NS 0·372
iso-Butyrate 0·05 0·13 0·23a 0·11b 0·01c 0·029 ,0·0005 0·054 0·021
Butyrate 1·45 2·93 2·63 2·74 1·51 0·013 0·130 NS 0·313
iso-Valerate 0·08 0·18 0·39a 0·14b 0·03c 0·052 ,0·0005 NS 0·032
Valerate 0·19 0·28 0·37a 0·25ab 0·16b 0·047 0·002 NS 0·025
Acetate/propionate 2·21 2·44 2·91a 2·71a 1·71b 0·409 0·001 NS 0·151
Total 12·55 19·85 21·45 19·02 11·50 0·087 0·145 NS 2·110

H, hay; H þ C, hay plus concentrate; VFA, volatile fatty acid.
a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05).

Table 4. Effect of the source of tannins on microbial protein content and net gas and volatile fatty acid production in ruminal fluid after 12 h of
incubation

(Mean values with their standard errors)

Feed Tannin source P value

H HþC Carob Acacia Quebracho Feed
Tannin
source

Feed £ tannin
source SEM

Replicates (n) 12 12 8 8 8
Microbial proteins (mg/ml) 1·90 2·22 1·88b 2·04ab 2·26a 0·001 0·005 NS 0·060
Net gas production (ml) 24·54 27·38 25·38b 27·38b 30·00a ,0·0005 ,0·0005 NS 1·010
VFA (mM)

Acetate 6·34 11·83 8·52 6·81 11·94 0·094 0·410 NS 1·620
Propionate 2·74 4·65 3·78 3·02 4·30 0·028 0·440 NS 0·438
iso-Butyrate 0·02 0·10 0·03 0·05 0·11 0·051 0·233 NS 0·021
Butyrate 1·21 3·04 1·82 1·56 3·00 0·007 0·148 NS 0·368
iso-Valerate 0·03 0·13 0·05 0·04 0·15 0·073 0·148 NS 0·028
Valerate 0·16 0·25 0·19 0·16 0·26 0·079 0·220 NS 0·026
Acetate/propionate 2·09 2·33 2·25 2·16 2·21 0·517 0·981 NS 0·171
Total 10·51 20·01 14·38 11·67 19·76 0·054 0·365 NS 2·480

H, hay; H þ C, hay plus concentrate; VFA, volatile fatty acid.
a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05).
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Table 5. Influence of the concentration of tannins on the ruminal fluid fatty acid profile after 12 h of incubation

(Mean values with their standard errors)

Feed Tannin concentration (mg/ml) P value

H HþC 0·0 0·6 1·0 Feed Tannin concentration Feed £ tannin concentration SEM

Replicates (n) 15 15 6 12 12
Fatty acids (mg/100 mg of total fatty acids)

