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Abstract

Identifying footprints of selection can provide a straightforward insight into the mechanism of artificial selection and further
dig out the causal genes related to important traits. In this study, three between-population and two within-population
approaches, the Cross Population Extend Haplotype Homozygosity Test (XPEHH), the Cross Population Composite
Likelihood Ratio (XPCLR), the F-statistics (Fst), the Integrated Haplotype Score (iHS) and the Tajima’s D, were implemented
to detect the selection footprints on the X chromosome in three pig breeds using Illumina Porcine60K SNP chip. In the
detection of selection footprints using between-population methods, 11, 11 and 7 potential selection regions with length of
15.62 Mb, 12.32 Mb and 9.38 Mb were identified in Landrace, Chinese Songliao and Yorkshire by XPEHH, respectively, and
16, 13 and 17 potential selection regions with length of 15.20 Mb, 13.00 Mb and 19.21 Mb by XPCLR, 4, 2 and 4 potential
selection regions with length of 3.20 Mb, 1.60 Mb and 3.20 Mb by Fst. For within-population methods, 7, 10 and 9 potential
selection regions with length of 8.12 Mb, 8.40 Mb and 9.99 Mb were identified in Landrace, Chinese Songliao and Yorkshire
by iHS, and 4, 3 and 2 potential selection regions with length of 3.20 Mb, 2.40 Mb and 1.60 Mb by Tajima’s D. Moreover, the
selection regions from different methods were partly overlapped, especially the regions around 22 ,25 Mb were detected
under selection in Landrace and Yorkshire while no selection in Chinese Songliao by all three between-population methods.
Only quite few overlap of selection regions identified by between-population and within-population methods were found.
Bioinformatics analysis showed that the genes relevant with meat quality, reproduction and immune were found in
potential selection regions. In addition, three out of five significant SNPs associated with hematological traits reported in
our genome-wide association study were harbored in potential selection regions.
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Introduction

Artificial selection plays an important role in the process of

adaptive evolution of domestic animals [1]. So far, a series of

noticeable differences caused by artificial selection have been

identified, especially the economic traits which brought huge

economic profit in the development of human society [1,2]. With

the development of high throughput genotyping technology,

hunting genomic evidence of selection on genes or genomic

regions via high-density SNP chips or sequencing data shows

useful to provide straightforward insights into the meaning of

selection and explore causal genes relevant to traits of interest

[3,4].

Theoretically, a novel causal variant that has been under the

pressure of selection usually shows long-range linkage disequilib-

rium (LD) and a high population frequency over a long period of

time. Hence, selection footprints could be detected through the

decay of linkage disequilibrium and the variation of allele

frequency. So far, a series of related methods have been proposed

and can be grouped into categories of site-frequency spectrum and

linkage disequilibrium according to the theory of them [5]. The F-

statistics (Fst) [6], the Tajima’s D test [7], and the Cross

Population Composite Likelihood Ratio (XPCLR) [8], the Cross

Population Extend Haplotype Homozygosity Test (XPEHH) [4]

and the Integrated Haplotype Score (iHS) [9], as the representa-

tive method respectively corresponding to each category, are

widely used in identifying selection footprints. Among them, Fst,

XPCLR and XPEHH are mainly used to detect selection

footprints between populations (between-population methods),

both the Tajima’s D and iHS are primarily using the information

from single population to reveal the selection footprints (within-

population methods). Fst was initially used to assess the population

differentiation according to the DNA polymorphism of popula-

tions [6], which was attributed to the geographically variable

selection. Currently, some branches of Fst methods have been

developed, e.g. the two-step method of Gianola’s Fst [10], Fst-

based Bayesian hierarchical model [11]. Different from Fst, the

XPCLR uses the differentiation of multi-locus allele frequency

between two populations to detect selection footprints, it is

effective in identifying the fast changes in allele frequency at the
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locus with random drift [8]. The major consideration of Fst and

XPCLR is the variation of allele frequency while XPEHH assumes

that the occurrence of selection can be traced through measuring

LD or observing overrepresented haplotype in population, making

it capable to detect entirely or approximately fixed site [4]. The

iHS is also based on theory of linkage disequilibrium, it is sensitive

for finding the regions with a rapidly increased frequency of the

derived allele at selected sites [9]. Tajima’s D is based on allele

frequency and it is sensitive to purifying selection and balancing

selection [7].

At present, many studies of selection footprints in human and

animals were reported [3,4,12–15]. However, most of these studies

circumscribe the investigations on the autosomes and rarely on the

X chromosome. Comparing with autosome, the X chromosome

has its own particularity and plays an important role in evolution

of human and animals, McVicker et al. (2009) investigated the

genomic signature of natural selection and found that genome

diversity reduction caused by selection on the X chromosome (12–

40%) is higher than on the antosomes (19–26%) [13]. The X

chromosome has suffered higher selection pressure than auto-

somes due to the sex-specific dosage compensation (SSDC),result-

ing in genes on the X chromosome under more direct and effective

selection [16,17]. As an important model animal, pig has

experienced a long history of artificial selection in the process of

domestication and breeding [18]. The X chromosome of pig

carries many interesting genes like androgen receptor gene (AR)

and thyroid-binding globulin gene (TBG). Therefore, it is

necessary to investigate the occurrence of selection footprints on

the X chromosome in pig.

