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Abstract

Pearl River Delta, known as the Chinese “South Gate”, locates adjacent to Hong Kong and Macao, and across the sea from
the Southeast Asian region. Herein, 4325 unrelated Han Chinese individuals residing in the Pearl River Delta region were
recruited and genotyped with 23 autosomal STRs (the expanded CODIS core loci plus D6S1043, Penta D and Penta E).
No evidence of deviation from Hardy—Weinberg equilibrium after Bonferroni correction was observed. The combined
match probability and combined power of exclusion were 1.7829x 10728 and 0.9999999996, respectively. Next, population
comparisons among ethnically, linguistically, and geographically diverse populations (11 Chinese populations based on
genotypes of same 23 autosomal STRs, 46 Chinese nationwide populations based on allele frequency distributions of 19
autosomal STRs and 51 worldwide populations on the basis of 20 autosomal STRs) were performed via Structure, MDS,
PCA and neighbor-joining tree. Genetic heterogeneities among Chinese nationalities along ethno-linguistic boundaries
(Turkic-speaking, Tibeto-Burman-speaking, and Chinese-speaking populations) and geographic divisions (North-Han and
South-Han) have been illustrated by first two autosomal microsatellite datasets. The results from worldwide population
genetic relationship exploration based on 20 autosomal STRs demonstrated that genetic affinity has existed within ethnical
and geographical close populations.
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Introduction

Short tandem repeats (STRs), known as microsatellites nor-
mally consisting of 2—6 base pairs in length, are tandemly
repeated sequences of DNA which widely exist in the human
genome, numbering over 1.6 million [1, 2]. STRs conveying
high information contents have played an important role in
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loci working group advocates the wieldy used the CODIS
system (13 loci) and expanded CODIS (20 loci) to establish
the forensic search database to assist in individual iden-
tification and facilitate greater power of discrimination.
PowerPlex Fusion Systems [3] (Promega, WI, USA) and
GlobalFiler PCR Amplification Kit [4] (Thermo Fisher Sci-
entific, MA, USA) have been released to achieve data shar-
ing locally and internationally. Recently, to get the harmoni-
zation of Chinese National Database and expanded CODIS
system in Chinese forensic biology laboratories, a 25-locus,
six-dye system has been developed and validated [5-7].

Pearl River Delta (PRD), which is geographically situated
at the crossroads of Chinese inland and the special adminis-
trative regions of Hong Kong and Macao, has been an indis-
pensable piece to understand Chinese population genetic
diversity and population structure. Today, the Pearl River
Delta has a population of approximately 57.2 million and is
divided into nine administrative districts: Guangzhou, Shen-
zhen, Foshan, Dongguan, Huizhou, Zhongshan, Zhuhai,
Jiangmen and Zhaoqing. STRs for Identity ENFSI Reference
Database (STRidER) [8] is committed to improving auto-
somal STR data quality. Currently, most of autosomal STR
data included in the STRidER is collected from European
populations, however, no data is available for China which
has a population over 1.3 billion consisting of the largest
world Han Chinese group (91.51%) and 55 officially rec-
ognized minority ethnicities (8.49%). Hitherto, the genetic
variants and forensic characteristics, as well as genetic rela-
tionships of Pearl River Delta Han and other nationwide or
worldwide populations are largely unknown.

Here, in continuation to our previous studies [5-7], we
investigated the genetic variations and forensic features of
23 STRs in Pearl River Delta Han nationality and analyzed
population structures of Chinese populations across 6 prov-
inces using a new autosomal STR dataset with a total of
7097 samples, of which 4325 are newly reported here, from
12 populations. Additionally, we briefly discussed the hierar-
chy of autosomal microsatellites in the broader populations
in East Asia and the whole world within and between eth-
nic/continental boundaries via principal component analy-
sis, multidimensional scaling analysis, and phylogenetic
relationship reconstruction on the basis of two datasets (46
national populations based the 19 autosomal STRs and 51
worldwide populations based on 20 autosomal STRs).

Methods and materials
Sample collection
4325 Blood stains (667 females and 3658 males) from

Pearl River Delta in the south China were obtained with
informed written contents. This work was reviewed and
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approved by the Medical Ethics Committee of the Sichuan
University (K2015008) and it followed by the correspond-
ing humane and ethical research principles. All included
participants were the offspring of aboriginal members over
three generations.

