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Abstract

Background Ancient Chang'an in the Tang Dynasty (618-907 AD) was one of the world’s largest and most popu-
lated cities and acted as the eastern end of the world-famous Silk Road. However, little is known about the genetics
of Chang'an people and whether the Western Regions-related gene flows have been prevalent in this cosmopolitan
city.

Results Here, we present seven genomes from Xingfulindai (XFLD) sites dating to the Tang Dynasty in Chang'an. We
observed that four of seven XFLD individuals (XFLD_1) were genetically homogenous with the Late Neolithic Wadian,
Pingliangtai, and Haojiatai populations from the middle reaches of the Yellow River Basin (YR_LN), with no genetic
influence from the Western Eurasian or other non-Yellow River-related lineages. The remaining three XFLD individu-
als were a mixture of YR_LN-related ancestry and ~3-15% Western Eurasian-related ancestry. Mixtures of XFLD_1

and Western Eurasian-related ancestry drove the main gradient of genetic variation in northern and central Shaanxi
Province today.

Conclusions Our study underlined the widespread distribution of the YR_LN-related ancestry alongside the Silk Road
within the territory of China during the historical era and provided direct evidence of trans-Eurasian communication
in Chang'an from a genetic perspective.

Keywords Ancient Chang'an, East Asia, Ancient DNA, Tang Dynasty, Silk Road, Population history, Neolithic middle
Yellow River-related ancestry, Western-Eastern admixture
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Background

Xi'an (Fig. 1A), the capital of modern-day Shaanxi Prov-
ince, is located in the central part of the Guanzhong
Plain in the Yellow River Basin, adjacent to the Qinling
Mountains to the south and the Wei River to the north.
Thirteen feudal dynasties established the capitals in Xi'an
(also known as Chang’an City) from the Zhou Dynasty
(1111-221 BC) to the Tang Dynasty (618—-907 AD). Dur-
ing the prosperous Tang Dynasty, Chang’an City grew
into one of the largest urban centers of the ancient world.
Its political and economic system greatly impacted later
generations of China and even neighboring countries.
Chang’an City in the Tang Dynasty also served as the
eastern end of the Silk Road. This well-known ancient
trade route linked China with Central Asia and Europe
and also promoted the exchange of material culture and
technology between the Tang Empire and the Western
Regions.

Recent ancient DNA studies documented that the
expansion of Neolithic Yangshao culture-related ances-
try from the middle reaches of the Yellow River (YR) left
a genetic legacy to the ancients in the upper reaches of
the Yellow River [1], Tibetan Plateau [2], and Xinjiang
[3] to the west; the West Liao River basin, Inner Mongo-
lia, and northern Shaanxi [1] to the north; inland south-
west China and coastal southeast China to the south [4,
5]; and Japanese archipelago to the east [6]. However,
the extent to which the expansion of middle YR-related
ancestry influenced the genetic composition of Chang’an,
the heart place of ancient China, remained unknown due
to the lack of ancient genome data. Ancient DNA also
revealed the genetic interaction between Western and
Eastern Eurasian-related ancestry at Central and East
Asian crossroads. In Xinjiang, the gene pool of Bronze
Age people was formed by the different levels of admix-
ture between local Xiaohe culture-related ancestry from
Tarim Basin and non-local ancestries including Western
Steppe herders, Chemurchek people with Bactria-Mar-
giana Archaeology Complex (BMAC)-related ancestry,
and Ancient Northeast Asian-related ancestry; the Iron
Age and historical era Xinjiang people received addi-
tional gene flows from Central Asia and East Asia com-
pared to the Bronze Age people [3]. In the westernmost
part of Hexi Corridor, the passageway directly connected
Central Plain and Xinjiang, all historical era individuals

(See figure on next page.)
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represented by Foyemiaowan_H were the direct descend-
ants of the Late Neolithic middle YR-related ancestry
(represented by YR_LN in [1]) except for two individuals
dating to the Cao-Wei (220-266 AD) and Tang Dynasty
(618-907 AD) with Eastern and Western Eurasian
admixture profile (i.e.,, Foyemiaowan_Cao-Wei_o and
Foyemiaowan_Tang_o) [7]. However, the genetic con-
tribution of non-YR-related lineage was not detected in
the central and eastern Hexi Corridor in the historical
era (represented by Heishuiguo_H and Upper_YR_IA)
[7]. Besides, historical records also indicated that non-
Han people, such as Turkic, Xianbei, and Sogdian, lived
in Chang’an during the Tang Dynasty [8]. There was an
urgent need for ancient genome data to investigate the
extent to which non-Han-related lineages had a genetic
impact on the gene pool of the heart place of ancient
China.

