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The effect of feeding n-3 PUFA on the fatty acid composition of muscle, adipose tissue and liver of lambs was investigated. Groups of
eight ram lambs per breed, Suffolk £ Lleyn (24 kg live weight) and Scottish Blackface (18 kg live weight), were each fed one of six diets
containing one of three fat sources (50 g fatty acids/kg DM; Megalacw (calcium soap of palm fatty acid distillate; Volac Ltd, Royston,
Herts., UK) and formaldehyde-treated whole linseed (Trouw Nutrition UK, Northwich, Ches., UK) either alone or with fish oil (1:1,
w/w) and either 100 or 500 mg a-tocopheryl acetate/kg DM. Feed was offered ad libitum until slaughter at approximately half breed
mature live weight. The type of dietary fat had no effect on intake, growth rate or feed conversion ratio. The 3·0-fold higher concentration
of 18 : 3n-3 in the linseed compared with the Megalacw diet approximately doubled (P,0·001) the concentration in the neutral and polar
lipid fractions of musculus semimembranosus and liver, and in adipose tissue it increased 2·5-fold. Feeding protected linseed also
increased (P,0·001) concentrations of 20 : 5n-3 and 22 : 5n-3 in muscle polar lipids and both lipid fractions of liver. The linseed–fish
oil raised the 20 : 5n-3 concentrations above those for the linseed diet and also increased 22 : 6n-3. Scottish Blackface lambs had lower
concentrations of 18 : 3n-3 in all lipids compared with Suffolk x Lleyn lambs, but more 20 : 5n-3 in the polar lipids of muscle and
liver. High levels of dietary vitamin E were associated with small decreases in the concentration of monounsaturated fatty acids and
increases in PUFA. Linseed raised the PUFA : saturated fatty acid ratios in liver and adipose tissue but not in muscle, and improved
the n-6 : n-3 fatty acid ratio, as did the linseed–fish oil. Different combinations of dietary fatty acids and better protection against
rumen biohydrogenation are required to improve muscle PUFA : saturated fatty acids ratios.

Polyunsaturated fatty acids: Breed: Sheep

Altering the lipid content and fatty acid composition of
foods, without changing their organoleptic properties, is
an effective way of helping consumers to meet nutritional
guidelines by increasing PUFA : saturated fatty acid ratio
and the content of long-chain n-3 PUFA. Raising the
PUFA content of ruminant animal meat and milk by feed-
ing animals PUFA is limited by the biohydrogenation of
these fatty acids in the rumen. However, differences in
dietary PUFA are reflected in the tissue lipids of ruminant
animals (Marmer et al. 1984; Enser et al. 1998b) and it has
been demonstrated that feeding linseed and fish oil
increases the content of n-3 PUFA in beef muscle (Mandell
et al. 1997; Scollan et al. 2001). We have obtained similar
results with lambs fed linseed, fish oil or a combination of
both (Wachira et al. 2002). Although the concentrations of
the different dietary n-3 PUFA were increased 2- to 3-fold
and would therefore meet the Committee on Medical
Aspects of Food Policy recommendations (Department of
Health, 1994), the efficiency of transfer from feed to
muscle was poor.

Another potential route to increase PUFA deposition in
ruminant animal tissues is to seek and exploit breeds
with an increased capacity to deposit these fatty acids or
to deposit n-3 PUFA in preference to those of the n-6
fatty acid series. Although many studies purport to demon-
strate differences in tissue fatty acid composition between
breeds, these effects stem mainly from differences in fat-
ness. However, two studies have produced clear evidence
for differences in the metabolism of PUFA between
breeds: Malau-Aduli et al. (1998) found that Jersey cows
had higher proportions of 20 : 5n-3 (EPA) and lower pro-
portions of 20 : 4n-6 (arachidonic acid) in the phospholi-
pids of the biceps brachii muscle compared with
Limousin cows; Choi et al. (2000) found more n-3
PUFA and less n-6 PUFA in the longissimus muscle phos-
pholipids of Welsh Black steers compared with Holstein–
Friesians. In a study of lamb production systems, we
observed higher concentrations of PUFA in the musculus
semimembranosus of Soay lambs compared with Suffolk
lambs at similar levels of total intramuscular fatty acids

* Corresponding author: Dr M. Enser, fax þ44 117 928 9324, email m.enser@bristol.ac.uk

British Journal of Nutrition (2004), 91, 551–565 DOI: 10.1079/BJN20031079
q The Authors 2004

https://doi.org/10.1079/BJN
20031079  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN20031079


(Fisher et al. 2000). A controlled trial of these breeds on
the same feed and slaughtered at the same stage of maturity
confirmed these differences in fatty acid composition,
although at a lower level (Wachira et al. 2002). The objec-
tives of the present trial were to determine whether these
breed differences (essentially between ‘meat’ and ‘milk’
producing breeds) occurred more widely, by comparing
the Suffolk £ Lleyn with the Scottish Blackface. The
latter, a hardy hill breed, has not been selected for meat
production and has a different fat distribution to the Suf-
folk, with less subcutaneous and more intermuscular fat
(McClelland & Russel, 1972). The dietary PUFA sources
selected were linseed and a mixture of linseed and fish
oil. In an attempt to improve the rumen bypass of
18 : 3n-3 in the linseed, the whole seed was treated with
formaldehyde to crosslink the protein surrounding the oil
droplets and make it resistant to digestion in the rumen.
Fish oil was included in the diet since our previous trials
have indicted that the increments in 20 : 5n-3 and
22 : 6n-3 as a result of synthesis from 18 : 3n-3 were lim-
ited. We have also studied the effect of dietary vitamin E
on fatty acid composition, since vitamin E protects
PUFA from oxidation in body tissues. It was included in
the feeds at two levels: 100 mg/kg DM to give an intake
approximating a diet of fresh forage; a supra-nutritional
level of 500 mg/kg DM, a concentration that is used to
improve the colour and oxidative shelf-life of meat (Schae-
fer et al.1995). Finally we have investigated the effects of
the dietary lipid and vitamin E on both the polar and neu-
tral lipid fraction of muscle and liver to understand more
clearly the overall changes in tissue fatty acid composition
resulting from diet modification. Although liver is a minor
part of the edible carcass, it was chosen in addition to the
usual muscle and adipose tissue because of its high content
of PUFA (Enser et al. 1998a) that might reveal differences
in fatty acid metabolism more clearly than the other tis-
sues. In an accompanying paper (Chikunya et al. 2004)
the effects of rumen transit on the fatty acids of similar
diets have been investigated in order to understand the
post-rumen metabolism of fatty acids better.

Materials and methods

Experimental design and treatments

Ninety-six ram lambs (forty-eight Suffolk £ Lleyn with an
average live weight of 24 kg and forty-eight Scottish Black-
face with an average live weight of 18 kg) were allocated
by live weight to six treatment groups of eight animals
per breed. Groups from both breeds were blocked accord-
ing to live weight and fed one of six diets based on dried
grass and molassed sugarbeet pulp, formulated to be iso-
energetic and isonitrogenous with similar total fatty acid
concentrations (Table 1). The diets contained three differ-
ent fat mixtures with two levels each of vitamin E to give
a 2 £ 3 £ 2 (breed £ fat £ vitamin E) factorial design.
The fat of the control diet, Megalacw (Volac Ltd, Royston,
Herts., UK) consisted of the calcium salts of palm oil fatty
acids, mainly palmitic acid (16 : 0) and oleic acid (18 : 1n-9)
with somewhat less linoleic acid (18 : 2n-6). The linseed
diet contained formaldehyde-treated whole linseed (4 g/kg

seed; Trouw Nutrition Ltd UK, Northwich, Ches., UK)
rich in a-linolenic acid (18 : 3n-3) with smaller amounts
of 18 : 1n-9 and 18 : 2n-6. The linseed–fish oil consisted
of a mixture of formaldehyde-treated whole linseed and
South American herring oil (Isaac Spencer and Co. Fleet-
wood Ltd, Lancs., UK) (1:1, w/w). The fish oil contributed
the long-chain PUFA 20 : 5n-3 and 22 : 6n-3 to the diet.
Diets were formulated with 100 and 500 mg a-tocopheryl
acetate (Roche Vitamins (UK) Ltd, Heanor, Derby., UK)/
kg DM.