DNA extractions and quantification

The PureLink Genomic DNA Mini Kit (Thermo Fisher Sci-
entific) was utilized to extract and isolate the human genomic
DNA on the basis of the manufacturer’s instructions. The
Quantifiler Human DNA Quantification kit (Thermo Fisher
Scientific) was used to assess the nucleotide quantity and
quantification on a 7500 Real-time PCR System (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
The DNA was diluted to 2.0 ng/uL. and stored at —20 °C
until subsequently used.

DNA amplification and genotyping

25 genetic markers, including D3S1358, vWA, D16S539,
CSF1PO, TPOX, D8S1179, D21S11, D18S51, Penta E,
D2S441, D19S433, THO1, FGA, D22S1045, D5S818,
D13S317, D75820, D6S1043, D10S1248, D1S1656,
D12S391, D2S1338, Penta D, as well as two loci of Y-InDel
(rs2032678) and Amelogenin for sex typing, were co-ampli-
fied using the Huaxia Platinum System (Thermo Fisher
Scientific) on a ProFlex PCR System (Thermo Fisher Sci-
entific) according to the manufacturer’s recommendations.
Fragments were separated and detected using the Applied
Biosystems 3500 Genetic Analyzer and sized with GeneScan
600 LIZ Size Standard v2.0 (Thermo Fisher Scientific) on
the basis of the user’s manual instructions. Allele calling was
carried out using GeneMapper ID-X v.1.4 software.

Statistical analysis

Allelic frequencies of 23 autosomal STRs and forensic sta-
tistical parameters were calculated using the online tool of
STR Analysis for Forensics (STRAF) [9] and Forensic statis-
tics analysis toolbox (FORSTAT) [10], and further consist-
ently evaluated using the STRidER [8], including matching
probability (MP), power of discrimination (PD), expected
heterozygosity (He), observed heterozygosity (Ho), power
of exclusion (PE), typical paternity index (TPI), polymor-
phism information content (PIC), combined match prob-
ability (CMP), combined power of discrimination (CPD),
and combined power of exclusion (CPE). Arlequin v3.5
was used to evaluate p value of exact tests of Hardy—Wein-
berg equilibrium (HWE) and Linkage Disequilibrium (LD).
Comprehensive population comparisons on the basis of three
datasets (11 Chinese population based on the genotype data
of 23 autosomal STRs, 46 Chinese nationwide populations
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based on the allele frequency distributions of 19 autosomal
STRs and 51 worldwide populations according to genetic
variations of 20 autosomal STRs) were performed. The
pairwise Nei’s genetic distances and Fst values were esti-
mated using the STRAF [9] and Phylip 3.9 [11]. Principal
component analysis (PCA) based on allele frequencies and
genotypes was respectively conducted using the MVSP [12]
and STRAF [9] to assess the population genetic structures
and relationships with the reference populations. Multidi-
mensional scaling plots (MDS) based on the genetic distance
matrixes were carried out using the IBM SPSS Statistics
23 software [13]. Neighbor-joining (N-J) trees were con-
structed using the Mega 7.0 [14]. Structure [15] with length
of Burn-in of 100,000 steps and number of MCMC replica-
tions of 100,000 was used to explore 11 Chinese population
structures. 10 runs, ‘Admixture’ and ‘correlated allele fre-
quencies’ models were employed. Structure Harvester [16]
was used to choose the most likely value of K. CLUMPP
v.1.1.222 [17] and online tool in the PGG Population data-
base [18] were used to visualize the results of Structure.

Quality control

This work was strictly followed the Guidelines for Auto-
somal STR Typing by Forensic DNA Testing Laboratories
published by Scientific Working Group on DNA Analysis
Method (SWGDAM) [19] and was performed in the Institute
of Forensic Medicine, West China School of Basic Medical
Sciences and Forensic Medicine, Sichuan University, which
is certificated by China National Accreditation Service for
Conformity Assessment Laboratory Accreditation (CNAS)
and ISO 17025. The positive control (007) and negative con-
trol (ddH20 and kit blank) were used in each batch of geno-
typing. The data of 4325 unrelated Han Chinese in present
study have been submitted to the STRidER [8] and received
the accession number of STR000136.