12 : 0 2·609 2·028 2·182b 1·778b 2·883a 0·042 0·004 NS 0·167
13 : 0 0·168 0·151 0·158 0·157 0·162 0·333 0·942 0·036 0·007
14 : 0 9·174 6·807 7·690b 6·743b 9·265a 0·011 0·044 NS 0·513
15 : 0 2·336 2·245 2·420a 2·409a 2·114b 0·056 0·002 0·001 0·056
15 : 0 anteiso 1·668 1·777 1·842a 1·956a 1·444b 0·970 ,0·0005 0·001 0·073
15 : 0 iso 0·909 1·085 1·144a 1·153a 0·786b 0·114 ,0·0005 0·006 0·052
16 : 0 31·063 29·515 31·73a 28·184b 31·73a 0·080 0·003 NS 0·562
16 : 0 iso 0·667 0·725 0·798a 0·779a 0·573b 0·600 ,0·0005 0·008 0·029
17 : 0 3·809 4·521 4·226ab 4·991a 3·343b 0·143 0·001 NS 0·222
17 : 0 anteiso 0·892 0·919 1·056a 0·972a 0·778b 0·704 ,0·0005 NS 0·030
17 : 0 iso 0·639 0·381 0·288 0·498 0·603 0·029 0·175 NS 0·059
18 : 0 26·760 29·990 30·114a 30·708a 25·350b 0·038 ,0·0005 0·026 0·762
cis-12-C18 : 1 0·518 0·693 0·522 0·598 0·655 0·084 0·360 0·026 0·036
cis-11-C18 : 1 0·422 0·213 0·220 0·391 0·276 0·063 0·495 NS 0·055
trans-12-C18 : 1 0·321 0·214 0·226 0·262 0·286 0·001 0·439 NS 0·017
trans-13 þ trans-14-C18 : 1 0·310 0·209 0·176b 0·221b 0·329a 0·028 0·025 NS 0·024
trans-9-C18 : 1 0·245 0·219 0·190 0·223 0·257 0·347 0·155 NS 0·012
trans-11-C18 : 1 3·249 3·541 2·692b 3·768a 3·327ab 0·130 0·006 NS 0·130
trans-10-C18 : 1 0·340 0·328 0·282 0·339 0·350 0·714 0·134 NS 0·018
trans-6-8-C18 : 1 0·268 0·284 0·226 0·297 0·276 0·497 0·220 NS 0·014
cis-9 þ trans-15-C18 : 1 4·856 4·963 3·516b 4·020b 6·384a 0·901 ,0·0005 0·006 0·362
Total trans-18 : 1 4·735 4·797 3·794b 5·112a 4·828a 0·636 0·008 NS 0·156
trans-11,cis-15-C18 : 2 0·757 0·593 0·628ab 0·755a 0·607b 0·002 0·026 NS 0·030
trans-9,trans-12-C18 : 2n-6 0·257 0·319 0·218 0·273 0·336 0·220 0·239 NS 0·027
cis-9,cis-12-C18 : 2n-6 1·585 3·931 2·608 2·938 2·738 ,0·0005 0·364 NS 0·259
trans-10,cis-12 CLA 0·133 0·143 0·160ab 0·168a 0·099b 0·668 0·015 NS 0·012
cis-11,trans-13 CLA 0·114 0·024 0·116a 0·058b 0·057b ,0·0005 0·015 0·008 0·012
cis-9,trans-11 þ trans-7,cis-9 þ cis-8,trans-10 CLA 0·224 0·317 0·280 0·245 0·297 0·009 0·367 NS 0·018
18 : 3n-6 0·697 0·394 0·572 0·642 0·426 0·003 0·116 NS 0·056
18 : 3n-3 1·610 1·767 1·524b 2·102a 1·350b 0·283 0·001 NS 0·100
20 : 0 0·934 1·023 0·944 1·079 0·896 0·318 0·179 NS 0·046
Other trans-18 : 1 and trans-18 : 2 1·732 1·214 1·360 1·277 1·695 0·046 0·305 NS 0·130
Total CLA 0·471 0·486 0·556 0·473 0·453 0·864 0·423 NS 0·026

H, hay; H þ C, hay plus concentrate; CLA, conjugated linoleic acid.
a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05).
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Table 6. Influence of the source of tannins on the ruminal fluid fatty acid profile after 12 h of incubation

(Mean values with their standard errors)

Feed Tannin source P value

H HþC Carob Acacia Quebracho Feed Tannin source Feed £ tannin source SEM

Replicates (n) 12 12 8 8 8
Fatty acids (mg/100 mg of total fatty acids)

