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SUMMARY
The population history of the northern coastal Chinese is largely unknown due to the lack of ancient human
genomes from the Neolithic to historical periods. In this study, we reported 14 newly generated ancient ge-
nomes from Linzi, one of China’s densely populated and economically prosperous cities from the Zhou to
Han Dynasties. The ancient samples in this study were dated to the Warring States period to the Eastern
Han Dynasty (�2,000 BP). We found the samples derived all their ancestry from Late Bronze Age to Iron
AgeMiddle Yellow River farmers rather than local Neolithic populations. They were genetically homogeneous
with present-day Han Chinese of Shandong, suggesting 2,000 years of genetic stability. Our results highlight
the role of the eastward migration of Yellow River farmers in the Central Plain to northern coastal China in
forming the present-day genetic structure of Han Chinese.
INTRODUCTION

The Han Chinese population, with around 1.3 billion descen-

dants, is the largest ethnic group in the world and could be

roughly characterized by linguistic and genetic clines through

different mixture proportions of ancient Yellow River farmers

and ancient southern populations.1–5 This suggests that the

expansion of ancient Yellow River farmers, particularly the

Middle Yellow River farmers, significantly shaped the modern

Han Chinese population. Previous paleo-genomic studies

have shown evidence of the spread of agricultural populations

from the Middle Yellow River Basin, accompanied by millet

farming, into various regions of China. This includes southern

areas like the Yangtze River,6 western areas, such as the Hexi

Corridor,7 and northern regions like the West Liao River Ba-
iScience 27, 111405, Decem
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sin.3 However, the extent of the contribution of Middle Yellow

River farmers to the eastern coastal areas in China remains

unknown.

Despite this, archaeological studies have provided valuable

insights into the interaction between the Middle Yellow River

Basin and eastern coastal regions or Lower Yellow River Ba-

sin. Lower Yellow River Basin is home to the Houli culture

(8,500–7,500 BP), Beixin culture (7,000–6,100 BP), Dawenkou

culture (6,000–4,000 BP), and Longshan culture (4,600–4,000

BP). Since the early Yangshao culture in the Middle Yellow

River Basin, cultural exchanges between the Central Plains

and the northern coastal region have gradually deepened

with mutual influences.8 The decorative style of faience of

the early Dawenkou culture was influenced by Yangshao cul-

ture, and the artifacts and tooth extraction unearthed in the
ber 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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late Yangshao tombs also clearly show the huge influence of

Dawenkou culture.8,9 Tooth extraction refers to the artificial

removal of the alveolus of healthy permanent teeth in specific

positions during growth. After extraction, the alveolus heals

over time, resulting in slight shrinkage at the edges and a nar-

rowing of the space between neighboring teeth. This custom

of dental extraction originated in Beixin culture, flourished dur-

ing the Dawenkou culture, and declined in Longshan culture,

serving as an important symbol of the inhabitants of the Haidai

area, particularly in Dawenkou culture.10 In addition, archaeo-

logical evidence indicated interactions between the Yueshi

culture in the Lower Yellow River Basin and the Erlitou cultures

in the Middle Yellow River Basin in the Early Bronze Age.11

However, due to the scarcity of ancient genomes from various

periods in these regions, whether such cultural transmission

was accompanied by population migration and turnover re-

mains ambiguous.

Shandong, situated in the northern coastal area of China, holds

significant importance as a territory within the Lower YellowRiver

Basinwith a largepopulation.Widely regardedasoneof thebirth-

places of ancient Chinese civilization,12 Shandong has historical-

ly been a center of multiculturalism. Exploring the genetic struc-

ture of the people in Shandong is crucial for understanding the

population history of ancient people in the northern coastal areas.

Previous studies have revealed a close connection in maternal

lineages between the populations in Shandong during the Long-

shan period and the Yangshao population in Henan.13 Addition-

ally, recently published genomes from the historical Shandong

population, dating from the Warring States period to the Jin-

Yuan Dynasties, are suggested to have descended from Late

Bronze Age to Iron AgeMiddle Yellow River farmers.14 However,

further contemporary ancient Shandong samples are needed to

confirm whether a broader movement from the central plain to

northern coastal China occurred between the early Neolithic

and the Historical Area or only outliers.

