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ABSTRACT

Multiple studies based on the archaeology and anthropology of the Mon
in Thailand have been reported, but little is known about their genetic history.
The present study investigated polymorphisms in the hypervariable region 1
of mitochondrial DNA (mtDNA) in 112 new Mon samples from central and
western Thailand, and then compared them with previous mtDNA data from
modern Mon and ancient Mon, or Nyah Kur, from northern and northeastern
Thailand. The Mon from western Thailand showed the highest genetic diversity,
reflected by the haplotype diversity and number of polymorphic sites. Demo-
graphic expansion parameters and the Bayesian sky plot analysis indicated
that almost all Mon populations, with the exception of the northeastern Thai
Mon, have had constant population sizes or have continuously incremented
over time, until reductions around 5,000 to 1,000 y ago. The multidimensional
scaling plot and neighbor joining tree revealed the closest genetic relatedness
between the central Thai Mon from Ratchaburi province and northeastern Thai
Mon, indicating a likely common genetic ancestry. The other Mon populations
had diverged genetically, perhaps driven by genetic admixture with different
population sources. Interestingly, a genetic distinction between the Mon and
Nyah Kur was detected, reflecting different genetic stocks between the modern
and ancient Mon. Therefore, future studies of haplogroup lineages from the
complete mtDNA genome and Y chromosome could elucidate a deeper and
broader picture of the Mon’s genetic history.
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INTRODUCTION

The Mon are descendants of an ancient Austroasiatic-speaking people whose
civilization existed in a large part of mainland Southeast Asia, with centers in
the present-day southern Myanmar and central Thailand, before the rise of Thai
and Burmese kingdoms (Guillou, 1999; Saraya, 1999). In Myanmar, ethnic Mon
are currently concentrated in Mon and Karen States, as well as the divisions
of Tenasserim and Pegu. They are remnants of a much larger distribution that
included most of the Irrawaddy River Delta, which was the center of the highly
developed civilization that fell to the Burmese in the 18™ century A.D. (Pon Nya,
2001). In Thailand, Mon communities are found in a number of locations in the
central region and surrounding areas. However, they are not successors of the
Dvaravati civilization that flourished on the western bank of the Chao Phraya
valley in the central plain during the 6™ to 7™ century A.D., but are descendants
of several waves of political refugees that fled Myanmar during the 16 to 19
centuries A.D. (Ocharoen, 1998). On the other hand, remnants of the ancient Mon
population of Dvaravati are now considered a distinct ethnic group known as the
Nyah Kur, or the Chaobon. Nyah Kur communities are currently found in hilly
areas along the border between central and northeastern Thailand. They speak a
Monic language that is considered a direct descendant of the old Mon language
of Dvaravati (Diffloth, 1984; Huffman, 1990).

Despite a substantial understanding of the linguistic and archaeological
background of the Mon and the Nyah Kur, little is known about their genetic
structure. A non-identical demographic structure between males and females of the
northern Thai Mon has been observed. Although a closer maternal relatedness to
the Kra-Dai people than to Austroasiatic speakers was reported, the opposite trend
was observed in the paternal lineages, indicating a sex-biased admixture (Kutanan
et al., 2011a). A certain degree of admixture between the Kra-Dai populations and
the northern Thai Mon has been supported from analysis of their autosomal short
tandem repeat (STR) sequences (Kutanan et al., 2011b). However, although genetic
distinctions were observed in the high resolution Affymetrix Genechip Human
Mapping 50K Xba array analysis, the northern Thai Mon were still clustered with
their linguistically related groups who speak Austroasiatic languages (Xu et al.,
2010). The northeastern Thai Mon showed a genetic difference from the other
populations in their maternal lineage (Kutanan et al., 2014b). The Mon from
western Thailand and southern Myanmar exhibited identical haplotypes of G6PD
mutations with the Burmese, which is distinct from the Thai, Lao, and Khmer,
reflecting a common origin or extensive gene flow between the Mon and Burmese
(Nuchprayoon et al., 2008). For the central Thai Mon, no genetic investigation
has been reported yet. This study aimed to evaluate the maternal genetic diversity
of the Mon from different regions in Thailand (the North, Northeast, Central, and
West), in order to elucidate the genetic structure and genetic relationship within
the Mon groups and between the Mon and their linguistic relative, the Nyah Kur.
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MATERIAL AND METHODS

