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This study investigates the genetic structure and demographic history of contemporary Thai
populations from Tak and Ranong, two border provinces between Thailand and Myanmar with complex
immigration histories. We analyzed 20 Y-SNP markers (327 samples) and 24 Y-STR profiles (241
samples), along with published datasets, and observed significant genetic differentiation between
these regions. Tak is dominated by O2a2blala (44.53%) and Olblala (21.17%). The presence of

NO1 (14.6%) suggests genetic contributions from nearby populations such as the Karen, Lawa, and
Khuen. Notably, Tak shows low gene diversity (GD) at the DYS391 (0.2208), contrasting with Ranong
(0.5247) and the overall Thailand population (0.4708). Ranong exhibits a more diverse haplogroup
distribution, with prominent frequencies of O1lblala (20.75%), F (16.98%) and O2a2blala (13.21%).
The presence of haplogroups K (11.32%) and R* (7.55%) reflects a genetic connection with the Maniq
or other mainland Negrito groups, as well as historical gene flow from South Asia. These findings
enhance our understanding of the genetic landscape shaped by migration and localized admixture. We
also expanded the Thailand Y-chromosome database with novel Y-STR haplotypes, updated forensic
parameters and Y-haplogroup frequencies, providing valuable resources for paternal ancestry inference
and kinship verification in both forensic science and population genetics

Thailand is in central Mainland Southeast Asia (MSEA) with extensive population diversity. There are 62 linguistic
groups across Thailand including 24 Tai, 22 Austroasiatic, 11 Sino-Tibetan, 3 Austronesian, and 2 Mien-Hmong
groups'. Alongside this diversity, Thailand also hosts one of the world’s largest stateless populations, with over
500,000 registered individuals®. Statelessness is defined as the absence of recognized as a citizen of any country
under the operation of its law®. It affects at least 4.6 million people globally, though this number is likely a
substantial underestimation®. In Thailand, highland ethnic groups such as the Akha, Lahu, Hmong, Lisu, Karen,
and Shan constitute a significant portion of the stateless population®®. The Thai diaspora in southern Myanmar
is another group struggling with citizenship due to insufficient official documentation or evidence’. Similarly,
the Moken (sea nomads inhabiting the Andaman Sea coastline and islands, including Chang Island in Ranong
province) also face difficulties in acquiring citizenship due to their non-sedentary lifestyle®®. Migrants from
neighboring countries, particularly Myanmar, further contribute to Thailand’s stateless population®. As of April
2023, approximately 2.5 million regular migrants resided in Thailand, 75% of whom originated from Myanmar°.
Stateless individuals in Thailand experience significant socioeconomic disadvantages due to their lack of identity
cards, limiting their access to essential services like education, employment, and healthcare, and perpetuating
cycles of poverty and marginalization!!~13.

DNA testing has been assisted in verifying familial relationships for visa petitions and migration screening
At least 17 European nations and over 20 countries globally have incorporated parental DNA testing into their
family reunification and immigration procedures'’. For instance, Germany encourages using genetic evidence
for family reunification in cases where traditional documentation is insufficient!”!®. Comparing the STR
profile of a stateless individual with that of established relatives holding citizenship provides corroborative
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evidence of biological relatedness, supporting identity verification and legal recognition in the absence of
traditional documentation. However, this method faces limitations when appropriate comparison individuals
are unavailable. Y-chromosome single nucleotide polymorphisms (Y-SNPs) haplogroup analysis is a powerful
method for tracing paternal ancestry, offering a complementary approach to Y-STRs. Y-SNPs have significantly
lower mutation rates than Y-STRs (0.75-0.89 x 10~ vs. 0.86-1.25 x 10~ per locus per year)!’. This makes them
useful for the reconstruction of paternal lineages over longer timescales. The frequencies of Y haplogroups in
different populations provide valuable markers for differentiating paternal lineages and inferring ancestry?.
Previous studies have explored the paternal genetic landscape of Thailand, focusing on various aspects of
population history and genomic structure?'~2°, The analysis of 928 male-specific portions of the Y chromosome
(MSY) samples from 59 populations across diverse geographic regions and ethnic groups, showed the contrast
between paternal and maternal genetic histories and postmarital residence patterns®. Previous genome-wide
and uniparental markers studies revealed a complex population landscape of Thailand and MSEA?21:22:24:25.27-32,

This study investigates the paternal genetic landscape of contemporary Thai populations in Tak and Ranong
(Fig. 1), provinces strategically located along the Thailand-Myanmar border and host three of the six permanent
border crossings. These regions are particularly significant due to their roles in immigration and statelessness.
We utilized SNaPshot technology for Y-SNPs analysis*? targeting specific SNPs to infer Y-haplogroups relevant to
our research (Fig. 2), due to the cost-effectiveness, robustness, and established reliability in previous studies*~%.
Next-generation sequencing (NGS) was employed for Y-STR profiling to enhance the resolution of the genetic
data. By integrating newly generated Y-SNPs and Y-STRs profiles with published datasets, we aim to expand
the Y-chromosome database and contribute a more comprehensive understanding of the genetic structure
and demographic history of these populations. Acknowledging the ethical implications of using genetic data,
especially in contexts of immigration and statelessness, we stress the need for responsible and ethical applications
of our findings.

