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Abstract

Background The advancements in second-/third-generation sequencing technologies, alongside computational
innovations, have significantly enhanced our understanding of the genomic structure of Y-chromosomes and their
unique phylogenetic characteristics. These researches, despite the challenges posed by the lack of population-scale
genomic databases, have the potential to revolutionize our approach to high-resolution, population-specific Y-chro-
mosome panels and databases for anthropological and forensic applications.

Objectives This study aimed to develop the highest-resolution Y-targeted sequencing panel, utilizing time-stamped,
core phylogenetic informative mutations identified from high-coverage sequences in the YanHuang cohort. This
panel is intended to provide a new tool for forensic complex pedigree search and paternal biogeographical ancestry
inference, as well as explore the general patterns of the fine-scale paternal evolutionary history of ethnolinguistically
diverse Chinese populations.

Results The sequencing performance of the East Asian-specific Y-chromosomal panel, including 2999-core SNP
variants, was found to be robust and reliable. The YHSeqY3000 panel was designed to capture the genetic diversity

of Chinese paternal lineages from 3500 years ago, identifying 408 terminal lineages in 2097 individuals across 41
genetically and geographically distinct populations. We identified a fine-scale paternal substructure that was cor-
relating with ancient population migrations and expansions. New evidence was provided for extensive gene flow
events between minority ethnic groups and Han Chinese people, based on the integrative Chinese Paternal Genomic
Diversity Database.

Conclusions This work successfully integrated Y-chromosome-related basic genomic science with forensic
and anthropological translational applications, emphasizing the necessity of comprehensively characterizing
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Y-chromosome genomic diversity from genomically under-representative populations. This is particularly important
in the second phase of our population-specific medical or anthropological genomic cohorts, where dense sampling

strategies are employed.

Keywords YanHuang cohort, Genomic diversity database, YHSeqY3000 panel, Forensic genomics, Human evolution

Background

Human genomic variations uncover the genetic founda-
tions and evolutionary codes of diseases and traits within
the complex interplay of genes and environmental fac-
tors [1, 2]. Ancient events, including demographic, cul-
tural, and socioeconomic transitions, have shaped these
variations. Patterns of genomic diversity and evolution-
ary trajectories reflect ancient population migrations and
admixture events [3—5]. Despite advances in sequencing
technologies and computational methodologies over the
past two decades, the genomic structures of many previ-
ously unresolved complex regions and the overall land-
scape of genetic diversity in ethnolinguistically diverse
human populations remain incompletely understood [6,
7]. Recent efforts by the Telomere-To-Telomere (T2T)
consortium and Human Pangenome Reference Con-
sortium have published a complete human reference
genome sequence, elucidating genomic, epigenomic, and
transcriptomic features of segmental duplications, tan-
dem repeats, and acrocentric chromosomes [8—12]. The
continuity of the T2T-CHM13 and graph-based refer-
ence genomes has enhanced capabilities in read mapping
and the discovery of single nucleotide polymorphisms
(SNPs) and structural variations (SVs), facilitating high-
resolution examination of complex and clinically relevant
genes [8]. However, this haplotype-based T2T genome
has not fully resolved the complexities and variations of
the human Y-chromosome. Rhie et al. assembled multi-
ple T2T Y-chromosome genomes using PacBio HiFi and
ONT Ultra-Long reads, revealing intricate phylogenetic
features, complex patterns of tandem repeats, and seg-
mental duplications [13]. Mutations in the Y-chromo-
some reflect the evolutionary processes of population
admixture, expansion, and divergence, as these can be
directly inherited from paternal ancestors [6]. Challeng-
ing regions of the Y-chromosome are strongly associated
with human evolution and phenotypic diversity [14].
Techniques such as restriction fragment length polymor-
phisms (RFLPs), short tandem repeats (STRs), binary
SNPs, and short insertions and deletions (InDels) geno-
typed via electrophoresis, denaturing high-performance
liquid chromatography, or sequencing were prevalent
in early research. Demic and cultural factors have sig-
nificant influence on the patterns of genomic diversity of
Y-chromosome genetic variations [6, 15-17]. Hammer
et al. first investigated the Y Alu polymorphism among

different continental populations, estimating divergence
times and effective population sizes [18]. Their findings
supported a recent common ancestor from Africa dating
back approximately 188,000 years, rejecting the multire-
gional origin of Homo sapiens and the selection of favora-
ble mutations in non-recombining Y-chromosome (NRY)
regions [18]. This hypothesis provided the theoretical
possibility for large-scale identifying continental popu-
lations’ specific variations for precision paternal genetic
history reconstruction and forensic applications. Cul-
tural practices also significantly influence Y-chromosome
genetic diversity patterns, including technology innova-
tions, subsistence strategies, and marriage customs. Oota
et al. examined the genetic polymorphisms of mtDNA
HV1 sequences and Y-STRs in three patrilocal and three
matrilocal hill tribes in Thailand, finding solid correla-
tions between genetic diversity and residence patterns
[19]. Patrilocal populations exhibited lower Y-chromo-
some diversity and higher mtDNA diversity compared
to matrilocal societies. Gunnarsdéttir et al. found that
matrilocal Semende from Sumatra had lower mtDNA
diversity than patrilocal Besemah [20]. The genetic char-
acteristics of NRY regions have since been widely utilized
in forensics, medical genetics, human evolution studies,
and genealogical reconstruction. Paternal genetic sub-
structure among the ethnolinguistically Chinese popula-
tion remained characterized via NRY regions.