Samples and DNA extraction

The subjects of this study were individual Mon people born in each vil-
lage and maternally unrelated for at least three generations. One hundred twelve
participants from three Mon villages located in different provinces, Kanchanab-
uri (MON_Sangkla, n = 52), Lopburi (MON_Lopburi, » = 39) and Ratchaburi
(MON_Ratchaburi, n = 21), formed the study group of this analysis. Buccal swab
samples were collected using a brush embedded in a Gentra Puregene Buccal
Cell Kit (Qiagen, Hilden, Germany). All 112 donors were first interviewed and
gave informed consent. Genomic DNA was then extracted according to the man-
ufacturer’s specifications (Puregene DNA Buccal Cell Kit, Qiagen). The Ethics
Committee for Human Research of Naresuan University, Thailand approved the
use of human subjects for this study.

Amplification and sequencing of mtDNA

The mtDNA control region (np15704—430) was amplified using the published
primer pairs (LLmt-A, 15704-5’-CATAGCCAATCACTTTATTG-3’-15723 and
LHmt-E, 430-5’-CTGTTAAAAGTGCATACCGCC-3’-410) (Schurr et al., 1999)
by PCR using nPfu-Forte DNA polymerase (Enzynomics, Daejeon, Korea) in a
total volume of 50 pl. Each reaction consisted of 5 pl of 10x nPfu-Forte buffer,
5 pl of 200 mM dNTP mixture, 2.5 pl of each 5 mM PCR primer, 0.5 pl of 2.5
U/ul Pfu polymerase, 0.5 ul of 50 ng genomic DNA, and 34 pl of distilled water.
The thermal cycling profile was 2 min at 95°C, followed by 35 cycles of 30 s at
95°C, 1 min at 56°C, 1 min at 72°C, and then a final 5 min at 72°C. Amplified
products (approximately 1,200 bp) were checked on a 1% (w/v) agarose gel with
a 100-bp DNA ladder (Norgen Biotek Corp., Thorold, ON, Canada). The excised
products were then sent for purification and sequencing of the hypervariable region
I (HVR-I; at 15897-100) at Macrogen Inc., Seoul, Korea using the SeqLmt-A
(15897-5’-GTATAAACTAATACACCAGTCTTGT-3"-15921) and SeqHmt-E
(100-5’-CAGCGTCTCGCAATGCTATCGCGTG-3’-76) primers for the Sanger
sequencing reactions (Kampuansai et al., 2007). The obtained sequences were
edited, assembled, and aligned with the revised Cambridge Reference Sequence
(Andrews et al., 1999) using SeqScape software v2.7 (Applied Biosystem, Foster
City, CA, USA).

Statistical analyses

Polymorphic sites in a 360 bp length of the mtDNA (np16024-16383) were
identified using DnaSP v.5 software (Librado and Rozas, 2009); these sequences
and SNPs of the 112 Mons in the present study were then compared with two sets
(setl and set2) of previous mtDNA data in order to evaluate the genetic variation
and population relatedness. Based on linguistic findings that the Nyah Kur lan-
guage is related to ancient Mon, the mtDNA data of setl comprised of two Mon
populations (MON Lamphun and MON_Khorat) and two Nyah Kur populations
(BON_Chaiyabhum and BON_Korat) (Table 1) (Lertrit et al., 2008; Kutanan
et al., 2011b; Kutanan et al., 2014b), while set2 was comprised of the mtDNA
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data from 44 populations belonging to three linguistic categories (Austroasiatic,
Kra-Dai, and Sino-Tibetan) from Thailand and neighboring countries (Oota et al.,
2001; Black et al., 2006; Kampuansai et al., 2007; Lertrit et al., 2008; Bodner et
al., 2011; Kutanan et al., 2014a and 2014b; Kampuansai et al., 2012; Kampuansai
et al., 2013; Summerer et al., 2014) (Table 2).

