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Abstract
Hainan Island, located between East Asia and Southeast Asia, represents an ideal region for the study of the genetic
architecture of geographically isolated populations. However, the genetic structure and demographic history of the
indigenous Tai-Kadai-speaking Hlai people and recent expanded southernmost Han Chinese on this island are poorly
characterized due to a lack of genetic data. Thus, we collected and genotyped 36 Qiongzhong Hlai and 48 Haikou Han
individuals at 497,637 single nucleotide polymorphisms (SNPs). We applied principal component analysis, ADMIXTURE,
symmetrical D-statistics, admixture-f3 statistics, qpWave, and qpAdm analysis to infer the population history. Our results
revealed the East Asian populations are characterized by a north-south genetic cline with Hlai at the southernmost end.
We have not detected recent gene flow from neighboring populations into Hlai, therefore, we used Hlai as an unadmixed
proxy to model the admixture history of mainland Tai-Kadai-speaking populations and southern Han Chinese. The mainland
Tai-Kadai-speaking populations are suggested deriving a larger number of their ancestry from Hlai-related lineage, but also
having admixture from South Asian-related or other neighboring populations. The Hlai group is also suggested to contribute
about half of the ancestry to Han Chinese in Hainan. The complex patterns of genetic structure in East Asia were shaped
via language categories, geographical boundaries, and large southward population movements with language dispersal and
agriculture propagation.

Introduction

The archeological record in East Asia documents the
complex historical details of past human population
movements and occupations with climate and subsistence
strategy changes, the origin and spread of agriculture, and
technological and cultural changes [1–5]. The earliest
archaic hominin activity occurred here over 1.6 million
years ago, and the first anatomically modern humans lived
here at least 50,000 years ago [6]. The origin of agriculture
in the Yangzi River Basin (rice) and Yellow River Basin
(foxtail millet and broomcorn millet) and the subsequent
expansion of corresponding farming economies northward
into the West Liaohe River Basin and southward into
Southeast Asia significantly changed the genetic legacy of
southern China and Southeast Asia and the gene pool of
the Island Southeast Asia and Oceania with Austronesian
expansion [5]. Understanding the genetic legacy and
demographic history of ethnolinguistically, geographically
and culturally diverse Asian populations is a complex and
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important task that requires whole-genome sequencing or
high-density array chip data to represent and illuminate
environmental, cultural and geographic range diversity.
Previous whole-genome studies on the Han Chinese popu-
lation highlighted the significant genetic distinction between
Northeast Asia and Southeast Asia [7]. A recent autosomal
genetic study based on over 10 thousand samples via
low-coverage whole-genome sequencing revealed slight
east-west genetic divergence [8]. Knowledge of the genetic
diversity and population structure of East Asians has also
been significantly improved via the HGDP Project, the
Simons Genome Project, the 1000 Genomes Project, the
Human Genome Diversity Project and the HapMap Project
[9–12]. However, significant gaps in coverage still exist in
the southernmost and smallest Hainan province. Popula-
tions residing on Hainan Island have been underrepresented
in genome-wide-based studies of human population history
reconstruction and genetic diversity exploration, since
only 50,000 single nucleotide polymorphisms (SNPs) in 10
Jiamao samples have been studied in the Pan-Asian Project
before. The population history of the Tai-Kadai-speaking
populations in southern China is still very much in its
infancy.

Hainan Island, located between Southeast Asia and East
Asia and separated by the Qiongzhou Strait from the
Leizhou Peninsula, is the 42nd largest island in the
world, with a population size of 9,257,600. The ethnic
group composition of the island comprises Han Chinese
(84%), Tai-Kadi-speaking Hlai (also referred as Li,
14.7%), Hmong-Mien-speaking Miao (0.7%), and Tai-
Kadai-speaking Zhuang (0.6%) peoples. Archeological data
from Sanya (Hainan) suggested that anatomically modern
humans settled on Hainan Island more than 20,000 years
ago, in Paleolithic times [13]. Evidence from the paternal
genetic structure based on Y-STRs and/or Y-SNPs in
Hainan aborigines suggested that Hainan indigenous Hlai
people diverged from Mainland Chinese people before 20
kya [14]. Song et al. recently found that the founding
paternal lineage of Hlai groups was O1b1a1a1a1a1b-
CTS5854. Allele frequency divergence of this lineage
between the Hlai population and surrounding populations
further supported the small amount of gene flow among
them [2]. Li et al. found a high frequency of the Hainan
aborigine-dominant haplogroups O1a* and O2a* and a low
frequency of the Mainland East Asian-dominant haplogroup
O3, suggesting that these isolated populations underwent
little genetic admixture during recent population migration
events [14]. However, maternally inherited markers have
shown genetic similarity between island and mainland
peoples in East Asia [15, 16]. To shed more light on the
demographic history of Tai-Kadai-speaking populations
and Han Chinese individuals from the southernmost part
of China, we conducted comprehensive genome-wide

population genetic analysis via principal component ana-
lysis (PCA), model-based population structure analysis
ADMIXTURE, Fst, and formal tests of admixture in
ADMIXTOOLS (f3, D, qpWave and qpAdm) [17, 18] and
phylogenetic relationship and split events reconstruction
approaches (TreeMix, MDS and N-J tree) [19] by using
genome-wide data consisting of ~497,637 SNPs from
84 islanders and three sample sets combining publicly
available data for various geographic and linguistic affilia-
tions [11, 12, 18, 20].