The Y Chromosome Consortium (YCC) established a
haplogroup nomenclature system to facilitate the univer-
sal and efficient use of binary variations in the male-spe-
cific Y-chromosome regions, creating a high-resolution
human Y-chromosomal phylogeny tree [21]. Numerous
studies have documented the genetic diversity of eth-
nolinguistically diverse populations and their migration
events. Zerjal et al. examined the paternal genetic evolu-
tionary history of northern East Asians and the Mongol
Empire’s expansion through Y-chromosome lineages [22].
Wen et al. analyzed phylogenetically informative SNPs
from Y/mtDNA to assess how cultural diffusion and
population movements influenced Han Chinese popula-
tions [23]. They concluded that demic diffusion signifi-
cantly shaped the genetic makeup of the Han people [23].
Additional research using low-density mtDNA/Y-chro-
mosome markers has shed light on the peopling process
of the Tibetan Plateau and the expansion of Tibeto-Bur-
man-speaking populations [24—28]. The accumulation of
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Y-chromosome sequence data offers significant potential
to enhance our understanding of human genetic history,
benefiting a range of fields from evolutionary studies to
forensic genetics [6, 7, 29-31]. Evidence supports the use
of Y-chromosomal variants in forensic investigations,
aiding in identifying paternal lineages, assisting in pater-
nity tests, and inferring paternal biogeographic ancestry.
Research has expanded our knowledge of the geographi-
cal distribution of dominant paternal lineages through
Y-SNP analysis. For instance, van Oven et al. developed
a multiplex SNP assay to dissect haplogroup O [32], and
Yin et al. designed a pedigree tagging system with 24
Y-SNPs for East Asian haplogroup classification [33]. Our
previous work created Y-SNP panels targeting haplo-
groups C, D, N, O, R, and others specific to Chinese eth-
nic groups using SNaPshot technology [34—36]. However,
these tools are limited by the capillary electrophoresis
system, which restricts the number of Y-SNPs that can be
simultaneously genotyped, thus limiting the geographic,
ethnic, and lineage resolution for biogeographic ancestry
inference. To address these limitations, several next-gen-
eration sequencing (NGS)-based Y-SNP panels have been
developed, allowing for the simultaneous typing of large
numbers of Y-SNPs for more detailed paternal ancestry
inference. Ralf et al. introduced a high-resolution multi-
plex tool for analyzing 530 Y-SNPs using targeted semi-
conductor sequencing [37]. They later improved this
tool to simultaneously analyze 859 Y-SNPs, inferring 640
Y-chromosomal haplogroups [38]. In China, geneticists
have developed Y-SNP NGS panels to classify paternal
lineage among ethnolinguistically diverse groups. Gao
et al. created a 74-plex Y-SNP NGS system, constructing
a consensus phylogeny for Chinese populations [39]. This
system was subsequently upgraded to 165-plex and 256-
plex Y-SNP NGS panels based on previous Y-SNP SNaP-
shot assays [40, 41]. Tao et al. developed the SifaMPS 381
Y-SNP panel for the Chinese population haplogroup clas-
sification [42]. Recently, we also developed a higher-res-
olution 639-plex Y-SNP panel, genotyping and validating
these SNPs in 1033 individuals from 33 diverse Chinese
populations, which identified several population-specific
founding lineages, revealing diversification and expan-
sion patterns of different paternal lineages [43]. However,
these studies still face limitations in lineage resolution
and diversity coverage among East Asians.

Generally, previous Y-SNP screenings primarily relied
on the ISOGG (International Society of Genetic Gene-
alogy) and Yfull databases. However, the resolution and
coverage of these public Y-chromosomal phylogenies
were insufficient for the high-resolution paternal line-
age classification required for ethnolinguistically diverse
Chinese populations. Besides, Y-chromosome genomic
resources are limited in human genome research, which
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limited our deep understanding of fine-scale paternal
genetic structures. To address this, we established the
Chinese Paternal Genomic Diversity Database (CPGDD)
using the 10 K Chinese People Genomic Diversity Pro-
ject (10K_CPGDP), YanHuang cohort (YHC) genomic
resources, and other publically available genomic
resources [6, 31, 44, 45]. Our goal was to identify high-
resolution, population-specific, and lineage-focused
markers for forensic and molecular applications. We
developed the “YHSeqY3000” panel and genotyped 2999
panel-related Y-SNPs in 2097 male individuals from 41
diverse Chinese populations (Additional file 1: Table S1).
By integrating our in-house genomic data with public
datasets, we created a comprehensive and high-quality
Y-chromosome database that was used to elucidate the
impact of ancient population migrations, admixture, and
agricultural innovations on the paternal genomic diver-
sity of the Chinese population.

Results

Construction of the YHSeqY3000 panel

We initially identified 3010 Y-SNPs based on the care-
fully designed loci screening criteria and successfully
designed primers for 3002 phylogenetically informative
Y-SNPs. To validate the panel, we randomly selected 20
high-depth sequenced samples from the YHC for geno-
typing. Preliminary sequencing revealed that some
Y-SNPs either lacked typing results or displayed hete-
rozygous genotypes. These issues arose due to excessive
filtering from multiple sequence alignments or complex
sequences near the target Y-SNPs. To address this, we
adjusted the filtering parameters, replaced low-quality
loci with parallel Y-SNPs on the same branch, and rede-
signed primers. After resequencing with the improved
Y-SNP panel, we found that variant information at three
loci remained unavailable. Ultimately, we constructed
a Y-SNP typing assay using the NGS platform, target-
ing 2850 defined NRY regions and covering 2999 pater-
nal lineages (Additional file 2: Table S2). We named this
assay the YHSeqY3000 panel.

Sequencing performance of the YHSeqY3000 panel

We used the YHSeqY3000 panel to sequence 20 ran-
domly selected YHC samples, assessing genotyping
consistency and repeatability. The variant genotypes
matched those obtained through whole-genome
sequencing. The average sequencing depth for these sam-
ples was 409.73X, with a range from 175.89X to 953.20X.
Y-SNPs reaching Q30 constituted 94.68%, and the aver-
age mapping rate was 99.08%. The average capture rate
was 65.99%, and more than 96.50% of target Y-SNPs had
a sequencing depth greater than 30X (Fig. 1A). Addition-
ally, all three sequencing runs produced complete and
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Fig. 1 Sequencing performance of the YHSeqY3000 panel. A Consistency testing results. The light blue line represents the average Q30

value per sample, the orange line represents the average mapping rate, the yellow line indicates the proportion of Y-SNPs exceeding 30X

coverage, and the gray line represents one-tenth of the average sequencing depth. B Sensitivity testing results show the proportion of Y-SNPs

with sequencing depth over 30X and base quality at Q30. C Average sequencing depth of control DNA 9948 at varying concentrations in sensitivity
testing. D Stability testing results for enzyme-digested DNA standards and case-type samples. The solid lines’ colors correspond to the parameters

inA

consistent variant genotypes for control DNA 9948. To
evaluate the sequencing sensitivity of the YHSeqY3000
panel, we tested varying amounts of control DNA 9948,
ranging from 5 ng to 5 pg, in the initial amplification
and adjusted the PCR cycles for low-input DNA during
library construction. The sequencing results indicated
that complete genotypes could be obtained with 5 to 1 ng
of input control DNA 9948. At this range, the average
sequencing depth varied from 792.63X to 324.99X. The
proportions of Y-SNPs with sequencing depths above
30X were between 99.79 and 91.47%, and Y-SNPs achiev-
ing Q30 quality scores ranged from 93.90 to 92.46%
(Fig. 1B—C). Increasing the number of PCR cycles in the
second step of library construction from 9 to 12 signifi-
cantly improved the average sequencing depth, the pro-
portion of Y-SNPs exceeding 30X, and the proportion
reaching Q30 (Fig. 1B—C). Overall, the results suggest
that the optimal DNA input amount, under the recom-
mended PCR cycles, is between 5 and 1 ng. For DNA
input amounts less than 1 ng, increasing the PCR cycles
can improve sequencing quality.

