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Abstract
Background  Indigenous pig breeds in China have accumulated significant genetic diversity due to regional 
selection pressures. Investigating the selection signatures of these populations helps to understand their adaptive 
evolution and contributes to genetic improvement programs.

Results  We collected whole-genome sequencing data from 133 individuals, including South China and North China 
indigenous pigs and Asian wild boars. After data filtering, we retained 31,521,978 high-quality SNPs. Population 
structure analysis using PCA revealed distinct genetic clustering among these populations. Selection signature 
detection identified 5,227 loci under selection in South China indigenous pigs and 5,800 in North China indigenous 
pigs compared to Asian wild boars. Candidate genes were enriched in immune response pathways, reproductive 
traits, and pigmentation pathways. South China indigenous pigs exhibited selection signals for fat deposition and 
immune responses, while North China indigenous pigs showed stronger signals related to growth, blood physiology, 
and reproductive performance. Additionally, key genes such as MC1R and KIT were associated with coat color 
variation, and IGF1R and IGF2R were linked to growth regulation.

Conclusion  Our results demonstrate that indigenous pigs in China have undergone selection for distinct traits 
aligned with their regional environments and farming systems. South China indigenous pigs have been selected for 
traits related to fat deposition and immunity, while North China indigenous pigs have been selected for growth and 
reproductive traits. The findings offer crucial insights into the genetic architecture of indigenous pig breeds, providing 
a valuable foundation for future genetic breeding programs.
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Introduction
Pigs serve as a consistent source of high-quality animal 
protein in human diets and play a vital role in human 
development and agricultural civilization. As one of the 
earliest domesticated animals in the shift from hunter-
gatherer societies to agricultural civilizations, pigs prob-
ably underwent stages similar to other domesticated 
animals, including being hunted by humans, coexisting 
with humans, and eventually being domesticated [1–3]. 
Existing research has found that Eurasian wild boars 
started to diverge around one million years ago [4], with 
pig domestication beginning approximately 10,000 years 
ago [5]. It is now widely recognized that there are two 
independent centers of pig domestication globally, East 
Asia and the Near East [6], a conclusion supported by 
archaeological evidence [7–9]. China has a rich history of 
domestic pig breeding, with an abundance of indigenous 
pig resources. Over time, significant genetic variation 
has accumulated in traits and morphological character-
istics, such as body size and skin color. This has led to 
the development of numerous indigenous pig breeds, 
each adapted to different environmental conditions, 
with varied body types and appearances, and distinct 
economic traits. Based on the current classification sys-
tem, China indigenous pigs can be divided into six major 
types considering factors such as their origin distribu-
tion, body characteristics, and production performance: 
North China type, South China type, Jianghai type, Cen-
tral China type, Southwest China type, and Plateau type 
[10]. North China indigenous pigs have medium-sized 
heads, black hair, large drooping ears, strong constitu-
tion, and adaptability to extensive farming, while the 
South type is smaller with sagging bellies and backs, thin 
skin, sparse hair, mostly black or black-and-white, and 
short broad bodies [10]. These two types differ in growth 
rate, feed efficiency, and lean meat rate. For instance, 
the weight and height of adult boars and sows of the 
Min pig breed, a North China type indigenous pig, were 
227.10 ± 8.7 kg and 181.40 ± 10.27 kg, 89.10 ± 0.71 cm and 
84.00 ± 0.42 cm, respectively [10]. For the breed of Luch-
uan pig, a South China type indigenous pig, the weight 
and height of adult boars and sows were 79.32 ± 2.94 kg 
and 78.52 ± 0.52 kg, 54.83 ± 0.81 cm, and 53.72 ± 0.18 cm, 
respectively [10]. Analyzing these differences aids in 
understanding the adaptive evolution history and breed-
ing process, which provides a foundation and reference 
for genetic breeding work. At present, selection signa-
ture detection is a commonly used method that has been 
extensively applied in the genetic analysis of economic 
traits and the exploration of adaptive evolution in indig-
enous pigs and European commercial pig breeds.

In recent years, with the initiation and ongoing 
development of the Functional Annotation of Animal 
Genomes (FAANG) project [11], the FarmGTEx project 

[12], and the PigGTEx project [13], researchers have 
gradually deepened their understanding and research 
from the genomic to the levels of gene expression, single-
cell expression, and the regulation of functional elements 
within the genome. These projects have provided deeper 
biological insights into the tissue expression level and 
genetic regulatory mechanisms of important economic 
traits in pigs. By utilizing the advanced multi-omics find-
ings from these livestock studies, the analysis of selection 
signature and the study of complex phenotypic regulation 
in livestock genomes are being advanced. In this study, 
we focused on the regions under selection and genetic 
variations affecting important economic traits in South 
China and North China indigenous pigs. Utilizing biolog-
ical information from large-scale, multi-omics databases 
across different species, we performed signature mining 
analysis to thoroughly investigate the genetic basis under 
selection and the biological functions of key candidate 
genes in China indigenous pig populations.

Materials and methods
Sample collection and genotyping
We collected a total of 133 short-read whole-genome 
sequence (WGS) individual datasets from the PigGTEx 
project [13]. This dataset included 63 South China indig-
enous pigs of three breeds, 40 North China indigenous 
pigs of four breeds, and 30 Asian wild boars (Table  1). 
Among them, the Luchuan pig and Guangdongxiaoerhua 
pig were two subgroups of the breed Liangguangxiaoer-
hua pigs, and the Tunchang pig and Ding’an pig were two 
subgroups of the breed Hainan pigs.

The initial genotype file contained 42,523,218 single 
nucleotide polymorphisms (SNPs). We used PLINK v1.90 
[14] to perform the following data quality control on the 
initial genotype: (1) retained SNPs with a minor allele 
frequency > 0.01 using the command “--maf 0.01”; (2) 
retained SNPs on autosomes using the command “--auto-
some”. Finally, 11,001,240 SNP loci were filtered out, leav-
ing 31,521,978 SNPs for subsequent analysis after quality 
control.