Here, we collected hundreds of human samples from ancient

Linzi city of Shandong province from theWarring States period to

the Eastern HanDynasty (475BC to AD 221) to fill this gap. As the

capital of Qi, Linzi was densely populated and economically

prosperous,15 earning it the nickname ‘‘the Ancient Rome of

the East.’’ Significant population movements have resulted in a

high degree of demographic diversity in Linzi. We performed

shotgun sequencing for 53 individuals, yielding 14 high-quality

unrelated ancient genomes, increasing the temporal coverage

in northern coastal China from around 9,700–7,800 BP in previ-

ous study to around 2,000 BP in our newly reported study.16

These data, combinedwith other studies reporting Asianmodern

and ancient population data,17 were used to achieve three objec-

tives: (1) to construct the genetic structure of northern coastal

Chinese in the Historical era; (2) to investigate when and which

populations contribute to population turnover in northern coastal

China; (3) to shed light on the evolutionary trajectory for northern

coastal Chinese from Early Neolithic to Historical era and finally

to present. Our results demonstrated that the genetic structure

of modern northern coastal people was formed at least at

2,000 BP by the eastward migration of ancient Yellow River

farmers who replaced the Early Neolithic Shandong people. After

this structure was formed, it retained continuity and stability.
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RESULTS

We performed shotgun sequencing for 53 individuals from Qin-

glanfu cemetery in Linzi, Shandong province (Data S1). We

considered samples to fail filter thresholds: (1) if they did not

have ancient DNA damage signatures (C to T substitution, less

than 0.06); (2) if they had fewer than 30,000 targeted SNPs

covered; (3) if they had ambiguous sex assignment; (4) if they

showed evidence of contamination (the level of contamination

greater than 0.03); (5) if they showed close relatives within sec-

ond degrees among the samples. Of these 53 libraries, 14 unre-

lated samples passed our analysis filters (31,681–874,497

SNPs) (Data S1; Figure S1). The 14 samples fromQinglanfu cem-

etery showed genetic homogeneity with each other, deriving

ancestry from a single source in pairwise-qpWave analysis (Fig-

ure S2). Therefore, we combined these samples into a single

population for subsequent population genetic analysis, named

China_Shandong_Qinglanfu_Historic.

Ancient genome profile for Shandong province in the
historical era
The mitochondrial DNA (mtDNA) haplogroups of Qinglanfu

samples were the ones prevalent in northern East Asia,

including C, D4, D5, and Z, along with those dominant in

East and Southeast Asia, such as M7, M10, and M11.18

Notably, haplogroup D exhibited consistently high frequencies

in Neolithic Shandong individuals dating back to before 4,600

BP, whereas haplogroups M7, C, and Z were evident in sam-

ples within 4,600 BP.19 These findings suggest significant pop-

ulation movements and interactions within Shandong during

historical epochs, underscoring the complex demographic dy-

namics of the region. The prevalent Y chromosome hap-

logroups of Qinglanfu samples were O1b1 and O2a2. O1b1 ex-

hibits a higher frequency in the eastern coastal provinces and

northern areas of China, whereas O2a2 is primarily found

among the Han Chinese and certain populations in northern

East Asia. These haplogroups have been identified in ancient

populations of northern China, particularly those inhabiting

the Middle and Upper Yellow River Basin,3 emphasizing the

paternal connections between the Shandong population and

ancient populations of the Yellow River Basin.

To better understand the genetic structure of historical Shan-

dong individuals, we then performed principal-component anal-

ysis (PCA) based on genome-wide SNP information that

included ancient and present-day East Asian groups. All the Qin-

glanfu samples clustered tightly together and were projected

into the genetic gradient of modern northern Han populations

(including Shandong, Henan, and Shanxi) as well as overlapped

with the ancient Middle Yellow River populations in the Central

Plain (China_YR_LN and China_YR_LBIA) (Figures 1A and 1B).

