
INTRODUCTION
Skeletal muscle is the main site of protein deposition in an

organism during growth and is an essential actor in metabolism,
especially of proteins. In humans, this tissue is known to contribute
to the maintenance of health through protein and fuel homeostasis.
It is also of major interest in meat-producing farm animals such as
cattle. In addition to slaughtering conditions and post-mortem
events and ageing, genetic, environmental and production factors
influence muscle characteristics, and hence beef meat quality. The
influence of production factors (age, sex, and feeding plan) on
muscle characteristics has been studied extensively (1, 2). Postnatal
nutrition plays a critical role in regulating muscle phenotype and
plasticity depending on muscle type (3, 4). In cattle, the quality and
the nature of the food supply are determinants for muscle
characteristics. For instance, Jurie et al. (5) showed that the
muscles of 30-month-old Charolais steers fed with grass (grazed or
freshly cut) were more oxidative than those of steers fed maize-
silage indoors. These muscles also contained lower amounts of
intramuscular fat and more soluble collagen.

The advent of transcriptomics has enabled not only new
predictors of meat quality to be identified (6), but also beef
quality to be monitored through the production systems (7).
However, except in extreme situations such as undernutrition (8),
there is little knowledge on the impact of production factors on

muscle gene expression. In particular, specific and reliable
molecular indicators of production systems are still lacking. We
have compared the influence of two rearing methods
representative of two French production systems (intensive and
extensive) on muscle gene expression of 30-month-old Charolais
steers using cDNA macro-arrays. This study aimed to explore
muscle gene profiles in order to identify differentially expressed
genes that may be potential indicators of grass-feeding systems.

MATERIAL AND METHODS
Experimental design

The study was conducted with Charolais steers and the
experimental design described in (5). The animals were
offspring of pure-bred Charolais cows and bulls of an INRA
experimental herd (Le Pin au Haras, F61), weaned at 32 weeks
and then housed in open sheds. Thirty steers were initially
allotted to two groups (12 animals in a maize group and 18
animals in a grass group). For the second grazing season, five
groups of six animals each were formed as follows: twenty-four
animals (12 from the grass group and 12 from the maize group)
were housed in open sheds with a maximum of 6 animals per pen
of 40 m2 each. Animals on the grass diet were fed freshly cut
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grass alone. Animals on the maize diet were fed maize-silage ad
libitum, with a minimum of wheat straw and rapeseed meal. Half
of the indoor animals on each feeding regime were submitted 7
days a week to a 5.2 km walk daily, which represented
approximately a 30 min walk before the morning meal plus a 30
min walk before the evening meal. The remaining six animals on
grass were left grazing on pasture, with the same perennial rye-
grass pasture as that used for the indoor animals. There were
therefore five treatment groups: 'grazing', 'cut grass', 'cut grass
with walking', 'maize silage' and 'maize silage with walking'. All
steers were managed at the same growth rate by adjustment of
the amount of maize silage diets offered to the animals. The
carcass composition at slaughter was similar between the
treatment groups indicating that the observed effects are indeed
associated with the type of production and feeding system and
not with differences in net energy intake level or growth
performances.

The animals were slaughtered at 30 months of age. Two
muscles of the carcass were excised from each animal within
less than ten minutes after slaughter: Rectus abdominis (red and
oxidative muscle, RA) and Semitendinosus (white and glycolytic
muscle, ST). The samples were snap-frozen in liquid nitrogen
and stored at -80°C until they were analysed.

Muscle samples from the most extreme groups namely
'grazing' (n=6) and 'maize-silage' (n=6) groups were used for
biochemical and transcriptomic (macroarray experiment, qPCR)
studies. Samples from all five experimental groups (n=6) were
used for Selenoprotein W gene expression studies by Northern-
blot analysis.

Muscle metabolism
The maximum activity levels of the following enzymes,

reflecting the potential of β-oxidation (β-hydroxyacyl-CoA
dehydrogenase, HAD, EC 1.1.1.35), mitochondrial density
(citrate synthase, CS, EC 2.3.3.1; isocitrate dehydrogenase,
ICDH, EC 1.1.1.42), oxidative phosphorylation (cytochrome-c
oxidase, COX, EC 1.9.3.1), and glycolytic metabolic pathway
(phosphofructokinase, PFK, EC 2.7.1.11; lactate dehydrogenase,
LDH, EC 1.1.1.27) were determined spectrophotometrically, as
described elsewhere (4, 5, 9). One unit of enzyme was defined as
the amount which catalyses the disappearance of 1 µmol of
NADH per min for HAD, PFK and LDH, the appearance of 1
µmol per min of NADPH for ICDH, the liberation of 1 µmol of
coenzyme A per min for CS, and the oxidation of 1 µmol per min
of cytochrome-c for COX. The results were expressed as units
per g muscle fresh weight.

