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Abstract: The Han Chinese (HAN) represent the world’s largest ethnic group, and their genetic structure has been the focus of
numerous studies. Yet previous studies failed to draw out finer population stratification of patrilineal HAN, due to limitations in
sample size and genetic marker density. This essay employs a Y-haplogroup frequency dataset from virtually whole China aiming
to draw out a detailed genetic structure of the patrilineal HAN. We provide an overview of the Y chromosome haplogroup
distributions, and find that the patrilineal HAN can be divided into five geographic subgroups. Analysis of Molecular Variance
(AMOVA) provided further support for the five-substructure model. By comparing patrilineal and matrilineal descent, we revealed
stronger geographical aggregation for patrilineal HAN. Moreover, populations with patrilineal descent showed lower levels of
haplogroup diversity (HD) compared to those with matrilineal descent, suggesting potential population bottleneck of patrilineal
HAN. The larger HD among northern patrilines verified historical migration of HAN from north to south, which validated by
neighbor joining tree (NJ-tree). Overall, we speculate the southward migration routes for Han Chinese, and the HAN south of the
Nanling Mountains may have entered via the middle reaches of the Yangtze River, rather than via eastern coastal provinces.
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1. Introduction

The Han Chinese (HAN) are the largest ethnic group in the world, accounting for approximately 1/6 of the global population.
However, a recent study noted that the vast majority (86%) of genomic studies were conducted on individuals of European descent
[1]. The field of genomics currently exhibits a serious imbalance in scientific research among different population groups. Of the
3202 genomes in the 1000 Genome Project, only 283 belong to the HAN, a proportion of 8.8% that is grossly disproportionate
given the HAN’s share of the global population [2,3].

Knowledge about genetic structure can aid in inferring evolutionary history and guiding association studies [4-6]. Although
many studies have reported the overall picture of the genetic structure of the HAN population, more detailed population genetic
structures are still worth improving, especially at the provincial, municipal, and minority ethnic group levels beyond the HAN
population [7-10]. Moreover, in the past decade, there have been numerous population genetic studies utilizing genome-wide single
nucleotide polymorphism (SNPs) and mtDNA analyses. Nevertheless, more comprehensive population studies are necessary to
fully elucidate the intricate genetic structure of the patrilineal HAN.

A comprehensive analysis of mitochondrial DNA haplogroups on a large scale has revealed that the HAN population can be
divided into three subgroups based on matrilineal ancestry: those inhabiting the Yellow River valley, the Yangtze River valley, and
the Pearl River valley [11]. In contrast, the genetic structure of the HAN obtained from genome-wide SNPs is much more intricate
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due to admixture. Previous studies conducted in China using genome-wide SNPs have revealed the potential existence of three to
seven subgroups within the HAN population [12-16]. These studies all accept that the HAN ethnic group can be categorized into
three primary subgroups, with the Qinling-Huaihe River and the Nanling Mountains serving as the primary geographic boundaries,
which is similar to the mtDNA study.

It is well-known that patrilineal HAN can be divided into two subgroups, North and South [4,17,18]. Despite numerous studies
on the fine-scale genetic structure at regional and provincial levels in China, a research gap still exists at a national level. Mainly
because there is still a lack of a unified dataset to identify the intricate genetic structure within the subpopulations of North and
South. Furthermore, population substructure can be complicated by several factors, including the number and types of genetic
markers, geographic origins, and coverage of studied and reference populations [19]. Therefore, conducting such research
necessitates a unified dataset from a large population that takes into account both population coverage and high-density genetic
markers.

