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Abstract

Background The Chao Lay, also known as sea nomads, include the Austronesian-speaking Moken, Moklen, and Urak
Lawoi, who traditionally inhabit the coastal regions and islands of the Andaman Sea in southern Thailand. Their
maritime lifestyle has attracted significant interest in their genetic origins and relationships with other sea nomad
groups in Island Southeast Asia (ISEA); however, comprehensive genetic data on these communities remain scarce.
Here, we generated complete mitochondrial genome sequences from Moken and Moklen groups, along with the
Tai-Kadai-speaking southern Thai population and additional Austroasiatic-speaking Maniq samples (hunter-gatherer)
from southern Thailand.

Results Our findings indicate that the Chao Lay display lower genetic diversity compared to the majority of southern
Thai populations. Furthermore, the results suggest the absence of recent maternal expansions among the Chao Lay.
Notably, haplogroups D4ela, Elalala, M21b2, M46a, M50a1, and M71c are predominant among the Chao Lay, under-
scoring their genetic distinctiveness. Bayesian coalescent age estimates of clades characteristic to Chao Lay for these
haplogroups point to the time associated with the Austronesian expansion period.

Conclusions The Chao Lay populations were closer to each other than to other groups and exhibited more genetic
connections to Mainland Southeast Asian (MSEA) populations than ISEA populations. However, we do not exclude

potential origins of the Chao Lay in ISEA or Taiwan, as it is possible that ancestral Chao Lay males incorporated MSEA
females into their communities upon arriving in Thailand. Further studies on genome-wide and Y chromosome data

would provide more insights into their genetic history.
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Background

Southern Thailand is a part of the Malay Peninsula and
is bordered by Central Thailand to the north, the Anda-
man Sea to the west, the Gulf of Thailand to the east,
and western Malaysia to the south (Fig. 1). Among the
~9.16 million people living in southern Thailand [1],
two minority groups stand out: (1) the Austroasiatic
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(AA)-speaking Maniq, one of the indigenous people of
Southeast Asia (SEA) who share physical characteristics
with other such nomadic hunter-gatherer groups, e.g.
the Andamanese and the Malaysian Semang (e.g. Jehali,
Batek, Kintaq and Mendriq) [2, 3]; and (2) the “Chao Lay,’
also referred to as sea nomads, which include the Moken,
Moklen, and Urak Lawoi, who traditionally inhabit the
west coast of southern Thailand. The Moken continue to
live as sea-faring nomads, preserving much of their tra-
ditional culture. In contrast, the Moklen and Urak Lawoi
have settled in seaside villages and have largely assimi-
lated, losing much of their unique cultural identity [4,
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Fig. 1 Geographical locations of the newly studied populations, namely Moken1, Moklen, SouthernThai TK2 and Manig, highlighting
the approximate distribution of Chao Lay and Maniqg groups, indicated by asterisks for those in Southern Thailand. The dashed circles represent

the broader presence of sea nomads across Southeast Asia

5]. There are ~41 Chao Lay communities, comprising
approximately 2,758 households and a total population
of around 12,000, including 2,100 for the Moken, 3,700
for the Moklen, and 6,200 for the Urak Lawoi [5]. Their
geographic distribution varies: the Moken are found
further to the north, near southern Myanmar; the Urak
Lawoi (meaning Orang Laut) are located further to the
south near the Malaysian border; and the Moklen are in
between (Fig. 1) [6].

Sea nomads are known throughout SEA, and based on
ethnolinguistic and geographic criteria, they have been
categorized into three groups: the Moken and the related
Moklen; the Orang Laut; and the Bajo [7]. The Moken
and the related Moklen live in the Mergui Archipelago
in the Andaman Sea off the coast of southern Myan-
mar and southern Thailand; the Orang Laut groups live
in the Riau Archipelago at the south of Singapore and
Sumatra; and the Bajo groups live scattered in the large
area between northeast Borneo, the Sulu Archipelago,
and northwest Papua (Fig. 1). Historical evidence indi-
cates that sea nomads were a part of a trade network
in the maritime SEA (a maritime Silk Road) linking the
South China Sea with India, documented since around
400 BCE [8, 9]. The Orang Laut maintained a political
and economic relationship with a Malay trading polity
during the emergence of the Srivijaya kingdom, a Malay
Buddhist maritime empire based in Sumatra, around the

seventh century CE [10-12]. At the height of its power,
Srivijaya expanded its influence across the region, with
its territory encompassing areas such as Cambodia,
southern Thailand, the Malay Peninsula, Sumatra, and
parts of Java. The kingdom effectively controlled much
of SEA’s maritime trade, leveraging the expertise of the
sea nomads. In exchange, the Orang Laut gained access
to vital technologies, including iron tools and advanced
boat-building methods, which enabled them to broaden
the scope and variety of their trading activities. Their
deep social and economic integration with Malay trading
polities is evident in both historical texts and contempo-
rary ethnographic studies [10].

Although the Chao Lay groups share an Austronesian
(AN) language and cultural background, several differ-
ences exist among them. Linguistic studies have shown
that the Moken and Moklen languages are more closely
related to each other, whereas the Urak Lawoi show
more difference, with their language categorized within
the Malayo-Chamic branch of AN languages and closely
related to Malay [1, 13]. Furthermore, while the Moken
and Moklen rely on seagoing vessels for their livelihoods,
their activities are confined to limited areas, primar-
ily involving the exchange of maritime goods for essen-
tial items. In contrast, the Urak Lawoi engage in more
extensive trading activities [14]. The sea-oriented lifestyle
of SEA sea nomads, including fishing and facilitating
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inter-regional trade, has drawn significant interest in
studying their genetic background [15, 16] and genetic
adaptations [17]. In Thailand, previous research on
mitochondrial DNA (mtDNA) from the hypervariable
region 1 (HVR1) of the Moken population (12 samples),
originally from southern Myanmar but now residing in
Thailand, revealed low genetic diversity [18]. There were
only two haplotypes identified from those 12 Moken
samples, corresponding to the M21 and M46 haplo-
groups [18]. Further analysis of the HVR1 sequences of
Moken from Chang Island, Ranong Province, revealed
four mtDNA haplogroups: M21b2, D4ela, M46a, and
Flalcl, and highlighted genetic relationships between
Moken groups in the Mergui Archipelago, while Y-chro-
mosomal short tandem repeats (STRs) demonstrated a
distinctive genetic structure of the Y-chromosomal line-
ages [19]. Autosomal STR data further revealed unique
genetic patterns among the Urak Lawoi of Lipe Island,
Satun Province, and evidence of mixed ancestries in the
Moklen population from Phuket Province [20]. However,
genetic studies on sea nomad populations in Thailand
have largely been limited to mtDNA HVRI1 sequences
and Y-chromosomal and autosomal STR analyses.

