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ABSTRACT: Intramuscular fat (IMF) content and fatty
acid composition affect the organoleptic quality and nutri-
tional value of pork and, thus, there is increasing interest in
including these traits in selection schemes. In a genome-
wide association study based on 138 purebred Duroc bar-
rows we detected only weak associations with IMF content.
In contrast, strong associations were found between two
chromosomal regions and IMF composition, which co-
localized with the SCD (SSC 14) and the LEPR (SSC 6)
genes. The SCD gene is responsible for the biosynthesis of
oleic acid from stearic acid and affects saturated and mono-
unsaturated fat content. The association of LEPR with IMF
composition is, at least in part, a consequence of its effect
on IMF content, resulting in higher saturated and lower
polyunsaturated fatty acids. Markers in these two genes
could be useful to genetically improve intramuscular fatty
acid composition.
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Introduction

Intramuscular fat (IMF) content and fatty acid
composition affect both organoleptic quality and nutritional
value of pork and, thus, there is increasing interest in in-
cluding these traits in the selection objectives for pig lines
for quality pork markets. Both traits have been shown to
display substantial genetic variation (Ros-Freixedes et al.,
2012), with evidence of associations with single nucleotide
polymorphisms (SNPs). In particular, several SNPs in the
promoter region of the stearoyl-CoA desaturase (SCD) gene
have been associated with desaturase activity in Duroc pigs
(Uemoto et al., 2012a; Estany et al., 2014), resulting in
greater content of monounsaturated fatty acids (MUFA) but
not IMF. The objectives of this study were to use genome-
wide association study (GWAS) techniques to validate the
role of SCD genetic variants on IMF composition, and to
detect other candidate genes affecting IMF content and
composition. The potential use of these markers for marker-
assisted selection is discussed.

Materials and Methods

Animals and data. We genotyped 138 purebred
Duroc barrows from the line described in Ros-Freixedes et
al. (2012) using the PorcineSNP60 v2 Genotyping Bead-
Chip (Illumina, CA). Animals were chosen to be as unrelat-
ed as possible and representative of the whole population.
Half of the animals (n=66) were born in 2002-2003, and the

other half (n=72) in 2009-2010. Animals were raised in 6
batches (3 in each period) under commercial conditions and
fed ad libitum with a pelleted finishing diet from 160 days
of age until slaughter. Animals were slaughtered in the
same commercial abattoir at ~210 days of age (~125 kg of
body weight). Immediately following slaughter, a sample of
subcutaneous fat (SF) at the level of the third and fourth
ribs was collected. After chilling for about 24 h at 2°C,
samples of the muscles gluteus medius (GM) and longissi-
mus dorsi at the same location as the SF sample (LD) were
also collected. The IMF content and fatty acid composition
of the samples were determined in duplicate by quantitative
determination of the individual fatty acids by gas chroma-
tography. The IMF content was calculated as the sum of
each individual fatty acid expressed as triglyceride equiva-
lents and expressed as percentage of fresh sample (mean in
GM: 5.4%, SD 2.1). Fatty acid contents were expressed as
the percentage relative to total fatty acids, including total
saturated (SFA; 38.7%, SD 2.0), MUFA (48.5%, SD 2.0),
and polyunsaturated (PUFA; 12.8%, SD 2.0) fatty acids,
and individual oleic acid (C18:1; 44.1%, SD 2.0). The de-
saturation ratios of oleic to stearic acid (C18:1/C18:0) (3.6,
SD 0.5) and SFA/PUFA (3.1, SD 0.6) were calculated.

High-density SNP data quality control. The
PLINK software (Purcell et al., 2007) was used to filter out
SNPs with minor allele frequency below 0.05 and genotyp-
ing rate below 0.95, and individuals with more than 10%
missing genotypes. Unmapped SNPs based on the current
pig genome assembly Sus scrofa (SSC) Build 10.2 were
also excluded. The remaining data comprised 135 individu-
als and 36,432 SNPs.

Genome-wide association study. GWAS for the
described traits were performed using GenSel (Fernando
and Garrick, 2009). For each trait we used the Bayes B
approach with 1=0.997 (where = is the prior proportion of
SNPs considered to have no effect on the trait; i.e., our
model fitted ~110 SNPs per iteration), with a Markov chain
of 750,000 iterations and a burn-in of 250,000. Apart from
the additive SNP effects, which were fitted as random ef-
fects, the model included batch as a systematic fixed effect
and age at slaughter as a covariate. The posterior means and
posterior samples of the effects of all SNPs within 1-Mb
windows were collectively used to predict the genomic
merit of the window and the proportion of total genetic
variance that the window accounted for, respectively. Win-
dows that accounted for at least 1% of total genetic variance
were considered as candidate regions, including contiguous
1-Mb windows that accounted for at least 0.25%.



