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Abstract

The morphological variation, extended distribution, and sequence divergence of a recently described of cobra Naja fuxi Shi et al.,
2022 captured from mountainous areas in Thailand are evaluated by using molecular and morphological analyses. We investigated
the genetic variation and affinities of 72 specimens in the genus Nagja by using mitochondrial DNA (cytochrome » and control
region) and the nuclear DNA gene, C-mos. Morphological examination was conducted for 33 cobra specimens obtained from the
northern, western, and north-eastern regions, and data on their natural history were gathered during field surveys. A high degree of
genetic differentiation was shown to exist between the cobras collected from lowlands and those from mountainous areas. N. fuxi
occurs in uplands bordering Thailand’s Central Basin, whereas the similar looking N. kaouthia Lesson, 1831 is more or less restrict-
ed to the lowlands. All phylogenetic and network analyses supported a distinct clade of N. fuxi from north, west, and, north-east
regions. In addition, N. fuxi seems to exhibit a split between the north-eastern population and those from the north and west. The
range of V. fuxi probably extends far into the mountainous areas of the neighbouring countries Myanmar, Laos, and Vietnam. Mor-
phologically, V. fuxi in Thailand can be distinguished from all other cobra species in the adjacent Oriental Region. The speciation of
cobras in Thailand likely reflects key events in the region’s geographical, climate and environmental history.
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Introduction

Species diversity and richness are high in broad geo-
graphic ranges of Southeast Asia (Hughes et al. 2003;
Woodruft 2010; Aggemyr et al. 2018). This is particularly
true for snakes in Thailand, with 208 species listed in Cox
et al. (2012), and more than 20 further species that have
been added to the country’s ophiofauna since its publica-
tion (Uetz et al. 2022). Some speciose genera, such as the
green pit vipers, Trimeresurus spp., and the Kukri snakes,
Oligodon spp., are represented in the country by more
than a dozen species (e.g., Pauwels et al. 2021; Sumontha
et al. 2021). Taxonomic/systematic revision of the genus
of cobra (Naja) in Thailand has received little focus, even
though these snakes display extensive morphological
variation.

The cobras in the genus Naja Laurenti, 1768 are me-
dium-sized to large smooth-scaled snakes with elongat-
ed nuchal ribs enabling them to spread the neck into a
hood, the presence of a pair of fixed anterior fangs, the
absence of a loreal scale, and with the dorsal scales at
the neck, mid-body, and anterior to the vent in 23-33,
19-21, and 13—15 rows, respectively (Cox 1991; Cox et
al. 2012). These snakes are widely distributed through-
out Africa and tropical and subtropical Asia. Presently, 33
species are recognised, of which 22 occur in Africa and
11 in Asia (Uetz et al. 2022). As these snakes are highly
venomous and often prosper near human habitation and
cultivated land, they are the cause of many snake bites
that result in serious or fatal envenomation. In particu-
lar in the densely populated, relatively underdeveloped
countries of South and Southeast Asia, cobra bites are a
major health issue (Chanhome et al. 1998; Department of
Disease Control Thailand 2020). Over the past decades,
many studies have contributed to a better understanding
of the biochemistry and toxicology of cobra venom and
an improved treatment of cobra bite victims (e.g., Tan et
al. 2015; Tan et al. 2020; Modahl et al. 2020). On the
other hand, the systematics of the Asiatic cobras had been
little studied (e.g., Wiister et al. 1997; Wallach et al. 2009;
Ratnarathorn et al. 2019) prior to the discovery of Naja
Sfuxi by Shi et al., 2022 in southern China.

Presently, three species of Naja are known to occur in
Thailand, N. kaouthia Lesson, 1831, N. siamensis Lau-
renti, 1768 and N. sumatrana Miiller, 1887. Naja kaouth-
ia is a usually dark-coloured snake with a distinct oval
hood mark (monocle), but the colouration and patterning
may show considerable variation (Jintakune 2004; Rat-
narathorn et al. 2019). In Thailand, it occurs in lowlands
with abundant rainfall throughout the central, north-east-
ern and southern regions, and has also been recorded in
the major river valleys of the most southern part of the
northern region. This species rarely spits venom as a de-
fensive reaction and is therefore considered a non-spit-
ter (Wiister et al. 1997; Cox et al. 2012). Naja siamensis
displays colour variation such as white-black, brown,
and black with a distinct or poorly-developed spectacle
hood mark. It mainly occurs in dry lowlands and low hills
throughout the northern, north-eastern and central region,

but it has not been recorded in the southern Thai peninsu-
la. This species often spits venom as a defensive reaction
and is therefore considered a spitter (Wiister et al. 1997;
Cox et al. 2012). Naja sumatrana Miiller, 1887 is also
variable in colouration, mostly yellowish to light brown
but sometimes entirely black, whereas hood markings are
absent (Cox et al. 2012). This species is restricted to pen-
insular southern Thailand south of the Isthmus of Kra and
is also considered a spitter.

Ratnarathorn et al. (2019) reported that eleven cobra
specimens morphologically similar to N. kaouthia and
all originating from a restricted hill area in north-eastern
Thailand (Sakaerat) showed a non-monophyletic rela-
tionship with N. kaouthia based on gene sequences. This
strongly suggested that a new, undescribed cobra species
had been revealed. However, the morphology of the new
species had been inadequately studied, which made a for-
mal description premature and cryptic. It was also sus-
pected that the new species had a much wider distribution
than the sampled location.

In December 2022, while a description in a previous
version of this manuscript was in review, N. fuxi was de-
scribed as a new cobra species by Shi and his colleagues.
They stated that this species can be found at elevations
between 1,000-1,400 m a.s.l., and can be differentiated
from N. kaouthia by single narrow crossbands present on
the middle and posterior parts of the dorsum and the dor-
sal surface of the tail of both adults and juveniles. How-
ever, this description was based only on 15 specimens
from southern China, leading to a distribution map in
which M. fuxi’s range stops abruptly at the border of Chi-
na. This caused us to question whether the cobras found
throughout the mountain forests of Thailand (at eleva-
tions of 150—-1,600 m a.s.l.) are also V. fuxi. Such snakes
have been rarely encountered in the region’s river valleys
and grasslands, where N. kaouthia and N. siamensis are
reportedly the common cobras. The majority of records
of montane cobras were adults that exhibited morpho-
logical characters similar to N. kaouthia from the central
lowlands. However, a dozen juveniles showed up to 12
pale greyish crossbands on the posterior half of the body
and tail, which resembles the pattern of N. fuxi. This leads
to the suspicion that they are conspecific with N. fixi.

