
Introduction

Fatty acid (FA) composition is known to affect the

technological quality of fresh meat and the sen-

sory quality of meat products, as well as to influ-

ence human health. Although meat quality

assessment depends on socio-cultural preferences

of the consumers, fat plays a crucial role in the

eating quality of meat, as it influences meat ten-

derness, juiciness, and flavor (Wood et al. 1999).

Increased intramuscular fat, at least in loin meat, is

also associated with an improvement in consumer

perception of texture and taste (Fernandez et al.

1999). In particular, the proportion of polyunsatu-

rated FAs (PUFAs) in animal products is consid-

ered by the consumer as important for the dietetic

value of the meat. Particularly relevant is the per-

centage of long-chain omega-3 FAs in total FAs,

which is termed the omega-3 index (O3I).

The relationships between lipids and diseases

have been studied extensively, e.g. dietary fat has

been hypothesized to increase the risk of various

cancers, although no clear association has been

demonstrated (Lin et al. 2004). An increase in O3I

in the diet has been shown to prevent and treat

several cardiovascular and associated diseases

(e.g. von Schacky 2000), and to modulate inflam-

matory responses positively (see Calder 2006). As

a consequence, recommendations have recently

emphasized the importance of fat quality (rather

than fat quantity) and of an increase in n-3 PUFAs

at the expense of n-6 PUFAs (Laaksonen et al.

2005; Ohlund et al. 2007).

The proportions of nutrients and the composi-

tion of FAs in meat are influenced by numerous

factors, including diet, age, gender, breed, ambient

temperature, and hormones (Nürnberg et al.

1998). Genetic factors are also known to affect the

biological characteristics of muscles, e.g. fiber

type, collagen, intramuscular adipose tissue, and

protease activities (De Smet et al. 2004). Con-

sidering the importance of lipids and FAs for both
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carcass value and meat quality, two major meth-

ods have been used to control lipid content and

composition: feeding and selection. As regards the

first one, some trials have been proposed to

change the fat ratio in muscle (Mir et al. 2004,

Dannenberger et al. 2007) by diet supplementation

with fish oil (Scollan et al. 2003), pasture grass

(Enser et al. 1998) or linseed (Raes et al.; 2004),

but the results were inconsistent (see Webb and

O’Neill 2008). The second approach to increase

beneficial FAs in bovine muscle for human con-

sumption is to identify the genes associated with

the amount of these FAs (namely O3I) and the

mechanisms that allow them to be produced in in-

dividuals. The identification of causal genes asso-

ciated with adiposity and their expression profiles

in skeletal muscle would provide a better under-

standing of lipid metabolism processes and their

influence on meat quality traits for genetic selec-

tion, specifically the selection of individuals bear-

ing polymorphisms in genes producing higher

levels of long-chain n-3 FAs and, as a result,

healthier and tastier meat.

The purpose of this study was to utilize the

natural variation in lipid profiles found in

four Spanish cattle breeds, including GDF8-null

animals characterized by muscular hypertrophy,

to identify genetic factors affecting O3I through

the use of differential display (DD-PCR) and vali-

dation by quantitative real-time PCR (Q-PCR).

Materials and methods

Animals, muscle samples, and phenotypes

The study population consisted of 99 animals of

4 Spanish bovine breeds (25 Asturiana de los

Valles, 24 Asturiana de la Montaña, 25 Avileña,

and 25 Pirenaica). All individuals were male

calves reared from weaning to approximately 15

months old (70% mature weight) in the same con-

ditions and fed a complete pelleted diet (composed

of barley and soya with appropriate minerals and

vitamins and energy of approximately 12.5 kJ/kg

dry matter) and straw provided ad libitum. Indi-

viduals were blood sampled in Magic Buffer

(Biogen Diagnostica, Spain). Shortly after slaugh-

ter a small sample was excised from the

longissimus dorsi muscle at the 6th vertebra of

each animal and immediately frozen in liquid ni-

trogen and stored at –80ºC until analyzed.

The FA composition of neutral lipids and

phospholipids in the muscle was assessed as de-

scribed by Scollan et al. (2001). The trait of

interest in this study was the omega-3 index (O3I),

calculated from the formula:

O3I = (%EPA + %DPA + %DHA) / total FA

All samples were also genotyped through a

Capillary Primer-Extension Assay for the disrup-

tive mutations nt821del11 and Q204X at the

GDF8 locus (to determine the presence/absence of

functional myostatin protein and hence of muscle

hypertrophy).