In addition, we found that Early Neolithic Shandong individuals

were distant from the genetic gradient of present-day Han pop-

ulations and more closely related to Northeast Asians in the PCA

plot (Figure 1A) compared to historical Shandong individuals.

Likewise, the results of the unsupervised ADMIXTURE analysis

were consistent with those observations in the PCA plot. The

Qinglanfu population was mainly composed of four ancestral

components with a dark green component maximized in ancient



Figure 1. Genetic structure of the newly sampled Shandong individuals in the Historical era

(A) Principal-component analysis (PCA) of modern East Asian individuals and projection of ancient East Asian individuals onto the PCA plot. Dark colors indicate

ancient populations, and light colors indicate modern populations. Red triangles indicate our historical Shandong samples.

(B) Interception of the detailed overlapped information among historical Shandong samples, modern Han populations, and Yellow River farmers related to

Figure 1A.

(C) ADMIXTURE analysis for ‘‘HO’’ datasets among multiple populations, including East Asia, Southeast Asia, Northeast Asia, and Europe populations with K = 8

ancestral components (we performed this analysis for 1,933 individuals; in order to better visualize, we only present part populations here).
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Figure 2. Qualitative relationship analysis between historical Shandong population and Yellow River populations

(A) Outgroup-f3 test to calculate the relationship between China_Shandong_Qinglanfu_Historic and all ancient populations around the world from the ‘‘1240K’’

database in the form of f3 (China_Shandong_Qinglanfu_Historic, all ancient populations from ‘‘1240K’’ database;Mbuti). The top 15 populationswith the largest f3
values are shown here. Data are represented as f3 values +/� standard errors.

(B) qpAdmmodels to estimate the genetic composition of China_Shandong_Qinglanfu_Historic ancestry based on the ‘‘1240K’’ database. Data are represented

as ratios +/� standard errors.
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southern Chinese populations, an orange component maxi-

mized in highland Asian populations, a red component maxi-

mized in Northeast Asian populations, and a blue component

maximized in Japanese populations (Figures 1C and S3). The

composition proportions of the historical Shandong population

were similar to those of ancient Central Plain populations and

modern northern Han populations. In contrast, Early Neolithic

Shandong individuals had a higher proportion of Northeast Asian

components. The PCA and ADMIXTURE results suggested a

population turnover in northern coastal China from the Early

Neolithic to the Historical era.

Central plain farmers promote population turnover in
Shandong
As previously mentioned, population turnover might have

occurred in Shandong province. Next, we want to explore

which populations contribute to this process. Outgroup-f3 sta-

tistics, using all ancient populations worldwide, support the

close genetic affinity among the historical Shandong and Mid-

dle Yellow River populations in the Central Plain, especially for

China_YR_LN and China_YR_LBIA (Figure 2A). Furthermore,

the results of f4 (Mbuti, worldwide populations; Qinglanfu, Mid-

dle Yellow River populations) statistics also showed a closer

relationship between the historical Shandong population and

post-Late Neolithic Middle Yellow River populations, as re-

flected by nearly all populations contributing non-significant

Z values (�3< Z < 3) (Data S2). However, negative results

for f4 (Mbuti, southern Chinese populations; Qinglanfu,

China_YR_MN) indicated that the historical Shandong popula-

tion shared more alleles with the southern East Asians than

the Middle Neolithic Middle Yellow River population. Further,

we also conducted f4 (Mbuti, worldwide populations; Qinglanfu,

China_NEastAsia_Coastal_EN) statistics to quantitatively test

the relationship between these two populations. We found

Early Neolithic Shandong individuals harbored significantly

more Northeast Asian components as reflected by positive Z

values (Z > 3), whereas historical Shandong individuals
4 iScience 27, 111405, December 20, 2024
harbored significantly more southern Asian components as re-

flected by negative Z values (Z < �3) (Data S2).

We have two hypotheses to explain the formation of the

observed genetic profiles in Qinglanfu samples: one is they

were the descendants of a local Early Neolithic population with

additional gene flow from southern populations or from Upper

to Middle Yellow River populations and the other is that they

were replaced by populations from the Central Plain.