In this study, we present newly generated complete
mtDNA sequences from Moken and Moklen groups,
alongside Tai-Kadai (TK)-speaking southern Thai popu-
lations and additional AA-speaking Maniq samples from
southern Thailand. Published mtDNA data from other
Moken, Urak Lawoi, and TK- and AN-speaking popula-
tions in southern Thailand were incorporated to create
a comprehensive southern Thai mtDNA dataset. Addi-
tionally, we included mtDNA sequences and haplogroup
frequencies from populations across South Asia (SA),
Mainland Southeast Asia (MSEA), Island Southeast Asia
(ISEA), East Asia (EA), Oceania, and Australia. Our find-
ings support a MSEA origin for Chao Lay, with evidence
of some maternal genetic interactions with ISEA popula-
tions dating back to around the Austronesian expansion
period.

Results

Genetic diversity within Southern Thai populations

We generated 98 complete mtDNA sequences belong-
ing to 4 populations: 37 Mokenl, 27 Moklen, 5 Maniq
and 29 SouthernThai TK2 with mean coverages rang-
ing from 11 Xto 7844 x(Additional File 2: Table SI.
Table S1-[Sequencing coverage and mtDNA haplogroup
of each individual]). We combined the newly gener-
ated data with published data from other southern Thai
groups: Moken2, Urak Lawoi, Maniq, SouthernThai TK1
and SouthernThai AN for a total 205 sequences from 8
populations (Additional File 2: Table S2. Table S2—-[Gen-
eral information of studied populations and genetic
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diversity of mtDNA results]). There are 111 haplotypes
and 68 haplogroups, of which 28 haplogroups were not
observed before in Southern Thailand (Additional File
2: Table S3. Table S3-[Haplogroup frequency in eight
populations from Southern Thailand]). Genetic diversity
values were lowest in the Mokenl (haplotype diversity
(1) =0.72 £0.06; haplogroup diversity =0.65 +0.07; mean
number of pairwise difference (MPD) =25.36 +11.39)
(Additional File 2: Table S2). High genetic diversity was
observed in both SouthernThai TK populations (2= 1.00
+0.01 and 1.00 +0.01; haplogroup diversity =1.00 +0.01
and 0.99 +0.01; MPD =37.00 +16.70 and 37.60 +16.84
in SouthernThai TK1 and SouthernThai TK2, respec-
tively) (Additional File 2: Table S2). Tajima’s D value,
which is indicative of changes in population size [21], was
not significantly different from zero in all Chao Lay and
Maniq groups (Additional File 2: Table S2), suggesting no
recent maternal expansion or contraction. In contrast,
all southern Thai groups showed significant negative
Tajima’s D values (Additional File 2: Table S2), suggesting
recent maternal expansions in these groups. In general,
there are differences in genetic diversity values between
the minority groups (Chao Lay and Maniq) and major-
ity TK- and AN- Southern Thai groups: the former show
lower diversity and no signal of population expansion.

Haplogroups characteristic of Chao Lay and Maniq
and divergence estimates
Within the southern Thai dataset, ten of the 68 haplo-
groups occur in at least five individuals and together
account for 60.98% of the 205 sequences; these are D4ela,
Elalala, Flalal, Flalcl, M17a, M21la, M21b2, M46a,
M50al and M71c (Additional File 2: Table S3). These
common haplogroups are mostly prevalent in Chao Lay
groups (D4ela, Flalcl, M21b2 and M46a in Mokenl,
97.30%; Flalal, Flalcl, M21b2, and M50al in Moken2,
84.00%; Elalala, Flalal, M21b2 and M50al in Mok-
len, 92.59%; Elalala, Flalal, M46a, M50al and M71c
in Urak Lawoi, 76%) and the Maniq (M17a and M21a,
75.00%). These very distinct haplogroup distributions
further emphasize the genetic distinctiveness of the Chao
Lay and Maniq from other southern Thai populations.
Among the five newly obtained Maniq sequences,
four belong to the M21a haplogroup and one to the B4
g haplogroup. M21a is prevalent among the indigenous
hunter-gatherers and Proto-Malay from the Malay Penin-
sula (37.5% in Jehai, 43.2% in Kensui and 50% in Temuan).
A network of M2la sequences showed closer genetic
relatedness of Maniq to the populations from the Malay
Peninsula (Jehai, Temuan and SouthernThai AN) than
Mon, Bamar and Karen, reflecting interactions within
the Peninsula, whereas the network of B4 g indicated
that the Maniq sequence was diverged from TK- and
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Hmong-Mien-speaking groups from MSEA, supporting
genetic influences from other EA populations into the
Maniq (Additional File 1: Fig. S1. Fig. S1-[Networks of
haplogroup M21a, M17a, B4 g and R21 that were found
in the Maniq]).

For the haplogroups that are prevalent in Chao Lay,
there are star-like structures in the networks for haplo-
groups Elala, Flala and B5al d, suggesting population
expansions [22] (Fig. 2). The Chao Lay sequences of hap-
logroups Elala were ancestral to a central haplotype of
AN groups from Taiwan and the Philippines. However,
when the ancient mtDNA from Liangdao Man, which
is dated to 8,060-8,320 Cal BP and is ancestral to hap-
logroup E1, was included [23], the ancient mtDNA was
ancestral to the central haplotype and the Chao Lay
haplotypes were diverged from the central nodes, with
no shared haplotypes between Chao Lay and other AN-
speaking groups (Additional File 1: Fig. S2. Fig. S2—[Net-
work of haplogroups Elalal, M21b C7a, Flalc, and R6
that were found in the Chao Lay. For haplogroups Elalal
and M21b, ancient mtDNA sequences were included
(Liangdao Man from Taiwan for haplogroup E1 and Gua
Cha Cave from Malaysia for M21b)]). In haplogroup
B5al d, Urak Lawoi haplotypes were diverged from the
central nodes while the Moken haplotype was related to
sequences from TK-speaking southern Thais. There are
two groups of Chao Lay sequences in haplogroup Flala
(Fig. 2); one contains Moken, Moklen and Urak Lawoi
sequences and is distinct from other haplotypes, while
another one branches from the central node and is most
closely related to a Cambodian sequence. D4el is abun-
dant in Mokenl and the network of D4el sequences
(Fig. 2) shows that Chao Lay haplotypes are more related
to haplotypes of Mon, Central Thai and Indian groups
than to other MSEA groups.

