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The 1000 Chinese Indigenous Pig Genomes
Project provides insights into the genomic
architecture of pigs

Heng Du1,2, Lei Zhou1,2, Zhen Liu1, Yue Zhuo1, Meilin Zhang1, Qianqian Huang1,
Shiyu Lu1, Kai Xing1, Li Jiang 1 & Jian-Feng Liu 1

Pigs play a central role in human livelihoods in China, but a lack of systematic
large-scale whole-genome sequencing of Chinese domestic pigs has hindered
genetic studies. Here, we present the 1000 Chinese Indigenous Pig Genomes
Project sequencing dataset, comprising 1011 indigenous individuals from 50
pig populations covering approximately two-thirds of China’s administrative
divisions. Based on the deep sequencing (~25.95×) of these pigs, we identify
63.62 million genomic variants, and provide a population-specific reference
panel to improve the imputation performance of Chinese domestic pig
populations. Using a combination ofmethods, we detect an ancient admixture
event related to a human immigration climax in the 13th century, which may
have contributed to the formation of southeast-central Chinese pig popula-
tions. Analyzing the haplotypes of the Y chromosome shows that the indi-
genous populations residing around the Taihu Lake Basin exhibit a unique
haplotype. Furthermore, we find a 13 kb region in the THSD7A gene that may
relate to high-altitude adaptation, and a0.47Mb region on chromosome 7 that
is significantly associated with body size traits. These results highlight the
value of our genomic resource in facilitating genomic architecture and com-
plex traits studies in pigs.

Pigs are one of the most successful livestock animals and play an
important role in worldwide economies and societies1. They provide
nutrition and manure, and their bristles can be used to produce bru-
shes. As a member of the family Suidae, Sus scrofa (e.g., domestic pigs
and wild boars) originated in Southeast Asia ~ 3–4 million years ago
(MYA) and colonized the entire Eurasian mainland over the last one
million years2. European and Asian wild boar populations diverged
around 1.2 MYA, with European populations experiencing severe bot-
tlenecks during the Last Glacial Maximum3,4. In the Suidae family,
domestic pigs are the only domesticated species, and domestication
occurred independently in Europe and Asia approximately 10,000
years ago5. At least 235 local pig breeds are recognized across the
diverse agroecology of the Asian continent (https://www.fao.org/dad-
is). Over one-third of these breeds (83 indigenous breeds) inhabit

China and have unique phenotypic and adaptive characteristics (Min-
istry of Agriculture and Rural Affairs of the People’s Republic of China,
http://www.moa.gov.cn/). With the abundance of distinct breeds and
diverse phenotypes, studying the genetic basis of Chinese domestic
pigs will assist in resolving the role they play in forming the genomic
patterns of pigs in East Asia and globally.

Comprehensive catalogs of genetic variations are essential
building blocks in population and demographic history research, as
well as genotype-phenotype associations. Numerous databases of
human genomics and bioinformatics have been developed, including
the UKbiobank6, Genome Aggregation Database7, 1000 Genomes
project8, UK10K project9, ChinaMAP10, and NyuWa project11. Although
many studies have concentrated on pig genomics and created large
and diverse population genetic variation resources12–16, the sequencing
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depth (~ 12 ×) for most samples and un-uniform sequencing platforms
in these datasets is insufficient for constructing a high-quality refer-
ence panel. Some studies are biased toward European commercial pig
breeds or crossbreds like SWIM17. The studies referring to Chinese
domestic pig populations have limited breed diversity (20–30 breeds)
or sequencing depth (average coverage of sequencing depth < 20 ×) or
geographical coverage18–20, and the systematic, high-depth sequencing
study of a Chinese domestic pig population cohort is missing, parti-
cularly one that provides a population-specific reference panel.

China is the only location outside the Near East with clear
archaeological evidence of independent pig domestication21,22. Over
thepast decade, several studies have investigated thedomesticationof
Chinese pigs, their dispersal, and the overall patterns of
admixture13,23–25, focusing on specific local populations, limited sam-
ples, or limited genomic data from Chinese domestic pigs, such as
genotyping array data. Without access to an integrated, large-scale,
and high-quality genomic dataset for domestic Chinese pig popula-
tions, the genetic divergence and structure of diverse Chinese indi-
genous pig breeds cannot be fully elucidated.

Here, we describe a genomic dataset, 1000 Chinese Indigenous
Pig Genomes Project (1KCIGP), based on the deep (~25.95 ×) whole-
genome sequencing (WGS) of 1011 Chinese domestic pigs from 50
distinct populations across 21 administrative divisions in China. The
1KCIGP dataset includes a total of 50.59 million single nucleotide
polymorphisms (SNPs), 12.87 million insertion-deletion polymorph-
isms (indels), and 168,167 structural variations (SVs). More impor-
tantly, we constructed a 1KCIGP panel comprising thousands of
samples, which has superior performance for imputation in the Chi-
nese indigenous pig population. Furthermore, we detected an ancient
admixture event coinciding with a human immigration climax in the
13th century, potentially contributing to establishing southeast-central
Chinese pig populations. Simultaneously, positive selection analyses
implicated THSD7A as a candidate gene associated with high-altitude
adaptation. Meanwhile, genome-wide association studies (GWAS)
revealed another gene with a novel SNP associated with body size
traits. In total, our study provides valuable and reliable resources for
facilitating genetic studies and the molecular breeding of pigs.

Results
Small variants across the 1011 1KCIGP samples
The 1KCIGP genome resource includes the whole-genome resequen-
cing data of 1011 Chinese domestic pig samples from 50 distinct
populations. These samples were collected from 21 administrative
divisions in China, including 18 provinces, two autonomous regions,
and one municipality directly under the central government (Supple-
mentary Fig. 1). Most of the samples were sequenced at a depth > 20 ×.
After genome alignment, the median actual genomic coverage was
25.95 (Supplementary Fig. 2 and Supplementary Data 1). We also used
three methods to predict the gender of the samples, including the
method offered in the Genome Analysis Toolkit (GATK), calculating
the coverage of the sex chromosomes, and assessing the aligned
coverage of the porcine SRY gene (Supplementary Methods and
Supplementary Data 1). In total, 325 males and 686 females were
identified without ambiguous samples (Fig. 1A).

The final 1KCIGP database contained a total of 63.46million small
variant loci after strict quality control filtering, including 50.59 million
SNPs and 12.87 million indels. We found that 91.29% of these high-
quality mutations are biallelic sites, including 1.60 million SNPs and
0.40 million indels from sex chromosomes. A/G (34.76%) transitions
made up the majority of the mutation spectrum, followed by C/T
(34.72%) transitions (Supplementary Fig. 3). Across all the SNPs and
indels in the 1KCIGP dataset, 37.01% of the variants were rare variants
(minor allele frequency, MAF < 1%), with singletons, doubletons, and
tripletons accounting for 6.76%, 4.79%, and 3.30% of the variants,
respectively (Supplementary Fig. 4).

To analyze the novel small variants in Chinese domestic pig
populations,we compared the 1KCIGPdatasetwith the dbSNP (v150)26.
Of all the small variants, 29.21million variants (46.03%), including 17.95
million SNPs and 11.26 million indels, were identified as not being
reported in the dbSNP. Among these novel variants, a large number of
novel common variants (3.06 million SNPs and 3.04 million indels,
MAF > 5%) and low-frequency variants (3.30 million SNPs and 2.29
million indels, MAF = 1%–5%) were identified in 1KCIGP (Fig. 1B). We
noticed that singletons accounted for 10.22% of these novel variants,
which suggested that the many rare variants were specific to a sample
or population27. The Diannan Small-ear pig had the highest number of
rare novel variants compared to other populations, followed by the
Wujin pig and Tibetan wild boar (Supplementary Fig. 5).

To better characterize the 1KCIGP variant calls, we divided the
genome into easy- and difficult-to-sequence regions (Supplementary
Methods) according to a previous study28.Whilemaking up just 16.70%
of the genome, the difficult regions—where sequencing read alignment
is particularly difficult, and indel formation is common—included a
disproportionately large number of the multiallelic sites (64.76% vs.
16.43% for biallelic sites). In addition, indels were more frequently
detected in the difficult regions, with 47.14% of the indels present in
these regions compared to just 13.86% of the SNPs. As low-complexity
and repetitive components constitute the majority of the difficult
regions, the enrichment of multiallelic and indel calls in these regions
was consistent with expectations29.

