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Abstract: South-east Asia has an exceptionally high diversity of snakes, with more
than 250 snake species currently recorded from Thailand. This diversity likely
reflects the diverse range of geographical and climatic conditions under which they
live, but the evolutionary history and population genetics of many snake species in
South-east Asia has been little investigated in comparison with morphological
studies. Here, we investigated genetic variation in the monocled cobra, Naja
kaouthia, Lesson, 1831, across its distribution range in Thailand using
mitochondrial-DNA (Cytochrome b, control region) for ~100 individuals, and the
nuclear DNA gene (C-mos) for a small subset. Using population genetic and
phylogenetic methods, we show high levels of genetic variation between regional
populations of this non-spitting cobra, including the north-eastern, north-central,
and southern regions, in addition to a population on Pha-ngan Island, 150 km
offshore from the southern peninsula. Moreover, inclusion of the north-eastern
population renders N. kaouthia paraphyletic in relation to other regional Naja
species. The north-eastern population is therefore probably specifically distinct.
Given that these cobras are otherwise undifferentiated based on colour and
general appearance to the ‘typical’ cobra type of this region; they would represent
a cryptic species. As has been shown in other animal groups from Thailand, it is
likely that the geographic characteristics and/or tectonic alteration of these regions
have facilitated high levels of population divergence of N. kaouthia in this region.
Our study highlights the need for dense sampling of snake populations to reveal

their systematics, plan conservation, and facilitate anti-snake venom development.

Keywords: Monocled cobra, snakes, molecular phylogenetics, phylogeography,
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Introduction

South-east Asia has an exceptionally high diversity of snakes (Jitakune, 2004),
with more than 250 snake species currently recorded from Thailand (Cox et al.,
2013). This diversity likely reflects the diverse range of geographical and climatic
conditions under which they live (Mott, 2010), but the evolutionary history and
population genetics of many snake species in South-east Asia has been little
investigated in comparison with morphology-based studies. For example,
phenotypic polymorphisms at the population level have been found in snakes living
between different geographical regions of South-east Asia e.g. Asiatic cobra
species in the genus Naja (Wuster et al., 1995), the monocled cobra, Naja
kaouthia, the King cobra, Ophiophagus hannah (Jitakune, 2004), and Kruki
snakes, Oligodon (Cox et al., 2013), but their genetic variation is generally lacking.
Such morphology-based studies have formed the basis for understanding
biodiversity, but where species occur over a wide range, with distinct populations,
cryptic species may be missed.

The monocled cobra (Naja kaouthia) is reportedly the only species of non-
spitting cobra that occurs throughout South-east Asia and some parts of China and
India (Uetz and Hosek, 2014), in which the type locality is listed as “Bengale”
(Lesson 1932: 314), India. Due to the large distribution area of N. kaouthia,
variation in adult characteristics and morphological divergence in populations have
repeatedly been found (e.g. Wuster et al., 1995; Wallach et al., 2014). The adult
variation may reflect environmental (e.g. tropical savanna, rain forest) and
geophysical differences resulting from mountain, river, and land-ocean partitions.
In Thailand, Naja kaouthia shows high levels of variation among regional
populations in features such as colouration (Cox, 1991; Wuster et al., 1995;
Jitakune and Chanhome, 1996; Jitakune, 2004) and toxin components (e.g. Tan et
al., 2017). Field observations also supported that the colour and pattern of N.
kaouthia (north: black; central: black and brown; south: olive), and timing of their

reproductive period (north-central: Oct/Nov - Mar/Apr and south: Apr — Sep) vary
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among regions in Thailand. However, these differences have not been investigated
from a genetic perspective to test if phenotypic variation is reflected by genetic
variation.

The relationship between environmental conditions and population genetic
diversification is well documented in Naja atra, the closest relative of N. kaouthia.
The genetic study of Lin et al. (2014) revealed three distinct populations of N. atra
across East Asia (n = 285) and suggested that lineage diversification was caused
by the development of the Nanling and Luoxiao mountain ranges (the ranges run
from west to east in Southern China, and continue north into Central China).
Wister and colleagues (1989, 1992, 1995) examined the systematics of the genus
Naja in Asia, and variation of N. kaouthia across its range, and these studies have
formed the basis of subsequent discussions on the evolution of cobras in South-
east Asia. Analysis of N. kaouthia based on meristic and linear measurements
found no differentiation (Wuster et al., 1995), while ‘typical’ and Suphan (white)
phase cobras were found to be genetically identical, although only four samples of
N. kaouthia were included. Other investigations of genetic differentiation in snake
taxa have generally yielded inconclusive results such as Elapidae in Asia, Africa,
and America, (Slowinski and Keogh, 2000), sequences of Caenophidian snakes
from GenBank (Kelly et al., 2003; Vidal et al., 2007), sequences of Colubroidea
snakes from GenBank (Lawson et al., 2005; Yan et al., 2008), and many snake
species in Thailand (Laopichienpong et al., 2016).

As shown for N. atra (Lin et al, 2014), our prediction was that
geographically separated regions (e.g. Woodruff, 2003; Hughes et al., 2003) and
temporal geological changes had the potential to facilitate divergence of N.
kaouthia in Thailand (e.g. Buddhachat and Suwannapoom, 2018). The northern
region is a mountainous area covered by many high, parallel mountain ranges that
extend from the north, alternating with many deep valleys and steep rivers. It is
also drained by rivers that unite in the lowlands of the central region. Further south,
the Himalayan-Tanoasri mountain range stretches from the central region into the

southern peninsula region. Similarly, the north to south Phetchabun, Dong Phaya
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Yen, and San Kamphaeng mountain range forms a potential barrier between the
central region and the high plateau of the north-eastern region. Major tectonic
organizations in Thailand > 60 Million years ago (Mya) (Department of Mineral
Resources, Thailand, 2007) occurred before the arrival of ancestral cobras into
Asia (11-16 Mya) (Slowinski and Keogh, 2000; Wuster et al., 2007) but the rise in
sea level after the Late Pleistocene (8,000-6,000 years ago) (Sinsakul, 1992; Voris,
2000) may have restricted the distribution ranges of the cobra population.

Although high levels of morphological variation have been reported among
populations of N. kaouthia (e.g. Jitakune, 2004), there remains the question as to
whether this variation reflects genetic diversification (Ursenbacher et al., 2008) or
local ecological/environmental adaptations resulting from phenotypic plasticity
(Forsman, 2015; Lin et al., 2008). Given the limited data on the interrelationships of
N. kaouthia, this study investigated genetic differentiation among populations
across 12 localities (provinces) and four regions, with collecting sites covering
different environments in Thailand. Mitochondrial DNA (mtDNA) for Cytochrome b
(Cyt b) and the control region (CR) was generated for over 100 individuals and
analysed using phylogenetic inference, and population genetics. As mtDNA trees
are not necessarily the same as species trees (e.g. Taggart et al. 2001), we also
generated nuclear DNA (C-mos) data for a subset of these samples to validate
results from the mitochondrial genome.