To validate the sequencing efficiency of the YHSeqY3000
panel on degraded DNA samples, we tested the stability of
the DNase I enzyme by digesting the control DNA 9948
for varying degradation times. The results showed that
the average sequencing depth exceeded 370.22X in all dif-
ferent degradation levels. Additionally, more than 97.05%

of Y-SNPs had a coverage greater than 30X, and over
90.94% reached a quality score of Q30. Enzyme digestion
for up to 15 min did not significantly impact variant call-
ing (Fig. 1D). To evaluate the genotyping capability of the
YHSeqY3000 panel on case-type samples, we sequenced
various simulated case-type samples. After manually cor-
recting the sequencing results using IGV, we found that
complete genotypes were obtained for all samples except
for one cigarette butt sample and one hair sample (Fig. 1D).
To investigate the impact of PCR inhibitors on the perfor-
mance of the YHSeqY3000 panel, we sequenced control
DNA 9948 mixed with different concentrations of com-
mon inhibitors. Complete variant genotypes were achieved
when the DNA standards were combined with less than
1.5 mmol/L EDTA, less than 10 mmol/L indigo, or less
than 125 uM hemoglobin (Additional file 3: Table S3).

We validated the species specificity of the newly devel-
oped YHSeqY3000 panel using DNA from typical non-
human samples. The results indicated that no reliable
genotypes were obtained from any non-human DNA
samples (Additional file 3: Table S3). Since mixture sam-
ples are common at forensic crime scenes, we performed
sequencing on simulated male—female mixtures to evalu-
ate the panel’s genotyping ability on such samples. As
the female component increased, the sequencing perfor-
mance varied; however, all mixture samples yielded com-
plete genotypes (Additional file 3: Table S3).
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Genetic differentiation among linguistically related
populations

China exhibits more linguistic diversity than other
Eurasian regions, with language families such as Altaic
(including Tungusic, Mongolic, and Turkic) prevalent in
the northern of the Yellow River Basin. The Sino-Tibetan
family, encompassing Sinitic and Tibeto-Burman lan-
guages, spans lowland China, the Tibetan Plateau, and
nearby mid-altitude areas. In southern China, languages
related to the Hmong-Mien, Austronesian, Austroasi-
atic, and Tai-Kadai families are linked to ancient rice-
farming communities. The language-agriculture-people
co-dispersal hypothesis has been proposed to explain
these patterns of linguistic diversity and their relation-
ship with ancient population movements and dynamic
patterns of genomic diversity of spatiotemporally differ-
ent people [46]. Recent linguistic phylogenies suggest
that the origins, expansions, migrations, and divergences
of ancient millet and rice farmers are associated with
the Sino-Tibetan and Tai-Kadai language families [6].
Ancient DNA evidence from the Amur, West Liao, Yel-
low, and Yangtze River Basins, as well as the Tibetan Pla-
teau, indicates that the origin and expansion of ancient
Chinese source populations were pivotal in spread-
ing their languages and cultures [46-52]. Additionally,
ancient admixture patterns in northeastern Xinjiang and
the Mongolian Plateau suggest that the Trans-Eurasian
population and cultural exchanges influenced the genetic
diversity of Neolithic peoples and their descendants [3—
5, 53-56]. However, a systematic evaluation of paternal
genetic patterns across geographically and linguistically
diverse Chinese populations is still needed.

We genotyped dominant Y-chromosome mutations
in 2097 individuals from 41 ethnolinguistically and
geographically diverse Chinese populations and com-
bined this data with previously published YHC data to
investigate genetic continuity and admixture processes
involving specific paternal lineages [31] (Fig. 2A-B).
Our analysis identified 1673 unique haplotypes and 408
terminal paternal lineages (Additional file 4: Table S4).
Haplotype diversity (HD) measures the likelihood that
two randomly selected haplotypes from a population
differ, serving as an indicator of genetic variation, with
higher values reflecting greater diversity. Similarly, hap-
logroup diversity (HGD) quantifies the probability of two
randomly chosen haplogroups differing, indicating the
diversity of broader paternal lineages; both metrics help
researchers analyze population structure and evolution-
ary history. We calculated HD to assess genetic similarity
and differences among two randomly selected subjects
and HGD to measure the similarity and differences in
haplogroups among individuals based on haplogroup
frequency (Additional file 4: Table S4). HD ranged from
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0.9338 in the Kazakh population from Xinjiang to 1.0 in
the Han from Yunnan, the Hui from Shandong, Hebei,
Henan, Liaoning, the Manchu from Beijing, Hebei, Hei-
longjiang, Jilin, and Liaoning, the Li from Hainan, the
Tibetan from Sichuan, as well as the Yao from Hunan.
The HGD ranged from 0.7404 in the Kazakh population
from Xinjiang to 1.0 in the Hui from Hebei, Henan, and
Shandong, and the Manchu from Hebei, Heilongjiang,
and Jilin. Estimates from discrimination probability (DP)
and match probability (MP) also confirmed the high effi-
ciency of these panels. Our estimates suggested a high
genetic diversity of Chinese populations.

We reconstructed the phylogenetic tree using a merged
Y-chromosome database and found that the O-P186 line-
ages and their sublineages were the predominant paternal
lineages of ancient East Asians (Fig. 2C). The sublineages of
O2albla2, O2alblalal, O2a2bla2alalb, O2a2blalala4,
O2a2blalalal, O2a2blalala3, O2a2blalalc, O2a2, and
02a2al from 02, as well as Olala2, Olalalalal, Olbla2a,
Olblalalalal, and Olblalalalbl from O1, were key
founding lineages in the formation of the Chinese O-related
gene pool. Additionally, founding lineages related to Eurasian
steppe herders or Mongolian Plateau hunter-gatherers, such
as R1bl, Qlalal, C2bla2, C2al, and Tibetan-related Dlal
lineages, also constituted a significant portion of the Chinese
paternal gene pool. We further analyzed the network-based
phylogenetic relationships to explore the evolutionary con-
nections of paternal lineages and the population composi-
tion of the dominant lineages (Fig. 2D—E). We confirmed
the occurrence of population expansion events in the phy-
logeny, observing several star-like expansions (such as O1)
within these founding lineages (Fig. 2D). East Asian popu-
lations maintained long-term genetic stability or continuity
in the Amur River Basin, Tibetan Plateau, and Yellow River
Basin, which are centers of agricultural origin [47, 48]. We
hypothesized that ancient population migration and admix-
ture played limited roles in reshaping the genetic diversity
patterns of ancient and modern Chinese populations. We
anticipated that the founding lineages we identified would
dominate ethnicity- or geography-specific populations. Our
analysis revealed that several dominant paternal lineages,
such as those mentioned above O-related farmer-related
lineages from network results, contributed to the formation
of multiple ethnolinguistically diverse modern populations,
indicating that ongoing population migrations and interac-
tions enriched the patterns of genetic admixture (Fig. 2E).