Population genetic structure analysis
Principal component analysis
We applied PLINK v1.90 [14] to conduct principal com-
ponent analysis (PCA) on the study population and cal-
culate the eigenvalues and eigenvectors of the first ten 
principal components using the command “--pca 10”. The 
scatter plot of the first two principal components was 
generated using the R package ggplot2 v3.3.6 [15].

Phylogenetic tree construction
To investigate the phylogenetic relationships among the 
study populations, we constructed a phylogenetic tree 
based on genetic distances. Using PLINK v1.90 [14], we 
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calculated the identity by state (IBS) distances between 
individuals from 31,521,978 SNPs with the command 
“--genome”, representing genetic distances as 1-IBS. We 
used MEGA v7.0.14 [16] for genetic distance file format 
conversion, and constructed the phylogenetic tree using 
the Neighbor-joining (NJ) method. The tree was then 
visualized with the iTOL v6.7.2 tool [17].

Linkage disequilibrium decay analysis
We utilized PopLDdecay v3.40 [18] to perform LD decay 
analysis on three populations. Firstly, we extracted single-
chromosome data for each population using BCFtools 
v1.12 [19] to generate genotype input files in *.vcf.gz 
format. We divided SNPs within 1  Mb into intervals as 
follows: “10 bp intervals for distances within 500 bp and 
100  bp intervals for distances over 500  bp”, and calcu-
lated the average LD coefficient for all SNPs within these 
intervals. We then calculated LD per chromosome for 
a 1 Mb range with parameters “-MaxDist 1000 -bin1 10 
-bin2 100 -break 500”. Finally, we merged the single-chro-
mosome results for genome-wide LD calculations and 
visualized the results by plotting the LD decay curves for 
multiple populations.

Population genetic structure analysis
We performed population genetic structure analysis 
using admixture v1.3.0 [20]. We predefined ancestors (K) 
from 2 to 8 and conducted cross-validation analysis to 
compare the reliability of each K.

Genome-wide detection of selection signatures
Cross-population extended haplotype homozygosity 
(XP-EHH)
We carried out genome-wide selection signature detec-
tion on pairwise groups of South China indigenous pigs, 
North China indigenous pigs, and Asian wild boars. 
Using PLINK v1.90 [14], we extracted single-chromo-
some genotype files and conducted XP-EHH analy-
sis with Selscan v1.3.0 [21], merging the results for all 

chromosomes. Genetic distance files for genome-wide 
sites were obtained by converting physical positions, 
with 1 cM assumed to be equal to 1 Mb [22]. We applied 
two-tailed tests to the XP-EHH results, with SNPs in the 
top 1% considered significant. SNPs with scores below 
the 0.5th percentile indicated selection in population A, 
while scores above the 99.5th percentile indicated selec-
tion in population B. In the groupings of South/North 
China indigenous pigs with Asian wild boars, the wild 
boars were treated as population A, and the indigenous 
pigs as population B. In the grouping of South China vs. 
North China indigenous pigs, the North China indig-
enous pigs were designated as population A, and the 
South China indigenous pigs as population B.

Pairwise fixation index (FST)
We employed VCFtools v0.1.13 [23] to calculate the 
per-site FST statistics for three groups. Subsequently, we 
ordered the FST statistics for all loci in each group from 
highest to lowest, and SNP loci exceeding the top 0.1% 
quantile were considered significant loci detected by this 
method.

Genome-wide association study with eigenvector 
decomposition (EigenGWAS)
We utilized GEAR v0.919 [24] with default parameters to 
perform EigenGWAS analysis on South China and North 
China indigenous pigs, aiming to screen for selection sig-
nals of population differentiation. First, we extracted the 
first principal component information from three groups: 
“South China indigenous pigs vs. Asian wild boars”, 
“North China indigenous pigs vs. Asian wild boars”, and 
“South vs. North China indigenous pigs” as the input 
phenotype. We then conducted calculations for each 
chromosome file and merged the results from individ-
ual chromosomes to achieve genome-wide site analysis 
results. To enhance the statistical power of this selection 
signature analysis, we utilized GC (Genetic Correction)-
adjusted P values (PGC) as the indicator for significant 

Table 1  Sample information on South China indigenous pigs, North China indigenous pigs and Asian wild boars
Population Breed Sample size Location/origin
North China indigenous pig breeds Min 16 Suihua City, Heilongjiang Province

Laiwu 6 Laiwu City, Shandong Province
Hetaodaer 7 Bayannur City, Inner Mongolia Autonomous Region
Bamei 11 Yulin City, Shaanxi Province

South China indigenous pig breeds Liangguangxiaoerhua Luchuan 17 Luchuan County, Yulin City, Guangxi Zhuang Autonomous 
Region

Guangdongxiaoerhua 10 Suixi County, Zhanjiang City, Guangdong Province
Hainan Tunchan 10 Tunchang County, Hainan Province

Dingan 10 Ding’an County, Hainan Province
Bamaxiang 16 Bama County, Guangxi Zhuang Autonomous Region

Asian wild boars 30 /
Sum. 133
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loci. We applied the Bonferroni correction method, using 
“0.05 / total number of loci” as the significance threshold.

Biological annotation of significantly selected SNPs
Definition of significantly selected SNPs and intervals
We defined significantly selected SNPs as those detected 
as significant by the XP-EHH method and simultane-
ously detected as significant by either the EigenGWAS 
or FST methods, i.e., (Sig_XP-EHH ∩ Sig_FST) ∪ (Sig_XP-
EHH ∩ Sig_EigenGWAS). Additionally, we defined a 
potential selective region as the interval extending 50 Kb 
upstream and downstream from the significantly selected 
SNPs. Genes and associated QTLs located in candidate 
regions based on their chromosomal physical positions 
(Sus scrofa 11.1, Release 100) were regarded as candidate 
genes for those regions.