M21b is prevalent in both Moken populations and
Moklen, and the M21b network shows genetic related-
ness between haplotypes of Chao Lay and central Thai
and Bamar (Fig. 3). The ancient Hoabinhian mtDNA from
Gua Cha Cave, located on the Malay Peninsula and dated
to 3,872 £33 BP [24], does not show any close genetic
connection to the Chao Lay sequences (Additional File 1:
Fig. S2). The network of M50 sequences, which was found
in all Chao Lay groups and at high frequency in Moklen
(Additional File 2: Table S3) indicates close genetic rela-
tionships between Chao Lay sequences and TK-speaking
central Thai and southern Thai sequences (Fig. 3). In
addition, the network of M71 sequences reveals closely
related sequences between Chao Lay and central Thai,
while haplotypes of Moken and Urak Lawoi belonging
to haplogroup M46, also found in Bamar and Cambodia,
are closely related to Bamar haplotypes (Fig. 3). In con-
clusion, the Chao Lay from southern Thailand overall
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show closer genetic relationships to MSEA than ISEA
populations.

To estimate the coalescent ages, we combined more
sequences from the larger dataset to obtain more reli-
able ages in each haplogroup and their sublineages. In
general, the coalescent ages of basal M lineages range
from ~15.19 (M21a) to ~49.83 (M71) kya (Table 1 and
Additional File 1: Fig. S3—S4. Fig. S3—[The MCC trees
of haplogroups M21a, M17a and B4 g that were found
in the Maniq]. Fig. S4—[The MCC trees of haplogroups
Flalal, D4ell, C7a, Elalal, B5al d, Flalc, R6, M50,
M71, M21b and M46 that were found in the Chao Lay]).
The ages of haplogroups frequently observed in the Chao
Lay are ~22.03 kya for M21b2, ~23.04 kya for M50al,
~13.98 kya for M46a, ~4.88 kya for M71c, ~29.65 kya
for D4ela and ~13.96 kya for Flalc. Other non-basal
M haplogroups with expansion signals (Fig. 2) were
dated during the beginning of Holocene: ~ 13.65 kya, for
Flalal and ~14.17 kya for Elalal (Table 1). As dem-
onstrated in Additional File 1: Figs. S3-S4, for certain
haplogroups we observed clades primarily composed of
samples from Chao Lay. Interestingly, the coalescent ages
for these"Chao Lay'clades, are in the range from ~1.43
(M71c) to ~5.23 (Flalcl) kya (Table 1 and Additional
File 1: Figs. S3-S4), which is concurrent with the arrival
of Austronesians in the area [25].

Past effective population size

To assess the changes in past effective population size
(N,), we constructed Bayesian skyline plots (BSPs) for
specific populations and haplogroups of primary inter-
est. For the populations from Southern Thailand, there
were two different trends (Fig. 4). The N, of major South-
ern Thai groups (SouthernThai TK1, SouthernThai TK2,
and SouthernThai AN) remained relatively stable over
an extended period, whereas the other groups (Mokenl,
Moken2, Moklen, Urak Lawoi, and Maniq) exhibited
signs of population decline around ~3-2 kya. While
this distinction may provide valuable insights into the
differing demographic histories of these populations, it
is important to note that a similar pattern of decline in
more recent times does not necessarily indicate an actual
population decline. Instead, it may be an artifact of the
methodology used [26]. Additionally, BSP reconstruc-
tions for several populations (i.e. Moken2, Urak Lawoi,
SouthernThai TK1, SouthernThai TK2, and SouthernThai
AN) suggested population size increases approximately
40-50 kya. However, this should be interpreted with cau-
tion, as the histories of these individual populations do
not extend this far back. Based on archaeological evi-
dence and historical records, these individual popula-
tions likely emerged much later, possibly during or after
the AN or TK expansion ~3-2 kya [24, 25, 27]. Thus,
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Table 1 Coalescent ages based on Bayesian estimation with 95% highest posterior density (HPD) interval. All estimates are given in

'years before present’

Haplogroup Sample size (All clades/ All clades Clades characteristic to the Chao Lay

Clades characteristic to the

Chao Lay) Age Lower 95%HPD Upper95% HPD Age Lower95% HPD Upper95% HPD
Flalc 12/0 13645 7545 20318 - - -
Flalcl 0/9 - - - 5226 1604 9099
Flalal 102/8 13957 9216 18929 2715 523 5902
Elalal 84/0 14172 8526 20474 - - -
Elalala 36/11 6672 3881 7750 2755 895 4683
Elalalb 12/0 3828 1537 5928 - - -
D4ela 43/12 29646 19252 41261 2448 631 4869
C7a 25/0 11594 6951 16619 - - -
B5ald 60/0 11511 7481 16090 - - -
B4g 27/0 21789 14495 28917 - - -
B4 g1 15/0 16539 10816 22751 - - -
B4gla 9/0 10821 6478 15489 - - -
B4 g2 12/0 12689 7547 18049 - - -
R6 9/0 41237 31877 51955 - - -
M71 75/0 30692 23558 38244 - - -
M71a 13/0 23732 18183 29965 - - -
M71b 3/0 5399 1389 10117 - - -
M71c 8/5 4881 1729 8809 1427 280 2867
M71+151 (AN clade) 36/0 4901 1963 8182 - - -
M71+151 (non-AN clade) 15/0 22913 17357 28588 - - -
M50 29/0 49834 38558 61185 - - -
M50a 26/0 34433 25116 44984 - - -
M50at 24/23 23038 14500 31694 3566 1117 6682
M50a2 2/0 22481 13766 31526 - - -
M46 16/0 42603 29026 57221 -
M46a 9/8 13985 6610 21699 2387 397 4938
M21b 76/0 45486 35790 56709 - - -
M21b2 49/34 22025 15243 29574 4671 1947 8072
M21a 32/0 15195 7744 22814 - - -
m17 17/0 43919 30813 57148 - - -
M17a 16/0 22859 16407 29589 - - -

the observed population size increases likely reflect the
demographic history of a hypothetical ancestral popu-
lation from which these groups may have descended,
rather than the histories of the populations themselves.
We also plotted the BSPs of published mtDNA genome
sequences from AN-speaking populations from MSEA to
compare with the AN-speaking populations from Thai-
land (Additional File 1: Fig. S5—[The BSPs of AN-speak-
ing populations in MSEA: Cham from Cambodia (Cham
C) and Vietnam (ChamV1 and ChamV2), Churu, Rhadel,
Rhade2, Jarail, Jarai2 and Raglay from Vietnam and Bid-
ayuh, Selatar and Temuan from Malaysia]). Nearly all
populations — ChamC, ChamV2, Churu, Raglay, Rhadel,
Rhade2, Jarail, Jarai2, Bidayuh, Seletar, and Temuan

— exhibited signals of population decline around ~5-2
kya, mirroring the pattern observed for the minor groups
from Southern Thailand (Mokenl, Moken2, Moklen,
Urak Lawoi, and Maniq)). In contrast, ChamV1 displayed
a relatively stable population size, resembling the trends
seen in the major Southern Thai groups.