Results

Y chromosome diversity and its distribution

Analysis of 327 Thai male samples from Tak and Ranong (see Supplementary Table S1) identified 17 distinct
Y-haplogroups, with frequency distributions summarized in Table 1. The predominant haplogroups were O1b
and O2a, comprising 74.45% of the Tak population and 49.06% of the Ranong population. These findings
align with previous research, which highlighted the dominance of these haplogroups in Thailand*. However,
subhaplogroup distributions varied significantly between the two regions. In Tak, the subhaplogroup frequencies
were as follows: O2a2blala (44.53%), Olblala (21.17%), and NO1 (14.23%). In Ranong, the haplogroup
frequencies were: Olblala (20.75%), F (16.98%), O2a2blala (13.21%), and K (11.32%). Haplogroup Olblala,
present at notable frequencies in both Tak (21.17%) and Ranong (20.75%), suggests potential shared ancestry
or gene flow with Austroasiatic-speaking populations such as the Htin, Khmer, Khmu, Lawa, Bru, and Mlabri,
where Olblala reaches frequencies exceeding 80%2>*1*2. Haplogroup NO1 was relatively frequent in Tak
(14.23%) but absent in Ranong. This may reflect genetic contributions from the nearby Lawa hill tribe, where
56% of haplogroups belong to the N clade?. Haplogroup F (M89) was significantly more prevalent in Ranong
(16.98%) than in Tak (2.92%), and the K haplogroup was also higher in Ranong (11.32%) compared to Tak
(1.82%). The presence of non-Southeast Asian haplogroups, such as R, in both populations (7.55% in Ranong,
0.36% in Tak) highlights the complex genetic landscape of the region.

Comparative analysis of populations from Thailand, South Asia, and East and Southeast Asia (ESEA) revealed
distinct Y-haplogroup distribution patterns, as illustrated in Figs. 3 and 4. The O2 lineage was predominant in
Tak (53.65%) but less frequent in Ranong (30.20%). The prevalence of O2 clade haplogroups varied significantly
across Thai populations, ranging from 66.67% in Palaung to 3.45% in Htin. The notably high frequency of O2
in northern Thailand, particularly among Palaung, Tak, Shan, Karen, Nyahkur, and Khonmueang populations
(exceeding 45%)?*?%, suggests the influence of historical migrations and demographic factors. This distribution
is consistent with the broader East Asian prevalence of O2, particularly among Sino-Tibetan populations where
02-M122 is a dominant lineage. 02-M122 accounts for 50 to 60% of the Han Chinese*’. The O2a2blala subclade
was particularly prevalent in Tak (44.53%), like its high frequency in the Dai population from Yunnan province,
southwest China (41.82%). SOURCEFIND analysis indicates that the Dai population contributed between
2.4 and 22.8% genetic ancestry to the Khonmueang, Khuen, Lue, and Yuan populations29 revealed potential
genetic affiliations between the Tak population and these groups. O2* is prevalent in East and Southeast Asia,
particularly in Malaysia and Indonesia, but occurs less frequently in South Asia (12.47%), primarily among
Austroasiatic and Tibeto-Burman groups. Haplogroup Ola is strongly associated with Austronesian-speaking
populations from Taiwan, Philippines, and Indonesia which exhibit high Ola frequencies (47.19%, 42.46%,
and 26.42%, respectively)*!. The Ola haplogroup is highly prevalent in Taiwan Mountain Tribes Aborigines
(TwMLtA) (85.35%), while mainland East Asian populations show much lower frequencies (7.59% in China). In
Thailand, Ola frequencies also vary significantly, with Ranong showing a higher prevalence (5.66%) compared
to Tak (0.73%). Previous studies have identified evidence of Austronesian-related ancestry in the southern Thai
population, including the presence of mtDNA haplogroups B4ala and M7c1c3?2. They are primarily distributed
among aboriginal Taiwanese and Island Southeast Asian (ISEA) populations. The signal of Austronesian-related
ancestry in the southern Thai population was also inferred using the autosomal haplotype-based method
SOURCEFIND?. These findings collectively suggest a possible Austronesian admixture component within
the Ranong population. The higher Y-SNPs haplotype diversity in Ranong (0.8970) compared to Tak (0.7317)
indicates greater genetic variation and potentially more gene flow in Ranong.

Fisher’s exact test assessed haplogroups distribution differences between Tak, Ranong, and other Thai
populations. The results (Supplementary Fig. S1) indicated significant deviations in the haplogroup frequencies
for Tak compared to all other groups. Although Ranong showed some similarity to southern Thai populations,
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Fig. 1. Geographic Distribution of Samples in current and previous studies. This figure illustrates the
geographic origins of samples collected in the present study and those previously reported by Kutanan et
al.?. Permanent border crossings are indicated for reference. The map was produced using QGIS 3.34.1%" and

subsequently refined in Inkscape 1.3.2.
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Fig. 2. The cladogram of the 20 Y-chromosomal binary polymorphisms analyzed in this study. The Y-SNPs
analyzed are indicated on each branch, with the corresponding haplogroups shown at the terminal nodes,
based on the Haplogroup Tree 2019-2020 v15.73 (https://isogg.org/tree/index.html).

Tak (n=274) Ranong (n=53) Total (n=327)
Haplogroups | Terminal markers | Anc/Der* ples | frequency ples | freq y ples | freq; y
C RPS4Y711 C/IT 2 0.0073 3 0.0566 5 0.0153
DE M145 C/T 6 0.0219 0 0.0000 6 0.0183
F M89 C/T 8 0.0292 9 0.1698 17 0.0520
K M9 C/G 5 0.0182 6 0.1132 11 0.0336
NO1 M214 T/C 39 0.1423 0 0.0000 39 0.1193
O M175 TTCTC/del |6 0.0219 1 0.0189 7 0.0214
Ola M119 T/G 1 0.0036 3 0.0566 4 0.0122
O1b P31 T/C 1 0.0036 0 0.0000 1 0.0031
Olblala M95 C/T 58 0.2117 11 0.2075 69 0.2110
02 M122 A/G 2 0.0073 1 0.0189 3 0.0092
02a M324 G/C 0 0.0000 3 0.0566 3 0.0092
02a2 P201 T/C 20 0.0730 3 0.0566 23 0.0703
O2a2alala M159 A/C 1 0.0036 1 0.0189 2 0.0061
02a2bl M134 C/del 2 0.0073 1 0.0189 3 0.0092
O2a2blala M133 A/del 122 0.4453 7 0.1321 129 0.3945
R M207 A/G 0 0.0000 1 0.0189 1 0.0031
Rlalal M417 G/A 1 0.0036 3 0.0566 4 0.0122