QTL region enrichment analysis
To determine if significant SNPs were significantly 
enriched in specific trait types, we conducted QTL 
region enrichment analysis on significant loci from each 
group using gff files downloaded from Animal QTLdb 
(Release 45) [25]. The steps were as follows: (1) To ensure 
the reliability of the results, we removed QTLs from the 
gff files that were insignificant, lacked a clear physical 
location, or had QTL intervals > 1  Mb; (2) Trait classifi-
cation was based on the Trait Type from Animal QTLdb 
(Release 45) [25], and we excluded trait categories with 
fewer than 100 reports; (3) We used custom R scripts to 
extract and create input files: bed files with the physical 
location information of significant loci; (4) We performed 
permutation tests using the R package regioneR v1.26.1 
[26], with 10,000 permutations for each set of significant 
SNPs. The significance threshold for permutation tests 
was set at P value < 0.05.

Candidate gene pathway enrichment analysis
For a deeper understanding of the biological functions of 
candidate genes annotated by selection signatures in each 
group, we utilized the R package clusterProfiler v4.6.0 
[27] and DAVID tool [28] for enrichment analysis, speci-
fying the gene background species as pig (Sus scrofa). 
The significance criterion for enriched pathways was a 
P value < 0.05. Specifically, we focused on the analysis of 
Biological Process terms from the GO analysis and the 
KEGG pathway categories.

Chromatin state enrichment analysis
To examine the roles of significant loci in different tis-
sues and functional genomic layers, we performed chro-
matin state enrichment analysis on significant selected 
loci. The chromatin state information was obtained from 
the FANNG project [11]. These 15 chromatin states for 
14 pig tissues (adipose, cecum, cerebellum, colon, cortex, 

duodenum, hypothalamus, ileum, jejunum, liver, lung, 
muscle, spleen, and stomach) were divided into six cat-
egories: promoter-associated states (TssA, TssAHet, 
TssBiv), states related to proximal transcription regions 
near Transcription Start Sites (TSS) (TxFlnk, TxFlnkWk, 
TxFlnkHet), enhancer-associated states (EnhA, EnhAMe, 
EnhAWk, EnhAHet, EnhPois), ATAC island regions 
(ATAC_Is), repressive states (Repr, ReprWk), and quies-
cent states (Quiescent). For the chromatin state enrich-
ment analysis, we excluded the Quiescent state due to its 
inactivity. We performed enrichment analysis using the R 
package LOLA v1.22.0 [29], and the significance thresh-
old was set to PFDR < 0.05 and enrichment fold > 1.

Enrichment analysis of complex traits in pigs
To further investigate the relationship between significant 
selected loci in South China and North China indigenous 
pigs and complex phenotypic traits in domestic pigs, we 
used 268 GWAS meta-analysis data from the PigGTEx 
project [13] to conduct enrichment analysis on the signif-
icantly selected SNPs for pig complex traits. We used the 
R package LOLA v1.22.0 [29] to conduct the analysis and 
perform Fisher’s exact test, with the significance thresh-
old set at PFDR < 0.05 and enrichment fold > 1. Traits with 
odds ratio > 0 were plotted and converted to enrichment 
fold using the formula ‘log2(odds ratio + 1)’.

Multi-omics functional annotation analysis of candidate 
genes
We used large multi-omics databases such as HPA v22.0 
[30], IMPC [31], GWASATLAS [32], and the PigGTEx 
project [13] to perform multi-level cross-species biologi-
cal function annotation for key candidate genes, includ-
ing transcriptomic expression levels in humans, pig, and 
mouse tissues, single-cell transcriptomic expression lev-
els and protein expression levels in human, and associ-
ated phenotypes in human and mouse.

Results
Characteristics of the genome datasets
We collected 133 whole genome sequencing data of pigs 
from the pig genomics reference panel (PGRP) [13], 
including 30 Asian wild boars, 63 South and 40 North 
China indigenous pigs (Fig. 1a; Table 1). We aligned the 
clean reads to the Sus scrofa 11.1 reference genome [33] 
using BWA [34]. The sequence depth for each sample 
ranged from 5.24X to 69.40X, with an average of 19.94X 
(Table S1). Subsequently, we called SNPs on a popula-
tion level and obtained 42,523,218 SNPs. After filtration 
of the raw variants, we kept 31,521,978 high-quality SNPs 
belonging to autosomes for subsequent analyses.
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Population structure analyses
The top two principal components (PCs) of the PCA 
contributed 26.83% and 14.42% genetic variance, respec-
tively (Fig.  1c). PC1 and PC2 divided all the individuals 
into three groups defined by geographical distribution. 
Consistent with the relationships in the PCA, the Neigh-
bor-joining tree showed that all individuals were clus-
tered together according to their breeds (Fig.  1b). The 
assumed ancestral lineage compositions of all individuals 
were determined with a range of K values, where K rep-
resents the number of assumed ancestries (Fig. 1d). With 
an increasing K value, the populations within the three 
groups were gradually distinguished from each other. As 
depicted in Fig. 1e, the linkage disequilibrium (LD) decay 
among the three groups showed a similar trend, where r² 
decreased with increasing SNP marker distance, but the 
decay rates differed. Asian wild boars had lower LD levels 
and a faster decay rate than the other two populations. 
North China indigenous pigs exhibited a slower decay 
rate and higher LD levels compared to the South type. 
The maximum r² values were 0.3749 for South China 
indigenous pigs, 0.3737 for North type, and 0.3623 for 
Asian wild boars, with corresponding maximum LD dis-
tances of approximately 300 Kb, 200 Kb, and 50 Kb.

In addition, in preparation for using the EigenGWAS 
method in subsequent research, which requires popu-
lation eigenvector files as input, we performed PCA on 
each pair of the three groups. As illustrated in Fig. S1, 
PC1 in each group successfully differentiated the corre-
sponding two populations. Consequently, we extracted 
the PC1 values from these groups which will be used as 
input phenotype data for subsequent EigenGWAS.