To clarify the identity of the juvenile specimens and
those examined in Ratnarathorn et al (2019), a large num-
ber of cobras originating from all regions of Thailand
were subjected to both molecular phylogenetic examina-
tion and detailed study of their morphology. Phylogenetic
relationships of the non-spitting cobras in Thailand were
reconstructed using mitochondrial DNA (cytochrome b
and the control region) and nuclear DNA (C-mos) from
72 individual cobras obtained both from our own field
work and archived in GenBank. External morphological
features of N. fuxxi in Shi et al. (2022), who included only
specimens from China, were re-examined to differentiate
that species from N. kaouthia from the Oriental realm.
Our results and images published online with locality data
substantiate the occurrence of N. fuxi with a wide distri-
bution in the forested mountains of Thailand’s northern
and north-eastern regions and adjacent countries.
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Figure 1. Map of collection localities and numbers of 61 non-spitting cobra specimens of Naja kaouthia (black line) and N. fuxi
(blue line) from each site in Thailand. Altitudes (m above mean sea level [m a.s.l.]) where cobra specimen(s) were found are indi-
cated in each locality (N = north, C = centre, I = north-east, W = west, and S = south). Codes in brackets denote specimen numbers

used in this study, related to the phylogenetic results. Map background has been applied from https://maps-for-free.com.

Material and methods

Sample collection and sampling

Scales (ventral scale clipping) and shed skin of non-spit-
ting cobras were collected from 61 wild caught specimens.
The localities were designed to cover all regions across
Thailand including north, west, south, central, and north-
east. Within each region there are multiple localities from
which the snakes were obtained (Fig. 1, and see also Sup-

plementary Material; Table S1 for specific localities). For
other closely related cobra species (outgroups) (Wiister et
al. 1995; Wallach et al. 2009; Ashraf et al. 2019), tissue
samples of two species of venom-spitting cobra (N. si-
amensis [n = 6] and N. mandalayensis [n = 1]) and three
samples of N. kaouthia from in Myanmar [n = 3] were
collected (Table S1). Sequences of N. atra were obtained
from GenBank (see Supplementary Material, Table S2).
Moreover, some sequences of cobra species in this
study (C01-C05, NO1-N06, 101-105, W01-W04, NSO1-
NS06, and NKWO01-03) and GenBank sequences of M.
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atra from prior studies (Accession no. GU563500-01,
GUS563510, GU563512, GU563518-19, and GU563521—
26 [Lin et al. 2014], and DQ224334-35 [Lin et al. 2008]
for Control Region; JN160644, JIN160652, JN160662,
IN160674 [Lin et al. 2012] KU527538-39, KU363805—
06, and KU527540 [Yang et al., GenBank only] and N.
Sfuxi (JN160672 [Lin et al. 2012, Shi et al. 2022]) for cyto-
chrome b [see also Table S2]) were used for an additional
phylogenetic analysis that helps reveal the distribution of
N. fuxi outside Thai territory.

Cobras were captured and handled by professional col-
lectors for scale clipping, except sample tissues from the
north, which were mostly obtained from roadkill. Most
snakes were returned to the wild after scale clipping and
brief morphological measurements because we were not
permitted either to anaesthetise live snakes or transport
them from the site of capture. Exception was made for a
holotype specimen, which was transferred to the Snake
Farm, Queen Saovabha Memorial Institute (QSMI) by
special agreement. The paratypes, provided by private
sources, were similarly stored at QSMI. However, further
Naja specimens examined in this study were retrieved
from private ownership (Bangkok, Pathum Thani, and
Samut Prakan provinces) and deposited at the Snake
Farm, where tissue samples were taken. All scale samples
were preserved in 70% ethanol and kept in a freezer at
—20°C before laboratory examinations. The skin samples
obtained from the road-killed specimens were preserved
by sealing them in laminated plastic. Archival tissues
from this study are stored at the Applied Animal Science
Laboratory (AAS), Department of Biology, Mahidol Uni-
versity, Bangkok, Thailand.

Genetic markers, DNA extraction, PCR
amplification, and sequencing

Two mitochondrial DNA (mtDNA) genes, namely cyto-
chrome b (cyt b) and the control region (CR), were am-
plified from all samples in this study, as these loci have
been revealed to be useful for resolving genetic diver-
gence between snake species (e.g., Wiister et al. 2007;
Hofmann 2012; McCartney-Melstad 2012; Ratnarathorn
et al. 2019). The primer used for the control region was
based on Ratnarathorn et al. (2019), while a primer was
newly designed for cytochrome b (Table S3 for sequence
of primers). To overcome the limitations imposed by the
clonal and matrilineal mode of inheritance of the mito-
chondrial DNA molecule and test whether the mtDNA
lineages represent independently evolving taxa, we also
amplified and sequenced the nuclear (nuDNA) gene
C-mos from the same samples, using the primers from
Lawson et al. (2005).

Prior to DNA extraction, tissue samples were washed
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 GeneJET Genomic DNA purification
kit (Thermo Scientific). PCR was performed in 25.0 ul
reactions including 2XTag Master Mix (19.0 ul), the

mtDNA (5.0 pl), and forward and reverse primers (0.5
ul each). Conditions for PCR were as follows: initial de-
naturation at 94°C for 3 minutes; followed by 35 cycles
of 94°C for 1 minute; annealing at temperatures of 50°C
for 30 seconds (cyt b), 47°C for 1 minute (CR), and 55°C
for 1 minute (C-mos); then an extension and final exten-
sion at 72°C for | and 3 minutes, respectively. The PCR
product was loaded into gel-electrophoresis for checking
DNA. The gel was then transferred to a column for DNA
purification following GeneJET Gel Extraction Kit (Ther-
mo Scientific) protocols. Sequencing was carried out by
1** BASE Sequencing (Malaysia, www.base-asia.com).

Sequence alignment and data matrix

Following visual checking of electropherograms, base
comparison of complementary strands and correction
was performed in the BioEdit version 7.2.5 (Hall 1999).
The resulting sequences were then submitted to BLAST
(Madden 2002) searches for comparison with sequences
in GenBank and aligned. Sequences of cyt b and CR were
of good quality with the two loci consisting of 1,071 bp
(cyt b) and 447 bp (CR). An indel of 1 bp in the CR locus
was present in the northern and north-eastern cobras. The
nuDNA locus was 579 bp. The C-mos electropherograms
were carefully examined for double peaks that would
have indicated the presence of heterozygous codon po-
sitions.