Our findings demonstrated a high degree of population differentiation among
the sampled N. kaouthia populations from Thailand. These populations are
genetically divergent among regions, and revealed that the north-eastern
population should be elevated to a separate species to render N. kaouthia
monophyletic in relation to other cobras. Moreover, these data can help to explain

the eco-evolutionary history of these lineages across Thailand.

Material and methods

Taxon sampling

ZSC submitted manuscript
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Samples from scales and shed skin were collected from 102 wild caught Naja
kaouthia. The collecting sites were selected across the range of N. kaouthia within
Thailand, and designed to cover all regions including north, south, central, and
north-east. Within each region there are multiple provinces from which the snakes
were sampled (Fig. 1, see also supporting information, Table S1 for precise
sampled locality). However, within the north-eastern region, it was only possible to
sample N. kaouthia in one of the provinces (Nakhon Ratchasima: NR). For
outgroup comparison, two samples of N. siamensis were also collected, based on
its reported close relationship with N. kaouthia (Slowinski and Wiuster, 2000),
together with a single sequence each of N. atra and N. naja from Genbank (see
supporting information, Table S2).

All snakes collected from the wild were handled by experienced regional
collectors. The fresh scale samples were clipped at the venter (belly scale) and the
shed body skins were taken at the Bangkok snake farm, QSMI, to which the wild
cobras had been moved under official permit by the snake farm (Document no.
1/2015). Scale samples were subsequently stored in 70% EtOH and kept in a
freezer at -20°C. Archival tissues from this study are stored in a -20°C freezer at

the Molecular laboratory, Chulalongkorn University, Bangkok, Thailand.

Genetic markers and sequences

Two mitochondrial DNA markers: Cytochrome b (Cyt b) and the Control Region
(CR) were amplified from all samples in this study as these markers have been
shown to be useful for resolving genetic divergences within snake species (e.g.
Wouster et al.; 2007; Hofmann, 2012; McCartney-Melstad, 2012). As there are only
a small number of published mtDNA sequences of N. kaouthia which are mostly
partial, primers were newly designed using complete mtDNA sequences of N. naja
and N. atra from Genbank (Ref. No.: NC_010225.1; Yan et al, 2008 and
NC_011389.1; Chen and Fu, 2008) in BioEdit software version 7.0 (Hall, 1999).
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The location of the novel designed primers was based on a preliminary comparison
of those Naja sp. sequences that show low/high polymorphism (see supporting
information, Table S3 for sequence of primers). Based on the surprising placement
of the north-eastern samples in the phylogenetic analysis, a subset of samples
were also amplified for the nuclear DNA (nuDNA) marker: Oocyte maturation factor
(C-mos) (n = 20) using the primers from Lawson et al., (2005). Amplification of
these samples resulted in a total of twelve samples (n = 2 for each of the following
locality codes: BK, SB, PNG, PL, NR, and n = 2 for Naja siamensis) being

successfully sequenced after several attempts.

DNA extraction, PCR amplification, and sequencing

Prior to DNA extraction, tissue samples were washed twice using 70% ethyl-
alcohol and diluted water to remove any contamination (Graziano et al., 2013).
Each sample was then cut into small pieces (~1-2 mm?). Extractions were carried
out using a Favorgen genomic DNA kit. PCRs were performed in 20.0 ul reactions
including EmeralAmp Max solution (10.0 pl), the mtDNA (4.0 pl), ddH,O (4.0 pl),
forward and reverse primers (1.0 pl each). Conditions for PCR were as follows:
initial denaturation at 95°C for 5 minutes, followed by 30 cycles of 95°C for 40
seconds, an annealing at temperatures between 49-55°C (Cyt b), 47-62°C (CR),
and 56°C (C-mos) for 40 seconds, then an extension step of 72°C for 120 seconds.
The PCR product was then transferred to a column for DNA purification following
Favorgen kit protocols. A final concentration of DNA (80.0-100.0 ul) was checked
using gel-electrophoresis and stored at -20°C before sequencing. Sequencing was
carried out at Bioneer Ltd. (Daejeon, South Korea, www.bioneer.com) using both

forward and reverse primers of all markers.

Sequence alignment and data matrix
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Following visual checking of electropherograms, correction of base comparison of
complementary strands was performed in the BioEdit. Contigs were generated
from the forward and reverse primers. The resulting sequences were subsequently
submitted to BLAST searches for comparison with sequences in GenBank and
aligned. Sequences of Cyt b and CR were of good quality with the former markers
consisting of 603 bp (Cyt b), the first CR domain (CR1) 599 bp (two insertion
bases) in north-eastern and out-group populations, while all other populations were
of 597 base pairs; and the second CR domain (CR2) consisted of 470 bp, in which
an indel of 1 bp was present in the north-east populations, and outgroups. The
nuDNA marker C-mos was 480 bp for all samples.

A concatenated mtDNA matrix of 1,673 bp of CR and Cyt b sequences (CR:
1-1,070 + Cyt b: 1,071-1,673) from 104 samples and two N. naja and N. atra
samples was initially generated. However, the flanking tRNAs from the CR and Cyt
b sequences were deleted as these regions were too small to apply evolutionary
models, resulting in a concatenated matrix of 1,531 base pairs for all downstream
genetic analyses. All data matrices were aligned using ClustalW (Thompson et al.,
1994) using default settings in the programme BioEdit version 7, and visually
inspected. Sequences for all samples in this study are available from Genbank

(see supporting information, Table S1 for Genbank Accession Numbers).

Haplotype analyses

The concatenated mtDNA matrix of 102 samples of N. kaouthia and 4 outgroup
samples of N. siamensis, N. atra, and N. naja were imported into the programme
DnaSP 5.0 to analyse DNA polymorphisms for haplotype analysis (Betran et al.,
1997; Librado and Rozas, 2009; Rozas et al., 2017). The programme Network
version 5.0.0.1 (Fluxus Technology Ltd.) was used to generate a full haplotype
network of all 106 mtDNA and 12 nuDNA samples using a median joining algorithm

(Bandelt et al., 1995, 1999) with epsilon equal to zero. The final network was
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reconstructed using image editing software (e.g. Paint and ACDSee Pro 4). The

same analysis was also implemented for the nuDNA data.

Phylogenetic analyses

To obtain the best-fit partitioning scheme and models of nucleotide evolution, the
combined mtDNA dataset was partitioned by markers, and for the protein-coding
Cyt b gene only by codon position, giving a total of four partitions. The nuDNA C-
mos dataset was analysed separately and was not partitioned. The datasets were
executed in Partition-Finder version 1.0 (Lanfear et al., 2012) using the Bayesian
Information Criterion (BIC) as a metric of model selection with a heuristic algorithm.