The median numbers of SNPs and indels in the 1KCIGP samples
were 12.08 million and 3.50 million, respectively. The numbers of
detected SNPs and indels with MAF > 1% per sample showed slight
positive correlations with genomic coverage (R2 = 0.017 and 0.071,
respectively; P <0.05 for both) (Supplementary Fig. 6). These results
indicate that thedetectionquality couldbe improvedby increasing the
sequencing depth, particularly for indels. Thismight have been caused
by regions that lacked random coverage or were too complex to
amplify, and increased sequencing depth improved the variant
detection ability in these regions. The mean numbers of SNPs and
indels with MAF < 1% per sample were 96,841 (0.80%) and 22,146
(0.63%), respectively. These rare SNPs and indels also had a slightly
positive correlation with sequencing depth (Supplementary Fig. 6);
however, the correlation level (R2 = 0.025 and 0.025, respectively,
P <0.05 for both) was lower than that of the common variants. This
was probably because the number of rare variants varied more widely
in different samples than the number of variants with an MAF > 1%
(± 62% vs. ± 5%), and the positive correlationwas obscured by this large
fluctuation.

Predicted function of small variants
To assess the functional consequences of the SNPs and indels in our
call set, we annotated thesevariants basedon the Ensembl dataset. The
majority (51.16%) of variants were located in intergenic regions, while a
total of 27.00 million variants were in protein-coding genes, including
486,756 variants in exon regions, 823,391 variants in untranslated
regions (UTRs), 5091 variants within 2-bp of splicing junctions, and
25.69million mutations in introns (Fig. 1C, D). There was a total of 1.18
million variants in non-coding RNA exon regions. Focusing on variants
in the exons of protein-coding genes, 188,948 SNPs were annotated as
nonsynonymous SNPs,while 99,336were novel nonsynonymous SNPs.
Other functional protein-coding variants included 255,363 synon-
ymous SNPs, 27,662 frameshift indels, 12,735 non-frameshift indels,
6506 stop gains, and 387 stop losses (Fig. 1E).

The identification and frequency spectrumof deleterious variants
contribute to recognizing phenotypic associations. Within the coding
region of the genome, 25,237 deleterious SNPs located in 9013 protein-
coding genes were identified in the 1KCIGP dataset using SIFT30. Over
half of these deleterious SNPs were rare variants (12,602) or singletons
(3237). A total of 4659 common and 4739 low frequency (MAF > 1%)
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Fig. 1 | Overviewof the 1KCIGP dataset and small genomic variants. AThe sex of
each individual was inferred from sex chromosome coverage and the estimated
ploidy of chromosomeX.B. The number of variants with differentMAFbins, where
the upper and lower plots represent SNP and indels, respectively. C Number (top)
and novel rates (bottom) of SNPs in different annotation regions. D Number (top)
and novel rates (bottom) of indels in the different annotation regions. ENumber of

functional protein-coding variants for SNPs (left) and indels (right). F The fre-
quency spectrumofdeleterious SNPs.GAmissensemutation in the FUT1 gene. The
top plot shows the Fst between Chinese domestic and European pigs. The middle
plot shows the allele frequency of this mutation in Chinese domestic pigs, and the
bottom plot shows the gene structure. H The missense mutation induced amino
acid change.
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deleterious variants were identified, including 3220 novel variants
(Fig. 1F). The majority of protein-coding genes (6805 of 9013 genes,
75.50%) had rare deleterious variants (MAF ≤ 1%) in at least one parti-
cipant. Each sample had an average of 2240 deleterious SNPs, includ-
ing 658 homozygous and 1582 heterozygous variants. These results
demonstrate that the variants in the 1KCIGP dataset could provide
usefulmaterial to assist in the studyof characteristic-related variants in
Chinese pigs.

We further examined the frequency distribution in the 1KCIGP
individuals of trait-associated and disease-associated variants col-
lected from the Online Mendelian Inheritance in Animals (OMIA)31

database and investigated 71 SNPs and small indels spanning < 20
consecutive bases from the OMIA database. Of these, 12 variants were
detected in at least one individual from the 1KCIGP dataset (Supple-
mentary Data 2). As expected, the alternative allele frequencies of the
morphology-associated variants ranged from 1.14%–99.85% (eight
variants). In addition, four OMIA disease-associated variant positions
were detected in KCIGP, especially variant rs335979375, which had a
high frequency (96.34%) in 1KCIGP individuals andwas associatedwith
resistance to the edema disease (F18 receptor) phenotype. The muta-
tion allele frequency (AF) of this variant in European pigs was lower,
only about 43.10%. This variant, located in the FUT1 gene, caused a
threonine-to-alanine mutation (Fig. 1H) and might contribute to the
ubiquitous disease resistance of Chinese indigenous pigs.

The 1KCIGP imputation reference panel for Chinese domestic
pig populations
The genome-wide genotype imputation approach is a statistical meth-
odology used to deduce absent genotypic information by inferring
missing genotypes based on known haplotype data. This method can
assist in genome-wide association studies (GWAS) and genomic pre-
diction using SNP arrays. The 1KCIGP panel used 46.75million SNPs with
a minor allele count of two or more (MAC2) in 1011 independent sam-
ples. To evaluate imputation performance, the public sequencing data
of 113 Chinese domestic pigs, 30 European domestic pigs, 100 devel-
oped pigs, and 19 crossbred pigs were used as test datasets (Supple-
mentary Data 3). We tested two common application scenarios:
imputing genotyped variants from low-coverage WGS and SNP chips. In
the first scenario, we randomly extracted approximately 1 × reads from
each test individual and detected SNPs using these reads (Supplemen-
tary Methods). Each SNP set of samples was then imputed, and the
imputation performance was compared with the Animal-ImputeDB19,
SWIM17, and Tong’s public reference panels20. As expected, for the
diverse Chinese domestic pig populations, 1KCIGP outperformed all
three comparative reference panels in terms of imputation concordance
rates and the squared correlation (r2) between imputed dosages and
true genotypes. 1KCIGP indicated a relatively higher concordance rate
(average concordance rate: 77.46 %, Fig. 2A and Supplementary Fig. 9)
and squared correlation (average r2: 0.987, Fig. 2B and Supplementary
Fig. 10) than those of the Animal-ImputeDB (71.34% and 0.962), SWIM
(73.24% and 0.979), and Tong’s (73.44% and 0.981) reference panels for
the tested Chinese domestic pig breeds.

We also evaluated the performance of the 1KCIGP panel on SNP
array data, comparing it to four other reference panels: Animal-
ImputeDB, SWIM, Tong’s reference panel, and PHARP18. We simulated
three popular commercial SNP chips (50, 60, and 80K; Supplementary
Methods) using sites selected from the aforementioned public
sequencing data. The average imputation concordance rates and the
average squared correlations (r2) of the three simulated SNP chips
using 1KCIGP were significantly higher than those of the other four
panels in Chinese domestic pigs (Fig. 2C and Supplementary
Fig. 11–13). We also compared these two indices for different chro-
mosomes in the five panels. For example, the imputation concordance
rate of the 50K SNP chip with 1KCIGP ranged from 86.4% to 89.9%,
whereas that of the other panels ranged from 78.3% to 85.2% (Fig. 2D).

The squared correlation in different chromosomes in the 1KCIGP
ranged from 0.396 to 0.543, whereas that of the other panels ranged
from 0.160 to 0.426 (Fig. 2D). The 1KCIGP had a decisive advantage
over the other panels for Chinese domestic pigs across all AF bins,
showing notable improvements for variants with AF from 40% to
90% (Fig. 2E).

Population structure and genetic diversity in Chinese
domestic pigs
Precise analysis of the population structure of Chinese domestic pigs
with abundant breeds is critical for uncovering their population
genetic diversity and characteristics in East Asia. Comparative analysis
of Chinese indigenous pig populations and other Suidae populations
worldwide might provide insights into the ancestral origins and rela-
tionships of different breeds. Therefore, we additionally collected 106
individuals in this study (Supplementary Data 4), including European
domestic (EUD) and wild boars (EUW), wild boars from the Near East
(NEW) and Island Southeast Asia, the common warthog (Phacochoerus
africanus), and six ancient Sus scrofa individuals. We performed prin-
cipal component analysis (PCA) on the 1011 individuals in the 1KCIGP
and these samples to distinguish the genetic and geographic rela-
tionships between the Chinese domestic pig and other popula-
tions (Fig. 3A).