Materials and methods

The detailed methods are described in Supplementary Note
One. Eighty-four unrelated samples were collected with
written informed consent. These samples enrolled in the
present study were collected randomly from unrelated par-
ticipants whose parents and grandparents are indigenous
people and have the non-consanguineous marriage of the
same ethnical group at least three generations. Affymetrix
WeGene V1 arrays were used to genotype 497,637 SNP
markers. We combined our data with previously published
genome-wide data to form three datasets. PCA was carried
out using Plink v1.9 and smartPCA [21, 22]. Model-based
clustering analysis was performed via ADMIXTURE [17].
Formal tests (f3, D, qpWave, and qpAdm) were performed
using ADMIXTOOLS [18]. Calculation of pairwise Fst
genetic distances was performed using Plink v1.9 [22].
Mitochondrial and Y-chromosome haplogroup assignments
were made using an in-house script. A neighbor-joining tree
was constructed using TreeMix version 1.12 [19] and Mega
7.0 [23]. The variation data reported in this paper have been
deposited in the Genome Variation Map (GVM) in Big
Data Center [24], Beijing Institute of Genomics (BIG),
Chinese Academy of Science, under accession numbers
GVM000053 that are publicly accessible at http://bigd.big.
ac.cn/gvm/getProjectDetail?project=GVM000053.

Results

Population structure of Tai-Kadai-speaking Hlai and
southernmost Han Chinese

We successfully genotyped 497,637 genome-wide SNPs
after quality control in 36 Hlai and 48 Han individuals in the
southernmost province in China (Fig. S1). We obtained
three different datasets by merging our new data with pre-
viously published population genome-wide data retrieved
from the literature [11, 12, 18, 20, 25]. Dataset 1 harbors
346,634 SNP genetic variations in 2048 individuals of
69 populations mainly from HGDP and HapMap3 projects.
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Dataset 2 has 15,660 genetic variants in 2012 PanAsian
individuals from 76 populations. Dataset 3 has 120,894
SNP genetic variants in 2152 individuals of 169 populations
from the Human Origin dataset.

We first carried out the PCA. Variation explained by
the top three components in the PCA based on dataset 1
grouped the Hlai and Han individuals with the East Asian
cluster (Figs. S2 and 3), which resembled the continental
worldwide geographical distribution. The PCA performed
only on the 26 East Asian populations showed two genetic
affinity clines (south-north cline and east-west cline)
and a strong association with language family affiliation
(Fig. 1a, b). The south-north cline consisted of Sinitic-,

Tibeto-Burman-, Chinese Austroasiatic-, Hmong-Mien- and
Tai-Kadai-speaking populations, and the east-west cline
included Tungusic-, Mongolic- and Turkic-speaking popu-
lations. Our newly studied Hlai population was located at
the end of the south-north cline. The Haikou Han indivi-
duals were located in an intermediate position between the
Hlai and northern Han Chinese (Beijing Han) individuals
and had a close genetic relationship with southern Chinese
minorities, such as the Jing and Dai groups. Our observed
genetic affinity clines were further supported by the
PCA results inferred from the pan-Asian dataset and
genetic variations in Chinese and adjacent populations
(Figs. S4 and 5). Thus, we identified a relatively close

Fig. 1 Genetic affinity and population structure between Qiongz-
hong Hlai, Haikou Han and other reference populations included
in the HapMap 3 and HGDP-CEPH projects. Genetic affinity
inferred from South-North Cline and East-West Cline based on the first
two components (a) and the second and third components (b); c
Ancestry proportions of Hlai and Han residing in Hainan Island. Plots

representing ancestry components of two studied populations and 67
worldwide present-day populations, showing converged runs of 7
(No substructure emerges in East Asia), 8 (Substructure emerges in
East Asia) and 13 (Best predefined k value dissected the genetic
structure of our sample set).
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genetic relationship between the Tai-Kadai-speaking
Hlai and Austronesian-speaking Ami and Atayal groups
(Fig. S5).

To subsequently dissect different genetic ancestral
components at the individual level in the two newly studied
groups and explore the deeper East Asian substructure
patterns or potential gene flow, we performed unsupervised
model-based ADMIXTURE analyses based on dataset 1
and the pan-Asian dataset (Figs. 1c and S6). We found
global populations clustered according to geographical
distribution. East Asian populations were grouped in a
way that was consistent with linguistic classification and
affiliation. The best-fitting model for the worldwide refer-
ence populations was based on k= 13 (Fig. S7). We
observed two highly specific genetic components among
East Asians: one northern ancestry component (saffron
yellow, here defined as Northeast Asian: NEA) was mostly
represented in Altai-speaking (the Daur, Hezhen, Oroqen,
Mongolian and Yakut populations) and Japanese popula-
tions and was also detected in the Uyghur and Hazara
populations. The proportion of this NEA ancestry decreased
gradually from north to south. The other was the southern
ancestry component (light green, here defined as Southeast
Asian: SEA) highly enriched in the Tai-Kadai-speaking
Dai, Hlai, and Austroasiatic-speaking Cambodian and Jing
groups. The proportion of this SEA component decreased
gradually from south to north. These observed north-south
structuring patterns were also apparent in the other pre-
defined ancestry sources (k > 7, Fig. S6) and regional
model-based clustering results of subpopulations from
dataset 1 (Fig. S7). We found the Qiongzhong Hlai indi-
viduals were genetically differentiated from other Asians
with minimum NEA ancestry, however, the Haikou Han
individuals’ ancestry was characterized by a considerable
amount of NEA component (Figs. S8–10).