Selection signatures in South China indigenous pig and 
Asian wild boar
Overview of selection signatures detection
In the XP-EHH test results for the grouping of South 
China indigenous pigs and Asian wild boars, the scores 
ranged from 1.2633 to 2.1607, with an average value of 
0.1318. The 0.5% and 99.5% percentile XP-EHH val-
ues were − 0.3793 and 1.1205, respectively (Fig. S2a). 
Loci with XP-EHH values below the 0.5th percentile 
(XP-EHH score < -0.3793) were considered candidate 
loci under selection in Asian wild boars, while loci with 
XP-EHH values above the 99.5th percentile (XP-EHH 
score > 1.1205) were considered candidate loci under 
selection in South China indigenous pigs. There were 
157,561 and 157,567 candidate loci detected in South 
China indigenous pigs and Asian wild boars, respectively, 

Fig. 1  Samples location and population genetic structures of South China and North China indigenous pigs and Asian wild boars. a Locations of the 
samples, which were collected from the PigGTEx project. b Neighbor-joining phylogenetic tree of 133 pigs. c Principal component analysis (PCA) result 
of 133 pigs on the first two PCs. d Genetic ancestry compositions with the assumed number of ancestries from K = 2 to K = 8. e Linkage disequilibrium 
decay in the distance of 1 Mb. LC, Luchuan pigs; GDXE, Guangdongxiaoerhua pigs; BMX, Bamaxiang pigs; DA, Ding’an pigs; TC, Tunchang pigs; LW, Laiwu 
pigs; HT, Hetao pigs; BM, Bamei pigs
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with significant loci distributed across all chromosomes 
(Fig.  2a). The results of the FST test indicated that the 
FST statistics ranged from − 0.0252 to 1, with an aver-
age value of 0.0886 (Fig. S2a). In total, we detected 
30,349 significant loci (FST > 0.7314) (Fig. 2b). From the 
EigenGWAS findings, we discovered 7,651 significant 
loci (P < 1.6430 × 10⁻⁹, Fig. S2), with peaks appearing on 
multiple chromosomes such as SSC1, SSC4, and SSC8 
(Fig. 2c).

By using the XP-EHH method and confirming signifi-
cance with either FST or EigenGWAS, we detected 5,227 
loci as significantly selected (Fig.  2d). These loci were 
unevenly distributed across the autosomes, with the 
strongest signature peaks found on SSC1 and SSC3. The 
highest concentrations of significant loci were on SSC1, 
SSC15, and SSC2, with counts of 1,721, 745, and 533, 
respectively (Fig. 2d).

Biological annotation of significant selected loci
By extending 50 Kb both upstream and downstream 
from the significant selected loci to identify the selected 
regions, we conducted gene annotation for these regions. 
In South China indigenous pigs, we obtained 304 candi-
date genes, compared to 44 in Asian wild boars (Table 
S2). The pathway analysis indicated that the candidate 
genes in Asian wild boars were significantly enriched in 
a few pathways such as regulation of ventricular cardiac 
muscle cell membrane repolarization, cochlea develop-
ment, integrin-mediated cell adhesion, prion diseases, 
and focal adhesion (Table S3). For South China indig-
enous pigs, candidate genes were significantly enriched 
in 21 GO biological processes and 17 KEGG pathways. 
Among these, the DLX1 and DLX2 genes were enriched 
in several brain nerve development pathways, including 
hippocampus development, fate commitment of GAB-
Aergic interneurons in the cerebral cortex, and subpal-
lium development. Additionally, genes including IKBKB, 
NFATC2, CD3E, CD3D, MAPK14, and NFATC2 were 
extensively enriched in pathways related to viral infection 
and immune response, such as Th1 and Th2 cell differ-
entiation, C-type lectin receptor signaling pathway, and 
Chagas disease (Table S3).

QTL enrichment analysis for significant selected loci
Following the QTL enrichment analysis for signifi-
cant selected loci in these two groups, it was observed 
that unlike Asian wild boars, which showed significant 
enrichment solely in blood parameters and meat tex-
ture traits (P < 0.05), South China indigenous pigs exhib-
ited enrichment in five QTL trait categories: exterior, 
health, meat and carcass, production, and reproduction. 
Notably, in the health category, enrichment was noted 
in QTLs associated with disease resistance and immune 
capacity traits. In the reproduction category, the QTLs 

related to reproductive traits, reproductive organs, and 
litter performance (Fig. 2f, Table S4).

Chromatin state enrichment analysis for significant selected 
loci
The enrichment revealed that differences between 
the two groups were concentrated in visceral organs, 
the digestive system, and cerebellum tissues. In Asian 
wild boars, selected loci were significantly enriched in 
enhancer regions of visceral organs (liver, spleen, lungs), 
with extreme enrichment in the weakly active enhancer 
chromatin state in the liver (PFDR < 0.001, Table S5). For 
spleen, Asian wild boars showed significant enrichment 
in poised enhancer functional elements, while South 
China indigenous pigs were significantly enriched in 
weakly repressive Polycomb regions (ReprWk) (PFDR < 
0.01). Also, South China indigenous pigs’ selected loci 
were enriched in the ATAC island state in cerebellar tis-
sue and repressive states in the cecum and colon. Addi-
tionally, in the ileum, both were significantly enriched in 
weakly repressive Polycomb regions (ReprWk) and weak 
enhancer (EnhAWK) states, respectively (Fig. 2e).

Complex trait enrichment analysis for significant selected loci
In comparison to Asian wild boars, South China indig-
enous pigs showed significant enrichment in multiple 
complex traits within the growth, reproduction, and fat 
trait categories (Fig.  2g, Table S6). These included sig-
nificant enrichment in growth traits such as days to 
reach 115 kg (DAYS_115) and average daily gain (ADG) 
(P < 0.001). In terms of reproductive traits, it mainly 
included the total number of piglets born (TNB) and total 
litter weight at weaning (TLWT_Weaning) (P < 0.001). 
There was also significant enrichment in backfat thick-
ness (BFT) (P < 0.001).

