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ABSTRACT: The lipid content and fatty acid (FA) 
profi le have an important impact in human health 
as well as in the technological transformation and 
nutritional and organoleptic quality of meat. A 
genome-wide association study (GWAS) on 144 
backcross pigs (25% Iberian × 75% Landrace) was 
performed for 32 traits associated with intramuscular 
FA composition and indices of FA metabolism. The 
GWAS was carried out using Qxpak 5.0 and the 
genotyping information obtained from the Porcine 
SNP60K BeadChip (Illumina Inc., San Diego, CA). 
Signals of signifi cant association considering a false- 
discovery rate (q-value < 0.05) were observed in 15 of 
the 32 analyzed traits, and a total of 813 trait-associated 

SNP (TAS), distributed in 43 chromosomal intervals 
on almost all autosomes, were annotated. According 
to the clustering analysis based on functional 
classifi cation, several of the annotated genes are 
related to FA composition and lipid metabolism. Some 
interesting positional concordances among TAS and 
previously reported QTL for FA compositions and/
or other lipid traits were also found. These common 
genomic regions for different traits suggest pleiotropic 
effects for FA composition and were found primarily 
on SSC4, SSC8, and SSC16. These results contribute 
to our understanding of the complex genetic basis of 
FA composition and FA metabolism.
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INTRODUCTION

Pork production is an important source of human 
food and accounts for more than 40% of the meat 
produced worldwide (Rothschild and Ruvinsky, 2011). 
The lipid content and fatty acid (FA) profi le have an 
important impact in the technological transformation 
and the nutritional and organoleptic quality of meat. In 
pigs, differences in FA composition of subcutaneous 
fat have an important effect on fat quality as defi ned 
in terms of fi rmness and the degree of cohesiveness 
between lean and fat tissues. In muscle, FA composition 
has a role in the tenderness and juiciness of cooked 
meat, affecting its oxidative stability during processing 
(Wood et al., 2008). The environmental and genetic 
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effects on FA composition have been studied in pigs, 
showing moderate to high heritabilities in different 
tissues (Casellas et al., 2010; Ntawubizi et al., 2010).

Domestic animal populations have unique features 
that facilitate the genetic dissection of complex 
traits. Classical, family-based linkage analysis with 
microsatellites has been used for the detection of QTL. 
However, recently, new advances in high-throughput 
methods have allowed for the genotyping of a large 
number of SNP throughout the genome. Genome-wide 
association studies (GWAS) using dense marker maps 
are able to exploit linkage disequilibrium (LD) to map 
QTL. In comparison with the classical QTL mapping, 
GWAS has the advantage of using all recombination 
events after the mutations occurred and, therefore, 
increases the precision of the QTL position estimates 
and reduces their confi dence intervals (Meuwissen and 
Goddard, 2000). Moreover, it considers the contribution 
of the variability within breeds or lines, whereas linkage 
analysis usually ignores it and, as a consequence, its 
power is decreased (Ledur et al., 2010).

Although several studies have identifi ed QTL for 
FA composition and FA metabolism in pigs (Clop et al., 
2003; Nii et al., 2006; Sanchez et al., 2007; Guo et al., 
2009; Uemoto et al., 2009; Quintanilla et al., 2011), a 
GWAS analysis using genotypic information from the 
Porcine SNP60K BeadChip (Illumina Inc., San Diego, 
CA) has not been reported.

The goal of this study is to perform a GWAS to 
identify chromosomal regions and positional candidate 
genes associated with the profi le of intramuscular FA 
composition and indices of FA metabolism in an Iberian 
× Landrace cross.

MATERIALS AND METHODS

As mentioned below, the experiments were per-
formed in Europe following national and institutional 
guidelines for the ethical use and treatment of animals in 
experiments. In addition it was approved by the Ethical 
Committee of the Institution (IRTA- Institut de Recerca 
i Tecnologia Agroalimentàries)