To further explore the genetic affinities and validate the
aforementioned patterns of relatedness between Han, Hlai
and other global reference populations, we reanalyzed our
genome-wide data together with data from 166 other global
populations from seven geographic regions included in the
human origin dataset (Dataset 3). PCA revealed that our two
investigated populations were located at the end of the
Eurasian genetic cline and maintained a close genetic rela-
tionship with East Siberian and East Asian populations
(Fig. S11). Similar patterns of genetic affinity were obtained
after removing the non-East Asian populations. PC1 and
PC2, which maximized the genetic differences between
Northeast Asians and Southeast Asians, differentiated the
Qiongzhong Hlai population as a genetically southern
population (Fig. S12). The Hlai population was located
between the Ami and Dai populations, while the Haikou
Han population was positioned intermediately among the
Lahu, Han, Dai, and Kinh populations. Population ancestry

dissection via the human origin array data not only revealed
significant genetic differentiation between the Hlai and Han
populations but also demonstrated a large proportion of
shared ancestry between them (Figs. S13 and 14). In sum-
mary, the Hlai population was relatively isolated and
formed one independent cluster. The Haikou Han Chinese
individuals were surrounded by Tai-Kadai, Tibeto-Burman,
Hmong-Mien and Austroasiatic speakers in the plot.
This observed genetic pattern suggested that southernmost
Han Chinese individuals share ancestry with surrounding
populations, while the Hlai people are quite homogeneous
and probably represent the unadmixed form of Tai-Kadai-
speaking populations.

Phylogenetic relationships between two Hainan
populations and global reference populations

To characterize the genetic differentiation between the two
studied Hainan populations and other reference populations,
we first calculated pairwise Fst genetic distances (Table S1)
and visualized the results using a heatmap (Fig. S15).
The Qiongzhong Hlai population had a close genetic rela-
tionship with the Haikou Han population (Fst: 0.0058).
However, the Haikou Han population had a close genetic
relationship with the Han population (0.0020). We subse-
quently reconstructed the phylogenetic relationships
between the two Hainan populations and global or Asian
reference populations using TreeMix or Mega based on the
first two datasets. A phylogenetic tree without admixture
events strongly supported significant genetic assimilation
within Tai-Kadai-speaking populations (the Hlai, Jing, and
Dai population). We also found that northern Han Chinese
populations were genetically closely related to Northeast
Asians, clustering among Japanese, Lahu, other Tibetan-
Burman-speaking populations and Altai-speaking popula-
tions in the maximum likelihood tree (Fig. S16). When in-
cluding more populations from Asia based on the reference
populations from the Pan-Asian Project, the Qiongzhong
Hlai population first clustered with the Jiamao population
and then with the Zhuang and four Tai populations, forming
the Tai-Kadai-speaking population cluster. The Haikou Han
population first clustered with the Chinese Singapore and
Minnan populations and then with the Cantonese popula-
tion, forming the Han Chinese branch (Figs. S17–19).
The smallest genetic distances among these groups further
supported the observed genetic affinity (Table S2). Con-
sistent patterns of pairwise genetic distances were also
observed among the populations based on the human origin
dataset (Fig. S20). Based on Fst genetic distances (Table
S3), the Haikou Han and Qiongzhong Hlai populations first
grouped together and then grouped with the Tai-Kadai-
speaking Dai and Austronesian-speaking Ami and Atayal
populations (Fig. S21).
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We further calculated outgroup-f3-statistics in the form f3
(A, B; Yoruba) to explore genetic relationships (Table S4–6).
As shown in Fig. 2a, b, the Qiongzhong Hlai population
shared an excess of alleles with three Jing populations,
the Haikou Han population and the Dai population (f3:
0.2273–0.2280), while the Haikou Han population shared
the most genetic drift with the Qiongzhong Hlai population
(0.2278), followed by the Han population (0.2262). Heat-
map results based on the outgroup-f3 statistic of dataset
1 showed striking genetic affiliation among our two studied
groups and the Jing, Dai, and Lahu populations (Figs. S22
and 23). Here, we defined two outgroup f3-based
genetic distances: 1-f3 and 1/f3. Multidimensional scaling
(MDS) plots based on the two abovementioned genetic
distances suggested a significant genetic affinity between the
Qiongzhong Hlai and Haikou Han populations (Fig. S24).
The phylogenetic relationship reconstruction based on 1-f3
showed a close phylogenetic relationship among the Haikou
Han, Hlai, Jing, and Dai populations, which was consistent
with the patterns observed based on the heatmap and MDS
(Fig. S25). Shared genetic drift based on the pan-Asian
dataset showed more shared genetic history between
the Ami and Haikou Han populations, as well as among
the Qiongzhong Hlai, Ami and Zhuang populations
(Figs. S26–28). We also identified a close genetic relation-
ship between the Qiongzhong Hlai population and other Tai-
Kadai-speaking Zhuang and Jiamao, adjacent Haikou Han
and Minnan Han populations via MDS and a neighbor-
joining tree (Figs. S29 and 30). Further supporting evidence
for genetic similarity based on our focuses and references are
also provided by a variety of statistics derived from the
genetic variations obtained with the human origin dataset
(Figs. S31–33).

