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Abstract 

The Hakkas, undergone a series of great migrations, are usually identified with people who 

speak the Hakka language or share at least same Hakka ancestry. As the largest Hakka dialect 

island in West China, the Dongshan region was closely linked with the great migration wave 

of Hakka. However, the paternal genetic profiles of Dongshan Hakka have never been 

revealed. In the present study, 41 Y-chromosomal short tandem repeat (Y-STR) loci included 

in the SureID® PathFinder Plus Kit were analyzed in 353 unrelated male individuals (171 

Hakka and 182 Han) of Sichuan Province, China. By analyzing 166 different haplotypes 

among Dongshan Hakkas and 176 different haplotypes among Sichuan Han males, haplotype 

diversity (HD) of the Hakka population was calculated as 0.9997 with a discrimination 

capacity (DC) of 0.9708. HD and DC were 0.9996 and 0.9670 for the Sichuan Han 

population, respectively. Most of the Y-STR loci were highly informative in both populations 

except DYS645. The genetic relationships were evaluated by comparing the Hakka 

population with 11 other groups that are relevant to the migration routes of Hakkas. The 

results of the MDS plot and phylogenetic tree indicate that the Dongshan Hakka population 

was closely related to Han nationalities from Anhui, Jiangxi, and Fujian Provinces. 
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Hakka is one of the seven major Han Chinese subgroups (Du et al. 2019), whose culture is 

regarded as the living fossil of ancient Han culture (Tan 2008). They not only kept their own 

ethnic culture tenaciously but also integrated with the native culture along their migration 

routes. In general, the Hakka have experienced five great migrations in the trek over more 

than a thousand years. During the fourth great migration wave (1671-1776 A.D.) numerous 

Hakka people migrated from Central and Southeastern China to Sichuan and reached the 

western foot of the Longquan Mountains (Dongshan) (Supplementary Figure S1). This 

historical event was also called the immigration from Hu-Guang to Sichuan Province (Li et 

al. 2012), which was authenticated by many genealogical and linguistic evidence. Until now, 

Dongshan is the largest Hakka dialect island in West China, and attracted scholarly interests 

(Su 2017). The linguistic characteristics of the Hakka dialect are significantly different from 

Sichuanese Mandarin and the other families of Sino-Tibetan languages (Hashimoto 1973). 

However, the paternal genetic profiles of Dongshan Hakka have never been revealed. 

Y-chromosome is widely regarded as one of the most important tools for studies of 

forensic and human population genetics (Bian et al. 2016). Genetic markers in the non-

recombined part of Y-chromosome have unique advantages in tracking male 

offspring(Balanovsky 2017). With high mutability, Y-chromosome short tandem repeats (Y-

STRs) were widely used to study patrilineal diversity in various populations and elucidate 

human population history. However, Y-STR has not yet been investigated for a 

comprehensive analysis of the Dongshan Hakka population. 

 

Materials and Methods 
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Sample Collection 

In this study, buccal and blood samples on FTA® storage cards were collected from 353 

unrelated healthy individuals of Dongshan Hakka (n = 171) and Sichuan Han populations (n 

= 182) (Supplementary Table S1). All the Dongshan Hakka subjects speak Hakka dialect. The 

sampling sites of Han populations are located inside the Sichuan Basin in three different 

directions (South, East, and North) (Supplementary Figure S1). We confirmed that the 

subjects of Hakka and Han had lived in their regions for at least three generations. This study 

was approved by the Ethics Committee of Medical College, Shaoxing University. All 

participants signed the informed consent forms according to the Declaration of Helsinki 

(Carlson et al. 2004). 

 

PCR Amplification and Y-STR Genotyping 

Following the technical instructions in previous research (Fan et al. 2021), 41 Y-STR loci and 

3 Y-InDel markers were co-amplified by the SureID® PathFinder Plus Kit. PCR was 

performed on GeneAmp® PCR System 9700 Thermal Cycler (Applied Biosystems, CA, 

USA). PCR products were separated and detected on ABI 3500 Genetic Analyzer (Applied 

Biosystems, USA). The analysis of genotyping was conducted by GeneMapper® ID-X 

(Applied Biosystems, USA). 

 

Haplotypic Polymorphisms Analyses 

Haplotype and allele frequency of Y-STR loci were calculated by direct counting. Genetic 

diversity (GD) and haplotype diversity (HD) were measured using Nei’s method (Nei and 
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Tajima 1981). The discrimination capacity (DC) was represented as the ratio between total 

distinct haplotypes and the total number of haplotypes. 

 

Population Substructure Reconstruction 

Furthermore, genetic relationships were compared among Dongshan Hakka, and Sichuan Han 

from four directions, and other seven reference populations associated with Hakka’s 

migration (Supplementary Table S1). The RST genetic distances were assessed by analysis of 

molecular variance (AMOVA) and visualized in multidimensional scaling (MDS) plot using 

the online calculation tool of YHRD (https://yhrd.org/amova). The Y-STR haplotype data are 

available in the YHRD under accession number YA005897 for the Sichuan Hakka population 

and YA004694-2 for the Sichuan Han population. A neighbor-joining phylogenetic tree was 

constructed using Phylogeny Inference Package (PHYLIP) v3.6.95 (Reynolds et al. 1983) and 

visualized by Evolview v3 (Subramanian et al. 2019). The description of population 

substructures was also determined using linear discriminant analysis (LDA, aka Fisher 

discriminant analysis) (Diaz-Vico and Dorronsoro 2020). Based on 33 Y-STR loci the LDA 

plot was created via the open-source script of R 4.1.3 to view the linear discriminant of the 

model and visualize how well it separated the four different ethnic groups in Sichuan 

Province. The multi-copy loci were excluded in the LDA. 

 

Paternal Haplogroup Assignment 

To allocate Y-SNP haplogroups to the respective individuals, the k-nearest neighbor (kNN) 

prediction model was utilized (Altman 1992). As a common tool for machine-learning, its 



Preprint version. Visit http://digitalcommons.wayne.edu/humbiol/ after publication to acquire the final version. 

good effects on prediction were approved in many previous studies (Liong and Foo 2013; Yin 

et al. 2022). The kNN depends on a large amount of training data. In order to improve the 

prediction performance of the kNN model, Y-STR haplotypes of 3248 samples from Han 

populations and their corresponding Y haplogroups were collected to form the training and 

testing dataset (Lang et al. 2019; Song et al. 2019; Yin et al. 2020; Yin et al. 2022; Zhang et al 

2020). The program was implemented by the open-source script of R 4.1.3 based on 23 

shared Y-STR loci (Lang et al. 2019; Song et al. 2019; Yin et al. 2020; Yin et al. 2022; Zhang 

et al 2020). There was no intermediate allele variants or allele sizes limitation. Meanwhile, 

copy number variation (CNV) of Y-STR alleles and multi-copy loci were excluded in 

machine-learning (ML) development. Before the Y-haplogroup assignment, all the rest 

samples were classified into eight consolidated haplogroup branches (C2b1, D1a1, N1a1, 

N1a2, O1a1, O2a1, O2a2, and R1a1). The binary genetic markers which were used to defined 

the haplogroup branches are indicated in Supplementary Table S2, respectively. The ratio of 

the training set to testing set was set as 7:3. A confusion matrix was generated to present the 

performance for the prediction. The sensitivity and specificity for each predicted haplogroup 

were also calculated. The program was implemented by the open-source script of R 4.1.3 

based on 23 shared Y-STR loci. 