Separate matrices were created for the C-mos, CR,
and cyt b, as well as a concatenated mtDNA matrix of
1,518 bp of CR and cyt b sequences (cyt b: 1-1,071 + CR:
1,072—-1,518) from 68 samples, and for N. atra GenBank
sequences. Alignment of data matrices was performed in
ClustalW (Thompson et al. 1994) using default settings in
the programme BioEdit, and visually inspected.

Haplotype analyses

The concatenated mtDNA and the separate nuDNA matri-
ces totalling 72 samples of non-venom spitting Naja from
Thailand, N. atra, and the outgroups (N. siamensis and N.
mandalayensis) were imported into the programme DnaSP
6.0 to analyse DNA polymorphisms for haplotype analy-
sis (Betran et al. 1997; Librado and Rozas 2009; Rozas
et al. 2017). The programme Network version 10.2.0.0
(Fluxus Technology Ltd.) was then used to generate a
full haplotype network of all 73 cobras for both unlinked
genes using a median joining algorithm (Bandelt et al.
1995, 1999) with epsilon equal to zero. The final network
was reconstructed using image editing software including
Paint version 21H2 and Adobe Photoshop version 21.

Phylogenetic analyses

For the best-fit partitioning schemes and models of nu-
cleotide evolution, the combined dataset of mtDNA was
partitioned by loci, and by codon for the protein-cod-
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ing cyt b gene (i.e., three partitions), and by loci for the
non-coding CR. A separate dataset of the nuDNA C-mos
was also partitioned by codon. The datasets were created
using Partition-Finder version 2.1.0 (Lanfear et al. 2012;
Lanfear et al. 2017) using the Bayesian Information Cri-
terion (BIC) as a metric of model selection with a heuris-
tic algorithm.

MrBayes version 3.2.5 (Huelsenbeck and Ronquist
2001; Ronquist et al. 2012) was implemented using a
Bayesian Markov chain Monte Carlo (MCMC) meth-
od. 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 ensur-
ing chains were stationary (assessed using Tracer version
1.7) with effective sample size (ESS) values > 200 (Drum-
mond et al. 2006). FigTree version 1.4.4 (Rambaut et al.
2014) was used to view the summarized tree, which was
generated in TreeAnnotator version 1.10 (Drummond et
al. 2012). Support values were calculated using Bayesian
Posterior Probabilities (BPP). The separated C-mos, CR,
cyt b, and the concatenated mtDNA (cyt b and CR) matri-
ces were calculated for genetic differentiation (p genetic
distance) between the new species and the other related
Naja species using MEGA 11.0 (Kumar et al. 2018).

By using the settings described above, individual loci
(CR and cyt b) were also run to determine if the resulting
trees were congruent with the concatenated tree. Alter-
native phylogenies based on 390 bp of the CR and 1060
bp of the cyt b in this study and previous studies were
generated to explore the distribution and relationship of
N. fuxi in China.

Morphological examinations

Four specimens examined in this study were deposited
in the collection of the Snake Farm, Queen Saovabha
Memorial Institute, Bangkok, Thailand. The majority
of specimens (n = 17) were measured alive during field
work 2014-2020 at the Sakaerat Environmental Research
Station [SERS], Nakhon Ratchasima Province and re-
leased back to nature after tissue collection and morpho-
logical examination. Despite the fact that specimens (n =
12) obtained from the northern, western, and north-east-
ern (non-SERS) sites were damaged, their key characters
could still be examined. The morphology of N. kaouthia
(n=76; & =33, @ = 43) deposited at the snake farm and
museums (see Supplementary Material, Table S5) was
examined and compared with that of the montane cobra
species (total n = 33; &' =22 [juvenile = 4], @ = 10 [juve-
nile = 7], and unknown = 1) (Table S4).

The specimens were euthanised by isoflurane over-
dose, and subsequently preserved in 70% ethanol. Hemi-
penes were forcedly everted before preservation by injec-
tion of ethanol with a syringe into the base of the tail.
Measurements and meristic counts followed Sumontha et
al. (2020) and Manzili et al. (2020). Paired meristic char-
acters were recorded for left and right. A tape measure and
a digital vernier calliper (OEM, LCD Digital Electronic

Carbon) were used to measure characters to the nearest
0.1 mm, including snout-vent length (SVL: the straight
line from the tip of rostral to the most posterior opening
of the cloacal slit); tail length (TaL: the straight line from
the cloacal opening to the tip of the tail); total body length
(TL: sum of SVL and TaL); maximum head length (HL:
the distance from the tip of rostral to the posterior end
of the retroarticular process); maximum head width (HW:
the widest part of the head); maximum head depth (HD:
the greatest depth of the head); orbital length (OrbL: the
greatest length of the orbit); snout to eye distance (Sn-
Eye: the distance from the tip of rostral to the anterior eye
margins); Internasal width (Int.NarW: the widest distance
of internasal scales, perpendicular to the suture line);
Interorbital width (Int.OrbitalW: the widest distance of
internasal scales); nasal to eye distance (NarEye: the dis-
tance between anterior-most point of eye and nostril); the
widest (Suporb. W) and longest (Suporb. L) distance of
supraorbital scale; the widest (RosW) and highest (RosH)
distance of rostral scale; and the widest (ManW) and lon-
gest (ManL) distance of mental scale.

The following meristic characters were examined:
preventral scales (PreV: directly preceding the ventrals,
unpaired, wider than long but not in contact on each side
with the 1*dorsal scale row); ventral scales (V: counted
according to the method of Dowling 1951%); dorsal scale
rows at neck (NSR), midbody (MSR: at the level of the
ventral plate corresponding to half of the total number of
ventrals), and vent (VSR); anal scale (A: single); subcau-
dal scales (SC: divided, not including the terminal, point-
ed scute); dorsal scale rows reduction (SRR: according to
the method of Dowling 1951%); supralabial scales (SL);
infralabial scales (IL); cuneate scale (CS: position in con-
tact to infralabial scales); intrusive gular scale (IG: the in-
trusion of a scale between posterior chin shields, accord-
ing to Ceriaco et al. 2017); pre-intrusive gular scale (PIG:
a scale on ventral that lies anteriorly to intrusive gular
scale, between chin shields, newly named in this study);
loreal (Lor); internasal (IntNa); preocular (PreOc); supra-
ocular (SupOc); postocular (PostOc); temporal (Tempo);
and venter pattern (the order of ventral scales that pres-
ents 1% dark bands/2™ light bands).