Modeling the Tai-Kadai-speaking population and
southern Chinese affinity

To explore the phylogenetic affiliation between the newly
investigated populations and Eurasian references, we
subsequently calculated D-statistics(Asians, non-Africans;
Qiongzhong Hlai, Yoruba) (Supplementary Note Two,
Tables S7–13) and found excess genetic affinity between
the Qiongzhong Hlai and East Asian-related populations.
This pattern was further validated via all possible D-statis-
tics in the form D(Qiongzhong Hlai, East Asians; non-
Africans, Yoruba). Figure 2c, d shows the statistics for D
(Qiongzhong Hlai, Dai;/Qiongzhong Hlai, Haikou Han; X,
Yoruba). We observed positive D values with Z-scores > 3
in 10 East Asian populations for D(Qiongzhong Hlai, Dai;
X, Yoruba), showing that the Japanese, Beijing Han, Tokyo
Japanese, Denver Chinese, Han, She, three Jing and Haikou
Han populations shared more alleles with the Qiongzhong
Hlai population than with the Dai population, and other

populations had symmetrical genetic relationships with the
two populations. In contrast, South Asians (Sindhi and
Gujarati Indian) shared more alleles with the Dai population
than with the Hlai population (Fig. 2c), suggesting that
South Asians contributed some ancestry to the Dai popu-
lation after the separation of the Hlai and Dai. We next
calculated admixture-f3-statistics (source 1, source 2; Dai) to
explore the potential source populations. Surprisingly, no
negative f3 values were observed (Table S17). Similar
results were obtained with the human origin dataset.
However, the smallest f3 values were observed between the
Qiongzhong Hlai and Sindhi populations (0.484 standard
error, SE), followed by Gujarati Indians (0.754 SE), sug-
gesting Dai population may derive some ancestry from
South Asian related lineages.

When focusing on geographically close and linguistically
similar populations, as shown in Figs. 2d and S34–36, we
subsequently found that the Dai, Cambodian and three Jing
groups all shared more genetic drift with the Qiongzhong
Hlai population than with Sinitic-, Hmong-Mien-, and
Tibeto-Burman-speaking populations (the Haikou Han,
Denver Chinese, Han, She, Miao and Tujia populations).
Only the Haikou Han population shared significantly more
alleles with the Qiongzhong Hlai population than with the
Austroasiatic Jing population; however, all East Asian,
American, Melanesian, Central Hazara and Uyghur groups
shared more genetic drift with the Hlai population than with
Austroasiatic-speaking Cambodians (Fig. S37), suggesting
that Cambodians may have some deep ancestry. We did not
find a population sharing significantly more alleles with the
Hlai population than with the Austronesian-speaking Atayal
and Ami populations (Figs. S38–S41), suggesting that the
Hlai and Atayal/Ami populations could form a clean clade
without influence from surrounding populations.

We similarly used f3-statistics in the form of f3(source 1,
source 2; Qiongzhong Hlai) to find the ancestral popula-
tions of the Hlai population (Table S14). We did not detect
signals of potential admixture in Hlai individuals (Fig. S42,
all f3 values larger 0.0039; Tables S15 and 16), which was
consistent with the isolated position of the Hlai population
in the PCA and unique ancestry component observed in the
ADMIXTURE analysis. Thus, Hlai ancestry could be on
Hainan Island in an unadmixed form since this population
diverged from the common ancestor of proto-Tai-Kadai
speakers.

We further used the qpWave and qpAdm packages in
ADMIXTOOLS to test the fit of the mixture model of the
Dai population and estimate the proportion of prespecified
ancestry sources. QpWave/qpAdm modeling can be used to
integrate a series of D/f-statistics and was developed to test
whether there are asymmetrical relationships among multi-
ple outgroups, a putative admixture model and focused
targets. Here, we used the Mbuti Pygmy, Yoruba, Papuan,
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Fig. 2 Shared alleles between Hlai, and Han and other references
inferred from three or four-population tests. a,b Outgroup f3-
statistics (three-population tests) in the form f3 (X, Haikou Han;
Yoruba) or (X, Qiongzhong Hlai; Yoruba), where X is a reference
population from Dataset1. A higher value (red) denotes higher shared
genetic drift between our studied populations and the included present-
day reference populations. c–e D-statistics in the form of D(studied
populations, Dai/Haikou Han/Beijing Han; X, Yoruba) shows the

shared branch length between two investigated populations or Dai/
Haikou Han/Beijing Han and all worldwide tested populations.
Negative D values with significant Z-scores indicate that the included
reference population shares more derived alleles with Dai/Haikou Han/
Beijing Han populations than with others, and positive D values with
significant Z-scores indicate that the tested population shares more
alleles with studied populations than with others. The absolute value of
Z-score larger than 3 is considered as statistically significant.
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Melanesian, Basque, Sardinian and Karitiana groups as the
outgroups. We modeled the Dai population as a mixture of
two or three divergent ancestry sources: an ancient ancestral
Tai-Kadai-related source (here represented by the Qiongz-
hong Hlai population), ancient ancestral South Asian-
related source (represented by Sindhi or Gujarati Indians),
and ancient ancestral East Asian mainland-related source
(represented by the Tibeto-Burman-speaking Yi, Hmong-
Mien-speaking Miao or Sinitic-speaking Han population).