Based on a 372 Y-chromosome haplogroup frequency dataset identified from 18,618 male individuals covering 33 provincial
administrations in China, we present an overview of the Y chromosome haplogroup distributions of Han Chinese. Our study reveals
that patrilineal HAN can be divided into five distinct geographic subgroups: Northern China, Eastern Coast, Upper and Middle
Yangtze River, Lingnan, and Min-Tai. We also compared the frequency of mtDNA and Y haplogroups within the same sample size
range, which helped us identify differences in the genetic structure of Han patrilineal and matrilineal populations and associate
these differences with geographic factors. Specifically, we found that patrilineal HAN exhibited stronger geographic clustering
compared to matrilineal populations. Our study provides a comprehensive analysis of the genetic substructure of patrilineal lineages
of the HAN at a national level and highlights sex bias in the genetic structure with respect to patrilineal and matrilineal lineages.
Additionally, we observed a decrease in haplogroup diversity (HD) from north to south in patrilineal HAN. Finally, our analysis of
the NJ tree suggests a progressive relationship and indicates a southward migration route.

2. Results
2.1. An Overview of the Y Chromosome Haplogroup Distributions of the Han Chinese

Our dataset included a total of 372 haplogroups from 33 provincial-level administrative regions. The O haplogroup accounted
for the highest proportion, with a prevalence of 78.06%, making it the most common Y -haplogroup among the patrilineal HAN
(Figure 1). Notably, the O2a2 haplogroup accounted for 36.2%, indicating that approximately 240 million males in China belong
to this haplogroup (2021 Population Census). This was followed by the O2al haplogroup, accounting for 17.9%. Collectively, these
two haplogroups accounted for 54.1% of the patrilineal HAN. In addition, several other haplogroups with a proportion greater than
1% were identified, including Olal (12.03%), O1b1 (9.39%), C (9.15%), N (6.17%), Q (2.78%), D (2.01%), O2b1 (1.20%), and R
(1.02%) (Figure 1). Additionally, other O haplogroups not included in the aforementioned haplogroups accounted for 1.34%. These
haplogroups accounted for a cumulative prevalence of 99.19%, while the remaining nine haplogroups, A, E, F, G, H, I, J,L,and T,
collectively accounted for only 0.81% and can be considered negligible. Therefore, our findings suggest that the O, C, N, Q, D, and
R haplogroups are the predominant paternal haplogroups among the patrilineal HAN, which is consistent with the previous studies
[4,20-28].

We constructed a phylogenetic tree of 372 haplogroups, which intuitively and clearly characterize the composition of the
patrilineal HAN (Figure 1). According to the frequency and phylogeny relationship, we divided the haplogroups into 11 major
haplogroups, some of which showed “star-like” expansion, suggesting possible population expansion events, some of which have
been previously reported, including the three super branches: O, Og, and O, [20].