Procedures and analyses

Lambs were housed individually in raised-floor pens and
adapted to the experimental diet over a period of 2
weeks using a mixture of the three diets with the low
level of vitamin E. The individual experimental diets
were then offered ad libitum with refusals recorded three
times each week. Fresh feed was offered daily and
increased to 115 % of the previous recorded intake. Live
weight was recorded weekly between 14.00 and 15.00
hours. Animals were slaughtered at approximately half
the breed mature live weight (Suffolk £ Lleyn 46 kg; Scot-
tish Blackface 36 kg; mean time on trial 71·4 (SED 2·91) d)
in the University of Bristol abattoir. After conventional
slaughter and dressing, carcasses were chilled overnight,
weighed and assessed for fatness and conformation using
the fifteen-point European system (Fisher et al. 2000).
The m. semimembranosus from the left hind leg and a sec-
tion of full thickness loin subcutaneous adipose tissue were
removed, vacuum packed, blast frozen and held at 2208C
for lipid fatty acid analysis.

Samples of feeds were analysed for DM and organic
matter (Association of Analytical Chemistry, 1995), neu-
tral-detergent fibre (Van Soest et al. 1991) and N (Kjeltec
1035 analyser; Tecator AB, Hoganas, Sweden). The
amount of N was multiplied by 6·25 to estimate crude pro-
tein. Feed fatty acids were obtained by hydrolysis with
5 mol KOH/l methanol–water (1:1, v/v) at 608C for 3 h
in the presence of 21 : 0 methyl ester as quantitative
internal standard. The samples were acidified to pH 1·0
and heated for an additional 1 h before extraction of the
fatty acids into light petroleum (40–608C). Lipids were
extracted from duplicate 10 g samples of muscle after
blending in a food processor with chloroform-methanol
(2:1, v/v) containing 2,6-di-tert-butyl-p-cresol (butylated
hydroxytoluene) as an antioxidant (Folch et al. 1957).
The lipid extract in chloroform (approximately 20 mg
lipid) was applied to a 500 mg silicic acid column (Isolute
Si; Jones Chromatography Ltd, Hengoed, UK) and the neu-
tral lipids eluted with chloroform (10 ml) followed by
methanol (20 ml) to elute the polar lipids. After the
addition of 21 : 0 methyl ester as internal standard, the
lipids were hydrolysed in 2 mmol KOH/l methanol–water
(1:1, v/v), containing hydroquinone as antioxidant, at
608C for 1 h. The solution was acidified and the fatty
acids extracted into light petroleum (40–608C) and
methylated with a solution of diazomethane in diethyl
ether. Methyl esters were analysed by GLC on a
50 m £ 0·25 mm internal diameter Cp Sil 88 fatty acid
methyl ester column (Chrompack UK, Ltd, London, UK).
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The GC conditions were: carrier gas He; split mode injec-
tion 70:1; injector and flame ionisation detector tempera-
ture 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 mono-
unsaturated (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.

Adipose tissue samples were blended in a food processor
and the lipid extracted into chloroform containing buty-
lated hydroxytoluene as antioxidant. After drying with
anhydrous sodium sulfate, samples were taken and fatty
acid methyl esters prepared and analysed following the
procedures described earlier for muscle lipids.

Fatty acid results are reported for major fatty acids and
minor identifiable fatty acids relevant to the study. These
comprise ^ 90 % total fatty acids. Branched-chain fatty
acids were identified and estimated after hydrogenation of
the methyl esters with H2 gas in the presence of platinum
black as a catalyst. 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)
not resolved from cis-18 : 1n-9 and cis-18 : 1n-7. In addition
to the minor cross-contamination of the latter two fatty
acids, the fatty acid listed as cis-16 : 1 consists of n-9 and

n-7 isomers and a contaminating branched-chain 17 : 0
fatty acid.

Vitamin E was determined as a-tocopherol on samples
of m. longissimus lumborum by the method of Arnold
et al. (1993).

Statistical analyses

Live-weight gain was estimated by regression of live weight
v. time and is expressed in relation to metabolic live weight
(live weight0·75). Data were subjected to ANOVA using a
factorial design (Genstat 5; Lawes Agricultural Trust,
Rothamsted, Herts., UK) with fat source, breed and vitamin
E levels as the main effects.

Results

Animal performance and carcass classification

Type of dietary fat had no effect on feed intake, growth rate
or feed conversion (Table 2). Suffolk lambs consumed sig-
nificantly more feed than the Scottish Blackface (151·4 and
129·8 g/kg live weight0·75 respectively). However, feed util-
ization was more efficient in the Scottish Blackface, so that
there was no difference in daily live-weight gain relative to
live weight0·75. Although dietary vitamin E did not influence

Table 1. Raw materials and chemical composition of the experimental diets

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

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

Ingredient (g/kg fresh weight)
Dried grass 759 759 739 739 754 754
Sugarbeet pulp (molassed) 105 105 105 105 105 105
Megalacw* 35 35 - - - -
Protected whole linseed - - 85 85 42 42
Fish oil - - - - 15 15
Soyabean meal 46 46 16 16 29 29
Molasses 25 25 25 25 25 25
Mineral and vitamin premix 20 20 20 20 20 20
Ammonium chloride 5 5 5 5 5 5
NaCl 5 5 5 5 5 5
a-Tocopheryl acetate (mg/kg) 100 500 100 500 100 500

Chemical composition (g/kg DM)
DM 942 929 935 929 935 935
Organic matter 884 880 891 889 886 891
Crude protein (N £ 6·25) 174 170 172 172 170 174
Neutral-detergent fibre 479 477 491 463 478 470
Total fatty acids 45 50 50 51 51 56
Vitamin E (mg/kg DM) 137 453 129 423 97 411
Se (mg/kg DM) 1·04 0·93 0·93 0·79 0·96 0·87

Fatty acids
12 : 0 (lauric) 0·8 1·0 0·2 0·4 0·3 0·2
14 : 0 (myristic) 0·6 0·7 0·2 0·3 1·3 1·4
16 : 0 (palmitic) 15·1 16·5 5·5 6·6 6·8 7·8
16 : 1 (palmitoleic) 0·4 0·4 0·3 0·3 1·5 1·6
18 : 0 (stearic) 1·6 1·8 1·8 2·0 1·7 1·9
18 : 1n-9 (oleic) 10·4 11·7 6·8 7·9 6·1 6·7
18 : 1n-7 (cis-vaccenic) 0·3 0·4 0·3 0·4 0·6 0·7
18 : 2n-6 (linoleic) 6·3 6·9 7·2 7·9 6·4 7·4
18 : 3n-3 (linolenic) 7·3 8·2 25·7 23·5 18·3 20·3
20 : 5n-3 (eicosapentaenoic) ND ND ND ND 2·2 2·4
22 : 6n-3 (docosahexaenoic) ND ND ND ND 2·5 2·2

ND, not detected.
* Calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK.
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lamb performance, intake of the high-vitamin E Megalac
diet was significantly higher than the intake for the low-
vitamin E Megalac diet (148·3 v. 136·9 g/kg live
weight0·75 per d; SED 4·0, P,0·05). Suffolk lambs had hea-
vier carcasses, better conformation (higher scores) and were
fatter than Scottish Blackface lambs (Table 2). Dietary fat
source did not affect carcass weight, but mean conformation
scores were higher for lambs fed Megalac compared with
those fed linseed or linseed–fish oil. The presence of fish
oil in the diet increased carcass fatness scores.