For phylogenetic analyses, we used MrBayes version 3.2.6 (Huelsenbeck
and Ronquist, 2001; Ronquist et al., 2012) which uses Bayesian Markov chain
Monte Carlo (MCMC) methods. Two simultaneous analyses (nruns = 2) were run
for 5,000,000 generations, sampling every 100 generations (number of chains = 4,
heating schemes = 0.2) with an initial burn-in equal to 12,000. Analyses were run
ensuring chains were stationary (assessed using Tracer version 1.6) with effective
sample size (ESS) values > 200 (Drummond et al., 2006). FigTree version 1.4.3
(Rambaut et al., 2014) was used to view the summarized tree which was
generated in TreeAnnotator version 1.8.4 (Drummond et al., 2012). Branch support
was calculated using Bayesian Posterior Probabilities (BPP). Individual markers
(CR and Cyt b) were also analysed to determine if the resulting trees were
congruent with the concatenated mtDNA tree, using the same settings as

described above.
Molecular diversity
Molecular genetic diversity based on nucleotide difference between all samples,

including haplotype diversity (h), nucleotide diversity (r7), Tajima’s D (D), and Fu

and Li’'s F (Fs), were calculated using DnaSP and Arlequin version 3.5.2.2
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(Excoffier et al., 1992; Excoffier and Lischer, 2010). To confirm the population
differentiation grouped by locality (province), Analysis of hierarchical Molecular
Variance (AMOVA) was conducted in Arlequin for @-,,,6s (genetic structure based
on sequence differences between samples) using pairwise differences (Excoffier et
al., 1992), and for conventional F.s (bases on haplotype frequency). For all
analyses the settings were left as default, allowing missing data and a significance

level equal to 0.05, as well as permutations equal to 10,000.

Results

Phylogeny of N. kaouthia in Thailand

The best partitioned models for the phylogenetic inference were K81uf+l for CR,
Cyt b codon 1 and 2; HKY for Cyt b codon 3; and F81 for C-mos. Bayesian
analysis of the concatenated mtDNA marker supported four main clades (0.97-1.00
BPP) of Naja kaouthia which are composed of different geographical regions of
Thailand (Fig. 2). These clades are: 1) a northern (Sukhothai - SK and Nakhon
Sawan - NW) and central (Saraburi - SB, Bangkok - BK, Samutprakarn - SMP, with
the exception of the Prachuabkirikhan [PJ]) population that is sister to 2) a
southern population (Ranong [R], Phattalung [PL], and Trang [T]) combined with
one from Prachuabkirikhan (a province between the central and southern regions).
This grouping of samples (0.97 BPP) is sister to the cobra population from 3) Pha-
Ngan Island (PNG) (1.0 BPP), a small (125 Km?) offshore island close to the south
of Thailand (50 Km). A fourth geographic clade, Nakhon Ratchasima (NR) in the
north-eastern region is also identified. However, a major finding of this study is that
N. kaouthia is currently non-monophyletic. As shown in Fig. 2, both N. naja and N.
atra are more closely related to the geographic north-central + southern + island
clades of N. kaouthia than is the population from the north-east.

Separate phylogenetic analyses of the CR and Cyt b markers gave similar

results to the concatenated mitochondrial tree in that the geographic clades were
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largely recovered, but they differed in their position within the tree. Most notably,
the monophyly of the ingroup differs between analyses. Within the CR tree, three
clades were identified (see supporting information, Fig. S1), in which, as in the
combined analyses, the north-east clade is distinct and is the sister group to other
N. kaouthia, but N. kaouthia is monophyletic in relation to the outgroup species.
The southern population is not separated from the north-central population but
nests within it. The Cyt b tree is more similar to the concatenated tree except that
the north-eastern population is sister to the spitting cobra (Naja siamensis) and the
island clade is sister to the north-central clade (see supporting information, Fig.
S2). A single sample (PL_NK _03) was resolved in alternative positions: nesting
within the Southern clade within the concatenated tree and the CR tree, but was
found to be the sister group to the Island clade in the Cyt b tree. Support for the
latter relationship was not strong, and therefore additional data is needed to clarify
its position.

Although the phylogeny based on the nuclear marker C-mos does not
support or contradict the non-monophyly of N. kaouthia, it supports the mtDNA
data by indicating the separation of the north-eastern (NR) clade (1.00 BPP) from
all other regional samples of N. kaouthia (supporting information, Fig. S4A). The
southern (PL) clade was also supported, but no unique bases were identified in
any of the other regional clades, which is unsurprisingly given generally slowly

evolving nature of the C-mos gene region (e.g. Jesus et al., 2005).

Haplotype network

A haplotype network based on the concatenated mtDNA matrix showed ten
haplotypes (H1-10) of N. kaouthia across its regional distribution in Thailand,
supporting the results of the mtDNA concatenated phylogenetic analysis in that
four main groups are identified. These included: north and central (H1-2: red),
southern (H3-5: blue), island (H6: grey), and north-eastern (H7-10: green), with
outgroups denoted as (H11-14) (Fig. 3). There is no haplotype sharing among the
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four main groups of N. kaouthia. One haplotype (H1) is found in all five provinces
(SK, SB, SMP, BK, and NW) in northern and central regions (Fig. 3). One unique
haplotype (H6) occurs in the island N. kaouthia only, and four haplotypes were
found only in the north-eastern region (NR) (Fig. 3 and Table 1). In agreement with
the concatenated mtDNA phylogenetic tree (Fig. 2), the island population is distinct
from that of the mainland, and the north-eastern population is highly isolated from
other regions (Fig. 3). A haplotype network for C-mos also supported the north-
eastern population being highly divergent from all other regions and the outgroup
species Naja siamensis (see supporting information, Fig. S4B). The haplotype
network obtained from analysis of nuDNA loci (Fig. S4B) is consistent with some
results of the mtDNA analysis (Fig. 3). Cobras from the central region (BK), Pha-
ngan island (PNG), and the spitting cobra outgroup (NS) were grouped together
(H1), but samples from Phattalung (PL) in the southern region (H2) and from
Nakhon Ratchasima (NR) in the north-eastern region (H3) (Fig. S4B), had distinct
haplotypes, supporting the result of mtDNA network (Fig. 3). The four main groups
of N. kaouthia and the shared haplotypes displayed in the separate CR and Cyt b
haplotype networks (see supporting information, Fig. S3A-B) correspond to the
concatenated network (Fig. 3) and the phylogenetic trees (Fig. 2). With the
exception of the outgroups, the Cyt b and CR networks exhibit five (H1-5, Fig. S3A
for Cyt b network) and nine (H1-9, Fig. S3B for CR network) haplotypes,

respectively.

Molecular diversity

Genetic diversity indices supported the geographical divergence of N. kaouthia into
four groups. Over the entire concatenated dataset, there are 142 polymorphic sites
(S) (67 in CR and 76 in Cyt b). Haplotype diversity (h) of the concatenated data
among all samples is high (0.773), and, unsurprising, the rapidly evolving CR
(0.770) has higher values than Cyt b (0.571). Within each population group, the h

ZSC submitted manuscript
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values range from 0.47 to 0.60, but are zero in the island population (Table 1)
indicating that the island population have their own unique haplotype.

High nucleotide diversities (1) were detected for the whole population i.e.
the concatenated data = 0.973% (CR = 0.665% and Cyt b = 1.415%) but values
within each population group were low = 0.030-0.057% (Table 1). The values of h
and 1T corresponding to haplotype numbers suggest that genetic variation is higher
in the north-eastern population (11 samples) than in other populations, while the
genetic sequence of all island samples is identical (only eight samples were
tested).