Table 1. Distribution of Y-Haplogroups in 327 contemporary Thai males from Tak and Ranong, Thailand.
Anc/Der* is Ancestral/Derived, which refers to ancestral and derived alleles. An ancestral allele is the original
version of a genetic variant, while a derived allele is a new variant that has arisen through mutation.
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Fig. 3. Pie charts showing Y-haplogroup distributions across South Asian, East, and Southeast Asian
populations. Supplementary Table S2 provides details on the published datasets used in the analysis. The map
was created using the “rnaturalearth” R package (https://github.com/ropensci/rnaturalearth) with data from

Natural Earth (https://www.naturalearthdata.com/).
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Fig. 4. Comparative distribution of major Y-haplogroups. This stacked bar plot illustrates the relative
frequencies of the major Y-chromosome haplogroups in different populations from India, Thailand, China, and
Taiwan, comparing data from the current study with previously published findings. (see Supplementary Table

S2 for the additional details of populations).
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it also exhibited unique haplogroups profile. These findings underscore the importance of region-specific
Y-haplogroup databases for forensic applications, as they can more accurately reflect the genetic diversity within
the regions.

Relationship with populations in Thailand, South Asia, and East Asia

Analysis of molecular variance (AMOVA) of 20 Y-SNP markers shows genetic differentiation among the studied
populations (Supplementary Table S3). In comparison between Tak and Ranong, 9.36% of genetic variance
was between populations, while 90.64% was within populations (p<0.05). The broader analysis including
126 populations from Thailand, China, India, and Taiwan reveals that 13.30% of genetic variation arises from
differences between countries, while 14.28% is due to variation among populations within the same country.
The majority of genetic variation (72.42%) is observed within populations, indicating that genetic diversity
primarily occurs at the individual level rather than between populations or countries. These findings align with
Kutanan et al.?*, who found that 88.88% of genetic variance in 928 individuals from 59 Thai populations was
within populations. Notably, a significant test (p=0.01) indicates that this observed within-population variation
is significantly lower than expected under a random mating model, suggesting underlying population structure
or other factors reducing genetic diversity within populations.

Non-metric multidimensional scaling (NMDS) was employed to visualize genetic relationships among the
studied populations based on their Y-SNP profiles. Figure 5 effectively captured the underlying genetic structure,
as indicated by a low stress value of approximately 0.0364. Indian populations in the East and Northeast
regions who speak Austroasiatic (AA) or Tibeto-Burman (TB) languages, such as Munda, Kharia, Bhumij,
and Santhal, along with Bhuiyan (BhuY), who speaks Indo-European, form a cluster that differentiates them
from other Indian and ESEA populations. Notably, these Austroasiatic-speaking groups exhibit a closer affinity
with Austroasiatic and Kra-Dai-speaking populations in Thailand, including Mon, Lawa, Suay, and Central
Thai. This pattern aligns with previous findings of Southeast Asian admixture within the Munda branch of
Austroasiatic populations in India?>~*’. The shift of SouthernThai_TK (STTK) towards the Indian cluster in the
NMDS plot aligns with previous studies. Southern Thai population exhibits a significant of South Asian mtDNA
haplogroups (~35 to 45%), approximately 35% of South Asian Y-haplogroups, and a substantial South Asian
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Fig. 5. Population relationships based on the Y-SNP genetic distance matrix of 126 populations. The three-
dimensional non-metric multidimensional scaling (NMDS) plot shows Dimensions 1 and 2. (a) Neighbor-
joining (NJ) phylogenetic tree. (b) Branch lengths are proportional to genetic distance. NMDS plots of
Dimensions 1 vs. 3 and Dimensions 2 vs. 3 are shown in Supplementary Fig. S3. Population details are
provided in Supplementary Table S2.
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admixture?>?%484% The Indian populations that are in proximity to STTK in the NMDS plot display significant
linguistic and geographic diversity, including both Indo-European and Dravidian-speaking groups from various
regions. Despite its location in southern Thailand, Ranong shows a closer genetic affinity with Central Thai (CtC,
CtE, CtN, CtW), and Mon (MoC, MoN, MoW) populations than with STTK, suggesting a distinct paternal
lineage history. The position of Tak in the NMDS plot is notably close to Gelao (Gel), Karen (KR), Shan (Sha),
Palaung (PA), Nyahkur (Nya), Han and Taiwan Han (TwH). Despite the geographical distance between Tak
and Taiwan, the observed genetic proximity in the NMDS plot (Fig. 5a) is notable and it is clearly illustrated
by the Neighbor-Joining phylogenetic tree (Fig. 5b). The Taiwanese populations are primarily descended from
Han Chinese migrants originating from various provinces in China. Genetically, they exhibit greater affinity
to Southern Han Chinese populations than to Northern Han Chinese populations®®. This genetic affinity
likely reflects historical interactions and migrations between Kra-Dai populations and Southern Han Chinese.
Although a genetic relationship between Southern Thai (Ranong and STTK) and TwMtA was expected due to
evidence of bidirectional admixture with the Austronesian-speaking Nayu, who genetically shift toward other
Austronesian-speaking groups from Island Southeast Asia (ISEA)?, the TWMtA positioned distinctly apart from
other populations and remained distant from the Southern Thai. This distinct placement may be due to their
low Y-chromosome diversity, likely driven by genetic drift, setting them apart from other Austronesian-speaking
groups*!. The NJ phylogenetic tree (Fig. 5b) reveals four main clusters with distinct linguistic and geographic
distributions. Cluster I includes populations with diverse linguistic affiliations, such as Sino-Tibetan (e.g., Karen,
Han, TwH), Austroasiatic (e.g., Palaung), and Kra-Dai (e.g., Gelao, Tak), indicating genetic connections despite
linguistic differences. These relationships may stem from historical interactions or shared ancestry, possibly
influenced by Han Chinese. Indian populations form two separate clusters: Cluster II (northeastern and eastern
India) features Tibeto-Burman speakers (e.g., Kuki, Mara) and Austroasiatic speakers (e.g., Munda, Santhal),
reflecting geographic proximity to Cluster I. Cluster III includes predominantly Thai populations alongside
Kra-Dai speakers from China (e.g., Dai, Li), while Cluster IV represents additional Indian groups. The NJ tree
complements NMDS analyses, offering a comprehensive view of the paternal genetic landscape of the studied
populations.

