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Abstract
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Pigs are the most commercially important modern livestock animal in East Asia. Numerous aspects of their domestication history remain unclear,
however, including the geographic center of their domestication, their subsequent dispersal routes, and the emergence of phenotypic traits
specific to domestic pigs. To address these questions, we generated 21 nuclear genomes and 23 mitogenomes from ancient domestic pigs
and wild boar from 5,800 BCE to 1,300 CE across China. Our analyses of newly generated and previously published Eurasian suid genomes
confirmed Northern China and eliminated Southwestern China as the domestication origin of modern East Asian pigs. Following their
association with people and the first appearance of black coat coloration, Northern Chinese domestic pigs dispersed alongside Yellow River
millet farmers to the Yangtze River Basin and Southwestern China, which they admixed with local wild boar. A genome-wide loss of diversity
and signatures of inbreeding in ancient Northern pigs may have been the result of intensified human management as early as 3,000 BCE. Our
results reveal the geographic and temporal origins and subsequent dispersal and admixture of pigs in China, mirroring human migration and

agricultural development history.

Introduction

Pigs (Sus scrofa) were independently domesticated from 2 geo-
graphically and genetically differentiated wild populations in
Western and Eastern Eurasia (Giuffra et al. 2000; Larson
etal. 2010; Groenen et al. 2012). In Western Eurasia, archaeo-
logical and genetic evidence has shown that the earliest domes-
tic pigs were derived from Near Eastern wild boar in Anatolia
~10,000 years ago (Ottoni et al. 2013; Frantz et al. 2019).
These pigs, derived from Near Eastern wild boar accompanied
the expansion of Anatolian farmers into Europe ~8,000 years
ago, after which gene flow with European wild boar led to a
near complete genetic turnover of pig ancestry within
~3,000 years (Frantz et al. 2019). The spatiotemporal origins
of pigs in Eastern Eurasia and their subsequent dispersal, how-
ever, remain uncertain.

Multiple regions in Eastern Eurasia have been proposed as
independent centers of pig domestication. Among them, the
most clearly archaeologically supported center is in
Northern China, as evidenced by the presence of domestic
pigs at the sites of Jiahu (~6,600 BCE) (Cucchi et al. 2011)
and Cishan (~6,000 BCE) (Yuan and Flad 2002).

Within this region, 2 major shifts in the human-pig relation-
ship, possibly indicating intensified pig management, are evi-
dent beginning ~4,000 BCE. First, the zooarcheological
record reveals a significant increase in the proportion of pigs
among mammalian remains. Specifically, pigs make up nearly
80% of the minimum number of individuals (MNI), thus high-
lighting their central role in subsistence strategies (Liu et al.
2024). Second, the evidence from dietary isotopes revealed
that pigs moved away from a more variable diet to one domi-
nated by Cy4 plants, including millet (Dong and Yuan 2020;
Zhang et al. 2021; You et al. 2024). The intensified millet-pig
agriculture system from at least 3,500 BCE may have under-
pinned the rise of early complex societies in Northern China
(Yang et al. 2022).

Domestic pigs dated to ~6,000 BCE are also present in the
Lower Yangtze River Basin in Southeastern China, with evi-
dence from the Kuahugqiao and Jingtoushan sites. This region
is considered to have hosted an independent process of pig do-
mestication, given the archaeological contexts and dental cal-
culus residues that contained starch granules and parasite
remains similar to domestic pigs (Yuan et al. 2008; Wang
et al. 2025).

Southwestern and Southern China have also been suggested
as independent centers of pig domestication based on mito-
chondrial and nuclear genetic ancestries found in modern
pigs, though these claims have not been supported by archaeo-
logical remains (Wu et al. 2007; Peng et al. 2022). Ancient
human genomic studies have demonstrated that the early
farmers in Southwestern China from at least 2,000 BCE

were descendants of Northern Chinese millet farmers (Yang
et al. 2020; C. Wang et al. 2021a; Tao et al. 2023). This sug-
gests that, analogous to the pattern observed in Western
Eurasia, the domestic pigs found in Southwestern China may
have been introduced from the North, after which they ad-
mixed with local wild boar (Wen et al. 2022; Zhang et al.
2022).

Animal domestication is often accompanied by the accumu-
lation of coat color variations that are rare in wild populations
(Linderholm and Larson 2013). Native domestic pigs across
Eurasia display black (and other non-camouflage) coats asso-
ciated with different nonsynonymous mutations in the
Melanocortin 1 Receptor gene (MCIR) gene (Linderholm
et al. 2016). In Western Eurasia, one of the earliest pieces of
evidence of black coat color was found in an Anatolian domes-
tic pig at the site of Ulucak Hoyiik (~6,700 BCE) (Frantz et al.
2019). Modern pigs in Eastern Eurasia and Polynesia possess 2
different MC1R mutations that lead to black coat color (Fang
et al. 2009; Linderholm et al. 2016), though when and where
these haplotypes first appeared is unknown.

Here, we began by addressing the geographical origins of
domestic pigs in East Asia and their subsequent dispersal
across China. We then tested whether the intensified pig man-
agement in Northern China, as suggested by the zooarchaeo-
logical and isotopic evidence, was corroborated by ancient
pig genomic signatures. Lastly, we assessed the temporal pat-
tern of black coat color variability in wild boar and domestic
pigs.

We extracted ancient DNA from 89 samples from 14
archaeological sites across China, constructed 116 sequencing
libraries, and generated 21 nuclear genomes (0.1x to 8.6X
coverage) and 23 mitochondrial genomes (7.1x to 902.5x%).
Based on body sizes, population death ages, and archaeologic-
al contexts or stable isotope values, 18 samples were classified
as domestic pigs and five as wild boars (supplementary
tables Sla and S1b, supplementary material section S1,
Supplementary Material online). These include 16 individuals
from Northern China spanning a 7,000-year period (5,900
BCE to 1,300 CE), one from Lower Yangtze River Basin
(~3,000 BCE), three from Southwestern China (~1,530
to 540 BCE), and three from Xinjiang (~1,100 BCE to
1,200 CE) (Figs. 1la and 1b, supplementary table Sla,
Supplementary Material online). We analyzed this
dataset alongside 2 previously published ancient pig genomes
(~0.2%x) from Shimao in Northern China (~2,000 BCE)
(supplementary table Slc, Supplementary Material online)
(Wen et al. 2022), and 113 modern genomes from Eurasia.
In addition, 7 genomes from Phacochoerus africanus, Sus bar-
batus, Sus verrucosus, and Sus scrofa vittatus were included as
outgroups (Fig. 1a, supplementary table Slc, Supplementary
Material online) (Frantz et al. 2015; Chen et al. 2020;
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Fig. 1. Sample information and population structure of ancient Chinese domestic pigs and wild boar. a) The geographic locations of the studied samples.
Triangles, diamonds, and circles represent ancient domestic pigs, ancient wild boar, and published modern populations, respectively. Colors represent
the geographical regions or genetic groups. Details of samples are provided in supplementary tables S1a and S1c, Supplementary Material online. b) Ages
of ancient samples. The x-axis shows the average age, and error bars represent the 95.4% confidence interval (Cl) of C'* dates, or archaeological time
range (supplementary tables S1a and S1b, Supplementary Material online). The colors are the same as panel A. c) PCA of Eurasian pigs and wild boar with
ancient samples projected onto the PCs calculated with modern samples. Shapes and colors of the symbols match those in panel A. d) Results of the
ADMIXTURE analysis at K=5. The symbols below the bar plot correspond to those in panel A and represent the groups or populations to which each
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sample or breed belongs. Details of the analysis are provided in supplementary material section S4, Supplementary Material online.
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Zhang et al. 2020). Lastly, we integrated previously published
mitogenomes derived from 44 ancient individuals (11.6 to
269.2x) (Wen et al. 2022; Zhang et al. 2022) to assess the
mitochondrial variability of domestic pigs and wild boar
across East Asia (supplementary table S1d, Supplementary
Material online).