Descriptive characters including body colour and pat-
tern (Interstitial skin on dorsum and scale) at the head and
posterior body as well as hood mark characteristics and
type were also recorded.

The following measurements and meristic characters
of 17 specimens captured during fieldwork were also ex-
amined: SVL, TaL, TL, PreV, V, NSR, MSR, VSR, A, SC,
SL, IL, CS, IG, PIG, Lor, IntNa, PreOc, PostOc, Tempo,
hood mark type, and venter. The external morphology of
all specimens was photographed using a digital camera
(Olympus OM-D E-M5 Mark III and Sony Alpha 65).
Despite their poor condition, due to road-kill in some
cases, all the specimens from the northern and western
regions were photographed and examined briefly for any
possible characters when freshly killed. Subsequently,
most of them were skinned. From the photos and pre-
served skins, nearly all relevant morphological data could
be determined.
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Results

Phylogeny of the genus Naja in
Thailand

The best-fit models for the phylogenetic inference were
HKY+I for CR and cyt b codon 1; HKY for cyt b co-
don 2; TRN for cyt b codon 3; and HKY for C-mos. As
no heterozygous base pair positions were noted in any
C-mos sequences, these were left unphased and each
sample was represented by a single sequence. Bayesian
analysis of the concatenated mtDNA loci strongly sup-
ported a distinct clade (0.99 BPP) of N. fuxi found in
mountainous areas of the Thai provinces (Fig. 2). This
grouping incorporated samples from northern Thailand
(Phetchabun, Nan, Chiang Mai, Chiang Rai, Lampang,
and Mae Hong Son provinces); the western region (many
districts in Tak Province); and the north-east (Nakhon
Ratchasima, Loei, and Nong Khai provinces). However,
the genetic results revealed one sample (I23) from Pak

Chong District, Nakhon Ratchasima and three samples
(NO8-N10) from Sukhothai Province as N. kaouthia
rather than M. fuxi. A clade of N. fuxi (0.99 BPP) is sister
to a group of other non-spitting cobra species consisting
of four populations of N. kaouthia (from central [CO1—
Cl11, 123, NO8-N10, 0.96 BPP], mainland-southern
[S01-S04, 0.99 BPP], island-southern areas [S05-S09,
0.99 BPP], and Irrawaddy area [NKWO01-NKWO03]), and
N. atra (outgroup).

Separate phylogenetic analyses of the CR and cyt b
sequences gave similar results to the concatenated mi-
tochondrial phylogeny by strongly indicating the same
distinct clades of Naja in Thailand, but they slightly dif-
fered in their position within the phylogeny (see Sup-
plementary Material, FigsS1-S2). The phylogeny based
on the nuclear locus (C-mos) supported the mtDNA data
by elucidating N. fuxi (0.95 BPP) as a distinctly differ-
ent clade from all other cobra species (Supplementary
Material, Fig. S3). Other species of cobras showed few
unique bases, unsurprisingly, given that the nuDNA loci
are slowly evolving.
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Figure 2. The mtDNA (concatenated CR and cyt b) phylogeny of specimens in the genus Naja obtained from different locations
of Thailand and GenBank. The phylogeny was generated from a Bayesian analysis with BPP at branches as support values. Three
lineages of Naja are categorized by colour: (1) Naja fuxi: red, (2) other non-spitting cobra species (N. kaouthia + N. atra: green), and

(3) spitting cobra species (N. mandalayensis + N. siamensis: blue). Branches with more than 50% BPP support are shown.
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Moreover, the phylogenies based on the CR and cyt b
sequences of samples from this study and previous stud-
ies show the inclusion of three samples in the lineage of
N. fuxi from Yunnan, China (GU563519 — Fig. 3A [for
CR locus]) and from unidentified locations in China
(KUS527540 and JN160672, Fig. 3B [for cyt b]) with the
samples of Thai montane cobras, indicating the relation-
ship between specimens in Thailand and China.

————

GU563523
Naja atra
GU563625
| GU563521

A GUS563500
GUS563510
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Genetic distance of Genus Naja in
Thailand

According to the concatenated mtDNA data (Table 1),
the range of sequence divergence among non-spitting
cobra species (N. fuxi, N. kaouthia and N. atra) was
4.12-4.99%. Separate analyses based on CR and cyt b
alone displayed similar patterns to the concatenated data
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Figure 3. Phylogenetic tree based on (A) the control region (390 bp) and (B) the cytochrome b (1060 bp) of some cobra samples in
this study and Genbank sequences. Only branches with more than 50% BPP are shown. BPP values indicate distinct clades of Naja
species in Asia. The N. fuxi lineage (red line) includes specimens from China (Acc. no. GU563519 [Lin et al. 2014], KU527540
[Yang et al., GenBank only], and JN160672 [Lin et al. 2012], red box with two red asterisks) and Thailand (C01-05, NO1-06,
101-05, and W01-04), confirming that the Thai montane cobras are conspecific with Naja fuxi.
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Table 1. Uncorrected pairwise distances for C-mos, cyt b, CR, and concatenated mtDNA within and between species of the subge-

nus Naja, displayed as percentages (mean).

) Between groups
Gene | Species N Within group
= N. fuxi 37 0.241
§ < | N. kaouthia 27 0.541
2 S N. atra 1 n/c
é & | N. siamensis 6 0.303
“ N. mandalayensis 1 n/c
N. fuxi 37 0.317
N. kaouthia 27 0.433
% N. atra 1 n/c
N. siamensis 6 0.162
N. mandalayensis 1 n/c
N. fuxi 37 0.060
N. kaouthia 27 0.890
& N atra 1 n/c 2.817
N. siamensis 6 0.644 7.085 7.769 7.138
N. mandalayensis 1 n/c 7.871 7.382 7.175
Between groups
Gene | Species N Within group 3
| N fuxi 37 0.000
= | N. kaouthia 27 0.000
2 |Nara 2 0.000
\g N. naja 1 n/c
5 N. siamensis 6 0.000
N. mandalayensis 1 n/c

(4.62-5.85% for CR and 2.93-3.16% for cyt b). Among
37 specimens of N. fuxi in Thailand, the sequence diver-
gence was lower than that of N. kaouthia (0.24 vs 0.54%
for the concatenated gene, 0.317 vs 0.43% for cyt b and
0.06 vs 0.89% for CR). The genetic divergence among
cobra species was low for C-mos loci. In addition, the
pairwise percentages of mtDNA genes in Table 1 com-
pared between non-spitting cobras (N. fuxi, N. kaouth-
ia, and N. atra) and spitting cobras (N. siamensis and
N. mandalayensis) were higher (~7.0-9.4%) than the
percentage compared among non-spitting cobras (~2.8—
5.8%).

