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The present study investigated the susceptibility of dietary n-3 PUFA to ruminal biohydrogenation, the stability of ingested vitamin E in
the rumen and the subsequent uptake of PUFA and vitamin E into plasma. Six cannulated sheep were assigned to six diets over five 33 d
periods, in an incomplete 6 £ 5 Latin square. The diets, based on dried grass, were formulated to supply 50 g fatty acids/kg DM using three
lipid sources: Megalacw (calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK), linseed (formaldehyde-treated;
Trouw Nutrition, Northwich, Ches., UK) and linseed–fish oil (formaldehyde-treated linseed þ fish oil). The diets were supplemented
with 100 or 500 mg a-tocopheryl acetate/kg DM. Fat source or level of vitamin E in the diet did not alter microbial activity in the
rumen. Biohydrogenation of linoleic acid (18 : 3n-6; 85–90 %), linolenic acid (18 : 3n-3; 88–93 %), docosahexaenoic acid (22 : 6n-3;
91 %) and EPA (20 : 5n-3; 92 %) was extensive. Feeding formaldehyde-treated linseed elevated concentrations of 18 : 3n-3 in plasma,
whilst 22 : 6n-3 and 20 : 5n-3 were only increased by feeding the linseed–fish oil blend. Duodenal recovery of ingested vitamin E was
high (range 0·79–0·92 mg/mg fed). High dietary vitamin E was associated with increased plasma a-tocopherol (2·57 v. 1·46mg/ml for
500 and 100 mg a-tocopheryl acetate/kg DM respectively), although all concentrations were low. Plasma vitamin E levels, however,
tended to decrease as the type and quantity of PUFA in the diet increased. The present study illustrates that nutritionally beneficial
PUFA in both fish and linseed oils are highly susceptible to biohydrogenation in the rumen. Although a-tocopheryl acetate resisted degra-
dation in the rumen, plasma vitamin E status remained deficient to borderline, suggesting either that uptake may have been impaired or
metabolism post-absorption increased.

Polyunsaturated fatty acids: Vitamin E: Microbial protein synthesis

Sheep meat is high in saturated fatty acids, such that its
PUFA:saturated fatty acid ratio is lower than the value re-
commended for human diets (0·45; Enser et al. 1996). High
intake of saturated fat is a major predisposing factor to
CHD in man (Department of Health, 1994). Whilst the
beneficial effects of PUFA, especially those of the n-3
series, such as a-linolenic acid (18 : 3n-3), EPA (20 : 5n-
3) and docosahexaenoic acid (22 : 6n-3; DHA), in lessening
the risk of CHD are now widely recognised (Department of
Health, 1994). The low PUFA:saturated fatty acid ratio of
sheep meat is a consequence of the extensive biohydro-
genation of ingested PUFA by rumen micro-organisms,
leading to the formation of trans-monounsaturated and
saturated fatty acids, which are subsequently incorporated
into lipids in the muscle (Jenkins, 1993). In addition, diet-
ary PUFA have several inter-related effects (positive and
negative) on rumen metabolism that affect fermentation
pattern, protozoal numbers, nutrient digestion, efficiency

of microbial growth, and the site and kinetics of digestion
(Demeyer & Van Nevel, 1995).

The nutritional quality of lipids in sheep meat may be
enhanced by dietary manipulation strategies that minimise
biohydrogenation of ingested PUFA in the rumen. Tra-
ditionally this has been achieved by treatment of protein-
rich lipid supplements with formaldehyde (Scott et al.
1971). Long-chain PUFA (20 : 5n-3 and 22 : 6n-3) present
in fish oils may possess a natural protection from biohydro-
genation by rumen micro-organisms (Ashes et al. 1992;
Palmquist & Kinsey, 1994). However, increased incorpor-
ation of n-3 PUFA is known to reduce the oxidative stability
of muscle lipids. Therefore, a concomitant increase in anti-
oxidant capacity is essential to counteract the resultant
negative effects on meat quality caused by oxidative
deterioration. High concentrations of vitamin E in muscle
can delay post mortem lipid peroxidation and enhance the
shelf-life of sheep meat (Wulf et al. 1995). However,
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deficiencies in vitamin E have been demonstrated to occur
even when sheep consume diets with supra-nutritional
amounts of the vitamin (Enser et al. 1999a; Kasapidou
et al. 2001). On the other hand, it is uncertain if the
deficiencies arise as a result of degradation of vitamin E
in the rumen, impaired intestinal uptake of the vitamin or
increased metabolism post absorption. For example, there
are conflicting reports in the literature regarding the suscep-
tibility of orally administered vitamin E to degradation by
rumen microbes. Some studies indicate that pre-intestinal
vitamin E losses may be as high 42 % in sheep (Alderson
et al. 1971) and up to 52 % in cattle (Shin & Owens,
1990). In contrast, other studies indicate that vitamin E is
not catabolised to any significant extent (Astrup et al.
1974; Leedle et al. 1993).

The objectives of the present study were twofold. First,
to determine the extent of biohydrogenation of n-3 PUFA
contained in formaldehyde-treated whole linseed and fish
oil and their effects on microbial activity; second, to
assess the stability of ingested a-tocopheryl acetate in the
rumen of sheep and its subsequent uptake into plasma.

Materials and methods

Animal management

This experiment was performed after approval by the UK
Animal Ethics Inspectorate in accordance with the
Animal (Scientific Procedures) Act, 1986. Six Suffolk
cross wether sheep fitted with permanent rumen cannula
and T-piece cannula in the proximal duodenum were
used in a 6 £ 5 incomplete Latin square design. The exper-
iment lasted 165 d. The mean live weight of the sheep at
the start of the experiment was 40 (SD 2·9) and 51 (SD

4·4) kg at the end of the trial. Each period was 33 d, with
24 d of adaptation and 9 d of sampling. During the first
20 d of each treatment period the animals were penned
individually on raised slatted floors under continuous light-
ing. The sheep were offered 1·2 kg pelleted feed (fresh
weight), supplied in two equal meals at 09.00 and
17.00 h each day. On day 20 of each period, the animals
were moved into metabolism crates, where daily feed allo-
cation for each animal was supplied in twelve equal meals,
one every 2 h, using an automatic mechanical feeder.
Water was available ad libitum.