In this study, three between-population methods (XPEHH, Fst

and XPCLR) and two within-population methods (iHS and

Tajima’s D) were implemented to scan the whole X chromosome

for hunting selection footprints in three pig breeds through

Illumina PorcineSNP60K BeadChip (Illumina, San Diego, CA).

Afterwards, a stream of analysis, including gene searching and

functional enrichment analysis, were performed to explain the

biological significant of selection footprints.

Materials and Methods

Experiment Animals
A total of 515 pigs were selected out from three breeds as the

experimental population in this study. There are 67 individuals (32

boars and 35 sows) in Landrace, 375 individuals (207 boars and

168 sows) in Yorkshire and 73 individuals (39 boars and 34 sows)

in Chinese Songliao (Songliao for short). Songliao was bred in

1988 using boars of cross-bred of Duroc and Landrace, and sows

of Minzhu, one famous Chinese native breed.

In order to identify population structure and avoid the

relatedness of animals, the principal component analysis (PCA)

followed Paschou et al. (2007) was performed using the genotype

data [19]. A total of 113 sows, including 35 from Landrace, 34

from Songliao and 44 from Yorkshire, were finally chosen to

detect selection footprints on the X chromosome. As shown in Fig.

S1, the contribution of first principal component captures 36.14%

of the variance in this data, and the second 22.03%.

Genotyping Data
Genomic DNA samples were extracted from ear tissue of all 515

pigs. The whole procedure for collecting ear tissue samples was

carried out in strict accordance with the protocol approved by the

Animal Welfare Committee of China Agricultural University

(Permit Number: DK996). All DNA samples were genotyped using

the Infinium II Multisample assay (Illumina Inc.). Illumina

Porcine60K SNP arrays were scanned using iScan (Illumina

Inc.) and analyzed using BeadStudio (Version 3.2.2, Illumina,

Inc.).

We implemented one procedure to ensure the high quality of

genotyping on the X chromosome of all sows: (1) the individuals

with call rate less than 0.90 were discarded; (2) SNP loci were

removed on condition that the SNP call rate ,0.90; (3) SNP loci

severely deviated from Hardy-Weinberg equilibrium (p-value

,10e–6) were removed; (4) SNP loci with minor allele frequency

(MAF) less than 0.05 were removed only when within-population

methods were performed. After quality control, we imputed the

missing genotypes and inferred haplotypes using BEAGLE [20].

Detection of Selection Footprints
Three between-population methods (XPEHH, Fst and XPCLR)

and two within-population methods (iHS and Tajima’s D) were

implemented to detect the selection footprints. Fst, XPCLR and

Tajima’s D can directly handle SNP genotype, while XPEHH and

iHS mainly use phased data.

Calculation of XPEHH scores. The XPEHH derives from

the idea of Extended Haplotype Homozygosity (EHH), which is

defined as a probability that two randomly chosen extended

haplotypes carrying a given core haplotype are homozygosity

[3,4,21], EHH is calculated as

EHHt~

Ps
i~1

eti

2

� �
ct

2

� � ð1Þ

where ct is the number of sample of a particular core haplotype t,

eti
is the number of samples of a particular extended haplotype i

which is based on a particular core haplotype t and s is the

number of unique extended haplotypes.

The basic idea of XPEHH is to test if the site is homozygous in

one population but polymorphic in another population through

the comparison of EHH score of two populations on one core

SNP. It is expressed as

XPEHHscores~In
IA

IB

� �
ð2Þ

where IA is the integral of the EHH value with respect to genetic

distance in population A, IB is in population B. Population B is

viewed as reference population and population A as observed

population. Negative XPEHH score suggests selection happened

in reference population, otherwise in observed population.

XPEHH is highly powerful in detecting those with approximately

fixed or fixed selected loci [3].

Population differentiation index. As a single locus analysis

method, Fst generally quantifies the relationship between pairs of

the allele within subpopulation and the meta-population for

measuring the degree of differentiation. In this study, a two-steps

process proposed by Gianola et al. [10] was employed to identify

selection footprints based on population differentiation. In the first

step, with a non-informative prior distribution of allelic frequency,

a method to model the Bayesian drawing samples from the

posterior distribution of h parameters was introduced. According

to Bayes theorem, the joint posterior density of all allelic

frequencies is
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where R represents the total number of subpopulations; nr,Al

represents the frequency of allele A at lth site in subpopulation;

nr,al
represents the frequency of allele a at lth site in subpopulation.

The second step, considering the posterior distribution samples as

‘‘data’’, goes to model the finite mixture to figure out the clusters of

h statitics. Then, a draw from the posterior distribution of hl is

expressed as

h
(s)
l ~

XR
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where the mean posterior distribution of h (Fst) value between

populations ranges from 0 (identical population) to 1 (complete

differentiation).