Our qpWave results showed that a two-way admixture
model could be used to elucidate the observed genetic
variation in the Dai population (p_rank1 > 0.05). The
mainland Dai population harbored a large proportion of
Qiongzhong Hlai-related ancestry, with smaller ancestry
proportions from South Asians (98.6% Hlai+ 1.4%
Gujarati Indians: p_rank1= 0.578; 98.9% Hlai+ 1.1%
Sindhi: p_rank1= 0.511). We also considered the sig-
nificant impact of the neighboring ethnic groups on the
formation of the Dai gene pool. We subsequently used
three-way admixture models to model the detailed popula-
tion history of the Dai population. The Dai population was
modeled as 78.2% derived from Hlai-related, 0.2% from
Sindhi-related and 21.6% from Tibeto-Burman-speaking
Yi-related ancestries (p_rank2= 0.587). Using Hmong-
Mien-related or Sinitic-related populations as mainland
sources, we documented a similar ancestry proportion
composition (87.7% derived from the Hlai population, 1.1%
from the Sindhi population and 11.2% from the Miao
population, p_rank2= 0.230; 93.9% derived from the Hlai
population, 1.1% from the Sindhi population and 5.1% from
the Han-related population, p_rank2= 0.345).

Admixture history of the southernmost Han Chinese
population

To formally explore the genomic formation of the south-
ernmost Haikou Han population, we performed a series of
three- or four-population tests concentrated on the Haikou
Han population. The Z-score of D-statistics in the form D
(Beijing Han, Qiongzhong Hlai; Haikou Han, Yoruba)=
−10.197 and D(Dai, Qiongzhong Hlai; Haikou Han, Yor-
uba)=−8.45 indicated that the Haikou Han population was
genetically more similar to the Qiongzhong Hlai population
than to the Beijing Han or mainland Tai-Kadai-speaking
populations (Fig. 2e). Table S18 presents the results for D
(Asian populations, global populations; Haikou Han, Yor-
uba), which demonstrated that the Haikou Han population
shared an extra affinity with Tai-Kadai populations or other
southern Chinese populations when compared to other
populations. We also obtained consistent evidence that the
Haikou Han population shared more alleles with southern
populations from D(Haikou Han, Asian populations; global
populations, Yoruba) when the “Asian population” was

represented by Hmong-Mien-, Sinitic-, Tibeto-Burman-,
Turkic-, Tungusic- and Mongolic-speaking populations
(Figs. S43–48). However, if we compared the Haikou
Han population with Austroasiatic or Austronesian-
speaking populations in the form of D(Haikou Han,
Austroasiatic or Austronesian-speaking populations; X,
Yoruba), we found that the Haikou Han population shared
some ancestry with northern populations, such as the
Beijing Han, Hezhen, Daur, and Yakut populations, among
others (Figs. S49 and 50).

To explore the promising ancestral source-related popula-
tions of Haikou Han Chinese individuals, we subsequently
calculated 2778 sets of admixture-f3-statistics in the form f3
(source 1, source 2; Haikou Han) (Table S19). Three popu-
lation testing resulted in significant negative f3 values with
absolute Z-scores larger than 3 when the Qiongzhong Hlai
population was regarded as one source and the northern East
Asian population (especially for Beijing Han: Z=−30.987 or
Hezhen: Z=−26.389) was used as the second potential
ancestry source. We also observed statistically significant f3-
statistics when northern East Asian Tungusic speakers and
southern East Asian Tai-Kadai or Austroasiatic speakers were
used as the two targeted source populations. Tables S20 and
21 provide the results of admixture-f3-statistics based on the
pan-Asian and human origin datasets, which consistently
suggested that the Qiongzhong Hlai population and one
northern population served as the best possible pair of sour-
ces. The result was consistent with the intermediate position
of the Haikou Han population on the north-south genetic cline
in the qualitative PCA plots and the shared Hlai-dominant and
northern East Asian-dominant ancestries in ADMIXTURE.
We then used qpWave to model the minimum number of
ancestry sources for the Haikou Han population and used
qpAdm to evaluate the corresponding ancestry coefficients.
The qpWave results indicated that the Haikou Han population
could be described by a two-way admixture model (χ2p=
0.3260), with ancestry from two sources related to the
Qiongzhong Hlai (0.552) and Beijing Han (0.448) popula-
tions. We also used the two-way admixture model of
Southeast Asian ancestry (Qiongzhong Hlai-related: SEAA)
and Northeast Asian ancestry (Beijing Han-related: NEAA) to
characterize populations with a close relationship to the
Haikou Han population (Table S22): Han (χ2p= 0.089;
SEAA:NEAA= 0.317:0.683), Shanxin Jing (χ2p= 0.3576;
SEAA:NEAA= 0.787:0.213), Wanwei Jing (χ2p= 0.6469;
SEAA:NEAA= 0.724:0.276), Wutou Jing (χ2p= 0.3225;
SEAA:NEAA= 0.68: 0.32), Miao (χ2p= 0.3786; SEAA:
NEAA= 0.377:0.623), She (χ2p= 0.1275; SEAA:NEAA=
0.344:0.656) and Tujia (χ2p= 0.7754; SEAA:NEAA=
0.185: 0.815). Genetic differences between the Hlai and Han
populations were also identified via the uniparental genetic
landscape and are presented in Supplementary Note Three
(Table S23).
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Ancient genetic admixture or introgression in East
Asia

To further explore the possible genetic introgression
between archaic hominins (Denisovan and Neanderthals)
and the genetic relationship between East Asian modern and
ancient peoples, we merged our data with genomic data
from chimpanzees, Altai Denisovan and Mezmaiskaya
Neanderthals, 66 ancient and 656 present-day East
Eurasian individuals included in the human origin dataset

