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ABSTRACT: Intramuscular fat (IMF) content is an im-
portant trait affecting the quality of pork. Two Duroc popu-
lations selected for IMF were used to identify signatures of 
selection associated with IMF. The effects of selection were 
analyzed between selected and control animals within each 
population using principal component analysis and FST 
using 60k SNPs. Moreover, extended haplotype homozy-
gosity-based approaches were applied to account for the 
changes in haplotype frequency. Each statistical method 
revealed 10-20 selection signatures, which may reflect the 
regions under different footprints of selection. Out of these 
candidate regions, more than 10 selection signatures were 
confirmed by more than 2 methods or in both populations. 
Agreement of marker-trait associations and signatures of 
selection was limited and will be examined further. Identi-
fying the regions involved in selection for IMF will be 
useful to find potential candidate genes underlying genetic 
improvement. 
Keywords: genetics; intramuscular fat; pig; selection signa-
tures 
 
 

Introduction 
 

Intramuscular fat content (IMF) affects both the 
organoleptic quality and nutritional value of pork. There is 
an increasing interest in including this trait in selection 
schemes. While there are several genome wide association 
analyses for IMF, there are few reports evaluating selection 
experiments for increased IMF in the pig and no selection 
signatures studies. The techniques for identification of 
selection signatures may provide useful information about 
which genomic regions are affected by the selection process 
and, thus, which genes could have a greater effect on IMF. 
In this study we used two independent Duroc populations 
with similar but not identical selection histories for IMF to 
identify signatures of selection for this trait and find the 
potential candidate genes underlying genetic improvement 
for IMF. 

 
Materials and Methods 

 
Population A. A total of 144 Duroc pigs were 

sampled from the 6th generation of a selection experiment 
for IMF at Iowa State University (ISU) (Schwab et al. 
(2009)) and genotyped using the PorcineSNP60 DNA 
Analysis Kit v2 (Illumina, CA). Half of the animals (n=73) 
were from the line selected for increased IMF without re-
strictions, while the remaining 71 animals were from the 
control line (selected randomly). 

 
Population B. A total of 138 Duroc barrows from 

the Spanish Duroc line described in Ros-Freixedes et al. 
(2013) were genotyped using the same SNP chip. Half of 
the animals (n=66) were born in 2002, and the other half 
(n=72) were born in 2009. Because IMF content was near 
the optimum in this population, selection during this period 
was aimed at maintaining IMF. Animals were chosen to be 
as unrelated as possible and representative of the whole 
population. 

 
Data quality control. Data from both populations 

were analyzed using the same procedures. The PLINK 
software (Purcell et al. (2007)) was used to filter out SNPs 
with minor allele frequency below 0.01 and genotyping rate 
below 0.95, and individuals with more than 10% of missing 
genotypes. Unmapped SNPs based on the current pig ge-
nome assembly Sus scrofa (SSC) Build 10.2 were also 
excluded. Remaining data comprised 132 individuals and 
38,637 SNPs in population A and 135 individuals and 
39,828 SNPs in population B. Posteriorly, Beagle software 
(Browning and Browning (2007)) was used to phase and 
impute the missing genotypes. 

 
Statistical analyses. A discriminant principal 

component analysis (DPCA) was performed with genotypes 
using the adegenet R package (Jombart and Ahmed 
(2011)). Runs of homozygosity (ROH) were detected using 
PLINK with adjusted parameters for the pig 60k SNP data. 
The pairwise Wright’s FST (Wright (1949)) was also com-
puted using adegenet. To cover the entire genome, pairwise 
FST was calculated in 15-SNP sliding windows (average 
length of ~0.9 Mb) across each chromosome. The rehh R 
package (Gautier and Vitalis (2012)) was used to compute 
the integrated haplotype score (iHS) (Voight et al. (2006)) 
of each of the subpopulations in populations A and B, and 
Rsb (Tang et al. (2007)) was used to compare the selected 
line with the control line in population A and the 2009-born 
animals with the 2002-born ones in population B. Genes in 
the candidate regions for all statistics were retrieved from 
Ensembl (EMBL-EBI) and their function was checked with 
Enrichr (Chan et al. (2013)).  

 
Results and Discussion 

 
Population structure. Populations A and B were 

clearly separated by the first principal component (PC1). 
Using the second principal component (PC2), the selected 
ISU group in population A was completely separated from 
the ISU control group, while the 2002-born and 2009-born 



Spanish clusters in population B overlapped (Figure 1). 
PC1 and PC2 accounted for 93.3% and 6.0% of total varia-
tion, respectively. 

 

 
Figure 1. Discriminant principal component analysis in 
two Duroc populations.  
The X axis is PC1 and Y axis is PC2. Red, blue, green and orange triangles 
represent control group (population A), selected group (population A), 
group in 2002 (population B) and group in 2009 (population B), respec-
tively.  

