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Abstract – The aim of the study was to investigate the effect of substituting cereals by sugar beet
pulp in the feed on the fatty acid (FA) composition of subcutaneous adipose tissue in indoor lambs.
Forty-nine male lambs of the Lacaune dairy breed were fed from 23.6 (± 4.1) to 41.0 (± 1.9) kg live
weight with hay and a pelleted concentrate containing either 80% of barley and wheat (group C) or
70% sugar beet pulp (group P). The FA composition of caudal adipose tissue sampled at slaughter
was determined. The subcutaneous adipose tissue softness was not different between the two groups.
The water content and the proportion of odd-numbered (oddFA) and methyl branched-chain FA
(BCFA) were high but not significantly different between the two groups (respectively, 22.6% of
wet weight, 7.7 and 9.7% of total FA). On the contrary, the proportion of even-numbered saturated
FA (ESFA) and especially C18:0 was low but slightly higher in the P group. The proportions of C18:2
and C18:3 were higher in group C than in group P (3.2 vs. 2.2%, P < 0.001 and 0.65 vs. 0.48%,
P < 0.001, respectively). The softness score of adipose tissue was positively related to the water con-
tent and proportion of oddFA and BCFA. It was negatively related to the proportion of ESFA, age
and live weight at the beginning of the trial. The proportion of unsaturated FA with 18 atoms of carbon
did not show any relationship with the adipose tissue softness but it was influenced to some extent
by the composition of the diet.

lamb / sugar beet pulp / adipose tissue / fatty acid / softness index

Résumé – Effet de la nature de l’énergie ingérée, céréales vs. pulpes de betteraves, sur la
composition en acides gras du tissu adipeux caudal d’agneaux de bergerie. L’objectif de ce
travail était de mesurer l’incidence de la distribution de pulpes de betteraves en remplacement des
graines de céréales dans le régime alimentaire d’agneaux de bergerie sur la composition en acides
gras (AG) du tissu adipeux de couverture. Au total, 49 agneaux mâles, de race Lacaune « lait » ont
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été engraissés de 23,6 (± 4,1) à 41,0 (± 1,9) kg. Ils disposaient en libre accès de foin et d’un aliment
concentré aggloméré composé de 80 % d’orge et de blé (lot C) ou de 70 % de pulpe de betterave
(lot P). La composition en AG d’un échantillon de tissu adipeux caudal prélevé sur chaque animal
lors de l’abattage a été déterminée. L’index de fermeté ne diffère pas significativement entre les
2 groupes. La teneur en eau et la proportion des AG à chaîne carbonée impaire ou ramifiée ont été
élevées et non significativement différentes (respectivement, 22,6 % du poids frais, 7,7 et 9,7 % des
AG totaux). Inversement, les teneurs en AG saturés pairs et notamment en C18:0 ont été faibles. Les
teneurs en C18:2 et C18:3 ont été plus élevées dans le lot C que dans le lot P (3,2 vs. 2,2 %, P < 0,001
et 0,65 vs. 0,48 %, P < 0,001, respectivement). La note de fermeté des gras est liée positivement aux
teneurs en eau et en AG à chaîne carbonée impaire ou ramifiée et négativement aux teneurs en AG
gras saturés pairs, au poids vif et à l’âge en début d’essai. Les teneurs en AG insaturés à 18 atomes
de carbone ont été indépendantes de l’index de fermeté des gras de couverture mais liées à la nature
de la ration.

agneau / pulpes de betteraves / tissu adipeux / acide gras / fermeté

1. INTRODUCTION

In order to face competition of foreign
lamb meat, regional and national labels are
being developed in France to help place
French products on high quality trade mar-
kets. For these labels, specifications are
required on the lamb origin, diets and also
on weight, conformation, fatness and fat
quality of carcasses. In non-label markets,
the fat quality often has consequences in a
competitive market of lamb carcasses. There-
fore, carcasses having soft or light cream
to brown-red coloured adipose tissue are
excluded from these markets and could
result in important financial losses. 