 

Network Construction 

Network 10.2. was used to generate the classic median-joining network (Bandelt, et al. 1999). 

Only complete haplotypes for the 33 Y-STR loci in the SureID® PathFinder Plus Kit were 

used for network construction, while the multi-copy loci of DYS385, DYF387S1, DYS527, 
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and DYF404S1 were excluded ahead. Meanwhile, considering the Y-STR variation across the 

haplogroups in the four studied populations, the weights assigned were specific with a five-

fold range for each haplogroup (Qamar, et al. 2002; Fan et al. 2022). 

This work follows the updated guidelines for the publication of population data requested 

by the journal (Carracedo et al. 2013; Carracedo et al. 2014). 

 

Results and Discussion 

Genetic Diversity 

The haplotype data of 41 Y-STR loci in the populations of Dongshan Hakka and Sichuan Han 

are shown in Supplementary Table S3 and Supplementary Table S4, respectively. Allelic 

frequency and GD values are listed in Supplementary Table S5. GD values at most of the 41 

Y-STR loci were greater than 0.5 (Supplementary Figure S2). The highest GD value (0.8873) 

at DYS449 and the lowest one (0.0645) at DYS645 were observed both in the Han 

population. The allelic combination distribution of the four multi-copy loci is presented in 

Supplementary Table S6. In addition, copy number variants were only found in these 

multiple-copy loci (Supplementary Table S7). 

 

Comparison with Other Populations 

Pairwise RST genetic distances among 12 studied populations, and the associated p values, are 

presented in Supplementary Table S8. When we focus on the Hakka population in this result, 

the genetic distance between Hakka and East Sichuan Han is the smallest (-0.0007), while the 

genetic distance between Hakka and Shaanxi Han is the largest (0.0220). Geographically, the 
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sampling sites of Sichuan Han (South, East, and North) are adjacent to the entrances of 

natural barriers of the Sichuan Basin, where the Hakka immigrants were hard to detour 

(Supplementary Figure S1). This special terrain made it possible to associate the sampling 

sites with the potential migration routes. The MDS results suggested that Dongshan Hakka 

was relatively far from the West Sichuan Han (Figure 1), although they are geographically 

much closer than any other group. Among the four studied ethnic groups of Sichuan, 

Dongshan Hakka showed a closer relationship with East Sichuan Han, even though all the 

Sichuan Han share the same dialect. This finding can be attributed to the important waterway 

of the eastern route. Numerous Hakka ancestors are believed to enter the eastern part of the 

Sichuan Basin along the Yangtze River and settle there in the early stage (Zhan 2013). 

Sichuan is geographically close to the ethnolinguistically diverse provinces of Chongqing, 

Guizhou, Yunnan, Hunan, and Guangxi (Wang et al. 2021). Despite this, among all the 

reference ethnic groups, East Sichuan Han mapped relatively close to Anhui Han and Jiangxi 

Han in the MDS plot. It was also noteworthy that Dongshan Hakka, East Sichuan Han, and 

Hunan Miao were not far from each other. A former ethnolinguistic investigation, which 

suggested that the Hakka dialect had intermixed with the Hmong-Mien language to some 

extent, may account for the affinity between the two ethnic groups (Li 2007). However, 

compared to the genetic affinities between Miao and Han populations from Anhui, Jiangxi, 

and Sichuan (Figure 1), Hakka was relatively farther from Miao. Consistent with the previous 

studies (Shi et al. 2005; Wang 1994), the Hmong-Mien populations were clustered closely 

with Han populations, which reflects the recorded history of admixture. Besides, linear 

discriminant analysis is a useful method to classify a response variable into two or more 
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classes. Based on 33 single-allele Y-STR loci, we assessed the performance of Y-STR 

haplotypes in classifying different ethnic groups. As shown in Figure 2, LDA was able to 

illustrate the mapping space for each of the haplotypes. The clearer substructures were 

observed in the North Sichuan Han and East Sichuan Han, while the South Sichuan Han was 

intermixed with Hakka. The findings were inconsistent with a previous study which 

suggested the homogeneity of the Sichuan Han population in many microareas (Fan et al. 

2017). This controversy may attribute to the limited number of Y-STR loci utilized in that 

study. 

 

Phylogenetic Reconstruction 

To further illustrate the phylogenetic relationships among the Dongshan Hakka, Sichuan Han, 

and other reference populations, a neighbor-joining tree was constructed based on the matrix 

of RST genetic distances. As shown in Figure 3, Dongshan Hakka was first clustered with 

Anhui Han, followed by Han populations from Jiangxi and Fujian (Longyan). It may be 

associated with the long-term fusion between Hakka and native Han people after the second 

great migration wave. These findings were consistent with another research which suggested 

Hubei, Canton, and Jiangxi are all the possible origins of Hakka (Li et al. 2003). 

Nevertheless, the close genetic relationship was not observed between Guangdong Han and 

Dongshan Hakka as expected in the present study. Considering the former reports which 

revealed a close affinity between Meizhou Hakka and Guangdong Han (Du et al. 2019; Han 

et al. 2019), one of the reasonable explanations is that one or more branches of Hakka had 

separated before their integration with Guangdong Han. There are millions of people who 
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migrated toward Sichuan during the fourth great migration wave which is a famous 

demographic event in Chinese history. That duration might span multiple generations. To 

verify the main route of the immigration from Hu-Guang to Sichuan Province, more 

investigations of the relevant populations are still needed, especially for the Han nationalities 

of Hunan and Hubei. In addition, the results of the phylogenetic tree had shown that 

Guangdong Han, as well as Han populations from East and South Sichuan, gathered in one 

clade (Figure 3). It hints that numerous Han people might move from Guangdong to Sichuan 

analog to the westward migration of Hakka. Interestingly, the Dongshan Hakka was 

phylogenetically close to Anhui rather than Guangdong and Fujian which are thought to be 

the origin places of the Hakka’s fourth great migration. A former study revealed the 

differentiated split histories and founder effects for the clans of Cantonese, Hakka, and 

Minnan Chaoshanese (Lan et al. 2020). The clear separation of Hakka and Southeastern Han 

Chinese in the phylogenetic tree may be corresponding to cultural-linguistic segregation and 

longtime conflicts (Hakka-Punti Wars) within the clans before immigration waves. Of course, 

this doesn’t mean that the genetic affinity between Cantonese and Guangdong Hakka was 

nonexistent. On the contrary, the national fusion may be more significant, especially in 

modern Chinese history. As expected, another phylogenetic analysis via Y-STR shown us that 

Guangdong Hakka has a close relationship with Southern Han regarding geographical and 

linguistic scales (Luo et al. 2021). In contrast, Dongshan Hakka in our study seems to retain a 

relatively isolated genetic background. 