Population differentiation indices

Analysis of hierarchical Molecular Variance (AMOVA), based on sequence
divergence of the concatenated mtDNA between samples (@), demonstrated a
high level of genetic variation between cobras from different geographic regions,
®Dcr (97.57%, p-value < 0.05) but low levels of variation within provinces, ®sr
(1.43%, p-value < 0.05), and between provinces within regions, ®sc (1.00%, p-
value < 0.05). The same analysis for the separate CR and Cyt b datasets produced
similar results to the concatenated data (CR = 94.81% and Cyt b = 99.77%, p-
value < 0.05). The AMOVA based on variation of haplotype frequencies
(conventional F-test) displayed values for concatenated data = 42.99%, CR =
46.29%, and Cyt b = 96.77% (p-value < 0.05). These confirmed the population
differentiation of N. kaouthia into four clearly separated regions, as supported by
the clustering in the phylogenetic trees (e.g. Fig. 2) and haplotype networks (e.g.
Fig. 3).

The pairwise comparison of @¢r also confirmed a high level of population
differentiation between regions (Table 2). The ®¢r results are also supported by
Fcr. Although the values are lower, they still indicated significant levels of regional
difference in N. kaouthia. A similar pattern is also shown in the results of the
separate analyses of the CR (81.26-98.72% for ®cr and 50.35-80.16% for Fcr)
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and Cyt b genes (99.31-100.0% for ®cr and 81.18-100.0% for Fcr). Thus, all
genetic results suggested that the populations of N. kaouthia in all four regions are

highly distinct from each other.

Discussion

In this study, substantial genetic diversity was found among populations of N.
kaouthia from the different areas of Thailand, in which the north-eastern region
population was shown to be highly distinct, lying outside of the ingroup populations.
Additional nuclear data (C-mos) supported this hypothesis, and it is likely that the
north-eastern population represents a new species of cobra. The island population
was also found to be isolated from mainland populations, but this finding requires
more samples from neighbouring islands to determine if this genetic lineage is

endemic.

Sequence diversity

This study found high levels of genetic diversity between samples of N. kaouthia
(see Table 1). Similar values for a species have been reported in other snake
studies (although some of these studies have used different mtDNA markers), such
as Deinagkistrodon acutus (m = 1.409% - NADH dehydrogenase (ND2) subunit 2;
Huang et al., 2007), Epicrates subflavus (h=0.79, 1 = 0.76% - Cyt b; Tzika et al.,
2009), Philodryas chamissonis (h = 0.97, m = 1.51% - CR; Sallaberry-Pincheira et
al., 2010), and Naja atra (h = 0.868, m = 0.827% - Cyt b; Lin et al., 2014). A few
studies that calculated the same indices for several populations of a single species
showed low 17 as in this study, for example Aipysurus laevis (h = 0.55-0.63, T =
0.12-0.52% - ND4, Lukoschek et al., 2008) and Vipera latastei/monticola group (h
= 0.678-1.000, m = 0.8-4.1% - ND4 and Cyt b; Velo-Anton et al., 2012). As in
other studies, the high m value for the N. kaouthia samples generated here, is

evidence for a high level of nucleotide divergence between samples. However, the
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low 17 values calculated for populations within regional groups (0.030-0.057%)
represent short nucleotide distances between haplotypes (de Jong et al., 2011). All
of these values support the genetic variation among the regional populations of N.

kaouthia in Thailand.

Regional diversification of Naja kaouthia

Four population groups of N. kaouthia are recognised in Thailand. In contrast to
Waster et al. (1995) who found no differentiation among populations of N. kaouthia
based on their multivariate analysis of morphology (n = 132) and mtDNA data (n =
4), our study revealed strong regional differentiation in N. kaouthia, based on our
genetic data (Fig. 2) and also by some colour and patterning from our fieldwork
observations (Ratnarathorn, 2019). However, although the genetically
differentiated northern+central population and southern population differed in
colouration (black, and plain olive respectively), this is not the case for the island
and the north-eastern populations. While the mtDNA data revealed that the island
and the north-eastern populations are not closely related, their colour and patterns
are barely distinguishable by visual inspection from the lowland basin cobras
(north-central), which are regarded as ‘typical cobras’ (Wuster et al., 1995). On the
other hand, we found no genetic difference between the typical cobras and two
samples of ‘Suphan’ phase or the white cobra (SB_NK 08 and SB_NK_05),
supporting the result of Wister et al. that there appears to be no divergence of the
cobras within the north-central region (1.00%, p-value < 0.005). These data show
that the relationship between phenotypic and genetic variation of N. kaouthia are
ambiguous.

The separation of monocled cobra populations is likely attributed to natural
barriers limiting genetic exchange (Lin et al. 2014). The mountain ranges of
Phetchabun, Dong Phayayen, and Sankamphaeng form a barrier between the
north-eastern and central regions in Thailand (Fig. 1). The southern region is

characterized as a peninsular and is partitioned from the central region by the
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Himalayan-Tanoasri mountain range (Fig. 1). Stuart and Wogan (2014) note that
N. kaouthia could be found at 1,000 meters above mean sea level although this is
likely very rare as N. kaouthia prefers to live close to lowland basins, in habitats
such as swamps and paddy fields (Cox et al., 2013). However, there are more than
ten peaks along the Himalayan-Tanoasri mountain range and all of them extend
over 1600 meters above mean sea level. This region is also known as a transition
zone and plays an important role in diversity in other species (Hughes et al., 2003;
Woodruff, 2003). Based on genetic data, comparisons among populations of the
mainland Asian tree frog, Polypedates leucomystax (Buddhachat and
Suwannapoom, 2018) gave similar results to our study in that the frogs were also
divided into north-central, north-eastern, and southern populations. The
differentiation between northern and southern populations has also been reported
in the king cobra (Ophiophagus hannah) using phylogenetic analyses of ND2 and
CR (Suntrarachun et al., 2014), and other amphibian and reptile species (Inger and
Voris, 2001). Population phylogenetic studies of other snake species, such as
Deinagkistrodon acutus (Huang et al., 2007), Aipysurus laevis (Lukoschek et al.,
2008), Philodryas chamissonis (Sallaberry-Pincheira et al., 2010), Gloydius
brevicaudus (Ding et al., 2011), Vipera latastei/monticola group (Velo-Antén et al.,
2012), and Naja atra (Lin et al., 2014) showed similar results to those of this study
in finding that, for example, geography, climate, and/or distance correlate with

regional genetic variation.