RNA source, total RNA extraction

A 25 mg sample of longissimus dorsi was homog-

enized and RNA was extracted using commercial

spin-columns (RNeasy® Fibrous Tissue Mini Kit,

QIAGEN), yielding around 10-20 ìg of total RNA

protected against RNase degradation with

RNAsecureTM Reagent 1X (Ambion).

The quality and concentration of total RNA

representing each sample was assessed by conven-

tional agarose electrophoresis and through

absorbance measurements (260/280 ratio < 1.8).

Intact 28S and 18S rRNA subunits were observed

on 1% agarose gel, indicating minimal degrada-

tion of the RNA.

Differential display (DD-PCR)

Out of the 83 wild-type GDF8 samples, we se-

lected 12 samples showing extreme levels of O3I:

2 Avileña, 2 Pirenaica, and 2 Asturiana de la

Montaña samples with the lowest O3I, and the

same numbers of samples with the highest O3I

from these breeds.

Amplification reactions were performed using

300 ng of total mRNA, with one-step Q-PCR (Su-

perscriptTM III One-Step RT-PCR with Platinum®

Taq from Invitrogen) and the corresponding com-

bination of polyT primers (ending with bases A or

C or G), containing viral T7 tail primers

[T7(dT12)], and 20 reverse primers formed by an

arbitrary random sequence with a viral M13 tail

[M13-ARP] (the viral tails provide a method for

further re-amplification). The reactions were

electrophoresed in denaturing polyacrylamide

gels [6% (19:1) acrylamide:bis-acrylamide, 7M

urea, 0.5× TBE] for 4 h at 60W, and stained with

silver nitrate as described by Bassam et al. (1991).

DD-PCR bands were excised from the acrylamide

gel, re-amplified by PCR with AmpliTaq Gold

(Applied Biosystems) with the T7/M13 primer

pairs, and sequenced on an ABI Prism 3130 (Ap-

plied Biosystems) automated sequencer. Nucleo-

tide sequences obtained were aligned by BLAST
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(Altschul et al. 1990; Wheeler and Bhagwat 2007)

against public databases, and corresponding tran-

scripts with at least 90% homology were identi-

fied.

Primer pair design

Known sequences were used to design primer

pairs for each gene identified (Table 1) using

primer 3 (Rozen and Skaletsky 2000), preventing

possible secondary structures by screening with

QIAGEN Oligo Toolkit (http://www.operon.

com/) and Dinamelt server (Markham and Zuker

2005), and ensuring specificity of the sequence by

BLAST (Altschul et al. 1990; Wheeler and

Bhagwat 2007).

Quantitative real-time PCR (Q-PCR)

A larger set of individuals was selected out of the

initial 99 individuals to contrast gene expression

in high vs low O3I muscles and in GDF8-null

(mh/mh) and wild-type homozygous (+/+) mus-

cles. Here individuals from Asturiana de los

Valles (some showing muscular hypertrophy)

were also used. The samples included 21 +/+ mus-

cles (average O3I ranging between 0.3 and 1.2) (7

Avileña, 7 Pirenaica and 7 Asturiana de la

Montaña) and 10 mh/mh muscles (average O3I

ranging between 0.7 and 1.6) (7 Asturiana de los

Valles). The genes were quantified and

transcriptome variations validated by Q-PCR. To-

tal RNA (0.3 ìg) was used to produce a

retro-transcription reaction using the iScriptTM

cDNA Synthesis Kit (Bio-Rad), following the

manufacturer’s recommendations. To perform

gene validation, reactions from all individuals

were pooled and serially diluted to plot the stan-

dard curves. All the aliquots were stored at -80ºC

until used. Reactions were performed in an iCycler

IQ Real-Time PCR Detection System (Bio-Rad)

and a mix was prepared in a 15–μL reaction

volume using DynamoTM HS SYBR® Green

qPCR Kit (Finnzymes), 0.4 mM of each primer

and 2.7 ìL of 1/10 diluted cDNA (except for

AANAT, which was diluted to ¼), regardless of the

initial concentration. The selected reference genes

for data normalization were EEF1A2 and SF3A1,

whose stability in muscle tissue has been shown

elsewhere (Perez et al. 2008). Standard curves and

no template controls were produced in triplicate

for each gene, together with the sample assays.