Selection signatures in North China indigenous pig and 
Asian wild boar
Overview of selection signatures detection
The test results between this comparison group showed 
XP-EHH scores ranging from − 1.0273 to 1.8237, with an 
average of 0.0425. The XP-EHH values at the 0.5% and 
99.5% quantiles were − 0.4107 and 0.7443, respectively 
(Fig.  2). Loci with XP-EHH values less than the 0.5% 
quantile (XP-EHH score < -0.4107) were candidate selec-
tion loci in Asian wild boars, whereas those greater than 
the 99.5% quantile (XP-EHH score > 0.7443) were candi-
date in North China indigenous pigs. We found 157,530 
and 157,528 significant loci in North China indigenous 
pigs and Asian wild boars. These loci were unevenly dis-
tributed across the chromosomes, with distinct selection 
signatures on SSC1, SSC5, SSC6, and SSC8 in the North 
China indigenous pigs (Fig. 3a). According to the FST test, 
the statistics ranged from − 0.0300 to 0.9709, with an 
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Fig. 2  Selection signatures and biological annotation of the paired South China indigenous pigs and Asian wild boars. a-c Manhattan plots of the selec-
tion signatures detected by XP-EHH, FST, and EigenGWAS. d Significant selected loci distribution in the whole genome. e Chromatin state enrichment 
analysis for significant selected loci in 14 major tissues of pigs. f QTL region enrichment analysis for the selected region. g Enrichment analysis of complex 
traits based on the selected SNP windows in pigs. The whole trait name showed in table S6
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Fig. 3  Selection signatures and biological annotation of the paired North China indigenous pigs and Asian wild boars. a-c Manhattan plots of the selec-
tion signatures detected by XP-EHH, FST, and EigenGWAS. d Significant selected loci distribution in the whole genome. e Chromatin state enrichment 
analysis for significant selected loci in 14 major tissues of pigs. f QTL region enrichment analysis for the selected region. g Enrichment analysis of complex 
traits based on the selected SNP windows in pigs. The whole trait name showed in table S6
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average of 0.0670. The FST value at the 0.1% highest quan-
tile was 0.5990 and we detected 30,346 significant loci 
using this method (FST > 0.5990) (Fig. 3b). The EigenG-
WAS results showed that -log10PGC values ranged from 0 
to 16.1805, with a mean value of 0.4223, and 191 signifi-
cant loci were detected (PGC = 1.6476 × 10⁻⁹). The most 
significant signature was found on SSC2 with peaks also 
present on SSC1, SSC2, and SSC16 (Fig. 3c).

Finally, we found 5,800 significant selection loci in the 
North China indigenous pig. These loci were distributed 
across all 18 chromosomes, showing an uneven distribu-
tion (Fig. 3d). The locus with the highest XP-EHH score 
was located on SSC5. SSC1 and SSC8 had the high-
est numbers of significant selection loci, with 1,305 and 
1,526 loci, respectively. In the Asian wild boar group, 489 
significant selection loci were detected.

Biological annotation of significant selected loci
In the regions showing selection signatures, we identified 
363 and 157 candidate genes in North China indigenous 
pigs and Asian wild boars, respectively (Table S7). Path-
way analysis of candidate genes indicated that those from 
the Asian wild boar group were significantly enriched 
in seven GO biological process terms and five KEGG 
pathways (Table S8). In North China indigenous pigs, 
candidate genes were significantly enriched in 26 GO 
biological process terms and 34 KEGG pathways, mainly 
related to immune response, inflammatory response, and 
viral infection. Among these, RNF114, GAL3ST1, LIMK2, 
KIT, MAEL, SPATA2, AP3B1, CABS1, PATZ1, and 
ACVR2A genes were significantly enriched in the sper-
matogenesis pathway, GNAQ, KCNMA1, ITPR2, ITPR3, 
LYZ, and ADRA1A genes were enriched in salivary secre-
tion, and MC1R, KIT, and SNAI2 genes were significantly 
enriched in the pigmentation pathway (Table S8).

QTL enrichment analysis for significant selected loci
The selection signatures in the North China indigenous 
pig population were significantly enriched in QTLs 
related to production trait class (growth, feed conversion 
ratio, and feed intake), reproduction traits class (repro-
ductive traits, reproductive organs), and meat and car-
cass class (fatty acid content and meat color) (Fig. 3f ). On 
the other hand, the significant signatures in Asian wild 
boars were predominantly enriched in QTLs associated 
with immunity and health.

Chromatin state enrichment analysis for significant selected 
loci
As depicted in Fig.  3e, the significant selection signa-
tures in Asian wild boars were significantly enriched in 
the enhancer states of tissues such as the hypothalamus, 
cerebellum, and spleen. Meanwhile, the significant selec-
tion signatures in North China indigenous pigs were 

prominently enriched in the enhancer states of visceral 
tissues (liver and lungs), muscle, fat, and duodenum 
(Fig. 3e, Table S5).

Complex trait enrichment analysis for significant selected loci
Selection signatures in North China indigenous pigs were 
enriched in various complex traits related to growth, 
reproduction, immunity, and fat characteristics (Fig.  3g, 
Table S6). Specifically, for growth traits, there was sig-
nificant enrichment in traits like DAYS_115, ADG, and 
BFT (P < 0.001). For immune traits, significant enrich-
ment was observed in lysozyme levels and the percentage 
of CD4-positive leukocytes (P < 0.001). TLWT_Weaning 
showed the highest level of enrichment. In contrast, the 
selection signatures in Asian wild boars were signifi-
cantly enriched in the phenotype of the number of teats 
(TNUM) (P < 0.001, Table S6).