Animal Material and Analyzed Traits

The population studied descends from the crossing 
of three Iberian (Guadyerbas line) boars with 31 
Landrace sows (IBMAP) from the experimental 
farm of Nova Genètica S. A. in Lleida, Spain (Pérez-
Enciso et al., 2000; Clop et al., 2003). Seventy-nine F1 
individuals (6 males and 73 females) were obtained, and 
5 of the 6 F1 males were backcrossed with 26 Landrace 
sows (BC1_LD). Here, we report results based on 144 
BC1_LD (25% Iberian × 75% Landrace) pigs from 26 

full-sib families. All pigs were raised and fed under the 
standard, intensive system in Europe; males were not 
castrated. After a suckling period of between 23 and 28 
d, piglets were allocated in pens with 12 individuals in 
each pen and were given ad libitum access to a pelleted 
diet (13.4 MJ/kg of ME, 18.3% of CP, 1.2% of lysine). 
When the piglets were about 75 d old, they were moved 
to a fattening building. They were penned in groups 
of 10 to 12 animals separated by sex, and during the 
whole test period they had ad libitum access to a cereal-
based commercial diet (13.4 MJ/kg of ME, 17.5% CP, 
1% lysine). Pigs tested at the same time and in the same 
fattening building were considered as 1 contemporary 
group (batch). They were slaughtered according to 
national and institutional guidelines for the ethical use 
and treatment of animals in experiments at an average 
age of 179.8 ± 2.6 d. For all individuals, a 250 g sample 
of the LM was collected from the left half-carcass in 
the slaughter line, with 50 g of it quick-frozen in liquid 
nitrogen until genomic laboratory processing.

Meat analyses were performed on 200-g samples 
of the longissimus dorsi muscle at the IRTA-Centre of 
Food Technology (Lleita, Spain). The intramuscular 
percentage of FA (IM FA) was measured by Near Infrared 
Transmittance (NIT; Infratec 1625, Tecator, Hoganas, 
Sweden). A protocol based on gas chromatography 
of methyl esters (Mach et al., 2006) was employed to 
determine FA composition in the C:12 to C:22 range; 
subsequently, the percentage of each individual FA 
content was calculated, along with the global percentage 
of SFA, MUFA, and PUFA.

In total, 32 traits were analyzed: 15 for IM FA 
composition and 17 for indices of FA metabolism, 
including ratios of FA as indices for desaturase and 
elongase enzymes activities (Table 1).

Genotypying and Quality Control

A total of 197 animals, including the founder 
populations, were genotyped for 62,163 SNP with the 
Porcine SNP60K BeadChip (Ramos et al., 2009) and 
using the Infi nium HD Assay Ultra protocol (Illumina 
Inc., San Diego, CA) and were visualized with the 
GenomeStudio software (Illumina). PLINK (Purcell et 
al., 2007) software was used to remove markers that 
showed minor allele frequency (MAF) < 5% and missing 
genotypes > 5%. The Pedstats program (Wigginton and 
Abecasis, 2005) was employed to check Mendelian 
inheritance errors. The SNP located in sex chromosomes 
and those not mapped in the Sscrofa10 assembly were 
also excluded. Therefore, a subset of 48,119 SNP was 
selected for subsequent data analysis.
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Genome-Wide Association Analysis
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FA indices
Trait Label h2

Heptadecanoic acid

Arachidic acid

Heptadecenoic acid
Oleic acid
Octadecenoic acid
Eicosenoic acid
Linoleic acid

Eicosadienoic acid
Eicosatrienoic acid
Arachidonic acid

FA ratios
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rapidly to dietary changes. Therefore, loci associated 
with linoleic acid content may have an effect on its 
absorption or transformation into longer-chain PUFA 
rather than on its biosynthesis.

Concordance of TAS with QTL

It was investigated herein whether the chromosomal 
regions delimited by the signifi cant SNP described in the 
present study overlap with QTL previously reported in 
the IBMAP cross (Pérez-Enciso et al., 2000; Clop et al., 
2003). In addition, the concordance between TAS and 
QTL for the profi le of FA or other lipid traits deposited 
in the pig QTL database (http://www.animalgenome.
org/cgi-bin/QTLdb/SS/index) was analyzed. Twenty-
three of the 43 chromosomal intervals detected in 
this study (53.5%) showed positional concordance 
with QTL for FA composition and/or other lipid traits 
reported in the pig QTL database (Supplemental Table 
4; http://journalofanimalscience.org). The chromosomal 
regions in which concordant QTL have been reported 
for fatty acid metabolism are discussed in detail below; 
a full description is in Supplementary Table 4 (http://
journalofanimalscience.org).