To date, the history of Chang’an has been extensively
studied, but genomic studies of ancient Chang’an have
been limited. To fill the gap, we screened 24 specimens
from Xingfulindai sites (FEAEMT, hereafter called
XFLD), an archaeological site dating to the Tang Dynasty
located in Xi'an City, Shaanxi Province, northern China
(Fig. 1A). Five individuals were directly radiocarbon
dated to between 904 and 1286 calibrated years before
the present (cal BP; “BP” is before 1950 AD), an interval
that is chronological of the Tang Dynasty (1043-1332
BP). We successfully obtained genome-wide ancient
DNA data from 7 individuals. We aim to investigate
(1) the genetic relationships of the XFLD people with
the Neolithic middle Yellow River-related ancestry, (2)
whether Central Asian and Western Eurasian-related
ancestries extended to Chang’an, the heart place of the
Tang Empire, and (3) how Tang Dynasty XFLD people
impacted present-day populations.

Results

Ancient DNA authenticity

Human endogenous content was estimated to range from
3.37 to 77.62%. The sequence data from each genome
showed nucleotide misincorporation patterns, indicative
of postmortem damage (Additional file 1: Fig. S1). All
individuals showed low levels of modern human contam-
ination rates. After masking 9 bp on both ends of each
read to reduce the impact of postmortem DNA damage

Fig. 1 Geographic location and population structure of newly sampled XFLD individuals. A The geographic location of newly sampled

and published representative populations in East Asia. Our newly generated XFLD individuals were marked by black-filled shapes with red
boundaries. B Principal components analysis (PCA) under Western and Eastern Eurasian backgrounds. The modern individuals are shown in light
gray circles. See also Additional file 1: Fig. S2 for further details. C PCA under Eastern Eurasian background. The ancient individuals are projected
on the PCs constructed by modern East Asian individuals, using the “Isgproject: YES” option
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Fig. 1 (See legend on previous page.)
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on genotyping, the average depth of autosomal coverage
was estimated between 0.05- and 21.5732-fold coverage
for the~1.2 million single nucleotide polymorphisms
(SNPs) and 63,463 to 1,228,428 at ~ 1.2 million SNPs cov-
ered by at least one reads (Additional file 2: Table S1A).
Our kinship analysis confirmed that all pairs of individu-
als were unrelated (Additional file 2: Table S1B). For pop-
ulation genetic analyses, we merged genotype data of the
XFLD individuals with the previously published 1240 k
dataset and Human Origin dataset (Additional file 2:
Table S1C and D).

Characterization of the genetic profile of XFLD individuals
To understand the genetic characteristics of our newly
generated seven XFLD individuals, we performed prin-
cipal components analysis (PCA) based on the Human
Origin dataset. We projected ancient individuals onto
the first two PCs calculated by present-day Western and
Eastern Eurasians (Fig. 1B and Additional file 1: Fig. S2)
and present-day Eastern Eurasians only (Fig. 1C). Our
studied XFLD individuals fell within the genetic varia-
tion of present-day East Asians. Specifically, all XFLD
individuals clustered with middle Yellow River-related
populations (represented by Late Neolithic Longshan
culture people from Wadian, Pingliangtai, and Haojiatai
sites (i.e., YR_LN) and Late Bronze to Iron Ages peo-
ple (ie., YR_LBIA)). The strong affinity between mid-
dle YR populations and XFLD was also supported by
outgroup-f; statistics, providing direct genetic evidence
that the expansion of middle YR-related ancestry arrived
at Chang’an at least during the Tang Dynasty (Addi-
tional file 2: Table S2A and Additional file 1: Fig. S3). The
mtDNA lineages of all XFLD individuals were commonly
found in present-day northern and southern East Asians
(Additional file 2: Table S1A). The Flala haplogroup
carried by one XFLD individual was more common in
southeast Asia than in East Asia.

