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Abstract
The genetic impact of historically documented trans-Eurasian interactions in China remains poorly understood due to the 
scarcity of genome-wide ancient DNA data. This study presents genome-wide SNP data from 10 individuals excavated 
from the Jinlingnan cemetery in Zibo City, Shandong Province, dating from the Tang (618–907 AD) to the Qing (1644–
1912 AD) dynasties. Although located in the agricultural heartland of eastern China rather than along major Silk Road 
corridors, the site provides a valuable context for investigating the integration of non-local populations into inland societ-
ies. Our analyses reveal that the Jinlingnan individuals primarily derived their ancestry from the Middle Yellow River 
region, showing strong genetic continuity with both contemporaneous and modern northern Chinese populations. Notably, 
a subset of seven individuals exhibited detectable genetic contributions from Western Eurasians or Central Asians, with 
proportions ranging from 1.5% to 12.1%, providing direct evidence of gene flow from trans-Eurasian interactions. Further-
more, modern Han populations in Shandong can be modeled as deriving the vast majority of their ancestry (~ 95%) from a 
Jinlingnan-related source, with a minor contribution (~ 5%) from southern Chinese-related groups. These results delineate 
the demographic history of the Jinlingnan population, characterized by foundational Central Plains continuity, localized 
incorporation of exogenous components, and subsequent north–south interactions. This study demonstrates that the demo-
graphic impact of trans-Eurasian exchange extended far beyond Silk Road hubs, reaching deep into inland eastern China.
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Abbreviations
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
IA	� Iron Age
HE	� Historical era
YR	� Yellow River
cal BP	� Calibrated years before present
ROH	� Runs of homozygosity
cM	� CentiMorgans

Introduction

Recent advances in ancient DNA research have revealed a 
complex history of population movements and admixture 
within China. Ancestry associated with the Middle Yellow 
River region and the Neolithic Yangshao culture expanded 
westward into Xinjiang (Kumar et al. 2022; Yang et al. 
2026; Li et al. 2025) and the Tibetan Plateau (Wang et al. 
2023; Zhu et al. 2022), northward into Inner Mongolia and 
northern Shaanxi (Ning et al. 2020; Xiong et al. 2025, Wang 
et al. 2025), and southward into southwestern China and the 
southeastern coastal regions (Yang et al. 2020; Wang et al. 
2021b; Tao et al. 2023, 2026; Zhou et al. 2025; Wan et al. 
2025; Zhu et al. 2024a, b), exerting a broad and enduring 
genetic influence. In Xinjiang, the Bronze Age gene pool 
was formed through varying degrees of admixture between 
local ancestry related to the Xiaohe culture of the Tarim 
Basin and multiple exogenous sources, including Western 
Steppe pastoralists, populations associated with the Bactria–
Margiana Archaeological Complex (BMAC), and Ancient 
Northeast Asian-related ancestry (Zhang et al. 2021). Com-
pared with Bronze Age populations, Iron Age and later his-
torical groups in Xinjiang experienced additional gene flow 
from Central Asia and East Asia (Kumar et al. 2022; Yang 
et al. 2026; Li et al. 2025). At the western end of the Hexi 
Corridor, a critical passage linking the Central Plains and 
Xinjiang, two individuals dated respectively to the Cao Wei 
period (220–266 AD) and the Tang dynasty (618–907 AD) 
have been identified as exhibiting mixed western and eastern 
Eurasian genetic profiles (Xiong et al. 2024). Recent ancient 
DNA studies from Xingfulindai (XFLD) (Lv et al. 2024) 
and Fudamen (Wang et al. 2025a, b) further confirmed the 
presence of Western Eurasian and/or Central Asian-related 
ancestry within the core regions of China. Nevertheless, the 
geographic extent and temporal dynamics of this genetic 

influence remain insufficiently characterized and require 
additional genome-wide data.

The late imperial era of China, spanning from the Tang 
dynasty (618–907 AD) to the Qing dynasty (1644–1912 
AD), witnessed profound institutional development, eco-
nomic prosperity, and extensive cultural exchange in China. 
The Qing dynasty (1644–1912 AD), as the final imperial 
period, marked the culmination of these long-term histori-
cal processes, particularly in territorial consolidation and 
ethnic integration. During the Tang dynasty, an outward-
looking foreign policy and active engagement with polities 
in the Western Regions facilitated the flourishing of the Silk 
Road at its historical peak. Within this context, substantial 
numbers of so-called “Hu” populations, including Sog-
dian merchants, Turkic groups, and Persians, migrated into 
the Chinese interior along established trade routes. These 
incoming groups not only introduced commodities and 
technologies but also gradually integrated into local societ-
ies through intermarriage and long-term settlement, a pro-
cess that continued in later historical periods.

These historical processes are also relevant to under-
standing the origins of Muslim communities in China. The 
Hui people, numbering approximately 10.5 million, are the 
largest of the ten Muslim minorities and the second-larg-
est among the 55 officially recognized ethnic minorities in 
China. Historical records indicate that Islam was first intro-
duced into China during the Tang Dynasty about 1,300 years 
ago, when merchants and political emissaries from Arabia, 
Persia, and Central Asia arrived via the Silk Road, and 
some eventually settled permanently. Later, during the Yuan 
Dynasty, additional Muslim populations from West and 
Central Asia migrated to China, either through forced relo-
cation or voluntary migration (Gladney 1998; Chen 1999). 
Historians have therefore proposed that present-day Hui 
populations may largely descend from these immigrants, 
although anthropological studies have noted that Hui indi-
viduals generally exhibit physical features similar to those 
of East Asian populations.