The BSPs for the dominant haplogroups found among
the Chao Lay and Maniq exhibited patterns similar to
those observed for the individual populations (Figs. 2 and
3). While some subhaplogroups of M (i.e. M21b, M71,
and M17) showed indications of an increase in N, in the
distant past, the 95% highest posterior density intervals
overlapped significantly, making this increase uncertain
(Fig. 3). In contrast, the BSPs for haplogroups B5al d and
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Flala suggest a more pronounced rise in effective popu-
lation size around ~10-5 kya, while haplogroup Elalal
shows a similar trend around ~5-2.5 kya (Fig. 2). These
observed increases coincide temporally with the begin-
ning of agriculture in EA [28] and the subsequent agri-
cultural expansion in SEA [29], respectively.

Genetic diversity and genetic relationships

among populations

When combined with the dataset of all Asian popula-
tions, there are a total of 3,775 sequences from 86 pop-
ulations. In total there are 2,568 haplotypes and 662
haplogroups (Additional File 2: Table S4. Table S4—[Hap-
logroup frequency for all haplogroups of entire dataset
of 86 populations]). The analysis of molecular variance
(AMOVA) results indicate that the variation among
populations accounts for 10.94% of the total genetic vari-
ance (Table 2). When studied populations were grouped
based on geography, the SA group shows greater among-
population variation (15.46%, P< 0.01) than the EA
group (8.75%, P< 0.01), indicating that the latter is more
homogeneous than the former. Within the EA group,

Table 2 AMOVA results
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the AN group shows the greatest genetic heterogeneity
among populations (13.59%, P< 0.01), followed by the
ST (7.53%, P< 0.01) and AA groups (5.30%, P< 0.01); the
TK group shows the lowest among-population variation
(1.01%, P< 0.01). The AN groups from ISEA (12.28%, P<
0.01) and MSEA (12.24%, P< 0.01) show slightly lower
among-population variation than the total AN group,
while the Chao Lay group has slightly lower variation
(11.76%, P< 0.01) than the average of AN from MSEA.
The highest level of genetic heterogeneity is observed
among the indigenous hunter-gatherer groups of South-
east Asia, which have an among-population variation of
23.56% (P< 0.01). This could reflect significant genetic
drift among these smaller, more isolated populations,
or perhaps the grouping of populations as indigenous
hunter-gatherers, based as it is on lifestyle characteristics,
does not reflect shared genetic connections or ancestry
among these groups.

A direct comparison of Chao Lay vs. other groups
showed no significant differences between Chao Lay vs. a
group of populations originating from Myanmar (Bamar
and Karen). The genetic difference between Chao Lay

Group No.of No. of Percent variation
groups populations
Within Between Among groups
populations populations
within groups
Total 1 86 89.06 1094"
East Asia (EA) 1 70 91.25 875"
South Asia (SA) 1 16 84.54 1546
Total Austronesian-speaking populations from East Asia (AN-EA) 1 41 86.41 13.59”
Austronesian-speaking populations from Island Southeast Asia (AN- 1 25 87.72 12.28"
ISEA)
Austronesian-speaking populations from Mainland Southeast Asia 1 16 87.76 124"
(AN-MSEA)
Austroasiatic-speaking populations from East Asia (AA-EA) 1 9 94.7 530"
Sino-Tibetan-speaking populations from East Asia (ST-EA) 1 5 9247 753"
Tai-Kadai-speaking populations from East Asia (TK-EA) 1 11 98.99 1017
Chao Lay 1 4 88.24 176"
Indigenous hunter-gatherers 1 5 76.44 2356
Chao Lay vs. AA-EA 2 13 87.13" 564" 7.23"
Chao Lay vs. SA (without Andaman Islander) 2 19 788" 1297 830"
Chao Lay vs. AN-ISEA 2 29 79.19" 11.05" 9.76"
Chao Lay vs. AN-MSEA 2 16 84.28" 925" 648"
Chao Lay vs. Indigenous hunter-gatherers 2 9 7549" 16.89" 763"
Chao Lay vs. ST-EA 2 9 8568~ 791" 642"
Chao Lay vs. TK-EA 2 15 88.72" 1937 935"
Chao Lay vs. Southern Thai (TK +AN) 2 7 87.25" 72" 55"
Chao Lay vs. ST-speaking Bamar and Karen 2 6 8401" 12317 368

"indicates P< 0.05
“indicate P< 0.01
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and southern Thai groups (5.5%, 0.01 <P< 0.05) is lower
than that observed with other groups (Table 2). This sug-
gests a closer genetic relationship between Chao Lay and
populations from southern Thailand and Myanmar.

To further investigate genetic relatedness among
populations, we identified share haplotypes within and
between populations. Shared haplotypes within popu-
lations indicate a smaller population size and increased

AboriginalAustralian
PapuanLowland
EastTimor
Andamanislander
SonowalKachari
Nihal

Katkari
Kathakur
Kamar
DongriBhill
Andh

Wanchoo

Toto

Lepcha
Lachungpa
Gallong
DirangMonpa
Minnan

Hakka

Bamar
SouthernHan
Karen

Korku

Munda

Kinh
Cambodian
KhmerC
KhmerT

Lawa

Khmu

Suay

Nyahkur

Laotian
CentralThai
Shan
Yuan
Phutai
Laolsan
Tao
Paiwan
Rukai
Puyuma
Bunun
Tsou
Saisiat
Atayal
Amis
Maranao
Kankanaey
Kalangoya
Ivatan
Ifugao
Ibaloi
Bagalot
AetaBatan
Abaknon
Surigaonon
Manobo
Mamanwa
Besemah
Semende
Bidayuh ]
Jehai [
Seletar [}
Temuan
ChamG
ChamV2
ChamV1
Rhade2
Rhade1 ]
Jarai2
Jarait [ ]}
Raglay
Churu
SouthernThaiTK1
SouthernThaiTK2
SouthernThaiAN
Maniq
UrakLawoi
Moken2
Moken1
Moklen

Page 10 of 21

relatedness among individuals, whereas shared haplo-
types between populations suggest recent shared ances-
try or contact. There were shared haplotypes within all
Chao Lay populations (particularly high in Mokenl),
Maniq and SouthernThai AN (Fig. 5), but there were
no shared haplotypes within either of the TK-speaking
Southern Thai groups. The Moklen shared haplotypes
with SouthernThai TK2 and Moken2 with Urak Lawoi,
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while SouthernThai TK1 shared haplotypes with Khmer
from Cambodia, suggesting some recent shared ancestry
or contact. The Mokenl, Maniq and SouthernThai AN
did not share any haplotypes with any other populations.
In general, haplotypes were frequently shared among
Vietnamese AN-speaking populations, among ISEA
AN-speaking populations, and among MSEA TK- and
AA- speaking populations. These patterns reflect genetic
differences between ISEA and MSEA populations.