To investigate the genetic relationships between the
populations in our study and other Chinese reference
populations from the YHC, we conducted a series of
principal component analyses (PCAs) using the top three
components extracted from various population sets of
different sample sizes (Fig. 3A; Additional file 5: Fig. S1).
Our analysis revealed that Turkic-speaking Uyghur and
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Kazakh populations were distinct from other groups at  northwestern Chinese ethnic minorities (Fig. 3A). Simi-
different levels of terminal paternal lineages, reflecting larly, other northwestern populations, such as the Tun-
the relatively high proportion of R haplogroups among  gusic-speaking Xibe, displayed genetic differentiation
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Fig. 3 Genetic structure of 88 ethnolinguistically diverse Chinese populations. A Principal component analysis (PCA) and multidimensional
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from other groups. In northeastern China, populations
exhibited a high proportion of C/Q-related lineages, sup-
porting this region’s role as the origin center of the Proto-
Tungusic language and ancient northeastern Asians
linked to DevilsCave, Boisman, and Neolithic Amur peo-
ple [6]. We found that Han Chinese and Koreans from
Heilongjiang province were genetically distinct from
other groups, likely due to their C-related lineages, which
were most frequent in northeastern Han Chinese popu-
lations (Fig. 2E). The Hui people’s genetic profile indi-
cated recent connections with Central and South Asians,

reflecting historical trade along the Silk Road. PC3 analy-
sis separated the Hui from other reference populations,
particularly those from Gansu, Hebei, Shandong, and
Henan provinces (Fig. 3A). Highland Tibetan people have
a high proportion of D-related ancestral or descendant
Y-chromosome lineages, which display a different fre-
quency spectrum than those found in other East Asian
populations (Fig. 4). Previous genetic studies have high-
lighted deep connections between Tibetans, Japanese,
and Andamanese through shared D-related lineages [28].
We also found that Tibeto-Burman-speaking Tibetan
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and Tujia populations also exhibited distinct clustering
patterns. The Tai-Kadai-speaking Dai and Zhuang pop-
ulations in Yunnan, southwest China, showed isolated
clustering patterns compared to other groups. Multidi-
mensional scaling (MDS) plots further confirmed these

population affinities, showing consistent genetic relation-
ships with those observed in the PCA, highlighting the
genetic differentiation among geographically and linguis-
tically diverse Chinese populations (Fig. 3A).
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To explore the fine-scale population substructure
and genetic relationships among linguistically similar
but geographically distinct populations, we focused on
Sino-Tibetan speakers, who have a large population size
and are widely distributed in China and worldwide. The
PCA clustering patterns revealed that Tibeto-Burman
Tujia, Tibetan, and Yi speakers are distinct from others
(Fig. 3B). We also observed a clear distinction between
northern and southern Han Chinese populations. A heat-
map of pairwise Fst indexes showed that the Hui people,
along with Tibeto-Burman-speaking Tibetan and Tujia,
had large genetic distances from other Sino-Tibetan ref-
erence populations (Fig. 3C). Additionally, there was clear
genetic differentiation between northern and southern
Han Chinese, with southern Han Chinese closely related
to southern Tibeto-Burman speakers. We confirmed the
genetic differentiation between northern Altaic-speak-
ing populations and southern Chinese Hmong-Mien
and Tai-Kadai people (Fig. 3D). A neighbor-joining tree
revealed genetic similarities and differences, with two
main branches: the northern branch included northern
Han Chinese and northern Tibeto-Burman-speaking
populations, while the southern branch encompassed
southern Han Chinese, Tai-Kadai, and Hmong-Mien
speakers (Fig. 4A). Our population genetic results sug-
gested that fine-scale Chinese paternal genetic structures
are associated with geographical and cultural divisions.

The effect of differentiated founding lineages on paternal
genomic diversity and population differentiation
Bottleneck events observed in Y-chromosome diver-
sity from high-coverage sequences suggest that cultural
changes influenced the human out-of-Africa event and
Neolithic male population size contraction. Further
exploration is needed to understand how ancient human
demographic histories affected Chinese paternal genetic
diversity. Previous research has shown that lineages O,
C, D, Q and R are major components of China’s paternal
gene pool [6]. We explored the patterns of genetic diver-
sity and genetic composition in our studied populations
and identified additional second-level lineages (02, O1,
C2, D1, N1, R1, and Q1), third-level lineages (O2a, O1b,
C2b, Ola, C2a, Dla, Rla, and N1b), and fourth-level
lineages (O2a2, D1al, C2al, Rlal, O1b2, O1bl, Olal,
C2b1, and O2al) as significant contributors to genetic
differences between linguistically and geographically
diverse populations (Fig. 4B). We estimated the correla-
tion coefficient between geographical coordinates (lati-
tude and longitude) and genetic differentiation indexes
(Fst matrices among geographically different Han Chi-
nese and genetic differences between Chinese minor-
ity ethnic groups). A negative correlation was observed
between latitude and northern Han-related Fst values,
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and a positive correlation was observed with genetic dif-
ferences in southern Han Chinese populations. These
patterns are consistent with the close genetic affinities
between southern Han Chinese and southern reference
populations and the large genetic distances between
northern Han Chinese and southern Chinese reference
populations (Fig. 5A). No significant correlations were
found between Fst genetic distances and latitude for
three central Han Chinese populations (Anhui, Jiangsu,
and Hubei), nor between pairwise Fst values of all Han
Chinese groups, except Sichuan Han and longitude. This
suggests substantial paternal genetic differences between
northern and southern Han populations but no apparent
differences between western and eastern Han Chinese.
We also explored the correlations between longitude/
latitude and genetic differentiation among minority eth-
nic groups. Latitude was significantly correlated with
genetic differences between southern Chinese minority
groups (Yi and Dai from Yunnan, Yao and Zhuang from
Guangxi, Dong, Bouyei, and Miao from Guizhou, Miao
from Hunan, Tujia from Hubei, and Li from Hainan) and
other reference populations (Fig. 5B). Pairwise Fst values
between northern Altaic-speaking populations (Kazakh
and Uyghur from Xinjiang, Mongolian from Liaoning
and Inner Mongolia, and Manchu from Jilin), as well as
Hui from Gansu and other reference populations, showed
a negative correlation with latitude. Interestingly, a nega-
tive correlation between genetic differentiation and lon-
gitude was identified for populations such as Mongolian
from Inner Mongolia and Liaoning, Manchu from Jilin,
Korean from Jilin and Heilongjiang, Hui from Shandong,
Hani from Yunnan, Yao and Tujia from Hunan, and Dong
from Guizhou. These correlation patterns suggest north-
to-south and west-to-east genetic differentiation among
minority ethnic groups. The genetic distance inter-corre-
lations show northern and southern clusters among Han
Chinese and genetic correlation gradients among minor-
ity ethnic groups.