2.2. The Location of the Patrilineal HAN in Worldwide Populations

To determine the location of the patrilineal HAN in worldwide populations, we collected data on the frequency of 28 Y-
haplogroups from 221 populations worldwide, including our dataset (Table S1). We performed principal component analysis (PCA),
and the first two principal components (PCs) explained 16.1% and 7.9% of the total variance, respectively. PC1 was roughly
correlated with the East-West direction, while PC2 was correlated with the North-South direction (Figure 2A). Our analysis revealed
a clear separation between different Eurasian populations, with the greatest divergence observed between Indo-European, Uralic,
and Tai-Kadai groups. The genetic structure reflects their geographical position in Eurasia, with the patrilineal HAN is located in
the core region of East Asia, surrounded by other East Asian populations such as the Japanese, Korean, and Tai-Kadai populations.
This clustering result also suggests the genetic continuity of the patrilineal HAN. Within HAN, the provinces in northern China are
separated from those in southern China (Figure 2B). Our PCA results, as well as additional analyses using NJ-tree, 3D-PCA, and
tSNE, all support the genetic continuity and North-South divergence of the Han Chinese (Figure 3B,C; Figure 4; Figure 5).
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Figure 1. Phylogenetic tree was built from 372 haplogroups identified in the patrilineal HAN. Each tips represents a haplogroup, and colors are
used to distinguish 11 macro-haplogroups. The coalescent time of the node is referenced to Yfull database, and the root node represents the
coalescence time of about 69,000 years ago. The length of the outer band and the black number represent the percentage of the haplogroup in all
samples.
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Figure 2. PCA plots of 221 global populations based on 28 Y-haplogroups. (A) PCA for 221 global populations. Public data populations have
been shown in grey dots in the background, and the HAN data generated from this study color-labelled by geographic region. (B) Partially
magnified PCA emphasizes the HAN population. Colors indicate different geographical areas. red: Northern HAN; blue: Northwest HAN; yellow:
Southern HAN;; green: Southwest HAN. The genetic division of the Southern and Northern populations is clearly visible.
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Figure 3. Fine-scale genetic substructure of the HAN. Color is used to characterize different subgroups. For three-dimensional clustering details,
see Supplementary files S1-S4. (A) Genetic structure of the patrilineal HAN population illustrated with a map, genetic structure results from PCA.
Both PCA and tSNE showed that the patrilineal HAN could be divided into five subgroups: Northern China, Eastern Coast, Upper and Middle
Yangtze River, Lingnan, and Min-Tai (Map Inspection Number: GS (2019)1682). (B) The PCA clustering based on 372 Y-haplogroups in HAN.
(C) The clustering results of tSNE, with a slightly difference of PCA. (D) PCA based on 854 mtDNA haplogroups in HAN which reflects
matrilineal genetic structure.

2.3. 3D-PCA and tSNE Demonstrate the Fine-scale Genetic Structure of HAN

To explore the fine-scale genetic structure of the patrilineal HAN, PCA and tSNE were used. We excluded Macau, Hong
Kong, and Qinghai provinces due to small sample sizes (<30). Our results revealed that the patrilineal HAN can be divided into
five distinct subgroups: Northern China, Eastern Coast, Upper and Middle Yangtze River, Lingnan, and Min-Tai (Fujian and
Taiwan) (Figure 3A—C; Supplementary files S1-S2). The Northern China subgroup included all 14 northern provinces, while the
Eastern Coast subgroup was comprised of four provinces downstream of the Yangtze River and on the Eastern Coast area (Jiangsu,
Zhejiang, Shanghai, and Anhui). The Upper and Middle Yangtze River subgroup was comprised of seven provinces along the
Yangtze River, excluding the aforementioned downstream provinces. The Min-Tai subgroup included Fujian and Taiwan provinces,
while the Lingnan subgroup included Guangdong, Guangxi, and Hainan provinces (Figure 3A).

PCA analysis revealed that PC1, PC2, and PC3 accounted for 22.2%, 10.2%, and 9.2% of the total variance, respectively. The
five subgroups in the PCA corresponded well with their actual geographic locations, with PC1 reflecting the North-South cline and
PC2 roughly separating East and West China. The tSNE clustering was consistent with the PCA, as well as the consistency of each
subgroup’s composition (Figure 3C; Supplementary files S1 and S2). The lack of a linear relationship between dimensions is an
essential feature of the tSNE algorithm. However, a strong correlation existed between the groups in the tSNE dimensions and real
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geographic relationship, particularly in the first two dimensions, closely matched the geography of Chinese provinces. These
indicating a complex, nonlinear relationship between geographical factors and Y -chromosome haplogroup frequencies, which could
not be explained by latitude and longitude alone.