 

ML-based Haplogroup Prediction 
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As the Y-STR haplotypes are genetically related to Y-SNP haplogroups, many haplogroup 

prediction models were developed to predict Y-SNP haplogroups in Han Chinese by Y-STR 

haplotypes (Yin et al. 2022). The kNN model was proved to be one of the optimal approaches 

for this purpose (Yin et al. 2022). the efficiency of  kNN model in predicting eight detailed 

haplogroups (C2b1, D1a1, N1a1, N1a2, O1a1, O2a1, O2a2, and R1a1) was estimated before 

the haplogroup prediction. The confusion matrix showed that the Y-SNP haplogroups of most 

of the samples were predicted correctly (Supplementary Table S9). Accuracy scores of the 

kNN predictor are summarized in Supplementary Table S10 (overall average accuracy: 

97.86%). The specificity for the eight haplogroups prediction had good performances, C2b1 

(99.87%), D1a1 (99.97%), N1a1(100.00%), N1a2(99.91%), O1a1 (99.87%), O2a1 (98.28%), 

O2a2 (98.56%) and R1a1 (100.00%). In Figure 4, all the eight haplogroups existed among the 

Hakka and South Sichuan Han populations, while the N1a2 in North Sichuan Han and N1a1 

East Sichuan Han were lost, respectively. The first two dominant haplogroups were O2a2 and 

O2a1 in all four populations. A previous study had showed that the O2-M122 lineages were 

probably dominant in the Hmong-Mien populations such as Yunan Miao 43.8% (21/48) and 

Hunan Miao 45.7% (48/105) (Wen et al. 2005). The frequency distribution of O2 

haplogroups in the four subpopulations of Sichuan was very similar to the reported Miao. 

This was consistent with the findings of Figure 1 in which a closed relationship between 

Hunan Han and Sichuan Han was presented. According to recorded history, the Hmong-Mien 

populations had undergone an admixture with Han populations (Shi et al. 2005). 

 

Network Analysis 
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The median-joining Y-STR networks for O2a1 and O2a2 were calculated by Network 10.2. 

(Figure 5). Two and three distinctive clusters were revealed in the networks of O2a1 and 

O2a2, respectively. The Dongshan Hakka males nearly lay in all the branches of the two 

networks. Neither the Sichuan Han nor the Dongshan Hakka could form a distinct cluster. It 

may attribute to their closely related haplotypes with each other. Notably, South Sichuan Han 

appeared in each of the branches accompanied by Hakka. This complex pattern may indicate 

that South Sichuan Han has a more significant impact on the paternal lineages of Dongshan 

Hakka. This was consistent with the findings in LDA. 

 

Conclusion 

In conclusion, these haplotypic data on the Dongshan Hakka and Sichuan Han populations 

have the potential for studying genealogy and uncovering the male-specific migration history. 

Dongshan Hakka population was phylogenetically close to Han nationalities from Anhui, 

Jiangxi, and Fujian Provinces. Moreover, the dominant haplogroups were O2a2 and O2a1 in 

both Hakka and Sichuan Han populations. However, it is still a challenging task to exact 

depict the migration routes of Hakka. Our study is expected to have a positive influence on 

the investigation of Hakka’s migration history over the coming years. 
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Supplementary Table S1. Accession Numbers and Abbreviations of the Studied Han and Hakka Populations in Sichuan and Other Reference 

Populations 

Populations Accession number Sum of haplotype* Languages/Dialect 

Dongshan, Sichuan, China_Hakka YA004741 (in this study) 162 Sino-Tibetan languages/Chinese/Hakka 

East Sichuan, China_Han YA004694-2 (in this study) 22 Sino-Tibetan languages/Chinese/Sichuanese Mandarin 

North Sichuan, China_Han YA004694-2 (in this study) 21 Sino-Tibetan languages/Chinese/Sichuanese Mandarin 

South Sichuan, China_Han YA004694-2 (in this study) 135 Sino-Tibetan languages/Chinese/Sichuanese Mandarin 

West Sichuan, China [Han] YA004694 131 Sino-Tibetan languages/Chinese/Sichuanese Mandarin 

Anhui, China [Han] YA004567, YA004623, YA004648 3110 Sino-Tibetan languages/Chinese/Hui 

Fujian, China [Han] YA004711 74 Sino-Tibetan languages/Chinese/Hokkien 

Guangdong, China [Han] YA004330, YA004709 776 Sino-Tibetan languages/Chinese/Cantonese 

Jiangxi, China [Han] YA004570 1222 Sino-Tibetan languages/Chinese/Gan 

Longyan, China [Han] YA004676 875 Sino-Tibetan languages/Chinese/Hokkien 

Shaanxi, China [Han] YA004673 386 Sino-Tibetan languages/Chinese/Standard Chinese 

Hunan, China [Miao] YA004596 629 Sino-Tibetan languages/Hmong-Mien/Mien 

*Sum of haplotype using for AMOVA in each population 
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Supplementary Table S2. The Binary Genetic Markers Used to Define the Haplogroup Branches in 

the Training and Testing Datasets (n = 3248) 

Consolidated haplogroup 

branches 
Detailed haplogroups Binary genetic markers 

Sum of detailed 

haplogroups 

C2b1 (n = 101) C2b1 Z1338 73 

 C2b1a1 CTS2657 3 

 C2b1b F845 25 

D1a1 (n = 110) D1a1a M15 7 

 D1a1a1a N1 82 

 D1a1b1~ P47 21 

N1a1 (n = 30) N1a1 M46 19 

 N1a1a M178 11 

N1a2 (n = 17) N1a2 F1008 17 

O1a1 (n = 24) O1a1a P203.1 2 

 O1a1a1a F140 1 

 O1a1a1a1 F78 8 

 O1a1a1b SK1568 2 

 O1a1a1b1b Z23392 4 

 O1a1a2a CTS52 2 

 O1a1a2a1a Z23266 5 

O2a1 (n = 965) O2a1 KL1 731 

 O2a1b IMS-JST002611 66 

 O2a1b1a1a1a F11 156 

 O2a1b1a1a1a1a1a1 F17 4 

 O2a1b1a1a1a1a1a1a1a F1095 2 

 O2a1b1a1a1a1a1a1a2 CTS7501 1 

 O2a1b1a1a1a1a1a1b1 F793 5 

O2a2 (n = 1990) O2a2 P201 100 

 O2a2a M188 61 

 O2a2a1 F2588 11 

 O2a2a1a1a M159 2 

 O2a2a1a2 M7 169 

 O2a2b P164 601 

 O2a2b1 M134 1 

 O2a2b1a1 M117 854 

 O2a2b1a1a M133 6 

 O2a2b1a1a1a1 F438 5 

 O2a2b1a1a1a3a Z25853 4 

 O2a2b1a1a1a4a CTS4658 4 

 O2a2b1a1a1b CTS7634 6 

 O2a2b1a2a F444 149 

 O2a2b1a2a1a F46 10 

 O2a2b1a2a1a1b F2887 2 

 O2a2b1a2a1a1b1b1 A9472 3 

 O2a2b1a2a1a1b1b2b2a CTS335 2 

R1a1 (n = 11) R1a1a1b2 Z93 1 

 R1a1a1b2a F3105 2 

 R1a1a1b2a2 Z2124 6 

 R1a1a1b2a2b S4576 2 
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Supplementary Table S3. Haplotype Frequencies of 41-Y STR of Dongshan Hakka Population in 