Haplotype network

The haplotype network based on the concatenated mtD-
NA matrix showed twenty-seven haplotypes (H1-28) of
Naja across its regional distribution, mainly in Thailand.
These results support those of the mtDNA concatenated
phylogenetic tree (Fig. 2), illustrating genetic divergence
of cobra species. These included N. fuxi (H10-21: red)
and N. kaouthia (H1-9: green) with outgroups denoted
as N. siamensis (H22-26: blue), N. mandalayensis (H27:
pink), and N. atra (H28: purple) (Fig. 4A).

The network result can also provide a clearer picture
of geographical separation in both N. kaouthia (H1-9)
and N. fuxi (H10-21), and their population structure.
In the N. kaouthia group, the haplotypes (H1-HS5, dark

green) represent the monocled cobra specimens collected
from provinces and areas lying in the central lowlands
(Bangkok, Samut Prakan, Pathum Thani, Saraburi, Nak-
hon Ratchasima [Pak Chong district], and Sukothai). One
haplotype (H6) contains all Burmese specimens. Two
haplotypes (H7-8: green) were found in a southern main-
land province (Surat Thani) and one unique haplotype
(H9: yellow green) in the southern island area (Pha Ngan)
only. For N. fuxi, six haplotypes (H10-H15: red) contain
the mountain cobras from the north-eastern provinces
(Loei and Nakhon Ratchasima). Two specimens from
Nong Khai Province share the same haplotype (H16) with
a specimen from a northern province (Nan). The other
mountain cobras collected from northern provinces (dark
red) and those from western provinces (orange) share the
haplotypes H17-21.

The haplotype network obtained from analysis of the
nuDNA gene supported the result of the mtDNA analy-
sis in that N. fuxi is highly divergent from other cobra
species (Fig. 4B), indicating the complete separation of
N. fuxi from all other Naja species. However, population
differentiation could not be revealed from this gene. The
network indicates 5 haplotypes (H1-HS5). The moun-
tain cobras from the different mountain regions (H2) are
grouped together. One haplotype (H1) is shared by N
kaouthia and N. siamensis. All other cobra species have
their own distinct haplotypes (N. mandalayensis = H3, N.
atra=H4, and N. naja = H5), supporting the results of the
mtDNA network as mentioned above.
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Naja fuxi

H12

H10

Naja atra

H28

N. kaouthia +
N. siamensis

N. mandalayensis

H3  N. atra

Naja siamensis

H25

mandaleyensis

N Naja kaouthia

H1 H3

H5

H1
5 .
N. naja

N. fuxi
H2

Figure 4. Median-joining haplotype networks of (A) concatenated mtDNA and (B) nuclear DNA, illustrating 27 (H1-28) and
5 (H1-5) haplotypes among species in the genus Naja, respectively. The colour tone indicates cobra species; Naja fuxi (red), N.
kaouthia (green), N. siamensis (blue), N. mandalayensis (pink), N. atra (purple), and N. naja (black). Colour shade indicates col-
lection region (i.e., red = north-east, dark red = north, orange = west, dark green = centre, green = south, lime = Myanmar, yellow
green = southern island). White dots on branches represent inferred missing haplotypes. The haplotype results clearly indicated the

popuation structure of N. kaouthia and N. fuxi (for mtDNA).

Morphological description of Naja fuxi
in Thailand

A total of 37 specimens of N. fuxi in Thailand displayed
diagnostic species-specific features, in particular the
pre-intrusive gular scale (between the chin shield scales).
This character is completely absent in Thai N. kaouthia
(Table 3) and N. siamensis. The samples collected from
the mountainous areas demonstrate other distinct exter-
nal characters that differ from N. kaouthia, although the
overall appearance of the latter species is most similar to
N. fuxi.

Most specimens displayed brown to reddish brown co-
louration on dorsum around the head and neck, followed
by black colour extending to the tip of the tail (Figs 6A,

S4A, S5, and S6). Their hood markings were faintly
monocellate or monocled (Figs S5E, S4A, and S5A). Main
meristic characters that differed among the specimens
were the number of dorsal scale row reduction (SRR) and
venter pattern (Table 2). Sexual dimorphism is not ob-
vious in N. fuxi, but the number of ventral scales of the
female examined (189) (Fig. S6B) was greater than that
of the males (182—188) (Figs 6B and S4B). High morpho-
logical variation between adults and juveniles was clearly
observed. The juveniles exhibited around 15 clear white
cross bands on both dorsum and ventrum from near the
middle of the body to the tail (Fig. S6). This pattern was
rarely visible in the adult specimens.

Additionally, no vague bands on the posterior part of
the body were observed in living adults encountered in
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Figure S. Preserved adult Naja fuxi QSMI1619 (sample no. 106) at different head orientations: dorsal (A), ventral (B), left lateral
(C), and right lateral (D). Hood mark pattern and colour of NV. fuxi samples no. 106 (E) and 104 (F). Black arrow indicates a pre-in-
trusive gular scale and white arrow indicates scars on parietal scales. Photograph by P. Laoungbua and B. Nadolski.

Figure 6. Preserved complete body of Naja fuxi QSMI1619 at dorsal (A) and ventral (B) views. Photograph by P. Laoungbua.
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Table 2. Morphological measurements (in mm) and meristic counts of the deposited Naja fuxi at the Snake Farm, QSMI, Thailand.

Asterisk (*) indicates damaged tail.