Results

Local Origin and Genetic Continuity of Domestic
Pigs in Northern China

Our mitochondrial phylogenetic and network analysis corro-
borated previous studies by showing that Chinese domestic
pigs generally lacked phylogeographical and temporal struc-
ture (supplementary figs. S1 and S2, supplementary material
section S2, Supplementary Material online) (Larson et al.
2010; Wen et al. 2022; Zhang et al. 2022). In contrast, the pat-
terns in the nuclear data shown on Principal Component
Analysis (PCA) depict a clear geographical structure among
the analyzed ancient and modern pigs.

Calculated using 113 modern pigs and wild boar, the first
principal component (PC1) separated Eastern and Western
Eurasian pig populations (Fig. 1c). Modern breeds in
Northern China plotted close to Western Eurasian popula-
tions, reflecting their extensive genetic interactions with
European pig breeds since the 19th century (Yang et al.
2017; Peng et al. 2022). Among ancient pigs and wild boar,
three wild boar from the sites of Dalete and Halehaxite in
Xinjiang exhibited close affinity to Western Eurasian Sus pop-
ulations, consistent with their geographic proximity to
Central and West Asia (Fig. 1c).

The second principal component (PC2) separated East
Asian populations from different regions and time periods.
The ancient Northern Chinese samples clustered into 2 tem-
porally distinct groups, hereafter referred to as “Early
North” and “Late North”. In the PCA, the four Early North
domestic pigs (~5,900 to 3,000 BCE) were indistinguishable
from an ancient wild boar (S514, ~500 BCE) in the region,
suggesting a local origin from Northern Chinese wild boar.
The Late North group consisted of 9 newly reported and 2
previously published ancient pigs (Wen et al. 2022) from 8
archaeological sites (~2,100 BCE to 1,300 CE) (Figs. 1b and
1c). All of these samples plotted close to modern pigs in the
Yangtze River Basin and some Northern Chinese pigs that ex-
hibited less Western Eurasian ancestries on PC2 (Fig. 1d,
supplementary table Slc, Supplementary Material online).
These patterns were corroborated by the autosomal phylogen-
etic tree (supplementary fig. S3, Supplementary Material
online), and population clustering analyses using
ADMIXTURE, Dystruct, and Struct-f4, all of which revealed
a close affinity between Late North pigs and modern pigs
from Northern China and the Yangtze River Basin (Fig. 1d,
supplementary figs. S4 to S6, Supplementary Material online).

Given the presence of 2 different pig groups in the same re-
gion across different time periods, we evaluated whether there
was any genetic turnover in Northern China using pairwise
outgroup f3-statistics (supplementary fig. S7, supplementary
table S2a, Supplementary Material online) and f4-statistics
(supplementary table S2b, Supplementary Material online).
All Late North individuals were closely related to each other,
as revealed by the highest f3 values shared among the members
within the group (supplementary fig. S7, supplementary table
S2a, Supplementary Material online). We therefore grouped
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these individuals for subsequent analyses (supplementary fig.
S8, supplementary table S2¢, Supplementary Material online).

The Early North individuals also shared the closest genetic
affinity with Late North compared with other ancient
and modern populations, as suggested by f3; values
(supplementary fig. S7, supplementary tables S2a and S2c,
Supplementary Material online) and f; (Sumatran, Cishan/
Miaodigou/SS14, Other populations, Late North) (Fig. 2a
and supplementary table S2d, Supplementary Material on-
line). These results suggested that ancient Northern Chinese
domestic pigs did not experience a genetic turnover, but
formed a genetically continuous population through time,
maintaining the same primary ancestral component despite
chronological population structure. This continuity was also
supported by the lack of temporal pattern in our mitochon-
drial phylogenetic analysis (supplementary figs. S1 and S2,
Supplementary Material online), and was consistent with pre-
vious studies (Wen et al. 2022; Zhang et al. 2022).

Notably, the most recent individuals in the Early North
group, two ~5,000-year-old pigs from Miaodigou, exhibited
a closer genetic affinity to the Late North pigs after 2,000
BCE than to other Early North members, based on outgroup
f3-statistics and fy (Sumatran, Late North, Cishan/SS14,
Miaodigou) (supplementary figs. S7 and S8, supplementary
tables S2c and S2e, Supplementary Material online). This sug-
gests that the Miaodigou pigs, though classified within the
Early North group, may represent a transitional stage leading
to the emergence of the Late North group.

Collectively, our analyses supported Northern China as an
independent center of pig domestication in East Asia. Our ana-
lyses also demonstrate genetic continuity in this population
spanning approximately 7,000 years, from their initial ap-
pearance ~5,900 BCE until substantial Western Eurasian gen-
etic introgression began to reshape their diversity in the 19th
century (Yang et al. 2017; Peng et al. 2022).

Loss of Genetic Diversity in Northern Chinese
Domestic Pigs Led by Intensified Management

By at least 2,100 BCE, domestic pigs in Northern China ex-
hibited genomic differentiation from their wild progeni-
tors, which could have resulted from either gene flow
from other regions or the accumulation of genetic drift ac-
centuated by intensified human selection. Given the close
affinity between Late North and modern pigs along the
Lower Yangtze River revealed by the PCA (Fig. 1c¢), and
the evidence of independent pig domestication in this re-
gion, we first tested whether gene flow from the Lower
Yangtze River Basin could have contributed to the ob-
served differentiation.

We analyzed the genome of a ~5,000-year-old Neolithic pig
from the Lower Yangtze River Basin (NJSS011, H31-1 at the
site of Xuecheng), temporarily situated between the Early
and Late North groups (Fig. 1b, supplementary table Sla,
Supplementary Material online). The non-significant values
of f4 (Sumatran, Xuecheng, Early North pops, Late North
pops) (supplementary table S2b, Supplementary Material on-
line) suggested that the Neolithic domestic pigs from the
Yangtze River Basin, or at least those represented by the
Xuecheng individual, did not contribute to the transition
from Early to Late North pigs in Northern China.

Interestingly, the Xuecheng individual lacked close genetic
affinity with local modern populations. Instead, it clustered
with Early North individuals, as demonstrated by the PCA
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Fig. 2. Geneticrelationships of ancient northern domestic pigs. a) F-statistics in the form £, (Sumatran, Cishan/Miaodigou/SS14, PopY, Late North). PopY
includes all ancient and modern populations analyzed in this study, with the exception of the ancient pigs and wild boars from Northern China. Dots and
error bars indicate the f, values with 3x standard errors (SD) (supplementary table S2d, Supplementary Material online). b) The genetic diversity of Early
North and Late North shown by pairwise mismatch rates. The significance between groups was tested with two-tailed t-test. c) ROH segments (>4 cM)
detected in ancient genomes. The segments were colored by lengths. Details of the analysis and additional results were provided in supplementary fig.
S10, Supplementary Material online. Details of the results are provided in supplementary material section S6, Supplementary Material online.