Calculation of XPCLR values. To avoid the influence of

SNP ascertainment bias, XPCLR was built upon the multiple-

locus composite likelihood ratio method (CLR) [8]. It not only

makes use of the differences in allele frequencies between

populations, but also models the joint allele frequency spectrum

under selection. The likelihood function is given by

CL(r,w,s)~Pk
i~1

ð1

0

f (pi
1jpi

2,w,s,ri)
n

mi

 !
(pi

1)mi

|(1{pi
1)n{mi dpi

1

ð5Þ

where r is vector of recombination rate: r1,r2,:::,rk
� �

, n is the

sample size, mi stands for the count of neutral allele at locus i, s is

the selection coefficient, k is the size of sliding window, w is a

weight factor on linkage disequilibrium and p represents the allele

frequency.

Calculation of iHS scores. The iHS statistic was defined as

the log of the ratio of the integrated EHH score for haplotypes

centering the ancestral allele to the integrated EHH score for

haplotypes centering the derived allele as described by Voight

et al. (2006) [9]. The standardized iHS is defined as

iHS~

In(
iHHA

iHHD

){E½In(
iHHA

iHHD

)�

SD½In(
iHHA

iHHD

)�
ð6Þ

Where iHHA and iHHD represent the integrated EHH score for

ancestral and derived core allele. The final statistic approximately

follows a standard normal distribution [9].

Calculation of Tajima’s D. The Tajima’s D test considers

the difference between the mean pairwise difference (p) and the

number (S) of segregating sites in nucleotide polymorphism data

[7]. It is expressed as:

D~
p{S=a1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e1Sze2S(S{1)
p ð7Þ

where a1~
Xn{1

i~1
1=i,e1~

nz1

3(n{1) � a1
{

1

a2
1

and n is the number

of sequences. The statistic equals zero for neutral variation, and is

negative when an excess of rare polymorphism caused by a recent

selective sweep and is positive with the excess of high-frequency

variants suggests balancing selection for multiple alleles.

Identifying potential selection footprints. Separately for

each population/population pair analysis, two different proce-

dures were implemented to determine the significance of statistic

values and to identify potential selection footprints. (1) For

XPEHH, iHS and XPCLR, which can make use of multiple

markers, followed Voight et al. (2006) [9], the thresholds of

empirical cutoffs for the X chromosome were based on the

autosomal cutoffs. We determined empirical cutoffs for the top 5%

of signals genome-wide on all autosomes, the statistic values on the

X chromosome that were above these thresholds were considered

to be outlier and treated as potential selection footprints. (2) For

Fst and Tajima’s D, we implemented 5000 permutation tests to

establish the empirical distributions of Fst and Tajima’s D. As

describe by Qanbari et al. [22], in each permutation test, we

shuffled the allele frequencies randomly across the fixed SNP

positions. The threshold values at significance level of 0.05 from

the empirical distribution were used to determine the significance

of statistic. In addition, we also carried out 5000 permutation tests

on XPCLR to see the plausibility of permutation test on

approaches handling multiple markers.

Bioinformatics Analysis
Based on the findings from detection of selection footprints,

further bioinformatics analyses were carried out to reveal the

potential biological function of genes harbored in selection regions.

Enrichment analysis. The process of enrichment analysis,

including cellular component, molecular function, biological

process and the KEGG pathway, was performed for the candidate

selection regions. Considering only quite few available annotation

on pig genome, the abundant database of human genomic

information was referred to identify genes on pig genome. The

program of BioMart (http://www.biomart.org/)[23] and DAVID

6.7 (http://david.abcc.ncifcrf.gov/) [24]were employed to gener-

ate the homology gene set and gene enrichment analysis.

Gene annotation. In the analysis, the interest region (so-

called selection region) for annotation is empirically defined as the

chromosome segment, in which the outlier or selection footprint

was extended about 400 kb towards its upstream and downstream

directions. According to the selection regions, we identified the

particular biological function through the database of NCBI

(http://www.ncbi.nlm.nih.gov/gene/). In addition, we validated

those regions with the candidate regions found in our previous

genome-wide association study (GWAS) research [25].

Results

Information of Markers
After quality control and principal component analysis, 35, 34,

44 individuals and 1163, 1136 and 1159 SNPs corresponding to

Landrace, Songliao and Yorkshire were finally retained in this

analysis. In order to implement three between-population methods

XPEHH, Fst and XPCLR, 1129, 1146 and 1132 common SNPs

were separately chosen from the pairs of Landrace-Songliao (L-S
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Figure 1. Posterior density of five test statistics. The distributions of five test statistics on the X chromosome (red line), empirical distributions
of Fst, Tajima’s D (black line) and XPCLR (yellow line) from 5000 permutation tests, and the distributions of XPEHH, iHS and XPCLR on all autosomes
(black line), respectively. Tajima’s D and iHS are for Landrace, XPEHH, XPCLR and Fst are for breed pair of Landrace-Yorkshire only.
doi:10.1371/journal.pone.0094911.g001

Table 1. Summary of selection footprints detected by three between-population methods in different pig breed pairs.