12 : 0 2·602 2·068 2·694 2·254 2·058 0·179 0·399 NS 0·195
13 : 0 0·169 0·149 0·151 0·171 0·155 0·232 0·573 NS 0·008
14 : 0 9·452 6·556 8·790 7·771 7·513 0·011 0·565 NS 0·580
15 : 0 2·277 2·247 2·226 2·255 2·304 0·818 0·885 NS 0·061
15 : 0 anteiso 1·600 1·800 1·623 1·746 1·731 0·255 0·813 NS 0·083
15 : 0 iso 0·862 1·078 0·885 0·978 1·045 0·074 0·541 NS 0·060
16 : 0 30·877 29·038 30·360 29·770 29·740 0·165 0·905 NS 0·629
16 : 0 iso 0·636 0·717 0·631 0·668 0·730 0·218 0·453 NS 0·032
17 : 0 3·722 4·613 3·633 4·421 4·448 0·091 0·341 NS 0·264
17 : 0 anteiso 0·850 0·900 0·813 0·909 0·904 0·404 0·341 NS 0·029
17 : 0 iso 0·693 0·409 0·488 0·489 0·676 0·032 0·372 NS 0·067
18 : 0 26·150 29·907 26·810 28·290 28·990 0·039 0·571 NS 0·903
cis-12-C18 : 1 0·501 0·753 0·583 0·651 0·646 0·001 0·656 NS 0·042
cis-11-C18 : 1 0·444 0·753 0·468 0·226 0·306 0·086 0·285 NS 0·065
trans-12-C18 : 1 0·329 0·218 0·315 0·271 0·235 0·001 0·105 NS 0·019
trans-13 þ trans-14-C18 : 1 0·334 0·216 0·276 0·255 0·294 0·038 0·839 NS 0·028
trans-9-C18 : 1 0·250 0·231 0·226 0·254 0·241 0·520 0·748 NS 0·014
trans-11-C18 : 1 3·396 3·699 3·276 3·741 3·625 0·265 0·347 NS 0·134
trans-10-C18 : 1 0·347 0·343 0·330 0·376 0·328 0·869 0·223 NS 0·013
trans-6-8-C18 : 1 0·276 0·298 0·273 0·308 0·280 0·531 0·681 NS 0·016
cis-9 þ trans-15-C18 : 1 5·032 5·373 6·241 5·111 4·254 0·675 0·153 NS 0·412
Total trans-18 : 1 4·934 5·006 4·701 5·203 5·006 0·823 0·441 NS 0·154
trans-11,cis-15-C18 : 2 0·761 0·602 0·665 0·663 0·716 0·020 0·738 NS 0·034
trans-9,trans-12-C18 : 2n-6 0·257 0·353 0·235 0·346 0·332 0·113 0·255 NS 0·031
cis-9,cis-12-C18 : 2n-6 1·548 4·128 2·768 2·628 3·120 ,0·0005 0·387 NS 0·068
trans-10,cis-12 CLA 0·128 0·140 0·121 0·135 0·145 0·617 0·734 NS 0·012
cis-11,trans-13 CLA 0·115 0·000 0·071 0·048 0·054 ,0·0005 0·269 NS 0·013
cis-9,trans-11 þ trans-7,cis-9 þ cis-8,trans-10 CLA 0·229 0·313 0·249 0·303 0·261 0·027 0·436 NS 0·019
18 : 3n-6 0·713 0·354 0·698 0·494 0·410 0·001 0·065 0·043 0·068
18 : 3n-3 1·622 1·831 1·581 1·693 1·905 0·402 0·556 NS 0·119
20 : 0 0·946 1·029 0·856 0·975 1·131 0·428 0·117 NS 0·054
Other trans-18 : 1 and trans-18 : 2 1·778 1·193 1·629 1·451 1·378 0·068 0·787 NS 0·156
Total CLA 0·472 0·454 0·441 0·488 0·460 0·715 0·728 NS 0·023

H, hay; H þ C, hay plus concentrate; CLA, conjugated linoleic acid.
a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05).
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both the cell-free extract and the insoluble particulate fraction
compared with when only the soluble endocellular fraction
was incubated. In a study on the biohydrogenation of unsatu-
rated fatty acids by Treponema, it has been reported that
the addition of the cell-insoluble particulate fraction to the
enzyme preparation obtained by purification through Sepha-
dex G-25 and G-200 did not affect the LA-I activity(13).
In another study(26), it had been found that the addition of
boiled ruminal fluid to a reaction mixture of pure ruminal
bacterial strains enhanced the LA-I activity. In agreement
with Polan et al. (26), the present results suggest that some
cofactor(s) present in the insoluble particulate fraction or in
the ruminal fluid play a key role in the reaction.