SSC1

The 44.8–49.4 Mb region of SSC1 was associated 
with the percentages of palmitic acid, linoleic acid, 
SFA, and unsaturated indices (UI). Single nucleotide 
polymorphism ASGA0002580 showed the greatest 
signifi cance for palmitic acid (P value = 3.4 × 10−5; 
Table 2). This region overlaps with QTL reported for 
total lipid content in LM (Malek et al., 2001; Pig QTLdb 
Id: 79) and low density lipoprotein (LDL) cholesterol 
concentrations (Gallardo et al., 2008; Pig QTLdb Id: 
7709).

SSC4

In SSC4, the 51.1–56.7 Mb region was associated 
with percentages of palmitoleic, oleic, and linoleic 
acids (Table 2), SNP ASGA0019639 being the most 
signifi cantly associated for palmitoleic acid (P value= 
2.8 × 10−5), which explained 2.1% of the phenotypic 
variance of this trait (Table 2). In previous works, an 
F2-cross between Iberian (Guadyerbas) boars and 
Landrace sows was analyzed and QTL for backfat 
thickness (Varona et al., 2002), the percentage of oleic 
and linoleic acids, the double-bond index (DBI) and 
the peroxidability index (PI; Pérez-Enciso et al., 2000; 
Clop et al., 2003) were reported. Several positional 
candidate genes were analyzed for this QTL, including 
2,4-dienoyl-CoA reductase (DECR1; Clop et al., 2003; 

Amills et al., 2005), FA binding protein 4 (FABP4; 
Mercadé et al., 2006), and FABP5 (Estellé et al., 2006; 
Ojeda et al., 2008). However, these studies indicated 
that the SNP analyzed in candidate genes are not the 
causative mutation of the detected QTL. An association 
analysis with FABP4–FABP5 haplotypes suggested 
that the QTL for backfat thickness is likely located 
between these 2 genes. Here, we have analyzed the 
IMF FA composition in BC1_LD animals (a backcross 
of 25% Iberian and 75% Landrace). Remarkably, a 
SNP (H3GA0012720; P value = 5.2 × 10−5) within the 
signifi cant chromosomal interval mapped at intron 1 of 
the FABP5 gene was only at 1.8 kb of distance from the 
SNP FABP5:g.3000T>G reported by Estellé et al. (2006). 
The observed concordance suggests a pleiotropic effect 
of this locus on both fat deposition and FA composition, 
which may affect both intramuscular fat and backfat 
thickness.

A different SNP-defi ned region (90.7–92.2 Mb) on 
SSC4 was associated with palmitic, palmitoleic, and 
linoleic acids and the C18:1(n-7)/C16:1(n-7) ratio. Many 
QTL have been reported in this region of SSC4. In the 
IBMAP cross, Pérez-Enciso et al. (2000) identifi ed QTL 
for palmitic and linoleic acids and UI (Pig QTLdb Id: 
530, 535, 541); Grindfl ek et al. (2001) for heptadecanoic 
acid; and Guo et al., (2009) for linoleic, MUFA, PUFA, 
and linolenic acids (Pig QTLdb Ids: 6392 ,6393, 6394, 
6395). The most signifi cant SNP within this interval was 
H3GA0013315 (P value = 5.7 × 10−6), which is located 
at ≈1.1Mb of the apolipoprotein A-II gene (APOA2) and 
explained 1.2% of the phenotypic variance for this trait. 
This gene encodes the second most abundant protein 
of the high-density lipoprotein (HDL) particles and is 
one of the target genes of the PPAR signaling pathway 
(Blanco-Vaca et al., 2001). In addition, a polymorphism 
in the promoter region of the gene interacts with the 
saturated fat intake to infl uence body mass index in 
humans (Corella et al., 2009). The APOA2 gene has 
been linked to the plasma concentrations of the APOA2 
protein and FFA in mice and humans (Warden et al., 
1993). Upstream transcription factor 1 (USF1) is located 
within the same chromosomal interval. The protein 
encoded by this gene is one of the major components of 
the complexes that bind to the insulin response sequence 
of the FA synthase (FAS) promoter. Hence, it may play 
an important role in the regulation of FAS (Wong and 
Sul, 2010).