Genetic distances (P,, values) indicate non-significant
genetic differences between Moklen and Urak Lawoi
and between the hunter-gatherer groups — the Maniq
from Thailand and the Jehai from Malaysia (Fig. 6). The
Chao Lay populations showed closer genetic relation-
ships to each other than with other populations, although
the Moken1 are somewhat more distantly related to the
other Chao Lay groups. Overall, the MSEA AN-speaking
populations showed closer genetic relatedness to AA-
and TK-speaking groups in MSEA than to AN-speaking
populations from ISEA, while the AN groups from Tai-
wan were distantly related to AN groups from the Philip-
pines and Indonesia.

An MDS analysis, based on the @, values, was used to
further visualize the population relationships. In dimen-
sion 1 of the MDS plot (Fig. 7 and Additional File 1: Fig.
S6—[A heat plot of the normalized MDS multidimen-
sional scaling values of the entire set of 86 populations
based on @, values]), SA populations were clustered on
the left side and AN-speaking populations from Taiwan
were on the right, with all Chao Lay, some AN-speak-
ing from MSEA, Bamar, Maniq, Andaman Islander and
Cambodian shifting to the SA side, suggesting some
Indian relatedness of these populations. In dimension 2,
both Moken populations (MK1 and MK2) and Moklen
were along the margin of the plot, reflecting their genetic
distinction. Dimension 3 shows the genetic separation of
ST-speaking populations from SA to other SA groups;
Moken 1 (MK1) shows genetic distinction but is closer to
SA ST-speaking populations (Fig. 7 and Additional File 1:
Fig. $6). Overall, the Chao Lay exhibit more genetic affin-
ity to MSEA populations than to ISEA populations.

To broaden the analysis of genetic relatedness between
the Chao Lay of Thailand and other populations, haplo-
group distributions from 86 populations were consoli-
dated into 45 major haplogroups, each consisting of more
than 20 sequences (Additional File 2: Table S5. Table S5—
[Haplogroup frequency for major haplogroups of entire
dataset of 89 populations]). Additionally, we incorpo-
rated haplogroup frequency data from the Bajo, an Indo-
nesian sea nomad group residing in Kendari Province,
southeastern Sulawesi, as well as from the Ma’anyan and
Lebbo’ groups of Borneo, Indonesia [15]. These datasets
(Additional File 2: Table S5) were subsequently analyzed
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using correspondence analysis (CA) and multidimen-
sional scaling (MDS) based on haplogroup frequency. In
dimension 1 and 2 of the CA plot (Additional File 1: Fig.
S7. Fig. S7-[The CA plots of dimension 1 vs. dimension 2
(A) and dimension 3 vs. dimension 4 (B) based on major
haplogroup frequency among the set of 89 populations]),
the East Timor, Papuan lowland, Aboriginal Australian
and Aeta Bataan from Philippines show genetic distinc-
tiveness with high frequencies of haplogroups P, Q, S
and M42. Given the strong effect of these four outliers
on the analysis, we removed the populations from Oce-
ania and Australia and repeated the analysis. The results
reveal the distinctiveness of SA populations in the first
dimension and genetic separation between AN-speaking
groups from ISEA and Taiwan and MSEA in the second
dimension (Fig. 8). The third dimension distinguishes
SA ST-speaking groups whereas further dimensions dis-
tinguish all Chao Lay, based on haplogroups M21b and
M50, and Maniq, Jehai (hunter-gatherer) and Temuan
(Proto-Malay) based on haplogroup M21la (Fig. 8). In
dimension 1 of the MDS plots (Additional File 1: Fig. S8
Fig. S8—[The MDS plot based on haplogroup frequencies
for the entire set of 89 populations for dimension 1 vs.
dimension 2 (A) and dimension 1 vs. dimension 3 (B)]),
non-ST-speaking SA populations and the Bamar group
appeared on the right, while SEA, EA, and Oceanian pop-
ulations clustered on the left. Meanwhile, SA ST-speak-
ing populations and some MSEA populations—such as
the Mokenl (MK1), Mon, Cambodian groups (KHC and
AAC), Suay, Semande, Ragley, Churu, Jarai (Jr2), Cham
(Chv1), and both TK-speaking Southern Thais (BST1 and
BST2)—were distributed in between, suggesting a degree
of SA-related ancestry in these MSEA populations. In
dimension 2, groups like East Timor, Papuan Lowland,
Aboriginal Australians, Aeta Bataan, Indian Toto, and
Seletar were positioned along the plot’s margins, reflect-
ing their genetic distinctiveness. Dimension 3 highlighted
the genetic separation of the Moken (MK1 and MK2),
Moklen, and Indian Toto. Overall, the findings suggest
that the Thai sea nomads are more closely related to
MSEA populations, whereas the Indonesian sea nomads
show closer genetic ties to ISEA populations.

Discussion

The maritime lifestyle including traditional fishing and
long-distance trade networks of sea nomads has attracted
interest about their origins, genetic structure, adapta-
tions, and relationships with other populations in SEA.
However, there is a paucity of genetic data on the sea
nomads from Thailand (Chao Lay), and the few previ-
ous genetic studies have largely been limited to mtDNA
HVR1 sequences and Y-chromosomal and autoso-
mal STR analyses [18-20]. Here, we sequenced and
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investigated the complete mitochondrial genomes of AN-
speaking sea nomads from southern Thailand to explore
their origins, genetic heritage, and relationships with
other groups in MSEA and ISEA (including other sea
nomad groups in ISEA).