The Jinlingnan site (Fig.  1A), located in present-day 
Zibo City, Shandong Province, comprises burials spanning 
from the Tang to the Qing dynasties. Grave goods display-
ing clear Sogdian cultural features have been excavated at 
the site. The cemetery is situated within Jinling Hui Ethnic 
Town (Jinling Hui Town), a settlement historically associ-
ated with Hui communities. Unlike sites situated at major 
nodes of the Silk Road, Jinlingnan lies within the agricul-
tural heartland and densely populated region of eastern 
China, making it a unique case for investigating how for-
eign groups integrated into local agrarian societies distant 
from primary trade corridors. However, due to the lack of 
systematic ancient genomic data, the genetic composition 
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and population history of the Jinlingnan region from the 
Tang to the Qing periods remain largely unknown.

To address this gap, we conducted genome-wide ancient 
DNA analyses of individuals from the Jinlingnan site. This 
study focuses on three core questions:

1.	 The genetic relationship between Jinlingnan populations 
and Neolithic Middle Yellow River-related ancestry;

2.	 The presence and temporal dynamics of Central Asian 
and Western Eurasian-related ancestry in relation to cen-
tral Shandong from the Tang through the Qing periods;

3.	 The genetic continuity and connections between these 
historical populations and present-day Shandong 
populations.

This study provides critical genomic evidence for under-
standing population movements, cultural interactions, and 
genetic transformations in eastern China during the histori-
cal period.

Results

Ancient genomes from Jinlingnan cemetery

We obtained archaeological samples from the Jinlingnan 
cemetery and generated genome-wide SNP data for 16 
ancient individuals using a shotgun sequencing strategy 
applied to double-stranded DNA libraries constructed with-
out uracil-specific treatment. All individuals exhibited short 
DNA fragments typical of ancient material, with average 
fragment lengths ranging from 54 to 100 base pairs across 
genomes following adaptor trimming and read collapsing 
(Supplementary Data 1). The sequences displayed charac-
teristic patterns of postmortem damage, including elevated 
cytosine-to-thymine substitutions at the 5′ ends and guanine-
to-adenine substitutions at the 3′ ends of DNA fragments 
(Supplementary Fig.  1), consistent with authentic ancient 
DNA. To ensure data quality, we excluded individuals with 
high contamination (> 5%), as estimated using mitochon-
drial DNA for all individuals and X-chromosomal data for 
biological males, and samples with low SNP coverage on 
the 1240 k panel (< 30,000 SNPs). After these filtering steps, 

Fig. 1  Geographic location and environmental setting of the Jinlingnan site
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14 individuals were retained for further analysis (Supple-
mentary Data 1). We subsequently performed kinship analy-
sis to assess relatedness among the Jinlingnan individuals. 
Among the 16 initially sequenced individuals, three familial 
groups were identified (Supplementary Data 2). For each 
related pair, we retained the individual with the higher SNP 
count on the 1240  k panel, resulting in a final dataset of 
10 genetically unrelated individuals for downstream popu-
lation genetic analyses (Supplementary Data 1). Across 
these 10 individuals, the proportion of human endogenous 
DNA ranged from 3.46 to 60.71% (Supplementary Data 1). 
The average depth of coverage for autosomal SNPs on the 
1240  k panel ranged from 0.03 × to 4.51 × (mean: 0.83 ×) 
(Supplementary Data 1). The number of SNPs covered at 
least once on the 1240 k panel varied between 33,935 and 
1,189,444 (Supplementary Data 1). Finally, we merged the 
newly generated Jinlingnan genomes with previously pub-
lished ancient and modern genomic datasets listed in Sup-
plementary Data 3 and 4 for comparative population genetic 
analyses.

Genetic Continuity between Ancient Yellow River 
Basin Populations and Jinlingnan

The Jinlingnan individuals (n = 10) carried mitochondrial 
DNA (mtDNA) lineages commonly observed in East Eur-
asian populations, including haplogroups F1a, B4, D4, D5, 
M9a, R, and A3. Among the male individuals, three pos-
sessed Y-chromosome haplogroups O1 and O2a2, which are 
prevalent in East Eurasia and are consistent with those pre-
viously reported in historical populations from Shandong 
(Shen et al. 2025).

To evaluate the genome-wide genetic structure of the 
Jinlingnan individuals, we performed principal component 
analysis (PCA) by projecting the ancient samples onto the 
genetic variation of present-day East Eurasian populations. 
The results showed that Jinlingnan individuals clustered 
closely with previously published Shandong historical indi-
viduals (Shandong_HE, dating from the Warring States 
period to the Northern Dynasties, ca. 475 BC–581 AD) and 
populations associated with Central Plain–related ancestry, 
represented by Late Neolithic Yellow River groups (YR_LN) 
and Late Bronze–Iron Age Yellow River groups (YR_LBIA; 
Fig. 2A; Supplementary Data 5). Consistent with the PCA 
results, unsupervised ADMIXTURE analysis indicated that 
Jinlingnan individuals shared similar ancestry profiles with 

Fig. 2  Genetic structure of Shandong Jinlingnan population. A Princi-
pal component analysis of present-day East Asians, onto which ancient 
individuals were projected, onto the calculated principal components. 
The three clusters were visible. See also Supplementary Data  5.  B 

ADMIXTURE results for the “HO” dataset at K = 3 (the lowest cross-
validation error). The Shandong Jinlingnan populations were colored. 
See also Supplementary Data 6
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Late Neolithic Yellow River Basin populations (YR_LN 
and YR_LBIA), Shandong_HE, and Shandong_H_Fuda-
men (Fig. 2B). In the model with the lowest cross-validation 
error (K = 3), Jinlingnan individuals were characterized by 
three major ancestral components: (1) a blue component 
predominant in Northeast Asian populations, (2) an orange 
component most prominent in southern East Asian popu-
lations, and (3) a yellow component enriched in Western 
Eurasian populations. Notably, comparative ADMIXTURE 
analysis of ancient Shandong populations revealed differ-
ences between Jinlingnan and Shandong_HE individuals. 
Specifically, Jinlingnan individuals exhibited a more pro-
nounced yellow (Western Eurasian–related) component 
than both Shandong_HE and Shandong_Fudamen individu-
als (Fig.  2B; Supplementary Data 6). These observations 
were further supported by Outgroup-f3 statistics in the form 
of f3 (Ancient Yellow River populations, Y; Yoruba), where 
Y represented 70 ancient East Asians from different regions, 
demonstrating that the Jinlingnan population shared simi-
lar levels of genetic affinity with other ancient populations 
from the middle and lower Yellow River regions (Fig. 3A; 
Supplementary Data 7). Additionally, Outgroup-f3 statistics 
of the form f3 (Shandong_H_Jinlingnan, X; Yoruba) indi-
cated that Jinlingnan individuals were most closely related 
to ancient populations from Foyemiaowan in Gansu and 
Chengzi in Shandong (Supplementary Fig. 2; Supplemen-
tary Data 8).