Diets rich in cereals, often used for fat-
tening of indoor lambs, may be responsible
for the occurrence of fat softness problems
as pointed out by several authors [16, 17,
37]. The fermentation of these diets in the
rumen may lead to high quantities of pro-
pionate, the main substrate for gluconeo-
genesis. When in excess, propionate might
also be either used as a precursor for the syn-
thesis of odd-numbered fatty acids (oddFA)
or metabolised into methylmalonate, which
is a precursor of methyl branched-chain
fatty acids (BCFA) [19, 41]. The propor-
tions of these low melting point FA are high
in soft adipose tissues [9, 12, 16]. The sub-
stitution of cereals by other feedstuffs able
to modify the fermentation pattern without
decreasing the lamb growth rate has been
studied by several researchers. In some tri-

als, cereals were substituted by sugar beet
pulp in ovine and bovine growing animals
[26, 33, 34, 42, 44]. In these trials beet pulp
induced higher quantity [42] or proportion
[44] of acetic acid in the rumen. In one trial
[26], the effect of substituting cereals by
beet pulp did improve the softness of adi-
pose tissue but had no beneficial effects in
the two others [33, 42]. In these studies, fat
softness was scored by visual and tactile
judgement. Whereas it is well known that
softness of adipose tissues is linked to an
alteration of its fatty acid profile, there are,
to our knowledge, no studies of beet pulp
incorporation in the diet on the fatty acid
composition of adipose tissues of lambs. 

The aim of the present paper was first, to
study the relationships between the fatty
acid proportions and the indexes of softness
of lamb subcutaneous adipose tissue, and to
improve our understanding of the effects of
lamb performance on the variations in the
composition of fatty acid of adipose tissue.
Secondly, the effects of substituting cereals
by sugar beet pulp were compared on fatty
acid composition of adipose tissue. 

2. MATERIALS AND METHODS

2.1. Animals and treatments

Forty-nine male lambs of the Lacaune
Dairy breed, sired from 8 rams, were suck-
led until 4 weeks of age and then were abruptly
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weaned. From weaning to the beginning of
the trial, all the lambs were offered the same
commercial pelleted diet and meadow hay
without restriction. At 53 (± 5) days of age,
they were individually penned on a slatted
floor. Two groups of animals of similar
average age, liveweight and sire origin were
established as described by Normand et al.
[35]. The lambs had free access to a second
cut meadow hay and either a cereal based-
(group C) or a sugar beet pulp based (group
P) pelleted concentrate feed. The composi-
tion and the nutritional values of these con-
centrates are presented in Table I. The

lambs were slaughtered at 41.0 (± 1.2) kg
live weight.

2.2. Samplings and measurements

The measurements of feed intake, average
daily gain, plasma concentrations of metab-
olites as well as the measurements of the fat-
tening status were presented by Normand
et al. [35]. The softness (SI) of subcutane-
ous fat was judged on the chilled carcass
according to the 5-point scale of Legrand
[23] (1: very firm fat to 5: very soft and oily
fat).

Immediately after slaughter, the adipose
tissue (AT) was sampled at the base of the
tail, then frozen into liquid nitrogen and
stored at –30 °C until analysis.

2.3. Chemical analyses

The water content of AT was measured
after at least 48 h of freeze-drying. The lip-
ids of AT were extracted according to an
adaptation [8] of the method of Folch et al.
[18].

The FA were transmethylated in the
presence of BF3 and separated by gas chro-
matography, on a Varian 3400 CX, fitted
with a flame ionisation detector and a DB-
WAX column (L = 60 m; ∅ = 0.25 mm;
e = 0.25 µm; J&W Scientific). After injec-
tion, the temperature of the column was
increased from 60 to 120 °C (hold time
0.01 min) at 10 °C per min, then from
120 °C to 190 °C (hold time 50 min) at 3 °C
per min, and from 190 °C to 210 °C (hold
time 20 min) at 10 °C per min. The injector
and detector temperatures were 250 °C and
280 °C, respectively. Helium was used as
the carrier gas (flow 0.9 mL per min), with
the split being closed only during the first
minute after injection. The calculation of
the area under the peak was done using the
software Varian Star [44] with a low thresh-
old (0.02% of total FA). The results are
expressed as the percentage of the consid-
ered methyl ester divided by the sum of all

Table I. Composition and nutritional values of
the experimental concentrates.