Several parameters of genetic diversity within populations, namely the mean
pairwise differences (MPD) or intra-MPD, number of segregating sites nucleotide
diversity (), number of observed haplotypes and the haplotype diversity (%),
were calculated using the Arlequin v.3.5 program (Excoffier and Lischer, 2010).
The demographic expansion parameters, raggedness index value () (Harpending,
1994), and the neutrality estimators, Fu’s Fs (Fu, 1997) and Tajima’s D (Tajima,
1989), were computed using the same software. The mismatch distributions plots
under a constant size population model and sudden population growth-decline
models were constructed using DnaSP v.5. The number of shared haplotypes was
determined within mtDNA setl for each of the 21 possible population pairs by a
simple gene count method.

Table 2. Populations in set2 used in the genetic comparison.

Population Code Size Linguistic Location Reference
classification

Mon MON_Sangkla 52 Austroasiatic Kanchanaburi, Present study
West, Thailand

Mon MON Lopburi 39 Austroasiatic Lopburi, Central,  Present study
Thailand

Mon MON_Ratch- 21 Austroasiatic Ratchaburi, Present study

aburi Central, Thailand

Mon MON_Khorat 44 Austroasiatic Nakhon Ratcha- Kutanan et al.
srima, Northeast,  (2014b)
Thailand

Mon MON Lamphun 41 Austroasiatic Lamphun, North,  Kutanan et al.
Thailand (2011a)

Nyah Kur  BON 42 Austroasiatic Chaiyabhum, Kutanan et al.

Chaiyabhum Northeast, (2014b)

Thailand

Nyah Kur  BON Khorat 20 Austroasiatic Nakhon Ratcha- Lertrit et al.
srima, Northeast,  (2008)
Thailand

H’tin (Mal) TNI1 37 Austroasiatic Nan, North, Kutanan et al.
Thailand (2011a)

H’tin TN2 25 Austroasiatic Nan, North, Kutanan et al.

(Pray) Thailand (2011a)

H’tin TN3 38 Austroasiatic Nan, North, Kutanan et al.

(Pray) Thailand (2011a)

Lawa LWI 46 Austroasiatic Mae Hong Son, Kutanan et al.

(Western) North, Thailand (2011a)

Lawa Lw2 50 Austroasiatic Chiang Mai, Kutanan et al.

(Eastern) North Thailand (2011a)

Lawa LW3 41 Austroasiatic Mae Hong Son, Kampuansai et

North, Thailand

al. (2013)
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Population Code Size Linguistic Location Reference
classification

Blang BLI1 38 Austroasiatic Chiang Rai, North Kutanan et al.
Thailand (2011a)

Blang BL2 45 Austroasiatic Chiang Rai, North Kutanan et al.
Thailand (2011a)

Paluang PL 51 Austroasiatic Chiang Mai, Kutanan et al.
North Thailand (2011a)

Khmer KHMI1 68 Austroasiatic Surin, Northeast, Kutanan et al
Thailand (2014b)

Khmer KHM2 22 Austroasiatic Srakaew, East, Lertrit et al.
Thailand (2008)

Khmer KHM3 31 Austroasiatic Siemreip, Black et al.
Cambodia (20006)

Khamu KHA 39 Austroasiatic Nan, North, Kampuansai et
Thailand al. (2012)

Soa SOA 47 Austroasiatic Sakon Nakhon, Kutanan et al.
Northeast, (2014b)
Thailand

Suay SUY 44 Austroasiatic Surin, Northeast,  Kutanan et al.
Thailand (2014b)

Yuan YUI 39 Kra-Dai Chiang Mai, Kampuansai et
North Thailand al. (2007)

Yuan YU2 50 Kra-Dai Chiang Mai, Kampuansai et
North Thailand al. (2007)

Yuan YU3 50 Kra-Dai Lamphun, North, = Kampuansai et
Thailand al. (2007)

Yuan YU4 44 Kra-Dai Saraburi, Central, Kampuansai et
Thailand al. (2007)

Lue LUl 51 Kra-Dai Nan, North, Kampuansai et
Thailand al. (2007)

Lue LU2 44 Kra-Dai Nan, North, Kampuansai et
Thailand al. (2007)

Lue LU3 50 Kra-Dai Chiang Rai, Kampuansai et
North Thailand al. (2007)

Lue LU4 46 Kra-Dai Chiang Mai, Kampuansai et
North Thailand al. (2007)

Yong YO 62 Kra-Dai Lamphun, Kampuansai et
North, Thailand al. (2007)

Khuen KH 60 Kra-Dai Chiang Mai, Kampuansai et
North Thailand al. (2007)

Shan SH 43 Kra-Dai Mae Hong Son, Kutanan et al.
North, Thailand (2011a)

Laos LAO 213 Kra-Dai Laos Bodner et al.