Fig. 1(B) shows that at 4 and 6min of incubation and using
40 and 60ml of the WCE, the LA-I activity can be measured
in a reliable way in the ruminal liquor. Therefore, from these
data, the operative condition for this assay at 258C should be a
volume of the WCE between 40 and 60ml (corresponding to
an amount of protein ranging from 0·105 to 0·150mg) with
an incubation time between 4 and 6min.

The effects of tannins on in vitro gas production, protein
and DM digestibility have been largely investigated(27,28).
However, so far, the biohydrogenation of fatty acids in the
rumen as affected by tannins has not been studied. Only few
in vivo experiments have focused on the effects of tannins
from CT pods(7) or sulla (Hedysarum coronarium)(29) on the
intramuscular fatty acid composition of lambs, but in these
studies, the ruminal fatty acid metabolism was not investi-
gated. When we planned the present study, we decided to
evaluate the effects of tannins from AT and CT pods because
they are commonly used as feed in small ruminant diets in
several Mediterranean countries. QT was chosen because its
extract could be used as an additive for animal diets. Most
of the studies on the in vitro production of CLA in the ruminal
fluid were conducted using fat-enriched diets(30,31) as sub-
strates in order to highlight and enhance the effects of dietary
fatty acids on the biohydrogenation. However, for the present
work, we have chosen to study the interaction of tannins with
conventional feed as H and a commercial concentrate in order

to simulate a common tanniniferous diet offered to animals,
and to avoid potential interactions between oil and tannins
on rumen micro-organisms.

The type of substrate included in the fermenters strongly
affected the net gas development (P,0·0005), being
43·25ml in the H þ C syringes and 30·67ml in the H syringes.
In the present study, the net gas production was reduced, but
only marginally (P¼0·134), by the inclusion of tannins to
the fermenters. Some other studies reported that the in vitro
gas production was strongly inhibited by QT tannins(32,33) or
Acacia spp. tannins(28) in the BRF. In the present study,
when compared with AT or CT, QT tannins had the lower
relative inhibitory effect on the gas production. A similar
trend was also found for the microbial protein production,
thus suggesting that QT tannins have a ‘milder’ inhibitory
effect on the ruminal microbial activity when compared with
AT or CT. QT tannins also have low protein precipitation
capacity and low activity of these tannins on cellulose diges-
tion, which could be attributed to its branched-chain struc-
ture(34). In the literature, there are no studies comparing the
effects of CT, AT and QT on ruminal metabolism in vitro.
It has been reported that tannins from Acacia angustissima
and Acacia salicina (28) reduced the microbial protein
synthesis in BRF or in pure ruminal bacteria strains, respect-
ively. Similarly, it has been reported that the in vitro protein
synthesis was reduced by tannins from QT(33) or mimosa(35)

when compared with a tannin-free system or PEG-containing
fermenters, respectively.