To avoid bias in the comparison of Y-chromosome and mtDNA results, we downloaded an mtDNA dataset with almost the
same sample size as ours (21668) from a published literature [11]. Identical PCA and tSNE were used to identify the genetic
structure. In PCA, PC1, PC2, and PC3 explained 20.2%, 9.5%, and 7.9% of the variance, respectively. PC1 showed a clear North-
South geographic orientation, consistent with the Y chromosome results (Figure 3D; Supplementary files S3 and S4), while PC2
and PC3 did not (Figure S2). Our PCA results indicated that the matrilineal HAN could be divided into three to five subgroups, but
the subgroup boundaries were not as clear-cut as those in the patrilineal HAN. Provinces within the subgroups were geographically
far apart, with Ningxia and Taiwan provinces distant from other subgroups and almost appearing as separate subgroups. Different
from PCA, tSNE provided more distinct clustering findings than PCA, with distinct boundaries among the three subgroups and no
outliers (Figure 3D; Supplementary files S3 and S4). tSNE and PCA results suggested that the matrilineal HAN may have had more
population mixing events than patrilineal HAN, resulting in a blur of subgroup boundaries. The haplogroup diversity analysis
yielded similar results (Figure 4, Table S11).

A

Figure 4. Haplogroup diversity results presented in map. Higher HD values indicated in red. Lower HD values indicated in blue. Provinces in
grey indicate no sample coverage. (Map Inspection Number: GS (2019)1682). (A) Haplogroup diversity map for patrilineal HAN. (B) Haplogroup
diversity map for matrilineal HAN.

2.4. Sex Bias Demonstrated by AMOVA

To confirm the fine-scale genetic structure, we calculated the inter-group variation using AMOVA with various classification
schemes (Table S2). We classified the HAN population into 1-8 subgroups (Table S2). The inter-group variation reflects the
distance between different subgroups. These AMOVA results confirmed that the most significant inter-group variation was 1.60%,
when using a five subgroup scheme for patrilineal HAN (Table 1). According to AMOVA, inter-group variation was also significant
(1.41%) when the population was classified into three subgroups: Northern China, Yangtze River, and Zhujiang River. In
comparison, the inter-group variation for HAN in Southern and Northern China was 1.17%, and there was considerable variation
within group (Table 1). Notably, dividing the Northern China group into two subgroups resulted in an inter-group variation of
1.57%, approaching the largest inter-group variation (1.60%). This grouping pattern was consistent with the clustering results of
PCA and tSNE, adding further support to the five subgroups within the patrilineal HAN.

Similar to the patrilineal population, AMOVA was utilized to examine the inter-group variations in matrilineal HAN. When
we divided matrilineal HAN into four subgroups based on PCA, we observed the greatest inter-group difference, at 0.995%. Inter-
group variation stood at 0.981% using three subgroups according to tSNE (Table S3). These two values were similar and both
markedly greater than other classification schemes, such as the five subgroup scheme based on the Y chromosome, which only
demonstrated 0.613% inter-group variance (Table S3). This suggested that patrilineal and matrilineal HAN have different genetic
substructures. Moreover, different subgroup patterns demonstrated by tSNE and PCA, as supported by AMOVA, reveal the complex
genetic structure of matrilineal HAN. It appears that the genetic boundaries of matrilineal HAN are not as well-defined as those in
patrilineal HAN.

Comparison with Y haplogroup, AMOVA based on mtDNA demonstrated larger intra-population and smaller inter-group
variation on average. The intra-population variation reflects the similarity between individuals within the population. When the
HAN was considered as one group, intra-population variation of mtDNA stood at 99.06% and at 98.33% of Y chromosome (Table
1; Table S3), indicating that matrilineal HAN was more closely connected at individual level by comparison with patrilineal HAN.
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This also explained the blurred boundary among matrilineal subgroups discussed above. These findings were further supported by
the subsequent HD and NJ tree results. The observation of mixed matrilineal HAN and more distinct patrilineal HAN suggests a
sex bias in Han Chinese populations.

Table 1. AMOVA based on Y haplogroups under various classification schemes. For further details, see supplementary Table S2 and S3.