Breed pair1 Number of SNP Average SNP density (kb) XPEHH XPCLR Fst

L-S 1129 111.60 64(L 37, S 27)2 59(S 41, L 18)2 1(L 1, S 1)2

L-Y 1146 109.95 32(L 27, Y 5) 60(Y 31, L 29) 3 (L 3, Y 3)

Y-S 1132 111.31 74(Y 29, S 45) 70(S 33 Y 37) 1 (Y 1, S 1)

1L-S represents breed pair of Landrace and Songliao, Y represents Yorkshire.
2The number of selection footprints (selection region for Fst) separately identified in two breeds for one breed pair in brackets.
doi:10.1371/journal.pone.0094911.t001
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for short), Landrace-Yorkshire (L-Y) and Yorkshire-Songliao (Y-

S). The average distance of adjacent SNPs corresponding to three

breed pairs is 111.60 kb, 109.95 kb and 111.31 kb, respectively.

Empirical Distribution of Test Statistic
The distributions of test statistics of three between-population

methods for each breed pair and of two within-population

methods for each breed can be clearly illustrated. Taking

Landrace and breed pair of Landrace-Yorkshire (L-Y) for instance,

Fig. 1 plots the distributions of these five test statistics on the X

chromosome data (red line), empirical distributions of Fst,

Tajima’s D (black line) and XPCLR (yellow line) from 5000

permutation tests, and the distributions of XPEHH, iHS and

XPCLR on all autosomes (black line), respectively. The distribu-

tions of XPEHH and iHS on the X chromosome are nearly in

accordance with their distributions on autosomes, and these two

test statistics from autosomes data more follow standard normal

distribution, as pointed out by Sabeti et al. [4]. Correspondingly,

the critical value for iHS at significance level of 0.05 are 1.96 and

21.96, and those for XPEHH are very close to standard normal

distribution with 1.934 and 22.082. For Fst and Tajima’s D, their

critical values from empirical distributions are much stricter,

making the detection of selection footprints more convinced. Two

procedures were used to generate critical values for XPCLR, while

the critical value from permutation test is so high that no selection

footprints were detected. The distribution of XPCLR on the X

chromosome is nearly as same as that on all autosomes, therefore

the critical value from autosomal cutoffs is more reasonable and

used in our whole study. In addition, the distributions of the five

test statistics indicate similar tendency for other breeds and breed

pairs (Fig. S2 and Fig. S3).

Selection footprints and regions detected by between-
and within-population methods

Table 1 summaries the selection footprints which were

identified in three breed pairs (L-Y, L-S and S-Y) by three

between-population methods, respectively. For breed pair of

Landrace-Songliao (L-S), 27 negative values out of 64 outliers

suggest that selection happened in the reference population of

Songliao, and the other 37 outliers indicate that selection

happened in Landrace when XPEHH test was used. Similarly,

32 outliers were detected in Landrace-Yorkshire (L-Y) with 5

selection happened in Yorkshire and 27 in Landrace. Hence, 64

selection footprints, including 37 outliers from L-S pair and 27

outliers from L-Y, were revealed in Landrace in total. Likewise, 72

and 34 selection footprints were detected in Songliao and

Yorkshire, respectively (Table 1).

For the implementation of Gianola’s Fst, the whole X

chromosome was divided into a series of non-overlapping,

consecutive, 800-kb windows. The windows, in which SNPs with

Fst values higher than the empirical critical value at significance

level of 0.05 from permutation test, were treated as potential

selection region. One selection region detected by Fst indicates the

selection happened in both breeds for one breed pair, e.g. for

breed pair of Landrace-Songliao (L-S), one same selection region

were detected in Landrace and Songliao (Table 1). Different from

XPEHH and Fst, the selection footprints were separately detected

by XPCLR in observed population, e.g. for breed pair of

Landrace-Songliao (L-S), 41 selection footprints were detected in

Landrace when Songliao was regarded as reference population,

and 18 in Songliao when Landrace was the reference population

(Table 1).

Considering the overlap of selection regions, the selection

footprints detected by three between-population methods were

merged by single breed (Table 2). Taking Landrace as an example,

in total 64 outliers were detected (37 from L-S and 27 from L-Y)

by XPEHH, after merging the overlapping selection regions

harboring those outliers, 11 selection regions were finally

identified. Similarly, 11 and 7 selection regions were detected for

Songliao and Yorkshire, respectively. On average, each selection

region has the length of 1.42 Mb, 1.12 Mb and 1.34 Mb, and

correspondingly contains approximately 16.5, 18.3 and 12.3 SNPs

in three breeds, respectively. Likewise, 16, 13 and 17 selection

regions were identified by XPCLR in Landrace, Songliao and

Yorkshire, respectively, with length of 0.95 Mb, 1.00 Mb and

1.13 Mb and harboring 11.63, 15.46, 13.70 SNPs each on

average. For Fst, in total 4, 2 and 4 selection regions were finally

found with fixed length of 800 kb and containing 6.25, 6.00 and

7.25 SNPs each on average in Landrace, Songliao and Yorkshire.

Comparing with between-population methods, the detection of

selection footprints in one population using within-population

methods iHS and Tajima’s D were relative simple. As shown in

Table 2, after merging the overlapping selection regions, in total 7,

10 and 9 selection regions were identified by iHS in Landrace,

Songliao and Yorkshire with length of 1.16 Mb, 0.84 Mb and

1.11 Mb and harboring 20.1, 13.3 and 21.0 SNPs each on

average. Likewise, Tajima’s D was implemented to detect selection

region within one breed in the same way as Fst did in breed pair,

4, 3 and 2 selection regions (balancing selection) were separately

identified with fixed length of 800 kb and containing 13.25, 15.0

and 11.5 SNPs each on average, but no positive selection was

identified.