Sichuan Province (n = 171) 

HT* Freq. Count HT* Freq. Count HT* Freq. Count HT* Freq. Count 

H1 0.005848  1 H43 0.005848  1 H85 0.005848  1 H127 0.005848  1 

H2 0.005848  1 H44 0.005848  1 H86 0.005848  1 H128 0.005848  1 

H3 0.005848  1 H45 0.005848  1 H87 0.005848  1 H129 0.005848  1 

H4 0.005848  1 H46 0.005848  1 H88 0.005848  1 H130 0.005848  1 

H5 0.005848  1 H47 0.005848  1 H89 0.011696  2 H131 0.005848  1 

H6 0.005848  1 H48 0.005848  1 H90 0.005848  1 H132 0.005848  1 

H7 0.005848  1 H49 0.005848  1 H91 0.005848  1 H133 0.005848  1 

H8 0.005848  1 H50 0.005848  1 H92 0.005848  1 H134 0.005848  1 

H9 0.005848  1 H51 0.005848  1 H93 0.005848  1 H135 0.005848  1 

H10 0.005848  1 H52 0.005848  1 H94 0.005848  1 H136 0.005848  1 

H11 0.005848  1 H53 0.005848  1 H95 0.005848  1 H137 0.005848  1 

H12 0.011696  2 H54 0.005848  1 H96 0.005848  1 H138 0.005848  1 

H13 0.005848  1 H55 0.005848  1 H97 0.005848  1 H139 0.005848  1 

H14 0.005848  1 H56 0.005848  1 H98 0.005848  1 H140 0.005848  1 

H15 0.005848  1 H57 0.005848  1 H99 0.011696  2 H141 0.005848  1 

H16 0.005848  1 H58 0.005848  1 H100 0.005848  1 H142 0.005848  1 

H17 0.005848  1 H59 0.005848  1 H101 0.005848  1 H143 0.005848  1 

H18 0.005848  1 H60 0.005848  1 H102 0.005848  1 H144 0.005848  1 

H19 0.005848  1 H61 0.005848  1 H103 0.005848  1 H145 0.005848  1 

H20 0.005848  1 H62 0.005848  1 H104 0.005848  1 H146 0.005848  1 

H21 0.005848  1 H63 0.011696  2 H105 0.005848  1 H147 0.005848  1 

H22 0.005848  1 H64 0.005848  1 H106 0.005848  1 H148 0.005848  1 

H23 0.005848  1 H65 0.005848  1 H107 0.005848  1 H149 0.005848  1 

H24 0.005848  1 H66 0.005848  1 H108 0.005848  1 H150 0.005848  1 

H25 0.005848  1 H67 0.005848  1 H109 0.005848  1 H151 0.005848  1 

H26 0.005848  1 H68 0.005848  1 H110 0.005848  1 H152 0.005848  1 

H27 0.005848  1 H69 0.005848  1 H111 0.005848  1 H153 0.005848  1 

H28 0.005848  1 H70 0.011696  2 H112 0.005848  1 H154 0.005848  1 

H29 0.005848  1 H71 0.005848  1 H113 0.005848  1 H155 0.005848  1 

H30 0.005848  1 H72 0.005848  1 H114 0.005848  1 H156 0.005848  1 

H31 0.005848  1 H73 0.005848  1 H115 0.005848  1 H157 0.005848  1 

H32 0.005848  1 H74 0.005848  1 H116 0.005848  1 H158 0.005848  1 

H33 0.005848  1 H75 0.005848  1 H117 0.005848  1 H159 0.005848  1 

H34 0.005848  1 H76 0.005848  1 H118 0.005848  1 H160 0.005848  1 

H35 0.005848  1 H77 0.005848  1 H119 0.005848  1 H161 0.005848  1 

H36 0.005848  1 H78 0.005848  1 H120 0.005848  1 H162 0.005848  1 

H37 0.005848  1 H79 0.005848  1 H121 0.005848  1 H163 0.005848  1 

H38 0.005848  1 H80 0.005848  1 H122 0.005848  1 H164 0.005848  1 

H39 0.005848  1 H81 0.005848  1 H123 0.005848  1 H165 0.005848  1 

H40 0.005848  1 H82 0.005848  1 H124 0.005848  1 H166 0.005848  1 

H41 0.005848  1 H83 0.005848  1 H125 0.005848  1    

H42 0.005848  1 H84 0.005848  1 H126 0.005848  1    

*HT represents Haplotype. Among 171 males of Dongshan Hakka, a total of 166 haplotypes were found, of 

which 161 were unique. The overall HD and DC reached 0.9997 and 0.9708, respectively.  
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Supplementary Table S4. Haplotype Frequencies of 41-Y STR of Han Population in Sichuan Province 

(n = 182) 

