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A B S T R A C T

Sheep have been one of the most important groups of animals since ancient times. However, the knowl-

edge of their migration routes and genetic relationships is still poorly understood. To investigate sheep

maternal migration histories alongside Eurasian communications routes, in this study, we obtain mito-

chondrial genomes (mitogenomes) from 17 sheep remains in 6 Chinese sites and 1 Uzbekistan site dated

4429e3100 years before present (BP). By obtaining the mitogenomes from the sheep (4429e3556 BP)

found in the Tongtian Cave site in Xinjiang, Altai region of northwest China, our results support the emer-

gence of haplogroup C sheep in Xinjiang as early as 4429e3556 BP. The combined phylogenetic analyses

with extant ancient and modern sheep mitogenomes suggest that the Uzbekistan-Altai region may have

been a migration hub for early sheep in eastern Asia. At least two migration events have taken place for

sheep crossing Eurasia to China, one passing by Uzbekistan and Northwest China to the middle and lower

reaches of the Yellow River at approximately 4000 BP and another following the Altai region to middle Inner

Mongolia from 4429 BP to 2500 BP. Overall, this study provides further evidence for early sheep utilization

and migration patterns in Eastern Asia.

Copyright © 2023, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
Introduction

Sheep (Ovis aries), one of the earliest domesticated animals

(Chessa et al., 2009), have provided meat, wool, milk, and other

products for thousands of years (Wang, 2017). The history of the

origin, domestication, and migration of sheep reflects the develop-

ment of human society. Sheep may have been domesticated from

the Asian mouflon (Ovis orientalis) in the Fertile Crescent

11,000e8000 years before present (BP) (Ryder, 1984) and were

genetically influenced by wild relatives such as argali (Ovis ammon)

and European mouflon (Ovis musimon) during the early domestica-

tion process (Barbato et al., 2017; Zhao et al., 2017). Analyses of
xinying@ivpp.ac.cn (X. Zhou),

Developmental Biology, Chinese Ac
ancient DNA (aDNA) from Neolithic Anatolian sheep remains suggest

that early sheep in the putative domestication center experienced

multiple domestication episodes at approximately 8000 BP, implying

multiple and parallel sheep domestication processes in various re-

gions by different Neolithic communities (Yurtman et al., 2021). Over

the next few thousand years, sheep gradually spread from the early

domestication center to Asia, Europe, and Africa by different routes,

and various breeds were formed under artificial and natural selection

processes (Tapio et al., 2006; Muigai and Hanotte, 2013; Zhao et al.,

2017; Sassi-Zaidy et al., 2022). The Eurasian Steppe stretches

across the Eurasian continent, from Hungary and the Mediterranean

in the west to Mongolia and Northeast China in the east, providing a

natural passageway for sheep to spread on the grasslands. For

thousands of years, the thriving agricultural civilization and economic

exchanges between the east and west along the Eurasian Steppe

greatly influenced the early sheep dispersal and migration patterns.
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Previously, archaeological and biomolecular evidence of Neolithic

sheep remains from southern Kyrgyzstan demonstrated the emer-

gence of food-producing economies in interior Central Asia as early

as 8000 BP (Taylor et al., 2021). Then, a mitogenome study of modern

Ovis species revealed that two waves of sheep migration occurred in

East Eurasia approximately 6800e4500 BP driven by prehistoric

West-East commercial trade (Lv et al., 2015). Recently, a third

expansion of domestic sheep from the center of domestication to

Central and Eastern Asia was proposed, which was deemed to be

influenced by the excellent fat storage capacity of fat-tailed sheep in

extreme climates (Deng et al., 2020). Studying the history of sheep

domestication and migration is helpful in reflecting the development

of human society and provides a reference for the conservation and

utilization of sheep genetic resources worldwide.