Incorporating Y-STR analysis for enhanced genetic diversity assessment

The Y-STR profiles from Tak and Ranong are shown in Supplementary Table S2. Among 327 samples, we
identified 289 distinct profiles, with 23 haplotypes shared by multiple individuals. One haplotype associated
with haplogroup O2a2blala (O-M133) was found six times in Tak, indicating recent common ancestry. Forensic
statistical parameters were calculated, and the results are detailed in Supplementary Table S4. Y-STRs haplotype
diversity is 0.9964 and 0.9987 in Ranong and Tak, respectively. These values align with previous studies in
various populations from Thailand?!"?%°!. This significant genetic variation within these populations is valuable
for forensic applications. The average GD across all markers is 0.6478 in Tak and 0.7402 in Ranong. Kampuansai
et al.?! observed similar variability in GD values across different populations. Lawa and Lua showed lower
GD values of 0.5037 and 0.4532, respectively, while Shan exhibited the highest GD of 0.7039. The multicopy
marker DYS385ab showed the highest GD value in the Ranong and Tak populations, with 30 and 42 haplotypes,
respectively. Conversely, DYS391 showed the lowest GD across all markers, with a significant difference in
values: 0.2208 in Tak, 0.5247 in Ranong, and 0.4708 in the overall Thailand population.

We conducted NMDS analysis using Y-STR haplotypes, which included 10 shared STR loci from 127
populations in 13 countries. In an ideal scenario, the Y-STR data would be derived from the same populations
used in the Y-SNPs analysis. However, due to limitations in data availability, the Y-STR data utilized in this
NMDS analysis originates from a distinct set of populations across Asia. Despite this, this approach can still
provide complementary insights into recent genetic relationships and the population history of Tak and Ranong.
The result of the NMDS analysis is presented in Fig. 6a. As expected, populations from the same country or
region tend to cluster together, reflecting shared genetic ancestry. For example, Cambodian populations form a
tight cluster, indicating a close genetic relationship (Fig. 6a). While South Asian admixture in Cambodians has
been reported?’, the cluster of Cambodians and Indians is exclusively observed in the NMDS2 vs. NMDS3 plot
(supplementary Fig. S3). Its absence from NMDS1 vs. NMDS2, NMDS1 vs. NMDS3, and the NJ tree indicates
that this relationship is driven by weaker genetic signals reflecting subtle or localized admixture events. Indian
populations exhibit high genetic diversity, reflected in their dispersed distribution in the NMDS space. However,
they form a distinct cluster separate from other populations, suggesting a unique overall genetic signature
(Fig. 6). Notably, Tamil and Irula (Dravidian ethnolinguistic populations from southern India) form a distinct
subcluster closer to the Ranong population in the NMDS space. This observation suggests that these southern
Indian populations represent a potential source for the Y-haplogroup R* observed in Ranong. Previous studies
corroborate this, showing South Asian admixture in various Thai populations, such as SouthernThai_TK (Thai-
speaking), and SouthernThai_AN (Malay-speaking group from Southern Thailand, also known as “Nayu”)?*30:49,
Changmai et al. employed ADMIXTURE analysis and revealed a component of South Asian ancestry that
exceeds 5% in Thai populations, potentially linked to southern Indian groups such as Irula and Mala®. The
NMDS analysis revealed a closer affinity of the Tak population with East Asian populations, particularly Han
Chinese (various locations) and Dai (Yunnan, China), based on their spatial proximity in the NMDS plot.
This finding aligns with their geographic distribution and potentially reflects shared ancestry. Furthermore,
the observed genetic relationship between Tak and Dai supports the previously proposed two-route dispersal
model for certain Kra-Dai languages?, which complements the historical linguistic scenario outlined by Baker
and Phongpaichit®. Interestingly, the Tak population also exhibits a genetic connection to the Dhimal, a Sino-
Tibetan speaking group residing in West Bengal, India. Although unexpected based on geographic distance,
this finding warrants further investigation to explore potential historical connections or ancestral migrations.
Ranong shows genetic alignment with populations from China including Han, Wa, Lahu, and Lisu (Fig. 6).
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Fig. 6. NMDS plot and a neighbor-joining (NJ) phylogenetic tree derived from the 10 STR Rst genetic
distance matrix of 127 populations. The NMDS plot displays Dimension 1 versus Dimension 2 (a) A neighbor-
joining (NJ) phylogenetic tree of 127 populations. The lengths of bars represent genetic distances. NMDS 1 vs
NMDS3 and NMDS2 vs NMDS3 plots can be found in Supplementary Fig. S3. Refer to supplementary table S6
for additional information for each population.