Genomic prediction. We used the animals born in
2002-2003 as training data to estimate the SNP effects and
then to predict the genomic estimated breeding values
(GEBV) of the animals born in 2009-2010. The effect of
each SNP was estimated using the same procedure as for
GWAS but with 1=0.9985. The correlation between GEBV
and the adjusted phenotypic values was used as a measure
of the prediction accuracy. Results on GEBV were com-
pared to those obtained using only SNPs from the two re-
gions that explained the greatest amount of variance and
with pedigree-based estimated breeding values (P-EBV).
The P-EBV and heritabilities of the traits were obtained as
described in Ros-Freixedes et al. (2012) using all available
records since 2002 but excluding those from the animals in
the 2009-born testing set (n=1,132).

Results and Discussion

Genome-wide association study. The regions as-
sociated with IMF content and composition in GM are
given in Table 1 and the genes located in each of these
regions in Table 2. A region in SSC 14 at 120.1-124.0 Mb
was found to be associated with SFA, MUFA, C18:1, and
the desaturation index C18:1/C18:0. This region corre-
sponds to the location of the SCD gene, thereby confirming
the association reported in the same population by Estany et
al. (2014) in which a three-SNP haplotype in the promoter
region of the SCD gene affected C18:1/C18:0. The SCD is
the rate-limiting enzyme for the biosynthesis of MUFA
C18:1 from SFA C18:0 and therefore, although other genes
involved in lipid metabolism are located in this region, SCD
remains the strongest candidate gene for this association.
The percentages of genetic variance explained by this re-
gion for each trait were close to those obtained by Estany et
al. (2014) using pedigree-based estimates and available
records. Interestingly, the same region was also found to be
associated with these traits in LD and SF.

Table 1. Candidate regions for intramuscular fat con-
tent and composition in gluteus medius muscle and per-
centage of genetic variance accounted for by trait.

Trait' Chr Position (Mb) % 0,°
SFA 6 135.1-137.0 9.0
7 94.3-96.0 1.2
12 24.0-24.9 1.0
14 120.1-124.0 9.8
MUFA 2 23.0-25.0 1.0
3 13.2-15.0 1.1
6 68.0-71.0 1.0
14 118.0-124.0 11.4
C18:1 6 99.2-102.0 1.0
13 46.0-50.0 1.9
14 120.1-124.0 3.7
18 17.0-21.0 1.2
PUFA 1 306.0-306.9 1.9
6 135.1-136.0 29.8
C18:1/C18:0 1 309.0-309.9 1.3
3 13.2-15.0 2.5
13 210.1-212.8 1.1
14 120.1-124.0 259

SFA/PUFA 6 135.1-136.0 345
IMF 3 3.0-3.9 1.4
17 47.0-48.0 1.7

'SFA = saturated fatty acids; MUFA = monounsaturated fatty
acids; PUFA = polyunsaturated fatty acids; C18:1 = oleic acid; C18:0 =
stearic acid; IMF = intramuscular fat content.

Table 2. Candidate genes within identified regions.
Chr  Position (Mb) Genes'

1 306.0-306.9 CEL

1 309.0-309.9 LCN9*, KCNG2*

2 23.0-25.0 -

3 3.0-3.9 FOXKI*

3 13.2-15.0 -

6 68.0-71.0 -

6 99.2-102.0 GATA6, NPC1, OSBPLIA

6 135.1-136.0 LEPR, LEPROT

7 94.3-96.0 AKAPS

12 24.0-24.9 STATS5A, GIP*, MEDI*,
OSBPL7*, NGFR*, STARD3*

13 46.0-50.0 ACOX2**

13 210.1-212.8
14 120.1-124.0
17 47.0-48.0 ADIG, LPIN3**
18 17.0-21.0 MEST, LEP*

'Only genes involved in lipid metabolism are shown.
* (**) Within 1 Mb (2 Mb) from the described region.

ELOVL3, GOTI, NKX2-3, SCD

A region in SSC 6 at 135.1-137.0 Mb was found to
be associated with SFA and PUFA and, as a result, with
SFA/PUFA. This region includes the leptin receptor
(LEPR) and the LEPROT genes. LEPROT encodes a protein
that negatively regulates the expression of the leptin recep-
tor in the cell surface, decreasing the response to leptin. A
polymorphism in exon 14 of LEPR has already been found
to be associated with increased feed intake and fatness,
measured both in terms of SF and IMF (Ovilo et al., 2005;
Uemoto et al., 2012b). Moreover, several quantitative trait
loci (QTL) for IMF have been reported in this region (ani-
malgenome.org/QTLdb/pig.html). Although we did not find
an association of this region with IMF, the percentage of
genetic variance accounted for this region decreased to
3.6% and 13.4% for SFA and PUFA, respectively, when
IMF content was included in the model. This indicates that,
at least in part, the associations of the SNPs in this region
with SFA and PUFA are an indirect effect of increased
IMF. It is well known that the endogenous synthesis of SFA
and MUFA increases with IMF content, which leads PUFA
to proportionally decrease. Again, the associations of the
LEPR (LEPROT) region with SFA and PUFA in GM were
replicated in LD and SF. Moreover, the leptin gene (LEP) is
located only 0.2 Mb downstream from the 17.0-21.0 Mb
region on SSC 18 that was associated with C18:1.