The overlap of selection region
Fig. 2 presents an intuitive scatter plot, showing the distribution

of the quantile values (q-value) of five approaches along physical

position on the X chromosome in three breeds, respectively. The

majorities of selection footprints in three breeds are concentrated

in two ends of the X chromosome and there is a high proportion

overlap across different breeds. Table 3 further shows not only the

length of selection region identified by five methods respectively,

but also the length of overlapping region identified each other.

Table 2. Summary of incorporating selection regions in three
pig breeds with three between-population methods and two
within-population methods.

Landrace Songliao Yorkshire

XPEHH Number of regions 11 11 7

Average length (Mb) 1.42 1.12 1.34

Number of SNP/region 16.50 18.30 12.30

XPCLR Number of regions 16 13 17

Average length (Mb) 0.95 1.00 1.13

Number of SNP/region 11.63 15.46 13.70

Fst1 Number of regions 4 2 4

Number of SNP/region 6.25 6.00 7.25

iHS Number of regions 7 10 9

Average length (Mb) 1.16 0.84 1.11

Number of SNP/region 20.10 13.30 21.00

Tajima’s D1 Number of regions 4 3 2

Number of SNP/region 13.25 15.00 11.50

1Each selection region has fixed length of 800 kb.
doi:10.1371/journal.pone.0094911.t002

Selection Footprints on the X Chromosome

PLOS ONE | www.plosone.org 5 April 2014 | Volume 9 | Issue 4 | e94911



Taking Landrace as an example, the total length of selection

regions that were separately detected by XPEHH, XPCLR, Fst,

iHS and Tajima’s D was about 15.62 Mb, 15.20 Mb, 3.20 Mb,

8.12 Mb and 3.20 Mb. Among them, 3.15 Mb, 1.95 Mb and

1.43 Mb overlapping regions corresponds to the pairs of between-

population methods (XPEHH-XPCLR, XPCLR-Fst and

XPEHH-Fst). In addition, the overlapping regions between

within-population methods and between-population methods are

quite few. There is no overlap of selection regions detected by

Tajima’s D with those detected by XPEHH, XPCLR and Fst.

Similarly, only quite small proportion of the selection regions

identified by iHS are overlapped with those from XPEHH and

XPCLR, and no overlap with Fst.

The biological function in selection regions
Based on the findings of selection regions, orthologous

comparison analysis revealed that a total of 166, 132 and 241

genes were harbored in all selection regions in Landrace, Songliao

and Yorkshire, respectively. While the further enrichment analysis

using DAVID v2.1 [24] indicated that quite few functional terms

Figure 2. Distribution of selection footprints and selection regions on the X chromosome in three pig breeds. The part above bold line
plots the quantile value of selection footprints, and the part below bold line shows the selection regions along the X chromosome. The quantile value
is defined as which quartile of the top values of the respective statistic the reported value cuts off.
doi:10.1371/journal.pone.0094911.g002
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were significant after Benjamini or Bonferroni correction (see

Table S1). Wang et al. (2012) reported 5 genes on the X

chromosome are associated with hematological traits by using the

same experiment population as in this study [25]. Among of these

5 genes, three out of them completely fall into and one close to the

selection regions were identified in this study. Table 4 presents 5

significant SNPs in their report were involved in 9 selection regions

spreading over 3 breeds, respectively. This implies these selection

regions might reflect the potential genetic basis of hematological

traits in pig. A series of genes not completely harbored in but

overlapped with potential selection regions in this study are shown

in Table 5. These genes are relevant with reproduction, immune

and meat quality based on the gene database in NCBI (http://

www.ncbi.nlm.nih.gov/gene/). Among of them, ACE2 with the

function of inhibiting the differentiation of adipocytes [26] is

overlapped with the potential selection region of 13.06,13.09 Mb

which was identified by XPEHH and iHS, and gene ACSL4

related with meat quality is overlapped with the region of

105.37,105.45 Mb detected by XPEHH [27]. 2 genes (ATP1B4

and HTR2C), which are overlapped with the potential selection

regions in Yorkshire, are relevant with sow reproduction traits,

such as infanticide phenomenon and perinatal development of

embryo [28,29]. The other 2 genes (TRPC5 and ZDHHC9) have

been reported relevant with disease traits in several studies [30,31].

Table S2 detailed presents genes located in those potential

selection regions detected by at least two methods.