Experimental diets

Six isoenergetic and isonitrogenous diets based on milled
dried grass were formulated to supply a similar fatty acid
level of 50 g/kg DM. Three fat sources were used: Mega-
lacw (a calcium soap of palm fatty acid distillate; Volac
Ltd, Royston, Herts., UK), linseed (formaldehyde-treated
whole linseed, 4 g formaldehyde/kg seed; Trouw Nutrition
UK, Northwich, Ches., UK) and linseed–fish oil (50:50, w/
w). The fish oil was from South American herring (Isaac
Spencer & Co. Ltd, Fleetwood, Lancs., UK) and was
preserved with the antioxidant butylated hydroxytoluene
(also known as toluene 2,6-di-tert-butyl-p-cresol; 500 mg/
kg). Vitamin E (a-tocopheryl acetate; Roche Vitamins
(UK) Ltd, Heanor, Derby., UK) was added to the three

fat-supplemented diets before pelleting at the rate of
either 100 (low vitamin E) or 500 (high vitamin E)
mg/kg DM. The six treatments diets were: Megalac with
low vitamin E, Megalac with high vitamin E, linseed
(formaldehyde treated) with low vitamin E, linseed (for-
maldehyde treated) with high vitamin E, linseed–fish oil
with low vitamin E and linseed–fish oil with high vitamin
E. Diets were offered as pellets (10 mm diameter and
25 mm long). The raw material composition of the exper-
imental diets is shown in Table 1.

Experimental procedure

Daily digesta DM flow at the proximal duodenum was esti-
mated using a dual-phase marker method (Faichney, 1975),
using Cr-EDTA and ytterbium acetate as the liquid- and
solid-phase markers respectively. The Cr-EDTA solution
was prepared according to Binnerts et al. (1968) and infused
into the reticulo-rumen to provide 140 mg Cr/kg DM intake,
while ytterbium acetate was infused at a rate of 50 mg Yb/kg
DM intake. The two digesta flow markers were infused con-
tinuously for 10 d at a rate of 4·65 ml/h via separate infusion
lines using a twelve-channel Watson Marlow-205U peristal-
tic pump (Watson Marlow, Falmouth, Cornwall, UK). Com-
mencing on day 1 of digesta marker infusion, total faecal
collection was made using faecal harnesses for 6 d. Faeces
were weighed daily and thoroughly mixed, and then a por-
tion (10 %) was frozen at 2208C for subsequent chemical
analysis. On day 3 of digesta flow marker infusion,
[15NH4]2SO4 (10 % enriched; Isotec Inc., Miamisburg,
OH, USA, supplied by CK Gas Products Ltd, Workingham,
Berks., UK) was incorporated into the Cr-EDTA solution
and infused at the rate of 25 mg 15N per animal per d concur-
rently with the two digesta flow markers.

On days 2 and 3 of the collection period, blood samples
of approximately 10 ml were taken at 11.00 and 15.00
hours by jugular venepuncture into two sterile vacutainer
tubes containing potassium oxalate and then centrifuged
(2000 g for 15 min at 48C) immediately. Plasma was dec-
anted and frozen at 2208C for fatty acid and vitamin E
analysis. On days 7 to 9 of the collection period, approxi-
mately 200 ml duodenal digesta was collected (twice daily
at 09.00 and at 15.00 hours). A two-way latex Foley blad-
der catheter (Rusch UK Ltd, High Wycombe, Bucks., UK)
was used to divert digesta into a collection bag by using the
catheter balloon to block the duodenum at the distal foot of
the cannula. Immediately after digesta collection, a mineral
solution (g/l: Na2HPO4 2·57, C2H3O2Na 1·76, NaCl 2·99,
KCl 2·00, CaCl2 0·75, MgCl2.6H2O 0·83, C2H4O2 1·30,
adjusted to pH 3 by adding HCl (4 g/l)) was infused via
the catheter into the duodenum to replenish minerals with-
drawn during sampling, and to maintain the steady-state
conditions. Immediately after sampling, 40 g aliquots of
whole duodenal digesta were transferred into plastic cups
containing 2 g ascorbic acid; 2 ml butylated hydroxyto-
luene (100 mg/ml ethanol) was added. The cups were
capped, contents mixed and they were frozen at 2208C
for vitamin E analysis. A further portion (60 ml) of the
digesta was frozen and lyophilised as whole duodenal
digesta. The remainder (100 ml) was separated into liquid
and solid phases by centrifugation at 650 g for 5 min
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at 48C. The solid phase or particulate duodenal digesta was
frozen immediately and lyophilised. The liquid fraction
was used for isolation of bacterial cells by a modified
method of Mathers & Miller (1980). After centrifugation
at 28 600 g for 20 min at 48C the supernatant fraction was
discarded, and the isolated microbial cells were rinsed by
re-suspending them in McDougall’s buffer (g/l: NaHCO3

9·80, Na2HPO4 3·70, NaCl 0·47, KCl 0·57, CaCl2 0·04,
MgCl2 0·06). The re-suspended cells were then re-centri-
fuged at 28 600 g for 20 min at 48C. The resultant microbial
cell isolates were lyophilised and pulverised before chemi-
cal analysis.

Rumen contents samples (approximately 100 ml) were
collected on the last day of each collection period at
09.00, 13.00 and at 15.00 hours using a manual vacuum
pump. Each sample was strained through two layers of
muslin, the pH measured immediately and then the
sample was acidified to pH ,2 by the addition of concen-
trated HCl. The samples were then frozen at 2208C for
volatile fatty acid (VFA) analysis. Protozoal enumeration
in rumen contents was performed using the procedure of
Newbold et al. (1987).

Chemical analyses

DM and organic matter were determined according to the
methods of the Association of Official Analytical Chemists
(1995). N was determined using the Kjeldahl procedure with
a Tecator Kjeltec-1035 analyser (Tecator AB, Hoganas,
Sweden). Neutral-detergent fibre, acid-detergent fibre and
acid-detergent lignin were determined according to Van
Soest et al. (1991). Cellulose was calculated as the

difference between acid-detergent fibre and acid-detergent
lignin, and hemicellulose as the difference between neu-
tral-detergent fibre and acid-detergent fibre. Cr and Yb con-
centrations were determined by atomic absorption
spectrophotometry (Smith-Hieftje 1000; Thermo Jarrel
Ash Corporation, Franklin, MA, USA) using the technique
described by Siddons et al. (1985). VFA were determined
using GLC on a Perkin-Elmer 8500 using a Dura-Bond
free fatty acids and phenols (DB-FFAP) capillary column
of 30 m length and 0·25 mm internal diameter (J & W Scien-
tific, Folsom, CA, USA) with phenol as the internal stan-
dard. The purine contents of the isolated microbial cells
and duodenal digesta were assayed according to Zinn &
Owens (1986). The 15NH3 not incorporated into microbial
protein, but adsorbed onto lyophilised whole duodenal
digesta and particulate digesta was removed according to
Firkins et al. (1992). The abundance of 15N in samples
was determined by isotope ratio MS by Rowett Research
Services (Bucksburn, Aberdeen, UK).