Muscle fatty acid composition

The effect of dietary fat and breed on the fatty acid com-
position of the neutral lipid fraction of the m. semimembra-
nosus is shown in Table 3. The fatty acid composition was

not affected by the amount of vitamin E in the diet and the
type of dietary fat did not change the proportions of satu-
rated fatty acids. Compared with Megalac, linseed doubled
the proportion of 18 : 3n-3 whilst cis-16 : 1 and its meta-
bolic product 18 : 1n-7 were reduced. The proportion of
18 : 3n-3 in the linseed–fish oil treatment was intermediate
between the proportion in the Megalac and linseed
treatments. However, linseed–fish oil also increased the
proportions of 18 : 2n-6 and trans-18 : 1, mainly at the
expense of 18 : 1n-9. The amounts of muscle neutral lipid
fatty acids were higher in lambs fed either of the linseed-
containing diets compared with Megalac (P,0·001).
Breed mainly affected the proportion of saturated fatty
acids with higher proportions of 12 : 0 and 14 : 0 in the Suf-
folk lambs and more 18 : 0 in the muscle of Scottish
Blackface lambs. The latter also had significantly less

Table 3. Effect of dietary fat and breed on the fatty acid content and composition (g/100 g total fatty acids) of the neutral lipid fraction of lamb
musculus semimembranosus†‡

(Mean values)

Fat source Breed

Megalacw§ Linseed
Linseed–

fish oil SED

Statistical
significance

of effect Suffolk £ Lleyn
Scottish

Blackface SED

Statistical
significance

of effect

12 : 0 0·26 0·26 0·24 0·021 NS 0·28 0·23 0·017 **
14 : 0 3·04 2·9 2·91 0·136 NS 3·07 2·82 0·111 *
16 : 0 25·6 24·9 25·7 0·43 NS 25·5 25·2 0·350 NS
cis-16 : 1 2·19 1·97 2·2 0·08 ** 2·14 2·1 0·065 NS
18 : 0 13·6 13·8 13·7 0·324 NS 13·4 14·0 0·263 **
trans-18 : 1 2·03 2·16 3·93 0·273 *** 2·74 2·65 0·223 NS
18 : 1n-9 43·8 42·2 37·3 1·051 *** 41·1 41·2 0·856 NS
18 : 1n-7 1·18 0·81 1·04 0·096 *** 1·05 0·97 0·078 NS
18 : 2n-6 1·52 1·45 2·15 0·206 *** 1·68 1·72 0·168 NS
18 : 3n-3 1·18 2·54 1·72 0·139 *** 1·97 1·65 0·113 **
Total fatty acids

(g/kg muscle)
18·6 25·4 25·0 1·96 *** 24·4 21·5 1·59 NS

*P,0·05, **P,0·01, ***P,0·001.
† For details of diets and procedures, see Table 1 and pp. 552–553.
‡ Megalacw n 32, linseed n 32, linseed–fish oil n 31, Suffolk £ Lleyn n 48, Scottish Blackface n 47.
§ Calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK.

Table 2. Effect of dietary fat and breed on performance, carcass weight and classification of lambs offered the experimental diets†‡

(Mean values)

Fat source Breed

Megalacw§ Linseed
Linseed–

fish oil SED

Statistical
significance

of effect Suffolk £ Lleyn
Scottish

Blackface SED

Statistical
significance

of effect

Animal performance
Intake (g DM/kg W0·75) 143·9 139·9 137·9 3·19 NS 151·4 129·8 2·6 ***
DLWG (g/kg W0·75) 20·3 18·9 19·8 0·85 NS 19·5 19·8 0·69 NS
FCR (kg feed/kg gain) 7·2 7·6 7·2 0·29 NS 7·9 6·7 0·23 **

Carcass characteristics
Hot carcass wt (kg) 17·3 16·7 16·7 0·4 NS 19·5 14·2 0·33 ***
Cold carcass wt (kg) 16·7 16·1 16·0 0·39 NS 18·9 13·7 0·32 ***
Conformation score 7·3 6·7 6·6 0·33 * 8·1 5·6 0·27 ***
Fat score 6·8 7·1 8·3 0·41 ** 8·1 6·7 0·33 ***

W0·75, metabolic live weight; DLWG, daily live-weight gain; FCR, feed conversion ratio.
* P,0·05, **P,0·01, ***P,0·001.
† For details of diets and procedures, see Table 1 and pp. 552–553.
‡ Megalacw n 32, linseed n 32, linseed–fish oil 31, Suffolk £ Lleyn n 48, Scottish Blackface n 47.
§ Calcium soap of palm fatty acid distillate; Volac Ltd, Royston, Herts., UK.
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18 : 3n-3 in their muscle neutral lipids. Breed did not sig-
nificantly affect the total amount of fatty acids in this
lipid fraction.

Muscle polar lipid fatty acid composition was affected
by dietary fat, breed and the level of dietary vitamin E,
but the concentration of polar lipid fatty acids was not sig-
nificantly altered, having a mean value of 6·19 g/kg muscle
(Table 4). Feeding n-3 PUFA as linseed or fish oil
increased the proportions of these fatty acids in the polar
lipid fraction except for 18 : 3n-3 in the linseed–fish oil
diet which did not differ significantly from the proportion
in animals fed the Megalac diet. Compared with the Mega-
lac diet, the linseed diet almost doubled the concentration
(g/100 g total fatty acids) from 4·6 to 8·2. The linseed
diet also significantly increased the concentration of
20 : 5n-3 and 22 : 5n-3 compared with the Megalac diet,
although 22 : 6n-3 was not altered. In addition to the depo-
sition of 20 : 5n-3 and 22 : 6n-3 from the fish oil in the lin-
seed–fish oil diet, lambs fed this diet had the highest
concentrations of 20 : 4n-3 and 22 : 5n-3, neither of which
was present in the feed in measurable quantities. Of the
saturated fatty acids, lauric acid (12 : 0) and palmitic acid
were unaffected by diet, and myristic and stearic acid
were increased by the diets containing linseed, most mark-
edly for myristic acid with levels (g/100 g total fatty acids)
of 0·4, 0·5 and 0·6 (SED 0·042, P.0·001) for Megalac,
linseed and linseed–fish oil respectively. The effects of
dietary fat on monoenoic fatty acids varied: 16 : 1 and
18 : 1n-7 were lower in animals fed linseed with similar
proportions in those fed Megalac or linseed–fish oil. Feed-
ing Megalac resulted in the highest proportion of 18 : 1n-9
with lower and similar proportions produced by either diet
containing linseed. The concentrations of trans-18 : 1
increased in the order Megalac , linseed , linseed–fish
oil with mean values of (g/100 g total fatty acids) 0·53,
0·90, 2·11 (SED 0·015, P,0·001). Breed of sheep affected
the proportion of seven fatty acids in the polar lipids of
the m. semimembranosus. The saturated fatty acids 14 : 0
and 16 : 0 were higher in the Suffolks than in the Scottish
Blackface as were the unsaturated fatty acids 18 : 2n-6
and 18 : 3n-3, whereas 18 : 1n-7 and 20 : 3n-6 were higher
in the Scottish Blackface. The level of dietary vitamin E
also affected the polar lipid fatty acids with 16 : 1 and
18 : 1n-9 being significantly higher in lambs given diets
with the low level of vitamin E, whilst a high level of vita-
min E increased the proportions of 18 : 2n-6, 20 : 5n-3 and
22 : 6n-3. There were significant interactions of type of
dietary fat £ vitamin E levels. For 18 : 2n-6, vitamin E at
high levels only increased the proportions in Megalac-fed
lambs and high vitamin E only raised the proportion of
20 : 5n-3 in lambs on linseed–fish oil.