The PCA results and pairwise Fst calculations (Fig. 3B) revealed
significant differences between the Chinese domestic pig population
and the common warthog, Visayan warty pig (Sus cebifrons), Celebes
warty pig (Sus celebensis), Javan warty pig from Indonesia (Sus verru-
cosus). However, European wild and domestic pig populations, as well
as the ancient individuals from Europe and the Near East, showed
relatively close relationshipswith theChinese domestic pig population
(Fig. 3B). Within the Chinese domestic pig populations, a clear geo-
graphic distribution of the breeds from northern to southern China
was identifiedby thefirst component. The thirdcomponentwas driven
by the geographic distribution of these breeds fromwestern to eastern
China. In the genetic clustering analysis (Fig. 3D), whenK = 5, fourmain
ancestries were found in the Chinese domestic pig populations. The
genetic clustering results showed that Chinese domestic pigs were
divided into five subgroups, including breeds mainly distributed in
southern (S), southwestern (WS), southeastern-central (CES), eastern
China around the Taihu Lake Basin (ET), and northern China (N). The S,
WS, and ET groups mainly showed one ancestry each; however, the N
andCESgroups exhibited at least two distinct ancestries. Interestingly,
the N subgroup showed elevated European pig ancestry, whereas the
other subgroups did not. A phylogenetic tree constructed using the
neighbor-joining (NJ)method identified the samepopulation affinities.
Moreover, in the N, WS, and S subgroups, clear divisions were
observed in the phylogenetic tree constructed using warthogs as an
outgroup (Fig. 3E and Supplementary Fig. 14).

Analysis of the genetic diversity across Eurasian pigs indicated
that nucleotide diversity was higher for Chinese domestic pigs
(π = 2.43 × 10−3 to 2.73 × 10−3) than for European pigs (π = 1.68 × 10−3 to
1.76 × 10−3, Fig. 3F). Interestingly, unlike other species in which wild
breeds have higher nucleotide diversity than domestic breeds, we
noticed that the nucleotide diversity of European wild boars was
substantially lower than that of European domestic pigs. Among the
Chinese domestic pigs, nucleotide diversity was the lowest in the ET
group, which reflected their status as a highly selected population
when compared to other Chinese domestic pig populations. In addi-
tion, the half-life of linkage disequilibrium (LD) decay for Chinese
domestic pigs was 332–615 nucleotides (nt), whereas European
domestic commercial pigs exhibited an LD decay half-life of 882 nt
(Fig. 3G). Consistent with the nucleotide diversity analysis, the ET
population had a slower rate of LD decay than other Chinese domestic
pig populations, suggesting a substantial decrease in genetic diversity
during the domestication of this population.
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Fig. 2 | Performanceof the 1KCIGPhaplotype referencepanel. AThe fold-change
in the imputation error rate in the 262 test WGS data using the 1KCIGP, Animal-
ImputeDB, SWIM, and Tong’s reference panels. Imputation error rate = (1 – impu-
tation concordance rate). The different colored bars represent different popula-
tions, corresponding to the populations shown in Fig. 2C. B The squared
correlation between the imputed allele dosages and the true genotype within the
stratified non-reference allele frequency bins was derived from the 113 test WGS
data of Chinese domestic pigs using the 1KCIGP, Animal-ImputeDB, SWIM, and
Tong’s reference panels. C Fold change in imputation error rate in the simulated
commercial 50K SNP chip using the 1KCIGP, Animal-ImputeDB, SWIM, PHARP, and

Tong’s referencepanels. Imputation error rate = (1– imputation concordance rate).
D Imputation performance of each chromosome from the simulated commercial
50KSNPchipofChinesedomesticpigs using the 1KCIGP,Animal-ImputeDB, SWIM,
PHARP, and Tong’s reference panels. This and subsequent scenarios only display
results for the Chinese domestic pig. The solid line represents the concordance
rate, while the dashed line represents the squared correlation. Different colors
represent different panels. E The imputation performance within stratified non-
reference allele frequency bins derived from the simulated commercial 50K SNP
chip data of Chinese domestic pigs using the 1KCIGP, Animal-ImputeDB, SWIM,
PHARP, and Tong’s reference panels.
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Evidence of admixture between Chinese domestic pigs and
other porcine populations
Previous studies have shown that Chinese and European commercial
domestic pigs have exchanged genetic material12,15. To further ana-
lyze and quantify the admixture levels in Chinese domestic pigs, we
examined patterns of allele sharing using a combination of analyses,
including f3 statistic, f4 statistic, and Treemix. In the outgroup f3

analyses, European domestic pigs were found to share more genetic
similarity with the northern group (f3 = 2.73) of Chinese domestic
pigs than with the other four groups (f3 = 2.66, Fig. 4A). Conversely,
the non-northern Chinese indigenous porcine population
(f3 = 2.36–2.37) showed higher genetic similarity with southeastern
Asian warty pigs than northern Chinese pigs (f3 = 2.28, Supplemen-
tary Fig. 15).
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We directly compared distinct Chinese domestic pig populations
with European domestic pigs using the following tree topology (War-
thog, European domestic pigs; Chinese domestic pig population A,
Chinese domestic pig population B). The results indicated that
potential introgressions occurred between the European domestic
pigs and Chinese domestic pig populations N and ET, respectively
(Supplementary Data 5). To further distinguish the direction of the
introgression, we ran DFOIL in two configurations for ET and N popu-
lations (Fig. 4B–E and Supplementary Fig. 16). First, we ran DFOIL with
European domestic and wild boars at positions P1 and P2, the Chinese
domestic pig population N or ET at position P4, and other populations
at position P3, with the warthog as the outgroup (O) (Fig. 4B, C and
Supplementary Fig. 16A, B). Second, we ran DFOIL in a configuration in
which we swapped the positions of the European and Chinese pigs in
the phylogeny (Fig. 4D, E and Supplementary Fig. 16C, D).

In the first configuration, DFOIL detected admixture in 12.15% and
12.33% of the chromosome windows for populations ET and N, respec-
tively (mean ± s.d. = 1453± 173 and 1473 ± 176 windows, respectively).
For theNpopulation,most of thesewindows showedgeneflowbetween
population N and European pig ancestors (520± 123, Supplementary
Fig. 16B). More importantly, the number of windows that showed gene
flow from European domestic pigs to the N population was higher than
the number of reverse gene flow windows (237 ±90 vs. 103 ± 24). Intri-
guingly, the introgression signals between population ET and European
pigs were low (310± 118, Fig. 4C). We then examined introgression sig-
nals in the second configuration for the N and ET populations. In con-
cordance with the first configuration, the number of introgression
windows from European domestic pigs to the N population was still
higher than that of the reverse gene flow window (237±90 vs. 103± 24,
Supplementary Fig. 16D). These results indicate that admixtures with
European pigs weremore common inNorth Chinese domestic pigs than
in other Chinese domestic pig populations. This signal was confirmedby
Treemix, with multiple migration events (migration events 1–8, Sup-
plementary Fig. 17). Compared to configuration 1, the results of con-
figuration 2 for the ET population showed that the number of windows
supporting introgression between Chinese and European domestic pigs
(551 ± 164) exceeded the number of windows that showed gene flow
between the ET population and European pigs (Fig. 4E). Moreover,
Treemix analyses with seven and eight migration events revealed
migration edges from the ET to the European domestic pig population
(Supplementary Fig. 17), supporting this admixture.

We also examined the introgression regions between the Eur-
opean domestic pig population and Chinese domestic pig populations
N and ET. The proportions of genome introgression (PGI) in popula-
tions N and ET were 13.13% and 10.73%, respectively. We then sepa-
rately detected the strongest introgression signals in the ET and N
populations and found that, particularly for population ET, the 807
strongest introgression regions (using the top 1% fd as the cutoff and
eliminating the same region in population N) contained 225 genes
(Fig. 4F) that were enriched in three Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways (Supplementary Data 6). Among these
three pathways, the cGMP-PKG signaling pathway, which plays a cri-
tical role in activating pig oocytes32 and participates in the replication
of viruses33,34, included five important genes (Fig. 4F). One of these
genes was PRKG1, in which discrete introgression signals were

detected (Fig. 4G). These signals were supported by pairwise nucleo-
tide differences per site (dxy), indicating that complex recombination
occurred in this gene region.