[1, 3, 26–28] (Fig. 3a). When the ancient samples were
projected onto the aforementioned genetic landscape, the
ancient genomes from Southeast Asia were projected near
Austronesian, Austroasiatic or Tai-Kadai speakers. Inter-
estingly, Vietnamese individuals from the late Neolithic or
Bronze Age clustered closely to the studied Qiongzhong
Hlai population. We subsequently used ADMIXTURE
to model the two studied populations in combination
with the ancient peoples with five predefined ancestral
source populations (Fig. 3c). We observed three ancestry

Fig. 3 Genetic affinity between modern East Asians and ancient
people. a Geographical locations of included modern and ancient
populations or individuals; b Results of two-dimensional plots based
on top components, ancient people are projected; c ADMIXTURE
result shows the ancestry components of modern and ancient people

when five ancestral sources are predefined; d Heatmap showed the
pairwise shared alleles estimated via outgroup-f3 (Source1, Source2;
Yoruba); e Modeling the ancestral source of Tai-Kadai-speaking Dai,
Hlai and Haikou Han Chinese via qpWave and qpAdm.
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components in our studied Hlai and Haikou Han. One
ancestral component with maximum representation in the
Mlabri people and widely distributed in the mainland
southeastern ancient samples, representing Austroasiatic
ancestry, was observed in a small proportion in the
Qiongzhong Hlai and Haikou Han populations. One
ancestral component with maximum representation in the
Tungusic-speaking Ulchi population and Devil’s Cave
population and representing the Northeast Asian lineage
(NEAL) was identified as having a larger proportion in the
Haikou Han population and a smaller proportion in the
Qiongzhong Hlai population. The remaining ancestry
component (yellow) in our two studied populations was
maximized in Austronesian speakers and enriched in
ancient samples from Southeast Asia, which represented an
approximate source of the Southeast Asian lineage (SEAL).

To formally test the genetic affinity between and find the
potential ancestral sources of modern and ancient East Asian
peoples, we measured allele sharing and admixture signals
via outgroup-f3 and admixture-f3 statistics. The obtained
results (Fig. 3d) showed strong genetic affinity among the
ancient populations from historic times in Southeast Asia
(Vietnam_Historical, Philippines_RedSlippedPottery and
Malaysia_Historical), which was consistent with the patterns
observed via PCA and ADMIXTURE analysis. The
admixture-f3 results (Tables S24~25) further illustrated that
one ancient or modern NEAL (Devil’s Cave line) combined
with one SEAL (Atayal, Vietnamese Neolithic or Hoa-
binhian lineages) or an ancient/modern Tibetan-associated
lineage combined with the SEAL could provide a better fit
of the admixture model for the Haikou Han population, but
we have not found well-fitting model for the Qiongzhong
Hlai population. We finally used one typical NEAL (Dev-
ilsCave_N) combined with the SEAL from different times (a
hunter-gatherer lineage represented by the Laos_Hoabinhian
or Onge group, which formed one clade, and the Neolithic
people from Vietnam) as two sources. The targeted popu-
lations could be explained well with two sources of ancestry:
the Devil’sGate-related and the Lao_Hoabinhian-related
groups, with respective proportions of 73.8 and 26.2%
(the Qiongzhong Hlai population), 79.6 and 20.4% (Haikou
Han), and 72.3 and 27.7% (Dai); the Devil’s Cave-related
and Onge-related groups (79.4 and 20.6% (Hlai), 84.4 and
15.6% (Han), and 77.6 and 22.4% (Dai)); and the Devil’s
Cave-related and more recent Vietnam_N-related groups
(68.6 and 31.4% (Hlai), 75.6 and 24.4% (Han), and 67.2 and
32.8% (Dai)).

Finally, potential admixture between archaic hominins
and Hlai, Han and other East Asian populations was esti-
mated via formal tests of f4 statistics (French, East Asian;
Yoruba, Archaic). We have not found significant signals for
the Haikou Han and Hlai populations in the above test.
Furthermore, Z-score of the f4(Qiongzhong Hlai, Haikou

Han; Vindija_light, Primate_Chimp)= 0.747 and Z-score
of f4(Qiongzhong Hlai, Haikou Han; Denisova_light, Pri-
mate_Chimp)=−1.577 showed a symmetrical relationship
of Hlai and Han with regard to archaic ancestry. To further
determine the archaic admixture proportion, we calculated
the f4-ratio in the form f4(Vindija Neanderthal, Chimpanzee;
X, Yoruba)/f4(VindijaNea, Chimpanzee; Mezmaiskaya
Neanderthal, Yoruba). Han Chinese individuals inherited
4.12% of their genome from Neanderthals and exhibited
low levels of Denisovan ancestry (~0.0317%). Hlai indivi-
duals harbored 3.81% Neanderthal ancestry and no Deni-
sovan introgression based on f4(Denisovan, Yoruba; X,
Han_Taiwan)/f4(Denisovan, Yoruba; Papuan, Han_Tai-
wan). Due to the relatively low density of this merged
dataset, archaic introgression in Hainan islanders based on
high-coverage sequencing data should be assessed in further
population genetic studies.