Selection signatures in South China and North China 
indigenous pig
Overview of selection signatures detection
In this comparison group, XP-EHH scores ranged from 
− 1.1870 to 2.0498, with an average of 0.0778. The XP-
EHH values at the 0.5% and 99.5% quantiles were − 0.4868 
and 0.8738, respectively. Loci with XP-EHH values below 
the 0.5% quantile (XP-EHH score < -0.4868) were candi-
date selection loci in North China indigenous pigs, while 
those above the 99.5% quantile (XP-EHH score > 0.8738) 
were candidate in South types. We identified 157,569 and 
157,567 significant loci in South China and North China 
indigenous pigs, respectively. These loci were distributed 
across every chromosome, with significant ones on SSC1, 
SSC4, and SSC12 in South China indigenous pigs, and on 
SSC8 and SSC11 in North types (Fig. 4a). The FST statis-
tics ranged from − 0.0209 to 0.9701, with an average value 
of 0.1017. The FST statistic at the 0.1% highest quantile 
was 0.7265. This method identified 30,612 significant loci 
with FST values exceeding 0.7265 (Fig. 4b). The EigenG-
WAS results showed -log10PGC values ranging from 0 to 
23.9567, with a mean value of 0.4456. There were 2,165 
significant loci with PGC values greater than the threshold 
(PGC =1.6331 × 10 − 9), with significant peaks appearing 
on SSC1, SSC4, SSC14, and SSC16 (Fig. 4c).

We detected 3,527 significant selection loc in South 
China indigenous pigs, distributed unevenly across the 
genome. Significant selection signatures were particu-
larly evident on SSC1, SSC3, and SSC12, with SSC1 hav-
ing the most significant one, totaling 1,285 (Fig.  4d). In 
North types, 958 significant selection loci were detected, 
with distinct selection signals on SSC1, SSC2, and SSC6. 
The highest numbers of significant loci were on SSC6 
and SSC2, with 173 and 109 loci, respectively. The loci 
with the highest XP-EHH values were located on SSC8 
(Fig. 4d).
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Fig. 4  Selection signatures and biological annotation of the paired South China indigenous pigs and North China indigenous pigs. a-c Manhattan plots 
of the selection signatures detected by XP-EHH, FST, and EigenGWAS. d Significant selected loci distribution in the whole genome. e Chromatin state 
enrichment analysis for significant selected loci in 14 major tissues of pigs. f QTL region enrichment analysis for the selected region. g Enrichment analysis 
of complex traits based on the selected SNP windows in pigs. The whole trait name showed in table S6
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Biological annotation of significant selected loci
We annotated a total of 243 genes in South China indig-
enous pigs (Table S9), which were significantly enriched 
in 15 biological process pathways and one KEGG path-
way, predominantly involved in complex developmental 
differentiation processes (Table S10). In North China 
indigenous pigs, 175 genes were annotated. These genes 
were enriched in 21 significant biological process path-
ways and 25 significant KEGG pathways, primarily linked 
to metabolic regulation (Table S10).

QTL enrichment analysis for significant selected loci
The enrichment analysis revealed that South China indig-
enous pigs’ significant loci were enriched in meat quality, 
carcass, and appearance categories (Fig. 4f ). In compari-
son, North China indigenous pigs’ significant loci were 
more enriched in production and reproductive traits. For 
production traits, both populations showed enrichment 
in QTLs related to feed intake. Moreover, North China 
indigenous pigs’ selection loci were enriched in QTLs 
related to growth traits and feed conversion efficiency 
(Fig. 4f ).

Chromatin state enrichment analysis for significant selected 
loci
The results showed selection signatures enriched in 
the enhancer regions of the digestive system (stomach, 
small and large intestines) (Fig.  4e, Table S5). In South 
China indigenous pigs, significant selection signals were 
enriched in the EnhPois state of the small intestine (duo-
denum, jejunum, ileum) and cecum, and also enriched 
in the repressive functional regions of the stomach, 
jejunum, and spleen. The regulatory states in cecum tis-
sue were diverse, with enrichment in TssA, EnhAHet, 
and ReprWk states. Additionally, there were differences 
between South China and North China indigenous pigs 
in the chromatin region enrichment of brain, muscle 
fat, and liver. Significant loci in South China indigenous 
pigs were enriched in the TssA of the cerebral cortex and 
hypothalamus and in the ATAC_Is of the cerebellum. In 
North China indigenous pigs, significant enrichment was 
found in the EnhPois and TxFlnkHet of the hypothala-
mus and in the TssAHet of the cerebellum and cerebral 
cortex. Both populations showed specific enrichment in 
the TssA and EnhPois states of adipose and muscle tis-
sues, respectively. In the liver, the selected loci of South 
China indigenous pigs were enriched in TxFlnk, while 
those of North types were enriched in EnhAHet and 
EnhPois (Table S5). These differences in chromatin state 
enrichment in various tissues may be related to the dif-
ferent selection objectives and mechanisms for fat depo-
sition, growth, and immune performance between these 
two populations.

Complex trait enrichment analysis for significant selected loci
The enrichment analysis for complex traits in pigs indi-
cated that the most significant differences in selection 
direction between South China and North China indig-
enous pigs were observed in fat traits and immune traits 
(Fig.  4g). The candidate loci in South China indigenous 
pigs were enriched in the BFT trait, while those in North 
types were enriched in the CD4LP and CD4CD8NP traits 
(Fig. 4g).

Functional annotation analysis of genes under selection in 
indigenous pigs
For a more detailed analysis of the biological functions 
of selection signature in South China and North China 
indigenous pigs, all genes identified in the same type 
of pig population across three groups, South vs. North 
China indigenous pigs, South/North China indigenous 
pigs vs. Asian wild boars, were considered potential 
selected genes for that population. Repeatedly detected 
genes were classified as key selected genes.

Pathway analysis of selected genes in South China 
indigenous pigs
There were 439 potentially selected genes in the South 
China indigenous pig, of which 108 were key selected 
genes (Fig.  5a). These pathways, in which these genes 
were significantly enriched, formed clusters of biologi-
cal function pathway networks, which are mainly associ-
ated with the activation, proliferation, and differentiation 
of immune cells (T cells, lymphocytes, leukocytes) as 
well as with the regulation of neural cell development 
and cell differentiation (Fig. 5b, Table S11). The enriched 
pathways for key selected genes were involved in func-
tions such as cell development and metabolism, immune 
response, and others. ABCA1, in particular, was enriched 
in pathways that stabilize vascular endothelial cells and 
were associated with anti-atherosclerosis (Table S12).