It is widely accepted that sheep have five dominant maternal

haplogroups (A, B, C, D, and E) with geographical distribution pat-

terns (Meadows et al., 2005, 2007; Lv et al., 2015). Haplogroup A

sheep are mainly distributed in Asia, haplogroup B sheep are mostly

found in Europe (Meadows et al., 2005), and haplogroup C sheep are

mainly distributed in the Middle East, the Caspian Sea region, and

Northern China (Lv et al., 2015). For modern Chinese native sheep

breeds, haplogroups A, B, and C are the dominant lineages; never-

theless, different sheep populations from different regions exhibit

various lineage constitutions. For instance, haplogroup A accounts

for approximately 60% of modern Chinese sheep (Zhao et al., 2017),

but it is much more common and widely distributed in northern

populations (Zhao et al., 2013, 2017; Lv et al., 2015). Both hap-

logroups B and C are less dominant in modern Chinese sheep (Zhao

et al., 2017). In general, haplogroup B is widely distributed in northern

populations (Zhao et al., 2017), while haplogroup C is more common

in sheep populations from the Tibetan Plateau but less common in

those from the Southwest China mountainous region (Zhao et al.,

2013). Moreover, different migration routes have been proposed for

haplogroups A, B, and C sheep in Eastern Asia, from the putative

domestication center to North and Southwest China as well as the

Indian subcontinent through the Mongolian Plateau as a “trans-

portation hub” in East Eurasia approximately 4500e6800 BP (Lv

et al., 2015). The aDNA analyses on 4200e2500 BP sheep remains

from North China suggested the dominance of haplogroup A (95.5%)

and a small proportion of haplogroup B (4.5%) in early Chinese sheep

populations during the Bronze Age and a close relationship to

modern Chinese sheep (Cai et al., 2007, 2010, 2011). Meanwhile,

sheep bones dating from ~4000 BP were unearthed in the Inner

Mongolia-Gansu-Qinghai area (Xie, 1975; Ben, 1979; Huang, 1996;

Yuan, 2001; Guo, 2012; Wang et al., 2017, 2020) and provided po-

tential evidence for earlier sheep introduction and utilization along

with the thriving communications among nomadic tribes 4000 BP

(Jeong et al., 2020; He et al., 2023). However, limited research has

been employed to investigate the lineage origins of early sheep

populations in Northwest China and their genetic contributions to

modern sheep.

In this study, ancient sheep remains from seven sites in China and

Uzbekistan, representing typical sheep populations along the early

migration route from Central Asia to East Asia through the Altai re-

gion, were collected and sequenced to obtain their mitogenomes.

Early sheep populations were intensively used in the regions covering

most of these sites (Qiu, 1996; Cai, 2002; Yuan et al., 2007b; Lv,

2009; Brunson et al., 2016). Among them, the Sapalli Tepe site is

located on the right bank of the Amu Darya River, northwest of

Ammuz city, Uzbekistan, which represents the Oxus civilization of the

Late Bronze Age (3719e3519 BP) in southern Central Asia (Dani,

1992). Excavated artifacts such as pottery and bone tools indicate

that the region was in a period of settled agriculture (Hemphill, 1999).

The Tongtian Cave site, located in the water-rich Altai region of

Xinjiang Province, was an important hub for ancient communication
88
and exchange betweenWest and East Asians in Northwest China (Yu

et al., 2018). According to the archaeobotanical, palynological and

anthracological radiocarbon data, the Tongtian Cave site was dated

between 5200 and 3200 calibrated years BP (Zhou et al., 2020).

However, most of the sheep bones and teeth were mainly excavated

from layers 2 and 4 (Yu et al., 2018), which were 4429e3556 BP

referring to the age of naked barley and common wheat from the

same layers (Zhou et al., 2020). The abundant sheep remains and the

earliest barley and wheat at the Tongtian Cave site (Zhou et al., 2020)