Data of muscle enzymatic activities was analysed using the
General Linear Models (GLM) procedure of SAS with three
effects: production system (P), animal nested within production
system and muscle (M) as previously described (4).

Gene expression
To monitor gene expression in the two extreme groups, we

used macroarrays consisting of a cDNA bovine collection from
bovine muscle, embryo and mammary gland (10). Briefly, high
density filters were constructed from a collection derived from 3
cDNA libraries: a non-normalised directed bovine muscle library
(11), a non-normalised 14-day-old embryo library (12) and a
lactating mammary library (13). A set of 2304 spots
corresponding to 637 muscle, 882 embryo and 377 mammary
gland amplified cDNA fragments was printed together with
controls (Arabidopsis thaliana C554 clone, cDNA from the
Amerscham Lucidea kit, and water) onto 8x12 cm nylon
membranes at the French National Biological Resources Centre
for Animal Genomics (http://www-crb.jouy.inra.fr/BRC/

index.html), Jouy-en-Josas, France). Sequences of the cDNAs are
available on the SIGENAE website (http://www.sigenae.org/).

Total RNA was extracted from the RA and ST muscles of the
six steers of each extreme group respectively. RNA was isolated
using a method derived from (14). RNA samples were then
pooled to obtain one sample for each muscle and each group
(RA/maize silage, RA/grazing, ST/maize silage, ST/grazing).
Messenger RNAs were prepared from total RNA following the
protocol described in (15). mRNA (500 ng) was reverse-
transcribed and labelled by incorporation of [α-33P]dCTP using
SuperScriptTM First-Strand Synthesis System for RT-PCR
(Invitrogen Life Technologies, Cergy Pontoise, France) as
described in (15). Thereafter, the labelled cDNA targets were
purified using Quick Spin Columns (Roche Diagnostics,
Meylan, France).

Hybridisations were performed in duplicate (at probe
labelling or hybridisation levels) in two independent
experiments. For each experiment, 4 macroarrays were
incubated with each radiolabelled cDNA target as previously
described (10). Filters were prehybridised in ExpressHybTM

hybridisation solution (Clontech Laboratories, Palo Alto, USA)
for 16 hours at 60°C before hybridisation with labelled targets in
ExpressHybTM overnight at 60°C. Nylon membranes were
washed twice for 15 min in SSC 2X, SDS 0.1% at 60°C. After
washing, they were exposed 48 hours to phosphor screens before
scanning on the PhosphorImager (STORM 840, Molecular
Dynamics) imaging plate system for quantitative analysis of
signal intensity. After acquisition, the scanned images were
analysed using the GenePix Pro V4.1 software (Axon
instrument, Inc).

Data were analysed using a standard analysis of variance
(ANOVA) with three fixed effects: experiment (hybridisation in
duplicate in two independent analyses), production system
(maize silage vs grazing), muscle (RA vs ST) using
GeneANOVA (16). Raw data were log transformed before
variance analysis. The F-value was computed from the ratio of
the variance between individual groups to the variance within
each experimental group. The higher the F-value, the more
significant the difference between groups. Differential expression
was considered for a p-value <0.05. Expression was declared up-
or down-regulated by comparison of the means for RA vs ST or
HP vs MA. Validation of differential expression was performed
by qPCR as described in (6) using the following primers:
ACTA1-Fw: AATGCTTCTAGACGCCTCTC,
ACTA1-Rev: AGAACGGCTGAGTTTAATGC,
AldoA-Fw: CTTTGGCTTCCTCCTCACAG,
AldoA-Rev: GCCTTCTGGTACAGCGTCTC,
CA3-Fw: AGATAGCCAAGCTGCGCACTCT,
CA3-Rev: CTTCACGATCCTGCCCTTGATG,
CKM-Fw: GCTCGTCGGAGGTAGAACAG,
CKM-Rev: GGTTGGAACTCTGGTTGGAA,
CRYAB-Fw: CGCCATTACTTCATCCCTGT,
CRYAB-Rev: TCACTGGTGGGGAACTTTTC,
RPLP0-Fw: CATTTCACAAATAATGCTGGCCT,
RPLP0-Rev: CCCAGCCAAGGTTGAAGCAAAG,
SDHA-Fw: GGAAGCACACGCTCTCCTAC,
SDHA-rev: GGCCTCCTCAGTCTGTCAAG,
SEPW1-Fw: CGGCTTCTTTGAAGTGTTC,
SEPW1-Rev: TCTCTGCCTTTAGGCCACAT,
TNNT1-Fw: TACCTCCTCTGATCCCGCCAAA,
TNNT1-Rev: CTGCTCAAAGTGGACGTCGATG.