Methyl esters of fatty acids contained in feed, plasma
and duodenal digesta were obtained as follows: samples
were spiked with an internal standard (methyl heneicosano-
ate, 21 : 0) and directly saponified using KOH, then acid-
hydrolysed to release NEFA. After methylation using dia-
zomethane, the composition of the methyl ester mixtures
was analysed using the method of Enser et al. (1996) by
GLC (Carlo Erba Strumentazione HRGC 5160 Mega
Series; Carlo Erba, Milan, Italy) using a 50 m £ 0·25 mm
internal diameter CP-Sil 88 WCOT column for fatty acid
methyl esters (catalogue no. 7488; Chrompak Ltd, Middel-
burg, The Netherlands). The GC conditions were: carrier
gas He; split mode injection; injector and flame ionisation

Table 1. Raw materials of experimental diets containing three different fat sources and two
levels of vitamin E, and the daily intakes of fatty acids and vitamin E by sheep

Fat source. . .
Megalacw* Linseed Linseed–fish oil

Vitamin E level. . . Low High Low High Low High

Ingredients (g/kg fresh weight)
Dried grass 759 759 739 739 754 754
Sugarbeet pulp (molassed) 105 105 105 105 105 105
Megalacw 35 35 - - - -
Formaldehyde-treated linseed - - 85 85 42 42
Fish oil - - - - 15 15
Soyabean meal 46 46 16 16 29 29
Molasses 25 25 25 25 25 25
Vitamin and mineral premix 20 20 20 20 20 20
NaCl 5 5 5 5 5 5
Ammonium chloride 5 5 5 5 5 5

Fatty acid and vitamin E intake (g/d)
14 : 0 (myristic) 0·7 0·7 0·2 0·2 1·4 1·4
16 : 0 (palmitic) 17·8 18·8 5·8 5·5 7·7 7·4
16 : 1 (palmitoleic) 0·4 0·4 0·4 0·4 1·8 1·8
18 : 0 (stearic) 1·7 1·8 1·8 1·8 1·6 1·5
18 : 1n-9 (oleic) 10·7 11·4 6·4 6·2 5·7 5·3
18 : 1n-7 (cis-vaccenic) 0·4 0·4 0·5 0·5 0·8 0·8
18 : 2n-6 (linoleic) 6·0 6·3 6·3 7·4 6·3 6·1
18 : 3n-3 (linolenic) 8·8 9·5 27·5 26·5 18·8 17·3
20 : 5n-3 (eicosapentaenoic) - - - - 2·6 2·6
22 : 6n-3 (docosahexaenoic) - - - - 1·4 1·4
Remaining fatty acids 3·0 3·0 3·0 3·7 5·7 5·6
Total fatty acids 49·4 52·3 51·9 52·1 53·8 51·3
Vitamin E (mg/d) 151 572 144 478 158 554

* Calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK.
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detector temperature 2508C; initial oven temperature 1808C
for 15 min, then increased at 1·58C per min to 2208C, held
at 2208C for 10 min. Saturated (fatty acid methyl ester 4)
and monounsaturated (fatty acid methyl ester 5) fatty
acid methyl ester standard mixtures (Thames Restek UK
Ltd, Windsor, Berks., UK) were used to establish the
response linearity of the system. As a result of incomplete
resolution, the trans-18 : 1 isomers are reported as a single
value that does not include minor isomers (trans-13,trans-
16-18 : 1) which were not resolved from cis-18 : 1n-9 and
cis-18 : 1n-7. The vitamin E content of the feeds was deter-
mined according to the method of Pocklington & Dieffen-
bacher (1988).

Calculations and statistical analyses

Digesta flow at the proximal duodenum was calculated
after mathematical reconstitution of true digesta as
described by Faichney (1975). Microbial N flow was esti-
mated using purine bases and 15N, and calculated as:

microbial N ðg=dÞ ¼
Marker : NAN ðduodenal digestaÞ

Marker : N ðmicrobial isolateÞ

� �

£NAN flow ðg=dÞ

where NAN is non-NH3-N.
Ruminal biohydrogenation of individual n-3 PUFA was

calculated as the amount of n-3 PUFA disappearing in the
rumen (loss between mouth and proximal duodenum)
divided by the amount of individual PUFA ingested. All
data were analysed as an incomplete 6 £ 5 Latin square
design, with a 2 £ 3 factorial treatment structure, using
Genstat 5 Statistical Software (1998, release 4.1; Lawes
Agricultural Trust, Rothamsted, Herts., UK).

Results

Composition of experimental diets

The composition of experimental diets and the intakes of
individual and total fatty acids and vitamin E are presented
in Table 1. The mean concentrations of crude protein
(N £ 6·25), neutral-detergent fibre, acid-detergent fibre, cel-
lulose, hemicellulose and total fatty acids in the diets were
similar in all six diets and averaged 174, 416, 227, 167,
188 and 48 g/kg DM respectively. The Megalac diets con-
tained the highest concentrations of palmitic acid (16 : 0).
The mean intake of 16 : 0 in sheep offered the Megalac
diet was 18·3 g/d; this was two and three times greater
than values for the linseed–fish oil and linseed diets respect-
ively. The intake of stearic acid (18 : 0) was approximately
1·7 g/d and was similar for all experimental diets. The
intake of oleic acid (18 : 1n-9) by sheep given the Megalac
diets (average 11·1 g/d) was approximately twice that of
sheep consuming any of the other diets. The mean intakes
of a-linolenic acid (18 : 3n-3) were 9·2, 18·1 and 27·0 g/d
for the Megalac, linseed–fish oil and linseed diets respect-
ively. The intakes of the long-chain PUFA EPA (20 : 5n-3)
and DHA (22 : 6n-3) by sheep receiving the linseed–fish
oil diets were on average 2·6 and 1·4 g/d respectively,
whilst their intakes were negligible for the Megalac- and

linseed-supplemented diets. Total fatty acid intake was simi-
lar across all diets, with a mean value of 51·8 g/d. The mean
vitamin intakes were 151 and 534 mg/day for low- and
high-vitamin E diets respectively.

Rumen biohydrogenation and duodenal flow

Total fatty acid flow at the proximal duodenum did not
differ between diets (Table 2). Nevertheless, the profiles
of duodenal digesta fatty acids were altered substantially
in response to dietary fat source. The flow of 18 : 0 (stearic
acid) was approximately doubled (P,0·001) in sheep con-
suming the linseed or Megalac diets compared with those
given the linseed–fish oil diets (18·7, 15·8 and 8·6 g/d
respectively). The flow of trans-18 : 1 increased signifi-
cantly in response to source of fat (P,0·001) in the
sequence: linseed–fish oil (10·3 g/d) . linseed (6·7 g/d). -
Megalac (2·8 g/d). Supplementation with linseed–fish oil
quadrupled the duodenal flow of 18 : 1n-7 (P,0·001) rela-
tive to either linseed or Megalac diets (mean values 0·4,
0·1 and 0·1 g/d for the linseed–fish oil, linseed and Megalac
diets respectively). The flow of 18 : 1n-9 to post-ruminal
sites in sheep receiving either of the Megalac diets exceeded
(P,0·001) the flow observed in sheep offered any of the
other two fat sources (3·0, 1·9 and 1·9 g/d for Megalac, lin-
seed and linseed–fish oil diets respectively). Formaldehyde-
treated linseed elicited a twofold increase in the flow of
18 : 3n-3 at the duodenum relative to Megalac (P,0·001),
whilst rates of flow were intermediate in the linseed–fish
oil diet. The concentration of long chain n-3 PUFA
(20 : 5n-3 and 22 : 6n-3) in the duodenal digesta of sheep
consuming either the Megalac or linseed diets were negli-
gible (below detection limits). However, average flows of
0·2 and 0·1 g/d respectively were observed in animals
offered the two linseed–fish oil diets.