Number Inter- Intra-Group Intra-
Group Name Groupings of Group Population Population
Groups Variation Variation Variation
Classification. ChinaMAP.G7 Eastern China, Northern China, Southern China, SouthEastern 7 1537 0423 98.039

China, NorthWestern China, Lingnan, Central China

Classification. WBBC.G4 Central China, Northern China, Southern China, Lingnan 5 1.232 0.760 98.009

SouthEastern China, Central China, SouthWestern China,

Classification.PGG.G6 Southern Coast, NorthWestern China, NorthEastern China 6 1339 0.556 98.105

Classification.Y1.G5 Eastern Coast, Northern China, Upper and Middle Yangtze 5 1.604 0.452 97.944
River, Fujian and Taiwan, Lingnan

Classification. Y2.G6 Eastern Coast, Northern China, Upper and Middle Yangtze 6 1573 0437 97.990

River, Fujian and Taiwan, NorthWestern China, Lingnan

Classification.Y3.G3 Yangtze River, Northern China, Southern Coast 3 1412 0.768 97.821

Northern and Down Yangtze River, Upper and Middle Yangtze

Classification.mtDNA.G4 . . . . 4 1.387 0.999 97.614
River, Fujian and Taiwan, Lingnan

Classification. mtDNA.G3 Nf)rtherr} and Down Yangtze River, Upper and Middle Yangtze 3 1355 1.014 97.631
River, Lingnan

Classification. Eastern China, Western China 2 0.115 1.628 98.257

Classification.2 Southern China, Northern China 2 1.174 1.059 97.767

Classification.3 Southern China, Northern China, Southwest China, 4 0.998 1012 97.990

NorthWestern China

Eastern China, Northern China, Southwest China,
Classification.4 NorthWestern China, Southern China, NorthEaster China, 7 0.699 1.099 98.202
Central China

Yangtze, Haihe, Minjiang, Yellow River, Zhujiang , Songliao,

Classification.5 . . . 2 8 1.190 0.773 98.037
Inner rivers of Taiwan, Inner rivers of Xinjiang

Classification.6 Yangtzc? cluster in PC, Yellow River cluster in PC, Zhujiang 3 1358 0796 97 847
cluster in PC

Classification.”7 Hui, Mandarin, Min, Yue/Cantonese, Xiang, Wu, Gan, Jin 8 1.280 0.767 97.953

Classification.8 Yangtze, Yellow River, Zhujiang, Songliao 4 1.292 0.782 97.926

Classification.9 Yangtze Down, Songliao/Yellow River, Yangtze Up, No, 5 1477 0557 97.966
Zhujiang

Classification.10 Yangtze, Yellow River, Yangtze Up, Zhujiang 4 1.388 0.676 97.936

No Class Han 1 NULL 1.667 98.333

2.5. Mantel Test and PC-based Correlation Demonstrate Better Geographical Aggregation of Patrilineal HAN

PCA, tSNE, and AMOVA revealed a relationship between the genetic structure and geography. For quantitative characterization,
we calculated the correlation between PCs and geography (Figure S4; Figure S1). In addition, we utilized a Mantel test to quantify the
correlation between geographical distance and genetic distance.

PC1 and latitude had the greatest Pearson correlation coefficient (PCCs) of 0.86 (p-value = 0.001) in the Y chromosome PCA
(Figure S2C), while PC2 and longitude had a relatively lower correlation of 0.64 (p-value = 0.001) (Figure S2B). In the mtDNA
PCA, PC1 had the highest PCCs of —0.85 (p-value 0.001), while PC2 and longitude had only 0.03 PCCs and was not statistically
significant (p-value = 0.857) (Figure S3). Regardless of patrilineal or matrilineal lineage, the above results indicate that the latitude,
or North-South direction, was the primary factor determining the genetic structure of the Chinese population. Longitudinal East-
West direction significantly influenced the genetic structure of the patrilineal HAN but had little effect on the matrilineal HAN.
This trend has been overlooked in prior investigations with limited sample sizes. Similarly, we observed that the PCs correlation
on average was slightly higher in the patrilineal HAN as opposed to the matrilineal HAN, suggesting the possibility of stronger
geographic correlation among patrilineal HAN.