Discussion

Southern China is considered the genetic and geographic
origin of Tai-Kadai-speaking populations [29, 30]. There
have been subsequent continuous migrations southward
from Yunnan and Guangxi provinces into Southeast Asia
(with populations mainly settling in Thailand and Vietnam)
for ~1000 years since the middle Neolithic expansion per-
iod, such as the southward migration of millet farmers from
the Ganqing region [1, 3]. In addition, the cultural patterns
and settlement history of the middle and lower Yangtze
Valley illustrated that southern China (Qujialing-Shijiahe
and Liangzhu cultures) is an agricultural origin center. Two
waves of southward migration with rice agriculture further
enhanced the genetic diversity in southern China and
Southeast Asia: coastal dispersal to mainland southeastern
China and Taiwan and inland dispersal to southwestern
China and Southeast Asia are associated expansions of
Austronesian- and Austroasiatic-speaking populations [31],
respectively. In this study, we comprehensively analyzed
high-density autosomal markers in Qingzhong Hlai and
Haikou Han populations in combination with corresponding
regional or global publicly available whole-genome data to
test hypotheses regarding the genetic and geographic ori-
gins and dispersal of Tai-Kadai-speaking populations
(Fig. 4). Genetic studies focused on mitochondrial sequen-
ces, Y-chromosomal SNPs/STRs and autosomal STRs have
recently investigated the genetic relationships and structure
of different populations (including Han and Hlai popula-
tions) on Hainan Island [2, 16, 32, 33]. A finer-scale
population demographic history of geographically isolated
populations of Hainan needs to be investigated due to the
limited number or the relatively low resolution of markers
employed in previous studies. We presented a genome-scale
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genetic analysis of Haikou Han and Qiongzhong Hlai
populations and provided the first high-density SNP evi-
dence for the genetic structure, admixture history, and gene
flow of these two southernmost populations. This study
provided genetic evidence for the phylogenetic affinity
between Austronesian and Tai-Kadai speakers, which
tends to support the linguistic hypothesis that Kradai and
Austronesian language families belonging to the Austro-Tai
linguistic phylum [34].

Admixture history of the southernmost Han Chinese
population

In agreement with the origin of Sino-Tibetan language
families in North China and the southward spread of the
Sinitic language group, a lot of archeological and genetic

evidence has supported the Han Chinese population
originated from Neolithic millet farmers in North China
[4, 35]. A recent whole-genome sequence study suggested
that Sinitic-speaking Hans and Tibeto-Burman-speaking
Tibetans diverged more than 9000 kya [4]. A previous
Y-chromosome study also provided genetic evidence for the
separation between Hans and Tibetans in paleolithic times
and that they experienced population expansion ~6 kya
[35]. Modern Han Chinese individuals are widely dis-
tributed in East Asia due to advances in economic change
and subsistence strategies in Neolithic and historic times.
Xu and Chen et al. performed the first two genome-wide
genetic studies in 2009 and revealed genetic substructure
between northern Han Chinese and southern Han Chinese
[36]. Mitochondrial and Y-chromosomal evidence also
revealed sex-biased admixture in the southern Han Chinese

Fig. 4 The model for origin, evolutionary and demographic history
of Tai-Kadai-speaking populations and southernmost Han Chi-
nese. The model was constructed on the basis of our observed genetic

ancestry information and previous findings in archeological, linguistic
and genetic findings.

1120 G. He et al.



population from northern Han Chinese and southern
minorities [37]. In the present study, we estimated the
Haikou Han group derived 55.2% of their ancestry from the
Hlai-related ancestral population and 44.8% of their
ancestry from the Beijing Han-related ancestral population
(Table S22). Although persistent barriers to gene flow
between the earliest-arriving southern Han Chinese and
southern native minority groups may have existed during
the early stages of settlement and subsequent migration, the
genetic assimilation observed in this study further suggested
that modern southern Han Chinese resulted from extensive
genetic admixture between Han Chinese and southern
aborigines. This pattern of Han Chinese population history
is consistent with the demic diffusion model [37]. We also
identified a west-east cline caused by genetic variation from
Tibeto-Burman and Turkic-speaking populations (Fig. 4),
showing the influence from western Eurasians on Turkic-
speaking groups in northern China.

The Hainan Han population is the southernmost Han
Chinese population. The Han people migrated to Hainan
Island in the past 2000 years since 46 BC (https://en.
wikipedia.org/wiki/Hainan). Hainan aborigines probably
lived on the island from more than 7000 years ago [13]. The
common residence history of two thousand years shaped the
current genetic structure of the Hainan Han Chinese popu-
lation. Autosomal STR-based results suggested that the
Hainan Han population had a closer genetic relationship
with neighboring Han Chinese populations, such as the
Taiwan Han population, than with adjacent minority groups
[33]. The phylogenetic relationships reconstructed based on
genetic variation in Y-STRs illustrated that the Hainan
Han population had a striking genetic affinity with the
Tai-Kadai-speaking Zhuang population, which suggests
potential genetic admixture with nearby Kadai-speaking
populations [32]. Song et al. also found that the O2-M122
haplogroup was the dominant haplogroup in their studied
Han population [2]. Our comprehensive population geno-
mic results revealed a genetic affinity between the Haikou
Han and Qiongzhong Hlai populations. The Han population
was located close to the Hlai population in the PCA plots
based on genetic variability in the HGDP, HapMap3, pan-
Asian and human origin datasets, which is subsequently
supported by the maximum likelihood-based ADMIX-
TURE, pairwise Fst, and neighbor-joining relationship
analyses. QpWave and qpAdm together modeled the modern
Hainan Han population as a mixture of two components
genetically related to the Qiongzhong Hlai and Beijing Han
populations: approximately half of their ancestry was from
the Beijing Han-related population, and a half was derived
from a Qiongzhong Hlai-associated source. Taken together,
these results revealed the fine-scale genetic structure of Han
Chinese people residing on Hainan Island. The two-way
admixture model of the Haikou Han population proposed in

this study suggested that the complex admixture of
Han Chinese populations occurred on this island due to the
Han Chinese expansion and subsequent admixture with
surrounding indigenous peoples.