suggest active sheep husbandry and provide clues to potential

migration, communication, and diffusion between Western and

Eastern Asia. The middle and lower reaches of the Yellow River in

China covered five sites in this study, which were flourishing areas for

animal husbandry 4350e3100 BP (Yuan, 2008; Dong et al., 2021). In

detail, the Erlitou site was the earliest capital city of the Xia Dynasty

(3800e3500 BP) in China (Zhang et al., 2008), and large amounts of

animal remains, including sheep, pigs, cattle, and dogs, were

unearthed (Li, 2004). The Wadian, Wangchenggang, Guchengzhai,

and Taosi sites are representative of the Longshan culture in the

Central Plains of China (Nu, 2013; Yuan et al., 2020). Large numbers

of animal remains, such as cattle, pigs, and sheep, have been

unearthed at these sites, reflecting the well-developed farm animal

rearing practices in the Central Plains at that time (Qiu, 1996; Cai,

2002; Lv, 2009; Larson et al., 2010; Brunson et al., 2016). By

yielding mitogenomes from ancient sheep remains and combining

analysis with extant ancient and modern datasets from sheep

worldwide, this study aimed to explore the origins and lineage

structures of sheep in Eastern Asia and to delineate the migration

patterns of early sheep populations to Eastern Asia 4429e3100 BP.

Results

aDNA extraction and sequencing

After primary assessment and pretreatment, all samples were

treated following an experimental workflow for ancient DNA, which

included DNA extraction, double-stranded library preparation, and

mitogenome capture sequencing. Seventeen samples yielded high-

quality DNA and were pooled and captured. A total of

20 Mbe2679Mb of clean data were obtained for each sample. All the

mock extractions and libraries were negative.

Mitogenome assembly

A total of 17 mitogenome sequences were obtained with greater

than 80% coverage rates. Among them, six samples had 100%

coverage rates, and five samples had 90%e99.99% coverage rates

(Table 1). All samples exhibited 2%e37% CeT postmortem damage

rates at the 50 ends of reads (Figs. S1 and S2; Table 1), suggesting the

authenticity of the obtained aDNA and the reliability of the down-

stream analysis.

Species identification and haplogroup determination

Three methods were applied for the species identification of the

ancient remains. First, when mapping the qualified sequencing reads

to the sheep and goat mitogenome references, all 17 ancient sam-

ples yielded higher mapping rates against the sheep mitogenome

reference sequence than against the goat mitogenome reference

sequence (Table S1). Second, all samples showed greater numbers

of reads when assigned to sheep than to goat according to the MTaxi

results (Table S1). Third, by combining the ancient mitogenome se-

quences with the 35 complete mitogenome sequences of the genera

Ovis (31) and Capra (4) (Table S2), all 17 ancient samples were in the
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sheep clade (Fig. 1), suggesting that these samples originated from

sheep.

According to the SNPs of the 17 ancient sequences relative to the

reference sequence AF010406, 15 of the 17 samples could be

divided into a specific haplogroup (Tables 2 and S3). By constructing

a maximum likelihood (ML) tree and performing a principal compo-

nent analysis (PCA) plot with 315 modern sheep mitochondrial DNA

(mtDNA) sequences (Figs. S3 and S4; Tables 2 and S4), the hap-

logroups of 17 ancient samples were determined (Table 2). As a

result, nine samples, including all four samples from Erlitou, one from

Wangchenggang, one from Wadian, one from Tongtian Cave, and

two from Sapalli Tepe, were determined to belong to haplogroup A;

four samples, including one from Guchengzhai, one from Taosi, and

two from Sapalli Tepe, were determined to belong to haplogroup B;

and four samples, including three from Tongtian Cave and one from

Sapalli Tepe, were determined to belong to haplogroup C.

Population and demographic analyses

To determine the genetic relationships between ancient samples

and modern sheep from different regions, PCA analyses were

deployed for haplogroups A, B, and C (Fig. 2). The general view and

local magnification of the PCA plots for the different haplogroups

revealed that most of the ancient sheep samples of haplogroup

A (except SPL3 and ELT2) were genetically close to modern sheep

from various regions in China, while the ancient sheep of haplogroup

Bwere genetically close to modern sheep from Tibet, Inner Mongolia,

and East China, while most of the ancient haplogroup C sheep

(except SPLA) were genetically close to modern sheep from North

China, Inner Mongolia, and Xinjiang.

Population genetic analyses showed that ancient populations

from different regions had similar haplotype diversity (Table S5).