Gene flow and demographic history of Chinese Indigenous pigs
To further dissect the relationships among Chinese domestic pig
populations, we used f3, f4 statistics and Treemix to evaluate the
admixture among Chinese indigenous pig breeds. We ran f3 statistics
based on all 30 combinations of the five Chinese domestic pig popu-
lations. Our test using population CES as the target with populations
ET and S as the sources produced a Z-score of − 6.587 (Fig. 5A), which
was highly significant, indicating admixture events in population CES.
The f4 tests were conducted using warthogs as an outgroup to identify
introgression among the five Chinese domestic pig populations. For
eachpopulation, we retained only thosewith the highest probability of
introgression events with the other populations. The f4 statistic tests
also detected strong introgression signals between populations CES
and ET, as well as between populations CES and S (Supplementary
Data 7).We further inferred the date of this admixture and detected an
ancient admixture signal (160.48 ± 22.29 generations) in the CES
population. Interestingly, the ET population also showed explicit gene
flow between populations N andWS. The Treemix analysis allowed for
multiple migration events and identified three migration events
among Chinese domestic pigs, including populations ET to N, WS to
ET, and S to CES, which were steadily detected when one to eight
migration events were allowed (Supplementary Fig. 18). The ET
population, in particular, showed gene flow with three of the remain-
ing four Chinese domestic pig populations, indicating its unique
position in the long-term domestication of Chinese indigenous pigs.
We also examined the genetic relationships among Chinese domestic
pigs across space.We used the f4 statistic to set up two symmetry tests
to compare the sampled breeds against the northernmost (Min pig)
and southernmost (Wuzhishan pig) breeds, as well as against the
easternmost (PudongWhite pig) and westernmost (Tibetan wild boar)
breeds (Fig. 5B, C). The east-west comparison showed a clear dis-
criminative line corresponding to the geographicdivision line between
the third and second steps in China (the Greater Hinggan, Taihang,
Wushan, and Xuefeng mountains). For the north-south comparison,
most Chinese domestic pigs shared a closer relationship with the
Wuzhishan pigs, especially breeds that spread into central China.

The dynamics of effective population size (Ne) offered insight into
the repercussions of past environmental factors and human-driven
domestication events on the demographic history of different
species35. To investigate the geographic history of Chinese domestic
pigs, the SMC+ + 36 approach with a generation time of g = 5 and a
mutation rate per generation of μg = 2.5 × 10−8 was used to infer
population size histories (Fig. 5D).We found that only the subgroupsN
and CES, in whichNe occurred twice, showed a dramatic decrease. The
first decline for both groups occurred during the Last Glacial Max-
imum (LGM) period (33–19 kilo years ago, KYA), which profoundly
affected the climate andgeographyof the Earth37. After this period, the
Ne of group S experienced a drastic decline at 8.2 KYA when abrupt
climate change occurred38. Interestingly, during the prosperity period
of the Majiabang culture (around 7 KYA throughout the Taihu Lake
Basin)39, we observed that the Ne of the ET group underwent severe

Fig. 3 | Population structure analyses of Chinese domestic pig populations.
A PCA of Chinese domestic pig populations and other pig populations across
Eurasia. CND: Chinese domestic pigs; EUD: European domestic pigs; EUW: Eur-
opean wild boars; NEW: wild boars from the Near East; Ancient: ancient pigs. B The
Fst results betweenChinese domestic pigs andotherpig populations across Eurasia.
C The Fst results among different Chinese domestic pig populations.D The genetic
clustering analysis of pigs across Eurasian. E The phylogenetic tree of Chinese
domestic pigs. F The nucleotide diversity for Chinese domestic pigs and European

pigs. The nucleotide diversity was calculated for each population by a 1Mb non-
overlap window. The individuals in European pigs were divided into EUD (n = 74)
and EUW (n = 13), while Chinese indigenous pigs were divided into N (n = 171), CES
(n = 193), ET (n = 215), S (n = 179) andWS (n = 253). Boxplots show themedian, 25th,
and 75th percentile, the whiskers indicate the minima and maxima, and the points
laying outside the whiskers of boxplots represent the outliers. G The LD decay for
Chinese domestic pigs and European pigs.
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degeneration. Moreover, the first period of Ne degeneration for group
WS and the second period for group CES fit well within the 5.9 KYA
event, possibly one of the most devastating climate events in the
Holocene Epoch. The Ne of all Chinese domestic pig populations
recovered to a plateau that was initiated approximately 4000 years
ago when the Earth entered the Meghalayan age (4.2 KYA). However,
only groupN experienced a significant decrease inNe at approximately
4.2 KYA, during a severe climatic event. During the same period, the
famous Longshan culture of northern China faded40.

Maternal and paternal haplogroups found in Chinese
domestic pigs
In recent years, studies on mitochondrial DNA (mtDNA) and the Y
chromosome have provided useful insight into the migration of the
global porcine population, including tracing its origin and its expan-
sion into Europe and Asia41–43. In this study, we inferred maternal
lineages using 704 assembled complete mitogenomes (Supplemen-
tary Data 1). A previous study divided the mtDNA haplogroups of pigs
and wild boars into the A, D, and E haplogroups44. European pigs were
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haplogroup E, whereas Asian wild boars were haplogroup A. As
expected, all the individuals in the 1KCIGP showed haplogroup D, and
the D1a1 group, which is the dominant group in the Chinese domestic
pigs, accounted for 38.66% of the mtDNA haplogroups. The second
most common group was D2 (24.46%). Moreover, mtDNAmaps of the
Chinese domestic pigs described in our study showed that, except for
populations S and WS, the D1a1 haplogroup was the dominant haplo-
type (> 50%) (Supplementary Fig. 19). Interestingly, within the breeds
domesticated in southwestern China, D2 was the most common hap-
logroup (40.86%; Supplementary Fig. 20A).

We also inferred paternal lineages using the SNPs on the Y
chromosome. After quality control, annotation, and filtering,
34,207 high-confidence SNPs were detected in the non-pseudo-
autosomal region of the Y chromosome (NPARY) of 392 boars (325
males from the 1KCIGP dataset and 67 males from the aforemen-
tioned 106 public individuals used for population structure ana-
lyses). We found a large region ranging from 8.94 to 43.55 Mb on
Sscrofa11.1, which segregated three distinct haplogroups across
Eurasian pigs (Supplementary Fig. 20B). A median-joining haplo-
type network (Supplementary Fig. 20C) also supported this result,
indicating that haplogroup Y1 was specific to Javan warty pigs from
Indonesia (Sus verrucosus). European domestic pigs had pre-
dominantly Y2 haplogroups, while the Y3 haplogroup was mainly
shared among Chinese domestic pigs. Interestingly, when one
European sample that belonged to the Y3 haplogroup was exclu-
ded, all European pigs belonged to the Y2 haplogroup; many
Chinese domestic pigs also showed higher proportions of the Y2
haplogroup, especially in the northern pig populations (Supple-
mentary Fig. 20C). We observed a clade of the Y3 haplogroup, Y3a,
which predominantly comprised domesticated pig populations
from the Taihu Lake Basin. A previous study also reported that
some Chinese pigs contain the European haplotype on the Y
chromosome45. Therefore, we calculated the range of male con-
tributions to the European admixture component46 (“Methods”,
Supplementary Methods) in 21 Chinese domestic pig populations
with the Y2 haplogroup. The results showed that in 15 populations,
the observed Y2 haplogroup frequency was higher than expected,
even though all European contributions were from males in a
binomial test (Supplementary Data 8). This showed that the high
Y2 haplogroup frequency in these breeds was not only due to sex-
biased hybridization but also to other factors that could induce
the frequency of these breeds.

Wenext examined the SNPdistribution in each gene of theNPARY
region in detail. Most genes showed haplotypes that were identical to
the ~ 34Mb NPARY region. However, two genes, LOC100625207 and
LOC102159347, exhibited distinct haplogroups (Supplementary
Fig. 20D, E). Interestingly, the haplogroups of these two genes indi-
cated that at least one haplotype recombination event occurred in
each gene. The compound haplotypes appeared to have a high fre-
quency in populations residing around the Taihu Lake Basin, which
may correlate with the characteristics of these breeds.

Signatures of positive selection in Chinese Indigenous pigs
Previous studies have reported that some Chinese domestic pigs
possess characteristics such as high-altitude adaptation13, distinctive
body sizes24, and different ear sizes47. Here, to detect genomic frag-
ments that were significantly differentiated between Chinese indi-
genous breeds, we selected three typical phenotypes with extreme
variance among the different breeds for further analysis. These inclu-
ded adaptation to high altitude, large ear size, and small body size.
Using locus-specific branch length (LSBL) and the genomic diversity θπ
method, we detected the selection signatures related to these phe-
notypic characteristics.