(Fig. 1c), and population clustering analysis (Fig. 1d;
supplementary fig. S4, Supplementary Material online). This
pattern could be explained by gene flow from Northern
Chinese pigs as early as 3,000 BCE, or by a shared genetic
background between wild boar populations in Northern
China and the Yangtze River Basin. Without comparative

data from local wild boar, we currently lack the power to dis-
tinguish between these possibilities.

We then explored whether the genetic differentiation was
associated with genetic drift accumulated during the loss of
genetic diversity. By estimating the pairwise mismatch rates
within Early North and Late North groups, respectively, we
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observed significantly lower population diversity in the Late
North group (P-value <0.01), indicating a decline of genetic
diversity (fig. 2b). The more recent individuals also possessed
larger amounts of accumulated Runs of Homozygosity (ROH)
segments (>4 cM), corresponding to a smaller effective popu-
lation size (N,) compared to Early North (Fig. 2¢) (Ringbauer
et al. 2021). Based on the amount of short ROHs (4 to 8 cM),
we estimated a ~80% reduction in N, from Early North pigs
and wild boar (N,=668) to Late North (N,=141)
(supplementary table S3, Supplementary Material online).

We also identified 2 individuals that possessed long ROH
segments (>20 cM) indicating inbreeding, which was likely
the result of human-mediated reproduction: SS2
(Miaodigou, ~3,000 BCE), the most recent individual within
the Early North group, and NMSS002 (Shikouzi, ~1,500
BCE) from the Late North group (Fig. 2¢c, supplementary fig.
S9, Supplementary Material online). The time of this genetic
diversity decline and recent inbreeding appeared to be corre-
lated with the intensified pig management, which, as suggested
by zooarchaeological evidence, may have begun as early as
3,000 BCE (Dong and Yuan 2020; Zhang et al. 2021; Yang
et al. 2022; You et al. 2024).

Ancient Southwestern Pigs Were Derived from
Northern Pigs

Genetic studies of modern pigs suggested that Southwestern
China was an independent domestication center (Peng et al.
2022), while archaeological evidence indicated that agricul-
tural practices were introduced from Northern China to
Southwestern China by millet farmers between 3,400 and
3,000 BCE (Driscoll et al. 2007; Liu et al. 2022; Tao et al.
2023). To test this hypothesis of an independent center, we an-
alyzed the genomic data from 2 ancient domestic pigs
(Haimenkou, ~1,500 to 700 BCE) and one wild boar (Jicha,
1,700 to 1,500 BCE) from Southwestern China (Figs. 1a and
1b, supplementary table S1a, Supplementary Material online).

The ancient domestic pigs (Haimenkou) from the region
were closely related to modern pigs from Southwestern and
Southern China based on PCA and an autosomal phylogenetic
tree (Fig. 1c, supplementary fig. S3, Supplementary Material
online). Intriguingly, the Jicha wild boar was basal to all
Eurasian Sus scrofa in the phylogenetic tree (supplementary
fig. S3, Supplementary Material online). This finding was fur-
ther supported by outgroup f3-statistics, in which the Jicha in-
dividual shared the lowest genetic affinity with all other
Eurasian groups, while Haimenkou showed greater affinity
to the ancient pigs from Northern China, and modern pigs
from Southwestern and Southern China (supplementary figs.
S7 and S8, supplementary tables S2a and S2c,
Supplementary Material online). The genetic distinctiveness
between the ancient domestic pigs and the wild boar suggested
that the pigs were not domesticated from local boar, but were
instead introduced from Northern China, as initially sug-
gested by the archaeological evidence (Driscoll et al. 2007;
Liu et al. 2022; Tao et al. 2023).

To test whether the pigs introduced from Northern China
interbred with local wild boar in Southwestern China, we ap-
plied f; (Sumatran, Jicha; Haimenkou, Miaodigou/Late
North) analysis (supplementary table S2f, Supplementary
Material online). We did not detect any significant genetic con-
tribution from the Jicha wild boar. A qpGraph analysis, how-
ever, suggested that the Haimenkou pigs were a mixture of a
sister-lineage of the Late North population and an unsampled
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lineage basal to Eurasian pigs (Fig. 3a, supplementary fig. S13,
Supplementary Material online). These analyses revealed that
the domestic pigs in Southwestern China, dated to at least
~1,500 BCE, were genetically distinct from local wild boar,
and closely associated with ancient Northern pigs, suggesting
that millet farmers from Northern China brought their pigs to
Southwestern China (Tao et al. 2023).

Genetic Composition of Modern Chinese Domestic
Pigs

We then investigated whether separate ancient domestic pig
populations contributed differently to the genetic diversity of
modern Chinese pigs. The PCA (Fig. 1¢), autosomal phylogen-
etic tree (supplementary fig. S3, Supplementary Material on-
line) and outgroup f3-statistics (supplementary fig. S8,
supplementary table S2¢, Supplementary Material online) re-
vealed clear genetic structure among modern breeds. Breeds
from Northern China and the Yangtze River Basin showed
close affinity to the Late North population, whereas those
from Southwestern and Southern China were more closely re-
lated to the ancient Southwestern pigs. The f4-statistics in the
form f4 (Sumatran, Modern pops, Other ancient, Late North)
further revealed that, relative to all other ancient pig popula-
tions, most modern pig breeds shared a closer affinity to Late
North pigs (Fig. 3b, supplementary table S2g, Supplementary
Material online).

Notably, several breeds from Southern China that possessed
comparable affinity with both Haimenkou and Late North
pigs, deviated from this overall pattern (Fig. 3b,
supplementary table S2g, Supplementary Material online).
These findings demonstrated that ancient Northern pigs had
a widespread genetic influence on the formation of modern
pig populations across China.

To quantify the ancient Northern pig contribution and to
assess whether admixture among ancient pigs contributed
to the genetic structure of modern pigs, we modeled the an-
cestral composition of modern pigs from different regions
using qpAdm analysis. This analysis revealed that most of
the modern pigs could be modeled as an admixture of an-
cient Northern pigs (represented by group Late North or
Miaodigou), Southwestern pigs (represented by Haimenkou),
and commercial breeds from Western Eurasia (Fig. 3c,
supplementary fig. S11, supplementary tables S4a, S4b and
S4c¢, Supplementary Material online). Ancient Northern pig
ancestry was detected in all modern Chinese breeds, and
those from Northern China and the Yangtze River Basin
possessed the highest proportions up to 86.4% (Fig. 3c,
supplementary fig. S11, supplementary tables S4a, S4b and
S4c, Supplementary Material online). This was consistent
with the f;-statistics that showed that all modern breeds in the
2 regions shared the highest genetic affinity with the Late
North group (Fig. 3b, supplementary table S2g, Supplementary
Material online). These findings highlighted the extensive disper-
sal of Northern pigs into the Lower Yangtze River Basin, where
they likely replaced the earlier population represented by the
Xuecheng individual.