The following experimental protocol was used:

quantification program consisting of 45 cycles of

95ºC for 25 s, annealing temperature (Table 1) for

10 s, and 72ºC for 15 s, ending with a melting pro-

gram of 68-95ºC with a heating rate of 0.01ºC/s

and continuous fluorescence measurement.

Statistical analysis

The results were exported from the iCycler IQ
Real-Time PCR Detection System into Microsoft
Excel files and analyzed using qBase Excel appli-
cation (Vandesompele et al. 2002), which allows
inter-run calibration, normalization, and calcula-
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Table 1. Primer pairs designed for real-time PCR (Q-PCR). Ta = empirical annealing temperature.

Gene symbol Q-PCR primer pairs Ta Amplicon
size (bp)forward primer reverse primer

AANAT CCTGAAACCCTCGCCTCT CCCTCTCGCTCAATCTCAAAC 59 141

AHA1 TGAAGGAAGAAGGGGTGAAA TGGGTTTTTGAAGGAGCAGA 57 181

AIM1 GCTCCAGAAGATAGAATTGAGTCAC TTCATCCTAAAGGGAGGCACT 59 110

ASPH locus AACCTGCTCCAAAGCCAAC TGCTGGTCCTTCTGGTTCTT 59 169

CAMK2A ATGCGGGTCCAAAAAGAAC CAAGGGAAGAGGGAAAGAGAA 57 100

DAG1 CGGCATCTCCAGTTTGTCC ATCGTCCTCGCTGCTCTTCT 59 105

FADS1 TTGCTGCCTGTCTACTTCCA AGCCTTTCAGTCCCAACA 59 136

GDH1 AGTTTCTTCCGCCTGCCTGT AAGTGACCGACTGGTCTTGG 59 104

IGF2R GTGAGAACCAACGGGGACAG TTCCGACTTTGCGACTGAA 59 136

KIF3C CCCTCTGTCTCCTTGGCTTA TCATTCCTTTATTATCGACTGTGTT 59 127

MTCO3 ATTGGCGGAAGAAGCAGA GACGGAGTTTACGGCTCAA 59 100

ND5 TCTGCAATAGAAGGCCCAAC CTGTGAGGGGATAGAAACGG 59 100

THRAP3 TGCTACTTTCCCCTTACTTTGC TTGCAGGAGGAGTTGAAACA 59 120

TNNT1 GGAAGCGCATGGAAAAGGAC CCTGACGCTCTCGCTCCTTC 59 174

UCP2 CCTGCTTCCTTTTCCTTCCT CCTGGACTGTGAGAGGCTAC 59 136

Reference genes

SF3A1 GCGGGAGGAAGAAGTAGGAG TCAGCAAGAGGGACACAAA 57 125

EEF1A2 GCAGCCATTGTGGAGATG ACTTGCCCGCCTTCTGTG 59 196



tion of relative expression levels for each gene and
each sample. Association between gene expres-
sion variation and the O3I phenotype measured
was tested through the non-parametric Kruskal-
Wallis test using the SAS system package (v.9)
NPAR1WAY procedure. Muscular hypertrophy
genotypes were also analyzed for association of
the quantified genes and this genotype.

Results

Variation in O3I

The O3I of longissimus dorsi from the 4 bovine
Spanish breeds ranged from 0.2% to 1.6% in
GDF8 wild-type muscles, and from 0.4% to 1.7%
in hypertrophic muscles. Average O3I was 0.8%
and its coefficient of variation (CV) was 39.5%.
This phenotypic character thus presents a high co-
efficient of variation. Furthermore, 16 individuals
from the study population were GDF8-null ani-
mals and their average O3I in muscles was 1.2%,
while CV was 31.6%. Their O3I was significantly
higher (P < 0.001, data not shown) than in
wild-type animals. All calves were reared on the
same diet and under the same production system,
suggesting that genetic differences in the popula-
tions underlie the lipid profile variations.