No effect of dietary treatment on the biohydrogenation
of 18 : 2n-6 was observed (range 85·1–89·8 %, Table 2).
The biohydrogenation of 18 : 3n-3 in the rumen of sheep
receiving the Megalac diets was lower (P,0·001) com-
pared with values observed in animals offered either the
linseed or linseed–fish oil diets (mean values 89·7, 92·7
and 91·6 % respectively). The long-chain n-3 fatty acids
(20 : 5n-3 and 22 : 6n-3) present in the linseed–fish oil
diet were biohydrogenated at rates of 91·9 and 91·0 %
respectively.

Plasma fatty acid composition

In blood plasma lipids (Table 3), the concentrations of
16 : 0 were lower (P,0·001) when either the linseed or lin-
seed–fish oil diets were offered compared with Megalac
(mean values 20·8, 11·8 and 13·1 g/100 g total fatty acids
for the Megalac, linseed and linseed–fish oil diets respect-
ively). The concentrations of trans-18 : 1 in plasma of
sheep offered the linseed (6·1 g/100 g total fatty acids)
and linseed–fish oil (9·4 g/100 g total fatty acids) diets
were greater (P,0·001) than those observed in sheep
receiving the Megalac diets (2·9 g/100 g total fatty acids).
Supplementing with either linseed or linseed–fish oil was
associated with substantial reductions (P,0·001) in the
concentrations of 18 : 1n-9 compared with Megalac (mean
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values 15·3, 13·2 and 8·6 g/100 g total fatty acids for
Megalac, linseed and linseed–fish oil respectively). Simi-
larly, concentrations of 18 : 2n-6 in plasma decreased
(P,0·001) when either the linseed or linseed–fish oil
diets were offered (15·8, 12·1 and 8·9 g/100 g total fatty
acids for Megalac, linseed and linseed–fish oil diets
respectively). In contrast, the linseed diets significantly
increased (P,0·001) 18 : 3n-3 compared with animals fed
either of the Megalac diets. Linseed–fish oil led to

a marginal increase in the concentration of 18 : 3n-3
in plasma (5·6, 8·8 and 6·0 g/100 g total fatty acids for
Megalac, linseed and linseed–fish oil respectively). A
weak interaction (P¼0·054) between source of dietary fat
and level of vitamin E on the concentration of 20 : 5n-3
in plasma was observed. When vitamin E was supplied
in the diet at 100 mg/kg DM, there were no differences
in the concentrations of 20 : 5n-3 between animals on
the Megalac and linseed diets. However, those offered

Table 3. Effects of dietary fat source and vitamin E level on the fatty acid composition (g/100 g total fatty acids) of blood plasma
lipids in sheep†

(Mean values for six sheep)

Fat source. . .
Megalacw‡ Linseed

Linseed–fish
oil Statistical significance of effect

Vitamin E level. . . Low High Low High Low High SED Fat Vitamin Fat £ Vitamin

Fatty acid composition
14 : 0 0·8 1·0 0·8 0·7 1·3 1·0 0·31 NS NS NS
16 : 0 20·6 20·9 11·7 11·8 13·4 12·7 0·44 *** NS NS
16 : 1 1·0 0·6 0·7 0·9 0·9 1·0 0·37 NS NS NS
18 : 0 19·4 19·4 23·8 21·3 16·2 14·3 2·32 ** NS NS
trans-18 : 1 2·9 2·9 5·5 6·7 9·2 9·6 1·80 *** NS NS
18 : 1n-9 15·5 15·1 13·7 12·6 8·6 8·5 1·22 *** NS NS
18 : 2n-6 15·9 15·7 12·1 12·0 8·6 9·2 0·91 *** NS NS
18 : 3n-3 5·5 5·7 8·6 9·0 5·6 6·4 0·83 *** NS NS
20 : 3n-3 2·5 2·3 2·3 2·6 2·7 3·2 0·32 ** NS NS
20 : 5n-3 2·3 2·2 2·8 3·7 6·1 8·0 0·76 *** * NS
22 : 6n-3 2·0 2·1 2·2 2·6 3·2 3·9 0·36 *** NS NS
Remaining fatty acids 10·5 11·0 14·6 14·5 23·5 21·6 2·29 *** NS NS
Total fatty acids (mg/ml) 1·3 1·3 1·2 1·1 1·0 1·0 0·12 * NS NS

*P,0·05, **P,0·01, ***P,0·001.
† For details of diets and procedures, see Table 1 and p. 541.
‡ Calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK.

Table 2. Effects of dietary fat source and vitamin E level on the daily flow of fatty acids in duodenal digesta and the biohydrogena-
tion of PUFA in sheep†

(Mean values for six sheep)

Fat source. . .
Megalacw‡ Linseed

Linseed–fish
oil Statistical significance of effect

Vitamin E level. . . Low High Low High Low High SED Fat Vitamin Fat £ Vitamin

Duodenal flow (g/d)
12 : 0 0·4 0·4 0·2 0·2 0·2 0·2 0·04 *** NS NS
14 : 0 0·7 0·6 0·4 0·3 1·1 1·2 0·10 *** NS NS
16 : 0 17·0 16·0 6·4 4·8 7·7 8·3 1·34 *** NS NS
16 : 1 0·1 0·1 0·2 0·2 0·7 0·8 0·12 *** NS NS
18 : 0 16·4 15·2 18·2 19·1 9·0 8·1 2·16 *** NS NS
trans-18: 1 2·8 2·7 6·9 6·5 9·5 11·0 1·68 *** NS NS
18 : 1n-9 3·3 2·6 1·9 1·8 1·7 2·1 0·26 *** NS NS
18 : 1n-7 0·1 0·1 0·1 0·1 0·4 0·4 0·06 *** NS NS
18 : 2n-6 0·9 0·7 0·8 0·8 0·7 0·7 0·10 NS NS NS
18 : 3n-3 1·0 0·9 2·0 1·9 1·5 1·6 0·22 *** NS NS
20 : 5n-3 - - - - 0·2 0·2 - - - -
22 : 6n-3 - - - - 0·1 0·1 - - - -
Remaining fatty acids 3·1 3·0 5·1 5·3 9·5 10·7 0·77 *** NS NS
Total fatty acids 46·7 42·0 42·3 41·0 42·4 45·4 3·87 NS NS NS