 
 
ROH. To examine the change of autozygosity, the 

level of ROH between unselected and selected ISU groups 
and the 2002 and 2009 Spanish groups were compared 
within or between populations. A genome-wide scan de-
tected ~30 regions (mostly in population A) representing a 
considerable change of autozygosity (ROH >0.1) after 
selection in the two Duroc populations. Considering the 
short period of selection for IMF (6 generations or 7 years), 
a wide region (>3 Mb) was considered a candidate region. 
In population A, the level of ROH appears to have in-
creased in 18 regions, while 4 regions showed decreased 
autozygosity. Interestingly, several regions that have high 
degrees of ROH (>0.2) showed no change or decreased the 
level in both populations. For example, the region spanning 
7 Mb from 30 to 37 Mb on SSC 11 has maintained the high 
levels of ROH (0.3-0.4) in all subgroups, which reflects a 
selection signature likely associated with Durocs but that 
has not been subject to selection for IMF. The highest auto-
zygosity (0.5-0.8) was located at 50 Mb on SSC 7, which 
overlapped a region that is known to influence large varia-
tion in backfat. Furthermore, the correlation (r2) of ROH 
between populations A and B was 0.55, demonstrating the 
common genetic background of Duroc pigs. Despite the 
high similarity in the patterns of ROH and overall levels of 
ROH (population A=0.12±0.12, B=0.09±0.11), substantial 
changes of autozygosity were observed mostly in popula-

tion A, which accounts for the DPCA results. These regions 
are shown in Table 1. 

 
Table 1. Selection signatures in populations A and B. 

  Population 

  A B 
SSC Region (Mb)1 ROH2 FST

3 Rsb3 Rsb4 
1 171.32-182.42 0.22 0.16 - - 

 185.01-212.56 0.27 0.18 - - 
2 33.00-67.87 0.17 0.20 3.13 4.68 

 78.39-133.95 0.2 0.17 4.26 8.42 
3 12.76-19.02 0.15 0.19 4.61 3.25 
4 8.13-22.69 0.15 0.19 3.42 5.30 

 32.47-37.34 0.14 0.20 - - 

 95.75-111.28 0.15 0.39 - - 
7 7.58-12.52 0.2 0.20 3.96 - 

 52.96-69.11 0.23 0.37 2.91 - 

 85.93-98.65 0.15 0.19 4.37 - 
9 38.08-46.49 0.23 0.20 3.56 2.42 

 78.84-85.20 0.19 0.01 - - 
11 4.24-13.82 0.14 0.11 - - 
13 71.42-76.07 0.15 0.18 2.32 - 
14 45.96-57.86 0.18 0.10 2.29 2.29 

 66.42-76.75 0.17 0.10 - - 
15 49.29-64.24 0.19 0.05 - 2.40 

1Region with the increased ROH > 0.1 in population A. 
2Mean ROH in the region. 
3Maximum FST or Rsb within the region. Rsb>2 is shown. 
4Maximum Rsb within the region using a grouping based on IMF content. 

 
 
Pairwise FST. Comparing the whole genome, se-

lected and unselected groups were potentially different (FST 
~0.08) in population A, whereas 2009-born group did not 
substantially differ (mean FST ~0.01) from the 2002-born 
group in population B. These results agreed with the results 
of DPCA and ROH. Using 15-SNP windows, outlier SNPs 
(FST >0.2) that appeared to cluster to the similar regions 
were summarized in the FST analyses. No such regions with 
a considerable number of signals were detected in popula-
tion B. In contrast, several candidate regions were found on 
SSC 2, 4, 8, 11, 14, and 17 in population A, most of which 
were consistent with the regions defined by substantial 
changes of ROH. It is noted that single marker-based meth-
ods such as FST were useful to scan the region if SNPs were 
sparsely distributed in a specific region. In population A, a 
region was substantially divergent (maximum FST >0.5) at 
280 Mb on SSC 1 that was covered by a low density of 
markers. 

 
iHS and Rsb. A total of 95 SNPs surpassed 

|iHS|>3 in population A, and 79 were subject to selection in 
population B. Approximately, at most 7 regions were se-
lected in each population. When compared to the other 
methods, the range of the candidate regions cannot be clear-



ly delimited using iHS. The broad regions on SSC 1, 6, 14, 
and 16 could be under the influence of selection in popula-
tion B, and SSC 1, 2, and 6 possibly have been under recent 
selection in population A. The region at 215 Mb on SSC 1 
was subject to common selection signatures in both popula-
tions.  