Pairwise qpWave analysis (Supplementary Fig. 3) indi-
cated overall genetic homogeneity among the Jinlingnan 
individuals, except for individual SD-1-20. Furthermore, 
additional pairwise qpWave tests demonstrated that sev-
eral Jinlingnan individuals could not be statistically distin-
guished from Shandong_HE and other Yellow River groups, 
including YR_LN, YR_LBIA, and Late Iron Age groups 
from the Upper Yellow River (Upper_YR_IA), as indi-
cated by non-significant p-values (p > 0.05) (Supplementary 
Fig.  4; Supplementary Data 9). These results further sup-
port the close genetic connections between the Jinlingnan 
population and ancient populations from the Yellow River 
region.

Western Eurasian/Central Asian–related genetic 
contributions to the Jinlingnan population

To quantitatively assess whether the Shandong_H_Jin-
lingnan individuals derived from the same source popu-
lation as previously published historical-era individuals 
from Shandong (represented by the larger Shandong_HE 
dataset), we calculated f4 statistics of the form f4 (Yor-
uba, X; Shandong_HE, Shandong_H_Jinlingnan, n = 10). 
Results indicated that several Western Eurasian- and 
Central Asian-related populations, including Uzbeki-
stan_BA_SappaliTepe, Russia_Afanasievo, and Russia_
MLBA_Sintashta, exhibited significantly higher genetic 

Fig. 3  A Outgroup f₃-statistics of 
f₃(X, Y; Yoruba.DG), where X rep-
resents ancient Yellow River popu-
lations and Y represents ancient 
East Asian reference populations. 
For each test population (X), 
heatmap values reflect the degree 
of genetic affinity with each refer-
ence population (Y), with higher 
f₃ values indicating greater shared 
genetic drift. Reference popula-
tions displayed are the top 15 most 
genetically related and bottom 5 
least genetically related popula-
tions as ranked by the Jinlingnan 
population, separated by the dashed 
line. See also Supplementary Data 
7. B The f4-statistics in the form 
of f4 (Yoruba, X; Shandong_HE, 
Shandong_H_Jinlingnan) tested 
the genetic relationships between 
each Jinlingnan individual and 
ancient Eurasian populations. In 
this analysis, X represents each of 
194 ancient East Asian samples 
from different regions. See also 
Supplementary Data 11
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affinity to Shandong_H_Jinlingnan than to Shandong_HE 
(Supplementary Data 10; Supplementary Fig.  5). We fur-
ther computed f4 statistics in the form f4 (Yoruba, X; 
Shandong_HE, each Shandong_H_Jinlingnan individual) 
(Fig. 3B; Supplementary Fig. 5; Supplementary Data 11). 
To detect even marginal yet statistically reliable signals of 
non–Yellow River–related ancestry in Shandong_H_Jin-
lingnan individuals, we adopted a significance threshold of 
|Z|≥ 2. Notably, seven out of ten individuals showed signifi-
cantly greater allele sharing with diverse Western Eurasian/
Central Asian populations compared to Shandong_HE. To 
determine whether Shandong_HE-related ancestry alone 
could sufficiently explain the genetic profiles of the ten 
Shandong_H_Jinlingnan individuals, we first performed 

qpWave analysis by sequentially incorporating populations 
that yielded significant f4 results into the outgroup set (Sup-
plementary Data 11). The one-way Shandong_HE model 
failed for three individuals (SD-1-20, SD-2-4, and SD-2-6) 
(Supplementary Data 12), indicating that a single-source 
model was insufficient for these cases.

Based on these findings, we selected populations (Sup-
plementary Data 10) exhibiting excess allele sharing (Rus-
sia_MLBA_Sintashta and Uzbekistan_BA_SappaliTepe) 
as candidate secondary sources and conducted two-way 
admixture modeling using qpAdm (Supplementary Fig. 6A; 
Supplementary Data 13). The proposed two-source models 
were feasible for all seven individuals who demonstrated 
significant Western Eurasian/Central Asian affinity in the f4 

Fig. 3  (continued)
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analysis. Moreover, the two-source models provided a better 
fit than the single-source Shandong_HE models. Estimated 
Western Eurasian/Central Asian–related ancestry propor-
tions varied across individuals: SD-1-21 (Song Dynasty, 
990-671 cal BP) and SD-2-1 (Yuan Dynasty, 679-582 cal 
BP) exhibited approximately 2% Western Eurasian/Central 
Asian–related ancestry; SD-2-4, SD-2-6 and SD-2-8 (Qing 
Dynasty, 285-29 cal BP) showed approximately 5%; SD-1-
20 and SD-2-3 (Qing Dynasty, 264-24 cal BP), displayed 
approximately 11%. Accordingly, we classified the seven 
Shandong_H_Jinlingnan individuals exhibiting detectable 
Western Eurasian/Central Asian–related ancestry as the 
“Shandong_H_Jinlingnan_2” group (n = 7), and the remain-
ing three individuals as the “Shandong_H_Jinlingnan_1” 
group (n = 3). For the Shandong_H_Jinlingnan_1 group, all 
one-way Shandong_HE qpWave models remained statisti-
cally supported, even when populations showing excess 
allele sharing were included in the outgroup set (Supple-
mentary Data 14; Supplementary Data 15). These results 
indicate that Shandong_HE-related ancestry adequately 
explains the genetic profiles of the Shandong_H_Jinling-
nan_1 individuals.