Cereal Beet pulp

 Composition (% DM)
Barley 45.9 –
Wheat 34.7 –
Oat – 9.9
Sugar beet pulp – 70.8
Soybean meal 5.0 4.9
Rapeseed meal 4.1 5.0
Fish meal 4.2 4.1
Molasses 2.6 2.6
Urea – 0.4
Ammonia chloride 1.1 1.1
Calcium carbonate 2.3 –
Sodium dihydrogen phosphate – 1.1

 Chemical composition (% DM)
Ash 6.0 8.9
Crude protein 22.7 20.5
Crude fibre 4.8 17.7
Ether extract 2.5 2.1
NDF 17.3 42.6
ADF 6.5 19.9
ADL 1.6 2.0

 Metabolisable energy (Mcal 
per kg DM)a

2.96 2.68

 PDIN (g per kg DM)b 131 125
 PDIE (g per kg DM)b 129 129

a Calculated from chemical analyses [20].
b Calculated from tables of feed values [21].
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the methyl esters between C10:0 and C20:4.
The FA were further identified from the
equivalent chain-length (ECL) [29] deter-
mined by interpolation between two consec-
utive even straight-chain saturated FA and
compared by reference to standards (Sigma,
St. Louis, MO; Interchim, Montluçon, France)
analysed under similar conditions and from
mass spectra obtained by electron-impact.
According to the structure, the FA were
summed up by families (even straight-chain
saturated FA, ESFA: C10:0 + C12:0 + C14:0 +
C16:0 + C18:0 + C20:0; even straight-chain
monounsatutated FA, EMUFA: C14:1 +
ΣC16:1 + ΣC18:1; oddMUFA = C17:1n-8 +
C19:1; PUFA = C18:2n-6 + C18:3n-3 + C20:4n-6
+ 4 isomers of linoleic acid (ECL: 18.71,
18.73, 18.76, 18.84), oddFA: C13:0 + C15:0 +
C17:0 + C17:1 + C19:0 + C19:1; isoFA:
isoC13:0 + isoC14:0 + isoC15:0 + isoC16:0 +
isoC17:0 + isoC18:0; anteisoFA: anteiso
C15:0 + anteisoC17:0; other saturated
branched-chain FA (oBCFA): 4-methylFA
+ 6-methylFA, + 8-methylFA + 10-meth-
ylFA + 12-methylFA + polymethyl FA).
IsoFA, anteisoFA and oBCFA represented,
all together, the total branched FA (tBCFA).
Rumenic acid was hardly detected and not
quantified.

2.4. Statistical analyses

Data were analysed by variance-covari-
ance analysis according to the Mixed pro-
cedure for an unbalanced design of SAS
[40]. In the model, the type of concentrate
was used as a fixed factor. The paternal ori-
gin and the interaction, paternal origin ×
type of concentrate, were used as random
factors with the lamb weight at the begin-
ning of the experiment as a covariate. The
relationships between the growth and feed-
ing data and the FA composition of the
caudal AT were studied using principal
component analysis (PCA) and correlation
within diet analysis [28]. Classification of
the lambs was made by the DISCRIM pro-
cedure of SAS [40].

3. RESULTS

The paternal origin and the interaction
paternal origin × type of concentrate had no
significant effect on the growth and feeding
data as well as on the FA composition of
AT. Therefore, they will not be mentioned
any longer in the present text.

3.1. Feeding and growth

The feed intake, the average daily live-
weight gain, the plasma concentrations of
the different metabolites measured and the
carcass quality of the lambs were previ-
ously published by Normand et al. [35].
They are summarised in Table II. The metab-
olisable energy intake and the average daily
liveweight gain were not significantly dif-
ferent between the two groups during the
fattening period (overall means, 3.3 Mcal
per d and 309 g per d, respectively). More-
over, fat softness was not significantly dif-
ferent between the C and P groups (P > 0.10)

3.2. Water and lipid content

Water and lipid content of the caudal AT
are presented in Table III. No significant
difference in the water and lipid content was
observed between the C and P groups.