Results and discussion
Forensic efficacy

4325 Pearl River Delta Han individuals were successfully
genotyped in the present study. No deviations from HWE
are observed among 23 autosomal STRs after Bonferroni
correction of the multiplex test (Table S1). The LD tests
show p value below 0.0002 (a threshold after Bonferroni
correction) at one pairwise locus, D5S818 and D8S1179
(Table S2), which may be caused by the results of natu-
ral selection, mutation or recombination, founder effects,
genetic admixture and so on. A total of 354 alleles are
observed with the allele frequencies ranging from 0.0001 to
0.5450 (Table S3). Table S1 presents the forensic statistical

parameters. PIC in PRD Han Chinese population varies from
0.5398 t0 0.9016 and all 23 studied STRs are observed to be
fairly informative (PIC > 0.5). The locus of Penta E (0.9016)
is found to be the most informative, followed by D6S1043
(0.8638) and FGA (0.8567). He and Ho span from 0.6022 to
0.9083, and from 0.5910 to 0.9003, respectively. MP and PD
vary from 0.0150 to 0.2198, and 0.7802 to 0.9849, respec-
tively. PE ranges from 0.2802 to 0.7961, and TPI spans
from 1.2224 to 5.0174. The combined probability of match
is 1.7829x 107%%, and the combined probability of exclu-
sion is 0.9999999996. Our results combined with our previ-
ous findings [5-7] illustrated that STR loci included in the
Huaxia Platinum System are high diversity and can be used
as a powerful tool in forensic individual identification and
parentage testing in the Chinese populations along different
ethnical, geographical or administrative divisions.

Population comparisons

The population genetic characteristics of the Huaxia
Platinum System

To investigate the genetic landscapes of Chinese popu-
lations, we performed a series of analyses based on the
genotype data of the Huaxia Platinum System among our
investigated 10 populations [5—7] and one previously pub-
lished population [20]. PCA based on the genetic variations
of PC1 (0.58%), PC2 (0.48%) and PC3 (0.47%) reveals
the South-Han Chinese populations from both Pearl River
Delta and Hainan constitute the same genetic cluster with
Sichuan Han (Fig. 1a and Fig. S1), implying Han Chinese
along geographical and administrative divisions shares the
common ancestry. Besides, the clusters of Chinese minori-
ties (Hui, Yi, Uyghur and Tibetan) tend to partially overlap
with Han Chinese populations and partially extend towards
a separated group, suggesting the possible genetic admixture
and high level of gene flow between and within Han Chi-
nese populations and minority ethnicities. The Fst pairwise
genetic distances among 11 populations are presented in
Table S4. Pearl River Delta Han has a close genetic rela-
tionship with Hainan Han (0.00023) and a relative geneti-
cally distant relationship with Urumqi Uyghur (0.00283).
In our MDS analysis, four Tibeto-Burman populations are
located in the right upper part and three Uyghur popula-
tions are located in the left part (Fig. 1b and Fig. S2). Pearl
River Delta Han and Urumgqi Uyghur are clustered together.
Phylogenetic relationship is constructed on the basis of Fst
genetic matrix and N-J algorithm (Fig. 1c). The phylogeny
reveals a clear genetic differentiation between Turkic-speak-
ing populations and Sino-Tibetan-speaking populations.
Three Uyghur populations are grouped together and clearly
separated with others. Additionally, the genetic distinctions
between the language subfamilies (Tibeto-Burman-speaking
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Fig. 1 Genetic relationships and population genetic admixture struc-
ture among 11 Chinese populations based on the genetic variation of
23 autosomal STRs included in the Huaxia Platinum six-dye amplifi-
cation system. a Principle component analysis (PCA) based on PC1

populations and Chinese/Sinitic speaking populations) are
also observed. The model-based ancestry-estimation method
Structure was used to analyze population structure of 11
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and PC2; b multidimensional scaling plots (MDS) constructed by Fst
genetic distance matrix; ¢ phylogenetic tree constructed by using the
neighbor-joining (N-J) algorithm; d genetic components in 11 popu-
lation at K=4

groups consisting of 7097 individuals. The optimal sepa-
ration of four ancestral components (K=4) is identified
(Fig. S3). We defined the highest proportion of ancestral
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components in one ethnicity as ethnic-dominant ancestry
component (EDAC). Four EDACs can be observed: Han-
Chinese-dominant ancestry component (HCDAC), Uyghur-
dominant ancestry component (UDAC), Tibetan-Burman-
dominant ancestry component (TBDAC) and Hui-dominant
ancestry component (HDAC). We observe that three Han
populations (HCDAC, 20.51%), four Tibeto-Burman popula-
tions (TBDAC, 31.43%) and three Uyghur groups (UDAC,
28.57%) have a dominantly higher corresponding ethnic-
dominant ancestry component, whereas Hui exhibits four
ancestral ingredients evenly (Fig. 1d).