We first used the pairwise-qpWave method to formally test

whether the historical Shandong population and Yellow

River farmers were genetically homogeneous and might be

derived from one single genetic source (Figure S3). The results

demonstrated nearly genetic homogeneity among Qinglanfu,

China_YR_LN, and China_YR_LBIA (p value >0.05), but not be-

tween Qinglanfu and China_YR_MN nor between Qinglanfu

and China_NEastAsia_Coastal_EN, which was consistent with

previous f4 results (Data S2). Moreover, we also found Qinglanfu,

China_YR_LN, and China_YR_LBIA were consistent with being a

clade according to the qpWave (Rank 0: p value >0.05, Data

S3A). Therefore, we added southern East Asian populations as

additional sources to build mixture models to account for the ge-

netic composition of Qinglanfu samples. We found one-way

models of using China_YR_LBIA or China_YR_LN as a single

source that fit well to explain the genetic variations of Qinglanfu.

Although, additional southern East Asian genetic components

(�2.4%–7.0%) together with China_YR_LN as two sources

could also be accepted in modeling the formation of Qinglanfu.

However, the models with southern populations and

China_YR_LBIA as two sources failed since Qinglanfu did not

needmore southern ancestry compared to China_YR_LBIA (Fig-

ure 2B; Data S3). As for the acceptedmodels with China_YR_MN

as one source, Qinglanfu samples were suggested to have more

southern East Asian genetic components (�10%) (Data S3),

which is similar to the composition ratios of modeling

China_YR_LBIA and China_YR_LN using China_YR_MN and

southern populations,7 suggesting an increase of the southern

ancestry through time in the Yellow River Basin.



Figure 3. Qualitative relationship analysis between historical Shandong population and present-day Han populations

(A) Pairwise-qpWave analysis between China_Shandong_Qinglanfu_Historic and modern Han populations, using the ‘‘HO’’ database. ‘‘+’’ indicates not signif-

icant difference (p values >0.05).

(B) qpAdmmodeling of ancestry related to China_Shandong_Qinglanfu_Historic and China SEastAsia_Coastal_LN in modern Han populations. The red asterisk

indicates our newly reported ancient population. * indicates p values between 0.02 and 0.05. Made with Natural Earth. Free vector and raster map data @

naturalearthdata.com.
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Furthermore, we co-analyzed the Qinglanfu population with

Shandong_HE to determine if the genetic turnover in Shandong

was a single outlier result for the Qinglanfu population. Our ana-

lyses showed that the two historical Shandong populations were

genetically homogeneous, and both descended from the Late

Bronze Age to the Iron Age of Middle Yellow River farmers (Fig-

ure S5 and Data S8A). In qpAdm analysis, one-waymodels using

Shandong_HE as a single source fittedwell to explain the genetic

variations of Qinglanfu (Data S8B).

Finally, we tested if Qinglanfu samples could bemodeled as an

admixture of local Early Neolithic hunter-gatherers and southern

populations or Upper to Middle Yellow River populations. How-

ever, we have not found any fitting model by trying all the avail-

able pairs of assigning local Early Neolithic hunter-gatherers and

southern populations or other YR-related populations as sour-

ces (Data S5 and Data S6). These results suggested a higher

probability (p values >0.05 for qpAdm and qpWave results;

Figures 2B and 3A) that these historical Shandong people were

migrants from the Middle Yellow River after the Middle Neolithic

as opposed to descendants of the local Early Neolithic popula-

tion with the additional gene flow from southern China and other

YR-related populations.

Genetic relationship between Qinglanfu and modern
Han Chinese populations
In the PCA plot, modern northern Han Chinese populations were

located more closely to Qinglanfu than Middle Yellow River pop-

ulations (Figure 1A). To quantitatively test the relationship
between Qinglanfu and modern Han Chinese populations, we

conducted f4 statistics (Mbuti, 14 modern Han Chinese popula-

tions; Middle Yellow River populations, Qinglanfu) and found

14 Han Chinese populations could produce positive Z values

compared to China_YR_MN (2.503–3.826, average: 3.00),

China_YR_LN (1.044–2.255, average: 1.66), or China_YR_LBIA

(0.312–2.047, average: 1.34) (Data S4A). These results sug-

gested a higher genetic affinity between the historical Shandong

samples and present-day Han Chinese populations. Therefore,

we want to model modern Han populations using Qinglanfu as

a proxy for ancestry sources.