3.3. Fatty acid composition

The sum of the three major FA (C16:0,
C18:0 and cisC18:1n-9), ranged altogether
from 48.9 to 73.6%. The proportions of
oddFA and tBCFA were 7.7 ± 0.30 (min =
3.6, max = 13.4%) and 8.9 ± 0.46% (min =
3.5, max = 17.3%), respectively. Together,
they achieved a maximum of 29.9%. The
coefficients of variation were the lowest for
EMUFA than for other families of FA (CV:
5.4, 18.0, 25.3, 27.3, 36.5%, for EMUFA,
ESFA, PUFA, oddFA, and tBCFA, respec-
tively). The C-lambs had significantly lower
percentages of ESFA and higher percent-
ages of EMUFA, oddMUFA and PUFA
than the P lambs (Tab. III). The difference
between the groups in ESFA percentages
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resulted from a decrease in each long-chain
FA percentage (C16:0,  C18:0 and C20:0). For
the C-lambs the higher EMUFA percentage
concerned C17:1n-8 and more particularly
the isomers of oleic acid except C18:1n-9
(oC18:1), but not oleic (C18:1n-9) and palmi-
toleic acid. The increase in PUFA percent-
age in the C-lambs concerned each identified
PUFA (C18:2n-6, C18:3n-3, C20:4n-6). It also
concerned the four FA eluting between
C18:2n-6 and C19:0 (ECL: 18.71, 18.73,
18.76, and 18.84) which were probably iso-
mers of linoleic acid, except conjugated
linoleic acid isomers. There was no differ-
ence, between the groups, for the odd satu-
rated FA. Each branched-chain FA (isoFA,
anteisoFA, oBCFA) family appeared slighty
higher in P- than in C-lambs but none of
these differences was significant between

the two groups of lambs except a trend for
isoFA. This difference in FA proportion
between-group was significant for isoFA
(P < 0.05) when the groups were compared
to the same slaughter weight.

3.4. Relationships between intake 
and lamb growth performance 
and FA composition of caudal 
adipose tissue

Lamb weight at the beginning of the
experiment (ILW) was positively related to
the proportions of shorter-chain ESFA (r =
0.69, P < 0.001; r = 0.66, P < 0.001; and
r = 0.25, P = 0.08, for C12:0, C14:0 and C16:0;
respectively). Likewise, it was positively
related to C16:1n-9 and to C18:1n-9 (r = 0.54,

Table II. Effect of the type of concentrate on performances, plasma concentrations of metabolites and
carcass quality.

Cereals Beet pulp

(n = 25) (n = 24) RSDa P

Adjusted ADGb (g per d) 305 312 40 NS

DM intake (kg per d) 1.12 1.26 0.10 < 0.01

Hay (% DM intake) 18.5 17.0 2.6 NS

MEI (kcal per LW0.75) 247 236 20.8 = 0.08

Initial LW (kg) 20.9 20.8 NA NA

LW at slaughter (kg) 41.3 40.7 1.9 NS

Duration of the experiment (d) 57.7 62.4 14.7 NS

Feed conversion ratio (kg DM per kg gain) 3.72 4.10 0.38 < 0.05

Glucose (g per L) 0.84 0.86 0.04 NS

Insulin (mU per L) 19 19 4 NS

Non esterified fatty acids (µeq per L) 68 62 26 NS

β-hydroxybutyrate (mg per L) 28 41 9 < 0.01

Methylmalonate (µmol per L) 2.8 1.9 1.5 = 0.09

Cold carcass weight (kg) 18.4 18.8 0.9 NS

Dorsal fat thickness (mm) 4.6 4.4 1.1 NS

Subcutaneous fat softness index 3.2 3.0 0.8 NS

Subcutaneous fat colour score 3.2 3.1 0.9 NS

The data presented are least-squares means.
a RSD: residual standard deviation. b ADG adjusted by linear regression of the individual growth curve.
NS: not significant (P > 0.10); NA = not applicable.
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P < 0.001, and r = 0.52, P < 0.001, respec-
tively) and negatively to oC18:1 (r = –0.37,
P < 0.01) but not significantly related to
C16:1n-7. Initial liveweight (ILW) was neg-
atively related to oddFA, anteisoFA, and

oBCFA (r = –0.39, P < 0.01; r = –0.30,
P < 0.05, r = –0.38, P < 0.01, respectively).
Growth rate had no effect on FA percent-
ages. The level of energy intake was posi-
tively associated with oddFA (P < 0.05),
particularly with C17:0 (P < 0.01) and neg-
atively with total ESFA (P = 0.06), partic-
ularly with C18:0 (P < 0.05).