Differential display (DD-PCR)

Expression profiles were generated by DD-PCR
and compared between extreme phenotypes for
O3I. Both presence/absence and intensity varia-
tions were observed between the groups of high
versus low O3I muscles. From the polyacrylamide
gels, 43 differentially expressed bands were ex-
cised, but only 24 bands were successfully
re-amplified and sequenced, and corresponding
genes were identified, with at least 95% identity
with annotated sequences in public databases.
These genes belong to various functional classes
(Table 2), such as energy metabolism (e.g. CYB,
MTCO, ND, GDH1) or sarcomeric structure (e.g.
ACTA, TNNT, TTN), as well as genes involved in
hormone signaling (THRAP3), FA metabolism
(FADS1) and intracellular trafficking (KIF3C).
The remaining excised bands (21) were unsuc-
cessfully amplified or did not yield any clear se-
quence, thus not allowing identification of the
gene involved.

Quantitative real-time PCR (Q-PCR)

Not all genes identified by DD-PCR were chosen
for quantification by Q-PCR. In an attempt to vali-

date the transcriptomic variations found by
DD-PCR, we chose at least one gene from each
functional group as the selection criteria, with the
exception of the ubiquitinization system. Gene ex-
pression levels were measured in a larger sample
of extreme O3I phenotypes (N = 31), which in-
cluded both GDF8-null (mh/mh) and wild-type
(+/+) individuals.

The Q-PCR results were calibrated and nor-

malized, using 2 housekeeping genes (SF3A1 and

EEF1A2) and qBase Excel application for auto-

mated analysis. The data obtained did not fit a nor-

mal distribution nor presented homoscedasticity

of variances, and thus were statistically analyzed

using the non-parametric Kruskal Wallis test, as

recommended by other authors (Thellin et al.

1999; Olsvik et al. 2005). Two different sources of

variation were checked (Table 3): low vs high O3I

and wild-type homozygous vs null GDF8.
Our results show differentially expressed genes

both for O3I and for the GDF8 genotype. In the
first case (O3I), genes AANAT (arylalkylamine
N-acetyltransferase) and UCP2 (uncoupling pro-
tein 2) have a 2-fold significant expression in-
crease (P < 0.01 and P < 0.05, respectively) in
muscles with high O3I. By contrast, gene AHA1
shows a suggestive down-regulation in these sam-
ples (P < 0.07). In the GDF8 genotype, genes like
AIM1 (absent in melanoma 1), ASPH
(aspartyl/asparaginyl â-hydroxylase), GDH1 (glu-
tamate dehydrogenase 1) and IGF2R (insulin-like
growth factor 2 receptor) are significantly
down-regulated (see Table 3) in longissimus dorsi
from hypertrophic animals. Also, there is a ten-
dency for gene FADS1 (fatty acid desaturase 1) to
have a lower expression. There is an interaction
between sources of variation for gene DAG1
(dystroglican 1).

Discussion

Outcome of DD-PCR

The trait measured here (O3I) is computed as the

percentage of the sum of long-chain n-3 FAs

[(20:5, n-3; EPA) + (22:5, n-3; DPA) + (22:6, n-3;

DHA)] in total FAs measured in a sample of

frozen meat excised from longissimus dorsi. This

trait has been chosen among other FA measures

due to its high coefficient of variation and the fact

that it showed no breed effect. Expression differ-

ences of genes underlying this trait were mainly

detected through intensity differences between

DD-PCR bands, rather than through band
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presence/absence. Also, this trait has not been un-

der selective pressure, as the lipid profile is an ex-

pensive trait to compute, but FA content is now

becoming an issue for human health. As a conse-

quence, selecting for a desired type of FAs has not

been a common practice. No breed effect was

found though, and this was the reason why the

screened individuals that show extreme amounts

of O3I belong indistinctly to the 4 beef breeds used

in the study. As all animals were reared under the

same conditions, differences for this trait can be

accounted for by individual genetic differences.

DD-PCR is not a state-of-the-art technique, but

when this study began the bovine genome was still

not available and this open, easy, and flexible

technique appeared to be a good alternative to can-

didate genes, allowing the identification of novel

genes. A total of 24 genes were identified from ex-

cised polyacrylamide bands belonging to various

functional categories.
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Table 2. Genes identified by differential display (DD-PCR) and real-time PCR (Q-PCR). The last column

indicates genes quantified by Q-PCR to validate differences in expression.