We investigated which founding lineages contributed to
the genetic differences among geographically and linguis-
tically diverse populations, focusing on the correlation
between fifth-level founding lineages and genetic differ-
entiations (Fig. 5). The haplogroup frequencies of O2a2a
and N1b2a showed a positive correlation with genetic dif-
ferentiation estimates between northern Han and south-
ern Han populations, and those of Olbla and Olala had
a negative correlation in the opposite direction. This sug-
gests that these four founding lineages played distinct
roles in shaping the paternal genetic makeup of northern
and southern Han Chinese. We also identified differen-
tiated correlations involving the lineages O1b2a, R1bla,
C2ala, Rlala, Nlala, C2bla, Qlala, and O2a2b with
northern and southern genetic differentiation (Fig. 5A).
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Distinct correlation patterns between lineage frequency
and genetic differentiation were notably observed in
Olbla, R1bla, and C2ala among northern and southern
linguistically diverse minority ethnic groups (Fig. 5B).
We finally investigated how different founding lineages
affect genetic differentiation in Chinese Y-chromosome
diversity. We used a high-resolution phylogeographi-
cal analysis based on our in-house database, which inte-
grates data from the 10K_CPGDP, YHC, and publicly
available sources [6, 31, 55]. Our analysis identified two
lineages with high frequencies in South China, possi-
bly linked to the origins and spread of rice farmers and
their proto-languages. The Olala lineage, with frequen-
cies ranging from 0 to 0.6, is broadly distributed across
the Yangtze and Zhujiang Basins. Spatial auto-correla-
tion suggests that this founder lineage originated in the
southeastern coastal regions (Fig. 5C-D). Another line-
age, present at low frequency across China but peaking

at~0.0769 in Fujian and Taiwan, is estimated to have
originated in the coastal regions of Hainan, Fyjian, and
Guangdong provinces (Fig. 5E-F). In northern East
Asians, we observed distinct frequency patterns for
dominant lineages. O2ala, O2a2a, and D1alb show high
frequencies among northern East Asians and Tibetan
Plateau populations (Fig. 6A-F), while Q2a2b, C2blb,
and R1a2b are most frequent at the crossroads between
north China and Siberia or Central Asia (Fig. 6G-L).
O2ala frequencies range from 0 to 0.0377 among city-
level Chinese populations, with the highest frequencies
in northeastern, northern, and eastern China, including
Qinghai and Gansu. Its estimated origin center is in the
coastal regions of the lower Yangtze and Yellow Rivers.
02a2a exhibits similar frequency distributions and origin
centers. D1alb shows the highest frequency, over 0.1818,
among highland East Asians, with an origin center near
the Tibetan Plateau. Q2a2b peaks in northern China,
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particularly in Inner Mongolia, Shaanxi, and Shanxi, with  the highest frequencies in Heilongjiang, Jining, Liaoning,
its phylogenetic origin in the middle Yellow River Basin.  and Inner Mongolia; its geographical origin is estimated
C2b1b is widely distributed in northeastern China, with  to be in northeastern China. High frequencies of C2blb
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in some southern Chinese populations may have resulted
from migration and admixture during the Yuan and
Ming dynasties. R1a2b is most frequent in northwest-
ern and northern China, with its origin centered around
Xinjiang, western Inner Mongolia, Gansu, and Qinghai
provinces. Our findings suggest that the genetic differen-
tiation between northern and southern Chinese paternal
lineages was influenced by extensive ancient population
expansions associated with millet and rice farming and
trans-Eurasian population interactions.

Discussion

The genomic diversity of Y-chromosomes has been
underrepresented in studies of human genome varia-
tion due to the complexity of sequencing and assembling
regions enriched with segmental duplications, long palin-
dromes, and tandem repeats. Furthermore, there is a lack
of large-scale population cohorts focused on elucidating
these evolutionary features [5, 6]. This study developed
one high-resolution Y-chromosome SNP panel and built
comprehensive paternal genomic resources to character-
ize Chinese Y-chromosome genetic diversity and evolu-
tionary history. Our following population genetics also
identified fine-scale geography and ethnicity-related
paternal genetic substructure and illuminated that large-
scale population genomics from under-representative
populations was essential for human genetics, forensic
science, and molecular anthropology. Previous analy-
ses using low-resolution genotyping techniques, such
as SNaPshot and pyrosequencing, have laid the founda-
tion for understanding the origin of modern humans in
Africa and their migration out of Africa approximately
50,000 years ago [57]. Y-chromosome genetic variations
are crucial for inferring subsequent human migration
and admixture events among non-African populations
[22]. In Europe, genetic studies of Y-chromosome varia-
tions have highlighted the complex genetic influences of
Near East farmers and Western Eurasian steppe herders
[58]. Recent analyses of ancient autosomal DNA have
supported an admixture model involving three ances-
tral sources contributing to the genomic formation of
modern Europeans [59]. Y-chromosome data have also
revealed early genetic connections between Asians and
Oceanians and a Neolithic link between East Asian and
Oceanian Austronesian-speaking populations [60]. Pater-
nal genetic evidence from Chinese populations has sig-
nificantly enhanced our understanding of early human
settlement in Asia. The diverse Y-chromosome variations
observed on the Tibetan Plateau suggest that both Paleo-
lithic colonization and Neolithic expansion contributed
to the genetic makeup of ancient and modern Tibetans
[27]. Wen et al. demonstrated that demic diffusion pat-
terns were crucial in shaping the paternal gene pool of
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northern and southern East Asians, with male-dominant
migrations and sex-biased admixture adding complexity
to the genetic structure of southern Chinese populations
[23]. Zerjal et al. studied Y-chromosome variations in
Altaic-speaking populations, such as the Xibe, highlight-
ing the Mongol Empire’s significant impact on the genetic
structure of geographically diverse Eurasian populations
[22]. They also showed that the Xibe people in the Xinji-
ang Uyghur Autonomous Region have close genetic ties
with Tungusic speakers in the Amur River Basin.

This work presents a fine-scale analysis of pater-
nal genetic structure, combined with high-resolution
Y-chromosome phylogenetic topology and databases,
which form the foundation for forensic science and
confirmed the complex patterns of genetic diversity
observed in population genetic, and anthropological
applications based on autosomal evidences [3, 4, 7, 45].
Recent forensic studies have provided limited insights
into the genetic structure of specific paternal lineages
using advanced genotyping or sequencing panels. Song
et al. investigated the paternal genetic structure of the
Li people from Hainan Island, identifying O1l-related
founding lineages as the dominant Y-chromosome com-
ponents in Tai-Kadai-speaking populations [61]. Sub-
sequent studies on Han Chinese, Zhuang, Qiang, Hui,
Tibetan, and Mongolian populations have furthered our
understanding of forensic applications and the paternal
genetic architecture of geographically diverse Chinese
populations [35, 36, 41, 62, 63]. Recent whole-genome
Y-chromosome sequencing has provided a detailed phy-
logenetic tree to shed light on human evolution. This
research has revealed complex population expansion,
migration, and admixture events among Oceanian people
and their Neolithic connections with East Asians, based
on Y-chromosome sequencing data and phylogeny [60].
Studies on whole Y-chromosome genomes from Siberian
and American individuals have inferred a Beringian strait
standstill and the founding lineages of Native Ameri-
cans, marked by rapid population expansion [64]. Whole
Y-chromosome sequencing data from Chinese popula-
tions, although with small sample sizes, emphasized the
C, Q, D, and O lineages. These studies highlight the con-
tributions of these lineages to the gene pool of northern
Han Chinese, the peopling of the Tibetan Plateau, and
the shared ancestry of southern Han Chinese and Tai-
Kadai-speaking populations [65, 66].