Principal component analysis (PCA)
was performed to examine the relationships
between most of the FA and the softness
index (SI), the water content of AT (AT%
water), ILW, average level of energy intake
(kcal per kg LW0.75, MEI), average daily
gain (ADG), percentage of hay in the daily
ration (hay ratio), and duration of the exper-
iment (DEX), (Fig. 1a, b). The chosen
parameters were the ones that presented the
largest within-group variability. The 4 first
axes of the PCA explained 71.6% of the
total variance (33.0, 18.2, 11.4, and 9.0%,
respectively). The first principal compo-
nent (PC) showed an antagonism between
oddFA, oBCFA, anteisoFA, C16:1n-7, AT%
water and SI on the one hand and C12:0,
C14:0, C18:0, C16:0, C16:1n-9, ILW, on the
other hand (Fig. 1a). Besides, PC two
showed an antagonism between oC18:1,
C18:2n-6, C18:3n-3 and DEX on the one hand
and C18:1n-9, ILW, and ADG on the other
hand. The fatty acids were less discrimi-
nated on PC 3 and 4 than on the two first
ones. On PC three, hay ratio, DEX and C18:0
seemed opposed to ADG, MEI, C18:2n-6 and
C18:3n-3, while C18:1n-9, C18:0,  C16:1n-9, SI
and ADG seemed opposed to DEX and
C16:1n-7, on PC four (Fig. 1b). Principal
components 1, 3 and 4 did not discriminate
between C and P lambs. PC 2 was signifi-
cantly lower for C- than P-lambs (–0.46 ±
0.22 vs. 0.48 ± 0.12, P < 0.001). Neverthe-
less, when discriminant analysis with all FA
or groups of FA used in the factor analysis
was performed, almost all the lambs could
be classified in their respective group (100%
and 96%, for P- and C-lambs, respectively). 

The relationships between lamb per-
formance and FA composition of the caudal
adipose tissue could be different between

Table III. Effect of the type of concentrate on
water and lipid content and fatty acid
composition of caudal adipose tissue.

Cereals Beet pulp RSDj P
n = 25 n = 24

Water % 24.1 21.6 5.3 NS
Lipids (% 
wet weight)

69.5 71.9 6.4 NS

C14:0 3.6 3.1 1.2 NS
C15:0 1.2 1.3 0.4 NS
C16:0 19.3 21.4 3.1 0.02
C17:0 3.4 3.2 0.73 NS
C18:0 7.8 8.9 2.3 0.10
C20:0 0.06 0.08 0.02 0.001
C16:1n-9 0.27 0.29 0.06 NS
C16:1n-7 2.9 3.0 0.44 NS
C17:1n-8 2.8 2.2 0.97 0.04
C18:1n-9 34.4 33.8 3.1 NS
oC18:1 9.2 6.8 2.1 0.001
C18:2n-6 3.2 2.2 0.53 0.001
C18:3n-3 0.65 0.48 0.16 0.001
isoFAa 1.4 1.5 0.20 0.07
anteisoFAb 1.5 1.6 0.33 NS
oddSFAc 4.8 4.7 1.1 NS
oddMUFAd 3.3 2.6 1.2 0.04
oBCFAe 5.6 6.3 3.0 NS
tBCFAf 8.5 9.4 3.3 NS
ESFAg 30.6 34.4 5.6 0.02
EMUFAh 47.2 44.5 2.1 0.001
PUFAi 4.7 3.4 0.80 0.001

The data presented are least-squares means. NS:
not significant (P > 0.10).
a isoFA: sum of FA of iso structure.
b anteisoFA: sum of FA of anteiso structure.
c oddSFA: odd saturated FA.
d oddMUFA: odd unsaturated FA.
e oBCFA: branched-chain FA other than those of
iso and anteiso structure.
f tBCFA: total branched-chain FA.
g ESFA: even saturated FA.
h EMUFA: even monounsaturated FA.
i PUFA: polyunsaturated FA.
j RSD: residual standard deviation.
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Figure 1.  Principal component analysis loadings between fatty acid percentages and softness index
(SI), water content of AT (AT% water) and initial live weight (ILW), average level of energy
intake, kcal per kg LW0.75 (MEI), average daily gain (ADG), percentage of hay in the daily ration
(hay ratio), and duration of the experiment (DEX). 
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the two diets (Tab. IV). For the C-lambs, the
mean metabolisable energy intake per unit
of metabolic weight was positively corre-
lated with the proportion of saturated
oddFA (r = 0.61) and BCFA (r = 0.43), and
negatively correlated with ESFA (r = –0.53).
Moreover, the percentage of hay was cor-
related with the saturated even and oddFA
(r = 0.55 and r = –0.51, respectively) in the
C group. On the contrary, in the P group, the
plasma concentrations of β–hydroxybutyrate
(BHB) and methylmalonate (MMA) were

correlated with the proportion of saturated
oddFA and total BCFA (respectively, r =
0.40 and r = 0.48, for BHB; r = –0.45 and
r = –0.50 for MMA).