Nevertheless, the Sapalli Tepe site had the highest nucleotide di-

versity (0.0852 ± 0.0521), followed by sites in the middle and lower

reaches of the Yellow River (0.0414 ± 0.0230), while the Tongtian

Cave site in Xinjiang had the lowest nucleotide diversity

(0.0362 ± 0.0241). By deploying the FST (pairwise population fixation

index) value to estimate population divergence (Fig. S5; Table S6),

the ancient samples from the middle and lower reaches of the Yellow

River showed close genetic relationships with the ancient sheep from

the Sapalli Tepe site (0.0776) and modern sheep from different re-

gions of China (�0.1712e0.0640) and the Middle East (0.0676) but

diverged from the ancient population from the Tongtian Cave site

(0.3899) and modern sheep from Africa (0.4452) and Europe (0.2782).

The ancient samples from the Tongtian Cave site had a relatively

close genetic relationship with modern sheep from the Middle East

(0.1361) but were divergent from the ancient population from the

middle and lower reaches of the Yellow River (0.3899) and modern

sheep from Xinjiang (0.2895), Central and East Asia (0.3173), South

Asia (0.3165), Europe (0.5974), East China (0.4987), and Southwest

China (0.3791). In addition to being genetically close to ancient sheep

from the middle and lower reaches of the Yellow River, the ancient

population from the Sapalli Tepe site was close to modern sheep

from most regions of the world, except for sheep from modern Africa

(0.2889), Europe (0.2375), and Xinjiang in China (0.2099).

Divergence time estimation

RelTime-ML and Yule model trees were constructed to estimate

the divergence times among different haplogroups (Table S7). Based

on the RelTime-ML tree analysis, haplogroup C sheep were sug-

gested to have diverged from haplogroups A and B 0.58 million BP

(Ma), and then the divergence between haplogroups A andB occurred

0.49 Ma. Meanwhile, the Yule model tree suggested that the esti-

mated divergence time of haplogroup C from haplogroups A and B



Fig. 1. Phylogenetic tree identifying the species of 17 ancient samples by combining with 35 modern mitogenomes including genera Ovis and Capra using CIPRES Science Gateway,

with bootstrap values shown at the nodes. The ancient samples are highlighted in red.
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was 0.80 Ma, and the divergence time between A and B was 0.60 Ma

(Fig. 3). Therefore, our dataset showed that haplogroup C sheep may

have diverged from haplogroups A and B 0.58 Mae0.80 Ma, and

haplogroups A and B sheep diverged 0.49 Mae0.60 Ma (Fig. 3).

Analysis with published ancient sequences

By combining analyses of our dataset with 22 extant mtDNA D-

loop fragments extracted from ~2500 BP Inner Mongolia sheep
Table 2

Haplogroup determinations for the ancient samples.

Region Site

The middle and lower reaches of the Yellow River Erlitou, China

Guchengzhai, China

Taosi, China

Wangchenggang, China

Wadian, China

Northwest Frontier of China/Altai Tongtian Cave, China

Uzbekistan/Central Asia Sapalli Tepe, Uzbekistan

ND, not determined.

90
remains (Han et al., 2009) (Table S8) and modern sequences, the

phylogenetic tree revealed that 9 samples, including SPL1, SPL3,

TTD7, ELS2, ELS3, ELT2, ELG2Y, WD1S, and WCG1Y, were clus-

tered with the ancient Inner Mongolian haplogroup A sheep (Fig. S6),

four samples (SPL9, SPLB, TS1Y, and GCZ1Y) were clustered with

the ancient Inner Mongolian haplogroup B sheep, while the remaining

four samples (TTD1, TTD3, TTD8, and SPLA) from the Tongtian Cave

and Sapalli Tepe sites were clustered with ancient Inner Mongolian

haplogroup C sheep and several modern sheep (Fig. S6). In addition,
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Fig. 3. Divergence time estimations for sheep from haplogroups A, B, and C from 17 ancient mitogenome sequences and 39 modern sheep mitogenome sequences, with posterior

probability shown on the nodes. The ancient samples are highlighted in red. The blue stars and letters on the nodes represent the divergence times of the different haplogroups.
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by combining 11 published D-loop fragments from ~2000 BP