We also noticed that one XFLD individual (i.e.,
XFLDMB850) shifted along PC1 towards Western Eura-
sian populations compared to the rest of the XFLD
individuals (Fig. 1B and Additional file 1: Fig. S2). Quan-
titatively, we performed f, (Yoruba, X; each XFLD indi-
viduals, YR_LN/YR_LBIA) on the 1240 k panel to test
whether any ancient Eurasian population shared more
affinity to XFLD than middle YR-related ancestry. To cap-
ture any marginal but detectable genetic influence from
non-Han-related ancestry to XFLD, we set Z-score=2
as the cutoff to label a statistical significance. We
observed that three XFLD individuals (i.e., XFLDMS850,
XFLDM114, and XFLDM19) shared more alleles with
some ancient Central Asian or Western Eurasian popu-
lations compared with YR_LN/YR_LBIA, i.e,, f, (Yoruba,
some Central Asian/Western Eurasian; XFLDMS850/
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XFLDM114/XFLDM19, YR_LN/YR_LBIA)<O0 (Addi-
tional file 2: Table S2B). We also observed some Western
Eurasian-related signals when using transversion-only
SNPs to calculate f, (Additional file 2: Table S2C). It
should be noted that the overlapped transversion SNPs
on four populations in the formular of all f, statistics were
less than 50,000 (relatively limited), not all Western Eura-
sian-related signals based on all mutations were observed
on the transversion SNPs. As expected, pairwise gp Wave
modeling supported the genetic heterogeneity between
XFLDM850/XFLDM114/XFLDM19 and YR LN/
YR_LBIA (Additional file 2: Table S2D). The other
four XFLD individuals (i.e., XFLDM114, XFLDM&635,
XFLDM682, and XFLDM764) formed a clade with YR_
LN/YR_LBIA in pairwise gpWave analysis (Additional
file 2: Table S2D). These four individuals were, therefore,
merged into a single main cluster as XFLD_1. The robust-
ness of 1-way YR_LN/YR_LBIA gpWave modeling for
XFLD_1 was confirmed by adding the populations identi-
fied from our f, statistics as being significantly closer to
either XFLD_1 or YR_LN/YR_LBIA (i.e., |Z-scores|>2 in
f, statistics in the form of f; (Yoruba, X; XFLD individual,
YR_LN/YR_LBIA)) (Additional file 2: Table S2G). F4 sta-
tistics and pairwise gpWave analysis also supported the
relatively genetic homogeny of population pairs between
XFLD_1 and neighboring Xianyang people from the
Tang Dynasty (represented by Xianyang Tang), as well
as historical era Hexi Corridor populations (represented
by Heishuiguo_H, Foyemiaowan_H, and Upper_YR_IA)
(Additional file 2: Table S2E-G).

We used XFLD_1 and YR_LBIA as the proximal source
for XFLDM850/XFLDM114/XFLDM19 according to the
high degree of shared genetic drift between XFLDM850/
XFLDM114/XFLDM19 and middle YR-related ances-
try inferred by outgroup-f; statistics (Additional file 2:
Table S2A and Additional file 1: Fig. S3). Populations
that shared more alleles with XFLDM850/XFLDM114/
XFLDM19 than with middle YR-related ancestry inferred
from f, (Yoruba, X; XFLDM850/XFLDM114/XFLDM19,
YR_LN/YR_LBIA) <0 (Additional file 2: Table S2B) were
used as the second source for XFLDM850/XFLDM114/
XFLDM19 in turn (Additional file 2: Table S2G).
We found that two-source admixture modeling per-
formed with gpAdm successfully modeled XFLDM850/
XFLDM114/XFLDM19 as the mixture of XFLD_1/
YR_LN/YR_LBIA and minor Western Eurasian-related
ancestry component (ranging from~3 to 15%) (Fig. 2B
and Additional file 2: Table S2H). XFLDM850 who car-
ried~15% Western Eurasian-related ancestry on auto-
somes also carried the Y chromosomal lineage observed
in the present-day Middle East (i.e., E-Z21014* (E1blb-
1b2alalalalflb)). The Y lineage Elblblb2alal ~was
also observed in ancient individuals from the Near East
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[9]. We then applied DATES to clarify the admixture
time for XFLDM850/XFLDM114/XFLDM19 (Additional
file 1: Fig. S4 and Additional file 2: Table S2I). We found
that 6 out of 8 results supported that the admixture was
estimated to have occurred ~ 10 generations before the
time of XFLDM850 (around 329-617 AD when assum-
ing 29 years per generation), corresponding to the period
between the Sixteen States period (304-439 AD) and
the Sui Dynasty (589-618 AD). The other two results
for XFLDMS850 suggested the admixture might have
occurred 40 or 60 generations earlier, corresponding to
the Warring States period (403-221 BC) and Western
Zhou Dynasty (1111-770 BC), respectively. The admix-
ture dates for XFLDM19 ranged from ~ 15 to 300 genera-
tions earlier, corresponding to the Neolithic to Eastern
Han Dynasty (25-220 AD). The admixture dates for
XFLDM114 ranged from ~27 to 157 generations earlier,
corresponding to the Neolithic to Western Han Dynasty
(206 BC—-8 AD).