Gene symbol Full gene name
GenBank access.

number
Function Q-PCR

Energy metabolism

CYB Cytochrome b AY676873.1
Mitochondrial electron transport chain (complex
III)

MTCO1 Cytochrome c oxidase subunit 1 AY676873.1 Mitochondrial electron transport chain (complex
IV)MTCO3 Cytochrome c oxidase subunit 3 AY676873.1 X

ND1 NADH dehydrogenase subunit 1 AY676873.1 Mitochondrial electron transport chain
(complex I)ND5 NADH dehydrogenase subunit 5 AY676873.1 X

NDUFA10
NADH dehydrogenase
(ubiquinone) 1 alpha subcomplex

NM_176655.2

GDH1
Glutamate dehydrogenase 1, mi-
tochondrial precursor

NM_182652.1 Oxidative deamination of L-glutamate to

α-ketoglutarate. Provides TCAIs
X

Sarcomeric system, structural

ACTA1 Actin, alpha 1 NM_174225.1 Constituent of thin filaments

MYH1
Myosin heavy chain 1 NM_174117.1 Constituent of thick filaments, predominant in

type IIb fibers

TNNT1 Troponin T1 NM_174474.1 Constituent of thin filaments, predominant in type
I fibers

X

TTN Titin XR_027685.2 Constituent of elastic filaments

Ubiquitinization system

CUEDC1 CUE domain-containing, protein
1

XM_876128.1 Coupling of ubiquitine conjugation to
endoplasmic reticulum degradation

UBE4A Ubiquitinization factor E4A XM_867226.1 Participates in ubiquitinization multimeric com-
plex

Other functions

AANAT Arylalkylamine
N-Acetyltransferase

XM_870926.3 Limiting step in the synthesis of melatonin from
serotonin

X

AHA1 Activator of heat shock 90kDa
protein ATPase, homolog 1

NM_001034666.1 Co-chaperone activator of Hsp90 chaperone activ-
ity

X

AIM1 Absent in melanoma 1 XM_594681.2 Deleted in melanoma cells X

CAMK2A Calcium/calmodulin-dependent
protein kinase type II alpha chain

XM_874423.1 Ca2+/calmodulin dependent serine/threonine pro-
tein kinase, involved in intracellular signaling cas-
cades

X

DAG1 Dystroglycan 1 AB009079.1 Dystrophin-associated glycoprotein, intermediary
between sarcoplasm and extracellular matrix

X

FADS1 Fatty Acid Desaturase 1 XM_612398.4 Introduce unsaturations in delta 5 position of fatty
acids

X

IGF2R Insulin-like Growth Factor 2 Re-
ceptor

NM_1743522 IGF2 receptor activity X

KIF3C Kinesin family member 3C NM_001078155.1 Subunit of the kinesin motor complex, involved in
intracellular traffic

X

Locus
ASPH

Aspartyl/Asparaginyl
beta-hydroxylase

NM_174757.2 Produced by alternative splicing 3 proteins: AßH,
JCTN, Junctin

X

THRAP3 Thyroid hormone receptor associ-
ated protein 3

XM_880877.1 Thyroid hormone receptor-associated protein X

UCP2 Uncoupling protein 2 AF127029.1 Dissipates the proton electrochemical gradient
across the inner mitochondrial membrane without
coupling to an energy-producing process

X



Transcriptome variations associated with GDF8

genotype measured by Q-PCR

The animals used here belong to an EU Project

(QLRT-00-347) and some bear the GDF8

nt821del11 (mh) mutation genotype, specifically

the Asturiana de Valles breed, where the studied

individuals were mh/mh. GDF8 is a gene with a

strong influence on many traits, as GDF8-null ani-

mals show hyperplasia, a low number of mito-

chondria, anaerobic energy metabolism, and

reduced total amount of lipids in meat, but an in-

creased percentage of O3I (Aldai et al. 2007). Due

to differences in total FA content between GDF8

genotypes, the relative proportion of PUFAs in to-

tal FAs significantly increases with increasing mh

allele frequency (Aldai et al. 2006). The expres-

sion of some of the genes identified here and be-

longing to lipid pathways is inhibited in the mh/mh

genotype, indicating that functional genes in

wild-type individuals are not expressed in

GDF8-null animals and hence other pathways

must be activated.