The total VFA and propionate production was higher
(P¼0·087 and 0·071, respectively) in the fermenters incubated
with H þ C than those fermented with H. It is known that low-
fibre and high-starch feed, such as concentrate-containing
diets, shift ruminal fermentations to high propionate pro-
duction(36). Surprisingly, the acetate/propionate ratio was not
affected by the type of feed (Table 3). However, it should
be considered that in the H þ C fermenters, the two feeds
were mixed at a ratio of 1:1, and therefore the resulting diet
can be considered as less fibrous when compared with the H
substrate. Moreover, the fermentation took place for a 12 h
period, and this short time was probably insufficient to observe
significant differences in the acetate production between the
two sets of fermenters (H and H þ C). iso-Butyrate, butyrate,
iso-valerate and valerate were found at lower levels in the H
fermenters compared with the H þ C fermenters, suggesting
that the microbial activity was lower when using H as the
only substrate. In the present study, the total VFA production
was not affected by the concentration of tannins in the
medium. However, iso-butyrate and iso-valerate, which arise
from the degradation of feed amino acids by ruminal bac-
teria(37), were markedly reduced, in a dose-dependent
manner, by the inclusion of tannins in the BRF. This result
is in agreement with a previous study on the dose–response
effect of tannins(33). Frutos et al. (32) reported that the total
VFA production in vitro was increased when QT tannins
were deactivated by the inclusion of PEG in the fermenters
and, similarly, Makkar et al. (27) found that QT tannins
decreased the VFA production in vitro. The effect of tannins
from CT on ruminal fermentation was investigated in vivo (8),
showing that a diet based on CT leaves (tannins 50 g/kg DM)
decreased the VFA production and impaired ruminal
metabolism in goats. Subsequent in vivo studies on sheep(38)

Fig. 2. The effect of different concentrations of tannins (0·0, 0·6 or 1·0 mg/ml

of incubation medium) on the in vitro production of conjugated linoleic acid

(CLA) by linoleic acid isomerase in ruminal fluid. Values are means, with

standard errors represented by vertical bars. a,b Mean values with unlike

letters were significantly different (P , 0·05).
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and goats(39) reported that tannins from CT pods or leaves did
not affect the VFA production in the rumen compared with
animals receiving the same diets but supplemented with PEG.
The branched-chain iso- and anteiso-fatty acids and odd-

chain fatty acids arise from a peculiar metabolism of ruminal
bacteria (for a review, see Vlaeminck et al. (37)). Among rum-
inal bacteria, those classified as cellulolytic contain high
amounts of iso- and anteiso-fatty acids compared with amylo-
lytic bacteria, while this latter group of micro-organisms con-
tains higher levels of linear odd-chain fatty acids compared
with the cellulolytic ones. In the present study, we have
found that in the H-containing fermenters, 17 : 0 iso increased
by 2-fold and 15 : 0 increased slightly when compared with the
H þ C syringes. The major effects on the branched-chain fatty
acids were exerted by tannins, which inhibited the production
of 15 : 0 iso, 15 : 0 anteiso, 16 : 0 iso and 17 : 0 anteiso; these
effects being more evident (P,0·0005) when H was used as
a substrate for the fermentation. This result is consistent
with the lower production of iso-valerate and iso-butyrate
mentioned previously, as these two VFA are the precursors
of branched-chain fatty acids. Therefore, tannins have reduced
the production of iso-, anteiso- and odd-chain fatty acids com-
pared with the control fermenters through a reduced activity
of ruminal micro-organisms and, especially, of cellulolytic
bacteria.
The feed fatty acid composition influenced the fatty acid

profile of C18 fatty acids in the fermenters. The higher
levels of linoleic and SA in the H þ C fermenters compared
with the syringes incubated with H reflect the lipid profile
of the two feeds (Table 2), the H þ C feed being richer in
these fatty acids. On the contrary, LNA, which was present
at higher amounts in the H, did not differ significantly between
the H and the H þ C fermenters, but trans-11,cis-15-C18 : 2,
which derives from the biohydrogenation of LNA, was
found at higher percentages (P,0·05) in the BRF fermented
with H. Also, cis-9,trans-11 CLA was found at higher percen-
tages in the H þ C fermenters compared with those containing
H. It is well known that biohydrogenation is enhanced by
fibre-rich diets(40), but in the present study, it seems that the
substrate availability (e.g. LA and LNA) had the major influ-
ence on the biohydrogenation.
When we have planned the present experiment, we hypoth-