The genetic diversities within each Chao Lay group,
especially the Moken1 from Chang Island, Ranong Prov-
ince, were lower than for other populations (Additional
File 2: Table S2). The genetic differentiation of Mokenl is
driven by a relatively high frequency of haplogroup D4ela
(24.32%). Haplogroup D4el and sublineages are found in
MSEA and China (Additional File 2: Table S4); the net-
work and MCC tree of D4el indicates close relationships
among Chao Lay and central Thai haplotypes with a coa-
lescent age ~2.45 kya (Fig. 2 and Additional File 1: Fig.
S4). M21b2 is another haplogroup with a high frequency
in Mokenl (54.05%) and accounts for the differentiation
of Mokenl in the CA plot (Fig. 8); this haplogroup was
also found in lower frequency in Moken2 (32.00%) and
Moklen (18.52%) (Additional File 2: Table S4). M21b is
at higher frequency in AN-speaking groups from MSEA
than in other MSEA groups (Additional File 2: Table S5).
The subclade of M21b characteristic to Chao Lay, is dated
to ~3.57 kya (Table 1 and Additional File 1: Fig. S4).
The absence of haplogroups M50a, M71c and Flalal in
Mokenl, which were found in other Chao Lay popula-
tions, also differentiates Mokenl. The reduced diversity
(Additional File 2: Table S2), high amount of shared hap-
lotypes within the population (Fig. 5) and large genetic
distance from the other groups (Figs. 6, 7 and 8) may
reflect the small population size, with only ~200 Mokens
living on this island. Interestingly, the smaller census
sizes of the Chao Lay (~ 2,100 for the Moken, ~ 3,700 for
the Moklen, and ~ 6,200 for the Urak Lawoi) [5] and the
Maniq (~ 250 individuals) compared to the major South-
ern Thai groups (~ 4.5 and ~ 3.6 million) [1] correspond
to their lower estimated effective population sizes (N,).
Moreover, past N, trends indicate that only the Chao
Lay and Maniq experienced a decline around ~3-2 kya,
whereas the three major Southern Thai groups did not
show such a decline (Fig. 4).

Although the @, value between both Moken popula-
tions is significantly greater than O (Fig. 6) the genetic
distance values are smaller between Mokenl and
Moken2 (@,= 0.1052) than between either Moken
group and other Asian populations (Additional File
2: Table S6. Table S6—[The values of @, among entire
dataset of 86 populations]), suggesting some genetic
relatedness within the Moken ethnic group. Both
Moken populations are significantly different from
Moklen and Urak Lawoi, which are not significantly
different from each other (Fig. 6). Haplogroup Elalala
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likely drives the differentiation of Moken from Moklen
and Urak Lawoi, as only one individual of Moken2 was
assigned to Elalala while this haplogroup was found
at frequencies of 22.22% in Moklen and 20.00% in Urak
Lawoi (Additional File 2: Table S3). Haplogroup Elalal
is one of the AN-specific haplogroups that is abundant
in Taiwan and ISEA [23, 30-32]. The network of hap-
logroup Elalal sequences showed a star-like struc-
ture (Fig. 2 and Additional File 1: Fig. S2) and the BSP
plot of Elalal showed an increase in effective popula-
tion size during ~5-2.5 kya (Fig. 2), suggesting a lin-
eage expansion probably associated with the spread of
AN languages. The MCC tree showed the bifurcation
of the Chao Lay clade of Elala ~2.76 kya (Additional
File 1: Fig. S4), which is in the same range with a previ-
ous study ~2.35 kya [30]. However, we do not observe
other AN-specific haplogroups within the sea nomads,
e.g. Y2, B4ala and M7c3c [30, 31].

The present results reveal that Moklen and Urak Lawoi
are more closely related to each other than to the Moken,
which is not consistent with their linguistic affiliation.
The Moklen and Moken languages are related to one
another and ultimately to the Malayic group of AN lan-
guages, either as a member of it or as a parallel branch
of western Malayo-Polynesian [33, 34]. Both have been
heavily influenced by AA languages (and more recently,
Thai) [33]. Moken/Moklen has many changes in common
with the Chamic languages of Vietnam, and it has been
suggested that these two languages split from Chamic
around 2,000 years ago [33]. By contrast, the Urak Lawoi
language belongs to the dialect cluster of Orang Laut lan-
guages. Linguistic data indicates affiliation of Urak Lawoi
with the Malays and the language shows little influence
from AA languages [35, 36]. However, the differentiation
of Moken from Moklen and Urak Lawoi is in agreement
with their lifestyle. The Moken still retain a more tradi-
tional lifestyle relating to the sea than do the Moklen and
Urak Lawoi, who are permanently settled along coastal
areas or inland and also work in coastal fisheries, gardens,
and other employment. Moreover, they have adopted
other cultures and often refer to themselves as Thai Mai
(meaning"New Thai") [37]. Many of the Moklen refer to
themselves as “Chao Bok” (coastal people) since they are
no longer sea nomads and their traditional culture is dis-
appearing [38, 39]. One distinguishing characteristic of
the Moken compared to other Chao Lay groups is their
boat type. Regarding the boats used for their livelihoods,
the Moklen and Urak Lawoi use dredge boats with plank
gunwales, while the Moken use the Kabang, a boat made
from wintergreen wood. The Kabang features a roof, as it
is designed for traveling further out to sea than the boats
used by the other two sub-groups [5].
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The Chao Lay practice monogamy, and after marriage,
the husband typically moves into the wife’s house for a
period before the couple eventually establishes a separate
residence, though this practice is not strictly followed. In
the past, intermarriage within Chao Lay sub-groups (e.g.,
Moken marrying Moklen) was occasionally observed.
However, intermarriage between Chao Lay and non-
Chao Lay groups has become more common in recent
years [40]. The sharing of haplogroup Elalal indicates
some contact between Moklen and Urak Lawoi with
ISEA groups. In addition, both Moklen and Urak Lawoi
shared haplotypes with SouthernThai TK2 and Moken2,
respectively (Fig. 5), reflecting recent contacts within the
region.

Nevertheless, although there are some differences
among the Chao Lay from Thailand, they still tend to
cluster genetically (Figs. 7 and 8). Moreover, the Chao Lay
show a different maternal genetic profile from the Indo-
nesian Bajo (Additional File 1: Figs. S7-S8). In the Bajo,
major haplogroups (55.55%) were reported to be related
to the AN expansion, e.g. Bdalal, M7cla4, M7blali
and Ela, followed by haplogroups that are prevalent in
MSEA, i.e. B4a, M73, R22 (37.03%); haplogroup Q1 was
also found in the Kendari Bajo (0.07%), indicating a link
with New Guinea or eastern Indonesia [15]. In contrast,
the predominant haplogroups in the Chao Lay (84.21%)
were D4ela, Flalal, Flalcl, M21b2, M46a, M50al and
M71c, which are prevalent in MSEA populations; the
Chao Lay also have a lower frequency of haplogroup
Elalala (10.52%) which links them with AN in Taiwan
and ISEA. The haplogroup profile overall thus indicates
an MSEA origin of Chao Lay from Thailand and a differ-
ent maternal history from the Indonesian sea nomads.