We first performed pairwise-qpWave for all modern Han

populations based on the ‘‘HO’’ database. We detected ge-

netic homogeneity among historical Shandong populations

(Qinglanfu and Shandong_HE) and Han Chinese in Shandong,

Henan, and Shanxi (Rank 0: p value >0.05; Figures 3A and S5).

Moreover, we also found these populations were consistent

in deriving from a single source (Rank 0: p value >0.05; Data

S4B and S8A). These results suggested genetic stability

across northern Han populations since the Historical era

despite experiencing frequent regime changes.20,21 Finally,

we formally modeled modern Han populations based on the

qpAdm. Apart from the fact that Han populations from Shan-

dong, Henan, and Shanxi could be adequately modeled as

direct descendants of Qinglanfu, other Han populations could

be modeled as deriving 56.1%–87.9% of ancestry from Qin-

glanfu samples, with the remaining from southern Chinese

(Figure 3B; Data S4C).
iScience 27, 111405, December 20, 2024 5
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Considering the robustness of our results, we also performed

repeated analysis based on various outgroups (Data S3B

and S3C) and based on the subset of bias-insensitive SNPs22

(Data S7). All these new results were consistent with previous

findings, including that Qinglanfu, China_YR_LN, and China_

YR_LBIA were consistent with being a clade according to the

qpWave (Rank 0: p value >0.05, Data S3A) and one-way

models of using China_YR_LBIA or China_YR_LN as a single

source fit well to explain the genetic variations of Qinglanfu

(Data S3B).

DISCUSSION

The genetic composition ofmodern Han Chinese populations re-

sults from varying mixture proportions of ancient northern and

southern populations, with the divide between these groups

(ancient northern and southern populations) established by at

least the end of the Last Glacial Maximum.1–3,16,23 Although

the genetic characteristics of Early Neolithic Shandong individ-

uals were close to northern Chinese, more Northeast-Asian-

related ancestry of these individuals cannot explain the genetic

characteristics of present-day Han_Shandong individuals

(Data S2). Previous studies found that maternal genetic structure

increased diversity from the Neolithic to the Historical era based

on the ancient mitochondrial genomes in Shandong, which sug-

gested enhanced communication between Shandong and

neighboring areas.19 However, these studies could not solve

the problem of which and when populations contributed to the

formation of present-day northern coastal Chinese.

In this study, we reported 14 newly generated ancient ge-

nomes of northern coastal Chinese in the Historical era from

Shandong Linzi. As the capital of Qi, Linzi experienced significant

population movement and a high degree of demographic diver-

sity, which could serve as a suitable region for studying popula-

tion dynamics and interactions in cities.15 We found these ge-

nomes were genetically homogeneous with modern Shandong

individuals, deriving from a single source related to Central Plain

farmers (Figure 3A; Data S4B), which suggested the present-day

genetic profiles of northern coastal Chinese were formed at least

at 2,000 BP and continued to maintain stability during the histor-

ical times.20,21 We deduce that the genetic stability of northern

Han populations might be associated with specific sociocultural

contexts in China, such as a continuous cultural inheritance of

thousands of years. Recent studies on the evolution of Chinese

dialects have found that northern China shares an identical lin-

guistic composition.4,5 Although the limited samples from only

one Qinglanfu population in our study do not rule out all potential

circumstances—including its non-local nature or atypical Shan-

dong ancestry—the additional ancient genomes from another

Shandong cemetery14 are genetically homogeneous with the

Qinglanfu population, and both descended from Late Bronze

Age to Iron Age Middle Yellow River farmers, suggesting a

broader movement from the central plain to northern coastal

China.