Biohydrogenation (%)
18 : 2n-6 85·1 88·6 87·8 89·8 89·0 88·2 1·56 NS NS NS
18 : 3n-3 88·2 91·1 92·7 92·7 92·2 91·0 1·10 *** NS NS
20 : 5n-3 - - - - 92·6 91·2 - - - -
22 : 6n-3 - - - - 90·5 91·5 - - - -

***P,0·001.
† For details of diets and procedures, see Table 1 and p. 541.
‡ Calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK.
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linseed–fish oil had a threefold increase in plasma 20 : 5n-3
(mean values for Megalac, linseed and linseed–fish oil
were 2·3, 2·8 and 6·1 g/100 g total fatty acids). In contrast,
when vitamin E was included in the diet at 500 mg/kg, both
linseed and linseed–fish oil significantly increased the con-
centrations of 20 : 5n-3 in plasma compared with Megalac
(2·2, 3·7 and 8·0 g/100 g total fatty acids for Megalac, lin-
seed and linseed–fish oil respectively). Linseed–fish oil
increased (P,0·001) the concentration of 22 : 6n-3 in
plasma lipids compared with the other two fat supplements
(2·1, 2·4 and 3·6 g/100 g total fatty acids for Megalac, lin-
seed and linseed–fish oil respectively). The concentration
of total fatty acids in plasma was similar in sheep offered
either the Megalac or linseed diets, but was reduced signifi-
cantly (P¼0·019) in animals given the linseed–fish oil
diets (mean values for Megalac, linseed and linseed–fish
oil were 1·3, 1·2 and 1·0 mg/ml respectively).

Vitamin E metabolism

The effects of source of dietary fat and level of vitamin E on
the metabolism of vitamin E are illustrated in Figs 1 and 2.
Supplying a-tocopheryl acetate at 500 rather than at 100 mg/
kg DM consistently increased the flow of vitamin E at the
proximal duodenum (P,0·001, Fig. 1). The proportions
of ingested vitamin E recovered at the duodenum were
0·79 and 0·92 for sheep receiving low- and high-vitamin E
diets respectively. High concentrations of vitamin E in the
diet led to elevated concentrations of vitamin E in the
plasma (P,0·001, Fig. 2), with mean plasma concentrations
of 2·57 and 1·46mg/ml in sheep offered the high- and low-
vitamin E diets respectively. There was a significant inter-
action of source of dietary fat £ vitamin E content on the
concentration of vitamin E in blood plasma (P,0·05,
Fig. 2). Sheep offered the high-vitamin E diet had reduced
concentrations of vitamin E in plasma as the level and
type of PUFA in the diet increased (mean values 3·29,
2·61 and 1·81mg/ml for Megalac, linseed and linseed–fish
oil respectively; SED 0·290, P,0·001). Although the con-
centration of vitamin E in plasma declined in a similar
fashion in the sheep receiving low vitamin E in their diet,
the differences between the fat sources were not significant

(mean values 1·60, 1·43 and 1·34mg/ml for Megalac, linseed
and linseed–fish oil respectively, SED 0·290).

Microbial activity

Apparent digestibilities of organic matter, DM, neutral-
detergent fibre and acid-detergent fibre in the rumen were
not significantly altered when the sheep were offered any
of the treatment diets (mean values 424, 375, 533 and
536 g/kg respectively; Table 4). Similarly, total tract
digestibilities of organic matter, DM, neutral-detergent
fibre and acid-detergent fibre were not changed by the
treatments (mean values 660, 637, 592 and 546 g/kg
respectively). Ruminal digestion of cellulose and hemicel-
lulose did not change when the treatments were imposed
(Table 4). However, feeding linseed–fish oil resulted in
an increase in the total tract digestion of hemicellulose
compared with either Megalac or linseed (mean values
637, 645 and 661 g/kg for Megalac, linseed and linseed–
fish oil respectively; SED 13·1, P¼0·045, Table 4). There
was a significant interaction of fat source £ level of dietary
vitamin E on the total tract digestibility of cellulose
(Table 4). The total tract digestibility of cellulose
decreased significantly in the order: Megalac . linseed
. linseed–fish oil in sheep offered diets with high vitamin
E, but this was not the case in sheep receiving low vitamin
E. In fact, on the low-vitamin E diets, the total tract digest-
ibility of cellulose was lowest in sheep on Megalac.

Rumen pH was low (mean value 6·0) and was not altered
substantially by any of the treatments (Table 4). Numbers
of protozoa cells in rumen contents were also not affected
by treatment (average value 1·07 £ 106 cells per ml). The
concentrations of total VFA in rumen contents decreased
(P,0·05) when linseed–fish oil was offered relative to
Megalac or linseed (mean values 103·8, 94·8 and
88·4 mM for Megalac, linseed and linseed–fish oil diets,
Table 4). However, the molar proportions of major individ-
ual VFA in rumen contents did not change in response to
dietary treatment (Table 4).

Microbial growth data are presented in Table 4. When
[15NH4]2SO4 or total purines were used to estimate
microbial growth, microbial-N yield and efficiency of

Fig. 1. Vitamin E intake (B) and flow (B) at the duodenum in sheep
fed diets containing Megalacw (M; calcium soap of palm fatty acid,
Volac Ltd, Royston, Herts., UK), formaldehyde-treated linseed (L;
Trouw Nutrition UK, Northwich, Ches., UK) or formaldehyde-treated
linseed þ fish oil (LF) and supplemented with 100 (L) or 500 (H) mg
a-tocopheryl acetate/kg DM. For details of diets and procedures,
see Table 1 and p. 541. Values are means with standard errors
shown by vertical bars (six sheep per group).

Fig. 2. Plasma vitamin E concentrations in sheep fed diets contain-
ing Megalacw (M; calcium soap of palm fatty acid, Volac Ltd,
Royston, Herts., UK), formaldehyde-treated linseed (L; Trouw Nutri-
tion UK, Northwich, Ches., UK) or formaldehyde-treated linseed þ
fish oil (LF) and supplemented with 100 (L) or 500 (H) mg a-toco-
pheryl acetate/kg DM. For details of diets and procedures, see
Table 1 and p. 541. Values are means with standard errors shown
by vertical bars (six sheep per group).
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microbial-N synthesis were consistent and not altered by
fat source. However, when total purines were used, vitamin
E content had a significant effect (P¼0·04) on microbial-N
synthesis. High-vitamin E diets tended to increase the
quantity of microbial-N arriving at the proximal duodenum
relative to low-vitamin E diets (mean values 12·5 and
11·1 g N/d respectively).