Additionally, we identified recent and substantial introgres-
sion from European domestic pigs into Northern Chinese pigs.
The proportion of European ancestry in Northern breeds was
estimated to be 14.4% to 61.5% (Fig. 3c, supplementary fig.
S11, supplementary tables S4a and S4b, Supplementary
Material online). This introgression also explained the re-
duced genetic affinity of Northern pigs to their ancient
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Fig. 3. The genetic composition of modern Chinese pigs. a) Admixture graph modeling of ancient and modern populations using gpGraph. Details of the
modeling are described in supplementary material section S7, Supplementary Material online. b) Fstatistics in the form £, (Sumatran, Modern pops,
Other ancients, Late North). Colors of dots denote geographic regions of each modern population as described in Fig. 1. The dots and error bars show the

f4 values with 3x SD (supplementary table S2g, Supplementary Material online).

¢) QpAdm modeling of modern populations, with Late North,

Haimenkou, Sumatran and West commercial representing ancient Northern pigs, ancient Southwestern pigs, undescribed Southern wild boars, and
Western Eurasia pigs. Pie charts show the estimated proportion of each ancestry. Results using Miaodigou as a replacement for Late North are shown in
supplementary fig. S11, supplementary tables S4b and S4c, Supplementary Material online.

counterparts, compared to modern populations from the
Yangtze River Basin, which have been minimally influenced
by the European introgression (Yang et al. 2017; Wen et al.
2022).

The modern pigs from Southwestern China were modeled
as having derived 58.1% to 88.5% of their genomic ancestry
from the Haimenkou pigs. The remaining proportion was at-
tributed to ancient Northern pigs (represented by Late North
in Fig. 3¢, supplementary tables S4b and S4c, Supplementary
Material online, or Miaodigou in supplementary fig. S11,
supplementary tables S4a and S4c, Supplementary Material

online). Together with their closer affinity to Late North
than Haimenkou pigs revealed by f; (Sumatran,
Southwestern modern pops; Haimenkou, Late North)
(Fig. 3b, supplementary table S2g, Supplementary Material
online), this result suggested that modern local breeds have ac-
quired additional Northern ancestry after the formation of the
Haimankou population, indicating a persistent influence of
Northern pigs in Southwestern populations.

Haimenkou ancestry was also detected in modern pigs
across Northern China and the Yangtze River Basin, with
the highest proportions observed in breeds from the Upper
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or Middle Yellow (e.g. Bamei) and Yangtze River (e.g.
Tongcheng) Basins. This pattern suggested a bidirectional dif-
fusion of ancestries between Northern/Eastern and Southern/
Western China (Fig. 3c, supplementary fig. S11,
supplementary tables S4a, S4b and S4c, Supplementary
Material online). However, we did not detect the additional
Haimenkou affinity in Late North individuals dated to as re-
cently as ~1,300 CE (represented by the Xitucheng pigs) using
f4 (Sumatran, Haimenkou; Late North site 1, Late North site
2) (supplementary table S2b, Supplementary Material online).
These findings suggested that the observed diffusion of
Southwestern ancestry occurred only in the last few centuries.

Modern wild boar from the Qinghai-Tibet Plateau (labeled
as Ganzi, Diging, Gannan, Linzhi, and Aba) (Li et al. 2013)
also possessed genetic profiles similar to modern and ancient
local pigs (Haimenkou and Tibetan breeds), but distinct
from the ancient local wild boar (Jicha, YNSS012) (Figs. 1a,
1d, 3b and supplementary table Slc, Supplementary
Material online). This suggests that the ancient dispersal of
Northern ancestries may have reshaped modern wild boar
populations, which raises an extra concern regarding future
genetic studies of wild boar since their genomes may have
been influenced by admixture with domestic pigs.

All 3 breeds in Southern China possessed predominantly
Haimenkou ancestry, which supports a genetic link between
Southern and Southwestern Chinese pigs. Southern Chinese
pigs also possessed ~5% ancestry, best represented by
Sumatran wild boar (Fig. 3c, supplementary fig. S11,
supplementary table S4c, Supplementary Material online).
These results suggest that, in addition to the ancient
Southwestern pigs, an undescribed, indigenous lineage closely
related to Southeast Asian wild boars also contributed to pigs
in Southern China.

To comprehensively understand how the dispersal and sub-
sequent gene flow have shaped modern pig populations, we
further used gqpGraph to model this process. We found
that the Early North group was basal to all the East Asian
lineages. One lineage gave rise to Late North, and then to
the modern North and Yangtze pigs, after mixing with
Haimenkou-related and Western Eurasian-related lineages.
The other lineage mixed with a ghost lineage basal to all
Eurasian Sus scrofa and formed Haimenkou pigs as well as
modern Southwestern and Southern Chinese pigs. Modern
Southwestern and Southern pigs also received additional
gene flow from the Late North-related lineage (Fig. 3a,
supplementary figs. S12 to S17, Supplementary Material
online).

Temporal and Geographical Origins of the Black
Coloration in Chinese Domestic Pigs

Previous studies have demonstrated that all modern Chinese
indigenous pigs possess a dominant black coat phenotype,
caused by a single nonsynonymous mutation (L102P
Chr6:181,883) in the MCIR (Fang et al. 2009; Linderholm
et al. 2016). To assess when and where this mutation first
arose, we tested its presence in ancient Chinese domestic and
wild individuals. We found that eight domestic pigs and four
wild boar (out of 20 ancient domestic pigs and 5 ancient
wild boar) possessed sequencing reads spanning the L102P
SNP (supplementary table SSa, Supplementary Material on-
line). The 8 ancient domestic pigs all had at least 1 read carry-
ing the causative allele for black coat, including the oldest
individuals from Miaodigou in Northern China, dating
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to ~3,000 BCE (Fig. 1b, supplementary table Sla,
Supplementary Material online). The wild boar in Northern
China (SS14; 500 BCE) and Xinjiang (XJSS003, XJSS006, and
XJSS007; 1,000 BCE to 1,500 CE), only possessed reads carrying
the ancestral, camouflage-coding alleles (supplementary table
S5a, Supplementary Material online).

We then estimated the allele frequencies in ancient and mod-
ern populations using a maximum likelihood (ML)-based al-
gorithm (Fig. 4a, supplementary fig. S18, supplementary
tables SSb and SS5c, Supplementary Material online)
(Mathieson et al. 2015). In modern Chinese domestic pigs,
the causative mutation was nearly fixed, except in some
Northern Chinese breeds, where ~18% of individuals pos-
sessed non-East Asia haplotypes in their MCIR genes, pos-
sibly due to gene flow from Western Eurasian pigs.

In ancient Chinese pigs, we observed an increase in the
causative allele frequency from Early North pigs ~3,000
BCE (Miaodigou, =2, 66.7%, 95% CI: 16.1% to 97.7%)
to Late North pigs more recent than 2,000 BCE (Late
North, =35, 87.0%, 95% CI: 53.9% to 99.2%) (Fig. 4a,
supplementary table S5b, Supplementary Material online).
By contrast, modern Western Eurasian populations and an-
cient wild boars from China carried the East Asian causative
allele at a frequency less than 5% (Fig. 4a, supplementary
table S5b, Supplementary Material online), highlighting the
absence of this East Asian-specific variant outside Chinese do-
mestic pigs.