Previous ancient genomic studies have shown that Yellow

River farmers spread to the west of China, the south of China,

and the north of China to promote local population changes:

from the Central Plains to the west to replace the Hexi Corridor
6 iScience 27, 111405, December 20, 2024
populations in Historical era, as historical Hexi Corridor popula-

tions were genetically nearly identical to China_YR_LN and

China_YR_LBIA7; from the Central Plains to the south to Yangtze

River to form local Late Neolithic farmers6; from the Central

Plains to the north to admix with Mongolian or promote farming

inWest Liao River basins.3,20 Our results pointed to the eastward

migration of ancient Yellow River farmers to northern coastal

China to replace local Early Neolithic individuals. Taken together,

we suggested Yellow River farmers spread rapidly from the Cen-

tral Plains in all directions, replacing or admixing with local pop-

ulations to form the main body of Han Chinese.
Limitations of the study
Although this study makes some progress in understanding the

population history of Shandong province, the detailed popula-

tion evolutionary trajectory in northern coastal China is far from

clear. There were wide temporal and geographical gaps be-

tween available genomes, which currently limit our ability to

describe the fine-scale genetic structure of the ancient popula-

tions in the Central Plain and northern coastal China. We can

construct a more comprehensive picture of the population his-

tory of China as more ancient Chinese genomes are published

in the future.
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Genotype data Reich Lab website https://reich.hms.harvard.edu/allen-ancient-dna-

resource-aadr-downloadable-genotypes-

present-day-and-ancient-dna-data.

Software and algorithms

AdapterRemoval v2.3.3 Schubert et al.24 https://github.com/MikkelSchubert/

adapterremoval; RRID:SCR_011834
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REAGENT or RESOURCE SOURCE IDENTIFIER

BWA v0.7.17 Li et al.25 https://bio-bwa.sourceforge.net/;

RRID:SCR_010910

SAMtools v1.18 Li et al.26 http://samtools.sourceforge.net;

RRID:SCR_002105

bamUtil v1.0.15 Jun et al.27 https://github.com/statgen/bamUtil

DeDup v0.12.8 Peltzer et al.28 https://github.com/apeltzer/DeDup

pileupCaller https://github.com/stschiff/

sequenceTools

https://github.com/stschiff/sequenceTools

PMDtools v0.60 Skoglund et al.29 https://github.com/pontussk/PMDtools

mapDamage v2.2.1 Jónsson et al.30 https://ginolhac.github.io/mapDamage/;

RRID:SCR_001240

Schmutzi Renaud et al.31 https://github.com/grenaud/schmutzi

ANGSD v0.940 Korneliussen et al.32 http://www.popgen.dk/angsd/index.php/

ANGSD; RRID:SCR_021865

HaploGrep2 v2.4.028 Weissensteiner et al.33 https://haplogrep.uibk.ac.at/index.html

Yhaplo v1.1.2 Poznik et al.34 https://github.com/23andMe/yhaplo

EIGENSOFT Patterson et al.35 https://github.com/DReichLab/EIG;

RRID:SCR_004965

ADMIXTURE v1.3.0 Alexander et al.36 https://dalexander.github.io/admixture/

download.html; RRID: SCR_001263

ADMIXTOOLS (qp3Pop, qpDstat, qpWave, qpAdm) Patterson et al.37 https://github.com/DReichLab/

AdmixTools/; RRID:SCR_018495
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Archaeological information
Located in the middle of Shandong province, Linzi was established around 859 BC and was known as the capital city of the Qi State

for more than 600 years. Since the lateWestern ZhouDynasty, Linzi has become the largest craft and commercial center in China and

has become one of the most prosperous Chinese cities by theWarring States period. During the Han Dynasty, along with population

growth, the city’s economy developed rapidly, leaving abundant cultural relics.15

Since the 1970s, over 30,000 tombs of the Han Dynasty have been excavated in Linzi. The large and medium-sized aristo-

cratic tombs have intricate structures, but the majority of tombs are smaller in size and are spread out over a wide area. These

small tombs, which display typical features of northern Shandong, are crucial to studying the Han Dynasty population in Linzi

and surrounding areas. Numerous human skeletons excavated from Han tombs provide valuable historical insights into the Linzi

population during the Han Dynasty. Nevertheless, there has been limited scholarly investigation into the human skeletal remains

from these cemeteries in Linzi. The human skeletons in this study were excavated from the Qinglanfu Cemetery in Qidu Town,

the eastern region of Linzi and the southern area of the ancient Linzi city of Qi. Since 2021, Shandong Provincial Institution of