The current analysis suggests that genetic affinity and dis-
tinction are accompanied with the linguistic boundaries and
ethnic categories. As our findings in the PCA based on the
genotype data of 23 autosomal STRs shows a large overlap
of populations, which is obviously not visible when these
populations are assigned and then represented as one data
point in a PCA, MDS or phylogenetic tree. These results
should be carefully used in the study design of case-control
study to avoid population stratification and the interpreta-
tion of the process of human origin, migration and genetic
admixture. The population genetic structures need to be con-
firmed or carefully dissected using the high-density genome
wide SNP chip or the whole genome sequencing, such as the
population history reconstruction in Tibetans and Sherpas
[21].

Genetic differentiation along Chinese administrative
and ethnic divisions

To gain an overview of the broad genetic similarities and
differences of more Chinese populations, we projected to
combine the allele frequency distributions of Pearl River
Delta Han with previously investigated 45 populations from
11 different ethnicities using PCA, MDS, and phylogenetic
relationship reconstruction. The Nei’s pairwise genetic
distances between the studied PRD Han and 45 reference
populations are listed in Table S5. PRD Han has the close
genetic relationships with adjacent populations of Guangxi
Han (0.0030) and Western Fujian Han (0.0031) and has
the genetically distant relationships with Turkic-speaking
populations (Xinjiang Uyghurl: 0.0354; Xinjiang Uyghur2:
0.0488; Xinjiang Uyghur3: 0.0568; and Xinjiang Kazakh:
0.0563), followed by Tibeto-Burman populations (Liangshan
Tibetan: 0.0339; and Tibet Tibetan: 0.0349). We performed
a principal component analysis in which the first three PCs
are found to account for 28.519%, 16.530%, and 6.308%,
respectively, of the total variations. As shown in Fig. 2a,
b, PC1 can differentiate four Turkic-speaking populations
from others and PC2 displays a clear separation between the
South-Han and North-Han. In our MDS analysis, we see that
31 Han Chinese populations from different administrative
regions fall into two distinct clusters, respectively associated

with North-Han and South-Han defined by Yangzi River
boundary (Fig. 2¢), which is in line with their positions on
the two-dimension PCA established by the combination
of PC1 and PC2, as well as PC2 and PC3. Other Chinese
minorities are scattered around the profile in MDS and
PCA. Similar compositions of genetic affinity clusters are
identified in the N-J-based phylogenetic relationship recon-
struction. Figure 2d presents four clusters: Turkic-speaking
populations cluster, Chinese minorities cluster, North-Han
Chinese cluster and South-Han Chinese cluster. Four Yun-
nan minorities in the Southwest China are grouped with
the South-Han Chinese cluster and located at the farthest
end of the evolutionary tree. Based on these results, our
studied PRD Han Chinese population fall within the South-
Han Chinese cluster and first group with Guangxi Han and
Yunnan Yi, and then group together with Hainan Han and
Yunnan Hani cluster. Collectively, this population genetic
comparison showed that the autosomal STR gene pool in
China is comparatively homogeneous. But at the same time,
it revealed that the small genetic differentiations between the
subgroups (Turkic-speaking and Sino-Tibetan-speaking pop-
ulations; southern and northern populations as well as Han
Chinese populations and Chinese minorities) exist although
large-scale population migration occurred in the East Asian
in the prehistoric and historic period. Our findings are char-
acterized by a significant association between genetic and
ethnical origin, language boundary and geographic distance.

Population structures among worldwide populations

To the best of our knowledge, it is rare to find examples of
studies that have used autosomal STRs to provide insights
into global population relationships [22, 23]. We subse-
quently assessed the genetic relationships between the PRD
Han and a panel of 50 worldwide reference populations (22
East Asians, 3 South Asians, 4 Oceanians, 4 Africans, 6
Europeans and 11 Americans) based on the genetic poly-
morphisms of 20 overlapped autosomal STRs among Huaxia
Platinum System [6], GlobalFiler Express PCR amplifica-
tion kit [4] and PowerPlex Fusion System [3] using PCA,
MDS and N-J algorithm based clustering method. Table S6
presents the Nei’s standard genetic distances among 51
worldwide populations. There are largest genetic distances
between PRD Han and South African residing in AmaXhosa
(0.2015), followed by African living in AmaZulu (0.1834),
as well as the smallest genetic distance with Guangdong
Han (0.0032).