esised that ruminal biohydrogenation could be affected by
tannins because of a reduction in the activity of ruminal
micro-organisms. The ruminal fatty acid profile (Table 5)
shows that the inclusion of tannins in the fermenters did not
affect total CLA isomers but increased the accumulation of
VA. In the present study, SA was strongly reduced (216%)
by the inclusion of 1·0mg/ml tannins compared with the
tannin-free system. These results suggest that the last step of
biohydrogenation, which is the conversion of VA to SA,
was affected by tannins to a larger extent compared with the
previous reaction, which leads to the formation of CLA.
This can also be supported by the accumulation of total
trans-18 : 1 fatty acids in the presence of tannins. For the
same reason, the higher content of oleic acid þ trans-15-
C18 : 1 in the tannin-containing syringes compared with
the tannin-free ones could be due to an increased accumu-
lation of trans-15-C18 : 1 rather than to oleic acid. Recent
studies have shown that trans-fatty acids arise from the
successive isomerisation of cis-9-C18 : 1 operated by ruminal

micro-organisms(30), and they are hydrogenated to SA. It is
well known that the rate-limiting step of LA biohydrogenation
is the saturation of VA(6), while Wąsovska et al. (12) and
Buccioni et al. (41) have shown that the rate of appearance of
cis-9,trans-11 CLA from LA in vitro is higher and occurs in
shorter time compared with VA and then it reaches a plateau.
Probably, if in the present study, the ruminal fatty acid profile
was monitored after 6 h (instead of 12 h) of fermentation with
tannins, we would have found that the CLA production was
inhibited by tannins. This hypothesis is strongly supported
by the present results, which clearly show that tannins
reduce the CLA production by LA-I (Fig. 2). Although CLA
were synthesised at a lower extent by LA-I in the presence
of tannins, the LA-I activity (nmol CLA/mg protein/min)
was not affected by tannins because, together with CLA, the
microbial proteins in the reaction mixture also decreased.
This result suggests that tannins did not interfere with LA-I
per se, which is a cell-bound enzyme(3), but interfered with
microbial proliferation, as it is evident from the results on
the VFA production and microbial protein concentration,
as mentioned previously. Jones et al. (42) have reported that
tannins from Onobrychis viciifolia induced morphological
changes and reduced the growth in B. fibrisolvens, which is
one of the cellulolytic strains mainly involved in ruminal
biohydrogenation(3). In a recent in vivo study(7), it was found
that CLA and VA in the meat of lambs fed tannins from CT
were at a lower amount compared with the meat of lambs
receiving the same diet but supplemented with PEG. Also,
other studies have found that treating flaxseed with QT tannins
reduced the biohydrogenation of LNA in vitro (43).

The method developed in the present study for measuring
the LA-I activity in the ruminal fluid enables to evaluate the
effect of a specific feed or an additive on the ruminal biosyn-
thesis of CLA. However, biohydrogenation is a complex pro-
cess and the two successive steps, the reduction of CLA to VA
and the saturation of VA to SA, need to be accurately moni-
tored as well. By the application of the new method, it was
concluded that tannins reduce the biohydrogenation in vitro
through an inhibition of the activity of ruminal micro-organ-
isms rather than through an inhibition of the enzyme activity
per se. The different steps of the biohydrogenation seem to
be influenced by tannins at different rates, the hydrogenation
of VA to SA being affected to a larger extent than the conver-
sion of LA to CLA. Further research is needed to study the
evolution of biohydrogenation in the presence of tannins at
different times of incubation. In vivo studies are needed to
better understand if the accumulation of VA caused by tannins
could be an effective strategy for increasing the endogenous
biosynthesis of CLA in the mammary gland and in the
muscle by the action of the enzyme D9-desaturase, thus
increasing the health value of milk and meat.
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Influence of fish oil on ruminal biohydrogenation of C18 unsa-

turated fatty acids. Br J Nutr 95, 1199–1211.
13. Yokoama MT & Davis CL (1971) Hydrogenation of unsaturated

fatty acids by Treponema (Borrelia) strain B25, a rumen spiro-

chete. J Bacteriol 107, 519–527.
14. Peng SS, Deng MD, Grund AD, et al. (2007) Purification and

characterization of a membrane-bound LA-I from Clostridium

Sporogenes. Enzyme Microb Technol 40, 831–839.