4. DISCUSSION

The results of feed intake, growth rate,
plasma concentration of metabolites, rumi-
nal fermentation and carcass quality were
discussed previously by Normand et al. [35]. 

Table IV. Coefficients of correlation between water content, lipid content and fatty acid composition
of caudal adipose tissue and growth performances of lambs fed the cereal-based diet or the beet pulp-
based diet.

Water 
(%)

Lipids 
(%)

ESFA EMUFA oddSFA oddMUFA PUFA isoFA anteisoFA oBCFA tBCFA

Cereal-based dieta

Initial live weight –0.46 –0.44 0.20 0.39 –0.41 –0.17 –0.34 –0.46 –0.16 –0.22 –0.23

MEI (kcal·kg LW–0.75) 0.25 –0.34 –0.55 0.08 0.62 0.47 0.16 0.02 0.50 0.44 0.45

ADG (g·d–1)b 0.18 –0.24 –0.33 0.21 0.31 0.24 0.13 0.04 0.33 0.20 0.22

Hay ratio –0.17 0.27 0.55 –0.23 –0.51 –0.53 –0.22 0.15 –0.42 –0.37 –0.39

Age at slaughter 0.07 0.06 0.03 0.27 0.05 –0.02 0.16 0.18 0.02 0.02 0.04

Softness index 0.57 –0.54 –0.53 0.08 0.63 0.45 –0.03 0.16 0.20 0.46 0.45

Glucose 0.22 –0.19 –0.06 –0.26 0.10 0.13 0.52 0.17 0.28  0.01 0.04

Insulin –0.32 0.25 –0.17 0.18 0.16 0.11 –0.06 –0.28 0.21 0.13 0.13

BHB –0.13 0.21 0.39 –0.14 –0.42 –0.34 –0.50 –0.07 –0.46 –0.19 –0.22

Methylmalonate –0.20 0.22 0.14 0.29 –0.29 –0.20 –0.02 –0.24 –0.08 –0.20 –0.20

Beet pulp-based dieta

Initial live weight –0.12 0.19 0.40 0.43 –0.48 0.39 0.19 –0.25 –0.48 –0.53 –0.53

MEI (kcal·kg LW–0.75) –0.18 0.18 0.03 –0.14 0.21 –0.12 0.12 –0.11 –0.01 –0.03 –0.03

ADG (g·d–1)b 0.08 –0.02 0.17 0.27 –0.23 –0.25 0.03 –0.06 –0.04 –0.29 –0.27

Hay ratio –0.09 0.18 –0.14 –0.16 0.26 0.13 0.03 0.06 0.30 0.13 0.15

Age at slaughter –0.02 –0.03 –0.36 –0.35 0.44 0.37 –0.18 0.25 0.32 0.47 0.47

Softness index 0.43 –0.43 –0.43 –0.13 0.50 0.33 –0.34 0.33 0.30 0.44 0.44

Glucose –0.27 0.16 –0.28 –0.21 0.12 0.06 0.10 0.16 0.03 0.08 0.08

Insulin –0.39 0.39 –0.04 0.01 0.11 0.01 0.14 0.15 –0.09 –0.01 –0.01

BHB 0.44 –0.44 –0.45 –0.13 0.40 0.44 –0.43 –0.16 0.34 0.51 0.48

Methylmalonate –0.30 0.40 0.36 0.47 –0.45 –0.42 0.10 –0.04 –0.19 –0.54 –0.50

a n = 25, for the cereal-based diet and n = 24, for the beet pulp-based diet. 
b ADG adjusted by linear regression of the individual growth curve.
Data in bold are significant at P < 0.05.