Principal component analysis based on the first three com-
ponents (extracting 57.772% genetic variations) reveals that
our studied PRD Han population is more closely related to
Han Chinese populations (Central Chinese Han, Guangdong
Han and Guizhou Han) than any other reference populations,
followed by Chinese minority populations and Japanese and
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Fig.2 PCA, N-J tree and MDS analyses reflecting genetic relation-
ships among 46 Chinese nationwide populations. a Principal com-
ponents analysis of 46 populations based on the genetic variation of
PC1 and PC2; b two-dimension PCA on the basis of genetic variation

Korean populations (Fig. 3a). PC1 (31.477%) from a global
scale shows a genetic differentiation between East Asians
(with the exception of 5 Chinese Turkic-speaking popula-
tions) and others. Americans can be partially separated on
the basis of PC2 (16.113%), but completely distinguished via
PC3 (10.182%). Two-dimensional plots analysis shows the
consistent population distribution patterns with the observed
structure in the PCA. East Asians combined with three South
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of PC2 and PC3; ¢ multidimensional scaling plots was constructed
according to the Nei’s genetic distance matrix; d phylogeny was
estimated with Nei’s genetic distance using neighbor-joining (N-J)
method. Group name abbreviations are in accordance with Table S5

Asians are separated with other four continental populations
and assigned at the upper position of the MDS. Most of
the American and European groups show a strong genetic
affinity within the groups, but there is a partially confused
aggregation of some of them. Africans and Oceanians are
scattered due to the relatively low number of populations. To
clearly explore the phylogeny relationship among 51 popula-
tions, we reconstructed the N-J tree based on the pairwise
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component analysis of global populations on the basis of genetic vari-
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Nei’s genetic distances (Fig. 3d). Notably, seven clusters
are observed, which is in close agreement with our previous
findings based on genetic variants of 165 ancestry informa-
tive single nucleotide polymorphisms [24, 25]. Clusters in
the phylogenetic tree from bottom to top accordingly are
Africans, New Zealand Oceanians, Europeans, Americans,
Aboriginal Australians, South Asians and East Asians.
African Afrikaans is clustered with European groups and
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@ Northeast-Brazil-Brazilian
@ Southeast-Brazil-Brazilian i
@ South-Portuguese h
@ Northern-Italy-Italian o
@ Australia-Caucasian E
W South-Africa-Afrikaaner I
@ Poland E]
@ New-Zealand-Caucasian S
A NZ-East-Polynesian ]§
—|_A New-Zealand (NZ)-West-Polynesian ;
v Cape-Coloured-South-African T
@ Southern-Portugal-Angolan Z
v AmaXhosa-African 5
W V¥ AmaZulu-South-African 1°

software; d N-J tree indicate the worldwide population phyloge-
netic relationship. Group name abbreviations are in accordance with
Table S6

Southern Portugal Angolan is clustered with African popula-
tions, which is consistent with the ethnic origins (Afrikaans
people are of European origin, and Angolans are of African
origin). These findings imply that some geographically close
inter-continental populations have a close genetic affinity.
Our investigated PRD Han herein forms a clade with Han
Chinese sub-cluster, which is first grouped with Australia
Asian and then clustered with Hainan Han and Xiamen
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Han. Our analysis provides genetic evidence that modern
human populations can be assigned into six main clusters,
which are consistent with the ethnic origin and geographical
categories.

Conclusion

This study submitted the first batch of genetic population
data from Pearl River Delta Han to the STRidER and pre-
sented the comprehensive population comparisons to dis-
sect Chinese population structures and genetic admixtures as
well as worldwide population relationships based on micro-
satellites. Our analyses combined with our previous inves-
tigated results revealed that 23 autosomal STRs included in
Huaxia Platinum System are informative and polymorphic
in Han groups and Chinese minority populations and can be
used as a useful tool in the forensic individual identification
and parentage testing after the establishment of a region-
specific database. Genetic structure investigation among
7097 Chinese individuals from 11 populations based on
Huaxia Platinum panel revealed that genetic differences are
observed among different language families or subfamilies.
Additionally, population comparisons among 46 Chinese
population revealed a significant genetic distinction between
the North-Han Chinese and South-Han Chinese, as well as
genetic differentiation is mainly existed between Uyghurs,
Tibetans and Han. Finally, worldwide genetic structures
among 51 populations based on 20 autosomal STRs identi-
fied six main genetic affinity clusters in accordance with
the continent or geographic boundaries. Collectively, Han
Chinese population residing in the Pearl River Delta has the
genetically close relationships with South-China Hans (most
predominantly Guangdong Han and Hainan Han).
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