We presented the large-scale Y-chromosome genomic
resources for understanding the paternal genomic diver-
sity of under-representative groups and patterns of Chi-
nese fine-scale population structure. Although some
advances in the Y-chromosome population genetic
research, we still have some limitations compared with
autosome-based work. Recent advances in Chinese



Wang et al. BMC Biology (2025) 23:18

genome sequencing projects, such as the STROMICS
genome study, non-small cell lung cancer cohort, West-
lake BioBank for Chinese, NyuWa Genome resource,
CHN100K, 10K_CPGDP, and China Metabolic Analyt-
ics Project, have been facilitated by reduced sequencing
costs and rapid innovations in sequencing and computa-
tional statistics [55, 67—72]. However, these projects have
limited information on the Y-chromosome, focusing pri-
marily on human evolution and demographic modeling.
We previously developed a high-resolution panel with
639 Y-chromosome SNPs to explore the paternal genetic
structure of Chinese Mongolian, Gelao, Li, and Han pop-
ulations [43, 73]. Despite its utility, this panel is limited
in its ability to discriminate young and terminal Y-chro-
mosome lineages, particularly among non-Han Chinese
minority ethnic groups. To address these limitations, we
initiated large-scale human genomic diversity projects,
such as 10K_CPGDP and YHC, to reconstruct popula-
tion evolutionary history using autosomal allele shar-
ing, haplotype fragments, and uniparental lineages from
mtDNA and the Y-chromosome [6, 31]. We developed a
high-resolution Y-chromosome panel using Chinese-spe-
cific phylogenetic informative SNPs and a Y-chromosome
phylogenetic topology reconstructed from our in-house
integrated human genomic database. We validated the
panel’s sequencing performance by assessing sensitivity,
specificity, concordance, repeatability, stability, and effec-
tiveness with various case types, mixtures, and degraded
samples. Our findings demonstrated the YHSeqY3000
panel’s superior sequencing performance. This study pro-
vides new genomic data from underrepresented popu-
lations, addressing the gap in genetic diversity among
ethnolinguistically diverse Chinese populations. We
reconstructed the network-based phylogenetic topology
and identified population expansion events in certain
founding lineages, aligning with the Neolithic expansion
of millet farmers from the Yellow River Basin and rice
farmers from the Yangtze River Basin. Genetic analysis
of populations from the YHC phase 1 revealed genetic
differentiation among linguistically diverse minority eth-
nic groups. Altaic-speaking populations showed greater
genetic distances from other Chinese reference popula-
tions than other population pairs, and the Fst-matrix
correlated with longitudinal changes, suggesting genetic
influences from Western Eurasian populations (Figs. 2,
3, and 4). Archeological evidence has revealed significant
Bronze Age elements related to Western Eurasia—such
as bronze, horse, sheep, barley, and wheat—at north-
western Chinese sites. Linguistic studies have also iden-
tified Indo-European-related language elements in the
ancient Tianshan regions. Yao et al. examined the genetic
structure of northwestern Han Chinese populations and
found notable influences of Western Eurasian ancestry
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[53, 54]. Similarly, Wang et al. observed genetic contribu-
tions from Central Asians to ethnolinguistically diverse
populations in the Hexi Corridor [55]. Genomic stud-
ies on Hui and Uyghur populations in Northwest China
reported approximately 50% Western Eurasian ancestry
in Uyghurs and found that differentiated Eurasian genetic
variations significantly influenced phenotypic diversity,
biological adaptation, allele-specific gene expression, and
various quantitative trait locus functions [74, 75]. We
conclude that population admixture has served as a pow-
erful evolutionary force, contributing to the genomic and
phenotypic diversity of northwestern Chinese popula-
tions, including Mongolic/Turkic speakers, on both auto-
somal and Y-chromosome levels.

A significant advancement of this study is the provi-
sion of a comprehensive lineage frequency spectrum and
the identification of the potential origin centers of specific
founding lineages in the CPGDD database (Figs. 5 and 6).
Our findings suggest that the R1a2b-related western Eura-
sian lineages played a crucial role in the genetic differen-
tiation between northwestern Chinese populations and
other reference groups. Tungusic speakers from Northeast
China carrying the C2b1b lineage and Mongolic-speaking
populations from northern China with C2b1b and Q2a2b
lineages also contributed to their distinct genomic char-
acteristics. The origin center and phylogeographical dis-
tribution analyses indicate that these founding lineages
originated from the Mongolian Plateau and surrounding
areas. Ancient DNA evidence from the Mongolian Plateau
and Amur River Basin demonstrates the genetic continu-
ity of Neolithic Mongolian peoples, linking their migration
directly to the spread of Trans-Eurasian languages [76].
Autosome-based evidence also suggested a recent genomic
admixture between northern Chinese populations and
western steppe herders, as well as local hunter-gatherer
and Han-related farmer sources, which contributed to the
genomic and linguistic diversity of Mongolians and their
Han neighbors at the crossroads between Siberia and
northern China [77]. This work observed population dif-
ferentiation among Tibeto-Burman and Sinitic speakers,
Sinitic and Tai-Kadai peoples, and northern and southern
Han Chinese through PCA, MDS, and neighbor-joining
clustering patterns. Admixture models based on qpGraph
and coalescence theory reveal that deep Asian ancestry
and Neolithic millet farmer ancestry contributed to the
formation of highland Tibeto-Burman-speaking popula-
tions [78, 79]. Our findings on the frequency spectrum and
hot spot patterns of key lineages indicate that D1alb and
its sublineages have the highest frequency among highland
populations (Figs. 4 and 6), consistent with the long-term
settlement of ancient millet farmers from northern China
and biological adaptation to high-altitude environments
on the Tibetan Plateau [80—82].