This suggests possible recent interactions or admixture with Chinese migrants. The NMDS plot shows shared
ancestry between Ranong and Malay (MY _1), while the NJ tree places them in separate clusters. This discrepancy
reflects methodological differences: NMDS captures overlapping genetic signals and admixture, whereas the
NJ tree simplifies relationships hierarchically. The NMDS result aligns with previous studies indicating that
Southern Thai populations, including Ranong, derive significant ancestry (~65%) from the Malay-speaking
Nayu, closely related to Austronesian groups from Island Southeast Asia?’. The NJ tree based on Y-STR Rst
distances for 127 populations reveals four broad clusters (Fig. 6b). Indian populations forming a distinct group,
except for Irula, Tamil, Rajbanshi, Paliya, and Dhimal, which cluster with Thai and Chinese populations. The
remaining clusters predominantly comprise populations from Taiwan and Cambodia. These clusters exhibit
higher diversity and are less distinct compared to the Y-SNP-based NJ tree. To further explore genetic diversity,
we conducted Network analyses for the Olblala and O2 clades using Y-STR haplotype data. These analyses
revealed substantial haplotype diversity within these clades, with multiple overlapping reticulations indicating
complex paternal lineage relationships (supplementary Fig. S4).

Time to Most Recent Common Ancestor (TMRCA) was computed using Y-STRs profiles (Supplementary
Table S5). The TMRCA estimated for haplogroup O2a2blala-M133 in the Tak population is 4572.3-4647.6 years
before present (YBP), which are in accordance with previous findings for Thai populations (6210+ 3590 YBP)
reported by Trejaut et al.*%. The TMRCASs for haplogroup Olblala-M95 in the Ranong (5,099.9-5,253.8 YBP)
and Tak (5315.6-5404.9 YBP) populations are relatively close, indicating a shared paternal lineage divergence
within a similar timeframe. However, the broader 95% confidence interval TMRCA for Olblala-M95 reported
by YFull.com is 8300-13,300 YBP. This discrepancy highlights the need for further studies in TMRCA estimation.
The younger TMRCA estimate (7042.7-7209.8 YBP) for haplogroup NO1 in Tak, compared to the 34,300-
39,300 YBP range from YFull.com, suggests potential misidentification of haplotypes. This may result from the
absence of markers for N clade haplogroup determination in our multiplex PCR method, leading to incorrect
classification of N clade haplogroups as NO1. Thus, the TMRCA for NO1 in Tak appears unusually young. The
high frequencies of haplogroup N in geographically neighboring populations, such as the Lawa (21.28%) and
Khuen (17.65%)??, suggest a potential ancestral connection. This is supported by the NMDS analysis (Fig. 3),
which shows the genetic affinity between Tak and Khuen. Therefore, the NO1 haplogroup in Tak may represent
various N clade haplogroups inherited from these neighboring populations.
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Discussion

This study investigates the paternal genetic landscape of Tak and Ranong provinces to provide insights into
regional population history and assess the potential of Y-chromosome data to support claims of belonging
and facilitate access to essential services for stateless individuals. Our analysis revealed significant differences
in Y-haplogroup distribution between Tak and all other populations examined. In contrast, Ranong showed
no significant difference in Y-haplogroup distribution from seven populations, including SouthernThai TK
(Supplementary Fig. S1).

Notably, haplogroup K was observed at a frequency of 11.32% in Ranong, compared to only 1.82% in Tak.
Haplogroup K-M9 is an ancient lineage with an estimated origin in the Middle East approximately 40,000
53,900 years ag053. The Y chromosomes of two ancient Eurasian individuals, Ust'-Ishim and Oase 1, belong
to haplogroups K(xLT) and F (a lineage closely related to K), respectively’*>>. In Thailand, haplogroup K
was detected at 100% in the Maniq, a hunter-gatherer Negrito group from Southern Thailand, and at lower
frequencies in Kalueang (5.88%), SouthernThai_TK (5%), and HtinPray (3.45%)*?>. ADMIXTURE and qpAdm
analyses inferred the presence of Onge-related ancestry in the Maniq (74%) and Htin (18%)%. This suggests a
link between this ancient East Eurasian lineage and haplogroup K in these groups, as well as in Ranong and, to
a lesser extent, Tak. This suggests a very ancient connection, possibly reflecting early migrations into Southeast
Asia. The Maniq’s geographical proximity to Ranong and Htin's proximity to Tak suggests potential gene flow.
The presence of basal ancient mtDNA lineages (M21d and M46) in Moken females™ raises the possibility of
similar ancient Y-chromosome lineages, such as K, in Moken males, potentially contribute to the Ranong gene
pool. The presence of haplogroup K in the Moken, Manig, and established Ranong population suggests shared
regional ancestry, which can be used as supporting evidence in citizenship contexts, particularly when traditional
documentation is lacking. This deep-rooted presence suggests a long-term association of these groups with the
region.