SSC8

A strong association signal was found in SSC8 
(92.1–96.7 Mb) with palmitic acid, palmitoleic acid, SFA, 
and C16:1(n-7)/C16:0 and C18:1(n-7)/C16:1(n-7) ratios 
(Figure 1, Table 2). These results suggest the presence of 
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genes that regulate both the desaturation and elongation 
processes of FA. In this chromosomal region, SNP 
SIRI0000509 was the most signifi cant for palmitic acid 
(P-value = 8.2 × 10−8), palmitoleic acid (P-value = 3.7 
× 10−9) and the C18:1(n-7)/C16:1(n-7) ratio (P-value = 
1.8x10−8). Conversely, the most signifi cant SNP for the 
C16:1(n-7)/C16:0 ratio was ALGA0049269 (P-value = 
8.3 × 10−7), located at 1.8 Mb of SIRI0000509, according 
to Sscrofa9 assembly. It should be noted that SNP 
SIRI0000509 showed the greatest contribution to the 
phenotypic variance, explaining 6.1% of the palmitoleic 
acid variation (Table 2). A positional concordance was 
observed between this region and QTL for palmitic (Pig 
QTLdb Id: 469) and palmitoleic (Pig QTLdb Id: 470) 
acids reported in backfat (Clop et al., 2003). Recently, 
Yang et al. (2011), using a casual phenotype network, 
suggested that this QTL has a direct effect on palmitic 
and palmitoleic acids but only an indirect association 
with oleic acid in both the IBMAP and Duroc × Erhualian 
crosses. It is worth noting that a nonsynonymous 
polymorphism in the microsomal triglyceride transfer 
protein gene (MTTP) was associated with palmitic, 
palmitoleic, and oleic acids and also to the lipid transfer 
activity of the MTTP protein (Estellé et al., 2009). This 
gene is located within the QTL region and is involved in 
the transport of triglycerides into endoplasmic reticulum 
to form lipid droplets. However, it should be noted that 
3 additional candidate genes are located proximal to 
the markers mentioned. The cytochrome P450 family 2 
subfamily U polypeptide 1 gene (CYP2U1) is located 
≈334 kb from SNP ALGA0049269 and ≈2.1 Mb from 
SNP SIRI0000509. This gene is involved in the 
arachidonic acid signaling pathway and catalyzes the 
hydroxylation of arachidonic, docosahexaenoic, and 
other long-chain FA (Chuang et al., 2004). In addition, 
the phospholipase A2 group XIIA (PLA2G12A), a gene 
involved in the same pathway, is located ≈863 kb from SNP 
ALGA0049269 and ≈935 kb from SNP SIRI0000509; 
PLA2G12A is a member of the phospholipase A2 (PLA2) 
family, which catalyzes the hydrolysis of the sn-2 position 
of membrane glycerophospholipids to liberate FFA and 
lysophospholipids (Murakami et al., 2010). Finally, the 
hydroxyacyl-CoA dehydrogenase gene (HADH) was 
located ≈278 kb from SNP ALGA0049269 and ≈2.1 Mb 
from SNP SIRI0000509. This gene is involved in the 
mitochondrial FA beta-oxidation pathway and has an 
elevated activity with medium-chain-length FA (Safran et 
al., 2010).

SSC14

The 28.4–37 Mb genomic region on SSC14 was 
associated with the SFA content, ASGA0062744 being 
the SNP showing the strongest association signal 

(P-value = 1.8 × 10−5) and explaining 0.8% of the 
phenotypic variance (Table 2). In this position, QTL for 
PUFA (Pig QTLdb Id: 7446) and the PUFA:SFA ratio 
(Pig QTLdb Id: 7447) have previously been reported in 
LM (Sanchez et al., 2007). One of the most interesting 
candidate genes within this interval is the acetoacetyl-
CoA synthetase gene (AACS), a member of the acyl-
CoA synthetases that catalyze the activation of FA by 
esterifi cation with CoA. This initial activation reaction 
is fundamental for both the anabolic and catabolic 
pathways of FA (Watkins et al., 2007).