RNA levels determined by qPCR were analysed by variance
analysis using the general linear models procedure of SAS. The
effects tested included production system (two levels), animal
nested within production system, muscle (two levels) and
muscle × production system interaction. The animal variation
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was used as the error term for the production system effect. The
residual mean square was used as the error term for other effects
(4). Analysis of SEPW1 expression levels was also performed in
the muscles of all experimental groups by classic Northern blot
hybridisations, as described in (15) using a cDNA probe
prepared from the clone used for macroarray spotting.

Functions of differentially expressed genes, notably biological
process and metabolic pathway, were determined based on the
Gene Ontology (GO) information using the PANTHER
classification system (http://www.pantherdb.org/) (17) and
FatiGO+ web tool (http://babelomics.bioinfo.cipf.es/index.html)
(18).

RESULTS
Changes in muscle characteristics

Muscle type had a significant effect on the activities of
metabolic enzymes (Table 1). For each muscle type, the
activities of glycolytic enzymes (LDH and PFK) did not

significantly differ between the two production feeding
systems (Table 1). By contrast, the activity of oxidative
enzymes responded to the production system, except for COX
activity: the activities of ICDH (P = 0.08), CS and HAD (P <
0.01) were higher with grazing (Table 1). For ICDH, an
interaction (P < 0.01) was found between muscle type and
production system. A muscle-specific higher ICDH activity
was recorded in RA muscle with the grazing system (P<
0.0001), but not in ST muscle.

Changes in muscle gene expression
After controlling the technical variability (effect of the

hybridisation experiment), variance analysis of the transcriptomic
data showed an effect of the muscle type and of the production
system on gene expression (P< 0.001). However, the effect of the
production system (grazing vs maize-silage indoors) was less
significant on gene expression than the effect of the muscle type
(F=1.3 and F= 16.3 respectively, p-value < 0.001).

Amongst the most variable clones according to the muscle
type, the top 20 were annotated according to library of origin and
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 Maize-silage Grazing SEM Effect 

ICDH 1.05 1.26 0.034 M***; Pt; P x M** 

CS 4.39 5.16 0.087 M***; P** 

HAD 1.53 1.92 0.046 M**; P** 

COX 9.99 11.11 0.655 M** 

LDH 841 891 14.09 M*** 
PFK 23.69 22.26 1.532 M*** 

Values are LSMeans (µmol/min per g fresh tissue) of 6 animals per production group for both muscles. M, effect of muscle; P, effect
of production feeding system; P x M, production feeding system x muscle interaction. Level of significance: t, P = 0.08; *, P< 0.05;
**, P< 0.01; ***, P< 0.001.

Table 1. Influence of the production system on metabolic activities in muscles.

Clone ID Gene ID (symbol) F P-value RA/ST 

bcas0004a.e.12 sarcoplasmic/endoplasmic reticulum calcium ATPase 2 
(SERCA2) 415 <0,0001 down-regulated 

bcaj0005a.c.02 myosin heavy chain IIx/d (MYH1) clone 1 345 <0,0001 down-regulated 
bcaj0003a.h.04 myosin heavy chain IIx/d (MYH1) clone 2 345 <0,0001 down-regulated 
bcas0005a.c.03 carbonic anhydrase III (CA3)  327 <0,0001 up-regulated 
bcaj0005a.b.09 NADH-ubiquinone oxidoreductase chain 6 (ND6) 255 <0,0001 down-regulated 
bcaj0002a.b.08 glyceraldehyde 3-phosphate dehydrogenase (GAPDH)  244 <0,0001 down-regulated 
bcaj0009a.g.05 phospholipase C, DKFZP564M182 (chimeric clone) 232 <0,0001 down-regulated 
bcas0005a.b.11 fructose-bisphosphate aldolase A (ALDOA), clone 1  205 <0,0001 down-regulated 