Other associations were found for IMF content and
composition in GM, but they were all weak and in general
were not confirmed in LD or SF. For example, for IMF, we
found an interesting association with a region in SSC 17 at
47.0-48.0 Mb, which includes the adipogenin (4DIG) gene,
which is related to adipogenesis. However, this association
only accounted for 1.7% of the genetic variance for IMF in



GM and was not found for LD, for which the strongest
association was on SSC 11 at 19.3-21.0 Mb.

Table 3. Accuracy of genomic (GEBV) and pedigree-
based (P-EBYV) estimated breeding values and heritabil-
ity (h?) of the traits.

GEBV? Pedigree’

i SCD+ 2
Trait 36k SCD LEPR LEPR P-EBV  h
SFA 0.31 023 024 0.31 0.47 0.40
MUFA 0.28 026 0.36 0.30 0.48 0.50
C18:1 021 022 -0.35 0.24 0.42 0.45
PUFA 0.07 0.12 049 0.51 0.70 0.59
C18:1/C18:0 040 0.40 -0.05 0.39 0.26 0.44
SFA/PUFA 0.12 -0.06 0.43 0.41 0.69 0.54
IMF 0.11 0.14 0.19 0.24 0.52 0.51

'See abbreviations in Table 1.

?36k: using all 36,432 SNPs; SCD: using only 3 SNPs at the SCD promoter;
LEPR: using only ASGA0089937 and ASGA0093565; SCD+LEPR: using
SNPs at both SCD and LEPR loci.

*Using the full pedigree and 1,132 records.

The small sample size forced us to use a high =
(few SNPs fitted per iteration), which may explain why
only very strong associations were detected. For the same
reason, the genetic variance that they explained may be
overestimated. However, despite using bigger sample sizes,
other reported GWAS experiments for fatty acid composi-
tion in Duroc did not reach much different results. Uemoto
et al. (2012c¢), using a low-density linkage map in purebred
Duroc, found only significant associations on SSC 14 at
~90-115 Mb for C18:1 and C18:0 in both LD and SF, and
for the melting point of SF, which is a trait related to the
unsaturation degree of fat. None of their other suggestive
QTL for IMF composition matched those found here. Yang
et al. (2013), using a Duroc x Erhualian F, cross, gave
rather similar results, with the SCD locus being the only
reported QTL for major fatty acids in IMF. No coincident
regions were found with other reported GWAS experiments
using Iberian and Landrace (Ramayo-Caldas et al., 2012;
Muiioz et al., 2013), including the SCD locus. This is con-
sistent with previous analyses showing no segregation of
SCD genetic variants in these breeds (Estany et al., 2014).
However, it is interesting to note that some of the experi-
ments cited above generally found more QTL for minor
than for major fatty acids (like C18:1). When performing
GWAS for fatty acid composition it is important to be
aware of the compositional nature of these data (Ros-
Freixedes and Estany, 2013), i.e., when one fatty acid per-
centage increases, at least one other fatty acid has to de-
crease, which can cause spurious results. Because of this,
associations found for minor fatty acids, which are more
variable and more influenced by the relative amount of
major fatty acids, can be particularly meaningless.

Genomic prediction. Accuracies of GEBV based
on 36,432 SNPs were ~0.40 for C18:1/C18:0, ~0.30 for
SFA and PUFA, ~0.20 for C18:1, and ~0.10 for PUFA,
SFA/PUFA, and IMF. However, it is worth noting that for
C18:1/C18:0, MUFA, and C18:1, the same prediction accu-
racies were obtained when using for prediction only the

three SNPs reported by Estany et al. (2014) at the promoter
region of the SCD gene. A combination of SNPs at the SCD
promoter and at the LEPR (LEPROT) locus (AS-
GA0089937 and ASGA0093565) raised accuracies to ~0.50
for PUFA, ~0.40 for SFA/PUFA, and ~0.25 for IMF. How-
ever, accuracies of GEBV for IMF and C18:1 were always
lower than those of P-EBV.

These results should be extrapolated with caution.
Here we used a very small training set (n=65) to predict the
GEBYV of a very small testing set of pigs born 7 years later
(n=70). In contrast, P-EBV were predicted using records
collected in several batches throughout the period. Whether
markers in the SCD and LEPR loci are useful for improving
fatty acid composition or not should be evaluated against
the cost of routine phenotyping for these traits. Overall,
these results show that GWAS on small amount of data is
able to capture the effect of genes with relative high effects
segregating at intermediate frequencies (minor allele fre-
quencies at SCD and LEPR loci were 0.42-0.45). Because
pigs in the training and the predicted sets were separated by
a 7-year span these results also confirm that the effect of the
SNP at SCD and LEPR loci is consistent across generations.

Conclusion

The GWAS analysis allowed us to confirm the
segregation of SNPs affecting fatty acid composition in the
SCD locus in the investigated Duroc line. Another set of
SNPs was identified that segregated at the LEPR (LEPROT)
region, which had not been previously detected in this pop-
ulation. Markers in these two loci could be useful to genet-
ically improve intramuscular fatty acid composition.
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