For the high-altitude adaptation trait, we selected breeds from
regions with altitudes > 3000m (Tibetan wild boars) as the high-
altitude population, and breeds from regions with altitudes < 100m
(Erhualian, Jiangquhai, Jiaxing Black, Meishan, Mi, Shawutou and
Pudong White pigs) as the low-altitude population (Supplementary
Data 9). There were 3352 overlapping selection regions for high-
altitude adaptation traits (Supplementary Data 10). In these regions,
we identified potential functional genes that were under selection, and
thatmay be associatedwith high-altitude adaptation. Two functionally
important genes, THSD7A (Fig. 6A) and HIF1A, participate in the
oxidation-reduction process and the mitochondrial respiratory chain
pathway. We investigated the genomic patterns in the selection
sweeps of these genes across Eurasian pigs and found a 13 kb region of
chromosome 9:81.137–81.150Mb in THSD7A that contained different
haplotype patterns across the 1KCIGP individuals (Fig. 6B).

For the large ear size trait, breeds with large and floppy ears
(Dapulian, Erhualian, and Laiwupigs)were selected as the large ear size
population, while breeds with small and erect ears (Lantang, Yuedong
Black, and Huai pigs) were selected as the small ear size population
(Fig. 6C). There were 4207 overlapping selection regions for different
ear size phenotypes (Supplementary Data 11). TheMSRB3 (Fig. 6D) and
WIF1 genes that are correlated with ear size were identified. We also
investigated the genomic patterns of MSRB3 across Eurasian pigs.
Specifically, in MSRB3, we identified a 61 kb region of chromosome
5:29.772–29.833Mb that contained different haplotype patterns
across 1KCIGP individuals (Fig. 6E).

Breeds with adult weights < 60 kg (Wuzhishan, Diannan Small-ear,
and Bama Xiang pigs) were selected as the small body size population,
while breeds with adult pig weights > 160 kg (Min, Neijiang, and
Mashenpigs)were selected as the largebody size population. A totalof
2848 overlapping selection regions were associated with distinct body
sizes (Supplementary Data 12), in which the RBFOX1 gene (Fig. 6F) was
identified and may have contributed to the growth and development
of pigs.

Identification of loci related to biological traits
Chinese domestic pigs exhibit diverse characteristics in many biolo-
gical traits. Traditional breed recognition of distinct Chinese domestic
breeds is based on specific biological traits. Using resequencing data,
we conducted GWAS across 50 populations and focused on coat color

Fig. 4 | AdmixturebetweenChinesedomestic pigandEuropeanpig.AOutgroup
f3 (European domestic pigs, X; Warthog) results for five distinct Chinese domestic
pig sub-groups, whereX represents the different sub-groups. The individuals of the
Chinese domestic pig used in this analysis are the sameas in Fig. 3F. The data points
are presented as estimated f3 statistics ± s.e. The horizontal bars represent ± 1 s.e.
B Schematic diagram of the topology used for the first configuration of the DFOIL

analyses applied to population ET. C The DFOIL analyses results of the first config-
uration for population ET (n = 5 × 1 × 10 × 9 when P3 represents an individual from
population N; n = 5 × 1 × 10 × 11 when P3 represents CES; n = 5 × 1 × 10 × 9 when P3
represents S;n = 5 × 1 × 10 × 11whenP3 representsWS). Boxplots showmedian, 25th
and 75th percentile, the whiskers indicate the minima and maxima, and the points
laying outside the whiskers of boxplots represent the outliers. D Schematic dia-
gram of the topology used for the second configuration of the DFOIL analyses

applied to population ET. E The DFOIL analyses results of the second configuration
for population ET (n = 5 × 1 × 10 × 9 when P1 represents an individual from popu-
lation N; n = 5 × 1 × 10 × 11 when P1 represents CES; n = 5 × 1 × 10 × 9 when P1 repre-
sents S; n = 5 × 1 × 10 × 11 when P1 represents WS). Boxplots show the median, 25th,
and 75th percentile, the whiskers indicate the minima and maxima, and the points
laying outside the whiskers of boxplots represent the outliers. F Degree of intro-
gression from the ET population into European domestic pigs. Five important
genes affected by the top introgression signals are shown. The dashed horizontal
line indicates the top 1% fd.GDiscrete introgression regions in the PRKG1 gene. The
top plot shows the fd from ET to European domestic pigs. The middle plot shows
the pairwise nucleotide differences per site (dxy) between ET and European
domestic pigs. The bottom plot shows the gene structure.
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and body size as biological traits (Supplementary Data 13). For the coat
color traits, we concentrated on solid black and a gradient zone. The
latter describes a coat color phenotype that appears as a strip of light
gray separating black and white areas. We identified 96 significant loci
associatedwith the twophenotypes (SupplementaryData 14). Notably,
the GWAS results for the solid black and gradient zone phenotypes
both highlighted a genomic region on chromosome 11 spanning 50.01
to 50.15Mb.We found that42.7%of the total identified significant SNPs
were located in this region, and the entire EDNRB gene was contained
within this region (Fig. 7A). Previous studies have reported that EDNRB
is strongly correlated with coat color, especially the non-black coat
color of most Chinese indigenous pigs48,49. Our GWAS also identified

candidate genes associated with the gradient zone phenotype,
including the CDK15 and ALS2 genes (Fig. 7B).

When examining body size traits, we primarily focused on
body height, length, weight, and chest girth. We identified 191
significant SNPs associated with body size, most (50.8%) resided in
chromosome 7 (Supplementary Data 14). In particular, a 0.47 Mb
region on chromosome 7 was significantly associated with both
body height (30.25–30.72Mb) and weight (30.33–30.41 Mb) phe-
notypes, which contained NUDT3 and HMGA1 genes (Fig. 7C, D).
More importantly, after validation by Sanger sequencing, a novel
SNP (NC_010449.5:g.30378105 T > C) was identified within NUDT3
and was significantly associated with all body size phenotypes.

Fig. 5 | The admixture and demographic history of Chinese domestic pig. A The
f3 results forfive distinct Chinese domestic pig sub-groups. The left and right y-axes
represent source and target populations, respectively. The individuals of the Chi-
nese domestic pig used in this analysis are the same as in Fig. 3F. The datapoints are
presented as estimated f3 statistics ± s.e. The horizontal bars represent ± 1 s.e. B A
heatmap showing f4(Warthog, X; Min pig, Wuzhishan pig), where X represents the

different Chinese domestic pig populations. The map in this figure and the sub-
sequent figure is imported from the public 42 domain Natural Earth project
(https://www.naturalearthdata.com). C A heatmap showing f4(Warthog, X; Tibetan
wild boar, Pudong White pig), where X represents the different Chinese domestic
pig populations.DHistory of the effective population sizes of different sub-groups
of Chinese domestic pigs.

Article https://doi.org/10.1038/s41467-024-54471-z

Nature Communications |        (2024) 15:10137 10

https://www.naturalearthdata.com
www.nature.com/naturecommunications


This locus may be an important candidate marker for body size
studies.

Structural variations across the 1011 1KCIGP samples
SVs may play a critical role in environmental adaptation and breed
characteristics. Therefore, we generated an SV call set across all 1011
1KCIGP samples using short-readWGS data. To improve the sensitivity
and accuracy of SV detection, we used a bioinformatics pipeline that
combined four diverse SV-finding algorithms: Delly2, Lumpy, Manta,
and Wham50–53. We successfully identified and genotyped 168,167 SVs,
including 94,533 deletions, 2758 insertions, 25,031 duplications, 17,140
inversions, and 28,705 translocations. The total number of SVs from
730 randomly selected sampleswas 166,470, accounting for 99%of the

total number of SVs in all 1011 samples. Modeling the SV count by
iterative random sampling of individuals revealed that the SV number
was relatively finite in Chinese domestic pig populations (Supple-
mentary Fig. 21A), indicating that our SV detection was comprehensive
and nearly complete. On average, 30,429 SVs were discovered in each
genome, and the distribution of SVs observed per individual showed
that the pig populations spread across North China contained a small
number of SVs per genome (Supplementary Fig. 21B). Among all the
detected SVs, 63,597 (37.82%) SVs had MAF<0.01 (Supplementary
Fig. 22). Most deletions, insertions, and duplications ranged in size
from 100 bp to 10 kb, whereas many inversions were > 10 kb in size
(Supplementary Fig. 23). To further evaluate the precision of our SV
callset, the PacBio reads of ten breeds were downloaded from the

Fig. 6 | Selection signatures and haplotype patterns of the high-altitude
adaptation, small body size, and large ear size-related genes. AThe top diagram
represents the selection signatures detected using the LSBL and θπ methods in the
high-altitude adaptation-related gene, THSD7A. The bottom diagram shows the
gene structure of the THSD7A gene. The red rectangle indicates the identified
region under selection. B Haplotype patterns in regions under selection for
THSD7A. Each row represents a phased haplotype, and each column represents a
polymorphic SNP variant. The reference and alternative alleles are indicated in
cream and red colors, respectively. C Phenotypic variations for ear size, repre-
sented byDapulian (top) and Lantang (bottom) pigs. Imageswere sourced from the

AnimalGenetic Resources in China: pigs.DThe topdiagram represents the selection
signatures detected using the LSBL and θπ methods in the large ear size-related
gene,MSRB3. The bottomdiagram represents the gene structureofMSRB3. The red
rectangle represents the identified region under selection. E Haplotype patterns in
regions inMSRB3 that are under selection. Each row represents a phased haplotype,
and each column represents a polymorphic SNP variant. The reference and alter-
native alleles are indicated in creamand red colors, respectively. F The topdiagram
represents the selection signatures detected by LSBL and θπ methods in the small
body size-related gene, RBFOX1. The bottom diagram shows the gene structure of
RBFOX1. The red rectangle indicates the region under selection.
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public database (Supplementary Data 15). Then, 150 SVs were ran-
domly selected and compared with those detected using the long
reads, revealing that 70% of SVs could be validated with these reads
(Supplementary Data 16).