bcaj0008a.d.01 sarcoplasmic/endoplasmic reticulum calcium ATPase 1 
(serca1) 204 <0,0001 down-regulated 

bcaj0002a.b.02 ubiquitin-like 3 187 <0,0001 up-regulated 
bcaj0005a.b.01 tropomyosin beta chain, skeletal muscle (TPM 2) 179 <0,0001 down-regulated 
bcas0006a.e.02 fructose-bisphosphate aldolase A (ALDOA), clone 2  161 <0,0001 down-regulated 
bcaj0006a.c.06 glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 161 <0,0001 down-regulated 
bcaj0009a.c.08 unknown 158 <0,0001 up-regulated 
bcaj0009a.c.02 heat shock protein 27 kDa (HSPB1) 156 <0,0001 up-regulated 
bcaj0008a.f.02 troponin I, fast skeletal muscle (TNNI2) 154 <0,0001 down-regulated 
bcaj0008a.f.03 myosin light chain 1, skeletal muscle isoform (MYL1) 152 <0,0001 down-regulated 
bcas0004a.c.09 NADH-ubiquinone oxidoreductase chain 1  145 <0,0001 down-regulated 

bcaj0007a.b.01 myosin regulatory light chain 2, cardiac muscle isoform 
(MYL22) 143 <0,0001 down-regulated 

The F-value is the calculated statistic computed by GeneANOVA. The higher the F-value, the more significant the difference between
groups. The p-value is the significance level. RA: Rectus Abdominis muscle, ST: Semitendinosus muscle.

Table 2. Examples of macroarray gene probes from the muscle cDNA library, which were differentially expressed in the RA vs ST muscle.



gene ontology (Table 2). They all belonged to the subset of
cDNA probes derived from the muscle library and were mainly
related to metabolic enzyme and contractile protein pathways.

Amongst the 212 most variable clones according to the
production system (p-value <0.05), 76 belonged to the muscle
cDNA library subset whereas 94 and 42 belonged to the embryo
and mammary gland cDNA library subsets respectively. In the

muscle subset, 15 clones were unknown sequences and the
remaining clones corresponded to 60 different genes. In the
embryo and mammary gland subsets, 50 and 39 genes were
identified from differential clones as using BLASTN and
BLASTX searches respectively. Examples of genes declared to
be differentially expressed according to the production system
are given in Table 3. Differential expression according to the
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Clone ID Gene ID (symbol) F P-value Grazing/maize 
silage 

bcaj0008a.h.04 selenoprotein w (SEWP1) 25.44 <0.0001 down-regulated 
bcaj0006a.d.04 unknown 18.05 0.0002 up-regulated 
bcaj0002a.c.02 creatine kinase M chain (CKM) 14.69 0.0007 up-regulated 
bcas0001a.e.12 unknown  14,35 0.0007 up-regulated 
bcas0006a.a.05 troponin T1, slow skeletal muscle isoforms (TNNT1) 14.14 0.0008 down-regulated 

bcaj0003a.h.04 myosin heavy chain, skeletal muscle, adult 1 (MyHC-
2X/D) (MYH1) 14.00 0.0008 up-regulated 

bcaj0006a.h.08 60s acidic ribosomal protein p0 (RPLP0) 13.55 0.0010 up-regulated 

bcaj0005a.c.11 embryonic nuclear protein 1 (MUSTN1); hypothetical 
protein (ORF1),  13.46 0.0010 down-regulated 

bcas0005a.g.07 retinoic acid-binding protein 2, cellular (CRABP2) 13.36 0.0010 up-regulated 
bcas0001a.g.03 skeletal muscle lim-protein 1 (FHL1) 12.60 0.0014 down-regulated 
bcas0005a.c.03 carbonic anhydrase III (CA3) 12.02 0.0017 down-regulated 
bcaj0005a.e.09 similar to exportin 7 (XPO7) 11.72 0.0019 down-regulated 
bcas0006a.h.05 actin, alpha skeletal muscle (alpha-actin 1) (ACTA1) 11.64 0.0020 up-regulated 

bcaj0003a.e.09 myosin light chain 1, MLC-1 (MYL1), embryonic 
muscle/atrial isoform  11.10 0.0024 down-regulated 