The presence of Y-haplogroup R* (7.55%) in Ranong provides genetic evidence of West Eurasian or South
Asian ancestry. This aligns with the prevalence of haplogroup R in India and Pakistan®” where R1al* reaching
high frequencies (up to 72.22%) in Brahmins®®. While specific historical records are limited, archaeological finds
from the ancient Ranong port of Phu Khao Thong (first-fourth centuries AD) provide evidence of extensive
maritime trade with South Asia. These finds include Indian Srivatsa seals, beads of glass, stone, and gold (from
Vietnam, India, and Persia), and Roman carnelian intaglios®. These provide tangible evidence of South Asian
influence in the region. The presence of R* in Ranong thus likely reflects these long-standing interactions and
suggests that Ranong was part of this broader network of cultural and genetic exchange. This aligns with genome-
wide studies that have detected South Asian admixture in various present-day Southeast Asian populations. The
admixture proportions ranging from 4 to 12% and admixture dates between ~ 450 and 1600 years before present
(YBP) were determined in various population from Thailand?*?>2%304%_ Although Y-haplogroups R2 (11%) and
Rlalalb2a2a (6%) were observed in Laolsan®, genome-wide autosomal analysis using fastGLOBETROTTER
provided further confirmation of South Asian admixture in this population, supporting the association of
Y-haplogroup R* with Indian ancestry?’. Both the NMDS analysis of Y-STR data (Fig. 6a) and the NJ phylogenetic
tree (Fig. 6b) show a relationship between Ranong and Indian populations. The absence of R* does not rule out
South Asian admixture, as demonstrated in Khonmueang and Palaung by Changmai et al.?®. The presence of
R* in stateless individuals in Ranong, especially if found in other established local populations, could provide
valuable evidence of historical ties to the region, relevant in certain citizenship contexts.

This study found a substantial frequency of haplogroup NO1 (14.23%) in Tak, but it was absent in Ranong.
Given our limited marker panel (M175 for O, lacking M231 for N), we suspect these individuals in Tak belong to
the N clade. Previous research supports this, showing NO1 at low frequency (1.28%) only in Laolsan. However,
haplogroup N* (N, N1, and Nla2) has a wider distribution across Thailand (1.28-21.28%). Haplogroup
N-M231 is prevalent in the Lawa (21.28%), moderately frequent in the Karen (7.02%), and Nla2 is dominant
in Khuen (17.65%)%2. While historical migration records for the Tak area are scarce, geographically proximate
groups like Karen, Lawa, and Khuen are potential sources of N* in Tak. NMDS analysis reveals closer genetic
affinity between Tak and Karen compared to Lawa and Khuen (Fig. 5), corroborated by the NJ tree, which
shows Tak clustering closely with Karen subgroups Skaw and Pwo (Fig. 6b).This suggests a stronger potential
Karen contribution. Although haplogroup N (specifically N1b*) is a major paternal lineage among Tibeto-
Burman populations®®-2, its high frequency (21.28%) in the Austroasiatic-speaking Lawa suggests admixture
between Lawa and Tibeto-Burman groups, possibly via contact with the Karen. This hypothesis is supported
by historical records and genetic analysis. The significant Skaw Karen migrated into Lawa territories around
1850, resulting in intermarriage and cultural exchange®*-%>. SOURCEFIND and qpGraph analysis have also
identified Tibeto-Burman-related ancestry within the Lawa population, supporting the admixture hypothesis®.
This suggests a potential Lawa contribution of N to Tak. The high N1a2 prevalence in Khuen (17.65%) represents
another potential source. Therefore, NO1/N* in Tak likely reflects complex gene flow from multiple sources:
Karen, Lawa, and Khuen. More comprehensive markers are needed for further investigation. The presence of
N clade haplogroups in our Tak samples provides a reference for comparison with individuals lacking Thai
citizenship. Shared haplogroups could provide genetic evidence supporting kinship claims with the established
Tak population, particularly for minority groups like the Karen, Lawa, and Khuen, especially in the absence of
traditional documentation.

Analysis of Y-STR diversity revealed a significantly lower GD at DYS391 in Tak (0.2208) compared to the
global average (0.521)% and the overall Thai population (0.4708). We observed similarly lower GD in Skaw
(0.1660), Pwo (0.2821), and Padong (0.3273), all subgroups of the Karen ethnic tribe who reside in the north
of Tak?!. This hints at a potential relationship between the Tak and Karen populations. The observed disparity
in haplotype diversity between Y-STRs and Y-SNPs in Tak and Ranong populations (Y-SNPs: Tak=0.7317,
Ranong=0.8970; Y-STRs: Tak=0.9987, Ranong = 0.9964) reflects the fundamental differences in mutation rates
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and evolutionary patterns of these markers. The higher Y-SNP haplotype diversity in Ranong suggests historical
admixture, likely due to its role as a maritime trade hub facilitating interactions with diverse populations.
Conversely, TaK’s inland location and relative isolation may account for its lower Y-SNP diversity. The elevated
Y-STRs haplotype diversity in both regions indicates significant recent genetic variation. This highlights the
importance of localized genetic databases for accurate comparisons when assessing potential kinship ties for
stateless individuals.

We acknowledge that the geographical focus of our study on Tak and Ranong provinces limits its
generalizability. The absence of Myanmar populations in comparative analyses, due to data unavailability, restricts
insights into admixture, migration, and statelessness. To better support kinship claims and establish belonging
for stateless individuals, future research should prioritize expanding sampling to Myanmar population and other
regions to achieve a more comprehensive understanding of regional genetic diversity.

In summary, this study identifies distinct paternal genetic patterns in Tak and Ranong and their relevance
to statelessness. We expand the Y-chromosome database of Thailand, enhancing tools for paternity testing and
lineage tracing. Critically, our expanded Y-STR database provides a valuable resource for stateless individuals
lacking documentation. The closely matching profiles can support their connection to established populations in
Thailand and strengthen kinship claims relevant to citizenship rights. Shared genetic markers between stateless
individuals and specific ethnic groups can further strengthen claims of belonging. The differentiation of Tak and
Ranong underscores the need for localized genetic databases. Y-chromosome analysis should complement other
evidence, with ethical considerations ensuring responsible genomic data usage.