Variables Specimen I Specimen 11 Specimen III Specimen IV
Sample no. 106 — — —
Voucher no. QSMI1619 QSMI1624 QSMI1625 QSMI1623
Field no. NAKAO031 — — SHPC12.08-01-
Locality Nakhon Ratchasima Nakhon Ratchasima Nakhon Ratchasima Pua, Nan

g Maturity Adult Adult Adult Juvenile

2 | Sex Male Male Male Female

% Hood mark Monocellate Monocellate Monocellate Monocellate

% Head Brown Reddish brown Reddish brown Brown

§ Interstitial skin on dorsum Black Black Black Black

o Posterior body + Tail Loss of tail 3 cross bands Loss of tail 15 cross bands
TL 1,717.9 1570.3 1,505.0 410.2
SVL 1,540.6 1347.3 1,369.4 345.0
TailL 177.3% 223.0 135.6* 65.2
HL 59.9 50.4 53.6 19.5
HW 48.0 30.9 48.9 14.2
HD 17.9 19.9 232 7.2
SnEye 12.3 13.8 13.6 5.4
OrbL 7.2 6.6 6.3 35
Suporb. L [R] 12.8 12.1 13.0 4.9
Suporb. L [L] 12.5 13.0 13.0 5.4
Suporb. W [R] 9.1 8.8 8.2 3.0
Suporb. W [L] 9.0 8.6 7.5 2.8
Int.narW 16.6 13.8 13.8 5.5
Int.Orbital W 24.8 20.5 20.5 9.5

- NarEye 8.4 7.9 7.9 2.2

£ |RosW 12.2 12.0 12.0 4.4

;‘E_’ RosH 8.3 8.0 8.0 2.4

% ManW 11.0 8.5 8.5 1.6

= |ManL 6.5 3.5 35 2.2
PreV+V 2+ 188 2+182 2+ 187 2+189
NSR [V posn.] 29 [10] 31[8] 29 [10] 30[10]
MSR [V posn.] 21 [94] 21[91] 21 [94] 21[95]
VSR [V posn.] 15 [178] 15[172] 15 [178] 15[171]
A, SC 1, 30* 1,50 1,27* 1,52
SRR 31 -->29 (V posn.) R + L — 10+ 13 — —
SRR 29 -->27 (V posn.) R+ L 15+15 13+15 14+13 14 +14
SRR 27 -->25 (V posn.) R + L 16+ 16 16 +17 16 + 14 17+17
SRR 25 -->23 (V posn.) R+ L 22+22 19+20 19+ 19 24 +24
SRR 23 -->21 (V posn.) R + L 27 +27 28 +27 24 +25 31+31
SRR 21 -->19 (V posn.) R +L 108 + 108 106 + 110 103 +109 103 +102
SRR 19 -->17 (V posn.) R+ L 125+ 124 121 + 117 115+116 116 + 116
SRR 17 -->15 (V posn.) R + L 146 + 146 147 + 144 152+ 150 150 + 150
SLR+L T+7 7+7 T+7 7+7
ILR+L 8+8 8+8 8+38 8+8
CS (between ILs) R 1(4,5) 1(4,95) 1(4,5) 1(4,5)
CS (between ILs) L 1(4,5) 1(4,5) 1(4,5) 1(4,5)
1G 1 1 1 1
PIG 1 1 1 1
Lor 0 0 0 0
IntNa 2 2 2 2
PreOc 1 1 1 1
SupOc 1 1 1 1

g PostOc 2 3 2/3 3

'§ TempoR & L 2+4 & 2+3 243 & 243 2+4 & 2+3 243 & 2+3

= | Venter (1* dark)/(2 light bands) 15-19/20-25 14-21/22-25 15-19/20-23 16-21/22-27
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Table 3. Major diagnostic characters of Naja fuxi and N. kaouthia from Thailand examined in this study.

Character N. fuxi N. kaouthia
& 178-191, usually > 180 &:170-193, usually < 180
Ventrals
Q: 185-201, usually > 190 ©: 171-191, usually > 180
&' 47-55, avg. 51.0, Mode 50 J4': 48-61, avg. 53.8, Mode 53
Subcaudals
Q:48-53, avg. 50.7, Mode 52 Q:46-59, avg. 52.1, Mode 53
3:1,541.6 3:1,858.0
Max. known SVL (mm)
Q:1,420.0 0:1,934.0

Relative tail length (%)

J:13.07-15.19, avg. 14.36
Q:12.96-15.89, avg. 14.60

3:11.05-17.27, avg. 14.40
©Q:12.24-18.29, avg. 14.99

MSR 20-22 (usually 21)

19-23 (usually 21)

Pre-intrusive gular scale

Always present, one scale

Never present

Parietal scales

Usually depressed or scarred in adults

Usually flat and smooth

Appearance of scales Usually dull

Usually shiny

Interstitial skin on dorsum Black/dark brown

Usually pale, but variable

Shape of hood mark

O-shaped but usually faint, sometimes absent

Usually O-shaped, but may vary

Pattern of hood mark

White monocle always faint, usually bold black
edges on inside and outside of the mark

Regularly large and clear white monocle with
black edges on inside and outside of the mark
(if present)

Anterior dorsum colour fourth of the body

Usually reddish brown/brown on anterior one-

Variable but rarely reddish

Posterior dorsum colour

Always black/very dark brown and plain

Variable but usually same as anterior part

Venter colour/pattern

Uniform black and/or dark extending to the tail
tip except on neck and throat

Uniform white or pale extending to the tail tip
except on neck and throat, sometimes black

Juvenile colour/pattern the body, rarely plain

Usually white cross-banded on posterior half of | Usually plain, sometimes scatter-dotted and/or

cross-banded on anterior part

Behaviour

Rarely attempts to spit venom droplets

Never/nearly never spits, except populations in
India (Santra and Wiister 2017)

Distribution/Habitat

Mountainous areas (150+ m a.s.l.) in Southeast
Asia and southern China

Mostly lowland aquatic areas in Southeast Asia
and eastern India

either the north-eastern or northern N. fuxi, though en-
counters within the northern area were usually brief, last-
ing less than a few seconds. Adult radio-tracked snakes
in SERS kept the banding as they matured, but observa-
tions indicated that intensity of the banding may change
throughout the year. It is likely that the banding seen in
the juveniles becomes indistinct in the majority of adults,
or disappears completely. The loss or fading of many
kinds of juvenile patterning (such as collars and conspic-
uous banding) in adults is seen in numerous snake species
in Thailand (Chan-ard et al. 2015) such as the sunbeam
snake, Xenopeltis unicolor, the king cobra, Ophiophagus
hannah (Jintakune 2004), Brooke’s sea snake, Hydrophis
brookii, and Russel’s sea snake, Hydrophis obscurus
(Chanhome et al. 2011).

On the other hand, the monocle hood marking in ju-
veniles is quite variable. In many juveniles it is a rather
vague whitish narrow ellipse on the blackish background
colour. The anterior end of the ellipse is often a little open,
like a horseshoe with both ends bending toward each oth-
er. In other juveniles and most subadults, the marking is a
much wider, closed ellipse with a black center and broad
black edges.