Liver fatty acids

The fatty acid content (g/kg liver) and the fatty acid com-
position (g/100 g total fatty acids) of the liver neutral lipid
fraction are shown in Table 5. The total fatty acid content
of the liver neutral lipid fraction was unaffected by dietary
fat, breed or vitamin E. The mean content was 22·1 (SED

0·6) g/kg liver. As in muscle the major fatty acids were
18 : 1n-9, 16 : 0, 18 : 0 and 18 : 2n-6, but unlike the

muscle neutral lipids, measurable amounts of C20 and
C22 PUFA were also present. The proportions of all the
fatty acids reported, except for 12 : 0, varied according to
the dietary fat. Feeding linseed more than doubled the con-
centration of 18 : 3n-3 in the liver neutral lipids compared
to the Megalac diet, with linseed–fish oil producing an
intermediate level; mean concentrations (g/100 g total
fatty acids) were 3·8, 6·0 and 8·8 (SED 0·46, P,0·001).
Feeding the linseed diet also increased 20 : 5n-3 and
22 : 5n-3, but the mean increase in 22 : 6n-3 was not signifi-
cant. The linseed–fish oil diet more than doubled the con-
centrations of 20 : 5n-3 and 22 : 6n-3 compared with the
Megalac diet, but for 22 : 5n-3 the increase was less.
Both the linseed and linseed–fish oil diet decreased
20 : 4n-6 compared with the Megalac diet, but 18 : 2n-6
was only lower when fish oil was fed. Of the saturated
fatty acids, 14 : 0 and 16 : 0 were highest in lambs that
had been fed Megalac and 18 : 0 was highest in lambs
fed the linseed diet. All of the cis-monoenoic fatty acids
were highest in the neutral lipids from the Megalac-fed
lambs. The concentration of 18 : 1n-9 in lambs fed linseed
fell between that of the other two feeds. The mean values
(g/100 g total fatty acids) were 30·4, 23·2 and 18·6 (SED

1·31, P,0·001) for lambs fed Megalac, linseed and lin-
seed–fish oil respectively. Trans-18 : 1 changed in the
opposite direction to 18 : 1 n-9, with the highest concen-
tration of 4·7 g/100 g total fatty acids in the lambs fed lin-
seed–fish oil followed by 3·2 g/100 g total fatty acids in
those fed linseed and 2·5 g/100 g total fatty acids in Mega-
lac-fed lambs (SED 0·43, P,0·001).

Breed affected the concentrations of all neutral lipid
fatty acids reported except trans-18 : 1 and 18 : 1n-7. The
saturated fatty acids 12 : 0, 14 : 0 and 16 : 0 were higher
in the Scottish Blackface lambs, whilst 18 : 0 was highest
in the Suffolk lambs. The concentrations of the monounsa-
turated fatty acids 16 : 1, 18 : 1n-9 and 20 : 1 were also
higher in the Scottish Blackface, whereas 18 : 2n-6 and
18 : 3n-3 and all the C20 and C22 PUFA were present at
higher levels in the Suffolk lambs. Vitamin E concentration
in the feed also altered fatty acid composition. All mono-
unsaturated fatty acids were present in higher concen-
trations in livers from lambs on the low-vitamin E diet,
although the effect was only significant for 16 : 1,
18 : 1n-9 and 20 : 1. In contrast, the low vitamin E-fed
lambs contained the lowest concentrations of all of the
PUFA, although the difference was not significant for
20 : 5n-3 and 22 : 6n-3. The interactions between vitamin
E and type of dietary fat differed according to the fatty
acids involved. The differences between the high- and
low-vitamin E diets were greatest for 18 : 0 and 20 : 4 in
the Megalac-fed lambs, whereas for 18 : 2n-6 and 18 : 3n-
3 the higher concentrations induced by the high-vitamin
E diet were greatest in lambs fed the linseed diet. The
only significant interaction between breed and vitamin E
was for 20 : 4n-6. Dietary vitamin E level did not affect
the 20 : 4n-6 level in Suffolk lambs, whereas Scottish
Blackface lambs fed low-vitamin E diets had a lower con-
centration (g/100 g total fatty acids; high and low vitamin
E-fed Suffolk lambs of 1·88 and 1·84 respectively and
high and low vitamin E-fed Scottish Blackface lambs of
1·61 and 1·03 (SED 0·181, P,0·05)).
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The fatty acids of the liver polar lipids resembled those of
the neutral lipids much more than in muscle because of the
long-chain PUFA present in the liver neutral lipids, in con-
trast to their virtual absence in the muscle neutral lipid
fraction. Although dietary fat did not affect the total quan-
tity of polar lipids, the amounts in the livers from Scottish
Blackface lambs were greater than in Suffolk lambs: 35·5 v.
25·4 g/kg tissue (SED 2·18, P,0·001). However, there were
marked differences in the content of the major fatty acids
(Table 6). Dietary fat affected the concentration (g/100 g
total fatty acids) of all fatty acids except 12 : 0 and 18 : 0.
The effect of dietary fat on the concentration of individual
fatty acids in the polar lipids was very similar to that in the
neutral lipids of the liver. Compared with the Megalac diet,
the linseed diet produced higher concentrations of 18 : 3n-3
and the longer-chain n-3 PUFA except for 22 : 6n-3. Lambs
fed linseed–fish oil had even higher mean concentrations of
the C20 and C22 n-3 PUFA, including 22: 6n-3, but the con-
centration of 18 : 3n-3 fell between that of the Megalac- and
linseed-fed lambs. The increase in n-3 PUFA resulted in
lower concentrations of the monoenoic fatty acids and
20 : 4n-6 in lambs fed the linseed diet. The effect of lin-
seed–fish oil was similar, except that the concentration of
18 : 2n-6 was also significantly lower. In addition to the
increase in n-3 PUFA, the trans-18 : 1 fatty acids were
increased by the linseed diet and were highest in the
lambs offered linseed–fish oil: mean concentrations (g/
100 g total fatty acids) were 1·58, 2·13 and 3·67 respectively
(SED 0·313, P,0·001).

Breed effects on the concentrations of fatty acids in the
liver polar lipid fraction were limited to 16 : 1, 18 : 0,
18 : 3n-3 and 20 : 5n-3. The mean concentration of 16 : 1

was significantly higher in Scottish Blackface compared
with Suffolk lambs, whereas 18 : 0 was higher in the Suffolk
lambs. The latter breed also had more 18 : 3n-3 than the
Blackface lambs: concentrations (g/100 g total fatty acids)
of 5·40 and 4·69 (SED 0·415, P,0·001) respectively. The
high concentration of 18 : 3n-3 in Suffolk lambs did not
carry through into the longer-chain PUFA and 20 : 5n-3
was significantly higher in the Blackface lambs with
respective concentrations of 6·76 and 7·53 (SED 0·304,
P,0·05). The dietary concentration of vitamin E altered
the fatty acid composition of the liver polar lipids in a simi-
lar way to the neutral lipids. However, the effects were less
marked. Only 16 : 1 was significantly higher in the low-vita-
min E group and 18 : 1n-7 was not affected. Of the PUFA,
only 18 : 2n-6 was significantly higher in lambs on the
high-vitamin E diets. However, there was a significant inter-
action between dietary fat and vitamin E such that the high-
vitamin E diet only increased the proportion of 18 : 2n-6 in
animals fed the Megalac and linseed diets.

Subcutaneous adipose tissue

Measurable PUFA in adipose tissue were limited to
18 : 2n-6 and 18 : 3n-3 (Table 7). Whereas the latter was
highest in lambs fed the linseed diet and lowest in those
fed Megalac, the former was highest in Megalac-fed
lambs and lowest in those on the linseed–fish oil diet.
The type of dietary fat had no significant effect on the con-
centrations of 10 : 0, 12 : 0 and 14 : 0, but the mean concen-
trations of 16 : 0 and 18 : 0 were significantly higher in the
lambs fed linseed–fish oil than either of the other two
diets. The odd-numbered fatty acids 15 : 0 and 17 : 0 and

Table 6. Effect of dietary fat and breed on the fatty acid content and composition (g/100 g total fatty acids) of the polar lipid fraction from lamb
liver†‡

(Mean values)

Fat source Breed

Megalacw§ Linseed Linseed–fish oil SED

Statistical
significance

of effect Suffolk £ Lleynk
Scottish

Blackface SED

Statistical
significance

of effect

12 : 0 0·06 0·06 0·05 0·009 NS 0·05 0·06 0·007 NS
14 : 0 0·44 0·34 0·36 0·034 ** 0·38 0·38 0·027 NS
16 : 0 12·9 10·8 11·4 0·280 *** 11·8 11·6 0·229 NS
16 : 1 1·7 1·1 1·2 0·093 *** 1·2 1·4 0·076 *
18 : 0 23·7 24·3 23·7 0·563 NS 24·8 22·9 0·460 ***
trans-18 : 1 1·6 2·1 3·7 0·313 *** 2·5 2·4 0·256 NS
18 : 1n-9 19·8 15·2 12·7 0·683 *** 15·6 16·2 0·557 NS
18 : 1n-7 1·8 1·3 1·3 0·082 *** 1·4 1·5 0·067 NS
18 : 2n-6 5·8 5·2 3·6 0·252 *** 5·0 4·7 0·206 NS
18 : 3n-3 2·9 7·3 5·0 0·415 *** 5·4 4·7 0·339 *
20 : 4n-6 4·8 2·4 1·7 0·173 *** 3·0 3·0 0·141 NS
20 : 4n-3 0·24 0·35 0·99 0·078 *** 0·48 0·57 0·064 NS
20 : 5n-3 4·6 7·6 9·3 0·373 *** 6·8 7·5 0·304 *
22 : 5n-3 5·8 6·7 7·4 0·217 *** 6·5 6·7 0·177 NS
22 : 6n-3 4·1 4·3 6·6 0·333 *** 5·1 4·9 0·271 NS
Total fatty

acids (g/kg
liver)