Temporal estimation of admixture and demographic 
inference in the Jinlingnan population

We applied the DATES software to estimate the timing of 
admixture in the Shandong_H_Jinlingnan_2_Qing indi-
vidual. Assuming that the Western Eurasian/Central Asian–
related ancestry resulted from a single-pulse admixture 
event and using Shandong_HE as a proxy for the local 
ancestral source, the admixture event was dated to 21.1 ± 3.6 
generations prior to this individual’s lifetime (Supplemen-
tary Data 16; Supplementary Fig. 7). Assuming a generation 
time of 28 years, this corresponds to 592 ± 101 years before 
the individual’s lifetime. The individual is radiocarbon 
dated to 285–29 and 264–24 cal BP; using the midpoint of 
these calibrated ranges as an approximation places the indi-
vidual at approximately AD 1817. Based on this estimate, 
the admixture event is inferred to have occurred around AD 
1225, with an estimated range of AD 1124–1326. This time-
frame spans the late Southern Song Dynasty to the Yuan 
Dynasty. We note, however, that these estimates are based 
on a simplified single-pulse admixture model. In reality, the 
genetic interaction between East and West Eurasian popula-
tions was likely a continuous or multi-wave process. Since 
LD-based methods like DATES tend to capture a weighted 
average or the most recent significant admixture signal, our 
results likely reflect a recent phase of contact, and the true 
initiation of these interactions may significantly predate 
these calculated estimates.

To further explore the demographic history of the Jinling-
nan population, we analyzed runs of homozygosity (ROH), 
which represent contiguous genomic regions identical by 
descent due to shared ancestry. A cumulative length of long 
ROH segments (> 20  cM) exceeding 50  cM is indicative 
of recent consanguinity, reflecting parental relatedness. In 
contrast, populations with relatively small effective popula-
tion sizes are expected to exhibit an excess of short ROH 
segments (4–8  cM). We applied hapROH to infer ROH 
patterns for Jinlingnan individuals (Supplementary Fig. 8). 
Several individuals (SD-1-21, SD-2-4, SD-2-6, and SD-2-
8) displayed continuous short ROH segments, consistent 
with ancestry derived from populations characterized by 
relatively small effective population sizes. No evidence of 
excessively long ROH segments was observed, suggesting 
the absence of recent close-kin inbreeding.

Genetic continuity and affinity between Jinlingnan 
and Present-Day Han Chinese

To assess genetic relationships between Shandong_H_Jin-
lingnan and present-day Han Chinese and ethnic minor-
ity populations, we performed pairwise qpWave analyses 
(Supplementary Fig.  9; Supplementary Data 17). Signifi-
cant genetic homogeneity (P > 0.01) was observed among 
Shandong_H_Jinlingnan_1, Han_Shanghai, Han_Shan-
dong, and other Han Chinese populations. Outgroup-
f3 statistics (Supplementary Data 18) revealed that 
Shandong_H_Jinlingnan_1 exhibited the greatest genetic 
affinity to Central Chinese Han populations, represented 
by Han_Zhejiang, Han_Shanghai, and Han_Jiangsu, rather 
than to Han_Shandong. Symmetric f4 statistics of the form 
f4(Yoruba, Shandong_H_Jinlingnan_1; Han_i, Han_j) fur-
ther confirmed that Shandong_H_Jinlingnan_1 shared 
more alleles with Central Chinese Han populations than 
with Han_Shandong (Supplementary Data 19). Subsequent 
qpAdm modeling demonstrated that present-day Shandong 
Han Chinese are best characterized as a two-way admix-
ture comprising approximately 95% Shandong_H_Jinling-
nan_1–related ancestry and 4–5% southern Chinese–related 
ancestry, represented by BaBanQinCen (Wang et al. 2021b) 
(Supplementary Fig. 10; Supplementary Data 20).

Discussion

The Yellow River basin is a core region for the origin and 
early development of Chinese civilization. Recent ancient 
genomic studies have revealed that the Middle Yellow River 
Neolithic population (YR_LN) had a profound impact on 
the genetic structure of historical populations throughout the 
Yellow River basin and broader East Asia (Xiong et al. 2024, 
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Ma et al. 2025, Shen et al. 2025, Cooke et al. 2021, Wang 
F et al. 2024, Zhou et al. 2026, Tang et al. 2026, He et al. 
2025, Sun et al. 2025, Li et al. 2024). The Shandong region, 
in particular, has experienced continuous gene flow from the 
Central Plains since the Neolithic (Du et al. 2024; Fang et 
al. 2025). Consequently, historical populations in Shandong 
universally exhibit a high degree of genetic homogeneity 
with those of the Middle Yellow River (Shen et al. 2025, Qiu 
et al. 2026, Wang et al. 2024, Ji et al. 2025), demonstrating 
long-term and stable genetic continuity. Our genomic analy-
sis indicates that YR_LN ancestry is the dominant ancestral 
component within the Jinlingnan group, underscoring the 
population’s primary genetic affinity to the broader Middle 
Yellow River tradition. Although two-way admixture mod-
els suggest a minor Western Eurasian–related component in 
a subset of individuals, the fundamental genomic structure 
of the Jinlingnan population remains closely aligned with 
the Yellow River genetic lineage. This pattern confirms that 
the primary gene pool of inland Shandong was character-
ized by deep genetic continuity, with Yellow River-related 
ancestry serving as a consistent genetic backbone through 
successive historical periods. Thus, the overall genetic pro-
file of Jinlingnan reflects a predominantly Yellow River–
derived population structure with superimposed signals of 
limited external gene flow. This dual pattern, strong affinity 
with Middle Yellow River populations alongside low-level 
Western Eurasian–related ancestry, highlights the demo-
graphic complexity of inland Shandong during the historical 
period. It suggests that long-term regional genetic stability 
coexisted with episodes of interregional interaction.