Discussion

Duodenal fatty acid flows

The profiles of fatty acids of digesta arriving at the proxi-
mal duodenum were different from those of the diets
ingested. This is partly the result of rumen biohydrogena-
tion and partly the contribution of fatty acids from de
novo synthesis by micro-organisms in the rumen. For all
diets used in the present trial, the balances of fatty acids
at the duodenum were negative. Positive and negative
fatty acid balances have been reported in the literature.
In the ninety-one studies summarised by Doreau &
Ferlay (1994), the majority of the negative balances were
associated with diets containing .50 g fatty acids/kg
DM. However, negative balances have also been reported
when diets with concentrations as low as 20 g fatty acids/
kg DM were consumed. There are several possible expla-
nations for negative balances at the duodenum. Theoreti-
cally, dietary fatty acids can be catabolised or absorbed
across the rumen epithelium. The true extent to which
these two processes occur is not known. Jenkins (1993)
has suggested that there is very little, if any, catabolism
of dietary long-chain NEFA in the rumen, and argued

that fatty acid degradation is an aerobic process that is unli-
kely to occur to any significant extent in the anaerobic
environment of the rumen. There is, however, ample evi-
dence to suggest that NEFA are catabolised to ketone
bodies by the rumen epithelium in vitro (Hird et al.
1966; Cook et al. 1967). Doreau & Chilliard (1997a) pro-
posed that this oxidative catabolism of fatty acids might be
accomplished by micro-organisms that adhere to the rumen
wall, and derive their O2 from epithelial cells. Absorptive
losses of long-chain NEFA across the rumen epithelium
are generally thought to be insignificant (Moore & Christie,
1984), as the majority of NEFA are associated with par-
ticulate digesta (Harfoot et al. 1973). However, Doreau
& Ferlay (1994) suggested that it is possible for significant
absorption of NEFA to occur if large amounts of fatty acids
are available in the rumen.

Negative and positive fatty acid balances at the duode-
num have also been associated with the variable contri-
bution of fatty acids originating from de novo synthesis
(Wu et al. 1991). The rate of de novo synthesis of
microbial long-chain fatty acids tends to diminish as the
amount of exogenous lipid increases (Demeyer et al.
1978). Thus, rumen micro-organisms preferentially assim-
ilate lipids of dietary origin at the expense of de novo syn-
thesis, as this is an energetically more efficient strategy
(Demeyer & Van Nevel, 1995). The quantity of microbial
fatty acids can be estimated, since it constitutes about 30 g/
kg truely digested organic matter in the rumen (Demeyer &
Van Nevel, 1995), and thus would represent approximately
13 g of the 45 g arriving at the proximal duodenum
(Table 2) or about 30 % of fatty acid flow, a value often
underestimated.

Table 4. Effects of dietary fat source and vitamin E level on rumen pH, total volatile fatty acids (VFA), molar proportions of major VFA (mmol/
mol total VFA), ruminal and total tract digestibility of plant fibres, microbial nitrogen yield (estimated using 15N and purine bases) and efficien-
cies of microbial nitrogen synthesis in the rumen of sheep†

(Mean values for six sheep)

Fat source. . .
Megalacw‡ Linseed Linseed–fish oil Statistical significance of effect

Vitamin E level. . . Low High Low High Low High SED Fat Vitamin Fat £ Vitamin

Rumen pH 6·0 6·0 6·0 6·1 6·0 6·0 0·07 NS NS NS
Total VFA (mM) 108·0 99·6 93·9 95·7 84·3 92·5 6·42 * NS NS
Molar proportions of VFA

Acetate 610 618 611 607 594 592 19·1 NS NS NS
Propionate 219 230 223 208 250 240 29·2 NS NS NS
Butyrate 143 128 142 161 131 141 17·0 NS NS NS

Apparent rumen digestibility (g/kg)
Hemicellulose§ 512 513 466 534 572 572 59·5 NS NS NS
Cellulosek 559 613 652 587 614 540 40·2 NS NS NS

Whole tract digestibility (g/kg)
Hemicellulose§ 640 634 645 645 675 646 13·1 * NS NS
Cellulosek 625 637 661 598 636 532 23·9 * ** *

Microbial growth using 15N
N yield (g/d) 14·0 14·0 13·7 13·5 13·8 13·2 0·78 NS NS NS
Efficiency (g N/kg TDOMR) 25·2 24·9 23·6 22·9 23·8 22·7 1·91 NS NS NS

Microbial growth using purines
N yield (g/d) 11·5 13·4 11·6 11·4 10·2 12·6 1·03 NS * NS
Efficiency (g N/kg TDOMR) 20·9 23·4 20·3 19·3 17·6 21·8 2·07 NS NS NS

TDOMR, truly digested organic matter in the rumen.
*P,0·05, **P,0·01.
† For details of diets and procedures, see Table 1 and p. 541.
‡ Calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK.
§ Neutral-detergent fibre 2 acid-detergent fibre.
{Acid-detergent fibre 2 acid-detergent lignin.
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Biohydrogenation of PUFA

The proportion of 18 : 3n-3 biohydrogenated in the current
study was high, and comparable with values reported in the
study of Wachira et al. (2000) in which untreated whole
linseed was fed. Our present findings, therefore, imply
that formaldehyde treatment may not be an effective strat-
egy for protecting 18 : 3n-3 in whole linseed. Successful
protection of whole linseed with formaldehyde depends
on the permeability of the seed coat to formaldehyde, a
factor essential for the formation of the rumen-degradation
resistant formaldehyde–protein matrix. Supplying dietary
lipids as oil seeds with intact seed coats as opposed to
free oils may also impart partial protection against biohy-
drogenation (Rule et al. 1989). However, in the current
trial, destruction of the seed coat may have occurred
during pelleting and mastication, thus partly contributing
to the observed extensive losses of 18 : 3n-3 in the rumen.

The biohydrogenation of 18 : 3n-3 appeared to be
slightly lower in animals offered the Megalac diets com-
pared with those on the other treatments. The main
source of 18 : 3n-3 in the Megalac diets was dried grass.
It is conceivable that 18 : 3n-3 in dried grass, by virtue of
its location in the cell structure, may be less accessible to
ruminal lipases and to subsequent biohydrogenation com-
pared with that in linseed. Wood & Enser (1997) suggested
that natural protection of PUFA may be provided by the
flow of intact organelles to the small intestine, for instance
chloroplasts in grasses. However, despite the extensive bio-
hydrogenation of 18 : 3n-3 in the rumen, feeding formal-
dehyde-treated linseed doubled the flow of a-linolenic
acid (Table 2) to the proximal duodenum and also
increased the concentration of 18 : 3n-3 in plasma fatty
acids by 57 % (Table 3) relative to Megalac. This increase
in the flow of 18 : 3n-3 at the duodenum was also translated
into a doubling in muscle 18 : 3n-3 content in growing
lambs when fed similar diets (Demirel et al. 2004).