XFLD’s contribution to modern-day Shaanxi Han Chinese

We further quantified the genetic contribution of XFLD
to modern Han Chinese from the northern, central, and
southern Shaanxi Province published in ref [10] (Addi-
tional file 1: Fig. S5A). In outgroup-f; statistics (Addi-
tional file 2: Table S3A), we observed that XFLD shared
the strongest genetic affinity with Han Chinese from
Central China (represented by Han_Zhejiang/Han_
Hubei/Han_Jiangsu) and Korean instead of Han Chinese
from Xian (denoted as Han_Shannxi_Xian). The sym-
metric f, statistics in the form of f, (Yoruba, XFLD_I;
Han Chinese i, Han Chinese j) where i and j were any
pairs of Han Chinese populations in China also suggested
that XFLD_1 shared more alleles with Han Chinese
from Central China than with local Han Chinese (i.e.,
Han_Shannxi_Xian) (Additional file 2: Table S3B). Next,
we examined whether present-day Shaanxi populations
were the direct descendants of XFLD. Firstly, admixture-
f; statistics in the form of f; (sourcel, source2; target)
(Additional file 2: Table S3C) were used to evaluate the
admixture signals in the targets. The statistically signifi-
cant negative f; values with Z-scores less than—2 sug-
gested that the target population might be an admixture
of sourcel and source2-related populations. We observed
that Han Chinese from northern and central Shaanxi (i.e.,
Yulin, Yan’an, Xiangyang, Xian, Weinan, and Baoji) could
be the mixture between XFLD_1 and Western Eurasians;
southern Shaanxi (i.e.,, Hanzhong and Ankang) showed
the signal between XFLD_1 and Southern East Asians.
We further applied gpAdm to explore the plausible
admixture models for each Shaanxi Han Chinese popu-
lation. As the results of admixture-f; statistics suggested,
we found that Han Chinese populations from northern
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and Central Shaanxi were best modeled as the mixture
between XFLD 1 and~2-5% Western Eurasian-related
ancestry (Additional file 1: Fig. S5B and Additional
file 2: Table S3D). The admixture proportions of north-
ern and Central Shaanxi were similar to XFLDM114 and
XFLDM19. Han Chinese from southern Shaanxi could be
described as the mixture between XFLD_1 and southern
East Asian-related ancestry represented by Taiwan_Han-
ben. ALDER produced consistent estimates of admixture
time ~ 1000—1500 years ago for Han Chinese from north-
ern (represented by Han_Shannxi_Yulin) and central
Shaanxi (represented by Han_Shannxi_Xian) when using
modern-day Western Eurasians and Han Chinese from
Central China as sources (two reference Z-score>3 and
p<0.001) (Additional file 1: Fig. S6 and Additional file 2:
Table S3E).

Discussion

To date, the ancient DNA study associated with Xian
on Guanzhong Plain is limited to the DNA fragments
of mitochondrial hypervariable control region from two
individuals from the Neolithic Yangshao culture-related
Banpo site [11]. However, limited by reference popula-
tions and methodological framework, the demographic
history of Neolithic Xi'an remained unclear. Previous
ancient genomic studies revealed distinguishable genetic
profiles of Neolithic people neighboring Xi’an, i.e., north-
ern Shaanxi in the north (represented by Shimao_LN),
Henan in the east (represented by YR_LN and YR_Yang-
shaocun_Longshan), and the eastern area of Hexi Cor-
ridor in the west (represented by Upper_YR_LN) [1]
(Fig. 2A). In northern Shaanxi and the eastern area of
Hexi Corridor, the Late Neolithic of Shimao sites (labeled
as Shimao_LN) and Qijia culture-related sites (labeled
as Upper_YR_LN) were a mixture of Ancient North-
east Asian (labeled as ANA) and YR_MN [1]. In Henan,
the Late Neolithic Longshan culture-related popula-
tions (labeled as YR_LN) from Pingliangtai, Wadian,
and Haojiatai sites received additional Southern East
Asian-related ancestry when compared to its preceding
Middle Neolithic Yangshao populations from Xiaowu
and Wanggou sites (labeled as YR_MN) [1]. Recently
published Late Neolithic Longshan culture-related
Yangshaocun genomes from Sanmenxia City in Henan
(adjacent to the Xi'an City) displayed the Shimao_LN-
related genetic profile [12]. We could assume Yang-
shaocun_Longshan people as the genetic profile of Late
Neolithic Xi’an people. Yangshaocun_Longshan was not
genetically homogenous with YR_LN: all Yangshaocun_
Longshan individuals did not harbor additional Southern
East Asian-related ancestry compared with YR_MN as
YR_LN did.
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However, in our study, we observed that the YR_LN-
related genetic profile was widely distributed alongside
the Silk Road within the territory of China during the his-
torical era (Fig. 2B). Four of seven Tang Dynasty XFLD
individuals (labeled as XFLD_1) could be modeled as the
direct descendants of YR_LN/YR_LBIA without a sig-
nificant contribution from non-YR lineages, including
Xiongnu, Xianbei, and Western Regions-related lineages,
who once resided in the heart place of ancient China
according to the historical records [13—15]. The histori-
cal era populations from Xian'yang [16] and Hexi Cor-
ridor (represented by Heshuiguo_H, Foyemiaowan_H,
and Upper_YR_IA) [7] were also genetically homogenous
with XFLD_1 and YR_LN/YR_LBIA. These results sug-
gested the strong westward expansion of YR_LN-related
ancestry led to the genetic turnover in Shaanxi and Hexi
Corridor, i.e., from Neolithic Shimao_LN/Yangshao-
cun_Longshan/Upper_YR_LN-related to historical era
YR_LN-related ancestry.