Previous historical and genomic research indicates that 
trans-Eurasian interactions were not limited to cultural 
exchange but also involved tangible demographic processes 
(Yao et al. 2021; Xue et al. 2025). Historical records docu-
ment the sustained migration of Sogdian and other Cen-
tral Asian groups into North China from the Eastern Han 
through the Northern Dynasties (Liu 2023), with the estab-
lishment of diaspora communities in the Hexi Corridor, the 
Central Plains, and northern frontier regions (Nodirabegim 
2021; Liu 2023). These groups actively participated in trade, 
political administration, and cultural transmission and were 
progressively incorporated into local societies (Nodirabe-
gim 2021; Liu 2023). Genomic studies from northwestern 
China further corroborate these historical accounts (Yao et 
al. 2021). Modern northwestern Han populations have been 
shown to derive predominantly from Yellow River–related 
ancestry (Ning et al. 2020; Wang et al. 2021a; Yang et al. 
2020; Yao et al. 2021), yet consistently harbor a minor but 
detectable Western Eurasian component, dated primarily to 
the historical period and likely associated with intensified 
Silk Road interactions (Loh et al. 2013; Yao et al. 2021). 
Ancient DNA evidence from Xinjiang provides a broader 

temporal framework for such west–east genetic exchanges 
(Xue et al. 2025). From the Bronze Age onward, Xinjiang 
served as a major hub for Eurasian population interaction, 
characterized by recurrent admixture among steppe pas-
toralists, BMAC-related agriculturalists, and East Asian 
groups (Jeong et al. 2020; Frachetti 2013; Xue et al. 2025). 
During the Iron Age and Historical Era, increasing Yellow 
River–related ancestry in Xinjiang populations reflects bidi-
rectional gene flow facilitated by expanding communication 
networks (Yang et al. 2025; Li et al. 2025; Allen et al. 2022). 
Collectively, these studies indicate that low-level Western 
Eurasian–related ancestry observed in inland northern China 
should be interpreted within the broader context of long-
term, spatially heterogeneous trans-Eurasian demographic 
processes rather than as isolated or anomalous events (Yao 
et al. 2021; Xue et al. 2025).

Concurrently, we detected consistent but low-level sig-
nals of Western Eurasian/Central Asian–related ancestry 
within the Jinlingnan population. This component, present 
in seven of the ten individuals, exhibits moderate variation 
in its proportions. The highest levels (~ 11%) are observed 
in several Qing Dynasty individuals (SD-1-20 and SD-2-
3), followed by intermediate levels (~ 5%) in other Qing 
individuals (SD-2-6, SD-2-8, and SD-2-4), while the low-
est proportions (~ 2%) occur in the Song (SD-1-21) and 
Yuan (SD-2-1) individuals. This distribution does not sup-
port a simple model of progressive dilution over time, but 
instead suggests a more complex demographic history. 
Admixture dating using DATES further refines this interpre-
tation. Based on the Shandong_H_Jinlingnan_2_Qing indi-
vidual, the admixture event is estimated to have occurred 
592 ± 101  years prior to the individual’s lifetime, corre-
sponding to a timeframe of AD 1124–1326. This interval 
spans the late Southern Song Dynasty to the Yuan Dynasty, 
indicating that the introduction of Western Eurasian/Cen-
tral Asian–related ancestry likely predates the sampled 
Qing individuals by several centuries. The temporal offset 
between the inferred admixture event and the later individu-
als carrying elevated proportions argues against a recent or 
single-wave gene flow scenario. Instead, it supports a model 
in which earlier admixture is followed by differential reten-
tion or reintroduction of this ancestry component over time. 
Despite this clear autosomal signal, all individuals carry 
exclusively East Asian mitochondrial and Y-chromosomal 
haplogroups. This discordance is consistent with a scenario 
of multi-generational admixture, in which initial exogenous 
gene flow was followed by prolonged integration into a pre-
dominantly East Asian gene pool, leading to the stochastic 
loss of non-local uniparental lineages while retaining low-
level autosomal ancestry.

Although X-chromosome-based qpAdm modeling was 
attempted to evaluate potential sex-biased admixture, the 
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resulting ancestry estimates were unstable and poorly con-
strained, precluding a reliable comparison with autosomal 
results (Supplementary Data 21).

Compared with contemporaneous populations from 
XFLD (3 out of 5 individuals with ~ 3–15% western ances-
try) and Fudamen (2 out of 17 individuals with ~ 5% west-
ern ancestry), the Jinlingnan population shows both a higher 
frequency of individuals carrying Western Eurasian–related 
ancestry (7 out of 10 individuals, with proportions ranging 
from ~ 2% to ~ 11%) and a more pronounced overall genetic 
contribution. (Fig. 4). Following the multidisciplinary ‘tri-
angulation’ approach that integrates genetic, archaeologi-
cal, and historical-linguistic evidence (Robbeets et al. 2021; 
Savelyev and Robbeets 2020), a unified analysis provides 
critical insights into the formation and demographic history 
of the Jinlingnan population. Although located in eastern 
China and not a primary Silk Road center, historical records 
underscore Jinlingnan’s longstanding strategic significance. 
Established during the early Tang Dynasty near crucial 
mountain passes on an east–west route, Jinlingnan served 
as an important transportation nexus, as evidenced by the 
founding of ‘Jinling Post Station’ (金岭驿) and its later 

recognition as ‘Jinling Town’ (金岭镇) in the Five Dynas-
ties period. This tradition of connectivity persisted for cen-
turies. By the late Yuan and early Ming dynasties, Jinlingnan 
had developed into a prominent Hui town (金岭回族镇), 
with residents engaged primarily in commerce and various 
trades. Integrating genetic data reveals the enduring pres-
ence of Western Eurasian/Central Asian-related ancestry in 
the population. Contrary to expectations of gradual dilution 
following a single admixture event, genetic evidence indi-
cates lower levels of Western Eurasian ancestry in Song–
Yuan individuals and higher proportions in Qing dynasty 
individuals. Furthermore, archaeological findings reveal 
distinct differences in mortuary practices between these 
periods. Song–Yuan burials demonstrate full Sinicization, 
with brick-vaulted chambers, south-facing entrances, typical 
Song–Yuan ceramic assemblages (瓷器组合), copper coins 
(铜钱) as grave goods, and irregular multiple interments in 
single chambers, characteristic of secondary burial prac-
tices (二次葬). In contrast, burials from the Qing dynasty, 
including individuals M11 (SD-2-3), M12 (SD-2-4), M14 
(SD-2-6), M15 (SD-2-7), M16 (SD-1-20), and M18 (SD-
2-8), exhibit Islamic mortuary practices (Yang 1999) such 