(2011)

Saek SAK 27 Kra-Dai Nakhon Panom, Kutanan et al.
Northeast, (2014b)
Thailand

Kaleuang KAL 46 Kra-Dai Nakhon Panom, Kutanan et al.
Northeast, (2014b)

Thailand
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Population Code Size Linguistic Location Reference
classification
Phutai PUT 38 Kra-Dai Sakon Nakhon, Kutanan et al.
Northeast, (2014b)
Thailand
Nyaw YOH 41 Kra-Dai Sakon Nakhon, Kutanan et al.
Northeast, (2014b)
Thailand
Thai-Isan IS1 35 Kra-Dai Roi-Ed, Northeast, Kutanan et al.
Thailand (2014b)
Thai-Isan IS2 38 Kra-Dai Chaiyabhum, Kutanan et al.
Northeast, (2014a)
Thailand
Thai-Isan 1S3 52 Kra-Dai Buriram, Kutanan et al.
Northeast, (2014a)
Thailand
Thai-Isan 1S4 45 Kra-Dai Ubon Ratcha- Kutanan et al.
thani, Northeast, (2014a)
Thailand
Karen KR1 39 Sino-Tibetan North, Thailand Oota et al.
(2001)
Karen KR2 40 Sino-Tibetan North, Thailand Oota et al.
(2001)
Karen KR3 145 Sino-Tibetan Myanmar Summerer et al.
(2014)
Burmese BM 112 Sino-Tibetan Myanmar Summerer et al.
(2014)

Arlequin v.3.5 was used to execute all tests of mtDNA set2: the MPD
values among populations (inter-MPD), analysis of molecular variance (AMOVA)
(Excoffier et al., 1992) for the genetic variance at the three hierarchical subdivi-
sions of within individuals of a population, among populations within a group,
and among groups of populations, and the genetic distance between pairs of
populations based on pairwise difference (4, significance tested by permutation).
To characterize population relationships, the genetic distance matrix was plotted in
two dimensions by means of multidimensional scaling (MDS) using STATISTICA
v.10 (StatSoft Ltd.), and was also used to construct an unrooted neighbor joining
(NJ) tree with the MEGA4 software (Tamura et al., 2007).

Apart from the demographic expansion parameters, which were used to infer
previous demographic change, Bayesian skyline plot (BSP) (Drummond et al.,
2005) was performed from the HVR-I using the MCMC algorithm (Drummond et
al., 2002) operated in the BEAST version 1.8 program (Drummond et al., 2012).
The jModel test 2.1.7 (Darriba et al., 2012) was employed to choose the suitable
model for each population for creating input files of BEAST using BEAUTi v1.8.
A strict molecular clock with a fixed rate of 1.64 x 107 substitutions/site/y was
applied (Soares et al., 2009). Each MCMC sample was run for 1 x 107 steps,
sampled every 1000 steps, with the first 1 x 10° steps regarded as burn-in. Tracer
1.5 (http://tree.bio.ed.ac.uk/ software/tracer) was used to visualize the BSP plot.
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RESULTS

Genetic diversity and demographic expansion

Of the 259 sequences of the mtDNA setl, 118 different haplotypes were
identified and defined by 99 variable positions (Data not shown). Among these 118
haplotypes, 65 and 43 were single and multiple unique haplotypes, respectively,
while only 10 shared haplotypes were found. Haplotype number 19 (haplo19)
was shared in four Mon populations (MON_Sangkla, MON_Ratchaburi, MON_
Lamphun and MON_Korat), while the remaining shared haplotypes were shared
among two populations (Data not shown). Haplotype number 66 (haplo66),
which had the highest frequency, was found exclusively in the BON_Chaiyabhum
population (Data not shown). Among 21 pairwise comparisons, 12 pairs had
shared haplotypes. It is interesting that three pairs (MON_Sangkla-MON_Lopburi,
MON_Sangkla-MON_Ratchaburi, and BON_Chiayabhum-BON_Khorat) shared
more than one haplotype. Within the Mon ethnicity, almost all the populations
exhibited shared haplotypes among the populations, except for the MON
Lopburi-MON_ Lamphun pair. The Mon and Nyah Kur had very limited haplotype
sharing. Only three haplotypes were observed to be shared among the Mon_Khor-
at-BON_Chiyabhum and MON_Lopburi-BON_Korat pairs.