The genes down-regulated in hypertrophic

muscles are GDH1, IGF2R, ASPH, FADS1 and

AIM1, suggesting that myostatin can positively

regulate these genes in normal muscles. The

GDH1 enzyme catalyses oxidative deamination of

L-glutamate to á-ketoglutarate, providing inter-

mediates in the tricarboxylic acid cycle. A

down-regulation of this gene fits with the gly-

colytic metabolism present in mh/mh muscles. The

IGF2R gene is a multifunctional membrane recep-

tor of IGF2. There is no previous report of any re-

lationship between IGF2R and lipid metabolism in

skeletal muscle, but polymorphisms in IGF2 have

been repeatedly reported both in bovine and por-

cine livestock as associated with the fat content of

meat (Nezer et al. 1999; Sherman et al. 2008).

Finally, FADS1 (fatty acid desaturase 1),

down-regulated in this muscle, is involved in the

long-chain n-3 FA de novo production pathway

(Schaeffer et al. 2006). Both IGF2R and FADS1

expression reduction in mh/mh muscles could con-

tribute to their attenuated lipid metabolism and re-

duced fat deposition. These results also suggest

that high O3I in hypertrophic muscles is not a con-

sequence of de novo synthesis.
Other genes not directly involved in lipid me-

tabolism showed differential activity in mh/mh
samples: The ASPH locus codes for various pro-
teins due to alternative splicing and transcription
variations. The sequence obtained by DD-PCR is
located along exons 12-13, and Q-PCR was vali-
dated in this region, which matches 2 different
isoforms: AâH (aspartyl/asparaginyl â-hydroxy-
lase) or JCTN (junctate). These isoforms share
common cytoplasmic, transmembrane, and cal-
cium-binding domains (Feriotto et al. 2006). AâH

has an exclusive domain that catalyses the
hydroxylation of aspartate and asparagine residues
in EGF-like domains; thus it is involved in
post-translational regulation. JCTN, located in the
junctional face of the triad, seems to have a role in
the control of calcium homeostasis and muscular
contraction (Treves et al. 2004). The second gene
showing significant differences in expression be-
tween the two classes studied is AIM1, which has
so far been described as belonging to a
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Table 3. Average relative expression of the genes analyzed by real-time PCR (Q-PCR) (± standard error) and

statistical significance (P) for each trait (GDF8 genotype and omega-3 index, O3I) and their interaction (INT).

Gene symbol Relative gene expression in compared groups

high O3I low O3I P wild-type GDF8 null GDF8 P INT

AANAT 65.46 ± 14.93 24.47 ± 15.44 ** 38.19 ± 12.44 62.61 ± 17.51

AHA1 5.28 ± 1.89 9.36 ± 1.89 5.67 ± 1.72 9.62 ± 2.04

AIM1 9.68 ± 1.98 9.75 ± 2.05 12.23 ± 1.65 4.67 ± 2.32 **

ASPH 17.35 ± 3.63 15.18 ± 4.12 19.55 ± 3.12 9.81 ± 4.51 *

CAMK2A 12.68 ± 3.36 10.59 ± 3.47 13.89 ± 2.80 7.32 ± 3.93

DAG1 10.61 ± 1.48 10.66 ± 1.54 10.91 ± 1.28 10.12 ± 1.71 **

FADS1 50.89 ± 16.11 42.53 ± 16.11 59.43 ± 14.71 28.90 ± 17.40

GDH1 8.78 ± 1.77 7.72 ± 1.83 10.24 ± 1.47 4.38 ± 2.07 **

IGF2R 9.89 ± 2.02 9.84 ± 2.09 11.72 ± 1.68 6.16 ± 2.37 *

KIF3C 31.58 ± 8.39 23.67 ± 8.68 24.04 ± 6.99 35.58 ± 9.84

MTCO3 9.34 ± 1.72 6.15 ± 1.77 8.05 ± 1.43 7.45 ± 2.01

ND5 10.21 ± 2.85 12.60 ± 2.85 11.03 ± 2.60 11.93 ± 3.08

THRAP3 7.48 ± 1.10 5.85 ± 1.60 7.03 ± 0.92 6.21 ± 1.71

TNNT1 12.40 ± 2.51 13.18 ± 2.61 14.29 ± 2.17 10.03 ± 2.89

UCP2 26.54 ± 6.17 13.58 ± 7.16 * 22.82 ± 4.91 16.29 ± 8.07

*: P < 0.05; **: P < 0.01



superfamily of proteins specifically present in the
vertebrate eye lens and has been associated with
the control of tumorigenicity in human malignant
melanoma models. No clear explanation can be
made here for lipid levels.