Fig. 4  Ancestry profile of historical era populations from Hexi Cor-
ridor, Central Plain, and Shandong, inferred by qpAdm-based model-
ling. Each coloured block represents the proportion of ancestry derived 
from a corresponding source in the legend, with error bars represent-
ing ± 1 standard error (SE). Numbers in brackets denote the sample 
size for each group. The Jinlingnan individuals are categorized into 

four subgroups (3–2-3–2) based on their specific levels of Western 
Eurasian/Central Asian-related ancestry: the first group (n = 3) shows 
0% exogenous ancestry; the second (n = 2) exhibits ~ 2% (SD-1–21, 
SD-2–1); the third (n = 3) shows ~ 5% (SD-2–4, SD-2–6, SD-2–8); and 
the fourth (n = 2) displays ~ 11% (SD-1–20, SD-2–3). See also Supple-
mentary Data 13 for further details
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as rectangular pit-cave tombs, absence of grave goods and 
coffins, and westward orientation of the deceased. Genetic 
analysis of these individuals reveals no evidence of recent 
close-kin unions or systematic inbreeding, as indicated by 
the absence of long runs of homozygosity (ROH), whereas 
short ROH segments suggest ancestry from relatively small 
communities. The differences in Western Eurasian ancestry 
and burial practices indicate a complex demographic history 
driven by structured gene flow, repeated migrations, popu-
lation substructure, and random fluctuations in ancestry. 
Rather than reflecting a single episode of admixture in the 
Song–Yuan period, the patterns are consistent with multiple 
episodes of Western Eurasian-related migration and subse-
quent reshuffling, resulting in a heterogeneous distribution 
of ancestry. From a historical-linguistic perspective, the 
evolution of the Hui population involved a gradual lan-
guage shift, with Persian and Arabic originally spoken by 
early Muslim settlers, and Chinese eventually adopted over 
centuries. Even after the transition, the resulting "Huihui 
speech" (回回话) (Ying-sheng 2003) retained a substan-
tial lexical substrate from Persian and Arabic, especially 
in religious, familial, and dietary contexts. This linguistic 
retention echoes the persistence of Western Eurasian ances-
try, reflecting the selective integration of exogenous ele-
ments into local cultural and genetic traditions. Overall, the 
combined genetic, archaeological, and linguistic evidence 
points to Jinlingnan as a significant inland node of trans-
Eurasian interaction, with ongoing and structured integra-
tion processes rather than simple assimilation or isolation. 
The results demonstrate that the biological consequences 
of these long-distance interactions extended well beyond 
the principal Silk Road corridors, deeply influencing local 
populations in strategic inland hubs like Jinlingnan.

We further compared the ancient Jinlingnan popula-
tion with modern Han Chinese groups to investigate local 
genetic continuity. The individuals in the Shandong_H_Jin-
lingnan_1 group show genetic affinity with modern northern 
and central Han Chinese, consistent with the predominant 
local ancestry, suggesting a degree of genetic stability in 
these populations since the historical period. In contrast, 
present-day Shandong Han are best modeled as a mixture 
of a predominant ancestry source related to the Jinlingnan 
population (~ 95%) and a smaller southern Chinese–related 
component (~ 5%). This pattern suggests that the historical 
Shandong gene pool forms a major ancestral substrate for 
contemporary inhabitants. At the same time, subsequent 
north–south population movements also contributed to 
shaping their modern genetic profile.

In conclusion, our study provides a genomic snapshot of 
individuals from the Jinlingnan site, offering an informa-
tive perspective on the genetic landscape of historical inland 
Shandong. While these findings from a single cemetery 

cannot represent the entire regional population, they provide 
direct evidence of individuals with minor exogenous ances-
try within a predominantly Yellow River–related genetic 
background. This site-specific study illustrates a complex 
demographic process involving long-term genetic stability 
from the Central Plains, interspersed with localized signals 
of external genetic contributions. These results contribute 
to our understanding of the fine-scale genetic structure in 
eastern China. However, broader archaeogenomic sam-
pling across more diverse temporal and geographic con-
texts remains necessary to fully characterize the regional 
population dynamics and the formation of the modern Han 
Chinese.

Methods

Archaeological information for Jinlingnan (金岭南)

The specimens for this study were recovered from the Jin-
lingnan cemetery in Zibo City, Shandong Province. In 2023, 
the Shandong Provincial Institute of Cultural Relics and 
Archaeology conducted a rescue excavation, uncovering 18 
tombs. Based on the typological analysis of unearthed arti-
facts, epitaph records, and radiocarbon dating, these tombs 
represent a continuous chronological span from the Tang to 
Qing Dynasties. Among the 16 individuals sampled from 
this site, the majority are associated with the Qing Dynasty, 
while others date to the Qing, Song, and Yuan periods. This 
cohort provides a unique opportunity to examine the genetic 
history of historical populations in the region across several 
centuries. Detailed archaeological information is provided 
in Supplementary Data 1.