southern Altai sheep remains (Dymova et al., 2017) (Table S8) and

modern sequences, a Bayesian tree was constructed for haplogroup

A and B samples to elucidate the phylogenetic relationships between

the ancient sheep populations from Uzbekistan, northwest China,

middle and lower reaches of the Yellow River, and the younger

southern Altai sheep (Fig. S7). The results revealed that 7 samples,

including WD1S, SPL1, TTD7, WCG1Y, ELS2, ELS3, and ELG2Y,

were genetically close to the ~2000 BP haplogroup A sheep from

southern Altai, while 4 samples (TS1Y, SPL9, SPLB, and GCZ1Y)

were genetically related to the ~2000 BP haplogroup B Altai sheep.
Discussion

In this study, 17 ancient sheep mitogenome sequences with a

greater than 80% coverage rate were obtained from 7 sites in China

and Uzbekistan (Table 1). The sites involved in this study are repre-

sentative and of great significance to address the route of early sheep

populations from putative domestication centers to Asia, especially

within China. In particular, the Sapalli Tepe site in Uzbekistan rep-

resents an area of settled agricultural culture during the Late Bronze

Age, where thriving economic and cultural exchanges between the

East and West took place for thousands of years (Ren, 2014). The

Tongtian Cave site, located in the Altai region of northwestern China

and central Eurasia, was on the routes early agricultural society

residents used to carry crops into the Altay region in Xinjiang and later

into the Yellow River Basin (Zhou et al., 2020). The joint study of

ancient sheep mitogenomes from Uzbekistan, Northwest China, and

the middle and lower reaches of the Yellow River in China could

facilitate the study of early routes of sheep migration across Eurasian

communications.

It has been proposed that North China may be one of the origins

of the world’s haplogroup C sheep population (Lv et al., 2015), of

which the divergence times from haplogroups A and B date back to

0.58 Mae0.80 Ma (Fig. 3). In this study, three of four ancient samples

from Tongtian Cave in Northwest China were found to belong to

haplogroup C (Table 2). According to the direct radiocarbon dates on

the charcoal and organic material excavated from the same layers as

the ancient sheep remains (Zhou et al., 2020), the age of the Tongtian

Cave sheep was dated to 4429e3556 BP. Based on the evidence

from archaeological materials excavated over China, the earliest

domesticated sheep population in China has been suggested to have

been distributed in Northwest China at approximately 5000 BP (Ben,

1979; Institute of Archaeology, 1999). Therefore, our results provide

evidence for the emergence of haplogroup C sheep as early as

4429e3556 BP at Tongtian Cave and support the assertion that the

ancient sheep population at Tongtian Cave may have been the

earliest local C haplogroup sheep in China. In addition to the samples

from Tongtian Cave, one of the five samples from the Sapalli Tepe

site was also determined as haplogroup C. However, the Tongtian

Cave haplogroup C population and the Sapalli Tepe haplogroup C

sheep showed a relatively distant genetic relationship (Fig. 2),

implying that the 4429e3556 BP haplogroup C sheep in Xinjiang may

have existed as an early independent population.

The Tongtian Cave site is located in the Altai Mountains, where a

small number of sheep populations may have arrived and lived.

Therefore, geographic isolation may have occurred at the Tongtian

Cave site, which would have resulted in low nucleotide diversity

(Table S5) and limited genetic communication with other populations

(Table S6; Fig. S5). Despite this possibility, sheep from both hap-

logroups A and C from Tongtian Cave have been observed to be

genetically close to or share a recent common ancestor with ancient

sheep from southern Altai and Inner Mongolia (Figs. S6 and S7).

Meanwhile, the ancient Sapalli Tepe sheep population harbored the
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dominant haplogroups A, B, and C (Table 2), representing the ancient

sheep in Central Asia with the highest nucleotide and haplotype di-

versity (p and Hd) compared with ancient populations from the other

two regions (Table S5). Moreover, the ancient Sapalli Tepe sheep

were close to modern sheep from most regions of the world

(Table S6). Therefore, these results illustrated that the Uzbekistan-

Altai region might have been a transportation hub for early sheep

migration to eastern Asia, in addition to the previously reported

Mongolian Plateau as a sheep migration hub (Lv et al., 2015).