Previously, three hypotheses for the origin of the
Moken were proposed [18]: 1) from the Myanmar—
Malaya mainland where their ancestors practiced agri-
culture but later adopted a sea-based lifestyle and finally
settled in the Mergui Archipelago [41, 42]; 2) from China,
migrating southward during the Neolithic Period and
later separating from other migrating groups as late as
the early seventeenth century [43]; and 3) from ISEA with
other sea nomads groups and later northward migration
to the Mergui Archipelago [42, 44]. Since the Moken
and Moklen are ethnolinguistically related, these three
hypotheses could also hold for Moklen. In addition, the
Urak Lawoi probably originate from the Malay stock but
with a separate history for some hundreds of years [45].
Overall, our results indicate all Chao Lay populations
were closer to each other than to other groups and exhib-
ited more genetic connections to MSEA populations than
ISEA populations (Figs. 6, 7 and 8). Both sea nomads and
the most closely-related MSEA populations additionally
share SA ancestry; the overall closer genetic relationship
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between Chao Lay and populations from Myanmar and
southern Thailand suggests a Myanmar—Malaya main-
land maternal origin (Table 2).

Although the main focus of our study is on the Chao
Lay groups, we obtained interesting results for the other
two groups. The four additional Maniq sequences are
assigned to two lineages: a basal M21a lineage which is
dated to ~ 15.19 kya (Table 1); and one B4g sequence that
is sporadically distributed in SEA populations and was
not found in our previous study [46]. This B4g sequence
suggests some admixture of Maniq with other East Asian
groups, consistent with a previous genome-wide study
that indicate ~35% East Asian-related ancestry in the
Maniq [3]. The Maniq overall showed the closest genetic
relatedness with the Jehai, another indigenous hunter-
gatherer group in the Malay Peninsula, and greater dif-
ferences with other such groups from the Philippines,
Andaman Islands, Papua New Guinea, and Australia
(Figs. 6 and 7 and Additional File 1: Figs. S6-S7). The
SouthernThai TK2 and both southern Thai groups
(SouthernThai TK1 and SouthernThai AN) from our pre-
vious study [47] showed similar genetic backgrounds, e.g.
small genetic distance to each other, signals of population
expansion, high genetic diversity and South Asian influ-
ence (Figs. 4, 6 and Additional File 2: Table S2,S6). Their
close genetic relatedness is in agreement with previous
studies of autosomal STR variation [20, 48].

Conclusions

Our findings suggest that the Chao Lay likely originated
from MSEA and have a different maternal history from
Indonesian sea nomads, who show closer ties to ISEA.
Alternatively, they may have roots in Taiwan or ISEA
but incorporated MSEA females into their communities
upon their arrival in Thailand. This hypothesis could be
further investigated through genome-wide and Y chro-
mosome studies. In addition, we caution that our con-
clusions are based on a relatively limited sampling of the
extensive Chao Lay communities along the coastal area of
the Andaman Sea and are restricted to the mtDNA data.
Further studies of Chao Lay from different communities,
and of additional genetic markers, would provide more
insights into the genetic origin of the Thai sea nomads
and the impact of the Austronesian expansion in MSEA.

Methods

Samples

We generated complete mtDNA sequences for 27 Mok-
len samples and 37 Moken (Mokenl) samples from
previous studies [19, 20], and an additional 34 newly-
collected samples of Maniq (5 samples) and Southern-
Thai TK2 (29 samples), with genomic DNA isolated from
buccal swabs using the Gentra Puregene Buccal Cell Kit
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(Qiagen, Germany). Sample donors were interviewed to
screen volunteers who were healthy and unrelated for
at least two generations and then written informed con-
sent was obtained. The protocol on human subjects was
approved by the Khon Kaen University Ethic Committee
(Protocol No. HE622223) and Naresuan University (COA
No.250/2023).

MtDNA sequencing and data processing

The sequencing of saliva sample extracts and subsequent
data processing were performed as described in previous
study [49]. In brief, we prepared genomic libraries with
double indices and enriched for full mtDNA genomes
using a hybridization-capture method described previ-
ously [50, 51]. The enriched libraries were sequenced
on the Illumina HiSeq 2500 platform, generating 2Xx 76
bp paired-end reads. After standard Illumina base call-
ing, adapters were trimmed, and completely overlap-
ping paired sequences were merged using leeHOM [52].
The sequencing data were de-multiplexed using deML
[53],and the sequences were aligned to the human ref-
erence genome 19 using BWA’s aln algorithm [54]. We
extracted all sequencing reads from each library that
aligned to the mitochondrial genome or to a published
list of nuclear copies of mtDNA (NUMTs) [55] and re-
aligned them against the revised Cambridge Reference
Sequence (rCRS) [56] using BWA’s mem algorithm [57]
with the non-default parameters"-B 6 -O 3 -E 2."After left-
aligning indels with GATK IndelRealigner [58], we per-
formed variant calling using BCFtools call [59] with an
assumed ploidy of 1 and inferred the consensus sequence
from the resulting variant file. The consensus sequences
were based on a mean sequence coverage ranging from
11-fold to 7,844-fold across the mitochondrial genome.
We then manually checked and manipulated sequences
with Bioedit (www.mbio.ncsu.edu/BioEdit/bioedit.html).

Statistical analysis

The newly-generated 98 mtDNA sequences from South-
ern Thailand (Mokenl, Moklen, Maniq and SouthernThai
TK2) were combined with two datasets. The first is the
previously published southern Thai sequences: Moken,
Urak Lawoi, Maniq, SouthernThai TK1 and Southern-
Thai AN [46, 47, 60] for a total of 205 sequences from 8
southern Thai populations (Additional File 2: Table S2).
To obtain a broader picture of genetic structure and
population relationships, the southern Thai dataset was
combined with 3,570 sequences from 78 populations
from MSEA, ISEA, EA, SA, Oceania and Australia. with
the number of samples per population varying from 16 to
248 [23, 30, 61-82] for a total of 3,775 sequences belong-
ing to 86 populations (Additional File 2: Table S2). All
sequences were aligned to the Reconstructed Sapiens
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Reference Sequence (RSRS) [83] using the Multiple
Alignment with Fast Fourier Transform (MAFFT) online
service with default options [84]. Haplogroup assign-
ment was performed by Haplogrep 3 [85] with PhyloTree
mtDNA tree Build 17 (http://www.phylotree.org) [86].