Pathway analysis of selected genes in North China 
indigenous pigs
There were 503 potentially selected genes in the North 
China indigenous pig, with 35 identified as key selected 
genes (Fig.  5a). Clustering of functional pathway net-
works in which genes potentially under selection in 
North China indigenous pigs were significantly enriched 
showed that they were mainly associated with biological 
pathways related to blood circulation process, regula-
tion of organism growth and development, and immune 
response regulation (Fig. 5c, Table S13), as well as repro-
ductive physiological developmental pathways such as 
maternal processes during pregnancy, follicular devel-
opment, and spermatogenesis (Table S11). The pathway 
enrichment result for key selected genes was shown 
in Table S11, with five genes (LYN, KCNMA1, ITPR2, 
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Fig. 5  The selected genes and their biological functions of South China and North China indigenous pigs. a Venn diagrams of the genes detected in 
different tests. b-c Network of the biological function terms where the selected genes in South China and North China indigenous pigs were enriched. 
d-g Key selected genes distribution in different tests
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PLA2G4A, PTGS2) significantly enriched in six KEGG 
pathways, associated with neural cell signaling, immune 
response, and cardiovascular functions (Table S12).

Pathway analysis of shared selected genes in China 
indigenous pigs
In the selection signature detection analysis with Asian 
wild boars as the control group and indigenous pigs as 
the observation group, we identified 65 shared selected 
genes in both South China and North China indig-
enous pigs (Fig. 5a). These shared candidate genes were 
enriched in six GO biological processes and two KEGG 
pathways (Table S12), with several interferon (IFN) and 
interleukin (IL) gene family members enriched in path-
ways related to immune regulation processes and cyto-
kine signaling.

Screening of differentially selected genes in China indigenous 
pigs
To delve deeper into the differential selection signals 
between South China and North China indigenous pigs, 
we kept the differential loci detected by XP-EHH, FST, 
and EigenGWAS, and defined candidate genes anno-
tated with more than 10 of these loci as strongly selected 
genes. We found 33 and 15 strongly selected candidate 
genes in South China indigenous pigs (Fig.  5d-e, Fig. 
S3) and North China indigenous pigs (Fig. 5f-g, Fig. S3), 
respectively, of which 11 genes (ASS1, FUBP3, MC1R, 
DEF8, TCF25, ODAM, C2orf88, FDCSP, CSN3, DOCK2, 
SPIRE2) were commonly annotated as strongly selected 
(Table S14, Fig.  5d-g). These distinct genes were con-
nected to different physiological functions, such as repro-
ductive physiology, brain neurodevelopment, coat color, 
and immunity.

The transcriptome expression profiles from the HPA 
database indicated that genes such as VPS13A and 
TEX36 were associated with male infertility in humans, 
with both showing specific high expression levels in 
the testicular tissue of pigs and humans. EDRF1 was 
also highly expressed in the testicular tissue of pigs and 
humans, with single-cell transcriptome data showing 
significant enrichment in early and late-stage sperm cell 
clusters, suggesting a role in spermatogenesis. ESR1 dem-
onstrated high tissue-specific expression in reproductive 
organs such as the cervix and fallopian tubes (Fig. S4a-
d). CSN3 was involved in mammalian lactation, being 
expressed only in the salivary glands and mammary tis-
sue, with particularly high expression in mammary tissue 
(Fig. S5a-c). Similarly, the pig transcriptome atlas showed 
that the CSN3 gene had specific high expression in the 
lactating tissue of pigs (Fig. S5b).

NFIA, BRWD1, and ST18 were associated with brain 
neurodevelopment. For example, NFIA was linked to 
brain development, brain malformations, and lethality in 

mice. BRWD1 was specifically enriched in human brain 
tissue and highly expressed in porcine fetal development 
tissues such as oocytes and blastomeres. ST18 showed 
transcriptome-level expression only in human brain tis-
sue but was highly expressed in various pig brain tissues.

The MC1R gene, associated with coat color, had an 
average expression level of TPM > 1 in pig brain tissues 
(frontal cortex, cerebrum, hypothalamus) (Fig. S5d-h). In 
humans, it showed tissue-specific high expression in the 
pituitary gland and testicular tissues (Fig. S5e). Addition-
ally, in phenotype association tests, MC1R was linked to 
abnormal hair and hair pigmentation phenotypes in mice 
(Fig.S5f ) and various skin and hair color phenotypes in 
humans (Fig. S5g).

Additionally, we identified several genes associated 
with mammalian immune function, such as FDCSP, 
PIK3AP1, and DOCK2. FDCSP and ODAM exhibited tis-
sue-specific expression in lymphoid tissues and salivary 
glands and were linked to metabolic traits in humans 
(Fig. S4e-h). PIK3AP1 showed high expression in lym-
phoid tissues, liver, and salivary glands in both human 
and pig transcriptome profiles and was associated with 
immune and metabolic complex traits in humans, and 
with increased neutrophil and monocyte counts and 
decreased lymphocyte counts in mice. DOCK2 was 
expressed in various pig tissues, with higher expression 
levels in fetal thymus, lymph nodes, spleen, macrophages, 
and blood (Fig. 6). In humans, DOCK2 had specific high 
expression in bone marrow, lungs, and lymphoid tissues 
(Fig.  6b), was specifically enriched in immune response 
clusters in lymphoid tissues (Fig. 6d), and was associated 
with decreased bone density and increased spleen weight 
phenotypes in mice (Fig. 6e).

Image credit: a, PigGTEx-Portal [13], ​h​t​t​p​:​/​/​p​i​g​g​t​e​x​.​f​a​r​
m​g​t​e​x​.​o​r​g​/​​​​​. b-d, Human Protein Atlas [30], www.protein-
atlas.org. e, International Mouse Phenotyping Consor-
tium [31], www.mousephenotype.org.