15. Lin TY (2006) Conjugated linoleic acid production by cells

and enzyme extract of Lactobacillus delbrueckii ssp. bulgari-

cus with additions of different fatty acids. Food Chem 94,
437–441.

16. Verhulst A, Parmentier G, Janssen G, et al. (1986) Biotrans-

formation of unsaturated long-chain fatty acids by Eubacterium

lentum. Appl Environ Microbiol 51, 532–538.
17. Lowry OH, Rosebrough NJ, Farr AL, et al. (1951) Protein

measurement with the folin-phenol reagents. J Biol Chem 193,
265–275.

18. Jackson JE, Paschke RF, Tolberg E, et al. (1952) Isomers of

linoleic acid. Infrared and ultraviolet properties of methyl

esters. Am Oil Chem Soc 29, 229–234.
19. Makkar HPS & Becker K (1994) Isolation of tannins from

leaves of some trees and shrubs and their properties. J Agric

Food Chem 42, 731–734.
20. Menke KH, Raab L, Salewski A, et al. (1979) The estimation of

the digestibility and metabolizable energy content of ruminant

feedstuffs from the gas production when they are incubated

with rumen liquor. J Agric Food Sci 93, 217–222.
21. Kramer JK, Fellner V, Dugan ME, et al. (1997) Evaluating acid

and base catalyst in the methylation of milk and rumen fatty

acids with special emphasis on conjugated dienes and total

trans fatty acids. Lipids 32, 1219–1228.
22. Molkentin J & Precht D (1995) Optimized analysis of trans octa-

decenoic acids in edible fats. Chromatographia 41, 267–272.
23. Van Soest PJ, Robertson JB&Lewis BA (1991)Methods for diet-

ary fiber, neutral detergent fiber, and non-starch polysaccharides

in relation to animal nutrition. J Dairy Sci 74, 3583–3597.
24. Association of Official Analytical Chemists (1995) Official

Methods of Analysis, 16th ed. Washington, DC: AOAC.

25. Hunter WJ, Backer FC, Rosenfeld IS, et al. (1976) Biohydro-

genation of unsaturated fatty acids. Hydrogenation by cell-free

preparations of Butyrivibrio fibrisolvens. J Biol Chem 251,
2241–2247.

26. Polan CE, McNeill JJ & Tove SB (1964) Biohydrogenation of

unsaturated fatty acids by rumen bacteria. J Bacteriol 88,
1056–1064.

27. Makkar HPS, Blummel M & Becker K (1995) In vitro effects

of and interactions between tannins and saponins and fate of

tannins in the rumen. J Sci Food Agric 69, 481–493.
28. Getachew G, Makkar HPS & Becker K (2000) Tannins in tropi-

cal browses: effects on in vitro microbial fermentation and

microbial protein synthesis in media containing different

amounts of nitrogen. J Agric Food Chem 48, 3581–3588.
29. Priolo A, Bella M, Lanza M, et al. (2005) Carcass and meat

quality of lambs fed fresh sulla (Hedysarum coronarium L.)

with or without polyethylene glycol or concentrate. Small

Rumin Res 59, 281–288.
30. Mosley EE, Powll GL, Riley MB, et al. (2002) Microbial bio-

hydrogenation of oleic acid to trans isomers in vitro. J Lipid

Res 43, 290–296.
31. Buccioni A, Antongiovanni M, Petacchi F, et al. (2006) Effect

of dietary fat quality on C18:1 fatty acids and conjugated linoleic

acid production: an in vitro rumen fermentation study. Anim

Feed Sci Technol 127, 268–282.
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(2007) Flaxseed treatments to reduce biohydrogenation of

a-linolenic acid by rumen microbes in cattle. Lipids 42,
1105–1111.

V. Vasta et al.92

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114508137898  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114508137898