We also conducted a Mantel test to examine the relationship between the geographic and genetic distance (Table S4). Here,
the correlation between geographic distance (Vincenty great circle distance) and genetic distance (pairwise Fg, Euclidean distance
in PC space) was greater for patrilineal HAN, indicating more intense geographical concentration. For example, the correlation of
Fst and Vincent distance for the Y chromosome was 0.4597 and 0.3610 for mtDNA. Moreover, we observed different geographical
patterns between the patrilineal and matrilineal HAN in southern and northern provinces, respectively. Specifically, for the Y
chromosome, the correlation was stronger in the northern provinces (0.4351) than in the southern provinces (0.3322) (Table S4),
indicating the geographical environment in the northern region has shaped a more homogeneous paternal lineage. In contrast, for
mtDNA results, the correlation was a little weaker in the northern provinces (0.2302) than in the southern provinces (0.2649). These
results suggested that the geography of northern China has a greater impact on patrilineal HAN, while the geography of southern
China exerted a greater impact on matrilineal HAN. These results reflect a geographical sex bias in the Han Chinese.
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2.6. Higher Haplogroup Diversity of Northern HAN Indicates North to South Migration

We calculated haplogroup diversity (HD) values for the patrilineal and matrilineal HAN for each province. We found that, on
average, the matrilineal HAN exhibit higher HD values than patrilineal HAN. Specifically, the average HD value for patrilineal
HAN was 0.985, while the value for matrilineal HAN was 0.994 (Figure 4A,B).

In terms of geographic distribution, provinces with higher HD value of patrilineal HAN were mainly located in frontier regions
such as northern China, southwestern China, and Xinjiang (Figure 4A). In contrast, the matrilineal HAN showed different pattern,
showing higher values in central China (Henan, Hubei, Anhui, and Jiangxi) (Figure 4B). Interestingly, Henan, representing central
China, exhibited higher haplogroup diversity for both Y chromosome and mtDNA. In central China, the higher haplogroup diversity
of mtDNA probably due to the convergence of populations from surrounding regions. In border regions of China, the high diversity
of Y chromosome may be the result of admixture with minority and Central Plains HAN, although this process may not have
involved matrilineal populations. The lower haplogroup diversity of southern HAN may be due to genetic bottlenecks experienced
during historical migrations from north to south.

2.7. NJ Tree Indicates a Possible Southward Migration Route of HAN

We calculated the Euclidean distance matrix and the pairwise Fs distance matrix (Table S6; Table S11) between each province.
Based on these two matrices, we constructed NJ trees for the patrilineal and matrilineal HAN, respectively (Figure 5; Figures S5
and S6). Our results revealed a clear separation between the southern and northern patrilineal HAN, with both distance-based NJ
trees exhibitisng two distinct clades (Figure 5; Figures S5 and S6). However, within the same clade, the matrilineal HAN showed
some intermingling between southern and northern provinces. Meanwhile, our analysis demonstrated that the northern patrilineal
HAN were more closely clustered than their southern counterparts, consistent with the PCA findings (Figure 3).

Interestingly, previous studies have revealed a male-dominated north-to-south migration of Chinese populations throughout
history [18]. Our haplogroup diversity results supported this conclusion (Figure 4). The NJ tree also exhibited a stepped structure
with four endpoints for north-to-south migration. Starting with the northern population on the NJ tree, the Eastern Coast subgroup
was the first to diverge, followed by the seven provinces of the Upper and Middle Yangtze River subgroup, and finally Fujian-
Taiwan and the three Lingnan provinces. This indicated that northern inhabitants may have migrate in Lingnan and Fujian-Taiwan
via the middle Yangtze River, as opposed to the Eastern Coast. The PCA confirmed this result. According to PCA, the Lingnan and
the Upper and Middle Yangtze River subgroups exhibited closest proximity as well (Figure 3B).