Cryptic speciation in N. kaouthia

Based on the molecular phylogenetic analyses reported herein, snakes from the
genetically distinct north-eastern population (from NR province) do not nest within
N. kaouthia and are as distinct from N. kaouthia as are members of the other cobra
species sampled (N. naja, N. atra, and N. siamensis). This result is supported by
the haplotype network (Fig. 3) and high values of AMOVA population indices (0.98-

0.99, p-value < 0.005, in Table 2). This placement was unexpected and novel,
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possibly because previous studies did not include samples from this part of the
range of N. kaouthia (Wuster and Thorpe, 1994; Wuster et al., 1995). These novel
genetic data strongly support the designation of a new cobra species in the north-
eastern region of Thailand. However, despite the strong genetic evidence that this
lineage is highly distinct, our observations during fieldwork revealed neither major
morphological traits nor a difference in reproductive timing between north-eastern
cobras and typical monocled cobras from the lowland basin. Many of the north-
eastern cobras have lighter black spots on the ventral scales (see supporting
information, Fig. S4), but this trait is absent in some individuals and was rejected
as a fixed regional trait by Lin et al. (2008). Another potential character is head
length when the hood expands. Based on personal observation (see supporting
information, Fig. S4), the head of north-eastern cobras appears to be flatter and
wider posteriorly and longer at nasal area than in typical monocled cobras, but it
can be limited by their posture, age, health or orientation (e.g. Bonnet et al., 2001).
A detailed morphological investigation is required to assess whether there are traits
that differ between the NE lineage and ‘typical’ monocled cobras and is currently in
progress. Nonetheless, the deep genetic divergence between the NE clade with
respect to other populations of the monocled cobra, indicates cryptic speciation
within this group of snakes. Our finding supports Laopichienpong et al., (2016) who
indicated that N. kaouthia samples from Bangkok (n = 3) were genetically divergent
from those from Bangladesh (KM521202) + Myanmar (AF217835) using CO1 and
Cyt b.

The negative values in both Tajima’D (-1.32) and Fu and Li’'s F (-1.02) of the
north-eastern N kaouthia (Table 1) indicate that they are currently experiencing
different demographic processes (excess of rare alleles or population expansion)
compared to other regional cobra populations (Tajima, 1989; Fu, 1997).

Species divergence of the north-eastern cobra may be due to geographic
and/or climatic differences. This region differs from other regions of Thailand
(Wittayarat et al., 2001), and is known as a ‘tropical savanna’, experiencing a

complete drought from October-May. Most of this region is represented by a high
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plateau surrounded by mountain ranges that form a closed environment. These
features greatly restrict animal movement between regions, particularly for species
with typically low vagility such as terrestrial snakes (Brito, 2003; Pyron and
Burbrink, 2009; Breininger et al., 2011). Similar findings of diversification within
species have been reported for various taxa including the fighting fish, Betta
smaragdina (Sriwattanarothai et al.,, 2010), the cardamom mountain horned
agamid Acanthosaura cardamomensis (Wood Jr et al., 2010), the bamboo pit
viper, Trimeresurus macrops sensu stricto (Mrinalini et al., 2015), and species of
the Asian tree frog, Polypedates leucomystax (Buddhachat and Suwannapoom,
2018).

Geographical history also supports the possibility of population divergence
or speciation for the north-eastern cobra group. In relation to Betta,
Sriwattanarothai et al. (2010) suggested that changes in tectonic plate and mineral
deposition during the Mesozoic (Smith and Stokes, 1997) led to allopatric
speciation of fish populations within this highland. However, this would not explain
the speciation of north-eastern cobras. The ancestor of Asiatic cobras is estimated
to have split from its African sister group and dispersed to South-east Asia during
the early to mid-Miocene (Wuster et al., 2007), which was long after the major
geological changes in this region during the Mesozoic. Similar to the divergence
and dispersal of Asiatic cobras to South-east Asia, other examples include the pit
viper Trimeresurus (Mrinalini et al.,, 2015), mammalian faunas (Ducroq et al.,
1994), and floral assemblages (Songtham et al., 2003).

It is possible that divergence of the north-eastern cobra occurred around the
beginning of the glacial period (from Late Pliocene to Early Pleistocene). The
development of a cooler and drier climate than in preceding periods (Udomchoke,
1989; Penny, 2001) may have resulted in the extinction of most of this warm-
restricted species, and led some populations to diverge in allopatry (refugial area)
(Hewitt, 2001; Hamilton et al., 2001; Lin et al., 2014), eventually promoting genetic
differentiation (Hewitt, 2001). A possible refugium exists in the south of the north-

eastern province and is dominated by tropical forest (where the focal cobras are
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found) rather than the deciduous forest or savanna found in most other parts of the
north-eastern region. A similar suggestion with respect to refugia was made for
Vipera latastei/monticola (Velo-Anton et al., 2012) and Naja atra (Lin et al., 2014),
but has not been confirmed for Naja kaouthia. The only evidence in our study
comes from the high sequence variation (4 haplotypes) within the north-eastern
samples, with expansion of the current population (high h and low T [Avise, 2000]
and negative values of D and Fs [Lin et al., 2014]) after the end of glaciation.

However, the D and Fs values were not significant (p > 0.05).

Endemic island N. kaouthia and population history

In Thailand, the Isthmus of Kra is considered to be a buffer zone that facilitates
species divergence between the southern archipelagos and northern mainland
(Woodruff, 2003; Hughes et al., 2003). As we report in this study, sampled N.
kaouthia from one small island (125km?) in the Gulf of Thailand, Pha-ngan (known
as ‘Snake Island’), which is about 50 km from the mainland, showed a signal
suggesting isolation of this island population. This divergence is supported by
phylogenetic, network, and population statistics (e.g. AMOVA test (0.95-0.99, p-
value < 0.05 in Table 2). The isolation of the monocled cobra population on Pha-
Ngan island was likely due to a massive rise of sea level in this region around the
late Pleistocene (8,000-6,000 B.P.) (Sinsakul, 1992; Voris, 2000). Similar patterns
(island isolation in this region) have been recorded in insects such as the Varroa
mites, Varroa destructor (Warrit et al., 2006), the Eastern honey bee, Apis cerana
(Warrit et al., 2006; Rueppell et al., 2011), and the tephritid fruit fly, Zeugodacus
cucurbitae (Boontop et al., 2017). Observations from fieldwork indicated that the
island cobras are approximately 50% smaller than those on the mainland
(Ratnarathorn, pers. obs), although it was not possible to take measurement data
under our permits. They also do not have the olive colouration of the southern
mainland snakes and are instead coloured black and brown. The smaller size of

the island cobras could be due to limited resources, leading to selection for a
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reduction in body size and, if confirmed, could represent an example of insular
dwarfism in snakes (e.g. Boback, 2003; Keogh et al., 2005; Luiselli et al., 2015;
Card et al., 2016). However, a much larger data set based on measurement and
body weight data is needed to confirm this observation, as the sample from Pha-
ngan was limited to eight small individuals whose maturity was not determined.