In the present study, both EPA and DHA in linseed–fish
oil diets were extensively biohydrogenated. Previous
studies have reported contradictory results in relation to
the biohydrogenation of EPA and DHA in fish oil. Some
in vitro studies using rumen contents have reported that
the biohydrogenation of EPA and DHA is negligible
(Ashes et al. 1992; Palmquist & Kinsey, 1994). In contrast,
other in vitro studies reported that their biohydrogenation
was extensive, with 61·7 and 77·7 % EPA and DHA
respectively being biohydrogenated after 24 h of incubation
(Fievez et al. 2000). In some in vivo studies, the results
were consistent with the present findings, that long-chain
PUFA are extensively biohydrogenated in the rumen
(Choi et al. 1997; Doreau & Chilliard, 1997b), whilst
others (e.g. Wachira et al. 2000) found EPA and DHA to
be moderately susceptible to biohydrogenation.

Chilliard et al. (2001) suggested three possible expla-
nations for the contradictory rates of biohydrogenation of
EPA and DHA reported in the literature. First, duration
of exposure or acclimatisation of rumen microbes to fish
oil appears to affect their ability to biohydrogenate these
fatty acids. In general, higher rates of biohydrogenation
tended to be associated with medium term (3–4 weeks)
rather than short-term exposure (3–4 d). Second, there

may also be significant differences between species (i.e.
bovine v. ovine), as EPA and DHA appear to be less exten-
sively biohydrogenated by small ruminant animals com-
pared with cattle (comparison of results from Wachira
et al. (2000) v. Choi et al. (1997)). Third, in vitro studies
have tended to produce lower estimates of biohydrogena-
tion than in vivo studies (comparison of results from
Ashes et al. (1992) and Palmquist & Kinsey (1994) v.
Wachira et al. (2000), Choi et al. (1997) and Doreau &
Chilliard (1997b)). Despite the high levels of biohydro-
genation reported for EPA and DHA in the current work,
feeding similar diets to growing lambs was observed to
increase the concentration in the semimembranosus
muscle by between 1·8 to 2·1 times (Demirel et al. 2004).

Trans fatty acids in duodenal digesta and blood plasma

In the present study, animals offered linseed or linseed–fish
oil supplemented diets had two- to threefold increases in
total trans-18:1 (mainly vaccenic, trans-18 : 1n-7) in duode-
nal digesta and in blood plasma compared with those given
Megalac. The increased production of trans-18 : 1 following
the feeding of oils of marine origin to ruminant animals has
also been reported in other studies (Wonsil et al. 1994;
Doreau & Chilliard, 1997b; Wachira et al. 2000). Vaccenic
acid is the penultimate intermediate in the biohydrogenation
pathways of both a-linolenic acid (18 : 3n-3) and linoleic
acid (18 : 2n-6) to stearic acid (Harfoot & Hazzlewood,
1997). In the pathways, group B bacteria exclusively per-
form the transformation of trans-18 : 1n-7 to 18 : 0. The
long-chain fatty acids contained in fish oil (i.e. 20 : 5n-3
and 22 : 6n-3) have been implicated as possible inhibitors
of group B bacteria (Wachira et al. 2000), partly explaining
the accumulation of trans-18:1 in duodenal digesta and
blood plasma following the ingestion of linseed–fish oil.
The accumulation of vaccenic acid has also been speculated
to occur via the inhibition of bacterial reductase enzyme
systems that are responsible for converting vaccenic acid
to stearic acid (Offer et al. 1999). Another conjecture is
that trans-18 : 1 acids that accumulate after feeding fish oil
may be remnants arising from oxidative shortening of
EPA and DHA, although this has never been demonstrated
(Bessa et al. 2000). In addition, the possibility of trans-18 : 1
formation from cis-18 : 1 should be considered (Mosley et al.
2002).

The accumulation of trans-18 : 1 in duodenal digesta and
plasma that occurs in response to offering fish oil, may be a
useful way of increasing levels of conjugated linoleic acid
(CLA) in ruminant-animal food products. It is now well
established that endogenous synthesis of CLA via desatura-
tion of vaccenic acid by the enzyme D9-desaturase in the
mammary gland of lactating dairy cows is far greater
than the de novo synthesis of CLA in the rumen (Griinari
et al. 2000). Raes et al. (2001) and Enser et al. (1999b)
also reported that endogenous synthesis of CLA occurred
in muscle of beef cattle. However, in beef animals, the
quantitative significance of endogenous synthesis relative
to de novo synthesis remains to be verified. In sheep,
studies with growing lambs that have examined the effects
of diets containing fish oil have not demonstrated an
increase in muscle CLA content (Wachira et al. 2002).
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The potential beneficial effects of CLA to human subjects
are widely recognised. CLA exhibits a diverse array of
metabolic effects such as anti-carcinogenesis, anti-athero-
genesis, immuno-modulation, body fat reduction and
growth promotion (Bessa et al. 2000). In addition, any ben-
efits of an increase in both CLA and n-3 PUFA levels in
ruminant-animal food products need to be weighed against
any possible deleterious consequences of increased dietary
intake of vaccenic acid by human subjects. However, if the
transformation of vaccenic acid to CLA via D9-desaturase
in human subjects was demonstrated, as in mice (Santora
et al. 2000), then increased intake of vaccenic acid may
be indirectly beneficial to increasing availability of CLA
to human subjects (Santora et al. 2000).

Vitamin E metabolism

In the present study, losses of vitamin E in the rumen were
21 and 9 % of intake for low- and high-vitamin E diets
respectively. These losses are within the ranges reported
in other in vivo studies in the literature. Losses of the admi-
nistered dose of vitamin E as high as 42 % in sheep (Alder-
son et al. 1971) and up to 52 % in cattle (Shin & Owens,
1990) have been reported. On the other hand, some in
vitro studies have suggested that vitamin E is stable in
rumen contents (Astrup et al. 1974; Leedle et al. 1993).
There appears to be little evidence that vitamin E is
absorbed across the rumen epithelium (Alderson et al.
1971; Hidiroglou & Jenkins, 1974) and rumen micro-
organisms are implicated as the main cause of vitamin E
loss. However, there is no known mechanism by which
vitamin E is degraded in the rumen. According to Leedle
et al. (1993), the double bonds of tocopherols are stable
within the aromatic ring, and are not readily hydrogenated
or degraded under anaerobic conditions. Instead, methodo-
logical inadequacies, such as the incomplete extraction of
tocopherols, are thought to account for the disappearance
of tocopherols in the rumen reported in some studies
(Leedle et al. 1993).