To expand our dataset and increase resolution, we imputed
and phased 17 newly reported and 2 published ancient ge-
nomes (Wen et al. 2022) with depth >0.3x, together with all
modern genomes on chromosome 6, to reconstruct the
MCIR haplotypes (Fig. 4b, supplementary table S5d,
Supplementary Material online). After merging our data
with 96 published MC1R gene sequences (Linderholm et al.
2016), we performed haplotype network analysis and ob-
served a clear haplotype distinction among domestic pigs
and wild boars in Eastern and Western Eurasia (Fig. 4b,
supplementary figs. S19 and S20, supplementary tables S5d
and SSe, Supplementary Material online).

All ancient and 96.8% modern Chinese domestic pigs pos-
sessed at least one copy of the three East domestic haplotypes
(Hap1-Hap3), which carried the causative allele for black col-
oration (Fig. 4b, supplementary tables SSe, Supplementary
Material online). Although we were unable to genotype the
oldest Cishan pigs (5,900 BCE) due to low sequencing depth,
we found that the East Asian black haplotype can be traced
back at least to the 3,300 to 3,000 BCE Miaodigou pigs
(SS2 and SS10) from Northern China, and the 3,000 BCE
Xuecheng individual from the Yangtze River Basin
(NJSS011) (Fig. 4b, supplementary tables S5d and SS3e,
Supplementary Material online). Furthermore, with the im-
puted genotypes, we recalculated the allele frequencies of dif-
ferent populations (Fig. 4a, supplementary tables S5b and S5c¢,
Supplementary Material online) and confirmed the increase of
causative allele frequency from Early to Late Northern pigs.
This result indicated that the black coat was presumably sub-
ject to ongoing selection before it became fixed.

We found that the wild boar haplotype carried by ancient
Chinese pigs and the 2,500-year-old wild boar from
Northern China (S514) was the same as the Sumatran wild
boar haplotype (Hap3), indicating that it was common in
East Asian wild boar populations at this time. The three an-
cient Xinjiang wild boar shared the same haplotype with
Italian and Near Eastern wild boars (Hap8), which
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supplementary tables Sbd and Sbe, Supplementary Material online.

corresponds to their close affinity with Western Eurasian pigs
and wild boar shown on the PCA (Fig. 1¢). Ten modern do-
mestic pigs from Northern China carried the European domes-
tic pig haplotype (Hap9), which is consistent with recent gene
flow from European commercial breeds in this region (Wen
et al. 2022). Interestingly, all the Tibetan (Southwest) wild
boars carried at least one copy of the Asian domestic haplo-
types (Hap 1 and 3), further suggesting genetic introgression
from domestic pigs (Fig. 4b, supplementary fig. S20,
supplementary tables S5d and S5e, Supplementary Material
online). A similar phenomenon has also been observed in

Europe, where the domestic haplotypes in the MCIR gene
were frequently detected in local wild boars and used as a
marker of the introgression from domestic pigs (Fontanesi
et al. 2014; Canu et al. 2016). Our results suggested that
this method could also be applied to evaluate gene flow
from domestic pigs into local wild boar in China.

Based on these findings, we traced the origin of the black
coat phenotype in East Asian domestic pigs to Northern
China and the Lower Yangtze River regions. Limited by the
low genome coverages of the ~5,900 BCE Cishan pigs
(supplementary tables Sla, S5a and S5d, Supplementary
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Fig. 5. lllustration of the domestication history of Chinese pigs. The arrows show the genetic transition related to the changes in management practices,
dispersal along the human migration routes, and interactions with local wild boars. The colors of different populations of domestic pigs and wild boars are
consistent with Fig. 1. A detailed description of this figure is provided in supplementary material section S9, Supplementary Material online.

Material online), we were unable to identify their geno-
types. Therefore, the oldest high-coverage individuals in
our dataset, the Miaodigou pigs, were the earliest known
individuals carrying the causative mutation for black color-
ation (supplementary tables S5a and SS5e, Supplementary
Material online), and the 3,000 BCE Xuecheng pig was
the earliest individual homozygous for the East domestic
haplotype (supplementary tables S5a and SSe, Supplementary
Material online).

Considering the uncertain origin of the Yangtze individual,
which could potentially be linked to Northern pigs, and the
long history of pig domestication in Northern China, we sug-
gest that the black coloration was more likely to have origi-
nated in Northern China. The genotype was likely selected
and became fixed in Northern pig populations after 2,000
BCE (Fig. 4a, supplementary table S5c, Supplementary
Material online). Given their substantial genetic contribution
to most Chinese pig populations, we suggest that the spread
of this black coat color-related genotype throughout China
was also related to the dispersal of Northern domestic pigs.

Discussion

Overall, our results demonstrate that the earliest domestic pigs
in Northern China, from ~5,900 BCE were genetically similar
to local wild boar, thus supporting the initial domestication of
pigs in Northern China (Fig. 1). On the contrary, the genetic
affinity between early domestic pigs in Southwestern China
and ancient Northern Chinese pigs, together with their distinc-
tion with local wild boar, suggested that Southwestern China
was not an independent center of domestication.

Around or soon after 3,000 BCE, the early domestic popu-
lation in Northern China became genetically differentiated
from their wild progenitors, likely as a result of genetic drift
associated with bottlenecks, which also led to an overall

reduction in genetic diversity and recent inbreeding as early
as ~3,000 BCE (Figs. 1b and 2¢). Intriguingly, zooarchaeolog-
ical and stable isotopic studies indicate a shift in pig manage-
ment practices from extensive to an intensive strategy between
4,000 and 3,000 BCE (Dong and Yuan 2020; Zhang et al.
2021; Yang et al. 2022; You et al. 2024), which coincides
with the genomic ancestry transition from Early to Late
North pigs. The intensified breeding practice, involving a
homogeneous living environment and possibly stronger
human-mediated selection, reduced genetic diversity and led
to recent inbreeding as a result of human-controlled reproduc-
tion (Zeder 2012; Frantz et al. 2020).

A traditional view of domestication holds that founder ef-
fects during the early stages of domestication led to low genetic
diversity in modern domestic animals, with cattle being the
most prominent case (Rossi et al. 2024). However, it has
been challenged by recent studies on ancient domestic animals,
such as dogs (Larson et al. 2012), chickens (Loog et al. 2017),
and horses (Librado et al. 2024), which showed that the
genetic diversity was mainly lost during the past few centur-
ies as a result of more intensive selection. Our study sug-
gests that in East Asian pigs, the major loss of genetic
diversity occurred neither during the initial stages of domes-
tication, nor in recent centuries, but rather in association
with changes in management ~3,000 years after domestica-
tion, highlighting the need for future studies to elucidate the
underlying mechanisms.

Following their domestication, pigs with black coats from
Northern China dispersed across East Asia and formed the
majority of the modern pig gene pool across China. Their ex-
pansion may have followed 2 major routes, both closely mir-
roring human dispersals (Fig. 5). Pigs traveled southeast and
arrived in the Yangtze River Basin, where they contributed
to the formation of modern local breeds. A genetic study on
ancient East Asian people also described the influence of
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Northern Chinese people in Southern populations since the
Late Neolithic (Yang et al. 2020).