Hainan B

Heilongjiang
Liaoning

Xinjiang

Northern HAN

Ningxia
Eastern Coast

Fujian and Taiwan

Northern China

Lingnan

Upper and Middle Yangtze River

Figure 5. Unrooted Neighbor-Joining (NJ) trees of HAN based on pairwise Fst values. (A) NJ-tree based on the Y-haplogroup frequency for each
province in China. (B) NJ-tree based on the mtDNA haplogroup frequency of each province in China. The colored box shows the subgroups
referred to in the text. Orange indicates the Northern China subgroups, red indicates the Eastern Coast, purple indicates the Upper and Middle
Yangtze River, blue indicates Lingnan, and green indicates Min-Tai.

3. Discussion

Although the genetic structure of the Han population has been extensively studied, balancing sample size and marker density
remains a challenge. In this work, a large sample size covering almost all of China was used to discuss the genetic structure of the
patrilineal HAN with high density markers of Y chromosome genotyping. It should be noted that sampling bias affects the accuracy
of the genetic structure, which leads to two problems. The first is that the estimation of haplogroup frequency in provinces with
fewer samples, such as Ningxia and Xinjiang, would be impacted, leading to a deviation from the main cluster. The second limitation
is that despite having a sample size of nearly 20,000 individuals, it may not be fully representative of the patrilineal Han population
in China, given the country’s vast population size.

Our study revealed a clearer genetic structure among patrilineal HAN compared to matrilineal HAN. This structure was
characterized by identifiable group boundaries and lower haplogroup diversity, suggesting a “sex bias” in genetic inheritance.
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Additionally, patrilineal HAN exhibited fewer individual differences within each group and a better spatial aggregation, which
implies fewer genetic founders and the migration bottleneck. Regrettably, genomic data on individual-level of mtDNA is currently
unavailable, which limits the precision of comparing the geographical distribution patterns between patrilineal and matrilineal HAN.
Conducting a quantitative analysis based on individual genomic variations may yield more accurate explanations or even challenge
existing conclusions.

Our objective is to establish a macroscopic migration route for the patrilineal HAN, rather than focusing solely on the a single
haplogroup lineage. While individual-level or haplogroup-level phylogenetic trees may provide more detailed insights than the
average at the provincial level, clearly explained the history of each haplogroup is a complex issue. For instance, the O haplogroup
has three major lineages, along with minor ones, that coalescent around 6000-6500 years before present and are dispersed
throughout China via intricate origin and migration paths [20]. Additionally, populations in different haplogroups may exhibit
distinct or even opposing migration directions, which could complicate the overall migration route of the HAN. While this study
may not provide a detailed analysis of each haplogroup, Figure 1 provides valuable references, and we intend to examine the origin
and migration paths of each haplogroup in future studies, which will become a more complete use of the dataset.

Lastly, the results of the NJ tree demonstrated a progressive relationship, suggesting a southward migration route. We speculate
that the HAN arrived in the Yangtze River valley from the north before further spreading along the middle reaches of the Yangtze
River to Fujian, Taiwan, and Lingnan, rather than via the East China Coast. This result is also more consistent with the geography
of China, as the mountainous terrain of Fujian and Zhejiang may have impeded the population’s spread. In summary, our study
provides valuable insights into the basic genetic landscape of the patrilineal HAN and sheds light on the historical migration patterns
of Chinese populations.

4. Data and Methods
4.1. Data

Datal: Our database contains haplogroup frequency for 18618 individuals from 33 provincial-level administrations in China.
The data contained a total of 372 Y-chromosome haplogroups and native provinces. The haplogroup definition of these makers was
strictly adopted according to the International Society of Genetic Genealogy (ISOGG-2019.10.1).

Data2: We collected frequency data for 28 Y-chromosome haplogroups from 189 populations worldwide from published
literatures [9,10,29-52]. We coalesced haplogroups from our Chinese population internal database into 28 macro-haplogroups for
analysis, for a total of 221 groups included. This dataset is available in Table S1.