We also detected three of seven XFLD individuals with
marginal but detectable Western Eurasian-related ances-
try (~3-15%) (Fig. 2B). It should be noted that numer-
ous genetically distinguishable groups could be used
as Western Eurasian-related sources for XFLDMS850/
XFLDM114/XFLDM19 in the gpAdm analysis. The lim-
ited genetic legacy of Western Eurasian-related ancestry
in XFLDMS850/XFLDM114/XFLDM19 made it more
challenging to determine which kinds of Western Eura-
sian-related ancestry or population directly contributed
to XFLDM850/XFLDM114/XFLDM19. The admixture
time for XFLDM114/XFLDM19 was estimated to have
occurred at the latest in the Han Dynasty (206 BC-220
AD). The admixture time for XFLDMS850 was estimated
to have occurred at the latest in the Sui Dynasty (589—
618 AD). These results were consistent with the historical
records about the marriage between Han and non-Han
people in ancient China [13-15]. It should be noted
that DATES software only considered a single pulse-
like admixture. The actual population admixture may
have been a continuous process. Therefore, the initia-
tion of the period of frequent Western and Eastern Eura-
sian contacts in Chang’an may precede the admixture
date estimated by DATES software. This is unsurprising
because transcontinental material and cultural dissemi-
nation occurred early in the Bronze Age [17].

Present-day northern Han Chinese, such as Han_Shan-
dong, Han_Henan, and Han_Shanxi, were also the direct
descendants of XFLD_1 or YR_LN-related populations.
However, the Han Chinese from Shaanxi had preva-
lently received low levels of Western Eurasian-related
ancestry compared to XFLD_1 (Fig. 2C). The date of
admixture in northern and central Shaanxi Han Chi-
nese populations was estimated at 1000—1500 years ago
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by ALDER software, corresponding to the Sui and Tang
Dynasties (589-907 AD) which were the heyday of the
Silk Road trade exchange and had the frequent intermar-
riage between Han and non-Han [15]. Like DATES soft-
ware, ALDER assumed a single-pulse admixture model.
Therefore, the admixture event in northern and central
Shaanxi Han Chinese populations occurred at the lat-
est during the Sui and Tang Dynasties. It matched the
observation that three Tang Dynasty XFLD individuals
had already obtained a genetic profile similar to present-
day central Shaanxi Han Chinese. Southern Shaanxi Han
Chinese people received more Southern East Asian-
related ancestry compared with XFLD_1, with no trace
of Western Eurasian-related ancestry (Fig. 2C). Histori-
cally, today’s southern Shaanxi was not included in the
jurisdiction of Shaanxi Province until the Yuan Dynasty
(1279-1368 AD). Qinling Mountains, which stretch
400-500 km from east to west and 100-150 km from
north to south, serve as the boundary between central
and southern Shaanxi. The Qinling Mountains are also
the natural boundary between the geology, geography,
ecology, environment, climate, and even culture of the
north and south of China. Therefore, it is unsurprising
that Southern Shaanxi Han Chinese groups showed simi-
lar genetic profiles with Han Chinese from the Yangtze
River delta, such as Han_Jiangsu and Han_Shanghai. The
Qinling Mountains could be considered as a geographical
barrier to gene flows of Western Eurasian-related ances-
try southward and Southern East Asian-related ancestry
northward.

We noted that our study was based on only a single site
and seven ancient genomes and thus may not represent
the full genetic diversity in Chang’an. Additional ancient
genomic data from XFLD or other sites is needed to
comprehensively clarify the genetic history of Chang’an
City during the Tang Dynasty. Future archaeogenetic
studies on human remains from earlier period sites in
and around Shaanxi will contribute to a more compre-
hensive understanding of the interplay between ancient
China and non-Han ancestry.

Conclusions

In our study, we investigated the demographic history
of Capital Chang’an of the Tang Dynasty by analyzing
seven ancient genomes from XFLD archaeological sites
dating to the Tang Dynasty. We observed that XFLD
individuals were categorized into two groups: one was
the direct descendant of Neolithic middle YR-related
people represented by Wadian, Pingliangtai, and Hao-
jiatai (YR_LN), and another was the mixture between
YR_LN and ~ 3-15% Western Eurasians. The present-day
Han Chinese population residing in Chang’an tends to
exhibit a predominantly middle YR-related ancestry, with
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approximately 3% of the genetic makeup being of West-
ern Eurasian origin. These results provide new insights
into the demography of the ancient Chang’an population
and extend our understanding of the exchange and inte-
gration of genes and cultures between Eastern and West-
ern Eurasians.