 
The standardized value of Rsb was applied to 

compare extended haplotype homozygosity between select-
ed and unselected groups. Using the |Rsb|>3 threshold, 150 
were identified in populations A. To decide regions that 
were more likely to have been selected during the last few 
generations, we summarized candidate regions harboring 
continuous high values of Rsb (at least 5 of |Rsb|>3 within a 
3 Mb region). A few regions were unique using the Rsb, 
whereas large signals overlapped with candidate regions 
detected by ROH and FST in population A. On SSC 4, ROH, 
FST, and Rsb revealed 3 candidate regions at 8, 22, and 100 
Mb in population A. For this analysis, an alternative classi-
fication was applied for population B based on IMF con-
tent. Using the new grouping, 4 common candidate regions 
were detected on SSC 2, 3, and 4 in both populations (Table 
1), suggesting the existence of common alleles that account 
for variation of IMF. 

 
Discussion. The extended haplotype homozygosity 

(EHH)-based approaches have been successfully applied for 
identifying signatures of selection in humans. In livestock, 
inbreeding and selection tends to increase the overall ho-
mozygosity across the genome, which could underestimate 
the standardized scores of iHS and Rsb. ROH is a summary 
statistic for major haplotypes inherited from recent common 
ancestors. Therefore, selection of common ancestors can 
result in increased levels of ROH in descendants (Kim et al. 
(2013)). However, the two populations are almost unrelated 
according to the DPCA and identity based on genotypes. 
Further examination of haplotype similarity will be useful 
to understand the selection for IMF. Some regions have 
maintained high levels of autozygosity without a large 
amount of change during selection. These regions may 
reflect artificial selection signatures that had been per-
formed decades ago on Durocs in general. Even though a 
few genes responded to recent selection, more genes are 
likely to be associated with IMF when we consider that 
other SNPs accounted for variation of the trait using ge-
nome wide association tests (data not shown). 

 
We identified the candidate genes that could be as-

sociated with IMF (Table 2) in the chromosomal regions 
listed in Table 1. Among these genes there are several tran-
scription factors and modulators of adipogenesis (MEF2C, 
MEF2D, NR2F1, and PPARG) and a fully differentiated 
adipocyte marker (GTF3A). Other genes involved in lipid 
metabolism are ACAT1, ACSL1, and ELOVL2. There are 
several previous studies reporting the effect of MC4R on 
fatness in pigs (e.g. Kim et al. (2000)). Because the ISU 
line was selected on IMF without restrictions, backfat 
thickness also increased in this population. The regions and 

genes detected here will likely affect overall pig fatness 
rather than only specifically IMF. In commercial selection 
schemes aimed at increasing IMF (without restricting back-
fat) the correlated increase of backfat thickness is one of the 
main disadvantages. 

 
Table 2. Candidate genes in the selection signatures. 
SSC Region (Mb) Genes 

1 171.32-182.42 MC4R7 
 185.01-212.56 HIF1A1 

2 33.00-67.87 FAR12, PRKACA1,7 
 78.39-133.95 HEXB3,5, HMGCR6, HSD17B42, 

MEF2C1, NR2F11, PPAP2C2, 
STARD44 

3 12.76-19.02 CDIPT3 
4 8.13-22.69 ENPP21, FDPS6, MEF2D1, 

PRKAB22,7 
 95.75-111.28 APOA23,6, PMVK6 

7 52.96-69.11 CYP1A12, CYP1A22, HEXA5, 
STARD54 

 85.93-98.65 ELOVL22 
9 38.08-46.49 ACAT13 

11 4.24-13.82 GTF3A1 
13 71.42-76.07 PPARG1 
14 45.96-57.86 LIF1, MIF1, OSM1, PISD3, 

PLA2G33 
 66.42-76.75 EGR21 

15 49.29-64.24 ACSL12, STAR6 
Genes involved in lipid metabolism are shown: 1Adipogenesis; 2Fatty acid 
metabolism; 3Phospholipids metabolism; 4Lipid transport; 5Lipid storage; 
6Sterol/cholesterol metabolism; 7Energy reserve metabolic process. 

 
 

Conclusions 
 

Genome-wide analyses identified candidate re-
gions using four methods to reveal signatures of selection 
for IMF in two Duroc populations. Although 10-20 poten-
tial selection signatures were detected in each method, only 
18 selection signatures were supported by more than 2 
methods and in both populations. Using DPCA, 2 clusters 
were found that agreed with expected groups in population 
A, which represented the consequences of selection for IMF 
in the whole genome. ROH has changed substantially in 
population A, which was also supported by the analysis of 
FST, Rsb, and DPCA. In contrast, population B had been 
selected for multiple traits at restrained IMF and showed 
little evidence of genetic change for IMF using DPCA, 
ROH, and FST. The results from our study provide some 
insight of the associations among selection signatures and 
marker-trait associations and allow some measurement of 
the effectiveness of objectives of selection in pig breeding. 
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