Fatty acid composition of lamb adipose tissue 277

Figure 2. Lamb score in the first two factor axes of the principal component analysis performed
with fatty acid percentages and softness index, water content of adipose tissue, initial live weight,
level of intake and growth performance.
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4.1. Fat softness

The first axis of the PCA corresponded
with the degree of fat softness. Softness was
associated with adipose tissue water content
and proportions of oddFA and oBCFA and
anteisoFA, but was the opposite to ESFA
(C12:0, C14:0, C16:0 and C18:0), as reported
by Bas et al. [9] and Bozzolo and Bouillier-
Oudot [12]. These relationships confirmed
the conclusions of several authors who
related the fat softness problem to high adi-
pose tissue water content [4, 30] and high
proportions of oddFA and BCFA [9, 27,
36]. The relationship between SI and BCFA
appeared closer with oBCFA than anteisoFA
and not with isoFA, which is probably a
consequence of the origin of these groups
of FA. The iso and anteisoFA are synthe-
sised by rumen bacteria from branched
amino acids: from valine and leucine for the
iso FA and from isoleucine for the anteisoFA
[3, 15]. However, the anteisoFA can also be
synthesised de novo from propionate by
incorporation of methylmalonyl-CoA instead
of malonyl-CoA during the synthesis of
these FA. The other methyl-branched chain
FA are supposed to be only of endogenous
origin [41]. 

In this study, the mean water content of
the caudal adipose tissue was quite high and
of similar level compared to the results
obtained by Bozzolo et al. [13] and Bas
et al. [9] on lambs of the same genetic type
having soft subcutaneous adipose tissue.
Moreover, the proportions of oddFA and
BCFA were among the highest levels found
in the literature even though they were from
caudal AT which is known to have lower
oddFA and BCFA contents than back AT as
shown by Bas et al. [9]. These data were
quite similar to those obtained by Bas et al.
[9] on soft caudal AT and by Garton et al.
[19] on dorsal AT of lambs fed a propionate
supplemented diet. In turn, the proportion
of ESFA was lower than the data from the
literature. This low level was mainly due to
the C18:0 proportion which was 2, 3.5, and
7 points below mean values reported by
Garton et al. [19], Berthelot et al. [10] and

Bas and Morand-Fehr [7], respectively.
Finally, the composition of caudal AT cor-
responded to soft AT as suggested by the SI
values.

The unsaturated FA with 18 atoms of car-
bon are usually related to AT softness by
decreasing the AT melting point [7, 17, 24].
However, in this study, they were not linked
to fat softness. This might be due to the low
proportion of C18:2 which was 1 to 2 points
lower than the proportion reported by Bas
and Morand-Fehr [7], Berthelot et al. [10]
and Garton et al. [19] and to the high pro-
portions of oddFA and BCFA as reported by
Bas et al. [9].

The mean metabolisable energy intake
per unit of metabolic weight was related to
the soft fat. This confirmed the effect of the
quantity of energy intake in the occurrence
of soft adipose tissue as reported by
Busboom et al. [14]. However, surprisingly,
the growth rate did not influence fat softness
although growth rate was closely linked to
MEI. This is contrary to the results of Boz-
zolo et al. [13] who showed that growth
rates were positively correlated with fat
softness. On the contrary, the weight and
age at the beginning of the experiment
which are good indicators of the weight and
age of the animals at the weaning period
were associated to ESFA such as C10:0,
C12:0, C14:0 and C16:0 present in high pro-
portions in ewe milk. The heavier and more
mature lambs at the beginning of the exper-
iment may have stored higher contents of
medium chain FA, and deposited less FA
during the experimental period with a
shorter fattening period. Moreover, the stor-
age of medium chain FA during the suck-
ling period has been reported to have a
positive effect on fat softness [5, 39].

4.2. Dietary effects

Fat softness, water content and the pro-
portions of C10:0, C12:0, and C14:0, of oddFA,
anteisoFA and oBCFA were not different
between the 2 diets. Therefore, the lambs
fed the cereal-based diet were not separated
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from those fed the beet pulp-based diet
according to the first axis of the PCA. No
difference in the proportion of FA synthe-
sised via the propionate pathway was
shown between the two diets. We therefore
questioned the initial hypothesis of the
effect of the type of concentrates on fat soft-
ness. However, the relationships between
the quantity of energy intake and the pro-
portions of oddFA and BCFA were differ-
ent according to the type of concentrate. The
metabolisable energy intake per unit of met-
abolic weight was positively correlated
with these FA for the lambs fed the cereal-
based diet whereas no relationship was
observed for the lambs fed the beet pulp-
based diet. There are two possible explana-
tions: the quantity of nutrients or the bal-
ance between the nutrients.