SSC16

In SSC16 (39.6–45.2 Mb), a strong association signal 
for arachidic acid and the C20:1/C20:0 ratio was found 
(Figure 2, Table 2). A QTL for arachidic acid has been 
reported in the same region, both in LM and abdominal 
fat (Guo et al., 2009). In addition, a QTL for myristic acid 
was reported by Uemoto et al, (2009) in the same interval. 
The most signifi cant SNP were DRGA0016176 for 
arachidic acid (P-value = 1.5 × 10−6) and ALGA0090471 
for the ratio of C20:1/C20:0 (P-value = 5.5 × 10−5). 
Interestingly, within this interval, ≈221 kb from SNP 
ALGA0090471 and ≈2.9 Mb from SNP DRGA0016176, 
the ELOVL family member 7 elongation of long-chain 
FA (ELOVL7) gene is positioned. This gene is a member 
of the elongation of the very-long-chain FA gene family 
and mainly uses SFA and MUFA as substrates (Guillou 
et al., 2010). 

It should be noted that full concordance is not 
expected between the chromosomal regions identifi ed in 
this study and the QTL previously reported in the IBMAP 
cross. Previous FA QTL were measured in the backfat 
of F2 cross animals, whereas here IM FA in backcross 
animals have been analyzed. The method of analysis 
used was also different; previously reported results 
were obtained with linkage analyses and microsatellite 
markers, whereas here an association method was 
employed. Nevertheless, linkage disequilibrium and 
linkage signals are partly confounded because of the 
material analyzed (a backcross). This is particularly true 
if allelic frequencies are very different among founders, 
and this was observed for a large amount of the most 
signifi cant SNP (Table 2).

Comparison between TAS and QTL of the pig 
QTL database showed common genomic regions for 
different, although related, traits, suggesting pleiotropic 
effects. Conversely, other studies proposed that the 
genetic architecture of FA composition is mainly 
different between tissues (Nii et al., 2006; Guo et al., 
2009; Quintanilla et al., 2011), with the exception of 
the QTL on SSC16 for arachidic acid in abdominal fat 
and LM (Guo et al., 2009) and QTL on SSC6 and SSC7 
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(Quintanilla et al., 2011) for cis-vaccenic in two different 
muscles (gluteus medius and longissimus thoracis).

The results obtained here will enhance our 
knowledge of the genetic basis of FA composition 
and metabolism. This information can be used in the 
selection of commercial pig breeds through marker-
assisted selection to improve meat quality without 
affecting production yield. In addition, pig is an excellent 

biomedical model, and the identifi cation of genes and 
polymorphisms that regulate lipid metabolism in pigs 
will likely be important for the study of diseases such as 
obesity, diabetes, and atherosclerosis in humans.

Figure 1. Manhattan plot of the genome-wide association study (GWAS) result for A) palmitic acid, B) palmitoleic acid, C) ratios of C16:1(n-7)/C16:0, D) 
ratios of C18:1(n-7)/C16:1(n-7), and E) SFA. The X-axis represents the chromosomes, and the Y-axis shows the –log10 (P-value). The horizontal, dashed line 
represents the cut-off of the signifi cant association at the whole-genome stage (q-value < 0.05).  See online version for fi gure in color.
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Conclusions

A GWAS was performed using the Porcine SNP60K 
BeadChip genotypes and the profi le of intramuscular FA 
composition and indices of FA metabolism in a backcross 
of Iberian × Landrace pigs. A total of 43 chromosomal 

regions containing 813 TAS were identifi ed at a q-value 
< 0.05. The annotation of these genomic regions 
revealed genes that are related to FA metabolism. A 
relevant concordance was detected between associated 
genomic regions and previously reported QTL for FA 
and different lipid traits, mainly in SSC4, SSC8 and 

Figure 2. Manhattan plot of the genome-wide association study (GWAS) result for A) arachidic acid and B) ratios of C20:1/C20:0. The X-axis represents 
the chromosomes, and the Y-axis shows the –log10 (P-value). The horizontal, dashed line represents the cut-off of the signifi cant association at the whole-genome 
stage (q-value < 0.05).  See online version for fi gure in color.
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SSC16. These results suggest pleiotropic effects of these 
QTL and contribute to our understanding of the genetic 
basis of FA composition.
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