Discussion

In the past few years, hunting genomic evidence of selection has

been widely viewed as an effective approach for exploring the

potential genetic mechanism of phenotype polymorphisms and

providing more properly interpretation of evolution with the

application of high throughput technology [15,32]. And a series of

approaches have been proposed to detect the selection footprint,

all approaches have their own strengths and weaknesses. In this

study, we employed five representative methods, XPEHH,

XPCLR,Fst, Tajima’s D and iHS, to explore selection footprints

on the X chromosome. Among them, Fst is effective for detecting

selection footprints in single locus based on population differen-

tiation [10]. XPEHH was proposed to detect selection footprints

with fixed or approximately fixed selection locus [4], XPCLR is

more robust in some scenarios as the change in allele frequency

occurs too quickly [8]. iHS is effective in detecting ongoing

selection footprints, but not in detecting recently compeleted

selection footprints [5]. Tajima’s D is an traditional and famous

within-population method which is sensentive to purifying

selection and balancing selection [5]. Furthermore, XPEHH,

XPCLR and iHS actually separately find one significant core SNP

and grid window by utilizing multiple-locus information, they

identified more selection regions than Fst and Tajima’s D.

Most of the methods implemented in detecting selection

footprints do not follow strict distributions, e.g. XPEHH and

iHS just approximately follow normal distribution. Therefore the

risk of false positive of the traditional significance test remains high

due to the uncertainty of null distribution of test statistic. In

addition, the genome-wide scan of selection footprints also brings

the dilemma from multiple testing. Permutation test is proved

robust and powerful in gene mapping and detection of selection

footprints by establishing the empirical distributions of test

statistics [22,33], our results indicate permutation test is plausible

for methods only dealing with allele frequency, e.g. Fst and

Tajima’s D, both methods only utilize the variation of allele

frequency. While no selection footprints were detected when

implementing permutation test in XPCLR. Once the allele

frequencies of fixed SNPs were shuffled through permutation test,

the linkage disequilibrium among adjacent SNPs were corre-

spondingly changed, bringing bias as XPCLR mainly make use of

information of multiple SNPs. Similarly, permutation test is

Table 3. Overlap of selection regions (Mb) from five methods
in three pig breeds.

XPEHH XPCLR Fst iHS Tajima’s D

Landrace XPEHH 15.62 3.15 1.43 0.80 0

XPCLR 15.20 1.95 1.21 0

Fst 3.20 0 0

iHS 8.12 0

Tajima’s D 3.20

Songliao XPEHH 12.32 1.88 0 1.29 0

XPCLR 13.00 0.18 2.77 0

Fst 1.60 0 0

iHS 8.40 0.74

Tajima’s D 2.40

Yorkshire XPEHH 9.38 0.56 1.82 0.88 0

XPCLR 19.21 2.15 0.74 0

Fst 3.20 0 0

iHS 9.99 1.16

XPCLR 15.20 1.95 1.21 0

doi:10.1371/journal.pone.0094911.t003

Table 4. Selection regions harboring SNPs associated hematological traits reported by Wang et al. (2012).

Position of
outlier SNP Trait Selection regions (breed)

Max Statistical value (method, q-
value) Candidate gene

3917606 Mean corpuscular
volume

3418340–4781142 (Y); 3897515–4872159 (S);
3584968–4384968 (S); 3767181–4567181(L);
3234420–4803149(L);

2.32 (iHS, 0.971); 2.57(XPEHH, 0.982);
1.98(iHS,0.943); 2.34(XPEHH.0.988);
2.62(iHS,0.977);

KAL1

9272275 red blood cell count 8516875–9391368(L); 2.02(XPEHH,0.960); LOC100157657

43443513 platelet count 40108407–40908406(L); 3.59(Tajima’s D,0.984); LOC100155983

54837338 plateletcrit LOC100516479

92131194 platelet count 91878407–92678407 (Y); 92108407–92908406
(S);

7.66(XPCLR,0.998); 3.35(TajimaD,0.975); LOC100524920

doi:10.1371/journal.pone.0094911.t004
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implausible for haplotype-based method XPEHH and iHS as well,

because haplotypes severely depend on linkage disequilibrium of

SNPs. In addition, computing time is also demanding for

implementation of permutation test in XPEHH and iHS. For

multiple SNP methods, Voight et al. (2006) suggested empirical

cutoffs using the top 1% or 5% of genome-wide on all autosomes

to determine the significance of test statistic [9]. Our results show

this strategy is more reasonable and saves computing time.

In addition, the selection footprints identified by mutiple

methods, to some extent, are more convinced. Our results indicate

there is a high proportion of overlapping selection regions

identified by three between-population methods. Particularly, the

region around 22 ,25 Mb was detected under selection in

Landrace and Yorkshire by all three between-population methods,

while only small part of this region was detect under selection in

Songliao by Tajima’s D (Fig 2). Unfortunately, the information of

genes harbored in these regions is not available so far (Table S2).

Comparing with Chinese Songliao, Landrace and Yorkshire share

more common genetic background and they have already

experienced a relative long period of adaptive evolution, resulting

in some genes in these regions nearly fixed, while Songliao was

bred through hybridization of Duroc, Landrace and Chinese

Minzhu in past three decades. Therefore, this region might imply

some genes relevant to the domestication of European and

Chinese pigs, it is worth being deep investigated.