Methods and material

Archaeological information for Xingfulindai (248 #77)
The specimens for this study are from the Xingfu For-
est Belt Site in the eastern suburbs of Xi’an City, Shaanxi
Province (Fig. 1A). In August 2017, the Xi'an Institute of
Cultural Relics Protection and Archaeology conducted a
salvage excavation of the site to cooperate with the con-
struction project of the Xingfu Forest Belt in the east-
ern suburbs of Xi'an City. Through typological research
on unearthed burial objects and epitaph records, it is
reflected that the majority of this site was used by the
Chang’an people in the mid-Tang Dynasty.

B XFLDM695: 12941223 cal BP
B XFLDM84: 982—904 cal BP

B XFLDM318: 1286-1180 cal BP
B XFLDM?785: 1188-1063 cal BP
B XFLDM339: 11841052 cal BP

Ancient DNA extraction and sequencing
A total of 24 skeletal specimens were subjected to experi-
mental analysis in this study. All experimental procedures
were conducted in the specially designed ancient DNA
cleanroom laboratory at Xiamen University [18-20].
We utilized 75% ethanol and 10% sodium hypochlorite
(NaClO) to eliminate external contaminants. After sur-
face abrasion and ultraviolet (UV) radiation treatment,
we employed a drill bit to obtain inner core bone powder
ranging from 130 to 230 mg. For each 100 mg of bone
powder, we added 1 ml of 0.5 M EDTA and 1 pl of 20 mg/
ml proteinase K, followed by incubation at 37 °C on a
shaker at 300 rpm for 20 h. We used the MinElute System
(Qiagen, Germany) to obtain concentrated DNA frag-
ments. We prepared double-stranded libraries using the
NEBNext® Ultra™ IT DNA Library Prep Kit, paired with
specially in-house designed sticky-end adaptors. We then
sequenced the libraries on the DNBSEQ-T7 platform.
For samples XFLDM114 and XFLDM?764, we followed
the protocol from David Reich’s lab, employing Twist
capture reagents for hybridization capture to enhance the
acquisition of additional SNP loci [21]. Post-PCR clean-
up throughout the entire experimental procedure was
achieved using 1.8X Ampure beads (Beckman Coulter,
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USA) to eliminate non-target DNA fragments below
100 bp. We then sequenced the libraries on the Illumina
Novaseq platform.

DNA sequence data processing

Using AdapterRemoval (version 2.3.2) [22], we removed
adapters from both read pairs, trimmed bases at 5/3
termini with quality scores <20 and ambiguous bases (N)
(—trimns —trimqualities —minquality 20), and collapsed
forward and reverse reads (—collapse), and discarded
reads shorter than 30 bp. Collapsed reads were aligned
against the human reference genome hs37d5 (GRCh37
with decoy sequences) using the aln and samse mod-
ules in the Burrows-Wheeler Aligner (BWA) program
(version 0.7.17-r1188) [23], with parameters “-1 1024”
(seeding disabled) and “-n 0.01” (additional mismatches
allowed). BAM files were sorted and indexed using Sam-
tools (version 1.7) [24] before being utilized to remove
PCR duplicates using dedup (version 0.12.8) [25]. BAM
data were filtered with Samtools (version 1.7) [24] for a
minimum Phred-scaled mapping quality score of 30.

Data quality control

We used a variety of methods to assess the ancient DNA’s
authenticity. First, we used mapDamage (version 2.2.1)
[26] to compute the postmortem damage pattern. We
determined if each library had>10% C-to-T misincor-
porations at 5" termini and >10% G-to-A misincorpora-
tions at 3’ termini, as is expected for double-stranded
libraries. Second, we estimated the contamination rate.
To calculate the mtDNA contamination rate, (1) we used
the schmutzi.pl module in schmutzi software [27] and
the contaminant database developed for Eurasian sam-
ples from share/schmutzi/alleleFreqMT/eurasian/fregs,
and (2) we followed the pipeline posted in https://github.
com/mnievesc/Ancient_ mtDNA_Pipeline/blob/master/
MT_DataAnalysis_Pipeline.sh to conduct contamMix
[28]-related analysis. The X chromosomal contamina-
tion rate was calculated for males using the contamina-
tion module in ANGSD software (version 0.910) [29]. We
used the HapMap resources for CHB (Han Chinese in
Beijing) provided by ANGSD software to define X chro-
mosomal polymorphic sites. We focused our investiga-
tion on the non-recombining part of the X chromosome
(X:5,000,000-154,900,000). The library was treated as
contaminated when the mtDNA contamination was
greater than 3%, except when nuclear DNA contamina-
tion was assessed by the X chromosome < 3% for males.