Wang et al. BMC Biology (2025) 23:18

Genetic researchers identified genetic distinctions
between northern and southern Han Chinese popula-
tions using high-density SNP genotyping data a decade
ago [83]. Our study confirms this pattern through exten-
sive paternal genomic resources and reconstructs the
differentiated population history using multiple genetic
models. Leveraging our integrated database, we provided
a high-resolution view of differentiated lineages, shedding
light on the founding lineages that contributed to the gene
pool of northern and southern East Asians. Our findings
indicate that the O2a2a and O2ala lineages contributed to
both northern and southern populations, while the Olala
and O2a2b lineages played a primary role in southern
East Asians, likely linked to the spread of rice and mil-
let agriculture. Ancient genomes from the Yellow River
Basin (Henan and Shandong provinces) and the Yangtze
River Basin (Fujian, Guangxi, and Taiwan) suggest that
genetic differentiation between northern and southern
East Asians began in the early Neolithic period. Gene
flow from Chinese farmers significantly influenced the
genetic structure of ancient Southeast Asians, impacting
the ancestors of Austronesian, Austroasiatic, Tai-Kadai,
and Hmong-Mien peoples [84—86]. While our work high-
lights the deep paternal genetic history of Chinese popu-
lations, we acknowledge its limitations. We provided a
large-scale panel of genotype data and the genetic diver-
sity of linguistically diverse Chinese populations, along
with the highest-resolution lineage frequency spectrum
based on the CPGDD. However, additional high-coverage
Y-chromosome sequencing data from underrepresented
populations are needed to further elucidate the evolu-
tion of human Y-chromosome structures and paternal
evolutionary history. Recent advances in technologies
such as third-generation sequencing (TGS), the human
pangenome project, and T2T genome assembly offer new
opportunities to comprehensively understand human
evolution and its relationship with Y-chromosome struc-
tures [13, 14, 87]. Ancient DNA offers direct insights
into populations’ evolutionary history, while the muta-
tion trajectory of the paternally inherited Y-chromosome
provides indirect inferences. Recently, genomic research
and medical applications have primarily focused on Euro-
peans and their descendants. This focus has hindered
the transfer of genomic determinants of complex traits
and evolutionary traces to East Asians due to differences
in demographic history and genetic diversity. To address
this gap, we developed a high-resolution panel with
2850 targeted genomic regions and 2999 phylogeneti-
cally informative SNPs, launching the YHC to explore the
fine-scale paternal history of Chinese populations. The
YHSeqY3000 panel offers the highest resolution for deter-
mining East Asian-specific Y-chromosome lineages, pro-
viding new avenues for forensic parentage identification,
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pedigree search, and paternal biogeographical ancestry
inference. Our population genetic analyses, based on the
integrated YHC database, identified linguistically diverse
Chinese populations with distinct paternal gene pools.
The Y-chromosome variation patterns partly aligned with
genetic diversity patterns observed in Chinese popula-
tions through ancient and modern autosomal genome-
wide variation-based admixture models. The correlation
between founding lineages and their frequency distribu-
tion indicates significant genetic differentiation between
northern and southern East Asians and a distinction
between western and eastern East Asians. We provided a
fine-scale lineage frequency spectrum and identified the
geographical origins of key founding lineages based on
the CPGDD. These findings highlighted significant dif-
ferentiation between northern and southern and between
western and eastern East Asians, explained by the
observed genetic differences in paternal structure among
ethnolinguistically diverse Chinese populations. The sec-
ond phase of the YHC, utilizing high-coverage NGS and
TGS techniques, could offer a comprehensive view of
Y-chromosome genomic diversity, enhancing our CPGDD
resolution from SNPs to STRs and other SVs, and advanc-
ing the understanding of Y-chromosome structure and
human evolution.

Conclusion

This study comprehensively validated the sequencing per-
formance and forensic and population genetic functions
of the YHSeqY3000 panel via a well-designed strategy,
which provides a high-resolution analysis of Y-chromo-
some genetic diversity in Chinese populations, uncovering
fine-scale paternal substructures associated with geog-
raphy, ethnicity, and evolutionary history. By developing
the YHSeqY3000 panel and leveraging extensive genomic
resources, we illuminate the genetic differentiation
between northern and southern East Asians, the contribu-
tions of Neolithic agricultural expansions to the modern
Chinese gene pool, and the influence of Western Eurasian
ancestry in northwestern China. These findings highlight
the value of large-scale genomic studies in addressing the
underrepresentation of diverse populations, offering new
insights into human evolution, migration, and admixture.
Future advances in sequencing technologies and expanded
datasets promise to further refine the understanding of
Y-chromosome diversity and its implications for genetics,
forensic science, and anthropology.

Methods

Marker selection and panel design

We selected Y-SNPs to create a population-specific NGS
panel based on our internal integrated CPGDD data-
base. The inclusion criteria for Y-SNPs were as follows:
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(i) the frequency of the terminal haplogroup in Chinese
populations was no more than 4%o; (ii) biallelic Y-SNPs
without reverse mutation; (iii) Y-InDels were excluded;
(iv) Y-SNPs with high heterozygosity in whole-genome/
capture sequencing data in our database were excluded;
(v) dominant Y-chromosomal lineages of Chinese popu-
lations with a TMRCA within 3000 years were included;
(vi) primers had to be designable for NGS platforms. We
extracted sequence information for the screened Y-SNPs
from the NCBI database (https://www.ncbi.nlm.nih.
gov/) using their rs numbers or physical locations. We
employed the Aldesign tool (iGeneTech, Beijing, China)
to design PCR and sequencing primers with the following
specifications: (i) primers were designed as a single mixed
pool; (ii) amplicon length was less than 150 bp; (iii) mul-
tiple primer pooling and sequencing experiments were
conducted, with primers redesigned for Y-SNPs exhibit-
ing low sequencing performance or replaced with parallel
Y-SNPs from the same lineage to improve coverage rate
(the proportion of target regions sequenced); (iv) the 5
end of the primer could contain a non-target Y-SNP.

Sample preparation

We used control DNA 9948 (Promega, Madison, USA)
to test repeatability, sensitivity, and stability. For repeat-
ability testing, we amplified and sequenced three rep-
licates of control DNA 9948 at the recommended input
of 5 ng in three separate sequencing experiments. To
assess sensitivity, we prepared a dilution series of con-
trol DNA 9948 at 5 ng, 2 ng, 1 ng, 0.5 ng, 0.1 ng, 50 pg,
10 pg, and 5 pg, and performed library preparation and
sequencing in triplicate with the recommended number
of PCR cycles. For low-concentration samples (0.5 ng,
0.1 ng, 50 pg, 10 pg, and 5 pg), we used a modified PCR
protocol with three additional cycles to evaluate the
effect of increased PCR cycles on sequencing quality.
We also assessed the sequencing performance of the
YHSeqY3000 panel on degraded DNA by digesting con-
trol DNA 9948 with DNase I (Thermo Fisher Scientific)
for various durations (0, 1, 2, 4, 6, 8, and 15 min). To eval-
uate the stability of our newly developed panel, we added
four common inhibitors—hemoglobin, indigo, humic
acid, and EDTA—to the library preparation system at
varying final concentrations: 50, 75, 100, and 125 pumol/L
of hemoglobin; 6, 8, 10, and 12 mmol/L of indigo; 80, 100,
150, and 200 mg/L of humic acid; and 0.5, 0.8, 1.0, and
1.5 mmol/L of EDTA.