Our results indicate LD measured with r2 on the X

chromosome (0.395 in Landrace, 0.366 in Songliao and 0.381 in

Yorkshire) is slightly higher than those on autosomes (0.354 in

Landrace, 0.363 in Songliao and 0.344 in Yorkshire), while the

SNP density on the X chromosome is about 110 kb but 60 kb on

autosomes, it implies that the LD on the X chromosome might be

much higher given the same SNP density as autosomes. The

genome diversity will be decreased with high LD as reported by

McVicker et al. (2009), correspondingly, the genes on the X

chromosome will experience higher pressure of selection [13]. At

the same time, we also found the potential selection regions

gathered around two ends (0–40 Mb and 80–120 mMb) on the X

chromosome, especially the end on short arm (0–40 Mb) of the X

chromosome suffered more selections, this region was also

overlapped with pseudoautosomal region (PAR) of pig, as Skinner

(2013) reported PAR in pig was mapped at the beginning of the

short arm even the exact position of PAR is not clear so far [34].

The genes in PAR are probably inclined to be suffered higher

selection pressure than autosomes attribute to the sex-specific

dosage compensation (SSDC) [16,17]. Meanwhile, there are also

some silent regions resulting from X-inactivation on the X

chromosome due to the sex-specific dosage compensation (SSDC),

resulting in no signal of selection in this region. This could be one

explanation to the phenomenon of few selection footprints

identified in the central region (,40–80 Mb) on the X chromo-

some in our study even the SNP density in this region are nearly

equal to that in two ends.

The enrichment analysis to the selection region identified in this

study has not find significant terms after correction, while some

terms in one test with P-value less than 0.05 indicated their

biological information related with hematological traits. For

instance, two GO Biological Progresses, including GO:0002035,
brain renin-angiotensin system and GO:0002002,regulation of

angiotensin levels in blood, are corresponding to Yorkshire and

Landrace (Table S1). These GO terms imply that some

hematological traits might have been suffered selection in the

process of evolution and domestication. Coincidently, our findings

also indicate that the significant SNPs associated with hematolog-

ical traits in our previous study [25] are harbored in selection

regions, it in some extent suggests that the concerned hematolog-

ical traits, including RBC (red blood cell count), MCV (mean

corpuscular volume), PLT (platelet count) and PCT (plateletcrit),

experienced artificial or natural selection. Usually, hematological

traits are referred as important index for immune traits. This

might indicate the X chromosome plays an important role in

immune system of pig as it does in Human [35].

So far, several researches have been carried out to identify

selection footprints in pig [2,15,32,36]. Ai et al. (2013) sampled 18

populations with sample size per breed ranged from 5 to 32 [36].

Wilkinson et al. (2013) collected 14 pig breeds with 24–34

individuals per breed [2]. Although these two studies detect

selection footprints on the X chromosome besides autosomes using

Porcine SNP60 BeadChips, the blending of boars and sows are not

reasonable for the analysis of the X chromosome. Rubin et al.

(2012) pointed out that the X chromosome should be solely

analyzed for the identification of selection footprints [32] and only

sows could be used as sex chromosomes and autosomes, even

Table 5. Some candidate genes located in selection regions.

Position(Mb) q-value (Statistics, Breed) Candidate gene Gene function

122.170,122.210 0.999(XPCLR, S); 0.995(XPCLR, Y); ZDHHC9 Related with the congenital splay leg [31]

13.060,13.090 0.974(iHS,Y); 0.982(XPEHH,L) ACE2 Related with the inhibition of the differentiation of
adipocytes [39]

14.053,14.060 0.990(iHS,Y); 0.982(XPEHH,L); 0.993(XPCLR,Y) S100G Related with the establishment and maintenance of
pregnancy in pigs [40]

7.065,7.273 0.996(iHS,Y); 0.986(iHS,L); 0.960(XPEHH,S); STS Related with the estrogen actions [41]

16.290,16.320 0.992(FST,S); 0.992(FST,L); RS1 Related with the X-linked juvenile retinoschisis [42]

109.824,109.827 0.997(XPCLR,Y); AGTR2 Related with preeclampsia [43]

1.958,1.965 0.998(XPEHH,S); 0.994(XPCLR,S); OBP Odorant-binding proteins [44]

112.770,112.790 0.997(XPCLR,Y); ATP1B4 Plays an essential role in perinatal development [28]

105.370,105.450 0.990(XPEHH,Y); ACSL4 Related with pork quality [27]

106.140,106.280 0.992(XPCLR,S); TRPC5 Related with the fight against cardiovascular disease
[30]

108.810,108.870 0.995(XPCLR,Y); HTR2C Related with infanticide phenomenon [29]

doi:10.1371/journal.pone.0094911.t005
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between genders, are subjected to different selective pressures and

have different effective population sizes [37]. Obviously, the small

sample size per breed from Ai et al. (2013) [36] and Wilkinson et

al. (2013) [2] make it unfeasible to use sows only. Amaral et al.

(2011) carried out whole genome-wide detection of footprints

through sequencing of pooled DNA [15], it is more difficult to

analyzed the X chromosome separately. Additionly, the pooling

size and coverage of sequencing need to take into consideration as

point out by Cutler et al. [38]. Herefore, it is worthwhile to use

sufficient sows to detect selection footprints on the X chomsome in

this study.
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Tajima’s D and iHS are for Songliao, XPEHH, XPCLR and

Fst are for breed pair of Landrace-Songliao only.