The ancient haplogroup C sheep were also found to be genetically

close tomodern sheep fromNorth China, InnerMongolia, and Xinjiang

(Fig. 2), suggesting that haplogroup C sheep from the Tongtian Cave

site may have contributed genetically to modern Chinese sheep or

may have come from the same early ancestor. In addition, a close

phylogenetic relationship betweenTongtianCavehaplogroupC sheep

and several ~2500 BP Inner Mongolia sheep was observed (Fig. S6),

suggesting putative genetic communications or hereditary trans-

mission events among early domestic sheep from Northwest China to

Inner Mongolia ~2500 BP. Interestingly, the geographic distribution of

modernChaplogroup sheeppopulationswas found tobe similar to the

geographic distribution of fat-tailed sheep populations in China (Lv

et al., 2015). This is consistent with the claim that sheep may have,

on the one hand, traveled throughnorthernKazakhstan to theAltai with

herdsmen in the western steppe and, on the other hand, spread

northward through the inner Asian mountain corridor and farther east

into Mongolia and China (Hermes et al., 2020). Therefore, we infer a

possible migration wave in which the fat-tailed haplogroup C sheep

populations were able to adapt to severe climates (Atti et al., 2004;

Mwacharo et al., 2017; Xu et al., 2023) and migrate to Inner Mongolia

2500 BP, where a harsh climate change occurred, transitioning from

warm and wet to cold and dry (Zhang, 2022).

With its close geographic distance from the sheep domestication

center and the abundant number of Neolithic sheep remains exca-

vated, Central Asia has been deemed one of the most important

distribution centers for sheep expansion in eastern Eurasia (Legge,

1992; Hermes et al., 2020; Taylor et al., 2021; Nishiaki et al., 2022).

Our data showed that the ancient Sapalli Tepe sheep may share the

same early ancestor with the younger domestic populations in

southern Altai, Inner Mongolia, and North China as well as modern

sheep from various regions in China (Table S6; Figs. S5eS7). A

recent study revealed that humans in Central Asia and Xinjiang had

frequent interactions in the inner Asian mountain corridor during the

Bronze Age (Kumar et al., 2022). One major exchange and spread

route for an early productive economic system, such as one dealing

in sheep, goats, cattle, and barley connecting East and Central Asia,

has been proposed to have run across the oases in southern Asia

between Iran, Central Asia, and the Taklamakan Basin of Xinjiang and

eventually into northern China (Christian, 2000; Kuzmina, 2008;

Spengler and Willcox, 2013). Together with the archaeological evi-

dence of plentiful sheep remains dating from ~4000 BP that were

unearthed alongside the area range from the Inner Mongolia-Gansu-

Qinghai regions to the North China Plain (Xie, 1975; Ben, 1979;

Huang, 1996; Yuan, 2001; Yuan et al., 2007a; Guo, 2012; Wang et al.,

2017, 2020), our results well support the possibility of a sheep

migration route from Uzbekistan to the middle and lower reaches of

the Yellow River through northwestern China along with the presence

of thriving communication among nomadic tribes 4000 BP (Jeong

et al., 2020; He et al., 2023).

Materials and methods

Samples

A total of 35 ancient animal samples were collected from seven

archaeological sites, including 6 archaeological sites from China
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dated at 4429e3100 BP and 1 site called Sapalli Tepe in Uzbekistan

dating from 3719e3519 BP. Five sites (Taosi, Wadian, Wangcheng-

gang, Guchengzhai, and Erlitou) from China were located in the

middle and lower reaches of the Yellow River and belonged to the

Longshan and Erlitou cultural periods. The sixth site, the Tongtian

Cave Site, was located in the Altai territory of Xinjiang, where several

stone tools, bones and teeth of sheep, wheat, and naked barley

(Zhou et al., 2020) had been found, strongly suggesting early human

activity and cultural transmission in this region. A wealth of relics was

unearthed from the Sapalli Tepe site in Uzbekistan, including pottery,

stone tools, bronze, and bone vessels, representing a settled agri-

cultural culture in the area during the Late Bronze Age (Ren, 2014).