Impact of pig SVs on the functional genome
SVs are recognized for their profound impact on genomes and are
frequently associated with specific traits. We systematically investi-
gated the association between detected SVs and their genomic fea-
tures. We first annotated these SVs against features in the Ensembl
annotation of Sscrofa11.1, which showed that most SVs were in inter-
genic and intronic regions (Supplementary Fig. 24), with 15.33%, 7.98%,

and 1.78% within 5 kb of a protein-coding gene, long non-coding RNA
gene, or pseudogene, respectively. Approximately half (50.08%) of the
SVs overlapped one or more Ensembl genes, the majority (82.67%) of
which overlapped a single gene, with 29,669 genes overlapping.
Approximately 6.66%, 0.22%, 11.40%, and 43.62% of deletions, inser-
tions, duplications, and inversions, respectively, were predicted to
have a high impact on genes using SnpEff54 (Supplementary Fig. 25).
More importantly, we examined the potential effects of Chinese
domestic pig SVs on genome function by aligning seven distinct
annotating genome features, including genes, exons, introns, coding
sequences (CDSs), promoters, untranslated regions (UTRs), and
enhancers. Enrichment analysisof these genome features revealed that

Fig. 7 | GWAS results for the biological traits of Chinese domestic pigs. AGWAS
results for coat color in solid black and non-black pigs.BGWAS results for gradient
zone coat color. C GWAS results for body height. D GWAS results for body weight.
All left-hand figures represent phenotypes (The images were sourced from the
Animal Genetic Resources in China: pigs). All statistical tests were two-sided. In the

Manhattan plots, the x-axis represents the chromosomal position, and the y-axis
displays the −log10(P-value). The red line indicates the Bonferroni-corrected sig-
nificance threshold at P = 2.29 × 10−9. In the quantile-quantile (QQ) plots, the x-axis
shows the expected −log10(P-value), while the y-axis represents the observed
−log10(P-value).
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most SVs were depleted in genic regions; however, the insertions were
enriched in the exonic regions and CDSs (Supplementary Fig. 26). In
particular, promoter regions with all SV types showed significant
enrichment (t test; P <0.01) when compared with the random
background model.

To discover SVs with candidate functions, 897 tag-SNPs from a
previous GWAS atlas55 were obtained from 1011 genomes and used to
search for SVs that had strong LD with the tag-SNPs. A total of 95 SVs
with high LD (LD>0.8) overlapped with 36 different genes (Supple-
mentary Data 17). We observed only one deletion located in the 3′UTR
region. This deletion had a strong LD (0.94) with a tag-SNP
(rs323143577) related to the subcutaneous adipose tissue thickness
trait located in the intergenic region. This deletion was ~ 7 kb away
from the tag-SNP and overlapped with the 3′UTR of the CASP10 gene
(Supplementary Fig. 27A and Supplementary Data 20). The CASP10
gene encodes Caspase-10 and is involved in the apoptotic cell death
pathway. This gene is reportedly associatedwith cholesterol genes and
human body mass index phenotype56; therefore, it could be con-
sidered a candidate maker in pig development.

Tibetan wild boars native to the Qinghai-Tibet Plateau have
adapted to extreme conditions, such as high altitude and strong
ultraviolet radiation57. To detect the genomic variants contributing to
this environmental adaptation, we identified SVs with large frequency
divergences (> 20%) between Tibetan wild boars and other Chinese
domestic pig populations, referred to as the Tibetan wild boar-specific
SVs (TWBSVs; Supplementary Data 18). In total, 277 TWBSVs that
involve 104 genes were discovered, including 264 deletions, five
duplications, seven inversions, and one translocation (Supplementary
Data 19). We focused on SVs with Tibetan wild boar-specific enrich-
ment and discovered two deletions in the promoters of two genes. A
427 bp deletion in the promoter of the NAV2 gene was enriched in
Tibetan wild boars (44.64%) but was relatively rare (11.05%) in other
Chinese domestic pig populations (Supplementary Fig. 27B, Supple-
mentary Data 20). This gene was previously reported to play a role in
cellular growth and migration, especially in maintaining normal heart
function58,59. Another identified 398 bp deletion (Supplementary
Fig. 27C and Supplementary Data 20) in the promoter of the POLD3
genewas also enriched in Tibetanwild boars (66.96%) when compared
to other indigenous pig populations (30.94%). This gene is associated
withDNA repair and is involved inUV irradiation-inducedDNAdamage
response60,61, which may contribute to high-altitude adaptation.

A web-based tool that provides easy access to Chinese Indigen-
ous pig genomic resources
We developed a web-based tool to facilitate ready-access to our Chi-
nese indigenous pig genomic resource (https://1kcigp.com/). This web
tool contains a comprehensive catalog of SNPs and indels in Chinese
domestic pigs. Summary information for these variants, including the
position, reference, and mutated alleles and their frequencies, can be
accessed by our 1KCIGP web tool. The 1KCIGP haplotype reference
panel and corresponding imputation server are also available on this
web tool.

Discussion
Chinese domestic pigs comprise 83 breeds, contributing one-third of
Asian local pig breeds, and exhibit highly diverse phenotypes. Con-
structing a genomic resource for Chinese domestic pig populations
will contribute to the genetic diversity of pigs worldwide and facilitate
studies on porcine evolution, selection, and breeding. Here, we
introduce the 1KCIGP database and provide the largest genomic var-
iation map to date for Chinese domestic pig populations. The 1KCIGP
genomic resource offers a valuable reference panel for Chinese
domestic pig populations, even the Eurasian pig populations. Using
systems genomics analyses, we discovered the divergence, introgres-
sion, and specific haplotypes of Chinese domestic pigs and identified

genomic regions under significant positive selection in specific Chi-
nese domestic pig breeds.

One significant contribution of this study is that the 1KCIGP
resources filled gaps in large-scale WGS-based haplotype reference
panels for Chinese domestic pigs. Previous imputation panels17–20,
primarily based on European domestic pigs or varied sequencing data
collected for Chinese indigenous pigs, exhibited inferior performance
in imputing genetic data for Chinese domestic pigs, owing to their
divergent genetic backgrounds. Moreover, numerous unique genetic
variations were specific to the Chinese domestic pig (Fig. 1B), parti-
cularly in rare variants, making imputation problematic for using
European domestic pig data. In this study, we systematically evaluate
the imputation performance of the 1KCIGP panel across various test
scenarios. The results demonstrate that the imputation performance
of 1KCIGP exceeded those of Animal-ImputeDB, SWIM, PHARP, and
Tong’s public reference panels for most Chinese domestic pig breeds.
This superior imputationperformancewas consistent across almost all
AF bins with 1KCIGP. As expected, 1KCIGP did not perform as well as
SWIM, PHARP, and Tong’s public reference panels for European pig
breeds. However, 1KCIGP has an advantage in certain crossbreds with
Chinese domestic pig ancestry. We also noticed that imputation using
low-density chips showed a slight decrease in accuracy (60K vs. 80K).
Thismay be attributed to fewer SNPs and the erroneous genotyping of
heterozygotes. Overall, we provide practically important resources for
the imputation of Chinese domestic pigs.