Cultural Relics and Archaeology has carried out an archaeological excavation in the cemetery, with the main period of the skel-

etons extending from the Warring States period to the Eastern Han Dynasty. Most tombs during the Warring States period

were small, while the tombs in the Han Dynasty contained both small and medium-sized structures. The excavation area in

2022 covered approximately 25,000 square meters and is still ongoing, with a total of about 500 tombs to be excavated.

The cemetery excavation is of great significance in exploring the genetic history of the population in Shandong during the His-

torical era.

Ethics statement
The research protocol was approved by theMedical Ethics Committee of Xiamen University. The provincial archaeology institute that

managed the samples also approved the use of archaeological materials.

METHOD DETAILS

Sampling, extraction of ancient DNA and library preparation
This study collected human skeletal remains from the Qinglanfu site. All samples were processed in the dedicated ancient DNA

clean room at the Institute of Anthropology, Xiamen University, following established precautions for working with ancient human

DNA.38 The human skeletal remains were first cleaned with 75% ethanol, and the surface was cleaned using a drill bit. Next, the
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samples were washed with 10% NaCIO and exposed to ultraviolet light for 30 min. We collected 80–200 mg of bone powder by

drilling deep into the petrous part of the temporal bone. After adding 1 mL of 0.5 mM EDTA and 0.25 mg/mL Proteinase K to the

bone powder, the mixture was agitated at 300 rpm and incubated overnight at 37�C for lysis. After centrifugation, the precipitate

was discarded, and 12.5 mL of binding buffer was added to the supernatant. The binding buffer contains 5 M guanidine hydro-

chloride, 40% isopropanol, 25 mM sodium acetate, and 0.05% Tween-20 (Sigma Aldrich, Germany) at pH 5.5. Then, we purified

samples using the MinElute kit (Qiagen, Germany) and eluted DNA extract by 0.1’TE. We used the NEBNext Ultra II DNA Library

Prep Kit with an adaptor from blunt-ended ligation-based approaches39 instead of a circular NEBNext Adaptor to prepare dou-

ble-stranded libraries. Next, we purified the DNA library with the AMPure XP beads (Beckman Coulter, USA) and employed the

conventional agarose gel electrophoresis method to inspect the library strips. Finally, sequencing was performed on the Illumina

NovaSeq platform. All libraries were sequenced using the DNBSEQ-T7 platform to produce pair-end reads (2x150 bp for nu-

clear DNA).

Radiocarbon dating
One human bone sample was selected and analyzed using accelerator mass spectrometry (AMS) at Beta Analytic Testing Laboratory

in Xiamen, China. The resulting 14C date was calibrated using OxCal v4.440 and IntCal2041 calibration curves. The individual was

dated in theHanDynasty period (50 BC - 84 AD), consistent with the spanning time estimated from archaeological stratigraphic layers

and excavated grave goods.

Ancient DNA sequence data processing
We first performed AdapterRemoval v2.3.324 to trim adapters, filter low-quality reads and merge the pair-end sequence reads.

Merged reads were mapped to the human reference genome hs37d5 (GRCh37 with decoy sequences) using BWA v0.7.17,25 with

‘‘aln -l 1024 -n 0.01’’ parameters. PCR duplicates were removed using DeDup v0.12.8.28 Low mapping quality reads (MAPQ < 30)

were removed by SAMtools v1.18.26 PMDtools v0.6029 andmapDamage v2.2.130 were performed to calculate the ancient DNA dam-

age patterns, and BamUtil v1.0.1527 was used to cut the ends of each mapped read from bam files according to the DNA damage

patterns to ensure that the transition rates at the ends of reads <2% (Data S1). These trimmed ‘‘bam’’ files were used to generate

pseudo-haploid calls within the ‘‘1240k’’ panel and ‘‘HO’’ panel by pileupCaller (https://github.com/stschiff/sequenceTools), with

‘‘–randomHaploid’’ parameter.