30·8 31·7 29·0 2·67 NS 25·4 35·5 21·8 ***

*P,0·05, **P,0·01, ***P,0·001.
† For details of diets and procedures, see Table 1 and pp. 552–553.
‡ Megalacwn 32, linseed n 32, linseed–fish oil n 31.
§ Calcium soap of palm oil distillate; Volac Ltd, Royston, Herts., UK.
k Interactions: Fat £ Breed, 18 : 1n-7, P,0·05.
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the total branched-chain fatty acids were highest in adipose
tissue from lambs on the Megalac diet and lowest in those
fed linseed–fish oil. The concentrations of 16 : 0 and 18 : 0
were highest in the lambs fed linseed–fish oil as also were
the trans-18 : 1 fatty acids and none were significantly
different between the Megalac- and linseed-fed lambs.
Breed had significant effects on the concentrations of
fatty acids in the adipose tissue lipids. The fatty acids
10 : 0, 12 : 0, 14 : 0, 16 : 0 and 18 : 3n-3 were higher in Suf-
folk lambs and 16 : 1, 18 : 1n-9 and 18 : 1n-7 highest in
Scottish Blackface lambs. However, for 18 : 1n-7 the
difference was not significant for Scottish Blackface and
Suffolk lambs fed the linseed diet, as shown by the signifi-
cant interaction (P,0·05). For this fatty acid there was also
a three-way interaction of breed £ fat £ vitamin E
(P,0·01), with Scottish Blackface lambs having higher
levels than Suffolk lambs on the low vitamin E Megalac
diet and on the high vitamin E linseed–fish oil diet: 1·04
compared with 0·85 and 1·04 compared with 0·80 (SED

0·074) respectively. The significant interaction of fat £
breed £ vitamin E for trans-18 : 1 was the result of this
fatty acid being significantly (P,0·001) higher in Scottish
Blackface lambs fed linseed–fish oil high in vitamin E:
5·45 compared with 3·28 (proportion £ 100, SED 0·673).
For all other treatments, the values were higher in the Suf-
folk lambs, but not significantly so. The only individual
effects of vitamin E stemmed from a higher proportion
of 18 : 2n-6 (1·7 v. 1·5 (SED 0·072)) and 18 : 3n-3 (2·9 v.
2·5 (SED 0·186)) in lambs fed the high-vitamin E diet com-
pared with the low-vitamin E diet.

Muscle vitamin E content

The vitamin E content of m. longissimus lumborum is
shown in Table 8. Values ranged from 0·18–0·95 mg/kg

muscle. Dietary fat and breed did not significantly affect
vitamin E content, but dietary vitamin E concentration sig-
nificantly affected tissue levels. Mean values were 0·27 and
0·52 mg/kg muscle (SED 0·076, P,0·05) for the low- and
high-vitamin E diets respectively.

Human nutritional indices

The PUFA : saturated fatty acid ratios and 18 : 2n-6:18 : 3n-3
(n-6 : n-3 fatty acids) ratios are shown in Table 9. The
PUFA : saturated fatty acid ratios were highest for the
lambs fed the linseed diet. Compared with the Megalac
diet, the greatest proportional change was in the subcu-
taneous adipose tissue followed by the liver with only a
small effect in the muscle. The livers from Scottish Black-
face lambs had a significantly higher PUFA : saturated
fatty acid ratio than those from Suffolk lambs, but there

Table 7. Effect of dietary fat and breed on the fatty acid composition (proportion £ 100) of lamb subcutaneous adipose tissue†‡

(Mean values)

Fat source Breed

Megalacw§ Linseed
Linseed–

fish oil SED

Statistical
significance

of effect
Suffolk £

Lleyn
Scottish

Blackface SED

Statistical
significance

of effect

10 : 0 0·26 0·24 0·28 0·023 NS 0·3 0·22 0·019 ***
12 : 0 0·16 0·13 0·14 0·017 NS 0·18 0·11 0·014 ***
14 : 0 3·0 2·6 2·8 0·013 NS 3·1 2·5 0·164 ***
15 : 0 1·8 1·4 1·0 0·119 *** 1·4 1·4 0·098 NS
16 : 0 21·3 20·4 23·5 0·911 * 22·6 20·9 0·744 **
16 : 1 2·9 2·4 2·6 0·083 *** 2·6 2·7 0·068 *
17 : 0 4·2 3·9 3·0 0·250 *** 3·7 3·7 0·204 NS
18 : 0 9·2 10·4 12·8 0·661 *** 11·2 10·3 0·54 NS
trans-18 : 1 1·5 1·7 4·0 0·337 *** 2·5 2·3 0·275 NS
18 : 1n-9 30·1 27·8 27·8 0·654 ** 28·0 29·3 0·534 *
18 : 1n-7 0·96 0·80 0·91 0·038 *** 0·83 0·95 0·031 ***
18 : 2n-6 1·9 1·7 1·1 0·089 *** 1·6 1·5 0·072 NS
18 : 3n-3 1·7 4·3 2·0 0·228 *** 2·9 2·4 0·186 *
Branched-chain

fatty acids
15·6 13·6 8·1 1·443 *** 11·8 13·1 1·178 NS

*P,0·05, **P,0·01, ***P,0·001.
† For details of diets and procedures, see Table 1 and pp. 552–553.
‡ Megalacw n 32, linseed n 32, linseed–fish oil n 31, Suffolk £ Lleyn n 48, Scottish Blackface n 47.
§ Calcium soap of palm oil distillate; Volac Ltd, Royston, Herts., UK.
k Interactions: Fat £ Breed, 18 : 1n-7, P,0·05.

Table 8. Effect of dietary fat, breed and vitamin E on the vitamin E
content (mg/kg) of musculus longissimus lumborum*‡

(Mean values for eight ram lambs per breed except Blackface,
linseed–fish oil, low n 7)

Breed

Dietary fat Vitamin E Suffolk Scottish Blackface

Megalacw Low 0·20 0·18
High 0·48 0·51

Linseed Low 0·55 0·23
High 0·51 0·29

Linseed–fish oil Low 0·27 0·17
High 0·37 0·95†

* For details of diets and procedures, see Table 1 and pp. 552–553.
† SED 0·186, dF 94, for low v. high vitamin E level, P,0·05.
‡ Megalacw n 32, linseed n 32, linseed–fish oil n 31, Suffolk £ Lleyn n 48,

Scottish Blackface n 47.
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were no significant breed differences in muscle or adipose
tissue. Feeding linseed or linseed–fish oil decreased the n-
6 : n-3 fatty acid ratios significantly in all three tissues. The
ratios in liver and adipose tissue were similar for the two
diets containing n-3 PUFA, but in muscle the linseed–fish
oil diet was significantly less effective than linseed in lower-
ing the ratio. The muscle and adipose tissue of Scottish
Blackface lambs had significantly higher n-6 : n-3 fatty
acid ratios, but breed had no effect on the ratio in the liver.