We also noticed that the SNP: indel ratio (1.59) fornovel variants in
the 1KCIGP dataset is smaller than that for all variants (3.93). This trend
is similar to the previous studies, such as SWIM (1.30 vs. 7.39), Tong’s
study (3.20 vs. 9.14), IAnimal62 (3.25 vs. 6.30), and Yang’s study63 (2.22
vs. 5.43). This indicated that thepublic genomicvariants dataset of pigs
imperatively needs to improve, especially for indels. Simultaneously,
the proportion of indels detected in the difficult-to-sequence regions
for 1KCIGP (47.14%) is closer to that of the previously reported human
study28 (64.3%) than the other studies (SWIM: 24.81%; Tong’s study:
18.28%; IAnimal: 36.31%; Yang’s study: 33.34%). The proportions of SNP
detected in difficult-to-sequence regions for IAnimal (13.67%) and
Yang’s study (13.96%) are similar to the 1KCIGP (13.86%) and close to
the previously reported human study28 (23.1%). These results indicated
that the genomics variants in the difficult-to-sequence regions may
need higher sequencing depth to disclose, especially for indels.

In this study,we systematically dissected the genetic relationships
among Chinese domestic pigs, and between them and European pigs.
By combining geographic distribution and genetic relationships
among these populations, we divided Chinese domestic pigs into five
sub-groups. Introgression analyses demonstrated that the breeds in
the Taihu Lake Basin (population ET) showed significant introgression
signals in European domestic pigs. This corresponded with historical
records, indicating that Asian pigs were introduced to Europe during
the 18th and early 19th centuries64,65. This introgression may have also
induced higher nucleotide diversity in European domestic pigs than
that observed in European wild boars66. We also detected gene flow
from the ancestry of Europeandomestic pigs to pigs in northernChina
(population N), with genetic clustering analysis confirming European
ancestry in population N. This finding was concordant with those of
previous studies; however, the introgression event times and periods
were not confirmed45,67. As an important Chinese domestic pig popu-
lation, ET showed introgression with three of the four other popula-
tions, including the population mainly distributed in southwestern
China (WS). The introgression between populations ET andWSmaybe
due to the Yangtze River, which is an important transportation hub
that connects eastern and western China. More importantly, in the f3
analysis, the populations in southeastern-central China (population
CES) showed significant evidence of admixture, with the population
distributed in south China (population S) and population ET as the
source populations. This admixture event was estimated to have
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occurred about 160.48 ± 22.29 generations (802.4 ± 111.45 years) ago
and corresponds with large-scale human migration trends in China’s
Southern Song Dynasty during the 12th to 13th centuries68. This migra-
tion began in theYangtzeRiver valley andmoved southwardacross the
Nanling ranges into the Xi River basin69. It may have stimulated the
admixture of ET and S, contributing to the formation of the CES
population.

Chinese domestic pigs show extraordinary phenotypic char-
acteristics such as high-altitude adaptation, and their abundant breed
diversity provides plentiful phenotypic variance. In this study, to
understand the contribution of long-term selection to the distinct
phenotypes of Chinese domestic pigs, two positive selective signature
detection methods were used to identify genomic regions under
selection and the potential candidate genes in these regions. We
identified several genes that are potentially under selection and
functionally associated with the traits observed in Chinese indigenous
pigs. These included THSD7A and HIF1A, which are implicated in high-
altitude adaptation; RBFOX1, which is associated with small body size;
and MSRB3 and WIF1, which may influence ear sizes. A previous study
reported that the HIF1A gene encodes the transcription factor HIF-1,
which functions as a master regulator of cellular and systemic
homeostatic responses to hypoxia and has an important impact on
high-altitude adaptation70. In addition, a high-frequency missense
mutation in THSD7Awas reported in Tibetanwild boars, indicating the
important role of regulatory mutations in their evolution57. Many stu-
dies have demonstrated thatRBFOX1 is associatedwith skeletalmuscle
structure in multiple species, including mice, zebrafish, and
humans71–74. This is consistent with our finding that RBFOX1 is related
to small body size in pigs. Additionally, two important functional genes
correlated with large ear size,MSRB3, andWIF1, were identified in this
study, which is consistent with previous reports that these genes
represent biological candidates for porcine ear size, with potential
applications in breeding programs75–77. Overall, our study detected the
footprints of selection in Chinese domestic pigs and mined the
important functional genes under selection based on the specific traits
of Chinese domestic pigs.

We used GWAS to identify candidate loci that contribute to the
biological traits of Chinese domestic pigs. By annotating these loci,
we identified the EDNRB gene, which has been reported as a candi-
date gene for the non-black coat color of Chinese domestic pigs,
including the two-end-black, six-white-point, spotted, and white
phenotypes48,49,78,79. Although the famous pig coat color-related
genes, such as MC1R and KIT, were not identified in our study, pre-
vious studies reported that the coding region of MC1R showed low
diversity in Chinese domestic pigs80. Only the normal copy number
of KIT has currently been identified in Asian pigs, whereas European
pigs harbor multiple KIT genotypes that are associated with different
coat colors81. Overall, it is plausible that MC1R and KIT are not the
primary causative genes for coat color differentiation in Chinese
indigenous pigs. In fact, EDNRBmight be more likely to contribute to
coat color differentiation in Chinese indigenous pigs. As for body
size traits, we reported that NUDT3 and HMGA1 on chromosome 7
were associated with all the analyzed body size traits. NUDT3 is an
mRNA-decapping enzyme that orchestrates mRNA expression to
modulate cell migration82, and its variants have been reported to be
associated with the bodymass index in humans83.HMGA1 can bind to
DNA and modify the chromatin state, affecting the accessibility of
regulatory factors to DNA and contributing to overall gene expres-
sion tuning84. A previous knock-out study indicated that HMGA1
could decrease body size in mice, leading to a “super pygmy”
phenotype85. These findings suggest that NUDT3 and HMGA1 could
significantly influence the body size traits of Chinese
indigenous pigs.

Collectively, this large and high-quality database of Chinese
domestic pig populations will be helpful in examining the effect of

known variants on disease and economic traits. The characterized
large-scale genomic variations revealed the phylogenetic relationships
among Chinese domestic pig populations, signatures of recent posi-
tive selection in these populations, and introgression events within or
betweenpigs fromother continents. This studyoffers valuable insights
into pig genomic diversity that can inform functional interpretation
and facilitate future studies on pig breeding.

Methods
Ethics statement
This study was conducted in strict accordance with the protocol
approvedby the InstitutionalAnimalCare andUseCommittee (IACUC)
of China Agricultural University (Beijing, People’s Republic of China;
Approval No. AW60604202-1-1). All blood or ear tissue samples were
collected from live pigs, without the need for slaughter.

Samples collection and DNA extraction
In this study, 50 Chinese domestic pig populations (Supplementary
Data 1), spread approximately two-thirds of China’s administrative
divisions, were used to detect genomic variants, construct a
population-specific reference panel, and analyze the swine genomic
architecture. In total, 1011 pigs from these populations were selected,
with all individuals sampled during the wean-to-finish development
period. Three methods determined the sexes of these individuals: the
method fromGATK, calculating the coverage of the sex chromosomes
and assessing the aligned coverage of the porcine SRY gene. The blood
or ear tissues from the 1011 samples were used for WGS. We extracted
DNA from blood or ear tissues using the TIANamp Genomic DNA Kit
(TIANGEN, Beijing, China).

Sequencing reads mapping, and small variants calling
Sequencing libraries were prepared using the MGISEQ protocol, and
sequencing was performed on the MGISEQ 2000 platform (MGI,
Shenzhen, China) with 150-bp paired-end reads. Sequence coverage
varied from 11.45 × to 33.85 ×, with a mean coverage of approximately
26 ×. Raw reads were filtered and trimmed using TrimGalore (v0.6.1)86.
The cleaned reads from all individuals were aligned to Sscrofa11.1,
using the Burrows-Wheeler Aligner (BWA v0.7.17-r1188)87. GATK
(v4.0.12.0)88 and Samtools (v1.9)89 were used to remove duplicated
reads and sort the alignment results. Small variants, including SNPs
and indels, were detected and filtered using GATK software. The fol-
lowing criteria were applied for all SNPs: (1) mean sequencing depth
for all individuals > 10 × and < 78 ×; (2) variant confidence/unfiltered
depth of non-reference samples (QD) > 2.0; (3) RMS mapping quality
(MQ) > 40.0; (4) Phred-scaled p-values calculated using Fisher’s exact
test were used to detect strand bias in the reads (FS) < 60.0; (5) strand
biaswasestimatedby the symmetricodds ratio test (SOR) < 3.0; (6) the
μ-based Z-approximation from the Mann-Whitney rank sum test was
used for mapping qualities (MQRankSum) > − 12.5; (7) the μ-based
Z-approximation from the Mann-Whitney rank sum test was used to
calculate the distance from the end of the read for reads with the
alternate allele (ReadPosRankSum) > − 8.0; and (8) nomore than three
SNPs were clustered in a 10-bp window. For indels, these criteria were
used: QD > 2.0, FS < 200.0, SOR < 10.0, MQRankSum> − 12.5,
ReadPosRankSum> − 8.0.