To assess the typing ability of the YHSeqY3000 panel
on forensic case-type samples, we collected sixteen mock
case-type DNA samples from blood cards, blood stains,
cigarette butts, hair roots, and semen stains. For mixture
testing, we mixed control DNA 9948 and 2800 M (Pro-
mega, Madison, USA) in various ratios (49:1, 29:1, 19:1,
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9:1, 4:1, 1:1, 1:4, 1.9, 1:19, 1:29, and 1:49) to create differ-
ent mixture samples. Library preparation followed stand-
ard protocols, and each mixture sample was sequenced
twice to ensure reliable results. We also obtained DNA
samples from duck, sheep, pig, dog, cat, rabbit, mouse,
chicken, cow, Streptococcus mutans (S. mutans), Candida
albicans (C. albicans), and Escherichia coli (E. coli) for
species specificity testing. The YHSeqY3000 panel was
designed to classify haplogroups of ethnolinguistically
diverse Chinese populations on a fine scale. To evalu-
ate its resolution and coverage, we collected peripheral
blood samples from 2097 unrelated individuals across 41
geographically distinct populations representing 18 eth-
nically diverse groups. This included 92 Bai, 83 Bouyei,
54 Dai, 94 Dong, 33 Hani, 89 Hui, 87 Kazakh, 94 Korean,
36 Li, 85 Manchu, 91 Miao, 87 Mongolian, 93 Tibetan, 84
Tujia, 90 Yao, 89 Yi, 86 Zhuang, and 637 Han individu-
als. We used Y-chromosome data from the YHC phase 1
as reference populations in our population genetic analy-
sis. The final merged dataset comprised 2375 individuals
from 59 minority ethnic groups and 5661 Han Chinese
individuals from 29 geographically diverse populations.
We conducted genetic analyses on population sizes
exceeding ten or thirty individuals, utilizing 26 Han Chi-
nese populations and 32 minority ethnic groups with
populations over 30 in the analysis.

DNA extraction, library preparation, and sequencing

We extracted DNA from human and non-human
samples using the PureLink Genomic DNA Mini Kit
(Thermo Fisher Scientific) and quantified it with the
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific)
on an Invitrogen Qubit 3.0 Fluorometer, following the
manufacturer’s instructions. We diluted the quantified
DNA to 2.0 ng/pL and stored it at—20 °C until library
preparation. For library preparation, we used a cus-
tomized primer pool and the MultipSeq Custom Panel
(iGeneTech, Beijing, China) according to the manufac-
turer’s protocol. The recommended DNA input amount
per reaction was 5 ng, except for sensitivity testing.
We amplified DNA samples and performed incubation
steps using the ProFlex 96-Well PCR System (Thermo
Fisher Scientific) with the following thermal condi-
tions: lid temperature at 105 °C; initial denaturation at
95 °C for 3 min 30 s; 30 cycles of amplification at 98 °C
for 20 s and 60 °C for 10 min; and a final extension at
72 °C for 5 min. We purified the PCR products using
Agencourt AMPure XP beads (Beckman Coulter). The
ligation reaction included 2.5 pL of Enhancer buffer M,
2 pL of UDI Index, 10 pL of IGT-EM808 polymerase
mixture, 13.5 puL of purified PCR products, and 2 pL of
ddH20. The standard conditions for this reaction were
as follows: incubation at 95 °C for 3 min 30 s; 9 cycles
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of amplification at 98 °C for 20 s, 58 °C for 1 min, and
72 °C for 30 s; with a final hold at 72 °C for 5 min. Each
DNA library was purified using Agencourt AMPure
XP beads and quantified with an Invitrogen Qubit 3.0
Fluorometer. We assessed the length and purity of each
purified library using the Qsep400 Bio-Fragment Ana-
lyzer (BiOptic, Taiwan, China). Finally, we conducted
sequencing on an MGISEQ-2000 sequencer (MGI,
Shenzhen, China) in paired-end 150 bp mode.

Sequencing data processing

We used Trimmomatic v.0.38 [88] to trim and crop raw
FASTQ data and remove adapters. We aligned the raw
sequencing reads to the human genome reference assem-
bly GRCh37 using BWA-MEM v.0.7.12 [89]. We then
sorted the aligned reads by chromosome and position
using SAMtools v.1.9. For variant discovery, we employed
the GATK HaplotypeCaller, CombineGVCFs, and Geno-
typeGVCFs modules [90]. We recommended a minimum
sequencing depth of 30X per tested amplicon or target
Y-SNP, a mapping quality greater than 20, a base qual-
ity above Q30, and a major allele proportion exceeding
90%. We evaluated the sequencing performance of the
YHSeqY3000 panel based on average sequencing depth,
the proportion of Y-SNPs exceeding 30X, the proportion
of Y-SNPs reaching Q30, and the mapping, capture, and
coverage rates. The mapping rate measures the ratio of
reads mapped to the reference genome to the number of
raw sequencing reads. The capture rate refers to the pro-
portion of reads in the target regions compared to the
number of reads mapped to the reference genome. The
coverage rate indicates the ratio of the sequenced length
of target regions to their preset length.

Haplogroup classification

We classified NRY haplogroups using in-house scripts based
on our reconstructed phylogenetic tree. To ensure compat-
ibility with previous studies that used the YCC nomencla-
ture system, we assigned Y-chromosomal haplogroups
using Y-LineageTracker [91] and HaploGrouper [92]. These
assignments were based on the ISOGG Y-DNA Haplogroup
Tree 2019-2020 (https://isogg.org/tree/index.html).

Estimation of statistical parameters

Using Arlequin v.3.5.1.3, we calculated haplotype and
haplogroup frequencies and computed HD and HGD
using the formula proposed by Nei and Tajima: HD/
HGD=#n(1-Xpi*)/(n—1), where n is the total number
of observed haplotypes or haplogroups, and pi is the
frequency of the ith haplotype or haplogroup [93]. We
determined the DP as the ratio between the number of
observed haplotypes and the total number of haplotypes.
MP was estimated using the formula: MP =Xp”.
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Inference of population structure

To characterize the paternal genetic landscape of ethno-
linguistically diverse Chinese populations, we integrated
publicly available haplotype and haplogroup data from
the YHC genomic resource [94, 95] into this study. We
constructed a maximum likelihood phylogenetic tree
using RAXML (Randomized Axelerated Maximum Like-
lihood) v.8.2.12 [96] and visualized relationships between
individual genotypes with haplotype networks gener-
ated by PopART [97]. To analyze the genetic structure
of Chinese populations at the group and language fam-
ily levels, we conducted PCA and MDS analysis using
Y-LineageTracker [91], based on fourth-level haplogroup
frequencies. We estimated pairwise genetic distances
(Fst) with Y-LineageTracker and constructed a neighbor-
joining tree using MEGA 7 [98]. Correlation analysis
between haplogroup frequencies and latitude/longitude
or Fst genetic distances was performed with the R pack-
age to identify haplogroups contributing to genetic dif-
ferentiation among geographically distinct populations.
Spatial autocorrelation analysis of haplogroup distribu-
tion patterns was performed using ArcGIS.
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