To explore the genetic diversity found in the Pha-ngan Island population
requires further sampling, particularly from other islands situated between Pha-
ngan Island and the mainland, such as Samui (~20 km from the mainland, ~252
km? in size) and/or Phaluai Islands (~20 km, ~16 km?), as well as the 42 islands in
the region. Some unobserved intermediate haplotypes are suggested on the
network branch between the mainland and island populations (Fig. 3), so that
additional samples may yield the missing haplotypes and thus act as ‘stepping
stones’ for dispersal, as opposed to the alternative hypothesis of vicariance,
caused by the rise in sea level that split this population from the mainland (e.g.
Michaelides et al., 2015). Moreover, the distance between the island and the
mainland could be important. Studies of N. kaouthia on Phuket Island (distance:
~0.5 km only) did not reveal any phenotypic difference between the island and
mainland samples (WuUster and Thorpe, 1989, 1992; Wuster et al., 1995), and the
tree frog species, Polypedates leucomystax on Phuket Island displayed haplotypes
shared with mainland populations (Buddhachat and Suwannapoom, 2018).
However, no haplotypes of the Pha-ngan Island cobras were found to be shared
with the mainland populations in this study (Fig. 3). This suggests that the island
cobra may be independent, and that the population is endemic to this offshore

island.

Demographic and ecological interpretation

A preliminary signal suggesting current demographic expansion was demonstrated

in every population except that on Pha-ngan (due to the small sample size).

Population expansion is supported by the high haplotype diversity (h = 0.471 -
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0.600) and low nucleotide diversity (m = 0.030-0.057%) (Avise, 2000; de Jong et
al., 2011), and may reflect the abundance of N. kaouthia in Thailand (Chaitae,
2011). The hypothesis of a bottleneck in the last glacial period (Udomchoke, 1989;
Penny, 2001) is well-supported by our current data on N. kaouthia. A field study by
Chaitae (2011) revealed high survivorship in juvenile (47%) and adult (93%) cobras
suggesting an ability to maintain large populations and the possibility of population
expansion. However, the study represented only the central population and was

carried out over a short time period (1-2 years).

Limitations of current sampling and markers

Although we suggest that the north-eastern population should be recognised as a
separate species to maintain monophyly of the other N. kaouthia populations,
alternative possibilities are that the other populations sampled could be transferred
to a new species or that neither the north-eastern nor other populations sampled
are N. kaouthia. However, the geographical separation of the north-east region
makes it unlikely that this population is N. kaouthia. To test between these
alternative scenarios more samples of N. kaouthia are needed across its range,
including samples from the type locality (Bengal, India, Lesson 1932). Additional
outgroups should also be included in future studies to investigate the relationships
between Naja species in this region, and to test whether the nesting of several
outgroups included in this study within the ingroup (i.e. N. kaouthia sensu lato) is
real or an artefact of sampling.

To give a clearer picture of the population structure of cobras in Thailand,
and ultimately across the range of N. kaouthia, we also recommend that future
studies should harness nuclear markers such as SNPs from Restriction site-
Associated DNA markers (RAD-seq), combined with comprehensive field work
(e.g. Lin et al., 2014). As our work is largely based on mtDNA data, it may
therefore be prone to the recognised issues of such data (e.g. incomplete lineage

sorting and/or introgression).
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The insignificant values (p >0.05) generated regarding some of the
population indices (see Table 1) could be because the demographic process is
evolving neutrally (without natural selection) (Subramanian, 2016), but may be due
to insufficient sample numbers. An increase in sample numbers and collecting
locations across each region would help to resolve this and provide a more
complete picture of the phylogeography of N. kaouthia.

The monocled cobra in Thailand may be undergoing a neutral evolutionary
process driven by genetic drift. In particular for the lowland basin cobras (northern
and central regions), annual flooding (May-October) and the clearance of paddy
fields (October-November) can lead to cobras being present in larger numbers in
some areas, where they are killed or harvested for commercial reasons (Chaitae,
2011; Stuart and Wogan, 2014). A generalist lifestyle, combined with high
reproductive success and a high growth rate in surviving cobras (Chaitae, 2011),
would facilitate population rebound. These traits could lead to sustainable natural
populations and gene flow between north and central provinces (shared haplotypes
— lowest h and ) along river networks. A similar demographic pattern was also

suggested in spiny rats, Proechimys sp. (Matocq et al., 2000).

Conclusion

The relationships between populations of Naja kaouthia in Thailand have not been
investigated since the genetic and morphological study of Wuster (1995) who
reported a similar level of trait variation across their distribution. Our study is the
first to show differentiation among populations of the monocled cobra between
geographical regions in Thailand, and also reveals a likely cryptic species in the
north-eastern region. The divergence of four regional cobra groups (north and
central, south, island, and north-east) is also supported by the geographical,
demographic, and geological-history information in this study. The results not only

lead to a better understanding of monocled cobra diversity but also pave the way
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for further applications e.g. new species identification, anti-snake venom

improvement, and conservation.
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Figures

Fig. 1. Map of collection localities and numbers of specimens from each site in Thailand. In the
figure, brightly coloured areas indicate where N. kaouthia is commonly found. Collection sites for
the central region (blue) consist of Bangkok (BK), Samutprakarn (SMP), the boundary between
Saraburi and Phra-Nakhon-Si-Ayutthaya (SB), and Prachuabkirikhan (PJ); for the northern region
(pink): Sukhothai (SK) and Nakhon Sawan (Bueng Boraphet) (NW); for the southern region (green):
Ranong (R), Phattalung (PL), Pha-Ngan Island (PNG), and Trang (T); for the north-eastern region
(orange): Nakhon Ratchasima (Sakaerat) (NR). The outgroup specimens of Naja siamensis were
collected from Phetchabun (PB) and Nan (NN).

Fig. 2. A) The mtDNA (concatenated CR and Cyt b) phylogeny of N. kaouthia from different
provinces of Thailand generated from a Bayesian analysis. Support values are shown on branches
are Bayesian Posterior Probabilities (BPP). Images show examples of the colour variation within
and between each lineage grouped by colour (top to bottom): north-east (green), island (grey),
south (blue), and north-central (red). Only branches with >50% BPP support are shown; B) Inset:

Estimated distribution of the four inferred clades of Naja kaouthia in Thailand including the north-

central population (red), the north-eastern population (green), southern population (blue), and island

population (grey).

Fig. 3. Median-joining haplotype network of concatenated mtDNA (Cyt b and CR): 10 haplotypes
were recovered (H1-10) from N. kaouthia across its distribution in Thailand and another four from
the outgroups (H11-14). Based on the network analysis, colours represent the collection province
(locality) while the colour tone indicates the four main groups (populations) of N. kaouthia; North
and Central (red), Southern (blue), Island (grey), and North-eastern (green). The outgroups are
shown in black, and include the non-spitting cobra species, Naja naja and Naja atra and a spitting
cobra species, Naja siamensis. A different colour shade indicates collection site (e.g. Sukhothai
(SK) = yellow, Nakhon Sawan (NW) = orange, Bangkok (BK) = brown, etc.) White dots on branches
represent inferred missing haplotypes. Short transverse lines inferred mutational steps (one base

difference)
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Tables
Population n nh H 7 (%) D Fs

North + Central 63 2 0.471+£0.034 | 0.0308 + 0.0302 1.547 (0.947) | 1.936 (0.751)
South 20 3 0.542 £ 0.104  0.0396 + 0.0366 0.173 (0.662)  0.153 (0.488)
Island 8 1 0.000 0.000 0.000 (1.000) @ -

North-east 11 4 0.600 £ 0.159 | 0.0571 £ 0.0488 -1.322 (0.092) -1.026 (0.104)
All samples 102 14 0.773+0.028 0.9375+ 0.4691 0.503 (0.748)  18.524 (0.997)

Table 1. Genetic diversity and population indices measured within each population and between all

samples of N. kaouthia (using the concatenated gene from partial Cytochrome b and the Control

Region): n, sample size; nh, number of haplotypes; h, haplotype diversity; 1, nucleotide diversity; D,

Tajima’s D; Fs, Fu and Li's F. Standard deviations for h and 1T follow the indices. Significant p-

values for D and Fs are in brackets.