Reference panel construction and imputation performance
evaluation
SNPs in Chinese domestic pigs were filtered before they were used to
construct the reference panel. Sites with missing call rates > 10% and
those with a minor allele count of < 2 (MAC2) were removed. The
samples with call rates < 10% were excluded from the cohort. Only
SNPs on chromosomes 1–18 and X were used to construct the refer-
ence panel. Whatshap (v0.18)90 was used to phase the filtered SNPs
using the sequencing reads from each sample. The local phase sets
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were then incorporated into the population-based phasing of
1011 samples using SHAPEIT4 (v4.2.2)91 with the parameter ‘--use-PS
0.0001’. Chromosome X was divided into pseudo-autosomal regions
(PARs) and non-PAR regions, and phased.

To evaluate the imputation performance of the 1KCIGP panel, we
conducted two assessments under two common scenarios: imputing
genotyped variants detected using low-coverage WGS and SNP chips
(Supplementary Methods). The 262 test individuals (Supplementary
Data 3) that were not included in the five panels (1KCIGP, Animal-
ImputeDB, SWIM, Tong’s, and PHARP) in this study were phased using
SHAPEIT4, and imputation was conducted using Minimac492. We used
two indices to evaluate the imputation performance: (1) the con-
cordance rate, which represented the proportion of correctly imputed
genotypes among the total imputed genotypes, and (2) the squared
correlation (r2) between the imputed allele dosages and the true gen-
otype. Each test was performed with ten replicates.

Population genetic structure and genetic diversity
Additional 106 pigs from the EBI database (Supplementary Data 4),
which included 74 European commercial pigs, 13 European wild boars,
two Near East wild boars, five Southeast Asian pigs, six warthog pigs,
and six ancient pigs, combined with 1011 1KCIGP samples were used to
the population structure and the following admixture analyses. Prin-
cipal component analysis (PCA) was performed using GCTA (v1.93.2)93

based on the binary SNP data. The neighbor-joining tree was con-
structed with the same binary SNP set using MEGA (v11)94 based on a
pairwise genetic distance matrix calculated with emmax (beta-
07Mar2010)95. We also used ADMIXTURE (v1.3.0)96 to estimate indivi-
dual ancestries, with the number of ancestral component K values
ranging from two to six. The Fst statistics and genetic diversity were
calculated by VCFtools (v0.1.17)97 using 100 kb sliding windows with
50 kb increments at each step.

Admixture testing and time estimation
We used f3, f4 statistics, and Treemix to analyze admixture levels in
Chinese domestic pigs. The f3 and f4 statistics were computed using
the ADMIXTTOOLS software (v7.0.1). To dissect the direction of
introgression in detail, we used DFOIL

98 to measure admixture among
the pig populations. DFOIL detects admixture based on a five-taxon
phylogeny (((P1, P2),(P3, P4)), O), where O represents an outgroup.We
ran DFOIL in 200 kb non-overlapping sliding windows across the whole
genome with other default parameters. We selected the sample with
the highest sequencing depth to represent each breed. For each
computation, one genome was used to represent each P1, P2, P3, and
P4. The phylogenetic relationships were determined using Treemix
(v1.13)99. We rooted the tree with the warthog, created blocks of 1000
SNPs, and used global rearrangements. The admixture time was esti-
mated using ALDER (v1.03)100.

Demographic analysis
The effective population size (Ne) for each of the seven Eurasian pig
populations was inferred using SMC++ (v1.15.3)36 with genome-wide
SNPs. Themutation rate and generation time were set at 2.5 × 10−8 and
five years, respectively3.

Whole-mitochondrial and paternal analysis
To generate the entire mitochondrial sequence, samples with mito-
chondrial coverage > 100 were retained. The raw reads aligned to the
mitochondrial sequence of Sscrofa11.1 were extracted and assembled
usingMitoZ (v2.4)101. Themitogenomewas eliminated if its topologywas
not circular. A total of 704 complete mitogenomes were used for the
haplogroup analysis, which was conducted using MitoToolPy (v1.0)44.

For paternal analysis, we selected the NPARY regions (0–0.2Mb
and 4.79–43.55Mb) of the Sscrofa11.1 reference sequence. After
removing heterozygous sites and sites withmissing genotypes in 5%of

the sampled individuals, 34,207 high-confidence SNPs were extracted
and applied to construct a median-joining haplotype network with
PopART (v1.7)102. The sex-biased hybridization test was performed as
previouslydescribed45. Briefly, the European-related ancestry (A) in the
test populations was calculated using ADMIXTURE, and the range of
expected European Y chromosome frequencies in the test population
was set as [0, 2 A]. The binomial test was used to assess whether the
observed number of European Y haplogroups in the Chinese domestic
pig populations was larger than the expected range.

Selective signature detection
Two complementary methods, LSBL103 and θπ, were performed to
identify signatures of positive selection in Chinese indigenous pigs.
Both methods were performed using 100 kb sliding windows with a
shifting increment of 10 kb at each step. The genomic diversity θπ was
calculated by VCFtools and log2-transformed. The LSBL in population
A was calculated using the following formula for each window:

LSBL A;B,Cð Þ= ðFst ABð Þ+ Fst ACð Þ � Fst BCð ÞÞ=2

where A represents the target population, while B represents the
control population (Supplementary Data 9), and C represents the
outgroup (EUD). The Fst for each pairwise comparison (A and B, A and
C, or B andC)was calculated using VCFtools. The LSBL of eachwindow
was Z-transformed. For each method, regions with extremely high
values in the 5% right-tail were selected as potential candidate regions.
Then, the overlapping candidate regions were considered as the final
regions under positive selection.

GWAS analysis of biological traits
Before conducting the GWAS, the SNPs were filtered with PLINK
(v1.90)104 for MAF >0.05, missing SNPs and individuals < 0.01. The
phenotypic data for the GWAS included ten phenotypes, which were
mainly from Animal Genetic Resources in China: pigs, and a previously
published study105, including solid black coat color, gradient zone,
body height, body length, body weight, chest girth, ear shape, backfat,
sexual maturity, and lean meat percentage. The weighted averages of
adult pig records for each breed were used for quantitative traits such
as body size. Conversely, qualitative traits, such as coat color, were
treated as binary characters (e.g., 1 and 0). The detailed phenotypic
data used in the GWAS are listed in Supplementary Data 13. GWAS
analyses were performed using GEMMA, using the linear mixedmodel
method (Supplementary Methods). Each analysis was corrected using
the first five columns of the principal components. The Bonferroni
multiple test was used to correct the P-value, and the significance
threshold was defined as 0.05/number of variants.

SVs discovery and genotyping
Four diverse tools were selected for SV detection, including Delly2
(v0.8.1)50, Lumpy (v0.3.1)51, Manta (v1.6.0)52, and Wham (v1.7.0)53. For
Wham, the SV resultswere genotypedusing SVTyper (v0.7.1)106. For the
other three methods, SVs were detected and genotyped using their
default parameters because these methods can detect and genotype
SVs. The results of all four tools were filtered and merged using SUR-
VIVOR (v1.0.7)107 with the following parameters: “1000 2 1 1 0 50”. To
validate the accuracy of SV detection using short-reads, long-reads
from ten Chinese domestic pig breeds were used to examine 150
randomly selected SVs. These long-reads were aligned to Sscrofa11.1
using Minimap2 (v2.26)108, and the SVs were detected using Sniffles
(v2.2)109. The SVs that showed the same types and overlapping break-
points were considered validated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The raw sequencing datasets generated in this study have been
deposited in NGDC/GSA under accession code PRJCA030193 (https://
ngdc.cncb.ac.cn/gsa). The dbSNP (v150) dataset of pigs was down-
loaded from the NCBI. The genomic variations, haplotype data, and
phasing information can be accessed through Figshare (https://doi.
org/10.6084/m9.figshare.25847761.v1). Source data are provided in
this paper.

Code availability
The list of the software and parameters used in this study is available
through GitHub (https://github.com/kimi-du-bio/1KCIGP_V1).
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