Detailed sample information is presented in Table S9.

DNA extraction

All aDNA experiments were conducted in the Ancient DNA Lab-

oratories of China Agricultural University and Foshan University. The

equipment was soaked in 5% (v/v) sodium hypochlorite solution and

washed with 75% (v/v) alcohol and then exposed to ultraviolet radi-

ation for 1 h. Soil adhering to the surface of ancient samples was

carefully removed with a drill. The ancient samples were then washed

with 5% (v/v) sodium hypochlorite solution, followed by double-

distilled water, and subjected to ultraviolet irradiation for 30 min.

The washed samples were ground into a fine-grained powder using

an automatic quick-grinding machine. Then, 50 mge100 mg of

sample powder was subjected to DNA extraction according to the

previous method (Dabney et al., 2013; Dabney and Meyer, 2019)

under the following modified conditions: 1) a setting of 45�C as the

lysis temperature; and 2) 90 mM as the sodium acetate concentration

in the binding buffer. By incubating 25 mL of double-distilled water in

the column membrane twice for 10 min using the MinElute poly-

merase chain reaction (PCR) purification Kit (QIAGEN, Hilden, Ger-

many), a final volume of 50 mL of DNA was obtained. Several mock

extractions and library preparations were carried out alongside the

samples in the same manner to monitor for contamination.

Mitogenome capture sequencing

For each sample, 50 ng of input DNA was used to prepare the

library with the VAHTS Universal Plus DNA Library Prep Kit for MGI

(Vazyme Biotech Co., Ltd, China). The qualified libraries were then

subjected to the subsequent mitogenome capture. The complete

mitogenomes of sheep (Ovis aries) were obtained using long-range

PCR amplification and then broken into short fragments as capture

baits in the prepared DNA library. Mitogenome enrichment was

performed by pooling four or five different libraries equally in a total of

1 ng DNA using the xGen Hybridization andWash Kit (Integrated DNA

Technologies, Inc., USA). The enriched libraries were cyclized using

the VAHTS Circularization Kit for MGI (Vazyme Biotech Co., Ltd.) and

sequenced using the PE100 MGI platform.

Data filtering and alignment

Read quality was assessed using FastQC v0.11.9 (Simon, 2010).

Adapters and reads shorter than 25 bp and reads with a Phred quality

score lower than 30 were filtered and then merged into single se-

quences using fastp (Chen et al., 2018). Alignments were generated

using the BWA aln (Li and Durbin, 2009) against sheep

(NC_001941.1) and goat (NC_005044.2) mitogenome reference se-

quences from the NCBI database. The resulting bam files were sor-

ted and filtered with a mapping quality threshold <20 using Samtools

v1.9 (Li, 2011). Duplicate reads were removed using MarkDuplicates

of Picard v2.22.9 (http://broadinstitute.github.io/picard/). The

respective bam files from mixed capture sequencing data of the
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same sample were merged using Samtools v1.9 (Li, 2011). Endog-

enous aDNA content, average coverage, and mapping quality were

obtained using Qualimap v2.2.2 (Okonechnikov et al., 2016). Variant

detection was performed on the bam files using UnifiedGenotyper in

Genome Analysis Tool Kit (GATK) v3.5 (DePristo et al., 2011). The

authenticity of the retrieved mapped reads was evaluated using

mapDamage 2.0 (J�onsson et al., 2013).

Mitogenome assembly

A total of 17 ancient samples with more than 80% coverage

against the sheep mitogenome reference were used for mitoge-

nome assembly. Bcftools (Li, 2011) and UnifiedGenotyper in GATK

v3.5 (DePristo et al., 2011) were used to generate complete se-

quences based on mutation sites against the reference mitoge-

nome. Mapping Iterative Assembler (MIA, v1.0) (Green et al., 2008)

was used to generate complete sequences based on the bam files.

The final, assembled mitogenome sequences were defined based

on the alignment of the two generated sequences. An SNP was only

adopted as a true SNP when its depth exceeded 2/3 of the total

sequencing depth according to the visualization of the bam files

using the Integrative Genomics Viewer (IGV) (Thorvaldsdottir et al.,

2013).