Materials and methods

DNA samples

The selection of Tak and Ranong provinces was based on their demographic and geographic significance,
particularly concerning stateless populations. Tak has a total population of 691,714, including 143,156 stateless
individuals, making it the province with the second-largest stateless population in Thailand after Chiang Mai
(162,084)%”. As Chiang Mai was already extensively sampled in previous studies (Fig. 1), Tak was prioritized
for this study. On the other hand, Ranong has a total population of 193,371, including 13,677 stateless
individuals®’. It is the southern province with the largest stateless population that was not previously sampled.
To ensure proportional sampling, we considered the population sizes of these provinces. The total population
ratio between Tak and Ranong is approximately 3.6:1 (691,714:193,371), and the stateless population ratio is
approximately 10.5:1 (143,156:13,677). Accordingly, 327 unrelated Thai male participants holding Thai ID cards
were recruited, with 274 from Tak and 53 from Ranong, resulting in a sampling ratio of approximately 5.2:1. The
research project and all experimental protocols received ethical approval from the Institutional Review Board
of the Faculty of Medicine, Chulalongkorn University (IRB No. 0671/65), and all methods were carried out in
accordance with relevant guidelines and regulations. The informed consent was obtained from all participants
before blood sample collection. Samples were stored on Whatman™ FTA™ cards (GE Healthcare, USA), and
DNA was extracted and preserved at 4 °C for subsequent analysis.

Y-SNPs selection

The selection of SNP loci was guided by previous studies that identified haplogroups within clade O (O2a and
O1b1) as predominant in various Thai populations?!:?>#468, Based on these findings, we selected 16 SNP markers
specific to haplogroup O to ensure comprehensive coverage within this clade. Additionally, we included 4 SNP
markers for detecting haplogroups related to South Asian ancestry, as suggested by our hypothesis regarding
potential genetic contributions from South Asia. To validate and refine this initial selection, Y-STR data from
33 samples were analyzed using the YHRD database (https://yhrd.org). Utilizing Y-STRs data for preceding
haplogroups is a strategic approach due to its cost-effectiveness, efficiency, and the well-established correlation
between Y-STRs haplotypes and specific Y-SNPs-defined haplogroups. By employing Y-STRs data to guide
Y-SNPs markers selection, the study balances broad initial screening and precise subhaplogroup identification,
fostering reliable and detailed genetic insights. The final panel of 20 Y-SNP markers included 16 markers specific
to subhaplogroup O (M145, RPS4Y711, M89, M9, M214, M175, M119, P31, M95, SRY465, M122, M324, P201,
M159, M134, and M133) and 4 markers specific to subhaplogroup R (M173, M417, SRY10831.2, and M207).
Figure 2 illustrates the phylogenetic relationships among these 20 Y-chromosomal binary polymorphisms.

Primer designation for PCR amplification and SBE

The primer design for PCR amplification and single base extension (SBE) adhered to established protocols.
Details of the primers used in this study are provided in Supplementary Table S7. For subhaplogroup O, 16
primers targeting specific SNPs (M145, RPS4Y711, M89, M9, M214, M175, M119, P31, M95, SRY465, M122,
M324, P201, M159, M134, M133) were modified from Park et al.>*. Subhaplogroup R primers (M173, M417,
SRY10831.2,and M207) were sourced from previous studies®~’!. These primers were classified into four multiplex
PCR assays and rigorously tested for primer dimer formation using a multiple primer analyzer (ThermoFisher).

PCR amplification and purification of PCR products

PCR amplification was performed in a 25 uL reaction volume containing 1 punch of purified FTA card, 12.5 uL
of AmpliTaq Gold® 360 Master Mix (ThermoFisher), and primers at optimized concentrations. Amplification
was conducted on a GeneAmp™ PCR System 9700. The PCR protocol included an initial denaturation at 95 °C
for 11 min, followed by 33 cycles of 22 s at 94 °C, 1 min at 60 °C, and 30 s at 72 °C. The procedure concluded with
a final extension at 72 °C for 7 min. The PCR products were purified using ExoSAP-IT (ThermoFisher) through
incubation at 37 °C for 15 min, followed by enzymatic inactivation at 80 °C for 15 min.
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Purification of SBE and SBE products

The SBE reaction was performed in a final volume of 10 pL, comprising 1 puL of PCR product, 5 uL of SNaPshot™
Multiplex kit (ThermoFisher), and the appropriate concentration of SBE primers as specified in Supplementary
Table S7. The reaction was conducted on the GeneAmp™ PCR System 9700 (ThermoFisher) under the following
conditions: an initial step at 96 °C for 10 s, followed by 25 cycles of 50 °C for 5 s and 60 °C for 30 s. The SBE
product was purified using SAP (ThermoFisher) following the manufacturer’s protocol.

Y-SNPs genotyping and Y-Haplogroup estimation

Y-SNPs genotyping was performed by mixing 1 uL of the SBE product with 8.7 pL of Hi-Di™ Formamide
(ThermoFisher) and 0.3 pL of the GeneScan™ 120 LIZ™ Size Standard (ThermoFisher). SNPs were detected
using the 3500xL Genetic Analyzer (ThermoFisher) and analyzed with GeneMapper ID-X Software v1.6,
applying an allele interpretation threshold of 150 relative fluorescent units (RFU). Mutations in each Y-SNPs
were identified and used for haplogroup assignment with yHaplo v1.1.2, referencing the International Society
of Genetic Genealogy (ISOGG) Y-DNA Haplogroup Tree 2019-2020 v15.73 (https://isogg.org/tree/index.html).
To validate the Multiplex kit, we used control DNA templates to ensure reliable performance. These templates
were tested to confirm the accuracy of SNP typing across all loci.