Discussion

The present trial has demonstrated that significant increases
in the n-3 PUFA content of the lipids of lamb muscle, liver
and adipose tissue can be obtained by feeding formal-
dehyde-treated linseed and a combination of this with
fish oil. The linseed diet doubled the proportions of
18 : 3n-3 in tissues, but deposition of the longer-chain
more unsaturated fatty acids synthesized from it decreased
as the number of metabolic steps in their formation
increased; tissue levels of 22 : 6n-3 were unaffected.
Adding fish oil that contained 22 : 6n-3 and 20 : 5n-3 to
the diet increased their deposition in tissue lipids. Formal-
dehyde treatment of the linseed resulted in a very limited
increase in tissue levels of 18 : 3n-3 compared with our pre-
vious trial using bruised linseed (Wachira et al. 2002). The
respective increments in the Suffolk lambs were 1·2-fold
for muscle lipids and 1·6-fold for adipose tissue. This pro-
tection against rumen biohydrogenation by formaldehyde
treatment of whole seed was much less than when pro-
tein-encapsulated lipid is treated with formaldehyde
(Cook et al. 1970, 1972; Scott et al. 1971; Ashes et al.
1992). The effect of dietary lipids on the tissue lipids
varied according to tissue and lipid fraction. C20 and C22

n-3 PUFA were not detected in adipose tissue or muscle
neutral lipids, but the liver neutral lipids contained a
wide range of such fatty acids as did the polar lipid fraction
of the liver and m. semitendinosus. Suffolk £ Lleyn lambs
deposited significantly more 18 : 3n-3 in adipose tissue and

muscle lipids than Scottish Blackface lambs. However,
although the concentration of 18 : 3n-3 was also higher in
the polar lipids of their livers, the tissue content was
higher in the Scottish Blackface lambs, because of higher
concentrations of liver polar lipids. A high dietary concen-
tration of vitamin E resulted in some increases in tissue
PUFA with lower proportions of monoenoic fatty acids.

Animal performance and carcass quality

The type of dietary fat had no significant effect on feed
intake or daily live-weight gain (adjusted for metabolic
body size) or the feed conversion ratio. However, the
lower carcass conformation score for lambs fed the diets
containing n-3 PUFA and the higher fat score for lambs
fed linseed–fish oil clearly indicate effects on muscle
and adipose tissue growth. Although breed did not affect
daily live-weight gain (adjusted for metabolic body size),
adjusted feed intake was high in the Suffolk lambs and
their feed efficiency was poorer (more feed per unit of
gain) than the Scottish Blackface, indicating a greater
stage of maturity with associated increased deposition of
body fat. Although the higher fatness score for the Suffolk
lambs is consistent with such an interpretation, this assess-
ment is based on subcutaneous fat cover and these breeds
differ in fat partition with Blackface lambs preferentially
depositing fat in intermuscular depots, whereas Suffolk
lambs deposit it more extensively in the subcutaneous
depot (McClelland & Russel, 1972). There were no main
effects of vitamin E on animal performance and carcass
quality (although both levels studied were higher than
those used commercially), despite indications from the
tissue fatty acid compositions that there was a loss of
some PUFA on the low-vitamin E diets.

Neutral lipid fatty acids

The increments in the proportions of 18 : 3n-3 in tissue
neutral lipids and adipose tissue of linseed-fed lambs

Table 9. Effect of dietary fat and breed on the PUFA:saturated fatty acid (S) and n-6:n-3 fatty acid ratios†

(Mean values)

Dietary fat Breed

Tissue Ratio Megalacw‡ Linseed
Linseed–

fish oil SED

Statistical
significance

of effect Suffolk
Scottoish
Blackface SED

Statistical
significance

of effect

Muscle PUFA:S§ 0·17 0·19 0·15 0·011 * 0·17 0·17 0·009 NS
n-6:n-3 fatty
acidsk

2·11 0·93 1·54 0·097 *** 1·42 1·63 0·079 *

Liver PUFA:S§ 0·26 0·42 0·30 0·018 *** 0·31 0·35 0·014 ***
n-6:n-3 fatty
acidsk

1·77 0·74 0·76 0·075 *** 1·09 1·10 0·061 NS

Adipose PUFA:S§ 0·11 0·18 0·08 0·010 *** 0·13 0·12 0·008 NS
tissue n-6:n-3 fatty

acidsk
1·22 0·41 0·57 0·035 *** 0·69 0·77 0·028 **

*P,0·05, **P,0·01, ***P,0·001.
† For details of diets and procedures, see Table 1 and pp. 552–553.
‡ Calcium soap of palm oil distillate; Volac Ltd, Royston, Herts., UK.

§ PUFA:S is: 18 : 2n-6þ18 : 3n-3
12:0þ14:0þ16:0þ18:0

k n-6:n-3 is 18 : 2n-6
18 : 3n-3
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compared with those fed Megalac were similar, with a
small preference for adipose tissue. The respective overall
increases were 2·3-, 2·6- and 2·2-fold for liver, adipose
tissue and m. semimembranosus respectively. Feeding lin-
seed raised the proportion of 20 : 5n-3 and 22 : 5n-3 in liver
neutral lipids compared with feeding Megalac: 1·8- and
1·3-fold respectively. The increases in these C20 and C22

n-3 PUFA and 18 : 3n-3 were accompanied by decreases
in 20 : 4n-6 and in 16 : 1, 18 : 1n-9 and 18 : 1n-7 and
would indicate a decrease in D9-desaturase activity.

The quantity of 18 : 3n-3 in the linseed-fish-oil diet was
at about the midpoint between the Megalac and linseed
diets, and this was reflected in the flow of fatty acids enter-
ing the duodenum (Chikunya et al. 2004). However, the
concentrations in the neutral lipids of the three tissues
were closer to Megalac, indicating that as the dietary
amount increased, more of the 18 : 3n-3 was used for meta-
bolic processes. Although the C20 and C22 PUFA in the fish
oil were not deposited in adipose tissue lipids or the neutral
lipid fraction of the m. semimembranosus to any significant
extent, their presence in the feed together with 18 : 3n-3
altered the concentrations of other fatty acids. In the m.
semimembranosus 18 : 2n-6 was significantly higher, pre-
sumably an effect of the fish oil fatty acids, since there
was no difference between the lambs fed Megalac or
linseed. This appears to be a tissue-specific effect, since
18 : 2n-6 was present in lower proportions in the liver neu-
tral lipids and adipose tissue of lambs fed linseed–fish oil
compared with these fed linseed or Megalac. None of these
effects on tissue levels of 18 : 2n-6 can be attributed to the
levels in the diet or rumen metabolism since dietary
concentrations and the proportions flowing into the duode-
num were not significantly different between the diets
(Chikunya et al. 2004). In subcutaneous adipose tissue
fish oil also resulted in a significantly higher proportion
of 16 : 0 and 18 : 0 in comparison with the other two
diets. Dietary fatty acid levels cannot explain this effect.
The proportion of 16 : 0 in the Megalac feed was twice
that in linseed–fish oil and 18 : 0 levels were similar in
the three feeds. Furthermore, the potential for 18 : 0 pro-
duction in the rumen from unsaturated C18 fatty acids
was much greater in the linseed than the linseed–fish oil,
confirmed by the study of Chikunya et al. (2004). Again,
this suggests a decrease in D9-desaturase activity. Fish oil
also raised the proportion of trans-18 : 1 fatty acids, an
effect usually attributed to partial inhibition of biohydro-
genation of 18 : 2n-6 and 18 : 3n-3 in the rumen (Czer-
kawski et al. 1975; Wachira et al. 2000). However, the
proportions of trans-18 : 1 fatty acids were low compared
with those we observed in earlier studies with lambs and
beef cattle (Enser et al. 1999; Wachira et al. 2002). The
failure of linseed to increase the proportions of trans-
18 : 1 also contrasts with previous studies. This appears
to result from post-digestive metabolism, since Chikunya
et al. (2004) observed twice as much trans-18 : 1 flowing
into the duodenum of the lambs fed the linseed diet com-
pared with those fed Megalac. Another unusual feature of
the adipose tissue lipids was the high concentration of
branched-chain fatty acids, particularly in the Megalac-
fed lambs. Small amounts of branched-chain fatty acids
are synthesized by rumen bacteria from the C residues of

branched-chain amino acids and by lamb adipose tissue
from propionic acid via methylmalonyl-CoA (Tweedie
et al. 1966; Scaife et al. 1978). However, when lambs
are fed diets containing high levels of easily fermentable
carbohydrate, such as ground barley, large quantities of
branched-chain fatty acids are formed by adipose tissue
from the propionic acid produced in the rumen (Garton
et al. 1972). However, the diets were relatively low in
rapidly fermentable carbohydrate and did not result in
high concentrations of propionic acid, and the concen-
trations were not affected by the inclusion of fish oil
(Chikunya et al. 2004).