The arrival of pigs in Southwestern China likely accompan-
ied the migration of Yellow River millet farmers, who reached
the edge of the Qinghai-Tibet Plateau ~5,400 to 5,000 years ago
(Wang et al. 2023), and Southwestern China before 3,000 years
ago (Tao et al. 2023). These pigs also admixed with local wild
boar, consistent with the detection of Southeast Asian-related
Hoabinhian ancestry in Southwestern Chinese farmers (Tao
et al. 2023).

In addition to the initial dispersal of Northern pigs, a bidir-
ectional diffusion of genetic ancestries between pigs from the
Southwest and North and Yangtze River Basin was observed
in the genomes of modern breeds in these regions (Fig. 3).
Both dispersal waves contributed to pig populations in
Southern China, mirroring the observation of Northern and
Southern East Asian ancestries found in historical Southern
Chinese human populations (T. Wang et al. 2021b). The
lack of ancient genomic data prevents us from determining
which of the ancestries arrived in this region first, and whether
the Southeast Asian-related ancestry found in this region rep-
resented local wild boar or an independently domestic popula-
tion that was later largely replaced. Further ancient genomic
studies are necessary for understanding the formation of pig
populations and the associated patterns of human migration
in this region.

The recent diffusion among different pig populations is
eroding the genetic structure of East Asian pigs that formed
over the past millennia. More intriguingly, the exchange of
Chinese and European pigs through modern breeding practi-
ces is also gradually diminishing the genetic distinction be-
tween Eastern and Western Eurasian pigs, which arose from
the independent domestication of 2 highly divergent wild
boar populations that had been isolated for more than a mil-
lion years (White 2011; Yang et al. 2017; Wen et al. 2022).

This process represents a clear case of biotic homogeniza-
tion (Olden et al. 2004), which may have already eliminated
unique genetic resources in East Asian domestic pigs. This is
especially true for Northern Chinese pigs, which maintained
genetic continuity for approximately 7,000 years prior to
this admixture. Our study also draws attention to the trend
of global genetic integration of domestic pigs. Further ancient
genomic research will help to elucidate the genetic and func-
tional consequences of this ongoing process.

Materials and Methods

Sampling

All the specimens newly collected for this study came from
archaeological excavations and were obtained through collab-
oration with the excavators or zooarchaeologists working on
these samples. Each sample has a well-documented proven-
ance of the archaeological remains or stratigraphic layers
from which it was retrieved, ensuring the accuracy of its
archaeological context. Details about the archaeological
contexts for those samples are provided in supplementary
material section S1 and supplementary tables S1a and S1b,
Supplementary Material online.

Radiocarbon Dating

We report 14 new direct accelerator mass spectrometry (AMS)
radiocarbon dates from ancient samples obtained from Beta
Analytic, USA, and from the School of Archaeology, Peking

University, China. Other samples were dated indirectly using
charcoal or bones from the same stratigraphic layer, or in-
ferred based on their archaeological contexts. Details of the
dating information are provided in supplementary tables S1a
and S1b, Supplementary Material online. All radiocarbon
dates reported were calibrated using the INTCAL20 calibra-
tion curve(Reimer et al. 2020).

Ancient DNA Laboratory Work

All the samples were processed in the dedicated ancient DNA
laboratory at the School of Life Sciences, Peking University.
DNA was extracted following the protocol published by
Dabney et al. (Dabney et al. 2013) with slight modification, in-
cluding a pre-digestion step or sodium hypochlorite treatment
(Boessenkool et al. 2017). Libraries were built using the
Blunt-End Single-Tube (BEST) double-stranded library build-
ing method (Caree et al. 2018) or the Santa Cruz Reaction
(SCR) single-stranded library construction method (Kapp
et al. 2021). For double-stranded libraries, some samples
were processed with the “Half-UDG” treatment to remove
most of the cytosine deamination damage (Briggs et al.
2010; Rohland et al. 2015). All libraries were purified using
Solid-Phase Reversible Immobization beads (Beckman
Coulter) and eluted in 40 pL of Elution Buffer. Libraries
were subsequently double-indexed using standard Illumina
PS5 and P7 primers (supplementary tables Sla and S1b,
Supplementary Material online).

All libraries were screened on an Illumina NovaSeq 6,000
platform (Modi et al. 2021) using paired-end 150 bp
(PE150) sequencing at Novogene, Beijing. Based on the
screening results, selected samples underwent deeper sequen-
cing on the MGI Tech MGISEQ-2000 (Korostin et al. 2020)
sequencer using paired-end 100-bp (PE100) strategy at the
National Centre for Protein Sciences, Peking University
(supplementary tables S1a and S1b, Supplementary Material
online).

Quantification and Statistical Analysis

Sequencing Data Processing

We processed ancient sequencing data using the nf-core
framework-based EAGER v2.4.4 pipeline (Ewels et al. 2020;
Yates et al. 2021) to perform quality control and alignment
of sequencing data. Published ancient sequencing data were
first converted from NCBI Sequence Read Archive (SRA) for-
mat to fastq.gz format using “fastqg-dump” from Sratoolkit
v3.0.0 (https:/hpc.nih.gov/apps/sratoolkit.html) and jointly
aligned with the data newly generated in this study. Within
the workflow, the quality control of sequencing reads was per-
formed using FastQC v0.11.9 (Andrews 2010). Adapter se-
quences were removed using AdapterRemoval v2.3.2
(Schubert et al. 2016), with the “~mergedonly” option to
keep only merged reads for downstream mapping. The merged
reads were aligned to the domestic pig reference genome
(Sscrofal1.1 NCBI: GCF_000003025.6) using BWA v0.7.17
(aln/samse) (Li and Durbin 2009). Endogenous DNA content
was calculated using a custom Python script based on
SAMtools v1.12 (Li et al. 2009; Danecek et al. 2021) flagstat
results. PCR duplicates were removed using Picard v2.26.0
toolkit (MarkDuplicates). Damage patterns were assessed us-
ing DamageProfiler v0.4.9 (Neukamm et al. 2021). Quality
control of the deduplicated BAM files was performed using
Qualimap v2.2.2 (Okonechnikov et al. 2016). Library
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complexity was predicted using preseq v3.1 (Daley and Smith
2013). Summary results were generated using MultiQC v1.12
(Ewels et al. 2016). The authenticity of ancient libraries was
assessed based on the damage pattern through mapdamage
v2.2.1 (Jonsson et al. 2013) and fragment length.

For mitochondrial genome reconstruction, merged reads
were mapped to the pig mitochondrial reference genome
(NCBI: NC_000845.1) using BWA (aln) and realigned using
CircularMapper v1.93.5 (Yates et al. 2021). PCR duplicates
were removed using DeDup (Yates et al. 2021), and the de-
duplicated reads were filtered for a minimum mapping qual-
ity of 30 using SAMtools “view” (-q 30). Mitochondrial
consensus sequences were generated using Schmutzi
endoCaller (Renaud et al. 2015) with a quality threshold
of 30 (—qual 30).