Species identification

Three methods were performed to identify the species sequence

data present in the ancient samples. First, the mapping rates

generated from sequenced reads aligned to sheep (NC_001941.1)

and goat (NC_005044.2) mitogenome reference sequences specif-

ically using BWA aln (Li and Durbin, 2009) were compared. Second,

bam files were assigned to sheep and goat mitogenome references

using the comparative tool MTaxi (Ata�g et al., 2023). Third, CIPRES

Science Gateway was used to construct an ML tree (model:

GTRGAMMA, bootstrap iterations: 1000, -f a, -x 12,345, -p 12,345)

(Miller et al., 2015). The species of the 17 ancient samples were

identified by combining the results with the analyses of 35 modern,

complete mitogenome sequences of the genera Ovis (31) and Capra

(4) (Table S2).

Phylogenetic and demographic analyses

The haplogroups of the 17 ancient mitogenome sequences

were inferred according to the variant sites with the reference

sequence, AF_010406, and finally determined by another ML tree

and PCA using 315 extant sheep mitogenome sequences

(Table S4). The ML tree was calculated using CIPRES Science

Gateway, and the PCA was performed using the R package

“adegenet” (Jombart, 2008).

Based on the geographic distribution, the origins of the ancient

samples were divided into three regions: 1) the middle and lower

reaches of the Yellow River, including the Guchengzhai, Erlitou,

Taosi, Wangchenggang, and Wadian sites; 2) the northwest frontier

of China/Altai, including the Tongtian Cave site; and 3) Uzbekistan/

Central Asia, including the Sapalli Tepe site. The areas where the 315

modern sheep breeds were sampled were divided into 13 regions,

including Central Asia, Europe, and the Middle East. After that, de-

mographic analyses were performed using PCA plots for haplogroup

A, B, and C samples using the R package “adegenet” (Jombart,

2008) and using the FST calculation of Arlequin v3.5 (Excoffier and

Lischer, 2010). Population genetic indices, including Nh (number of

haplotypes), Hd (haplotype diversity), and p (nucleotide diversity) of

ancient mitogenome sequence variation from different regions, were

calculated using DnaSP v5.1 (Librado and Rozas, 2009).

http://broadinstitute.github.io/picard/
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Divergence time estimation

Two methods for tree construction, RelTime-ML from MEGA 7

(Kumar et al., 2016) and Yule model from BEAST v1.7.5 (Drummond

et al., 2012), were used separately to calculate divergence times for

sheep haplogroups A, B, and C. Both methods used the same

dataset, including the 38 modern sheep mitogenome sequences

(Table S7), the outgroup (Ovis canadensis), and the nucleotide sub-

stitution model (GTR þ I þ G) inferred from jModelTest 2.1.1 (Darriba

et al., 2012). For the BEAST method, the divergence times were set

between the A and B haplogroups as 0.346 Mae0.694 Ma, and those

between the C and A and B haplogroups were set as

0.583 Mae1.108 Ma, as inferred from (Lv et al., 2015). Fossil cali-

bration points were set as the ages of the archaeological sites.

Samples were drawn for every 1000 Bayesian Markov chain Monte

Carlo (MCMC) steps under 100 million iterations, and the first 10% of

samples were discarded as burn-in. Convergence was confirmed

with an effective sampling size (ESS) greater than 200 using the

program Tracer v.1.7 (Rambaut et al., 2018). For the MEGA method,

a RelTime-ML time tree with 1000 bootstraps was constructed using

the same dataset and divergence times.

Analysis of published ancient sequences

Two Bayesian trees were constructed using modern sheep

mtDNA sequences and different published ancient sheep mtDNA

sequence datasets (Table S8) by MrBayes 3.2 (Ronquist et al., 2012)

using the best-fit nucleotide substitution model selected with jMo-

delTest 2.1.0 (Darriba et al., 2012). MCMC analyses were run with

20, 000, 000 generations and sampled every 2000 generations.

Data availability

The mitogenomes generated in the study are deposited in China

National GeneBank Database (CNGBdb), with project accession

number CNP0004148.
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