bcas0003a.d.10 60s ribosomal protein l4 (RPL4) 10.91 0.0026 up-regulated 
bcas0001a.e.09 unknown  10.61 0.0030 up-regulated 
bcas0004a.e.09 unknown  10.60 0.0030 up-regulated 

bcaj0005a.b.01 tropomyosin beta chain, skeletal muscle (tropomyosin 
2) (TPM2) 10.56 0.0030 up-regulated 

bcaj0008a.e.03 chromosome 14 open reading frame 166 (C14orf166) 10.30 0.0030 up-regulated 
bcas0006a.a.08 collagen alpha 1(III) chain (COL3A1) 9.79 0.0041 up-regulated 
bcas0003a.g.06 fas-activated serine/threonine kinase (FASTK) 9.71 0.0042 up-regulated 
bcaj0009a.b.10 nadh-ubiquinone oxidoreductase chain 3 (NDUFV3 ) 9.24 0.0051 up-regulated 
bcas0006a.f.08 inosine-5'-monophosphate dehydrogenase 1(IMPDH1)  9.20 0.0052 up-regulated 

bcaj0006a.f.08 myosin heavy chain, skeletal muscle, adult 2 (MyHC-
2A) (MYH2) 9.20 0.0052 down-regulated 

bcaj0008a.b.08 60s ribosomal protein l18a (RPL18A) 8.95 0.0057 down-regulated 
bcaj0006a.f.11 ferritin heavy chain (ferritin h subunit, FTH1) 8.93 0.0058 up-regulated 

bcaj0008a.b.07 SCIRP10-related protein (SCIRP10) membrane 
associated progesterone receptor component 8.88 0.0059 down-regulated 

bcas0004a.e.10 Homo sapiens trafficking protein particle complex 5 
(TRAPPC5) 8.45 0.0071 up-regulated 

bcaj0002a.a.07 40S ribosomal protein S14 (RPS14) 8.33 0.0074 down-regulated 

bcas0005a.a.05 F1Fo-ATP synthase complex Fo membrane domain g 
subunit (F1F0-ATP synthase g subunit) (ATP5L) 8.28 0.0076 up-regulated 

bcas0006a.h.04 cell division protein kinase 4 (cyclin-dependent kinase 
4) (CDK4) 8.14 0.0080 up-regulated 

bcas0003a.g.04 40s ribosomal protein s24 (RPS24) 8.09 0.0082 up-regulated 
bcaj0009a.c.06 unknown  7.37 0.0112 up-regulated 
bcaj0007a.c.02 unknown  7.16 0.0123 down-regulated 
bcaj0001a.a.02 unknown 7.12 0.0125 down-regulated 
bcaj0002a.h.09 ferritin heavy chain (FTH1) 6.94 0.0136 up-regulated 

bcas0004a.e.08 nadh-ubiquinone oxidoreductase 18 kda subunit, 
mitochondrial precursor (NDUFS4) 6.82 0.01430 up-regulated 

bcaj0007a.g.09 similar to WAS protein family, member 2 (WASF2 )  6.56 0.01612 down-regulated 

bcaj0003a.b.05 similar to Homo sapiens ankyrin repeat-containing 
protein and SOCS box containing 2 (ASB2) mRNA 6.43 0.0171 down-regulated 

bcaj0007a.e.11 cytochrome b (CYTB) 6.35 0.0177 up-regulated 

bcaj0008a.a.10 serin protease 15 (PRSS15)  6.23 0.0187 up-regulated 

bcaj0007a.d.01 6-phosphofructokinase, muscle type (PFKM) 6.09 0.0200 up-regulated 

Table 3. Examples of macroarray gene probes from the muscle cDNA subset declared to be differentially expressed with GenANOVA
according to the production system.



muscle type or the production system was checked and validated
for some selected genes by qPCR (Table 4).

Grazing affected gene expression in many functional
categories as shown by the PANTHER classification (Fig. 1).
Unfortunately 13% of differential genes belonged to
unclassified GO "biological processes". However the remaining
genes were classified mostly as belonging to "protein
metabolism and modification" (22%), "cell cycle" (14%),

"developmental processes" (12%), "muscle contraction" (12%),
"signal transduction" (10%), "intracellular traffic" (10%), "cell
structure and motility" (10%) or "electron transport" (10%). For
"protein metabolism and modification", the genes were
categorised according to their involvement in "protein
modification" (36%), "protein biosynthesis" (28%),
"proteolysis" (24%), "translational regulation" (8%) and
"protein complex assembly" (4%) (data not shown).