Regions North + Central | South Island North-east
North + Central — 0.50352* 0.63563* 0.48977*
South 0.93458* P 0.64116* 0.43354*
Island 0.96621* 0.95175* P 0.66132¢
North-east 0.99068* 0.98666* 0.99037*

* Significance test (p-value) < 0.05

Table 2. Degrees of Phi (®)- (bottom left-italics) and F-statistics (top right) between regional N.

kaouthia based on the concatenated mtDNA gene data.
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Map of collection localities and numbers of specimens from each site in Thailand. In the figure, brightly
coloured areas indicate where N. kaouthia is commonly found. Collection sites for the central region (blue)
consist of Bangkok (BK), Samutprakarn (SMP), the boundary between Saraburi and Phra-Nakhon-Si-
Ayutthaya (SB), and Prachuabkirikhan (PJ); for the northern region (pink): Sukhothai (SK) and Nakhon
Sawan (Bueng Boraphet) (NW); for the southern region (green): Ranong (R), Phattalung (PL), Pha-Ngan
Island (PNG), and Trang (T); for the north-eastern region (orange): Nakhon Ratchasima (Sakaerat) (NR).
The outgroup specimens of Naja siamensis were collected from Phetchabun (PB) and Nan (NN).
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Supplementary Information

Geographic differentiation and cryptic diversity in the
monocled cobra, Naja kaouthia (Elapidae) from Thailand

Napat Ratnarathorn, Pongchai Harnyuttanakorn, Lawan Chanhome,

Susan E. Evans, and Julia J. Day

Contents
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Fig. S1. Phylogenetic tree based on the Control Region of Naja kaouthia from different provinces of
Thailand. BPP >50% shown below branches. Bayesian Posterior Probability (BPP) values support three

clades of N. kaouthia: north-eastern (green), island (grey), and mainland (red) populations.
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1 ————— Naja_siamensis_oNN_Ns_01
L Naja_siamensis_oPB_Ns_D1

Fig. S2. Phylogenetic tree of partial Cytochrome b data of Naja kaouthia from different provinces of Thailand.
Only branches with >50% are shown. BPP values supported four distinct clades of the N. kaouthia across
Thailand: north-east (green), southern population (blue), island (grey), and northern & central populations
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Fig. S3. A) Haplotype network of partial Cytochrome b identifies five main groups of N. kaouthia (H1-5) and
four outgroup samples (H6-9); B) haplotype network of Control Region identifies nine main groups (H1-9)
and four outgroup samples (H10-13).
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Genbank Accession Number

Genbank Accession Number

Population Location Sample No. Cytb CR Gy Sample No. Cytb CR Cyb
Provinces: Bangkok (BK) BK_NK_01 [ MK721266 | MK721410 | MK721317 | BK_NK_06 [ MK721271 | MK721415 | MK721318
Location: Jomthong and Bangkae Districts BK_NK_02 | MK721267 | MK721411 - BK_NK_07 | MK721272 | MK721416 -
Coordinates: 13°42'20.0"N 100°25'21.0"E BK_NK_03 | MK721268 | MK721412 - BK_NK_08 | MK721273 | MK721417 -
Radius from the coordinates: 9 km BK_NK_04 | MK721269 | MK721413 -