We also downloaded 120 published modern genomes for
comparison, including 113 domestic pigs and wild boars dis-
tributed across the Eurasian continent, and 7 outgroup indi-
viduals from other species within Sus genus (supplementary
table S1c, Supplementary Material online). The downloaded
SRA binary files were converted to fastq.gz format using
“fastq-dump” from Sratoolkit v3.0.0. Sequencing data
from the same individual were merged. Adapter sequences
were removed using AdapterRemoval software with “—
trimns”, “~trimqualities”, and “—collapse”. After that,
both the merged reads (collapsed reads) and unmerged pair-
wise reads (Pair1 truncated and Pair2 truncated reads), were
aligned to the same domestic pig reference genome as ancient
samples using BWA (mem) (Li 2013) with the “-M” flag.
The mapped reads were sorted and deduplicated using
SAMtools markdup.

Modern mitochondrial reads were mapped to the
Meishan pig mitochondrial reference genome (GenBank:
JN601070.1) using BWA (mem), and sorted and filtered using
the same parameters as for nuclear genomes. Consensus mito-
chondrial sequences of modern samples were obtained using
the “consensus” function of SAMtools.

Genotyping

We identified single-nucleotide polymorphisms (SNPs)
based on the 113 published modern samples, using the
BCFtools v1.15.1 mpileup (Danecek et al. 2021) with the
following parameters: “-Ou -B -C50 -d 70 -q 30 -Q 30 -
skip-any-set SECONDARY -I -f”. Variant calling was per-
formed by BCFtools call with “-Ou -A -m -v”. The generated
dataset was filtered using BCFtools and Plink v1.9 (Purcell
et al. 2007) to exclude transitions to avoid the impact of
deamination-induced damage in ancient genome; remove
variants with a minor allele frequency smaller than 0.01 (-
maf 0.01); exclude variants with a genotyping rate less
than 0.2; prune variants using a 10-kb window, step of 2
-SNP step size, and an R? threshold of 0.5 (—indep-pairwise
10 kb 2 0.5); remove SNPs deviating from Hardy-Weinberg
equilibrium with a P-value below 0.0001; retain only bial-
lelic SNPs (-biallelic-only). Finally, we kept a total of
1,261,811 autosomal SNPs (hereafter called 1,262 K).
To minimize reference bias, pseudo-haploid genotypes
(-randomHaploid) were called for 21 newly reported and
2 published ancient Chinese pig samples on the 1,262 K
SNP dataset with SAMtools mpileup and pileupCaller
v1.5.2 (Lazaridis et al. 2016) using only cleaned reads
with base and mapping quality over 30 (-q 30 -Q 30). The
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resulting data were merged with modern samples for down-
stream analysis.

Mitochondrial Genome Analysis

In this analysis, we used the 23 newly reported ancient speci-
mens, 44 ancient Chinese domestic pigs previously published
in other studies (Wen et al. 2022; Zhang et al. 2022), and
113 modern FEurasian domestic pigs and wild boars.
Sumatran wild boars were used as the outgroup
(supplementary table S1d, Supplementary Material online).
Sequences of these samples were aligned using MUSCLE
v5.1 (Edgar 2022) with default parameters. The aligned se-
quences were trimmed using TrimAL v1.4 software
(Capella-Gutiérrez et al. 2009) to remove the regions with ex-
cessive gaps or ambiguous sites (Ns). A maximum likelihood
(ML) phylogenetic tree was constructed using IQ-TREE
v1.6.12 (Nguyen et al. 2015), with 1,000 bootstrap replicates.
The resulting phylogenetic tree was visualized using FigTree
v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and the iTol
web tool (https:/itol.embl.de/) (supplementary fig. S1,
Supplementary Material online). The aligned mitochondrial
sequences were also analyzed with DnaSP v6.12.02 (Rozas
et al. 2017) to identify haplotypes and estimate their frequen-
cies within each group. A Median-Joining haplotype network
was constructed using Arlequin v3.5.2.2 (Excoffier and
Lischer 2010) and PopART v1.7 (Leigh et al. 2015)
(supplementary fig. S2, Supplementary Material online).
Details of the mitochondrial genome analysis are provided in
supplementary material section S2, Supplementary Material
online.

Population Genetic Analysis

Principal component analysis (PCA) was performed using
SmartPCA v16000 in EIGENSOFT v7.2.1 (Patterson et al.
2006; Price et al. 2006), based on the 1262 K SNP set and cal-
culated from 113 modern Eurasian pigs and wild boars.
Ancient samples were projected onto the PC space with
“LsqProject: Yes” parameter (Fig. 1c).

An autosomal Neighbor-Joining (NJ) phylogenetic tree
was constructed by calculating pairwise genetic distances
using the P-distance method implemented in a custom
script. For bootstrapping, the genotype dataset (1,262 K)
was divided into 1,000 segments. A random subset
of 300 segments was selected and merged in each of 100
bootstrap replicates. Distance matrices were generated
and used to construct the NJ tree with Phylip v3.697
(Retief 1999), followed by consensus tree generation
using the consensus module. Phylogenetic trees were vi-
sualized using the iTol web tool (https:/itol.embl.de/)
(supplementary fig. S3, Supplementary Material online).
Details of the autosomal NJ tree analysis are provided
in supplementary material section S3, Supplementary
Material online.

Unsupervised population clustering analysis was performed
using ADMIXTURE v1.3.0 (Alexander et al. 2009) on 113
modern Eurasian pigs, 23 ancient samples, and 7 outgroup in-
dividuals. A convergence threshold was set to 0.0001 (-c
0.0001). The optimal number of clusters (K) was determined
via 10-fold cross-validation (CV) error (—cv = 10) across K val-
ues ranging from 2 to 7. K=35 was selected based on the CV
error (Fig. 1d, supplementary fig. S4, Supplementary
Material online). We also applied Dystruct (Joseph and Pe’er
2019) and Struct-f4 (Librado and Orlando 2022) analyses.
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In Dystruct, we tested 5 to 7 populations (-npops 5 to 7)
across 1,261,811 loci (-nloci 1,261,811). Generation time
was set to 2 years, and 10% of loci were randomly held out
for validation (-hold-out-fraction 0.1). A random seed of
1,145 (-seed 1,145) was used for reproducibility, and a separ-
ate seed of 55,307 (-hold-out-seed 55,307) was used for hold-
out sampling. Results are shown in supplementary fig. S5,
Supplementary Material online. In Struct-f4, we modeled 5
to 7 populations (-K 5 to 7), with a maximum of 700,000 f,.
-statistics (-m 700,000). Results of the analysis are shown in
supplementary fig. S6, Supplementary Material online.
Details about the results of unsupervised population clustering
are provided in supplementary material section S4,
Supplementary Material online.

Outgroup f3-statistics analysis was calculated using qp3Pop
in AdmixTools v7.0 (Patterson et al. 2006, 2012), with
Sumatran wild boars as the outgroup. Similarly, the
f4-statistics analysis was computed using gpDstat in
AdmixTools v.7.0, enabling “f4mode: Yes,” and Sumatran
wild boars as the outgroup. When testing gene flow between
Sumatran wild boars and Haimenkou pigs, Sus barbatus
was used as an alternative outgroup. Both the f3-statistics
and f4-statistics were applied to ancient archaeological sites
to test the grouping of ancient samples (supplementary fig.
S7, supplementary tables S2a and S2b, Supplementary
Material online) and all populations after the grouping of an-
cient samples (supplementary fig. S8, supplementary tables
S2¢, S2d to S2g, Supplementary Material online). Additional
details are provided in supplementary material section S5,
Supplementary Material online.