Contamination calculation, genetic sex determination, haplogroup assignment and kinship analysis
The contamination rate for each sample was evaluated by Schmutzi31 and ANGSD v0.940.32 Three different methods, Rx,42 Ry43 and

comparison of genome coverage between X and Y chromosomes,44 were performed to determine genetic sex for each sample. Sex

determination is only assumed to be accurate if it is consistent across methods. The mitochondrial haplotype for each sample was

identified by Haplogrep2 v2.4.028, and the Y-chromosome DNA haplogroup for each sample was determined by Yhaplo v1.1.2.34

The genetic kinship between ancient individuals was detected by READ.45

Data collection
Our data were merged with the latest version of Allen Ancient DNA Resource v54.1.p1 datasets (‘‘Human Origin’’ dataset and

‘‘1240k’’ dataset)17 using mergeit implemented in EIGENSOFT. The filtered thresholds for these published datasets are as follows:

(1) we only considered the data in column 34 of the ‘‘.anno’’ file where the assessment was ‘‘PASS’’; (2) we filtered the low

coverage data with SNP sites below 15,000; (3) we only considered the data that did not have the relatives or duplicates detected

in these datasets; (4) the outlier samples for modern populations were excluded from further analysis. The subset of bias-insensitive

SNPs obtained from the last column of the annotation in Data S1 (PassFilterForMetaAnalysisBias = 1) of the research work for Nadin

Rohland et al.22

Principal component analysis and ADMIXTURE analysis
Smartpca v1814035 was performed to do Principal Component Analysis (PCA), using the ‘‘HO’’ dataset as more modern populations

in this dataset, with ‘‘lsqproject: YES altnormstyle: NO numoutlieriter: 0’’ parameters. Modern populations were used to calculate the

principal components (PCs), and ancient individuals were projected onto the PCs. We pruned the linkage disequilibrium for the ‘‘HO’’

dataset by plink v1.90,46 with ‘‘–indep-pairwise 200 25 0.4 –allow-no-sex’’ parameters. The filtered ‘‘HO’’ dataset was used for

unsupervised admixture analysis by ADMIXTURE v1.3.036 with K ranging from 2 to 11.

QUANTIFICATION AND STATISTICAL ANALYSIS

We performed outgroup-f3 statistics by qp3Pop v651, using the ‘‘1240k’’ dataset as more SNP sites in this dataset, with ‘‘inbreed:

YES’’ parameters. We performed f4 statistics by qpDstat v980, using the ‘‘1240k’’ dataset, with ‘‘f4mode: YES printsd: YES inbreed:

YES’’ parameters. For f3 statistics, we only considered overlapping SNP sites > 40,000 and individuals within a population > 1. Both

software programs are implemented in ADMIXTOOLS.37
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We performed qpWave analysis by qpWave v1520 and qpAdm analysis by qpAdm v810, using both the ‘‘HO’’ and ‘‘1240k’’

datasets. For qpWave analysis, the outgroup was ‘‘Mbuti.DG, Russia_MA1_HG.SG, China_Tianyuan, Mongolia_North_N, Chi-

na_Guangxi_Dushan_N, Taiwan_Hanben_IA, Tibeto_Burman_Tibet, Nganasan.HO’’ for ‘‘HO’’ dataset related analysis, and the

outgroup was ‘‘Mbuti.DG, Russia_MA1_HG.SG, China_Tianyuan, Mongolia_North_N, Russia_CentralYakutia_LN.SG, China_-

Guangxi_Dushan_N, Taiwan_Hanben_IA, Nepal_Mustang_Lubrak_EIA’’ for ‘‘1240k’’ dataset related analysis. For

qpAdm analysis, the outgroup was ‘‘Mbuti.DG, Russia_MA1_HG.SG, China_Tianyuan, Mongolia_North_N, Russia_

CentralYakutia_LN.SG, China_Guangxi_Dushan_N, Taiwan_Hanben_IA, Nepal_Mustang_Lubrak_EIA’’. Both software programs

are implemented in ADMIXTOOLS.37
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