(TIFF)

Figure S3 Posterior density of five test statistics.
Tajima’s D and iHS are for Yorkshire, XPEHH, XPCLR and

Fst are for breed pair of Songliao-Yorkshire only.

(TIFF)

Table S1 The complete list of three breeds’ enrichment
analysis.

(XLSX)

Table S2 Selection regions identified by more than two
methods.

(DOCX)

Acknowledgments

We thank anonymous reviewers for their helpful comments.

Author Contributions

Conceived and designed the experiments: XDD YLM. Performed the

experiments: YLM. Analyzed the data: YLM. Contributed reagents/

materials/analysis tools: QZ XDD. Wrote the paper: YLM XDD HHZ.

References

1. Price EO (1999) Behavioral development in animals undergoing domestication.

Applied Animal Behaviour Science 65: 245–271.

2. Wilkinson S, Lu ZH, Megens H-J, Archibald AL, Haley C, et al. (2013)

Signatures of Diversifying Selection in European Pig Breeds. PLoS genetics 9:

e1003453.

3. Sabeti PC, Reich DE, Higgins JM, Levine HZ, Richter DJ, et al. (2002)

Detecting recent positive selection in the human genome from haplotype

structure. Nature 419: 832–837.

4. Sabeti PC, Varilly P, Fry B, Lohmueller J, Hostetter E, et al. (2007) Genome-

wide detection and characterization of positive selection in human populations.

Nature 449: 913–918.

5. Suzuki Y (2010) Statistical methods for detecting natural selection from genomic

data. Genes & genetic systems 85: 359–376.

6. Wright S (1949) The genetical structure of populations. Annals of eugenics 15:

323–354.

7. Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by

DNA polymorphism. Genetics 123: 585–595.

8. Chen H, Patterson N, Reich D (2010) Population differentiation as a test for

selective sweeps. Genome research 20: 393–402.

9. Voight BF, Kudaravalli S, Wen X, Pritchard JK (2006) A map of recent positive

selection in the human genome. PLoS biology 4: e72.

10. Gianola D, Simianer H, Qanbari S (2010) A two-step method for detecting

selection signatures using genetic markers. Genetics research 92: 141–155.

11. Riebler A, Held L, Stephan W (2008) Bayesian variable selection for detecting

adaptive genomic differences among populations. Genetics 178: 1817–1829.

12. Gu J, Orr N, Park SD, Katz LM, Sulimova G, et al. (2009) A genome scan for

positive selection in thoroughbred horses. PloS one 4: e5767.

13. McVicker G, Gordon D, Davis C, Green P (2009) Widespread genomic

signatures of natural selection in hominid evolution. PLoS genetics 5: e1000471.

14. Qanbari S, Pimentel E, Tetens J, Thaller G, Lichtner P, et al. (2010) A genome-

wide scan for signatures of recent selection in Holstein cattle. Animal genetics 41:

377–389.

15. Amaral AJ, Ferretti L, Megens H-J, Crooijmans RP, Nie H, et al. (2011)

Genome-wide footprints of pig domestication and selection revealed through

massive parallel sequencing of pooled DNA. PloS one 6: e14782.

16. Di Kim Nguyen CMD (2005) Dosage compensation of the active X

chromosome in mammals. Nature genetics 38: 47–53.

17. Graves JAM (2006) Sex chromosome specialization and degeneration in

mammals. Cell 124: 901–914.

18. Larson G, Albarella U, Dobney K, Rowley-Conwy P, Schibler J, et al. (2007)

Ancient DNA, pig domestication, and the spread of the Neolithic into Europe.

Proceedings of the National Academy of Sciences 104: 15276–15281.

19. Paschou P, Ziv E, Burchard EG, Choudhry S, Rodriguez-Cintron W, et al.

(2007) PCA-correlated SNPs for structure identification in worldwide human

populations. PLoS genetics 3: e160.

20. Browning BL, Browning SR (2009) A Unified Approach to Genotype

Imputation and Haplotype-Phase Inference for Large Data Sets of Trios and

Unrelated Individuals. American Journal of Human Genetics 84: 210–223.

21. Pickrell JK, Coop G, Novembre J, Kudaravalli S, Li JZ, et al. (2009) Signals of

recent positive selection in a worldwide sample of human populations. Genome

research 19: 826–837.

22. Qanbari S, Strom TM, Haberer G, Weigend S, Gheyas AA, et al. (2012) A High
Resolution Genome-Wide Scan for Significant Selective Sweeps: An Application

to Pooled Sequence Data in Laying Chickens. PloS one 7: e49525.

23. Kasprzyk A (2011) BioMart: driving a paradigm change in biological data

management. Database 2011:bar049.

24. Huang DW, Sherman BT, Lempicki RA (2008) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nature

protocols 4: 44–57.

25. Wang J, Luo Y, Fu W, Lu X, Zhou J, et al. (2013) Genome-wide association
studies for hematological traits in swine. Animal genetics 44: 34–43.

26. Tseng Y, Wang P, Lee H, Liu B, Mersmann H, et al. (2010) Regulation of the

expression of angiotensin-converting enzyme 2 by polyunsaturated fatty acids in

porcine adipocytes. Journal of animal science 88: 3563–3567.
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