Transcriptome variations associated with O3I

measured by Q-PCR

Some of the gene expression differences observed

in DD-PCR between extreme phenotypes for

long-chain n-3 FAs were not validated by Q-PCR.

This could be due to the existence of false

positives in the acrylamide gels, but also to other

regulation processes, not directly related to tran-

scription variations (e.g. sequence polymor-

phisms). In addition, as the trait investigated here

is multigenic, the small effects of many genes can

contribute to the masking of subtle expression dif-

ferences, and make the finding of clear associa-

tions between transcriptomic variations and

composition of FAs in skeletal muscle more diffi-

cult.

Although Q-PCR turns out to be itself a tech-

nique subject to high variation, and there is an ex-

tra difficulty in finding of statistic associations

between gene expression levels and one

multigenic trait, Q-PCR is a sensible and very use-

ful technique to validate gene expression varia-

tions in genes with a sufficient effect on the trait

studied, as occurs with AANAT, UCP2 or AHA1.

Significantly (P < 0.05) higher levels of

AANAT transcription are found in high vs low O3I

muscles and variations in AANAT expression in

skeletal muscle have not yet been reported. This

gene codes for a protein that catalyses the limiting

step in the synthesis of melatonin from serotonin.

Melatonin has been described as a protecting

agent against lipid peroxidation affecting PUFAs

(Leon et al. 2005; Fagali and Catala 2007; Leaden

and Catala 2007). An increased melatonin produc-

tion in skeletal muscle could explain a more effec-

tive protection against oxidative degradation, and

thus a higher O3I. Linked to AANAT expression,

AHA1 (activator of heat shock protein A1) shows a

suggestive down-regulation (P < 0.07). AHA1

codes for a co-chaperone participating in heat

shock protein heteromeric complexes and has the

ability to increase the ATPase activity of Hsp90.

Chaperones and co-chaperones increase their ex-

pression in response to oxidative or thermal stress

(Liu et al. 2007). In low O3I tissue samples, a

higher oxidative stress level is associated with a

higher AHA1 expression, due to a more intense ox-

idative degradation of PUFAs. The expression of

other chaperones (i.e. DNAJA1, HSPB1) was pre-

viously found to be related to meat quality traits,

such as tenderness, juiciness and flavor (Bernard

et al. 2007).

Also, up-regulated UCP2 transcription levels

have been found in muscles with high O3I and

seem to be related to AANAT and AHA1. UCP2

produces a mitochondrial protein able to conduct a

proton flux across the inner membrane along an

electrochemical gradient without a coupled syn-

thesis of ATP. UCP2 has been described as being

involved in cellular thermogenesis (Boss et al.

2000), and hence as a potential modulator of

energy homeostasis; it has also been related to

development of obesity and type II diabetes

(Fleury et al. 1997). Our results suggest that the

expression of this gene is involved in energy pro-

duction included in lipid metabolism.

Finally, the observed interaction between O3I

and GDF8 genotypes for DAG1, as shown in Ta-

ble 4, reveals a different behavior for the

long-chain FA content depending on GDF8 geno-

type.

In this study, we observed that AANAT, UCP2

and AHA1 transcription levels are related to O3I in

skeletal muscle, giving us a clue to the reasons

conditioning higher O3I and the pathways in-

volved in the genesis of meat lipid profiles.

Our findings contribute to a better understand-

ing of metabolic factors influencing long-chain

n-3 FA quantities in meat, which therefore affect

healthiness and sensorial traits, such as tenderness,

flavor, juiciness, and marbling. We also contribute

to a better knowledge of the transcriptomic and
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Table 4. Effect of GDF8 genotype (null vs wild-type)

and omega-3 index (low vs high O3I) on DAG1

expression in Spanish cattle.

GDF8 genotype × O3I LS Mean Standard error

null × high O3I 1.34a 0.30

null × low O3I 2.59b 0.30

wild-type × high O3I 2.40b 0.21

wild-type × low O3I 2.03ab 0.24

Main Effect

null 1.97 0.23

wild-type 2.03 0.15

high O3I 2.21 0.19

low O3I 1.79 0.19

P

null 0.7515

O3I 0.6907

null × O3I 0.0269



metabolic alterations observed in longissimus

dorsi of doubled-muscled cattle.
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