Additional information on gene function was obtained by
searching for KEGG pathways using the Babilomics tool
"FatiGO+" (http://babelomics.bioinfo.cipf.es/fatigoplus). This
allowed us to predict that two main pathways were altered by the
production system, the ribosome (path:hsa03010) including 7
genes (UBA52, RPS10, RPS14, RPL4, RPLP0, RPS24,
RPL18A) and the oxidative phosphorylation (path:hsa00190)
including 6 genes (ATP5L, SDHA, NDUFV3, COX1, NDUFS4,
COX6A2) found to be differential.

Identification of a putative gene marker of the production system
Interestingly, a muscle clone corresponding to Selenoprotein

W was found to be down-regulated in the muscles of grass-fed
compared to maize silage-fed steers using GeneANOVA. In order
to validate the differential Selenoprotein W expression according
to the production system, we performed a quantitation of SEPW1
mRNA by qPCR in the RA and ST muscles of individual animals
(Fig. 2A) and a Northern blot analysis of the RA samples of
individual animals fed either with a maize- (n=6) or a grass-based
diet (n=6) in different experimental conditions (without or with
1h walking per day) (Fig. 2B). These analyses confirmed the
down-regulation of the Selenoprotein W transcript in the grass-
fed animals compared to the maize-fed animals as shown by a
higher Ct value in qPCR experiments and a lower hybridisation
intensity of the 0.9 kB band in Northern-blot experiments.
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The F-value is the calculated statistic computed by GeneANOVA. The higher the F-value, the more significant the difference between
groups. The p-value is the significance level.

bcaj0002a.a.09 unknown  6.07 0.0201 down-regulated 
bcas0002a.e.10 titin (TTN) 5.99 0.0209 up-regulated 
bcaj0003a.f.10 vacuolar protein sorting 13C (VPS13C) 5.96 0.0212 down-regulated 
bcaj0001a.c.11 unknown 5.92 0.0216 down-regulated 

bcas0003a.f.11 Homo sapiens ADP-ribosylhydrolase like 2 
(ADPRHL2) 5.82 0.0226 up-regulated 

bcaj0003a.a.01 alpha crystallin b chain (alpha(b)-crystallin ; CRYAB) 5.76 0.0233 down-regulated 

bcas0006a.f.05 glycerol-3-phosphate dehydrogenase [nad+], 
cytoplasmic (gpd-c) (GPD1) 5.59 0.0252 down-regulated 

bcas0005a.b.06 sparc precursor (secreted protein acidic and rich in 
cysteine) (SPARC)(osteonectin) 5.58 0.0253 up-regulated 

bcaj0005a.g.09 cytochrome oxidase assembly factor pet112 homolog 
(PET112L) 5.50 0.0263 down-regulated 

bcas0005a.a.02 cytochrome b (CYTB) 5.44 0.0271 up-regulated 
bcas0003a.a.06 cullin homolog 3 (CUL3) 5.41 0.0275 down-regulated 
bcaj0002a.h.11 unknown 5.38 0.0278 down-regulated 

bcaj0002a.e.01 
anaphase promoting complex subunit 11 (APC11) 
(hepatocellular carcinoma associated ring finger 
protein) (protein hspc214) 

5.33 0.0285 down-regulated 

bcaj0006a.d.07 cytochrome c oxidase I (COX1) 5.28 0.0292 up-regulated 

bcaj0009a.c.08 golgi SNAP receptor complex member 2 (GOSR2) 
variant A 5.22 0.0301 down-regulated 

bcaj0004a.e.05 cytochrome c oxidase subunit VIa polypeptide 2 
(COX6A2) 5.14 0.0312 up-regulated 

bcaj0006a.h.10 unknown  5.13 0.0315 up-regulated 

bcas0004a.g.03 succinate dehydrogenase [ubiquinone] flavoprotein 
subunit, mitochondrial precursor (SDHA) 5.10 0.0318 down-regulated 

bcas0004a.c.03 similar to cardiomyopathy associated 3 (CMYA3) 5.09 0.0321 down-regulated 

 Production 
system (P) 

Muscle 
(M) 