Biological sex determination
An individual with one X chromosome and one Y chro-
mosome was designated as “male,” whereas an individual
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with two X chromosomes was designated as “female” Rx
and Ry statistics [30, 31] were computed to estimate the
biological sex of the samples based on shotgun data. The
biological sex of samples based on 1240 K capture data
was determined by the method described in reference
[32]. This method calculated the ratio of the alignments
to chromosome Y to chromosome autosomes, divided by
the expected value of the quantity based on the number
of SNPs in the relevant target set. The depth of coverage
was calculated by the depth module of Samtools (version
1.7) [24]. alﬁggv is predicted to be approximately 0.5 for
males and ~0 for females. Individuals with an observed
alﬁgg‘;v value of>0.3 are classified as males, whereas

YCov_yalue of <0.1 are classified as females, as described
in ref [33].

autoCqv

Genotyping

We used the trimBam module in BamUtil (version
1.0.15) [34] to mask 9 bp from both ends to reduce the
bias caused by ancient DNA deamination. We randomly
picked one high-quality base (-q 30 and —Q 30) as a
pseudohaploid using pileupcaller (https://github.com/
stschift/sequenceTools).

Estimation of genetic relatedness

We used the default parameters of the READ software
[35] to estimate biological relatedness between each pair
of individuals of XFLD.

Uniparental haplogroup assignment

We produced mitochondrial consensus sequences of
quality > 20 using the log2fasta tool in schmutzi software
[27]. Y-chromosomal and mitochondrial haplogroups
were assigned by Yleaf (version 3.1) [36] with “-r 1 -q 20
-b 90” option and Haplogrep (version 3) software [37],
respectively.

Data merging

We merged XFLD samples with published genome-wide
SNP data of present-day and ancient Eurasians using
the mergeit function in EIGENSOFT software [38].
The information on co-analyzed ancient and modern
genomes is listed in Additional file 2: Table S1C and D.
Two datasets were used in our analysis: (1) We merged
XFLD data with a 1240 k dataset curated by The Allen
Ancient DNA Resource (AADR) [39], which covered
ancient DNA data with maximum SNP sites (1,135,618).
(2) We merged XFLD data with the Human Origin (HO)
dataset curated by The Allen Ancient DNA Resource
(AADR) [39], which covered ancient DNA data with
overlapped SNP sites between 1240 k and HO SNP panel
(593,120), as well as present-day Eurasians genotyped on
Human Origin SNP chip. (3) We merged the published
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Shaanxi Han Chinese [10] genotyped on Illumina Bead
Chip with the above 1240 k and HO datasets, resulting
in 176,837 and 70,969 SNP sites, respectively. These data-
sets were denoted as the “1240 k-Illumina dataset” and
“HO-Illumina dataset” only for testing the relationship
between XFLD and present-day Shaanxi Han Chinese.

Principal components analysis (PCA)

We ran PCA on the HO dataset using the smartpca (ver-
sion 16,000) algorithm in EIGENSOFT software [40]
with the options “Isqproject: YES” and “numoutlieriter:0,’
and “shrinkmode: YES” We employed the “Isqproject:
YES” option to project all ancient genomes onto the PC
spaces calculated with the modern genomes.

F statistics

We applied gp3pop (version 651) from the ADMIX-
TOOLS software [38] with the option “inbred: YES” to
calculate outgroup f; in the form of f; (A, B; Yoruba) and
admixture-f; (sourcel, source2; target). The outgroup f;
was used to quantify the shared genetic drift between A
and B. The admixture-f; was used to evaluate the admix-
ture signals in the targets. We used gpDstat (version 980)
from the ADMIXTOOLS software [38] with the option
“fAmode: YES” to calculate f, statistics in the form of f,
(Yoruba, A; B, C). The standard error (Std.err) was cal-
culated with 5 cM block jackknifing implemented in the
ADMIXTOOLS software [38].

Pairwise gpWave

We conducted pairwise gpWave analysis using the
qpWave program (version 600) in ADMIXTOOLS soft-
ware [38]. We chose the following populations as the
base outgroups: MbutiDG, Loschbour.DG, Onge.DG,
Iran_GanjDareh_N, Kazakhstan_Eneolithic_Botai.SG,
Shandong EN (pooled by Boshan, Xiaogao, Xiaojin-
gshan, and Bianbian), Mongolia_N_East, Russia_Sha-
manka_Eneolithic.SG, Japan_Jomon, Fujian_LN (pooled
by Tanshishan and Xitoucun), Anatolia_N_published,
Upper_YR_LN. Rank=0 models with p value>0.01 sug-
gested that the left populations were genetically homoge-
neous compared to the base outgroups; in other words,
one stream of ancestry from a set of outgroup popula-
tions could explain the ancestry of left populations.