Polar lipid fatty acids

There were distinct differences between the polar lipid
fatty acid composition of the m. semimembranosus and
liver; however, in both tissues the effects of including
n-3 PUFA in the diets were similar, although the extent
of changes varied for different fatty acids. The concen-
trations of 18 : 2n-6 and 18 : 3n-3 were twice as high in
muscle lipids as in the liver lipids, but the liver contained
higher proportions of all the C20 and C22 PUFA except for
20 : 4n-6 in the Megalac-fed lambs. The muscle fatty acid
composition closely resembled that reported by Ashes
et al. (1992) for sheep m. longissimus for 16 : 0, 18 : 0
and 18 : 1. However, the reported levels of 18 : 2n-6 and
its metabolic product 20 : 4n-6 were twice those in our
present Megalac-fed lambs. This probably stems from the
high cereal content of the diet used by Ashes et al.
(1992) that would have a high 18 : 2n-6:18 : 3n-3 ratio.
The effects of cereals (high in 18 : 2n-6) and fresh forage
(high in 18 : 3n-3) on the fatty acid composition of cattle
muscle are well established (Marmer et al. 1984; Enser
et al. 1998b). However, it is surprising that the amounts
of 18 : 3n-3, 20 : 5n-3, 22 : 5n-3 and 22 : 6n-3 in the
muscle (mg/kg tissue) were virtually identical to those in
the muscle of grass-finished lamb (Enser et al. 1998b),
with a similar total content of intramuscular lipid. The
18 : 2n-6:18 : 3 ratio in grass is of the order 0·20–0·30,
whereas in the Megalac diet it was 0·85. Although this
difference did not affect the amounts of the major n-3
PUFA, lambs fed Megalac did have 0·25 more 18 : 2n-6
and 20 : 4n-3 in their muscles than the grass-fed lamb.
These results indicate that the level of intake, 50 g lipid/
kg DM in the present study compared to 10–20 g/kg DM
in forage, as well as the 18 : 2n-6:18 : 3n-3 ratio are import-
ant in determining the relative proportions of longer-chain
n-6 and n-3 fatty acids. The overall effect of the linseed
diet was to increase the proportions of the C20 and C22

n-3 PUFA by just over one-quarter compared with the
Megalac-fed lambs in both muscle and liver.

The failure of high levels of a-linolenic acid in the diet to
increase tissue concentrations of 22 : 6n-3 is common to
bovines, rats and human subjects, despite the fact that it
is present in their tissues in the absence of a dietary
supply (Sanders et al. 1989; Rustan et al. 1992; Scollan
et al. 2001). The increases produced by feeding fish oils,
as shown here and by others in sheep and beef cattle,
demonstrate the capacity for their increased deposition
when an increased amount is made available (Ashes et al.
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1992; Scott et al. 1993; Mandell et al. 1997; Scollan et al.
2001). The extent of the increase in availability is not clear
since evidence concerning the degree of biohydrogenation
of the long-chain PUFA in fish oil is inconsistent. In vitro
studies suggest biohydrogenation is minimal, but this
appears to stem from a concentration-dependent inhibition
of the process (Ashes et al. 1992; Palmquist & Kinsey,
1994; Gulati et al. 1999). Other studies based on pre- and
post-rumen infusion of fish oils and incorporation of dietary
fish oil fatty acids into tissues and milk indicate that exten-
sive biohydrogenation occurs in cattle and sheep (Doreau &
Chilliard, 1997; Chilliard et al. 2000; Wachira et al. 2000;
Scollan et al. 2001). With similar diets to those used in the
present study, we observed a disappearance of .90 %
20 : 5n-3 and 22 : 6n-3 between feed and duodenum (Chiku-
nya et al. 2004). If we accept that the extents of biohydro-
genation of 20 : 5n-3 and 22 : 6n-3 are similar, there is a
large preference for the incorporation of 20 : 5n-3 against
22 : 6n-3, since the linseed–fish oil feed contained 2·2 g
20 : 5n-3/kg and 2·4 g 22 : 6n-3/kg and the relative concen-
trations in muscle polar lipids were 7·7 and 1·8 g/100 g
total fatty acids. Since 22 : 5n-3 was absent from the dietary
fish oil, the increased proportions when fish oil was
included in the diet most probably stem from chain-exten-
sion of 20 : 5n-3, although chain-shortening of 22 : 6n-3
cannot be ruled out.

The increased deposition of n-3 PUFA in the polar lipids
of both muscle and liver when linseed or the linseed–fish
oil were fed occurred at the expense of oleic acid and the
n-6 PUFA 18 : 2n-6 and 20 : 4n-6. Since the concentration
of 18 : 2n-6 was similar in all diets, effects on its tissue
levels may be attributed to the changes in dietary n-3
PUFA. The 3-fold higher amount of 18 : 3n-3 in the
linseed feed compared with Megalac decreased the
proportions of 18 : 2n-6 much more in muscle than in
liver polar lipids. As the proportionate increase in the
deposition of 18 : 3n-3 was greater in liver than muscle
this different response is unlikely to stem solely from
direct competition between these two fatty acids for
incorporation. A contributing factor may have been greater
availability of 18 : 2n-6 in the liver since the proportion of
20 : 4n-6 was decreased more in liver than muscle. If this
occurred through a decrease in synthesis then more
18 : 2n-6 would have been available for incorporation
directly into lipids. That 18 : 2n-6 and 18 : 3n-3 compete
as substrates for D6-desaturase, the first step in the synthesis
of 20 : 4n-6 from 18 : 2n-6, is well established (Brenner,
1989). EPA, a product of 18 : 3n-3 metabolism can also
inhibit the desaturation of 18 : 2n-6 and hence its conversion
to 20 : 4n-6. A decrease in the proportion of 20 : 4n-6 in
response to feeding fish oils has been reported in other
studies with ruminant animals (Mandell et al. 1997; Scollan
et al. 2001), although Ashes et al. (1992) found no
difference in sheep fed protected fish oil.

Changes in the saturated fatty acids of the polar lipids
when feeding n-3 PUFA were tissue dependent. There
were no significant diet effects on 12 : 0 in either muscle
or liver, whereas 14 : 0 was higher in muscle and lower
in the liver of lambs fed the linseed or linseed–fish oil
compared with Megalac. The concentration of 16 : 0 was
unchanged in muscle lipids, but was lower in liver lipid

from lambs fed n-3 PUFA, but there was no difference
between the linseed and linseed–fish oil. This differs
from the findings of Ashes et al. (1992), who reported a
decrease in 16 : 0 in animals fed 200 g protected fish oil/
kg diet, but the level returned to the control value when
300 g protected fish oil/kg diet was fed. Mandell et al.
(1997) reported an increase in 16 : 0 in beef muscle as a
result of feeding fish meal (100 g fish oil/kg diet), as did
Scollan et al. (2001) for both neutral and polar lipids of
muscle when fish oil alone was fed but not with a mixture
of linseed and fish oil. When they fed linseed, 16 : 0 was
lower, but on a mixture of linseed and fish oil it was similar
to that of the control Megalac diet. This result partially
resembles the decreased proportion of 16 : 0 in the liver
polar lipids of the linseed fed lambs here, but adding fish
oil failed to reverse this effect. There is no consistency
between the reported effects of fish oil on 18 : 0. Whereas
we have found higher proportions in the polar lipids as a
result of feeding linseed and linseed–fish oil, Ashes et al.
(1992) reported a slight fall when fish oil was fed to sheep
and in beef lower levels were observed from feeding
linseed–fish oil or fish oil but not from feeding linseed
alone (Scollan et al. 2001). These differences appear to
stem from the effects of polar lipid fatty acid composition
on the fatty acid combinations within the molecular species
of different phospholipids. For example, an increase in
20 : 5n-3 in phosphatidylethanolamine would increase
18 : 0, whereas in phosphatidylcholine it would raise
16 : 0 since 18 : 0/20 : 5n-3 and 16 : 0/20 : 5n-3 are the
major 20 : 5n-3-containing molecular species in sheep
muscle (Scott et al. 1993).