P x M 

TNNT1 NS 0.0001 NS 
CRYAB 0.07 0.0001 NS 
CA3 0.007 0.0001 0.02 
ALDOA 0.001 0.0001 0.0001 
RPL0 0.05 0.003 NS 
CKM 0.07 NS NS 
SDHA 0.06 NS 0.04 
SEPW1 0.0009 NS 0.06 
ACTA1 0.0001 NS NS 

Genes were declared as differentially expressed by GeneANOVA
according to the muscle type or the production system and their
mRNA were quantitated by real-time PCR in the RA and ST
muscles of individual animals (n=6 per group). ACTA1: alpha-
actin 1, ALDOA: fructose-bisphosphate aldolase A, CKM:
creatine kinase muscle chain, CA3: carbonic anhydrase III,
CRYAB: alpha crystallin b chain, RPL0: 60s acidic ribosomal
protein p0, SEPW1: selenoprotein W, SDHA: succinate
dehydrogenase (ubiquinone) flavoprotein subunit, mitochondrial
precursor TNNT1: troponin T1, slow skeletal muscle isoform.

Table 4. Validation of differential expression for some genes in
the RA and ST muscles of the 'grazing vs 'maize-silage' animals.
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Fig. 1. Biological functions of differential genes according to the production system. Of the 149 detected genes, only 134 genes with GO
information, either up- or down-regulated were classified according to the biological process ontology terms using PANTHER. The chart
represents the percentage of gene hits against total differential genes relative to GO category name (Biologial Process Accession Number).
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Fig. 2. Selenoprotein W gene expression in the muscles of beef steers according to their production system. (A) Real-time PCR for
selenoprotein W mRNA quantitation in the rectus abdominis (RA) and semitendinosus (ST) muscles of beef steers fed maize-silage
indoors (n=6) or grazing on pasture (n=6). Expression levels were quantified by the cycle threshold (Ct). Ct levels are inversely
proportional to the amount of target nucleic acid in the sample (ie the lowest the Ct level the greatest the amount of mRNA in the
sample). Results are means ± SEM. Means without a common superscript letter differ (P<0.05). (B) Northern-Blot analysis of
Selenoprotein W mRNA (0.9 kb) in the rectus abdominis muscle of beef steers grazing on pasture (P), or fed cut grass or maize silage.
Animals on the grass diet were fed freshly cut grass alone (CG group). Animals on the maize diet were fed maize-silage (MS) ad
libitum, with a minimum of wheat straw and rape-seed meal. Half of the indoors animals on each feeding regime were submitted 7
days a week to a 5.2 km walk (W) daily (CGW and MSW groups).



DISCUSSION
In this study, we have monitored the influence of pasture-

feeding on the metabolism and gene expression in the skeletal
muscles of 30-month-old Charolais steers. The study was
performed on two muscles with different intrinsic properties (the
semitendinosus, ST, a mixed muscle predominantly glycolytic;
the rectus abdominis, RA, a mixed muscle predominantly
oxidative) and different sensory meat quality scores. While
previous data indicated that the carcass composition was not
altered (5) we show here that (1) grazing increased the oxidative
metabolism of both muscle types (2) and that the muscle type
and the production system both influenced muscle gene
expression, clearly demonstrating a plasticity of muscle
properties in response to the production system.

Plasticity of muscle metabolism according to the production
system

As previously observed (19), our results showed that there was
an oxidative switch of muscle metabolism when animals were fed
on pasture, but no effect on the glycolytic metabolism. Animals
were managed at the same growth rate and slaughtered at the same
age, and their carcass weight and composition was similar at
slaughtering. Thus the effects of mobility and the nature of the diet
are likely to be predominant over hypothetical effects of feeding
level, age and growth rate. The underlying mechanisms are
probably better vascularisation (3) and increased lipid utilisation in
grazing animals as observed for moderate exercise (19). In fact
Jurie et al. (5) showed in the same experimental design that a cut
grass diet (vs. maize silage) increased HAD and ICDH activities
whereas mobility induced by walking increased HAD and CS
activities. Thus the more oxidative metabolic orientation of
muscles of grazing steers originates from a combination of
increased mobility at pasture and a grass (vs. maize-silage)-based
diet. These authors speculated that overall moderate daily physical
activity as observed at pasture may be sufficient to increase muscle
oxidative metabolism. The effect of the grass-based diet was
hypothesised to act through polyunsaturated fatty acids (PUFA,
which are abundant in grass) since PUFA are known to increase
expression of genes encoding proteins involved in lipid oxidation
(20). However, the effects of manganese and protein dietary supply
which differ between the two groups can not be ruled out (5).