Admixture modeling using gpAdm

We modeled our genomes as an admixture of two source
populations and estimated the proportions of ances-
try using gpAdm (version 1000) in ADMIXTOOLS
software [38], with settings “details: YES” and “alls-
nps: YES” We chose the following populations as the
base outgroups: MbutiDG, Loschbour.DG, Onge.DG,
Iran_GanjDareh_N, Kazakhstan_Eneolithic_Botai.SG,
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Shandong EN (pooled by Boshan, Xiaogao, Xiaojin-
gshan, and Bianbian), Mongolia_N_East, Russia_Sha-
manka_Eneolithic.SG, Japan_Jomon, Fujian_LN (pooled
by Tanshishan and Xitoucun), Anatolia_N_published. All
the conditions listed below should be satisfied: (1) coeffi-
cient>0 and coefficient + Std.err > 0; (2) p value >0.01; (3)
p value for the nested model < 0.05.

Estimating the admixture dates

We applied the DATES algorithm (version: 753) [41]
under a single pulse admixture model to date the admix-
ture for a single ancient genome. We used the following
parameters: “binsize: 0.001,” “maxdis: 1, “runmode: 1,
“mincunt: 1, and “lovaifit: 0.45” We used ALDER [42]
(version: 1.03) to date admixture events with default
parameters for present-day groups. We assumed 29 years
per generation [38].

Abbreviations

XFLD  Xingfulindai

SNPs Single nucleotide polymorphisms
HO Human Origin

PCA Principal components analysis
N Neolithic

EN Early Neolithic

MN Middle Neolithic

LN Late Neolithic

BA Bronze Age

1A Iron Age

EMBA  Early and Middle Bronze Age

LBIA Late Bronze and Iron Ages
SEA Southeast Asian

SC Southern Chinese
EA East Asian
YR Yellow River

WLR West Liao River
ANA Ancient Northeast Asian

cal BP  Calibrated years before present
BMAC  Bactria-Margiana Archaeology Complex
ANE Ancient Northern Eurasian
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Additional file 1: Fig. S1 The plot of terminal damage pattern for all the
double-stranded libraries with no UDG treatment. All samples displayed
the typical damage pattern at both ends was observed (5" C>T and

3" G>A). Fig. S2 Principal components analysis (PCA) of ancient and
present-day Eurasians. We calculated PCs using present-day populations
and projected ancient individuals onto the top two PCs. Present-day indi-
viduals were color-coded based on the language family they belonged
to. Ancient individuals were marked by color-filled shapes with black
boundaries. Our newly generated XFLD individuals were marked by black-
filled shapes with red boundaries. Fig. S3 The genetic affinity of XFLD and
reference populations measured by outgroup-f3 statistics. Here, we list
the top 30 populations that share the highest amount of genetic drift
with XFLD based on (A) the 1240 k dataset for ancient Eurasian reference
populations, (B) the Human Origin dataset, and (C) “HO-Illumina” dataset
for present-day Eurasian reference populations. Error bars show one stand-
ard deviation. The raw f3 results are listed in Additional file 2: Tables S2A
and S3A. See "Data merging"in the”"Methods and material” section for the
details of the “1240 k dataset,”Human Origin dataset,’and "HO-lllumina”
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dataset used in this study. Fig. S4 Genetic admixture dates for XFLDM850/
XFLDM114/XFLDM19 estimated via DATES software. We report the

results with Z-scores> 2. The error bars represented the + 1 standard error
calculated by the leave-one-chromosome-out jackknifing method. Fig. S5
The genetic contribution of XFLD for present-day Shaanxi Han Chinese.
(A) Geographic distribution of previously published Han Chinese [9] from
the northern Shaanxi (Yulin and Yan'an), central Shaanxi (Xiangyang, Xian,
Weinan, and Baoji), and southern Shaanxi (Hanzhong and Ankang); (B) the
gpAdm-based autosome modeling for each Shaanxi Han Chinese popula-
tion. The error bars represented the + 1 standard errors (SE) of estimated
ancestry proportions. The raw gpAdm results are provided in Additional
file 2: Table S3D. Fig. S6 ALDER estimated the dates of admixture events
between Western Eurasian-related ancestry (represented by present-day
Europeans/Central Asians) and Northern Han Chinese-related ancestry
(present-day Han Chinese) for present-day central Shaanxi Han Chinese
(represented by Han_Shannxi_Xian) and northern Shaanxi (represented
by Han_Shannxi_Yulin). The estimated date in generation was converted
into years with the assumption of 29 years per generation. Details are
provided in Additional file 2: Table S3E.
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