Naja fuxi from Thailand can be distinguished from
other cobra species by several diagnostic characters:
a pre-intrusive gular scale (a scale found in front of in-
trusive gular scale, between both sides of posterior chin
shield scales, Figs 5B and S5B: black arrow); always

simple white monocle with bold black edge both inside
and outside hood mark, hood mark appearing somewhat
fainter on black interstitial skin (Figs 5E and 5F); dull
black scales on most of body (Fig. 6A), somewhat red-
dish brown on anterior one-fourth of body (see Supple-
mentary Material, FigsS4A and S5); venter uniformly
black beyond tail tip, except on neck and throat (Fig.
6B); MSR 21 (rarely 20 or 22); Vent 178-201; SC 31-55
pairs. It is not a spitter, but some snakes can spit droplets
of venom. It should be noted that juveniles to subadults
(particularly from north and west) often have whitish
narrow transverse bands at dorsal and ventral parts from
about the middle of the body to the tail (see Supplemen-
tary Material, Fig. S6).

In Thailand, N. fuxi is superficially similar to N.
kaouthia. Their distributions are near each other and may
overlap, as later discussed, but it is clear that N. fuxi is
geographically restricted to mountainous terrain (over
150 m a.s.l.), whereas N. kaouthia is restricted to lowland
aquatic areas (Fig. 7).

As shown in Table 3, the presence of a single pre-in-
trusive gular scale is a major diagnostic character for
N. fuxi. This scale is absent in N. kaouthia. Moreover,
N. fuxi differs in minor characters from N. kaouthia by 1)
the number of ventral scales, 178-201 (17/18 of our male
N. fuxi specimens > 180, and 7/10 of our females > 190)
versus 171-193 (24/33 of our males < 180, and 32/43 of
our females > 180) in N. kaouthia; 2) the maximum num-
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ber of subcaudal scales in our record, 55 versus 61 in N.
kaouthia; 3) dark/black coloration of interstitial skin ver-
sus usually pale skin in N. kaouthia; 4) usually faint white
O-shaped hood mark with bold black edges on inside and
outside versus clear O-shaped hood mark in N. kaouthia;
5) usually reddish brown on anterior one-fourth and black
on the rest of the body versus usually uniform colour in
N. kaouthia; 6) depressed or scarred parietal scale in adult
versus flat/smooth in N. kaouthia; 7) always black/dark
venter from after-neck to tail versus regularly pale/white
venter in N. kaouthia; and/or 8) usually white cross-band-
ed pattern on the posterior half of the body of juveniles
versus plain/varied pattern in N. kaouthia.

Distribution, habitat, and natural
history of Naja fuxi in Thailand

Naja fuxi inhabits a wide range of mountainous areas of
provinces in the northern, western, and north-eastern re-
gions of Thailand. The mountain ranges surrounding the
central lowlands (where N. kaouthia is common) are also
occupied by N. fuxi. Locations in Phetchabun, Loei, and
Nakhon Ratchasima provinces where the cobra samples
were collected lay in the mountains (Phetchabun-Dong
and Phayayen-Sankamphaeng ranges) on the eastern
boundary of the central lowlands (Wittayarat et al. 2001).
The Himalayan-Tanoasri Mountain Ranges (Dawna and
Tenasserim, parallel mountain ranges that extend from
the Daen Lao Range in the southern region of the Shan
Hills to the Malayan peninsula) play an important role as
the northern and western boundaries of the central low-
lands (Wittayarat et al. 2001), providing habitat for the
montane cobra species. The collecting sites along this
western boundary were scattered across Tak Province.

Furthermore, the mountainous areas further north
among the Himalayan ranges, where the outliers were
recorded, may be another dispersal area for N. fuxi. We
hypothesize that the distribution of this species, apart from
southern China (Shi et al. 2022) and Thailand (in this
study), probably extends to the highlands of northern Laos,
northern Vietnam, and the Shan Hills in Myanmar. (See
Fig. 7 for distribution of cobra species in Southeast Asia)

Naja fuxi is truly restricted to mountainous terrain. The
elevations of the collecting localities in this study were
documented at 150 to 1,600 meters above mean sea lev-
el; all sites were above 150 metres in the north-east and
above 400 metres in the north and west. In contrast, the
three populations of N. kaouthia that form a monophylet-
ic clade (Fig. 2) mostly occupy the lowland areas of the
central basin and the southern peninsula.

Nearly all of the collected and examined specimens
originated from dry evergreen or deciduous dipterocarp
forest (Fig. 8). They often intrude into residential house-
holds or agricultural fields near the mountains, and are
killed by villagers. They may be found under rocks, in
termite hills, tree stumps, and rodent holes. The cobras
(Fig. S7) are mostly day-active and can be spotted bask-
ing on forest trails, in open areas of forests, or alongside
roads in forested areas.

The majority of the juveniles were encountered (most-
ly in the north and west) during August or the first half
of September, which suggests that this is the time that
most juveniles are dispersing from the sites where they
had hatched earlier. However, observations of juveniles
in SERS were made mostly between April and July. This
might indicate some variation among populations (sup-
ported by Fig. 4A) within the range of the species.

The northern Thai snake fauna has been extensively
surveyed over the past fifteen years by one of us (SH),
in particular by recording, collecting and examining
road-killed specimens. Most road-killed cobra specimens
(n>50) were juveniles or subadults, but large living adults
were spotted several times on mountain roads. The latter
were extremely alert, the head elevated slightly, and when
they sensed approaching traffic, immediately retreated
into the forest from where they had emerged.

Although the road-killed (juvenile) specimens of
N. fuxi were found throughout the northern forested
mountain areas, they seemed to be more common near
(mountain) villages, swiddens and fields. This phenom-
enon might be attributed to increased vehicle traffic in
such areas, but to us it seems more likely that the spe-
cies may have been attracted to the rodent populations,
which are often higher where homes or crops are present.
Many of the road-killed specimens have been skinned
and the bowels examined, but (thus far) no rodent prey
has been found inside. On the other hand, the bowels of
one juvenile (from Mae Suai District, Chiang Rai Prov-
ince) contained an adult spotted slug snake, Pareas mac-
ularius (Serpentes), while those of a subadult from high
elevations (1,600 m) on Doi Inthanon (Mae Wang Dis-
trict, Chiang Mai Province, Thailand) contained a water
skink Tropidophorus thai (Sauria). Meanwhile, several
documented observations of adults from SERS (Nakhon
Ratchasima Province) have shown their diet to include
rodents and toads, snakes, and ground-nesting bird eggs,
and a fecal sample collected from one captured individual
contained evidence of bird feathers. The radio tracking of
adult snakes in SERS also revealed scavenging behavior,
such as when an adult male was observed consuming a
decomposing rodent carcass.