Validation of the multiplex kit

To ensure reliable performance, the Multiplex kit was validated using control DNA templates. These templates
were tested to confirm the accuracy of SNP typing across all loci, ensuring consistent and reproducible results.
Although a formal sensitivity test was not conducted, the high-quality DNA extracted from blood samples on
FTA cards provided sufficient quantity and reliability for SNP typing, ensuring the robustness of the kit for our
study samples.

Y-STR markers and genotyping protocols

Y-STR profiling was conducted using the ForenSeq™ DNA Signature Prep Kit (Verogen), a commercially
available NGS-based kit designed for compatibility with the MiSeq FGx platform. All NGS data were analyzed
using the Universal analysis software (Verogen), and the allele number of the Y-STR marker was obtained from
the sample detail report. The reliability and performance of this kit have been validated in the Thai population?®.

Statistical analysis of forensic and population genetics features

To investigate the paternal genetic relatedness between Tak, Ranong, and other Asian populations, we combined
our dataset of 327 new samples (Supplementary Table S1) with 8,773 Y-haplogroup samples from previous
studies. Supplementary Table S2 provides details of the 9,100 samples from 12 Asian countries. Haplogroup
frequency distributions were calculated by simple counting and visualized through pie charts on maps (Fig. 3).
We then subset the data to focus on Thailand, China, Taiwan, and India populations, resulting in a final dataset
of 126 populations with 7,568 samples. To examine relationships within Thailand, we included 33 additional
Thai populations. We also incorporated 8 Chinese populations, a crucial consideration to account for historical
migrations from South China?”8, 80 Indian populations considering the observed South Asian admixture in
specific Thai populations and mitochondrial haplogroup sharing???*30:324° and 3 Taiwanese populations due to
Austronesian-speaking admixture in southern Thailand®. The Y-haplogroups were defined according to ISOGG
hierarchy using 20 SNP markers, assigning individuals to haplogroups based on specific mutations. Fisher’s exact
test was performed using “fisher.test” in R”2 to assess the significance of differences in haplogroup distribution
among Thai populations, with significance set at p <0.05.

To ensure sample independence, which cannot be determined solely through interviews when recruiting, we
removed samples with identical Y-STR profiles from each dataset. This is crucial for population genetic analyses
like AMOVA and NMDS, which rely on diversity. By removing duplicates, we retained only one sample per
unique Y-STR profile, preventing bias and ensuring that our analysis represents a diverse set of paternal lineages.
AMOVA was then conducted using the “poppr.amova” function from the “poppr” package in R. The statistical
significance of the observed variances was determined using the “randtest” function, with 99 permutations,
to assess the deviation from what would be expected under the null hypothesis of no genetic differentiation”>.
NMDS was used to simplify multivariate genetic data, facilitating pattern recognition and interpretation. NMDS
analysis was performed using the “metaMDS” function from the Vegan’® which utilized a genetic distance
matrix calculated with the “dist.genpop” function from the “Adegenet” package’” and visualized with ggplot27.
Y-STR markers with <25% genotype information and samples with >25% missing genotype information were
excluded from the analysis. Allele frequencies and forensic statistical parameters, including GD, discrimination
power (PD), match probability (PM), probability of exclusion (PE), and polymorphism information content
(PIC), were calculated using an online software, STR Analysis for Forensics (STRAF)””. The haplotype diversity
(h) was calculated according to the previously described method by Nei’®. The Y-STRs data was used to estimate
the Time TMRCA of each Y-SNPs haplogroup using the MODIFIED Y-Utility: Y-DNA Comparison Utility,
FTDNA 111 Mode BETA, assuming a generation time of 31 years and a mutation rate was set to McDonald
Rates. Age estimates were not calculated for haplogroups with less than 10 individuals.

Y-STRs data was incorporated in our analysis. We compiled 25,858 Y-STR profiles, including published data
and new samples from this study (Supplementary Table S8). We then subset this dataset to include 8,108 Y-STRs
profiles from populations of interest across 13 Asian countries based on 10 shared Y-STR markers: DYS3891,
DYS38911, DYS390, DYS391, DYS437, DYS438, DYS439, DYS448, YGATAH4, and DYS635 (Supplementary
Table S6). A genetic distance matrix based on the sum of squared differences (Rst) was calculated using Arlequin.
This Rst matrix was then used for NMDS analysis, following the same protocol applied to the Y-SNP data. The
phylogenetic relationships among populations were constructed using the Neighbor-Joining method applied
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to the Rst genetic distance matrix. This analysis was performed with the “nj” function in the “ape” package
in R, and the tree was visualized using Interactive Tree of Life v5 (iTOL). While Y-SNPs offer deep-rooted
ancestry insights, Y-STRs provide a recent lineage differentiation with their higher mutation rate. This integrated
approach enhances our understanding of the demographic history of the studied populations. Median-Joining
(MJ) networks were constructed for the Olblala and O2 clades using Y-STR haplotype data from this study
and previous research on Thai populations. These networks were generated using NETWORK 10.2.0.0, focusing
on the clades with the highest frequencies in the dataset. The MJ network revealed high diversity within these
haplogroups, resulting in several overlapping reticulations. To address this, we applied the post-processing
Maximum Parsimony (MP) calculation method available in the software. The reconstructed MJ networks for
the Olblala and O2 clades are presented in supplementary Fig. S4.

Data availability

All data generated and analyzed in this study are provided in the supplementary files and have been deposited
in publicly accessible repositories. The complete dataset, encompassing all samples, is available on Zenodo at
https://zenodo.org/records/14195042.
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