HT* Freq. Count HT* Freq. Count HT* Freq. Count HT* Freq. Count 

H1 0.005495  1 H45 0.005495  1 H89 0.005495  1 H133 0.005495  1 

H2 0.005495  1 H46 0.005495  1 H90 0.005495  1 H134 0.005495  1 

H3 0.005495  1 H47 0.005495  1 H91 0.005495  1 H135 0.005495  1 

H4 0.005495  1 H48 0.005495  1 H92 0.005495  1 H136 0.005495  1 

H5 0.005495  1 H49 0.005495  1 H93 0.010989  2 H137 0.005495  1 

H6 0.005495  1 H50 0.005495  1 H94 0.010989  2 H138 0.005495  1 

H7 0.005495  1 H51 0.005495  1 H95 0.005495  1 H139 0.005495  1 

H8 0.005495  1 H52 0.005495  1 H96 0.005495  1 H140 0.005495  1 

H9 0.005495  1 H53 0.005495  1 H97 0.005495  1 H141 0.005495  1 

H10 0.005495  1 H54 0.005495  1 H98 0.005495  1 H142 0.005495  1 

H11 0.005495  1 H55 0.005495  1 H99 0.005495  1 H143 0.005495  1 

H12 0.005495  1 H56 0.005495  1 H100 0.010989  2 H144 0.005495  1 

H13 0.005495  1 H57 0.005495  1 H101 0.005495  1 H145 0.005495  1 

H14 0.005495  1 H58 0.005495  1 H102 0.005495  1 H146 0.005495  1 

H15 0.005495  1 H59 0.005495  1 H103 0.005495  1 H147 0.005495  1 

H16 0.005495  1 H60 0.005495  1 H104 0.005495  1 H148 0.005495  1 

H17 0.005495  1 H61 0.005495  1 H105 0.005495  1 H149 0.005495  1 

H18 0.005495  1 H62 0.010989  2 H106 0.005495  1 H150 0.005495  1 

H19 0.005495  1 H63 0.005495  1 H107 0.005495  1 H151 0.005495  1 

H20 0.005495  1 H64 0.005495  1 H108 0.005495  1 H152 0.005495  1 

H21 0.005495  1 H65 0.005495  1 H109 0.005495  1 H153 0.005495  1 

H22 0.005495  1 H66 0.005495  1 H110 0.005495  1 H154 0.005495  1 

H23 0.005495  1 H67 0.005495  1 H111 0.005495  1 H155 0.005495  1 

H24 0.005495  1 H68 0.005495  1 H112 0.005495  1 H156 0.005495  1 

H25 0.005495  1 H69 0.005495  1 H113 0.005495  1 H157 0.005495  1 

H26 0.005495  1 H70 0.005495  1 H114 0.005495  1 H158 0.005495  1 

H27 0.005495  1 H71 0.005495  1 H115 0.005495  1 H159 0.005495  1 

H28 0.005495  1 H72 0.005495  1 H116 0.005495  1 H160 0.005495  1 

H29 0.005495  1 H73 0.005495  1 H117 0.010989  2 H161 0.005495  1 

H30 0.005495  1 H74 0.005495  1 H118 0.005495  1 H162 0.005495  1 

H31 0.005495  1 H75 0.005495  1 H119 0.005495  1 H163 0.005495  1 

H32 0.005495  1 H76 0.005495  1 H120 0.005495  1 H164 0.005495  1 

H33 0.005495  1 H77 0.005495  1 H121 0.005495  1 H165 0.005495  1 

H34 0.005495  1 H78 0.005495  1 H122 0.010989  2 H166 0.005495  1 

H35 0.005495  1 H79 0.005495  1 H123 0.005495  1 H167 0.005495  1 

H36 0.005495  1 H80 0.005495  1 H124 0.005495  1 H168 0.005495  1 

H37 0.005495  1 H81 0.005495  1 H125 0.005495  1 H169 0.005495  1 

H38 0.005495  1 H82 0.005495  1 H126 0.005495  1 H170 0.005495  1 

H39 0.005495  1 H83 0.005495  1 H127 0.005495  1 H171 0.005495  1 

H40 0.005495  1 H84 0.005495  1 H128 0.005495  1 H172 0.005495  1 

H41 0.005495  1 H85 0.005495  1 H129 0.005495  1 H173 0.005495  1 

H42 0.005495  1 H86 0.005495  1 H130 0.005495  1 H174 0.005495  1 

H43 0.005495  1 H87 0.005495  1 H131 0.005495  1 H175 0.005495  1 

H44 0.005495  1 H88 0.005495  1 H132 0.005495  1 H176 0.005495  1 

*HT represents Haplotype. Among 182 Sichuan Han males, 176 haplotypes were observed, and 170 of them 
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were exclusive. The overall HD and DC reached 0.9996 and 0.9670, respectively.  
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Supplementary Table S5. Allele Frequency and GD Values for 41 Y-STR Loci of Dongshan Hakka and 

Han Populations in Sichuan Province 

Allele 
DYS19 DYS389I DYS389II DYS390 DYS391 DYS392 DYS393 

Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han 

6         0.0117  0.0055      

7               

8               

9         0.0351  0.0220      

10         0.7368  0.7637  0.0234  0.0055    

11   0.0058       0.2047  0.1978  0.0702  0.1484   0.0165  

12   0.5205  0.5824      0.0117  0.0110  0.0819  0.1319  0.4795  0.4780  

13 0.0351  0.0495  0.3333  0.3022        0.3977  0.3187  0.3333  0.3077  

13.1               

13.2               

14 0.1930  0.2418  0.1404  0.1044        0.3801  0.3791  0.1462  0.1374  

14.1               

15 0.4737  0.4890   0.0110        0.0468  0.0165  0.0409  0.0604  

16 0.2222  0.1593              

17 0.0702  0.0604              

18 0.0058               

18.2               

19               

19.3               

20               

20.2               

21        0.0110        

21.2               

22       0.0409  0.0659        

22.2               

23       0.3743  0.4451        

23.2               

24       0.3450  0.2802        

25       0.2164  0.1868        

26     0.0351  0.0110  0.0234  0.0110        

27     0.0936  0.0769          

28     0.2865  0.2967          

29     0.3392  0.3132          

30     0.1871  0.2033          

31     0.0409  0.0769          

32     0.0117  0.0220          

33     0.0058           

33.2               

34               

35               

36               

36.2               

36.3               

37               

37.2               

38               

38.2               

39               

40               

41               

42               

43               

44               

GD 0.6868  0.6746  0.6018  0.5615  0.7604  0.7643  0.6959  0.6877  0.4161  0.3790  0.6870  0.7190  0.6396  0.6576  
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Allele 
DYS385 DYS438 DYS439 DYS437 DYS448 DYS456 DYS458 

Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han 

6               

7               

8    0.0110            

9    0.0110            

10 0.0087  0.0027  0.7485  0.6813  0.0292  0.0714          

11 0.0494  0.1366  0.2222  0.2692  0.3509  0.3407          

12 0.1715  0.1366  0.0234  0.0220  0.4152  0.4176      0.0058     

13 0.2762  0.2623  0.0058  0.0055  0.1579  0.1319   0.0110    0.0351  0.0165   0.0055  

13.1 0.0029               

13.2               

14 0.0843  0.0710    0.0409  0.0385  0.6608  0.5824    0.1579  0.1703  0.0058  0.0110  

14.1               

15 0.0291  0.0628    0.0058   0.3392  0.3956   0.0055  0.5965  0.5659  0.1228  0.1758  

16 0.0378  0.0437       0.0110   0.0055  0.1170  0.1758  0.1754  0.2198  

17 0.0407  0.0464        0.0117  0.0220  0.0819  0.0440  0.3567  0.1978  

18 0.0901  0.0683        0.2865  0.2802  0.0058  0.0220  0.2164  0.2033  

18.2         0.0058       

19 0.1017  0.0956        0.3743  0.3242   0.0055  0.0819  0.1484  

19.3               

20 0.0785  0.0410        0.2281  0.2637    0.0234  0.0385  

20.2               

21 0.0262  0.0246        0.0877  0.0989    0.0175   

21.2               

22 0.0029  0.0082        0.0058       

22.2               

23               

23.2               

24               

25               

26               

27               

28               

29               

30               

31               

32               

33               

33.2               

34               

35               

36               

36.2               

36.3               

37               

37.2               

38               

38.2               

39               

40               

41               

42               

43               

44               

GD 0.8579  0.8670  0.3920  0.4651  0.6810  0.6894  0.4509  0.5068  0.7221  0.7406  0.6011  0.6205  0.7770  0.8212  
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Allele 
DYS635 YGATAH4 DYS481 DYS533 DYS549 DYS570 DYS576 

Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han 

6               

7               

8               

9               

10   0.0585  0.0385    0.1287  0.1209       0.0055  

11   0.3743  0.3571    0.5789  0.5330  0.1345  0.0824      

12   0.4795  0.5330    0.2690  0.2912  0.5322  0.5604      

13   0.0760  0.0659    0.0234  0.0495  0.2749  0.2967     0.0055  

13.1               

13.2               

14   0.0117  0.0055     0.0055  0.0585  0.0604   0.0055   0.0110  

14.1               

15           0.0117  0.0330  0.0058   

16           0.1228  0.1648  0.0877  0.1044  

17      0.0055      0.2573  0.2363  0.2222  0.1868  

18 0.0058           0.2398  0.2747  0.3567  0.3022  

18.2               

19 0.1053  0.1264          0.1871  0.1923  0.2047  0.2637  

19.3               

20 0.2398  0.2527          0.0819  0.0714  0.0877  0.0879  

20.2               

21 0.3333  0.3571    0.0175  0.0165      0.0585  0.0165  0.0234  0.0330  

21.2               

22 0.1696  0.1593    0.0994  0.1703      0.0351  0.0055  0.0058   

22.2               

23 0.0819  0.0769    0.3275  0.2802      0.0058   0.0058   

23.2               

24 0.0526  0.0220    0.2222  0.1868          

25 0.0117  0.0055    0.1170  0.1429          

26     0.1111  0.0879          

27     0.0526  0.0989          

28     0.0175  0.0055          

29     0.0117  0.0055          

30     0.0234           

31               

32               

33               

33.2               

34               

35               

36               

36.2               

36.3               

37               

37.2               

38               

38.2               

39               

40               

41               

42               

43               

44               

GD 0.7865  0.7650  0.6243  0.5858  0.8081  0.8238  0.5787  0.6174  0.6234  0.5907  0.8195  0.8024  0.7699  0.7887  
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Allele 
DYS643 DYF387S1 DYS449 DYS460 DYS518 DYS627  DYS388 

Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han 

6               

7  0.0055              

8 0.0117  0.0604              

9 0.0877  0.0385      0.3099  0.3571       0.0055  

10 0.1930  0.2637      0.4152  0.3681      0.1637  0.1648  

11 0.5029  0.4066      0.2573  0.2363      0.0058  0.0110  

12 0.1871  0.1923      0.0175  0.0385      0.7368  0.6209  

13 0.0175  0.0330            0.0760  0.1538  

13.1               

13.2               

14             0.0175  0.0440  

14.1               

15           0.0058     

16           0.0058     

17           0.0058  0.0275    

18           0.0468  0.0769    

18.2               

19           0.0936  0.1429    

19.3               

20           0.1813  0.1758    

20.2               

21           0.2573  0.2308    

21.2               

22           0.2573  0.1978    

22.2            0.0055    

23           0.1111  0.1209    

23.2               

24           0.0175  0.0220    

25      0.0110      0.0175     

26     0.0351  0.0495          

27     0.0468  0.0440          

28     0.0760  0.0714          

29     0.0877  0.1209          

30     0.1637  0.1209          

31     0.1228  0.1758     0.0055      

32     0.2047  0.1868     0.0110      

33   0.0058  0.0055  0.1637  0.0824    0.0058  0.0165      

33.2               

34   0.0116  0.0137  0.0585  0.0604    0.0468  0.0330      

35   0.1105  0.1233  0.0234  0.0440    0.0877  0.0714      

36   0.1657  0.2000   0.0220    0.1462  0.1703      

36.2          0.0055      

36.3   0.0029             

37   0.1977  0.1863  0.0175  0.0110    0.1637  0.1209      

37.2         0.0175       

38   0.1948  0.2110      0.1579  0.2582      

38.2               

39   0.1715  0.1534      0.1696  0.1209      

40   0.0959  0.0877      0.1053  0.0604      

41   0.0378  0.0164      0.0643  0.0659      

42   0.0029  0.0027      0.0351  0.0330      

43   0.0029        0.0275      

44               

GD 0.6706  0.7259  0.8455  0.8362  0.8733  0.8873  0.6689  0.6834  0.8766  0.8633  0.8155  0.8391  0.4266  0.5647  
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Allele 
 DYS447  DYS444  DYS645  DYS557  DYS522  DYS596  DYS593 

Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han Hakka Han 

6               

7               

8     0.9408  0.9669          

9     0.0592  0.0331     0.0056      

10    0.0110      0.1302  0.1056      

11   0.1941  0.2155      0.3609  0.3722      

12   0.3882  0.3094      0.4024  0.4222      

13   0.2471  0.2762    0.0409  0.0330  0.1065  0.0944   0.0055    

13.1               

13.2               

14   0.1353  0.1602    0.3977  0.3791    0.3041  0.3407    

14.1               

15   0.0353  0.0276    0.2222  0.2363    0.6199  0.5824  0.3882  0.3681  

16       0.1988  0.1758    0.0760  0.0659  0.4294  0.4451  

17       0.0819  0.0604     0.0055  0.1647  0.1703  

18  0.0055      0.0409  0.0769      0.0176  0.0165  

18.2               

19       0.0175  0.0385        

19.3               

20               

20.2               

21 0.0409  0.0110              

21.2               

22 0.0175  0.0220              

22.2               

23 0.1754  0.2088              

23.2               

24 0.2632  0.2143              

25 0.1988  0.2912              

26 0.1170  0.1209              

27 0.1170  0.0934              

28 0.0468  0.0330              

29 0.0234               

30               

31               

32               

33               

33.2               

34               

35               

36               

36.2               

36.3               

37               

37.2               

38               

38.2               

39               

40               

41               

42               

43               

44               

GD 0.8332  0.8051  0.7353  0.7592  0.1120  0.0645  0.7470  0.7616  0.6836  0.6668  0.5205  0.5433  0.6412  0.6406  
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Allele 
DYS527 DYF404S1 

Hakka Han Hakka Han 

 6     

7     

8     

9     

10    0.0027 

11    0.0027 

12   0.0667  0.1014 

13   0.2174  0.2493 

13.1     

13.2   0.0058   

14   0.2696  0.2822 

14.1     

15   0.3072  0.2466 

16   0.0986  0.0986 

17 0.0029  0.0027  0.0290  0.0137 

18   0.0029  0.0027 

18.2     

19 0.0496  0.0522  0.0029   

19.3     

20 0.1370  0.1593    

20.2     

21 0.2099  0.1841    

21.2     

22 0.2828  0.2418    

22.2     

23 0.1808  0.2005    

23.2     

24 0.1166  0.1099    

25 0.0175  0.0357    

26 0.0029  0.0082    

27  0.0027    

28     

29  0.0027    

30     

31     

32     

33     

33.2     

34     

35     

36     

36.2     

36.3     

37     

37.2     

38     

38.2     

39     

40     

41     

42     

GD 0.8105  0.8282  0.7729  0.7793 

GD: genetic diversity, GD= n (1-∑pi2) / (n-1), where n is the total number of observed allele and pi 

represents the frequency of the i-th allele. 
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Supplementary Table S6. Allelic Combination Distributions of Four Multi-copy Markers of Hakka 