The numbers for intrapopulation MPD and nucleotide diversity (w) were
highest in the BON_Khorat population (7.9578 and 0.0221, respectively), reflect-
ing a higher degree of genetic heterogeneity, but both values were lowest in the
MON_Ratchaburi population (4.8571 and 0.0135, respectively), indicating the
greatest degree of genetic homogeneity or recent mtDNA divergence within this
population (Table 1). Haplotype diversity (%) varied from 0.9759 (MON_Sangkla)
to 0.8444 (BON_Chaiyabhum), which was in the same range as that previously
published for Austroasiatic populations in Thailand (Lertrit et al., 2008; Kutanan
et al, 2011b; Kutanan et al., 2014b).

The significant negative values of Fu’s Fs (P < 0.01) could infer a previous
demographic expansion in the MON_Sangkla and MON_Khorat populations. The
very low raggedness index (less than 0.03) as well as the unimodal mismatch
distribution graph for these two populations (Table 1 and Supplementary material
1) also provide congruent evidence for population growth and expansion in the
MON_Sangkla and MON__ Khorat populations.

The BSP revealed expansion of the MON_Khorat and BON_Chaiyabhum
populations, where they expanded approximately 2 and 1.25 kilo y ago (kya) in
MON_Khorat and BON_Chaiyabhum, respectively. In the MON_Sankla popula-
tion, a continuous expansion was observed during the pre-Neolithic expansion, but
the population then declined after the Neolithic expansion (around 10 kya). The
sizes of the MON_Lopburi, MON_Ratchaburi, and MON_Lamphun populations
were likely to have been constant from Paleolithic to Neolithic times, but their ef-
fective population sizes were reduced after 5 kya, especially in the MON_Lamphun
population, which showed a sharp reduction. Only the BON Khorat population
was found to have a relatively unchanged population size (Figure 1).
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Figure 1. mtDNA Bayesian skyline plot (BSP) showing the size changes of seven
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Genetic relationship

The pairwise ¢,; among 21 comparisons of the mtDNA data in setl indicated
that only one pair, MON_Ratchaburi and MON-Khorat, was not statistically sig-
nificant. This pair had the lowest ¢, (0.0151) and MPD (5.0487) values (Table 3
and Supplementary material 2). To understand the broad picture of the population
affinity among populations, we estimated the @, of set2 and then constructed a
bi-plot MDS (Figure 2) and NJ tree (Figure 3).

Table 3. Shared haplotypes with matching probabilities expressed in parentheses
(below the diagonal), and their genetic distances (¢,,) based on pairwise
differences (above the diagonal).

MON_ MON_  MON_ MON_ MON_ BON_ BON_

Sangkla Lopburi  Ratchaburi Korat Lamphun Chaiyabhum  Korat
MON_Sangkla 0.0377 0.0435 0.0438 0.0472 0.0789  0.0688

2 0.0884 0.0890 0.0395 0.1258  0.0846
MON_Lopburi (0.0010)

2 1 0.0151 0.0793 0.1729  0.1010
MON_Ratchaburi  (0.0027) (0.0012)

1 1 1 0.0812 0.1648  0.0939
MON_Korat (0.0009) (0.0035)  (0.0043)

1 0 1 1 0.0812  0.0898
MON_Lamphun (0.0023) (0.0000)  (0.0116) (0.0055)

0 0 0 1 0 0.1535
BON_Chaiyabhum  (0.0000) (0.0000)  (0.0000) (0.0038)  (0.0000)

0 0 0 0 1 2
BON_Korat (0.0000) (0.0000)  (0.0000) (0.0000)  (0.0055)  (0.0429)