The genetic diversity within populations (summary
statistics), i.e. number of haplotypes, haplotype diver-
sity (h) [87], haplogroup diversity, nucleotide diversity
(m) and mean number of pairwise differences (MPD),
as well as Tajima’s D value [21], were calculated using
Arlequin 3.5.2.2 for Windows [88]. PGDSpider [89] was
used to convert the fasta file into an Arlequin project
file (*.arp) with manually modifications according to the
Arlequin user manual (https://cmpg.unibe.ch/software/
arlequin35/man/Arlequin35.pdf). In the graphical inter-
face of Arlequin during execution, calculation settings
were chosen as following: Haplotype inference (estimate
haplotype frequencies by counting and search for shared
haplotypes); Molecular diversity indices (both standard
diversity indices and molecular diversity indices with
pairwise differences as a molecular distance); and Neu-
trality tests (Tajima’s D with the infinite site model). The
equations for all statistics can be found in the Arlequin
user manual.

To compare the genetic variation among popula-
tions, Arlequin 3.5.2.2 [88] was also used to measure the
genetic distance () between pairs of populations and
generate the @, distance matrix. The calculation settings
were: “Population comparisons” with Compute pairwise
difference (pi); No. of permutations: 1,000; and Signifi-
cance level: 0.05. To visualize population relatedness,
an R package [90] was used to carry out nonparamet-
ric MDS analysis (based on the @,, distance matrix and
using R function: isoMDS package: MASS, and to con-
struct heat plots of the @, distance matrix (R function:
ape, pegas, adegenet and ggplot2 packages). The matrix
of shared haplotypes was also constructed using the R
package (R function: ape, pegas, adegenet and ggplot2
packages). STATISTICA 13.0 (StatSoft, Inc., USA) was
used to carry out a correspondence analysis (CA) based
on haplogroup frequencies.

Genetic variance at three hierarchical subdivisions
(within individuals of a population, among popula-
tions within a group, and among groups of populations)
was assessed using the analysis of molecular variance
(AMOVA) procedure [91], as implemented in Arlequin
3.5.2.2 [88]. Their indices (@ statistics) can be considered
the molecular equivalent of Wright’s F statistics, as they
summarize genetic diversity at various levels of hierar-
chical subdivisions [92]. In Arlequin execution, AMOVA
was run under standard haplotypic conditions, with the
distance matrix of pairwise difference computed from
the data. The statistical significance of each variance
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component and @ value was evaluated using 1,000 per-
mutations [91]. In this analysis, the studied populations
were grouped based on both geographic and linguistic
categories (Table 2).

Median-joining networks [93] of haplogroups D4ela,
Elalal, Flalal, B5al d, M50, M21b, M71, M46, C7a,
Flalc, R6, M21a, M17a, B4 g, and R21 were performed
by Network (www.fluxus-engineering.com) and visu-
alized in Network publisher 2.1.2.5. For haplogroup
Elalal, we included ancient mtDNA from Liangdao Man
in Taiwan, dated to 8,060-8,320 cal BP (GenBank acces-
sion number KF540505) [94], with an mtDNA coverage
of 245 X. This haplogroup was reported as ancestral to E1
[23]. For haplogroup M21b, we included ancient mtDNA
from a Hoabinhian sample (Ma911) from Gua Cha Cave,
Malaysia, dated to 3,872 +33 BP [24]. We processed the
sequences as previously described [95], and used an in-
house pipeline (https://github.com/alexhbnr/mitoBench-
ancientMT) to reconstruct the mtDNA sequence. This
yielded 18,451 mtDNA reads and allowed to reconstruct
the mtDNA sequence with a coverage of 44.6 X.

Through Bayesian phylogenetic analysis, we estimated
haplogroup divergence times and past population sizes
for the haplogroups observed in sea nomad populations,
i.e. Flalal, D4ela, C7a, Elalal, B5al d, Flalc, R6, M71,
M50, M21b and M46, and those found in the Maniq (B4
g, M21a and M17). For each haplogroup, estimates were
determined based on all available sequences belonging
to the haplogroup, including those from other popula-
tions. The number of samples per analysis is provided
in Table 1. We also determined effective population size
(N,) estimates for the populations of interest (Additional
File 2: Table S7. Table S7—[Parameters for BEAST runs]).
All Bayesian phylogenetic analysis were performed with
BEAST v2.7.6 software package [96], with RSRS [83] as an
outgroup. Data were partitioned into coding (nucleotides
577-16,023) and noncoding regions (nucleotides 16,024—
576), with the best-fit model of sequence evolution for
both partitions determined using bModelTest [97]. Hap-
logroup divergence and N, estimates were inferred by uti-
lising the Bayesian skyline plot (BSP) model [98] and we
assumed stepwise-constant changes for the N, estimates.
A strict molecular clock was assumed across branches
within each tree. Given that the dataset consisted solely
of contemporary mitochondrial genomes, we fixed the
evolutionary rates to 1.708 x 10~® substitutions/site/year
and 9.883 x 107® substitutions/site/year for coding and
noncoding regions, respectively [99] to allow for abso-
lute timescale inference. The Markov Chain Monte Carlo
(MCMC) chain length was adjusted based on sample
size (10,000,000 to 100,000,000 generations) (Additional
File 2: Table S7), and 10,000 trees were generated per
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run. Convergence of each MCMC chain was confirmed
using Tracer v1.7.2 [100], ensuring effective sample size
(ESS) values over 200 for each parameter. Tracer v1.7.2
was furthermore used to visualize the BSP. The poste-
rior distributions of inferred trees were summarized
into maximum clade credibility (MCC) trees utilising
TreeAnnotator v2.7.6 with a 20% burn-in. MCC trees
were visualized with FigTree v1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree/, last visited 29 October 2024).

Abbreviations

MSEA Mainland Southeast Asia
ISEA Island Southeast Asia
SEA Southeast Asia

SA South Asia

EA East Asia

AN Austronesian

AA Austroasiatic

TK Tai-Kadai

ST Sino-Tibetan

BSP Bayesian Skyline Plot
mtDNA  Mitochondrial Deoxyribonucleic Acid

MCC Maximum Clade Credibility

RSRS Reconstructed Sapiens Reference Sequence
HVR1 Hypervariable Region 1

STRs Short Tandem Repeats

AMOVA  Analysis of Molecular Variance
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