and Han Populations in Sichuan Province 

DYS385 DYF387S1 

Hakka Han Hakka Han 

Haplotype Frequency Haplotype Frequency Haplotype Frequency Haplotype Frequency 

10, 18 0.0058  10, 17 0.0055  35, 39 0.0877  33, 33 0.0055  

10, 20 0.0117  11, 11 0.0824  36, 39 0.0819  34, 38 0.0055  

11, 11 0.0058  11, 12 0.0495  37, 37 0.0702  34, 39 0.0165  

11, 12 0.0292  11, 13 0.0165  38, 38 0.0468  34, 40 0.0055  

11, 17 0.0175  11, 16 0.0055  36, 40 0.0468  35, 35 0.0110  

11, 18 0.0117  11, 18 0.0165  35, 40 0.0292  35, 36 0.0165  

11, 19 0.0175  11, 19 0.0055  35, 38 0.0409  35, 37 0.0440  

11, 20 0.0117  11, 20 0.0055  36, 37 0.0585  35, 38 0.1099  

12, 12 0.0292  11, 21 0.0110  35, 37 0.0292  35, 38, 40 0.0055  

12, 13, 20, 21 0.0058  12, 12 0.0165  36, 38 0.0936  35, 39 0.0330  

12, 13.1 0.0058  12, 14 0.0055  35, 36, 37 0.0058  35, 40 0.0165  

12, 14 0.0058  12, 16 0.0604  39, 39 0.0409  36, 36 0.0549  

12, 15 0.0117  12, 17 0.0275  39, 40 0.0117  36, 37 0.0385  

12, 16 0.0292  12, 18 0.0385  35, 41 0.0117  36, 38 0.0879  

12, 17 0.0351  12, 19 0.0220  37, 41 0.0409  36, 39 0.0769  

12, 18 0.0175  12, 20 0.0330  37, 40 0.0409  36, 40 0.0440  

12, 19 0.0702  12, 22 0.0055  38, 40 0.0468  36, 41 0.0275  

12, 20 0.0585  13, 13 0.1044  37, 38 0.0351  37, 37 0.0604  

12, 21 0.0175  13, 14 0.0549  36.3, 38 0.0058  37, 38 0.0330  

13, 13 0.1053  13, 14, 19, 20 0.0055  38, 39 0.0468  37, 39 0.0934  

13, 14 0.0585  13, 16 0.0055  37, 39 0.0351  37, 40 0.0330  

13, 15 0.0058  13, 17 0.0385  34, 34 0.0058  37, 41 0.0055  

13, 16 0.0058  13, 18 0.0330  35, 35 0.0058  37, 42 0.0055  

13, 17 0.0175  13, 19 0.1154  36, 36 0.0175  38, 38 0.0495  

13, 18 0.1053  13, 20 0.0385  33, 40 0.0117  38, 39 0.0330  

13, 19 0.0643  13, 21 0.0110  38, 41 0.0117  38, 40 0.0495  

13, 20 0.0526  14, 14 0.0055  36, 41 0.0117  39, 39 0.0220  

13, 21 0.0292  14, 15 0.0110  34, 38 0.0117  39, 40 0.0110  

14, 14 0.0117  14, 18 0.0220  35, 43 0.0058  40, 40 0.0055  

14, 16 0.0058  14, 19 0.0220  37, 38, 40 0.0058    

14, 17 0.0058  14, 21 0.0055  37, 42 0.0058    

14, 18 0.0409  14, 22 0.0055      

14, 19 0.0234  15, 15 0.0220      

14, 20 0.0058  15, 16 0.0110      

15, 16 0.0117  15, 17 0.0220      

15, 19 0.0175  15, 18 0.0055      

15, 20 0.0058  15, 19 0.0110      

15, 22 0.0058  15, 21 0.0165      

16, 16 0.0058  15, 22 0.0055      

16, 19 0.0058  16, 21 0.0055      

16, 20 0.0058  18, 18 0.0110      

17, 19 0.0058  19, 19 0.0055      
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DYS385 DYF387S1 

Hakka Han Hakka Han 

Haplotype Frequency Haplotype Frequency Haplotype Frequency Haplotype Frequency 

20, 23 0.0760  18, 23 0.0055  13, 13 0.0819  10, 13 0.0055  

21, 21 0.0351  19, 19 0.0055  14, 15 0.1871  11, 14 0.0055  

20, 20 0.0175  19, 20 0.0440  15, 15 0.1287  12, 12 0.0275  

22, 22 0.1053  19, 21 0.0110  16, 16 0.0292  12, 13 0.0604  

20, 24 0.0760  19, 23 0.0055  12, 13 0.0526  12, 14 0.0385  

24, 24 0.0117  19, 24 0.0220  14, 14 0.0819  12, 15 0.0330  

21, 24 0.0760  19, 25 0.0110  13, 14 0.0936  12, 16 0.0165  

20, 25 0.0175  20, 20 0.0165  13, 15 0.0819  13, 13 0.0989  

19, 22 0.0234  20, 21 0.0275  13, 17 0.0117  13, 14 0.1209  

21, 23 0.0877  20, 22 0.0495  15, 16, 17 0.0058  13, 14, 17 0.0055  

19, 19 0.0175  20, 23 0.0549  14, 14, 16, 17 0.0058  13, 15 0.0824  

21, 22 0.1462  20, 24 0.0714  15, 17 0.0117  13, 16 0.0220  

23, 24 0.0234  20, 25 0.0385  15, 16 0.0409  13, 18 0.0055  

22, 26 0.0058  21, 21 0.0440  17, 17 0.0058  14, 14 0.0934  

20, 22 0.0468  21, 22 0.0879  13, 16 0.0234  14, 15 0.1538  

22, 23 0.0936  21, 23 0.0989  14, 16 0.0468  14, 16 0.0440  

23, 23 0.0351  21, 24 0.0385  12, 14 0.0234  14, 17 0.0110  

17, 23 0.0058  21, 25 0.0110  13.2, 14 0.0117  15, 15 0.0824  

22, 24 0.0351  21, 26 0.0055  12, 15 0.0351  15, 16 0.0604  

21, 25 0.0175  22, 22 0.1099  12, 16 0.0175  16, 16 0.0275  

19, 21 0.0175  22, 23 0.0714  13, 18 0.0058  17, 17 0.0055  

21, 22, 23 0.0058  22, 24 0.0385  14, 17 0.0058    

19, 20 0.0234  22, 25 0.0055  12, 17 0.0058    

  22, 26 0.0055  13, 19 0.0058    

  22, 27 0.0055      

  23, 23 0.0604      

  23, 24 0.0275      

  23, 25 0.0055      

  23, 26 0.0055      

  23, 29 0.0055      

   24, 24 0.0110      
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Supplementary Table S7. Copy Number Variants Observed in Hakka and Han Populations in Sichuan 

Province 

Genotype Locus Count Sample Origin 

12, 13, 20, 21 DYS385 1 Dongshan Hakka 

13, 14, 19, 20 DYS385 1 Sichuan Han 

35, 36, 37 DYF387S1 1 Dongshan Hakka 

35, 38, 40 DYF387S1 1 Sichuan Han 

37, 38, 40 DYF387S1 1 Dongshan Hakka 

21, 22, 23 DYS527 1 Dongshan Hakka 

13, 14, 17 DYF404S1 1 Sichuan Han 

14, 14, 16, 17 DYF404S1 1 Dongshan Hakka 

15, 16, 17 DYF404S1 1 Dongshan Hakka 
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Supplementary Table S8. Pairwise RST value Estimates (below the diagonal) and Corresponding p Value (above the diagonal) among the Dongshan 