Genetic structure of Tai-Kadai-speaking populations

The Tai-Kadai languages, also referred to as the Kam-Tai,
Kra-Dai, Daic and Kadai languages, harbors ~70 language
groups. The Tai-Kadai-speaking populations are widely
distributed in southern China, the mainland of Southeast
Asia and South Asia, with a population of more than
2 million that stretches from Hainan Island in the east to
Northeast India in the west and from southern Sichuan in
the north to southern Thailand in the south. Our study
provided new insights into the genetic history of Tai-Kadai-
speaking populations in China. In sum, the Qiongzhong
Hlai population exhibits an unadmixed genetic structure
without detectable recent influence from surrounding
populations, indicating that it can be used as the proxy for
pro-Tai-Kadai speakers. We also observed genetic affinity
among the Qiongzhong Hlai and Austronesian-speaking
Ami and Atayal populations. The observed genetic con-
nection between Tai-Kadai speakers and Austronesian
speakers is consistent with the common origin of these two
language families in mainland China during the Neolithic
period before rice agriculture expanded toward the south via
the coastal route (Fig. 4).

The genetic composition of Hlai was less affected by the
Neolithic farming expansion or historical migration
compared with other mainland Tai-Kadai populations. We
modeled the genetic admixture history of Tai-Kadai-
speaking populations residing in mainland China using
the Hlai population and other potential ancestral popula-
tions. Our results from qpWave and qpAdm analyses indi-
cated that the Tai-Kadai-speaking Dai population is a
mixture of Hlai-related ancestral populations (~99%) and
South Asian-related populations (1%). The small proportion
of South Asian related ancestry in the Dai people may be
caused by the Austroasiatic language and agricultural
spread between East Asia and South Asia [38]. Geo-
graphically close ethnic groups may also play an important
role in forming the gene pool of the Dai population, espe-
cially the Sinitic-speaking Han, Tibeto-Burman-speaking
Yi, and Hmong-Mien-speaking Miao peoples.

Previous ancient genomic studies established the genetic
stability and continuity in Northeast Asia and the Tibetan
Plateau [27, 28]. The 7600year-old Devil’s Cave people and
2000~3000-year-old Nepalese people provided the best
ancient references for reconstructing the population history
of East Asians. In addition, ancient peoples that lived in
prehistoric and historic times (Hoabinhian, Neolithic,
Bronze Age and Iron Age peoples) in Southeast Asia
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provide another excellent Southeast Asian ancestral refer-
ence for studying the past in East Asia [1, 3]. Ancient
signals in Hainan Islanders based on northern and southern
ancient genetic variations further illustrated that genetic
affinity was associated with geography and linguistic
boundaries. We also found that ancestral sources from
northern lineages (the Devil’s Cave people) played a more
important role in shaping the genetic landscape of Southeast
Asians, which may have been influenced by the southward
expansion of millet farmers via two propagation paths
(western and central corridors) and rice farmers via coastal
and inland routes [31, 39]. Integrating the genetic infor-
mation from high-density autosomal and paternally and
maternally inherited markers is a precise, powerful and
convincing method with which to dissect population
structure, elucidate sex-biased migrations, analyze socio-
cultural or linguistic effects and reconstruct human popu-
lation history. Compared with previous studies based on
genetic variation in Y-chromosomal STRs and SNPs or
forensic autosomal genetic markers of STRs, the current
assessment incorporating three components (autosomal
markers and two types of uniparentally inherited markers)
facilitated a better understanding of the origin, migration
events and subsequent genetic admixture of Tai-Kadai-
speaking populations, especially the Hainan Hlai popula-
tion. At the same time, genetic findings from the presented
study illustrated a complex pattern of genetic admixture and
migration history in Tai-Kadai-speaking populations. Thus,
more fine-scale Asian population history can be recon-
structed when ancient DNA from Hainan ancient people
and neighboring South Chinese paleolithic, Neolithic and
Bronze Age populations were successfully extracted and
reported.

Conclusions

We concluded that the Han Chinese population dispersed
southward onto Hainan Island and admixed with the Tai-
Kadai-speaking Hlai population, forming the modern
southernmost Han Chinese gene pool with 55.2% ancestry
from northern Hans and 44.8% from southern minorities.
The Qiongzhong Hlai population shows a unique homo-
geneous genetic structure without obvious admixture with
surrounding or incoming populations, which was probably
caused by the long-term isolation that occurred since the
population’s separation from ancestral Tai-Kadai-speaking
populations. The Hlai people are suggested to be survivors
of a homogeneous lineage closely related to the ancestor of
rice farmers from the Yangzi River Basin or the ancestor of
proto-Tai-Kadai speakers in Southeast Asia, whereas the
Tai-Kadai-speaking populations in mainland China or
Southeast Asia were largely admixed, with ancestry from

other surrounding groups. In addition, both ancient and
modern genomes illustrated strong associations between
genetic affinity and geographical and linguistic categories.
Holocene populations that spread southward (the NEAL,
millet and rice farmers) significantly shaped the genetic
landscape of southern peoples.
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