The MDS plot (Figure 2) revealed no specific tight groups but it seemed
likely that almost all of the Kra-Dai populations were clustered together and with
some Austroasiatic and Sino-Tibetan populations around the axis center, showing
a genetic similarity. The exceptions were the differentiated populations of Sack
(SK), Lue from Nan Province (LU1 and LU2), and Yuan from Saraburi Pro-
vince (YU4). The influence of genetic drift within populations has been reported
previously for these four Kra-Dai populations (Kampuansai et al., 2007; Kutanan
et al., 2014b). Almost all of the Austroasiatic and Sino-Tibetan populations were
dispersed from the central cluster, reflecting the genetic heterogeneity of these
populations. Among the Mon groups, most of them clustered within the cen-
ter cloud, especially the MON Lamphun. However, the MON_Ratchaburi and
MON_Korat populations showed more distant positions from the other Mon
populations, but were genetically closely related.
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Figure 2. Bi-plot multi-dimensional scaling (MDS) plot constructed from
the genetic distance (@,,) matrix. Full and blank circles represent
Kra-Dai and Austroasiatic speaking populations and triangles represents
Sino-Tibetan speaking groups. Population abbreviations are given in
Table 2.

Four clusters of populations were visually observed in the NJ tree (Figure
3). The two clusters that were comprised of Austroasiatic populations (clusters
2 and 3) were predominant. The other two clusters were principally Kra-Dai
populations (cluster 4) or linguistically mixed populations (cluster 1). The Mon
populations were heterogeneous and dispersed in three clusters, but the MON_Lop-
buri, MON_Ratchaburi, and MON_Korat populations clustered together in cluster
2, with the MON_Ratchaburi and MON_Korat populations having the closest
genetic relatedness. Interestingly, although the MON_Sangkla population located
in the Austroasiatic cluster (cluster 3), within this cluster they were genetically
closer to the Burmese and Karen. The MON_Lamphun population also showed
genetic affinity to the Kra-Dai speaking groups. The Nyah Kur populations are
also genetically divergent, in that the BON Chaiyabhum populations were in the
same cluster as the other Austroasiatic groups (cluster 3), while the BON Khorat
population fell in the same branch with linguistically different groups (cluster 4).
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Figure 3. Neighbor joining (NJ) tree constructed from the genetic distance (¢,,)
matrix. Full and blank circles represent Kra-Dai and Austroasiatic-
speaking populations, respectively and triangles represent Sino-Tibetan
speaking groups. Population abbreviations are given in Table 2.

The AMOVA analysis revealed that population groupings based upon
language can describe the genetic structure of the studied populations, since the
amount of observed variation among groups (0.75%) was statistically significant
(Table 4). The average ¢, value among Austroasiatic populations (0.0991) was
higher than the overall 4, (0.0722), and was much higher than that for the Kra-
Dai (0.0476) and Sino-Tibetan (0.0453) groups. When considering the average
@, of ethnolinguistic Mon, an intermediate value (0.0566), lower than the other
Austroasiatic groups but higher than the Kra-Dai groups, was observed. The
AMOVA analysis indicated the genetic homogeneity of the Kra-Dai and Sino-
Tibetan speaking groups and the genetic heterogeneity of the Austroasiatic group.

Table 4. Result of AMOVA.

% of variance

Among
No. of  Within popula-
popula-  popula- tions within Among

No. of groups tions tions groups groups Qg Dye Dt
1 total 46 92.78 7.22 0.0722
1 (AA + Mon) 22 90.09 9.91 0.0991
1 (AA - Mon) 17 89.59 10.41 0.1041
1 (Mon) 5 94.34 5.66 0.0566
1 (TK) 20 95.24 4.76 0.0476
1 (ST) 4 95.47 4.53 0.0453
3 (AA/TK/ST) 46 92.52 6.73 0.75 0.0748  0.0678  0.0075

Note: AA = Austroasiatic groups, TK = Kra-Dai groups and ST = Sino-Tibetan groups.
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DISCUSSION

As revealed by the maternal genetic comparison, the five Mon populations
are genetically distinct from their Nyah Kur relatives (Figures 2 and 3). If the
Nyah Kur populations represent the ancient population of Dvaravati, our result
suggests that the modern Mon are not direct genetic descendants of the Monic
people that inhabited central Thailand before the 12" century A.D. This interpre-
tation is consistent with the linguistic finding that the old Mon language of Dvara-
vati was distinct from the old Mon variety ancestor of all modern Mon dialects
(Diffloth, 1984). The maternal divergence between the present-day Mon and the
Nyah Kur is expected, because they descended from different Monic populations.
While all the present-day Mon groups in Thailand migrated from Myanmar only
a few centuries ago (Ocharoen, 1998), the Nyah Kur are direct descendants of
the ancient Dvaravati population of central Thailand (Diffloth, 1984).