Data3: We downloaded mtDNA haplogroup frequency data for HAN from published literature, which included 21668
individuals from 33 provincial-level administrations in China [11]. A total of 854 mtDNA haplogroups were identified. This dataset
is available in Table S5.

4.2. Methods

Unless specifically emphasized, the statistical analyses in this study were performed in R-4.0.5 environment.

4.2.1. Dimensionality Reduction

PCA and tSNE: We used two data dimensionality reduction methods to cluster the frequency data of mtDNA and Y-
chromosome haplogroups separately so as to uncover the implied subgroup. A linear method of dimensionality reduction (PCA)
and a non-linear method of dimensionality reduction (tSNE) were used as comparison. The PCA in this study was conducted using
the PCA function in the FactoMineR package in R-4.0.5. The t-distributed Stochastic Neighbor Embedding (t-SNE) was conducted
using Rtsne 0.16 package.

4.2.2. Distance Calculation

Fs: Genetic distances (F-statistics, Fs) based on the haplogroup frequencies were calculated by Arlequin 3.5.2.2. We calculated
pair-Fs matrices for the patrilineal and matrilineal HAN in each province separately (Table S6).

Vincenty distance: The geographic distances are characterized using the Vincenty great circle distance (Tables S7 and S8),
which is based on the assumption of an oblate spheroid earth, improving accuracy compared to great-circle distance, which assumes
a spherical Earth. The latitude and longitude of each province are represented by provincial capital (Table S9). The Vincenty
distance was conducted using geosphere 1.5-14 packages.

Euclidean distance in PCA space: We calculated the Euclidean distances of the points represented by each province in the 3D-
PCA space using the dist function in R (Table S10).

Euclidean distance based on haplogroup frequency: We calculated the paired Euclidean distances by each province based on
the haplogroup frequency data using the dist function in R (Table S11).
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4.2.3. Population Classification and AMOVA

We classified the Han Chinese in each province, based on previous studies and the clustering results in this study. We used 19
classifications to place the HAN population into 1-8 different subgroups (Table S2). Analysis of molecular variance (AMOVA)
based on haplogroup frequencies was used to test the precision of clustering results (Table 1; Table S3). Generally, a larger inter-
group variation translated to a better clustering result. AMOVA was conducted using ade4 1.7-19 packages in R.

4.2.4. Haplogroup Diversity

Haplogroup diversity (HD) is a measurement of the uniqueness of a particular haplogroup in a given population. HD was
gauged by the formula:

p=—"_q 2
where, n denoted the sample size, and x; represented the frequency of a haplogroup within a province [53]. We calculated the Y
chromosome and mtDNA haplogroup diversity of HAN in each province separately, as detailed in Table S12.

4.2.5. Geographical Aggregation and Mantel Test

We assessed the correlation between principal components (PCs) and geography in the patrilineal and matrilineal HAN,
respectively. Specifically, the cor function was used to calculate the Pearson correlation coefficient (PCCs) between PCs and
latitude and longitude (Figures S1 and S2).

Subsequently, we performed the Mantel test in order to quantitatively represent the relationship between genetic and
geographical distances and to assess sex differences (Table S4). The Mantel test is a correlation test that determines the correlation
between two matrices. Here the function was performed to check the correlation between geographic distance matrices (Vincenty
distance) and genetic distance matrices (Fs/Euclidean distance in 3D-PCA space). Our Mantel test was conducted using vegan 2.6-
2 packages.

4.2.6. Unrooted Neighbor-joining Tree

We conducted the unrooted neighbor-joining (NJ) trees based on population pairwise Fs value and Euclidean distance of
haplogroup frequency (Figure 5; Figures S3 and S4). The NJ tree was conducted using the ape 5.6-2 package and Euclidean distance
was calculated by the dist function in R-4.0.5.

Supplementary Materials

Supporting information can be found at: https://www.sciepublish.com/index/journals/article/natanthropol/34/id/53.
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