Radiocarbon dating

We performed accelerator mass spectrometry (AMS) radio-
carbon dating on collagen extracted from bone and tooth 
samples. Samples were first physically pretreated by ultra-
sonication, grinding, and sieving to obtain a 0.5–1  mm 
fraction. Subsequently, we purified the collagen using a 
standard acid–base-acid (ABA) protocol (0.5 M HCl, 0.1–
0.2 M NaOH, then 0.5 M HCl). The extracted collagen was 
then gelatinized (pH 3, 70  °C, 20 h), filtered, and freeze-
dried. Quality control was essential; only collagen meet-
ing strict criteria (yield > 1%; atomic C: N ratio of 2.9–3.5) 
was selected for dating (van Klinken 1999). The qualified 
collagen was combusted to CO₂, which was then purified 
and graphitized. These graphite samples were analyzed at 
the Guangzhou Institute of Geochemistry (Chinese Acad-
emy of Sciences) on a 0.5 MeV NEC compact AMS (Zhu et 
al. 2015). Finally, we calibrated the resulting conventional 
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radiocarbon ages against the IntCal20 curve (Knapp et al. 
2011) in OxCal (Ramsey and Lee 2013) to obtain calendar 
dates.

Ancient DNA extraction and sequencing

A total of 16 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 (Knapp et al. 
2012; Llamas et al. 2017; Zhu et al. 2024a, b). We utilized 
75% ethanol and 10% sodium hypochlorite (NaClO) to 
eliminate external contaminants. After surface 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 μl 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 fragments. We prepared double-stranded 
libraries using the NEBNext® Ultra™ II DNA Library Prep 
Kit, paired with in-house designed sticky-end adaptors. We 
then sequenced the libraries on the DNBSEQ-T7 platform.

DNA sequence data processing

Using AdapterRemoval (version 2.3.0) (Schubert et al. 
2016), we removed adaptors from both read pairs, trimmed 
bases at 5’/3’ termini with quality scores ≤ 20 and ambigu-
ous bases (N) (–trimns –trimqualities –minquality 20), col-
lapsed 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 modules 
in the Burrows-Wheeler Aligner (BWA) programme (ver-
sion 0.7.17-r1188)(Li and Durbin 2010), with parameters 
‘-l 1024’ (seeding disabled) and ‘-n 0.01’ (additional mis-
matches allowed). BAM files were sorted and indexed using 
Samtools (version 1.21) (Li et al. 2009) before being used 
to remove PCR duplicates using dedup (version v0.12.5) 
(Peltzer et al. 2016). BAM data were filtered with Samtools 
(version 1.21) (Li et al. 2009) with a minimum Phred-scaled 
mapping quality score of 30.

Data quality control

We used a variety of methods to assess the authenticity of 
the ancient DNA. First, we used mapDamage (version 2.0.8) 
(Ginolhac et al. 2011) to compute the postmortem damage 
pattern. We determined if each library had > 10% C-to-T 
misincorporations at 5’ termini and > 10% G-to-A misincor-
porations 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 (Renaud et al. 
2015) and the contaminant database developed for Eurasian 
samples from share/schmutzi/alleleFreqMT/eurasian/freqs; 
and (2) we followed the pipeline posted in ​h​t​t​​p​s​:​/​​/​g​i​​t​h​u​​b​.​
c​​o​m​/​​m​n​i​e​​v​e​​s​c​/​​A​n​c​i​​e​n​t​​_​m​t​​D​N​A​_​P​i​p​e​l​i​n​e​/​b​l​o​b​/​m​a​s​t​e​r​/​M​
T​_​D​a​t​a​A​n​a​l​y​s​i​s​_​P​i​p​e​l​i​n​e​.​s​h​​​​ to conduct contamMix (Fu et 
al. 2013)-related analysis. The X-chromosomal contamina-
tion rate was calculated for males using the contamination 
module in ANGSD software (version 0.931) (Korneliussen 
et al. 2014). We used the HapMap resources for CHB (Han 
Chinese in Beijing) and the ANGSD software to identify 
X-chromosomal polymorphic sites. We focused our inves-
tigation on the non-recombining part of the X chromosome 
(X:5,000,000–154,900,000). The library was treated as 
contaminated when mtDNA contamination exceeded 5%, 
except when nuclear DNA contamination was < 5% on the 
X chromosome in males.

Biological sex determination

An individual with one X chromosome and one Y chromo-
some was designated as “male,” whereas an individual with 
two X chromosomes was designated as “female.” Rx and 
Ry statistics (Mittnik et al. 2016; de Flamingh et al. 2020) 
were computed to estimate the biological sex of the samples 
from shotgun data.

Genotyping

We used the trimBam module in BamUtil (version 1.0.14) 
(Jun et al. 2015) to mask 8 bp from both ends to reduce bias 
caused by ancient DNA deamination. We randomly selected 
one high-quality base (–q 30 and –Q 30) as a pseudo-hap-
loid using pileupcaller ​(​​​h​t​​t​p​s​​:​/​/​g​​i​t​​h​u​b​.​c​o​m​/​s​t​s​c​h​i​f​f​/​s​e​q​u​e​n​c​
e​T​o​o​l​s​​​​​)​.​​

Estimation of genetic relatedness

We first applied PLINK software (version 1.9) to exclude 
non-polymorphic and low-frequency variants (–maf 0.01). 
We then applied the default parameters of the READv2 soft-
ware (Alacamli et al. 2024) to estimate the biological relat-
edness between each pair of Jinlingnan individuals.