More interestingly, a genetic distinction has been observed in the two Nyah
Kur groups. The Nyah Kur in Chaiyabhum (BON_Chaiyabhum) is grouped with
other Austroasiatic speaking populations, especially the Khmer (KHM) and the
Suay (SUY), while their relatives in Nakhon Ratchasima (BON_Khorat) clustered
with various ethnolinguistic groups speaking Kra-Dai languages (Figure 3). While
the low haplotype diversity among the Nyah Kur in Chaiyabhum might have been
shaped by a founder effect and/or inbreeding owing to population isolation, which
is also supported by the stability of the population size (Figure 1), external gene
flow and population expansion might play an important role in driving the high
MPD and & values in the Nyah Kur population in Nakhon Ratchasima (Table 1).
This strongly suggests that the Nyah Kur in Chaiyabhum represents the ancient
Monic lineage that has been lost in the Nyah Kur in Nakhon Ratchasima due
to intermarriage with Kra-Dai speaking populations. This hypothesis is further
supported by the clustering of the Chaiyabhum group with the western Thai Mon
from Kanchanaburi, who only migrated from Karen State in Myanmar in the 1980s
(Bauer, 1990). Because of their recent arrival in Thailand and their geographical
distance from the Nyah Kur, the Kanchanaburi Mon’s genetic similarity to the
Nyah Kur in Chaiyabhum is unlikely to be due to gene flow.

As for the Mon, the genetic heterogeneity among the five groups, as indicated
by their scattered positions in the MDS plot (Figure 2) and the NJ tree (Figure
3), suggests different histories of genetic admixture. Overall, the intermediate
@, values of the Mon (Table 3) are characteristic of the genetic structure of ad-
mixed populations (Cavalli-Sforza and Bodmer, 1971), as observed in many other
human populations (Passarino et al., 2002; Sans et al., 2002; Wen et al., 2004c;
Montinaro et al., 2015). The Mon in Lamphun, not surprisingly, are most closely
related to the Yuan- and Lue-speaking groups (YU1-4 and LU1-4), who are their
neighbours in northern Thailand. Close genetic affinity between the northern Thai
Mon (MONS) and the Kra-Dai speaking groups in northern Thailand (Figures 2
and 3) supports the genetic exchange between them. This pattern was similar to
a previous study utilizing uniparentally inherited nuclear markers (Kutanan et al.,
2011a), which reported a sex-biased admixture in the northern Thai Mon. This
genetic admixture is probably the result of the assimilation policy promoted by
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the Thai government during the 20" century A.D.

In contrast, the Kanchanaburi Mon population clustered with the BM, KR1,
and KR2 populations, indicating a genetic exchange among the ethnolinguistic
groups along the Thai-Myanmar border. The high prevalence of the Mahidol type
G6PD deficiency in the Mon, Burmese, and Karen in Myanmar has been reported,
while the Vientiane-type G6PD mutation was widely observed in the Thai, Lao,
and Khmer (Iwai et al., 2001; Matsuoka et al., 2005; Nuchprayoon et al., 2008).
This finding thus supports the close genetic relationship among the Mon, Burmese,
and Karen in Myanmar.

Furthermore, the MON groups in Lopburi, Ratchaburi, and Nakhon Rat-
chasima showed a relatively close genetic relationship to the Karen in northern
Thailand (KR1), the Thai Isan (IS3) in the lower part of northeastern Thailand
(IS2-3), the Shan (SH), and a number of Austroasiatic-speaking populations
(PL1-2, BL1-2, and LW1-2) further north (Figure 2). The clearest case of genetic
admixture among the three Mon groups is in the Lopburi Mon population, which
is located in the central cloud of the MDS plot (Figure 3). Interestingly, the
Ratchaburi and Nakhon Ratchasima Mon populations showed the closest genetic
relationship among the five Mon groups (Table 3 and Figure 3), suggesting that
they migrated to Thailand in the same wave before splitting to settle in different
areas (Ocharoen, 1998). However, it is unclear why these Mon groups are genet-
ically closer to the Austroasiatic-speaking groups in the north than to the western
Mon.