For the cereal-based diet, two non-exclu-
sive hypotheses exist. In this type of diet,
there is usually greater ruminal production
of propionate. This may lead to higher
fluxes of propionate arriving to the liver and
to a slight decrease in the hepatic extraction
ratio of propionate. Therefore, peripheral
tissues will be exposed to higher availabil-
ity of propionate [11]. Even in the case of
a stable hepatic extraction ratio of propion-
ate, the quantity of propionate available for
the synthesis of oddFA and BCFA might
also be high due to the mass action law: more
energy intake might lead to an increase in
the propionate absorption rate and therefore
to a higher quantity of propionate available
for peripheral tissues and for the synthesis
of oddFA or BCFA in AT. 

In the beet pulp-based diet, ruminal pro-
duction of propionate is often lower than
with barley-based diets [25, 31, 43]. The
quantity of propionate arriving to the liver
may have been lower compared to the
cereal-based diet. Moreover, ruminal con-
centration of butyrate is usually higher [25,
31, 43], which led, in this study, to a higher
plasma concentration of β–hydroxybutyrate
in the P group than in the C group. In some
studies [2, 22], butyrate is thought to decrease
the hepatic extraction ratio of propionate.

So, the quantity of propionate available for
the synthesis of oddFA and BCFA might be
increased and might be similar to that of the
cereal-based diet. Moreover, the intake of
beet pulp might lead to a higher availability
of glucose in the organism, which could
contribute to a slight decrease in the hepatic
extraction ratio of propionate.

The second component represented an
unsaturation of AT. It expressed an increase
in the de novo synthesis of oleic acid when
PUFA availability was reduced. The prox-
imity of oC18:1 and C18:2n-6 and C18:3n-3
expressed a common origin. The outflow of
oC18:1 was increased as the dietary forage
level increased [6, 38]. These isomers
of oleic acid were probably mainly trans-
isomers originating from incomplete rumi-
nal biohydrogenation of dietary linoleic and
linolenic acid to stearic acid. PUFA are of
exogenous origin: C18:3 may mainly arise
from hay and soybean, rapeseed and fish
meals, while C18:2 arises from wheat and
barley [1, 32]. The higher proportions of
C18:2 and C18:3 in AT in the C-group com-
pared to the P-group may be due to a higher
intake of the corresponding FA  from the
diet as expected from tables of composition
of food materials [1] from which C18:2 and
C18:3 appear 1.7 and 1.5 times higher in the
C-diet than in the P-diet. Moreover, to a
lesser extent, hydrolysis and hydrogenation
of dietary lipids may have been more com-
plete in the rumen with the P-diet, as
reflected by a higher stearic acid proportion
and a lower proportion of isomers of oleic
acid in P-than in C-lambs. This may result
in steadier fermentations and a lower drop
in ruminal pH with beet pulp based-diets
than with cereal based-diets, as indicated by
van Eenaeme et al. [43]. The increase in
hydrolysis and biohydrogenation of dietary
lipids with the beet pulp based-diet could
result in an increase in the bacterial popu-
lation or a shift towards bacteria that were
consistent with the higher isoFA proportion
in the adipose tissue [6]. ADG and MEI are
best represented on axes 3 and 4. These axes
of the PCA were related to diet intake and
growth performance. The greater energy
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intake resulted in the higher ADG and the
lower hay ratio and the shorter duration of
the experiment. 

5. CONCLUSIONS

Substitution of cereals by sugar beet pulp
in the lamb diet had no beneficial effect on
the softness of subcutaneous adipose tissue
and had no effect on the water content and
on the proportion of oddFA or BCFA of
caudal AT adipose tissue. The proportions
of these FA reached high values associated
with the soft adipose tissue problem observed
in both diets. The hypothesis of a decrease
in the proportions of FA synthesised from
propionate via the type of concentrate was
not supported by the results of this study.
The beet pulp-based diet induced a decrease
in the proportion of PUFA and in the pro-
portion of the intermediate associated with
hydrogenation of PUFA. However, no rela-
tionship was observed between these PUFA
and the subcutaneous fat softness.
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