Uniparental haplogroup assignment

We produced mitochondrial consensus sequences of qual-
ity ≥ 20 using the log2fasta tool in Schmutzi software 
(Renaud et al. 2015). Y-chromosomal and mitochondrial 
haplogroups were assigned by Yleaf (version 3.2.1) (Ralf et 

https://github.com/mnievesc/Ancient_mtDNA_Pipeline/blob/master/MT_DataAnalysis_Pipeline.sh
https://github.com/mnievesc/Ancient_mtDNA_Pipeline/blob/master/MT_DataAnalysis_Pipeline.sh
https://github.com/mnievesc/Ancient_mtDNA_Pipeline/blob/master/MT_DataAnalysis_Pipeline.sh
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
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al. 2018) with “–reference_genome hg19 -r 1 -aDNA -old” 
option, haploGrouper (Jagadeesan et al. 2021) and Hap-
logrep (version 3) software (Weissensteiner et al. 2016), 
respectively. Here we describe the manual check for the Y 
chromosomal haplogroup assignment for 3 males:

	● Individual SD-1–22 was assigned to haplogroup O2a-
1b1a1a based on the presence of the derived allele at 
O-CTS12658, with ancestral alleles observed at down-
stream markers F18858, FGC66019, F592, MF7954, 
F723, FGC60777, and MF7064, as determined by Yleaf 
analysis. This result indicates classification within the 
O-CTS12658 lineage but not in any of the tested down-
stream subclades.

	● Individual SD-2–6 was assigned to haplogroup 
O1a1a1a1a1a1a1 based on the presence of the derived 
allele at O-A12440, with ancestral alleles observed at 
downstream markers F18460, ACT1077, ACT5224, 
ACT6715, MF20192, Y156896, MF6062, MF6065, 
MF6481, and MF20371, as determined by Yleaf anal-
ysis. This result indicates classification within the 
O-A12440 lineage but not in any of the tested down-
stream subclades.

	● Individual SD-2–7 was assigned to haplogroup O1 
based on the presence of the derived allele at O-F75, 
with ancestral alleles observed at downstream markers 
MF6409, Y137081, Y146786, MF19965, ACT1103, 
Z23437, K644, F3288, F4233, CTS1456, and F2315, as 
determined by Yleaf analysis. This result indicates clas-
sification within the O-F75 lineage but not in any of the 
tested downstream subclades.

Data merging

We merged Jinlingnan samples with published genome-
wide SNP data of present-day and ancient Eurasians using 
the mergeit function in EIGENSOFT software (Patterson 
et al. 2012). The information on co-analysed ancient and 
modern genomes is listed in Supplementary Data 3 and 
4. Two datasets were used in our analysis: (1) We merged 
Fudamen data with the 1240 k dataset curated by The Allen 
Ancient DNA Resource (AADR) (Mallick et al. 2024), 
which covered ancient DNA data with maximum SNP 
sites (1,135,618). (2) We merged Fudamen data with the 
Human Origin (HO) dataset curated by The Allen Ancient 
DNA Resource (AADR) (Mallick et al. 2024), which cov-
ered ancient DNA data with overlapped SNP sites between 
1240 k and the HO SNP panel (593,120), as well as present-
day Eurasians genotyped on the HO SNP chip.

Principal components analysis (PCA)

We ran PCA on the HO dataset using the smartpca (version 
18140) algorithm in EIGENSOFT software (Patterson et 
al. 2012) with the options “lsqproject: YES”, “numoutlier-
iter:0”, and “shrinkmode: YES”. We employed the “lsqpro-
ject: YES” option to project all ancient genomes onto the PC 
spaces calculated with the modern genomes.

Unsupervised ADMIXTURE

We pruned the strong linkage disequilibrium using PLINK 
software (version 1.9) (Purcell et al. 2007) with option “–
indep-pairwise 200 25 0.4” on the merge Human Origin 
dataset. We ran the unsupervised ADMIXTURE using the 
ADMIXTURE software v1.3.0 (Alexander et al. 2009) with 
default parameters, setting K to range from 2 to 10.

F statistics

We applied qp3pop (version 420) from the ADMIXTOOLS 
software (Patterson et al. 2012) with the option “inbred: 
YES” To calculate Outgroup-f3 in the form of f3(A, B; 
Yoruba). We used qpDstat (version 751) from the ADMIX-
TOOLS software44 with the option “f4mode: YES” to 
calculate f4 statistics in the form of f4 (Yoruba, A; B, C). 
Standard error (Std.err) was calculated using 5  cM block 
jackknifing as implemented in the ADMIXTOOLS software 
(Patterson et al. 2012).

Admixture modelling using qpAdm

We modelled our genomes as an admixture of two source 
populations and estimated the proportions of ancestry using 
qpAdm (version 810) in ADMIXTOOLS software (Patter-
son et al. 2012), with settings “details: YES” and “allsnps: 
YES”. We chose the following populations as the base 
outgroups: Mbuti.DG, Russia_MA1_HG.SG, Tianyuan, 
Mongolia_N_East, Russia_EHG, Dushan, Taiwan_Han-
ben, Lubrak. All the conditions listed below should be sat-
isfied: (1) Coefficient > 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) (Chinta-
lapati, Patterson, and Moorjani 2022) under a single-pulse 
admixture model to date the admixture in a single ancient 
genome. We used the following parameters: “binsize: 
0.001”, “maxdis: 1”, “runmode: 1”, “mincunt: 1”, and 
“lovaifit: 0.45”. We assumed 29 years per generation44.
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Runs of homozygosity

ROH refers to segments of the genome where the two chro-
mosomes in an individual are identical to each other owing 
to recent common ancestry. Therefore, the presence of long 
ROH segments strongly suggests that an individual’s par-
ents are related. We applied the hapROH method using the 
Python library hapROH (Ringbauer et al. 2021) with default 
parameters. The method was developed to identify ROH 
from low-coverage genotype data typical of ancient DNA 
and remains robust enough to identify ROH for individuals 
with coverage as low as 0.5 × . We reported the total sum 
of ROH longer than 4, 8, 12 and 20 cM and visualized the 
results using Datagraph.

Statistics and reproducibility

Modern human contamination rates were estimated at < 1% 
using ContamMix and ANGSD. Detailed information on 
the statistical analyses carried out as described in the ‘Meth-
ods’ section. All analyses can be reproduced by accessing 
the associated data linked in the Data availability statement.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​​​​p​​s​:​​/​​/​d​​o​i​​.​​o​​r​g​/​​1​0​.​1​0​0​7​/​s​0​0​4​3​9​-​0​
2​6​-​0​2​8​6​4​-​z​​​​​.​​
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