Discussion
Based on the WGS data, we employed three methods, 
i.e., FST, XP-EHH, and EigenGWAS, to detect genome-
wide selection signatures in South China and North 
China indigenous pig breeds. We annotated the sig-
nificant selected loci and functional genes using enrich-
ment of chromatin state, QTL region, complex trait, and 
pathway enrichment. The results indicated that China 
indigenous pigs have been positively selected for traits 
related to feeding habits and feed conversion efficiency. 
Moreover, different types of indigenous pigs had distinct 
breeding directions: South China indigenous pigs showed 
selection signatures concentrated in traits related to fat 
deposition, meat quality, body shape, and immune func-
tion, while North China pigs exhibited signals related to 

http://piggtex.farmgtex.org/
http://piggtex.farmgtex.org/
http://www.proteinatlas.org
http://www.proteinatlas.org
http://www.mousephenotype.org
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growth and development, blood physiology, and repro-
ductive performance.

Firstly, by integrating the results from PCA, phylo-
genetic trees, and ancestry detection, we observed that 
North China indigenous pigs were genetically closer to 
Asian wild boars. This was hypothesized to be related to 
the geographical proximity of the Asian wild boar popu-
lations and the occurrence of gene flow events between 
them.

Secondly, through signature detection analysis of pair-
wise combinations among three groups, we identified 
candidate genes shared among China indigenous pigs, 
primarily associated with coat color, such as MC1R, 
EDNRB, and KIT. The MC1R gene was annotated in the 
SSC6: 0.120-0.28  Mb region in both South China and 
North China indigenous pigs. This gene was shown in 
humans to have multiple allelic mutations and was widely 

reported to be associated with pigmentation, skin color 
[35], and susceptibility to melanoma [36]. Addition-
ally, polymorphic mutations in this gene were related to 
changes in melanin synthesis in cattle coat color [37], 
horse coat color [38], chicken plumage color [39], and 
mice [40]. In pigs, Kijas et al. [41] were the first to reveal 
the role of MC1R variations in pig coat color diversity. 
These findings highlighted that MC1R played a central 
role in regulating the synthesis of eumelanin (black/
brown) and pheomelanin (red/yellow) in mammalian 
melanocytes. Recent researchers used genetic engineer-
ing to create MC1R gene-edited pigs [42], manipulating 
pig coat color to cater to future consumer demands in 
the meat market, and evaluating the breeding of new pig 
breeds. We annotated the KIT gene in the SSC8: 41.46-
41.56  Mb region in North China indigenous pigs. This 
gene was reported to have a clear association with the 

Fig. 6  Gene expression and biological phenotypes regulated by immune-associated gene DOCK2 in mammals. a RNA expression overview across tissues 
on pigs. b-c RNA expression and protein level overview across tissues in humans. nTPM, normalized expression levels. Color coding is based on tissue 
groups, each consisting of tissues with functional features in common. dDOCK2 is expressed specifically in the cluster Lymphoid tissue - Immue response 
regulation. e Related phenotype: increased spleen weight on Dock2−/− female mice, compared with WT female mice

 



Page 15 of 17Gao et al. BMC Genomics         (2024) 25:1191 

white coat color phenotype in indigenous pigs [43] and 
was sensitive to melanocytes involved in the pigmenta-
tion of the epidermis and hair follicles [44]. Addition-
ally, this gene was found to influence MC1R expression 
and was associated with the increased white spotting 
phenotype in horses [45]. Furthermore, we annotated 
the EDNRB gene in the SSC11: 50.04-50.14  Mb region 
in South China indigenous pig populations. Ai et al. [46] 
revealed through analysis of the “two-end-black” coat 
color in indigenous pig populations that EDNRB might 
be associated with the appearance of white coat color 
in indigenous pigs. This gene was also enriched in pig-
mentation and melanocyte differentiation pathways in 
Pudong White pigs [47]. In other mammals, the deletion 
of EDNRB in mice [48] and horses [49] results in a white 
banded coat color phenotype similar to the “two-end-
black” color in China indigenous pigs. Additionally, an 
SNP site in this gene was reported by Yan et al. [50] as the 
causative mutation for albinism in canines, specifically in 
the Chinese raccoon dog.

Thirdly, the results of the study on the performance 
selection directions of South China and North China 
indigenous pigs demonstrated that North China indig-
enous pigs exhibited better growth characteristics, while 
South China indigenous pigs have a higher capacity for 
fat deposition. We annotated the IGF1R and IGF2R genes 
in South China and North China indigenous pigs, respec-
tively. Zhan et al. [51] compared the expression patterns 
of IGF1R and IGF2R in different tissues and myocytes 
in Nanjiang Yellow goats, confirming that these two 
genes synergistically promoted muscle tissue develop-
ment and myocyte proliferation and differentiation. The 
IGF1R gene was first discovered and confirmed to play 
a key role in the regulation of neuroendocrine functions 
and growth and development in animals [52, 53]. It was 
involved in regulating cell proliferation, migration, and 
organ formation during the developmental process of 
animals and played an important role in the insulin sig-
naling pathway that regulates animal body size. Previ-
ous studies on selection gene loci in large-sized pigs and 
small-sized China indigenous pig breeds identified a mis-
sense mutation in the IGF1R gene that occurred at a low 
frequency only in large-sized pigs, suggesting that IGF1R 
may be a key candidate gene for regulating body size and 
organ development in domestic pigs [54]. Similar results 
were validated in mice [55]. Additionally, the IGF1R and 
IGF2R genes were reported by Wang et al. [56] to play an 
important role in pig growth and development.

Conclusion
In this study, we performed population genetic analysis 
and selection signature detection on Asian wild boars, 
and South China and North China indigenous pigs 
using whole-genome resequencing data. The population 

genetic structure analysis showed that North China 
indigenous pigs are genetically closer to Asian wild boars 
than South China indigenous pigs. Both South China 
and North China indigenous pigs have been selected for 
growth, meat quality, and reproductive traits, but there 
are differences in the selection directions. South China 
indigenous pigs were more selected for fat deposition 
ability, neural development, small body size, and coat 
color, whereas selection signatures in North China indig-
enous pigs were more related to blood physiology, immu-
nity, and reproductive performance. Furthermore, we 
identified multiple selected genes associated with repro-
ductive physiology, pigmentation, and immune function 
in both South China and North China indigenous pigs.
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