Collector: Donation from local resident to the snake farm BK_NK_05 | MK721270 | MK721414
Provinces: Samutprakarn (SMP)
Location: Bangphli District SMP_NK_01 | MK721274 | MK721418 .
Coo_rdmates: 13°37 29.§‘ N 100°44'00.6"E SMP NK 02 | MK721275 | MK721419 R
Radius from the coordinates: 11 km - =
Collector: Donation from local resident to the snake farm
SB_NK_01 | MK721248 | MK721392 - SB_NK_10 [ MK721257 | MK721401 | MK721320
Provinces: Boundary between Saraburi and Phra-Nakhon- | SB_NK_02 | MK721249 | MK721393 - SB_NK_11 | MK721258 | MK721402 -
Si-Ayutthaya (SB) SB_NK_03 | MK721250 | MK721394 - SB_NK_12 [ MK721259 | MK721403 -
Location: Angthong-Tharuea Street, Don Phut Sub- SB_NK_04 | MK721251 | MK721395 - SB_NK_13 | MK721260 | MK721404 -
district, Don Phut District, 18210 SB_NK_05 | MK721252 | MK721396 - SB_NK_14 [ MK721261 | MK721405 -
Coordinates: 14°35'10.7"N 100°36'56.6"E SB_NK_06 | MK721253 | MK721397 - SB_NK_15 [ MK721262 | MK721406 -
Radius from the coordinates: 5 km SB_NK_07 | MK721254 | MK721398 | MK721319 | SB_NK_16 | MK721263 | MK721407 -
Central + Collector: Local snake catcher SB_NK_08 | MK721255 [ MK721399 - SB_NK_17 | MK721264 | MK721408 -
North SB_NK 09 | MK721256 | MK721400 - SB_NK_18 [ MK721265 | MK721409 -
SK_NK_01 | MK721213 | MK721329 - SK_NK_10 [ MK721222 | MK721338 -
Provinces: Sukhothai (SK) SK_NK_02 | MK721214 | MK721330 - SK_NK_11 [ MK721223 | MK721339 -
Location: Sukhothai-Kamphaeng Phet Street, Ban Kluai SK_NK_03 | MK721215 | MK721331 - SK_NK_12 [ MK721224 | MK721340 -
Sub-district, Mueang District, 64000 ’ SK_NK_04 | MK721216 | MK721332 - SK_NK_13 [ MK721225 | MK721341 -
Coordinates:’ 16°58'25.9"N 9é°47'47.6"E SK_NK_05 | MK721217 | MK721333 - SK_NK_14 [ MK721226 | MK721342 -
Radius from the coordinates: 6 km SK_NK_06 | MK721218 | MK721334 - SK_NK_15 [ MK721227 | MK721343 -
Collector: Local snake catcher SK_NK_07 | MK721219 | MK721335 - SK_NK_16 | MK721228 | MK721344 -
SK_NK_08 | MK721220 | MK721336 - SK_NK_17 [ MK721229 | MK721345 -
SK_NK 09 | MK721221 | MK721337 -
NW_NK_01 | MK721230 | MK721346 - NW_NK_10 | MK721239 | MK721355 -
Provinces: Nakhon Sawan (Bueng Boraphet) (NW) NW_NK_02 | MK721231 [ MK721347 - NW_NK_11 | MK721240 | MK721356 -
L . NW_NK_03 | MK721232 | MK721348 - NW_NK_12 | MK721241 | MK721357 -
Location: Moo 8, Nakhon Sawan-Chalyaphum Street, NW_NK_04 | MK721233 | MK721349 - NW_NK_13 | MK721242 | MK721358 -
Thap Krit Tai Sub-district, Chum Saeng District, 60250 TN TN
" oA o o4 gt vt NW_NK_05 | MK721234 [ MK721350 - NW_NK_14 | MK721243 | MK721359 -
Coordinates: 15°44'55.9"N 100°14'55.8"E TN TN
Radius from the coordinates: 8 km NW_NK_06 | MK721235 | MK721351 - NW_NK_15 | MK721244 | MK721360 -
Collector: Local snake catcher NW_NK_07 | MK721236 | MK721352 - NW_NK_16 | MK721245 | MK721361 -
. NW_NK_08 | MK721237 | MK721353 - NW_NK_17 | MK721246 | MK721362 -
NW_NK 09 | MK721238 | MK721354 - NW_NK 18 [ MK721247 | MK721363 -
Provinces: Prachuabkirikhan (PJ)
Location: n.a. PJ_NK_01 | MK721295 | MK721383 -
Collector: Field-work of the snake farm staff
Provinces: Ranong (R) R_NK_01 MK721276 | MK721364 - R_NK_06 | MK721281 | MK721369 -
Location: Bang Rin Sub-district, Mueang District, 85000 R_NK_02 MK721277 | MK721365 - R_NK_07 | MK721282 | MK721370 -
Coordinates: 9°54'51.5"N 98°37'41.2"E R_NK_03 MK721278 | MK721366 - R_NK_08 | MK721283 | MK721371 -
Radius from the coordinates: 15 km R_NK_04 MK721279 | MK721367 - R_NK_09 | MK721284 | MK721372 -
Collector: Local snake catcher R_NK_05 MK721280 | MK721368 -
Provinces: Phattalung (PL) PL_NK_01 | MK721285 | MK721373 | MK721323 | PL_NK_07 | MK721291 | MK721379 -
South Location: Moo 8, Thale Noi Sub-district, Khuan Khanun PL_NK 02 | MK721286 | MK721374 | MK721324 | PL_NK_08 | MK721292 | MK721380 -
District, 93150 PL_NK_03 | MK721287 | MK721375 - PL_NK_09 | MK721293 | MK721381 -
Coordinates: 7°48'11.8"N 100°06'24.7"E PL_NK_04 | MK721288 | MK721376 -
Radius from the coordinates: 12 km PL_NK_05 | MK721289 | MK721377 -
Collector: Local snake catcher PL_NK 06 | MK721290 | MK721378 -
Provinces: Trang (T)
Location: Moo 5, Chao Mai beach, Mai Fat Sub-district,
Sikao District, 92150 T_NK_01 MK721294 | MK721382 -
Coordinates: 7°26'15.8"N 99°20'45.2"E
Collector: Road-kill
Provinces: Pha Ngan Island (PNG) PNG_NK_01 [ MK721296 | MK721384 | MK721321 | PNG_NK_07 [ MK721302 | MK721390 -
Location: Ko Pha-ngan, Ko Pha-ngan District, Surat PNG_NK_02 | MK721297 | MK721385 | MK721322 | PNG_NK_08 | MK721303 | MK721391 -
Island Thanj, 84280 PNG_NK_03 [ MK721298 | MK721386 -
Coordinates: 9°43'13.7"N 99°59'47.3"E PNG_NK_04 [ MK721299 | MK721387 -
Radius from the coordinates: Within Island (12 km) PNG_NK_05 [ MK721300 | MK721388 -
Collector: Mr Stefan Pullitzky PNG NK 06 | MK721301 | MK721389 -
Provinces: Nakhon Ratchasima (Sakaerat) (NR) NR_NK_01 | MK721304 | MK721420 | MK721325 | NR_NK_07 | MK721310 | MK721426 -
Location: Udom Sap Sub-district, Wang Nam Khiao NR_NK_02 | MK721305 | MK721421 - NR_NK_08 [ MK721311 | MK721427 -

Northeast Distri_ct, 30370 NR_NK_03 | MK721306 | MK721422 - NR_NK_09 | MK721312 | MK721428 -
Coordinates: 14°30'36.4’N 101°55'51.2"E NR_NK_04 | MK721307 | MK721423 - NR_NK_10 [ MK721313 | MK721429 -
Radius from the coordinates: 10 km NR_NK_05 | MK721308 | MK721424 - NR_NK_11 [ MK721314 | MK721430 | MK721326
Collector: Dr Bartosz Nadol NR _NK 06 | MK721309 | MK721425 -

Out-Group Nan (NN): Naja siamensis OoNN_Ns 01 | MK721315 | MK721431 | MK721327
Phetchabun (PB): Naja siamensis oPB_Ns_01 [ MK721316 | MK721432 | MK721328

ZSC submitted manuscript




Page 43 of 43 ZSC: for review purposes only - please do not distribute

7
Ratnarathorn et al.

Table S2. Details of Naja species used as outgroups in this study

Species | Vouchers Genbank Accession number (Cytb and CR) Publication

. NC_011389.1 (mitochondrial DNA genome)
Neja atra | CIB093931 | ‘= ion: Cytb = 14,941-16,057, and CR = 16,187-17,214) <henand Fu, 2008
NC_010225.1 (mitochondrial DNA genome)
(Location: Cytb = 14,939-16,055, and CR = 16,185-17,213)

oNOYTULT D WN =

9 Naja naja | n.a. Yan et al., 2008

14 Table S3. Details of primers used in this study

16 Primer | Primer name Primer sequence Tm°® %GC |Length (bp)

17 Cvi b NkParCytb-FO01 5-TTT GCT CCAATAGAG TCC TGC GGC CTG -3 76.9 | 55.5 ~665
18 y NkParCytb-R01 3-TGATGG TTATCCTTCTTIT GAT GTTCTG G -¥%5 69.2 | 39.2 (partial)

19 NkParCR-F01 5- TCC CCC AGA ACA TCA AAG AAG GAT AAC C - 3 723 | 464 | ~645
20 cr | NkPariCR-RO1 ___| 3-TAA CGG GCATAC CTG TGT CAG GTGAAAGT -5 | 73.5 | 48.2 | (partial)
Nk2ParCR-F02 | 5- CAA GGT TGA GCT CGATTC TTG GTC TGG C - 3 75.9 | 53.5| ~489

21 Nk2ParCR-R02 3-CTT GTG CTG TCA GGC ATG GCC GTCTTAGC -¥% 79.3 | 58.6 (partial)

22 C-mos NkParCmos-F01 5'- CAT GGA CTG GGA TCAGTT ATG -3 na. |47.6 ~567
23 NkParCmos-R01 5-CCTTGG GTG TGATTT TCT CACCT -3’ na. | 47.8 (partial)

25 For CR, the same pairs of primers were always used i.e. NkPCR-FO1and NkP1CR-R01, and Nk2PCR-F02 and Nk2PCR-R02 for
26 PCRs and sequencing.

ZSC submitted manuscript