Changes in gene expression according to the feeding system
We conducted this study in order to better understand global

muscle gene expression in beef and more specifically muscle
gene expression response to the feeding system. Firstly, we
detected a potent effect of muscle type on gene expression as
expected and previously observed (15). Secondly, although less
marked than that of the muscle type, there was an effect of the
production system. However, no interaction could be detected by
GeneANOVA between the production system and the muscle
type, suggesting that eventhough the production system modified
gene expression, differences in gene expression still remained
between the two studied muscles. The effect of the production
system appears to be associated mainly with genes belonging to
the muscle and embryo cDNA library subsets. However, only half
of the differential clones from the embryo cDNA library subset
could be identified (using BLASTN or BLASTX searches). We
detected the differential expression of three main categories of
genes related to muscle metabolism, namely oxidative
phosphorylation, contraction (MYH1, MYH2, ACTA1, ACTC,
MYL1, TTN, , CRYAB), and muscle protein metabolism. This
confirmed that plasticity of contractile and metabolic properties
was occuring in muscle at transcriptional level. Moreover, most

of the differentially expressed genes were found to be associated
with protein metabolism (e.g. biosynthesis and proteolysis),
mainly with translation (RPS24, RPL18A, RPS14, RPLP0,
RPL4) and intracellular trafficking and secretion. Interestingly,
the grass-based diet had a higher protein content that the maize-
silage-based diet (5). Thus, since dietary protein is a substrate for
cell protein synthesis, changes in skeletal muscle transcript levels
probably reflect differences in protein intake. However, the
experimental design could not enable us to dissociate the effect of
the production system from that of the protein level of the diet.

Could selenoprotein W be a potential indicator of the production
system?

Traceability of an animal's identity, breed, diet, and type of
production are important indications demanded by consumers. In
particular, specific and reliable indicators of pasture or grazing are
still lacking. In this study, we monitored muscle gene expression
in order to identify molecular indicators of production systems.
Interestingly, profiling changes in gene expression on pasture
revealed differential expressions of several genes. Amongst them,
the expression of selenoprotein W gene (SeWP1) was the most
altered and was found to be down-regulated in both the ST and RA
muscles of steers grazing on pasture. This gene encodes a
glutathione-binding protein containing a selenocysteine at the
active site. This protein shows its highest expression in skeletal
muscle and heart (21). Although the metabolic function of
Selenoprotein W is not yet known, it may be involved in muscle
and cardiac metabolism (22) and is a putative antioxidant (23, 24).
The abundance of this protein in skeletal muscle and various other
tissues is regulated by dietary selenium (25, 26) especially in
sheep (27) and human for whom SeWP is highly sensitive to
selenium depletion. For instance, SeWP expression levels were
significantly low in lambs with white muscle disease, myopathies
characterized by alteration of cardiac and skeletal muscle fibres
(28). So the differential expression of SeWP may be related to the
selenium content or bioavailability in the diet, but this remains to
be studied. Lastly, as differential expression of SeWP was
observed in muscle atrophy (29), it may also be regulated by
muscle activity. SeWP expression could also be influenced
therefore by the muscle activity due to the mobility of grazing
steers. However, this was not supported by our northern-blot
analyses indicating that SeWP expression in grazing steers is more
probably linked to the selenium avaibility in the diet than to their
muscle activity induced by mobility during grazing. Down-
regulation of SeWP expression is also likely a signature of a
decrease in the antioxidant potential of muscles.

Our data suggest that, based on the highest differential
expression of Selenoprotein W and on its nutritional regulation,
expression levels of this gene could be proposed as a putative
indicator of a pasture or grass based system. However the
usefulness of its expression for traceability purposes has to be
fully explored especially according to muscle-types. Further
studies including analyses at the post translational level are
needed to conclude on the relevance of Selenoprotein W as
putative production system marker.

In conclusion, using transcriptomics, we detected genes
differentially expressed between two muscle types and two
feeding systems. This allowed us to identify the expression levels
of the gene encoding Selenoprotein W as a putative correlate of
the production system, and consequently as a candidate for
grazing traceability. However, further study is needed as to
whether variation of Selenoprotein W gene expression is linked
more specifically to the selenium status of the diet. Further
exploration of the results thanks to the new sequencing data in
cattle will also undoubtedly provide additional information on
novel putative biomarkers for production systems.
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