Hakka Population and 11 Other Populations 

Population 

West 

Sichuan, 

China  

[Han] 

East 

Sichuan, 

China 

_Han 

North 

Sichuan, 

China 

_Han 

South 

Sichuan, 

China 

_Han 

Sichuan, 

China 

_Hakka 

Anhui, 

China  

[Han] 

Fujian, 

China  

[Han] 

Guangdong, 

China 

 [Han] 

Jiangxi, 

China 

 [Han] 

Longyan, 

China 

 [Han] 

Shaanxi, 

China 

 [Han] 

Hunan, 

China 

 [Miao] 

West Sichuan, China [Han] - 0.3829  0.5504  0.2909  0.0054  0.0006  0.0016  0.0236  0.0000  0.0000  0.0000  0.0578  

East Sichuan, China_Han 0.0013  - 0.7044  0.6735  0.4346  0.5959  0.4372  0.6362  0.4834  0.6502  0.4617  0.5680  

North Sichuan, China_Han -0.0036  -0.0131  - 0.8890  0.0987  0.5775  0.2980  0.8316  0.4361  0.4988  0.8138  0.7930  

South Sichuan, China_Han 0.0012  -0.0070  -0.0129  - 0.0105  0.1332  0.0816  0.8707  0.0560  0.1242  0.0516  0.0900  

Dongshan, Sichuan, China_Hakka 0.0119  -0.0007  0.0152  0.0099  - 0.0006  0.0077  0.0003  0.0034  0.0040  0.0000  0.0000  

Anhui, China [Han] 0.0095  -0.0040  -0.0039  0.0017  0.0076  - 0.0509  0.0000  0.0000  0.0000  0.0000  0.0000  

Fujian, China [Han] 0.0239  -0.0014  0.0044  0.0071  0.0159  0.0060  - 0.0086  0.1934  0.2099  0.0010  0.0002  

Guangdong, China [Han] 0.0046  -0.0050  -0.0093  -0.0018  0.0096  0.0026  0.0107  - 0.0000  0.0000  0.0002  0.0001  

Jiangxi, China [Han] 0.0139  -0.0018  -0.0009  0.0034  0.0073  0.0017  0.0023  0.0042  - 0.0019  0.0000  0.0000  

Longyan, China [Han] 0.0160  -0.0056  -0.0023  0.0022  0.0069  0.0031  0.0021  0.0054  0.0022  - 0.0000  0.0000  

Shaanxi, China [Han] 0.0176  -0.0011  -0.0089  0.0040  0.0220  0.0084  0.0186  0.0056  0.0112  0.0105  - 0.0000  

Hunan, China [Miao] 0.0040  -0.0041  -0.0097  0.0031  0.0176  0.0101  0.0267  0.0048  0.0155  0.0164  0.0096  - 

Pairwise genetic distances (RST value estimates, below the diagonal) were obtained by Analysis of MOlecular VAriance (AMOVA). Significance of genetic 

distances (above the diagonal) was tested by 10,000 permutations. Significant differentiation test p-values were marked in red (p = 0.05/66=0.000758 after 

Bonferroni correction). 
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Supplementary Table S9. Confusion Matrix and Statistics for Prediction on the Testing Set of Y-DNA 

Database from Chinese Han Populations 

Prediction# 
Truth* 

C2b1 D1a1 N1a1 N1a2 O1a1 O2a1 O2a2 R1a1 

C2b1 100 0 0 0 0 1 3 0 

D1a1 0 108 0 0 0 0 1 0 

N1a1 0 0 28 0 0 0 0 0 

N1a2 0 0 2 17 0 0 1 0 

O1a1 0 0 0 0 22 1 3 0 

O2a1 0 0 0 0 2 937 37 0 

O2a2 0 1 0 0 0 17 1926 0 

R1a1 0 0 0 0 0 0 0 11 

#The vertical axis represents the predicted label (haplogroup) while *the abscissa axis represents the true 

label (haplogroup). 
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Supplementary Table S10. Overall Statistics for Prediction on the Testing Set of Y-DNA Database 

from Chinese Han Populations 

Haplogroups C2b1 D1a1 N1a1 N1a2 O1a1 O2a1 O2a2 R1a1 

Sensitivity 1.0000  0.9908  0.9333  1.0000  0.9167  0.9801  0.9772  1.0000  

Specificity 0.9987  0.9997  1.0000  0.9991  0.9987  0.9828  0.9856  1.0000  

Pos Pred Value 0.9615  0.9908  1.0000  0.8500  0.8462  0.9600  0.9907  1.0000  

Neg Pred Value 1.0000  0.9997  0.9994  1.0000  0.9994  0.9915  0.9647  1.0000  

Prevalence 0.0311  0.0339  0.0093  0.0053  0.0075  0.2971  0.6125  0.0034  

Detection Rate 0.0311  0.0336  0.0087  0.0053  0.0068  0.2912  0.5985  0.0034  

Detection Prevalence 0.0323  0.0339  0.0087  0.0062  0.0081  0.3033  0.6041  0.0034  

Balanced Accuracy 0.9994  0.9953  0.9667  0.9995  0.9577  0.9814  0.9814  1.0000  
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Figure Captions 

Figure 1. MDS analysis of Dongshan Hakka and 11 other populations based on RST values. 

Figure 2. Population substructure reconstruction for the male of Hakka and Han populations 

in Sichuan Province (n = 338) based on LDA method. All samples with null alleles were 

excluded for analysis. 

Figure 3. Phylogenetic relationships among Dongshan Hakka and other reference 

populations based on the pairwise RST genetic distances. 

Figure 4. Y-chromosome haplogroups and their frequency distribution of the four studied 

populations in Sichuan Province. OpenStreetMap (© OpenStreetMap contributors; see 

openstreetmap.org/copyright for license information) was used to create this map. 

Figure 5. Median-joining networks of Y-haplogroup O2a1 and O2a2 constructed for the four 

studied populations based on 33 Y-STR loci. The lines between the circles are proportional to 

the number of mutational steps, with the area of the circles proportional to the haplotype 

frequency. 

Supplementary Figure S1. Geographic distribution of sampling sites. Male samples (n = 

353) were collected from Sichuan, Southwest China. The sampling sites of Han populations 

are separately located in three different directions (South, East, North) inside the Sichuan 

Basin. The pin of Magenta, Cyan, and Blue color indicate the three Han populations, 

respectively. Orange pin presents the Dongshan Hakka population. Green pins indicate the 

Sichuan Han in the previous study (YA004694). OpenStreetMap (© OpenStreetMap 

contributors; see openstreetmap.org/copyright for license information) was used to create this 

map. 

Supplementary Figure S2. The genetic diversities of the 41 Y-STR loci in the populations of 

Dongshan Hakka (n = 171) and Sichuan Han (n = 182) genotyped using SureID® PathFinder 

Plus. Broken lines represent genetic diversity of 0.50 and 0.70.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Supplementary Figure S1. 
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Supplementary Figure S2. 
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