The vitamin E status of ruminant animals is routinely
ascertained from plasma or serum concentrations. The con-
centration of a-tocopherol in plasma has been observed to
be correlated with a-tocopherol levels in the liver and to
the amounts administered in the diet (Hidiroglou et al.
1992). However, the validity of plasma values as a
means of assessing vitamin E status in sheep has been
questioned. Hidiroglou & Charmley (1990) noted that vita-
min E concentration in plasma could be increased by sup-
plementation, but no direct relationship existed between
graded levels of intake and plasma vitamin E content.
Despite this, Hidiroglou et al. (1992) indicated that
plasma vitamin E concentrations of ,2mg/ml in ruminant
animals implies a deficiency, 2–3mg/ml is marginal, 3–
4mg/ml is minimal, while values .4mg/ml are normally
considered adequate. In the present study, despite dietary
a-tocopheryl acetate being offered at concentrations of
100 and 500 mg/kg DM, significantly exceeding the
15 mg/kg DM recommended by Agricultural Research
Council (1980), the concentrations of vitamin E in
plasma ranged from only 1·34 to 1·60 and from 1·81 to
3·29mg/ml for sheep on the low- and high-vitamin E

diets respectively. Given the high rate of recovery of
ingested vitamin E at the proximal duodenum, this implies
either an impaired intestinal uptake of vitamin E or
increased metabolism post absorption. Growing lambs fed
diets similar to those used here were reported to have
even lower concentrations of vitamin E in plasma and in
many cases were undetectable, although no clinical
deficiency cases were reported (Demirel et al. 2004).

The concentration of vitamin E in plasma in the current
study decreased as both the amount and level of polyunsa-
turation in the diet increased with Megalac . linseed .
linseed–fish oil (Fig. 2). It is well established that ruminant
animal diets need to be supplemented with vitamin E in
relation to their content of PUFA (Agricultural Research
Council, 1980; Putnam & Comben, 1987). Putnam &
Comben (1987) suggested that 3 mg vitamin E should be
supplied per g added PUFA. However, the susceptibility
of PUFA to peroxidation is also related to the number of
double bonds in the long-chain PUFA molecules (Murray
& Rice, 1982). Sheep offered Megalac had the lowest
load of PUFA, which is consistent with the highest
plasma a-tocopherol levels being observed in this group
relative to sheep given linseed or linseed–fish oil. On the
other hand, although sheep offered linseed and linseed–
fish oil had comparable quantities of total PUFA in digesta
and in plasma, the composition of the constituent PUFA
was different. Therefore, the a-tocopherol concentrations
in the plasma of sheep on linseed–fish oil, which were
lower than those of animals offered linseed, are indicative
of an effect of type of PUFA on vitamin E requirements.

Rumen metabolism

In the present study, the different supplements of PUFA
had no effect on several rumen variables such as fibre
digestion, protozoal numbers, molar proportions of individ-
ual VFA and microbial growth. In other studies, unsatu-
rated fatty acids have generally been demonstrated to
have a greater inhibitory effect on ruminal fermentation
than saturated fatty acids (Chalupa et al. 1984). They
have been demonstrated to have direct toxic effects on cel-
lulolytic microbes (Hino & Nagatake, 1993). It has been
suggested that unsaturated fatty acids affect the fluidity
of cytoplasmic membranes of microbial cells by impairing
permeability (Jenkins, 1993). According to Doreau &
Chilliard (1997a), the type and nature of the PUFA is
important, and a-linolenic acid-rich linseed oil causes the
greatest disturbances (Ikwuegbu & Sutton, 1982; Broudis-
cou et al. 1994). The current observation that feeding
formaldehyde-treated linseed did not significantly reduce
the biohydrogenation of 18 : 3n-3, but was not associated
with an alteration in rumen metabolism or digestibility,
may indicate an effect of protection on reducing the rate,
but not the extent, of 18 : 3n-3 release in the rumen.

The concentration of total VFA in the rumen increased
significantly with Megalac compared with the other fat
supplements, although this effect was less pronounced
in animals offered the high-vitamin E diets. These differ-
ences in VFA concentrations were probably related to
differences in rumen volume rather than to a disturbance
in rumen fermentation, because no concomitant effects
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on fibre digestion were observed. In contrast to the results
presented in the present paper, other studies have generally
reported that inclusion of either linseed oil (Ikwuegbu &
Sutton, 1982; Broudiscou et al. 1994) or fish oil (Nicholson
& Sutton, 1971) increases the production of propionate in
the rumen. This increased production of propionate is eli-
cited by changes in the species composition of rumen
microbes, with unsaturated fatty acids being toxic to cellu-
lolytic and methanogenic bacteria (Demeyer & Van Nevel,
1995). Anaerobic fermentation of carbohydrates and
proteins to acetic acid and CO2 in the rumen is typically
accompanied by the removal of electrons and H to CH4,
propionic acid and butyric acid, whilst the inhibition
of methanogenesis stimulates propionate production
(Demeyer & Van Nevel, 1995).

The average rumen pH reported in this experiment was
6·0. This low pH may have affected the manner in which
diet digestion responded to the different fat supplements.
Cellulolytic bacteria are sensitive to low rumen pH, with
their activities being impaired when pH is ,6·2 and com-
plete inhibition at pH ,6·0 (Shi & Weimer, 1992;
Weimer, 1993). The toxicity to cellulolytic bacteria of low
rumen pH is due to the metabolic inhibition by VFA
anions (Russell & Wilson, 1996), impairment of glucose
transport (Chow & Russell, 1992) and reduced numbers of
cellulolytic bacteria adhered to feed particles (Hoover,
1986). The effect of treatments observed in the total tract
digestibilities of cellulose and hemicellulose were probably
concomitant with compensatory increases in hindgut fer-
mentation in animals fed the Megalac or linseed diets.
Rumen pH ,6·3 is also thought to reduce lipolysis
(Demeyer & Van Nevel, 1995). It is not certain whether
the impairment of lipolysis that occurs at low pH in the
rumen is caused by the inhibition of lipolytic micro-organ-
isms or their lipases. In the present study, the possibility that
lipolysis may have been reduced cannot be sustained given
the extensive biohydrogenation of ingested dietary PUFA.

Conclusions

The results reported in our present study illustrate that
nutritionally desirable n-3 PUFA in fish oil and linseed
are susceptible to biohydrogenation in the rumen, and
that formaldehyde-treatment of whole linseed may not be
an effective means in protecting 18 : 3n-3 from biohydro-
genation. Nevertheless, feeding linseed substantially
increased both the flow of 18 : 3n-3 at the proximal duode-
num and its concentration in blood plasma. Although the
majority of PUFA contained in fish oil were biohydroge-
nated, feeding a blend of fish oil and linseed markedly
enhanced concentrations of 18 : 3n-3, 20 : 5n-3 and
22 : 6n-3 in plasma lipids. Ingested a-tocopheryl acetate
appeared to be resistant to microbial degradation in the
rumen. However, despite feeding supra-nutritional amounts
of vitamin E, concentration of vitamin E in plasma still
ranged from deficient to borderline. It is speculated that
the uptake of vitamin E may have been impaired.
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