Several studies investigating global population expansion based on the
mtDNA genome have reported a lack of any major population expansion after the
Neolithic expansion (10 kya) (Atkinson et al., 2008; Gignoux et al., 2011). In the
Han Chinese mtDNA genome, population expansion began before the Neolithic
time, which stimulated the development of agriculture to produce enough food
(Zheng et al., 2011). The female effective population size, based on the HVR-I
sequence of Cambodian aborigines, started to decline at 5 kya, but then suddenly
increased during the last 1 kya (Zhang et al., 2013). Based on the BSP (Figure
1), the maternal population sizes of almost all of the Mon populations, with the
exception of the MON_Khorat one, were unchanged or perhaps increased until
their diminution during the last 5 to 1 kya. The MON_Khorat population ini-
tially expanded around 2 kya, and this trend has continued from their migration
into Thailand to the present time. Although the maternal population size of the
MON_Sangkla declined after the Neolithic expansion, a continuous demographic
expansion during the pre-Neolithic expansion might have caused genetic variation
to accumulate, as indicated by the demographic expansion and BSP results (Table
1 and Figure 1). Our results of population expansion seem to be more consistent
with the Cambodian populations than the Han Chinese, reflecting a similar pop-
ulation history among the Southeast Asian populations. However, the use of less
informative genetic markers in the present study, in which only HVR-I sequence
was analyzed, and in studies of the Khmer, should be noted, in contrast to the
full mitochondrial genome sequencing of the Han Chinese.
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CONCLUSION

The results of this study provided additional information on the maternal
genetic ancestry of the modern Mon in Thailand. The genetic structures of the
five Mon populations studied revealed genetic heterogeneity that likely resulted
from population admixture. While the Mon in western, central, and northeastern
Thailand show a genetic connection to Sino-Tibetan groups, possible maternal
genetic exchange between the Mon in northern Thailand and their neighbouring
Kra-Dai speaking groups was observed. Furthermore, the modern Mon and their
Monic relatives, the Nyah Kur, have distinct maternal genetic structures, which
have possibly resulted from different population histories in which the modern
Mon are genetically related to the Mon in Myanmar and the Nyah Kur descended
from the Dvaravati Mon. However, the present study relied on sequences from
only the HVR-I region of the mtDNA, and so future work analyzing mtDNA hap-
logroup lineages from the rest of the mtDNA genome, as well as Y chromosomal
variations, could elucidate a more comprehensive and accurate genetic history of
the Mon in Thailand.
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Supplementary material 1

Mismatch distributions of the HVR-I sequences of the seven studied Mon
populations. The dotted lines indicate the observed distributions and the solid lines
indicate the expected distributions under the constant size population model and
the sudden population growth-decline model.
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Supplementary material 2

Population average pairwise differences between populations (PiXY) (above
diagonal), average pairwise differences within populations (PiX) (diagonal ele-
ments) and corrected average pairwise differences (PiXY-(PiX+PiY)/2) (below

2 CMU J. Nat. Sci. (2016) Vol. 15(3)

diagonal)

MON_ MON_  MON_ MON_ MON_  BON_ BON_

Sangkla  Lopburi  Ratchaburi  Korat Lamphun  Chaiyabhum Korat
MON_Sangkla 6.95249  6.63462  6.22436 6.29939  7.49390  7.05495 7.97308
MON_Lopburi 0.25689  5.80297  5.87179 597028 6.83927  6.77045 7.45641
MON_Ratchaburi ~ 0.31954  0.54174  4.85714 5.04870  6.68409  6.63946 7.11905
MON_Korat 0.28245  0.52810  0.07943 5.08140 6.81319  6.65043 7.09773
MON_Lamphun ~ 0.35180  0.27194  0.58966 0.60664 7.33171  7.58885 8.30244
BON_Chaiyabhum 0.56244  0.85271  1.19462 1.09348  0.90674  6.03252 8.17381
BON_Korat 0.51789  0.57598  0.71153 0.57808  0.65764  1.17860 7.95780
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