Population Diversity and Runs of Homozygosity
(ROH)

To evaluate the genetic diversity of Early North and Late
North groups, we calculated pairwise mismatch rates within
each group based on the 1,262 K SNPs set with a custom
Python script.

ROH segments were identified using hapROH v0.6473
(Ringbauer et al. 2021) for ancient samples with nuclear gen-
ome depths above 0.3x (with genomes of SS24 and SS24
from Cishan excluded) (supplementary table Sla,
Supplementary Material online). A reference panel was con-
structed from the SWIM haplotype dataset (Ding et al. 2023)
(1,241 modern individuals, 34.6 million SNPs). After inter-
secting with the 1,262 K SNPs set, 1,043,005 SNPs were re-
tained and formatted in hdf5 with a 1 ¢cM/1 Mb linkage map.
ROH segments were binned into 4 length categories (4 to
8cM, 8to 12 cM, 12 to 20 cM, > 20 cM) for statistical ana-
lysis (Fig. 2¢, supplementary fig. S10, Supplementary
Material online). All modern samples were analyzed using
both hapROH and PLINK v1.9 ~homozyg (supplementary
fig. S10, Supplementary Material online). For hapROH, we
applied parameters consistent with ancient samples, except
for e_model=“diploid_gt” to reflect diploid genotype
(supplementary fig. S10, Supplementary Material online).
Details about the results of these analyses are provided
in supplementary material section S6, Supplementary
Material online.

We also adopted hapROH to infer the effective population
sizes of Early North and Late North groups. Individuals SS2
and NMSS002, which showed signals of inbreeding (over
50 cM of their genome in ROH spanning >20 cM), and
Cishan samples with low sequencing depth (<0.3x) were

excluded from the analysis. (supplementary table Sla and
S3, Supplementary Material online).

Admixture Modeling with gpAdm and qpGraph

QpAdm (Patterson et al. 2006, 2012) analysis was applied to
model the ancestries of ancient and modern pigs
(supplementary tables Sla, Slc and S4, Supplementary
Material online). We used Sumatran wild boar, Barbatus,
Near East wild boar, Xuecheng, and Early North (with
Miaodigou excluded) as the standard set of right populations.
Miaodigou, Late North, Haimenkou, and the West commer-
cial breeds were used as potential sources. The individuals in-
cluded in each group are listed in supplementary tables Sla
and Slc, Supplementary Material online. The source popula-
tion combinations were tested by qpWave (Patterson et al.
2006, 2012) to ensure the right population set could distin-
guish all the source populations. For Southern China modern
pigs (Luchuan, Bama, Wuzhishan), we replaced the Sumatran
wild boar with Sus verrucosus from the right population and
used the Sumatran wild boar as a source population
(supplementary table S4c, Supplementary Material online).

QpGraph (Patterson et al. 2006, 2012) modeling was car-
ried out using allsnps mode. We first constructed an initial top-
ology comprising four populations (Sumatran, West Eurasia,
Early North, and Late North). Subsequently, we used a cus-
tom Python script to incrementally add additional populations
to the existing structure. The script generated all possible
1-way, 2-way, and 3-way admixture models, and the best-
fitting topology was selected based on the worst Z scores.
When multiple valid models were identified, we prioritized
those with lower 1Z| values and fewer admixture events as
the locally optimal topology. A threshold of I1Zl <4 instead
of IZl < 3 was used to incorporate all populations in one graph
due to the model complexity. Details of the step-wise qpGraph
analysis are provided in supplementary material section S7,
Supplementary ~ Material ~ online. As revealed by
ADMIXTURE (Fig. 1d and supplementary fig. S4,
Supplementary Material online) and qpAdm analysis
(Fig. 3c, supplementary fig. S11, supplementary table S4,
Supplementary Material online), some modern Chinese breeds
may have experienced extensive influence from the commer-
cial pig breeds in Western Eurasia. This may exaggerate gene
flow from Western Eurasia, thereby affecting our reconstruc-
tion of the overall migration and admixture processes of
Chinese domestic pigs. To address this, we excluded breeds
with high Western Eurasian genetic components, including
Min pig, Yunnan Tibetan, and Tibet Tibetan. Jicha was not in-
cluded in the analysis, as it was a single individual with low se-
quencing depth (0.5%). At the same time, considering that
Xuecheng exhibited a genetic background similar to that of
northern domestic pigs (Early North) in the population clus-
tering analysis, we included Xuecheng in the Early North
group to increase the sample size for Early North in this ana-
lysis. Details of the populations used in this analysis are pro-
vided in supplementary tables Sla and Slc, Supplementary
Material online.

Coat Color Gene Analysis

The black coat phenotype in Chinese domestic pig resulted
from an MCIR gene variant (Chr6:181,883 A>G) (Fang
et al. 2009). We counted the reads carrying reference or alter-
native alleles using BCFtools v1.15.1, and estimated group-
based allele frequencies at this site using a maximum
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likelihood approach described in a previous study (Mathieson
et al. 2015) for ancient and modern samples (Fig. 4a,
supplementary tables S5a, S5b and SSc, Supplementary
Material online). The group information, read counts, and es-
timated allele frequencies are provided in supplementary
tables S5a, S5b and SS5c, Supplementary Material online,
respectively.

For haplotype analysis, chromosome 6 was imputed and
phased with GLIMPSE v1.1.1 (Rubinacci et al. 2021), with
the SWIM reference dataset, and BCFtools was used for geno-
type likelihood (GL) calculation. Sequences of ancient samples
were treated differently according to their library types to re-
move deamination. For partial-UDG double-stranded librar-
ies, we trimmed 1 to 3 bp from both ends of reads according
to the damage pattern profile using trimBam in bamutils
(Jun et al. 2015 ). For non-UDG double-stranded libraries,
we used untrimmed BAM files and set all transition sites as
missing. For single-stranded libraries, we separated forward
and reverse reads prior to GL calculation. During GL estima-
tion, we included forward reads for G/A variants, reverse
reads for C/T variants, and used all reads for transversion var-
iants, integrating these results for imputation. After imput-
ation, we calculated the genotype posterior probability (GP)
for each sample and retained 19 individuals with an average
GP > 0.9 for subsequent analyses (supplementary tables S5a,
S5d and SSe, Supplementary Material online). Alternative al-
lele frequencies of Chr6:181,883 A> G were calculated for
each group, including samples with GP > 0.95. The haplotype
network of the MCIR gene (Chr6:181,225 to 182,187)
was constructed in DnaSP v6.12.02 (Fig. 4b, supplementary
fig. S20, Supplementary Material online). We also plotted a
haplotype heatmap across a 25 kb MC1R-flanking region
(Chr6:156,225 to 207,187) (supplementary figs. S19 to S20,
supplementary table SSe, Supplementary Material online).
Details of the analysis are provided in supplementary
material section S8, Supplementary Material online.

Supplementary Material

Supplementary material is available at Molecular Biology and
Evolution online.
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