Breed effects

The present trial demonstrates the ability of the Suffolk £
Lleyn lambs to deposit higher proportions of 18 : 3n-3 in
tissue lipids than Scottish Blackface lambs, results similar
to our previous study in which the comparison was with
Friesland lambs (Wachira et al. 2002). The effect was
significant in all tissues and lipid fractions and was accen-
tuated by feeding the linseed diet. The high amounts in the
adipose tissue and liver and muscle neutral lipids indicate
that supply exceeded metabolic requirements, but only in
the liver neutral lipid fraction did this lead to an increase
in 20 : 5n-3. On the linseed diet, the 20 : 5n-3:18 : 3n-3
ratio was higher in the Scottish Blackface lambs in liver
and muscle polar lipids, indicating a more effective conver-
sion or higher specificity for the incorporation of 20 : 5n-3
into the lipids. Differences between bovine breeds in the
relationship between 18 : 3n-3 and 20 : 5n-3 have been
reported. Compared with Limousin cows, Jersey cows
deposited more 20 : 5n-3 in the polar lipids of m. longissi-
mus, although the proportions of 18 : 3n-3 were the same
(Malau-Aduli et al. 1998). This is closer to findings with
the Scottish Blackface lambs than other studies in which
higher proportions of 18 : 3n-3 are associated with higher
levels of 20 : 5n-3 (Choi et al. 2000; Laborde et al.
2001). In fact the high 18 : 3n-3 in the Suffolk lambs
failed to drive increased synthesis and deposition of
20 : 5n-3, unlike Welsh Black and Red Angus steers in
the studies of Choi et al. (2000) and Laborde et al.
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(2001) respectively. Although concentrations of 18 : 2n-6
and 20 : 4n-6 were lower in the muscle polar lipids of the
Scottish Blackface lambs, there were no differences
between the breeds in the proportions of these two fatty
acids in the liver, suggesting that neither fatty acid affected
the proportions of 20 : 5n-3 in competition for synthesis or
incorporation into liver lipids. In the liver neutral lipids the
proportion of all PUFA were lower in the Scottish Black-
face lambs, possibly a reflection of the preferential use of
these fatty acids for inclusion into polar lipids (35·5 g/kg
liver in the Scottish Blackface compared with 25·4 g/kg
liver in the Suffolk). Breed mean values for the liver con-
centration of 18 : 3n-3 in neutral lipids plus polar lipids
were 2·92 g/kg for Suffolk and 2·90 g/kg for Scottish
Blackface, confirming that the breed differences within
lipid fractions stemmed mainly from differences in par-
tition between unequal fractions. Breed effects on the satu-
rated fatty acids of the subcutaneous adipose tissue and m.
semimembranosus neutral lipids are contrary to expec-
tations. The milk-derived fatty acids 10 : 0, 12 : 0 and
14 : 0 were lower in the Scottish Blackface despite this
breed’s lower fatness, which would have meant less
dilution of these fatty acids by fatty acids synthesized de
novo. This may be related to the difference in fat partition
between the breeds, but in the absence of dissection results
we are unable to assess total body fatness. The higher
proportion of cis-monoenoic fatty acids in the adipose
tissue of the Scottish Blackface lambs was also unex-
pected, since these are normally higher in fatter lambs
with larger adipocytes containing more stearoyl-CoA desa-
turase (Barber et al. 2000). However, it is possible that the
relationship differs between breeds as a result of differ-
ences in the cellularity of fat depots during growth. That
the content of cis-monoenoic fatty acids in the livers of
Blackface lambs followed the pattern for adipose tissue
may occur because liver lacks the ability to synthesize
these fatty acids and must import them from adipose
tissue (St John et al. 1991). A similar result would have
been expected for the saturated fatty acids 12 : 0 and
14 : 0, since the ruminant animal liver has a very low
fatty acid synthetic ability (Hanson & Ballard, 1967; St
John et al. 1991), but contrary to adipose tissue, these
fatty acids were higher in the liver neutral lipids of Scottish
Blackface lambs. Differences in the function of this lipid
fraction between the tissues or differences in its component
lipids may be the explanation.

Effects of vitamin E

The dietary levels of vitamin E in this trial were both in the
supra-nutritional range; that is, they were much greater
than the levels recommended as adequate for normal
growth and reproduction (National Research Council,
1989; Agricultural Research Council, 1980). However,
the higher intake did give additional protection against
loss of PUFA by peroxidation as indicated by the higher
proportion of PUFA and lower proportions of monoenoic
fatty acids in muscle polar lipids, both lipid fractions in
liver and in adipose tissue lipids. That such an effect
occurred with these dietary levels of vitamin E was unex-
pected and probably resulted from the very low levels of

muscle vitamin E observed (Table 8; 0·27 and 0·52 (SED

0·107) mg/kg respectively in lambs fed the low and high
levels). The low deposition of vitamin E was unexpected
since supplementation with 500 mg/kg feed has been
reported to produce muscle concentrations of 5·5 mg/kg
(Wulf et al. 1995). The poor deposition of vitamin E
appears to be related to the dry pelleted feed, since it
was less evident when grass silage was used as the basal
diet (E Kasapidou, JD Wood, Sinclair LA, Wilkinson RG
and Enser M, unpublished results).

Human nutrition

The PUFA:saturated fatty acid ratios of the muscle and adi-
pose tissue of the Megalac-fed lambs were similar to those
we have observed previously in grass-fed and commercial
lamb samples (Enser et al. 1996, 1998b) and are low
values compared with a minimum of 0·45 recommended
for the whole diet (Department of Health, 1994). Whilst
feeding formaldehyde-treated linseed improved the value
in all tissues, it only approached 0·45 in the liver and the
improvement in muscle was small. Although PUFA : satu-
rated fatty acid ratios remained below the desirable level
of 0·45, greater deposition of 18 : 3n-3 in adipose tissue
would be undesirable because of its susceptibility to peroxi-
dation, leading to the development of rancidity in the meat.
The concentration of 18 : 3n-3 in the adipose tissue lipids at
5 g/100 g total fatty acids is in excess of the 3 g/100 g total
fatty acids that is considered to be the maximum acceptable
concentration to prevent rapid lipid peroxidation and colour
loss in the meat (Sheard et al. 2000). The n-6 : n-3 fatty acid
ratio of the tissues of Megalac-fed lambs were a little higher
than those of lambs grazing grass (Enser et al. 1998b), but
were well below the maximum recommended level of 4·0.
Feeding the formaldehyde-protected linseed brought the
ratio down to ,1·0, the dietary value thought to have
been common during the evaluation of Homo sapiens
(Weber et al. 1993).

In the Megalac-fed lambs, a 100 g serving of muscle
would supply approximately 54 mg long-chain n-3 PUFA
(20 : 5, 22 : 5 and 22 : 6) or 0·25 of the recommended
daily human consumption, together with a similar
amount of 18 : 3n-3. Feeding linseed or linseed–fish oil
increased the long-chain n-3 PUFA to 0·33 and 0·48 of
the daily recommendation respectively together with 116
and 76 mg 18 : 3n-3 respectively. The supply of n-3
PUFA from the supplemented lamb is potentially signifi-
cant in human nutrition, since meat contributes approxi-
mately one-third of these fatty acids to the UK diet
(Gregory et al. 1990).

Conclusion

The present trial has demonstrated that the n-3 PUFA con-
tent of lamb tissues can be significantly improved by feed-
ing formaldehyde-treated whole linseed with or without
fish oil. The concentrations achieved in liver can supply
the recommended daily intake (Department of Health,
1994) in a single portion and the PUFA : saturated fatty
acid ratio is acceptable. However, further increases are
required in muscle and adipose tissue PUFA to meet this
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objective. These will require improved systems to decrease
rumen biohydrogenation and different combinations of
dietary fatty acids. Suffolk £ Lleyn lambs deposited more
n-3 PUFA than Scottish Blackface lambs and this effect,
although small, may offer scope for genetic improvement
in meat fatty acid composition.
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