Discussion

Divergence of Naja fuxi and other
cobra species

The differentiation between N. fiuxi and other cobra spe-
cies was clearly addressed by the phylogenetic analyses
and p distances (Table 1). Apart from the mtDNA results,
the C-mos nuclear gene showed no heterozygosity and
displayed much less variation than the mtDNA genes
(likely due to the slowly evolving nature of this C-mos
gene region [e.g., Jesus et al. 2005a, 2005b for a wall
lizard and geckos, respectively and Deepak et al. 2018
for colubroid snakes]). Only a few substitutional se-
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Figure 7. Distribution of cobra species in Thailand and adjacent countries as suggested by this study. Based on this study’s results,
the distribution of Naja fuxi covers mountainous areas around the central lowland of Thailand and southern China (orange dots:
dark = samples obtained in this study, light = samples examined from different sources [Table S6]). Dot size denotes the number of
samples. According to Ratnarathorn et al. (2019) and the specimens in this study, the central lowland itself and the Sundaic peninsula
are inhabited by N. kaouthia (green dots). Outside this range, N. fuxi may colonize other highland areas (orange line). The distribution
of N. kaouthia is shown by a green line (in Myanmar [Leviton et al. 2008], India [Whitaker and Captain 2016], Malaysia [Charlton
2020], and Cambodia and Vietnam [Vogel 2006]) and N. atra by a purple line (Wiister et al. 1995; Lin et al. 2014). The distributions
of the venom-spitting cobra species are displayed with dashed lines: N. siamensis (blue dots for this study; and line for Wiister et al.
1995; Cox et al. 2012; Das 2022), N. mandalayensis (pink line, Wiister and Slowinski 2000; Das 2022), and N. sumatrana (yellow
line, Cox et al. 2012; Thai National Parks 2022; Das 2022). Map background has been applied from https://maps-for-free.com.
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Figure 8. Habitat typical of sites where many examined specimens of Naja fuxi were encountered. Photos of dry evergreen forest

(A) and deciduous dipterocarp forest with an open area (B) were taken near the Sakaerat Environmental Research Station (SERS),
Nakhon Ratchasima, Thailand. Photographs by B. Nadolski (for A) and N. Ratnarathorn (for B).

quences were exhibited in this highly conserved locus of
the cobras, which is helpful for resolving phylogenetic
relationships at higher taxonomic levels (Patwardhan et
al. 2014; Chan et al. 2021). The complete separation of
N. fuxi from all other Naja species based on this nuclear
locus is the most powerful evidence that this new spe-
cies is indeed a distinct species with little or no gene flow
connecting it to N. kaouthia or any other species. More-
over, the sequence divergence values (Table 1) among
non-spitting cobra species that indicate species differenc-
es in this study (2.91-5.86%) correspond to that reported
by Wiister et al. (1995) (4.41%), although they used the
partial COI gene.

Changes of tectonic and/or environmental conditions
can play an important role in the diversification of reptiles
(Xu et al. 2021) and cobras (Wiister et al. 2007; Kazan-
djian et al. 2021). After the Asiatic cobra had split from
its African ancestors and colonized Southeast Asia during
the middle Miocene (Wiister et al. 2007; Klaus et al.
2016), further speciation occurred (Wiister 1996; Slow-
inski and Keogh 2000; Wiister et al. 2007; Kazandjian
et al. 2021). One major historical event in the Southeast
Asian biogeography to influence the speciation of N. fuxi
and other regional cobras may have involved changes of
ecological factors (e.g., prey, vegetation, temperature, ge-
ography, or combination) between the middle Miocene to
Pleistocene (e.g., Kazandjian et al. 2021). A similar event
has been addressed in the African cobras (Wiister et al.
2007) and in Asiatic cobras (Wiister and Thorpe 1989).
The transition from evergreen and deciduous forests to
grassland due to cooler temperatures and the monsoon
alternation (ultimately followed by other biotic changes)
in the late Miocene (Hall 2012; Khan et al. 2016; More et
al. 2016; Wang et al. 2019) may account for the split be-
tween the venom-spitting and non-spitting cobra lineages
in Asia. Subsequently, the parallel mountain ranges char-
acterized by evergreen and deciduous forests at high alti-
tudes, and the flooding plain at low altitudes (Hall 2012;
Morley 2018) may facilitate the restriction and allopatric
speciation of N. fuxi and N. kaouthia, respectively. The
population divergence of N. kaouthia occurred after the
Pleistocene epoch (Ratnarathorn et al. 2019).

The evolution of reptiles and other vertebrates sup-
ported that of cobras during the late Mio-Pliocene in
the Southeast Asian region. As reptiles are highly sensi-
tive to their environment (Xu et al. 2021), geographical
changes (e.g., river drainage) in the late Neogene may
have contributed to the diversification of several turtle
and crocodile species found in the north-eastern region
of Thailand (Claude et al. 2011). The speciation of the
red-necked keelback snakes (Liu et al. 2021; David and
Vogel 2021) and the Asian pipe snakes (Amarashinghe
et al. 2015) may have been facilitated by geographical
differences as a result of tectonic changes in this region.
The presence of a hippopotamus-like mammal dated back
to the late Miocene indicates a biogeography suitable for
species evolution in this region (Hanta et al. 2008). The
tropical environment during the late Miocene could have
reportedly resulted in the speciation of a relative on the
orangutan, namely Khoratpithecus piriyai in Nakhon
Ratchasima Province, Thailand (Chaimanee et al. 2004).

The morphological data reported herein support the
molecular genetic results showing N. fixi to be distinct.
We have identified a diagnostic character, namely the
pre-intrusive gular scale located anteriorly to the intru-
sive gular scale. This is a key character that can be used
to distinguish N. fuxi from other cobra species. The evo-
lution and benefit of this extra scale is still unknown. Co-
louration is variable in this species and cannot be used
alone as a diagnostic character; in this respect it some-
times overlaps with N. kaouthia. (See Fig. S8 for example
images of N. kaouthia).

Some minor characters may be useful for species iden-
tification but should be carefully considered, as they show
variation in N. fuxi. Individuals from juvenile to subadult
stages often appear with whitish cross bands from about
midbody to the tail (see Supplementary Material, Fig.
S6). This character frequently appears in N. fuxi from the
northern region. Our haplotype network analysis (Fig.
4A) suggests that variation in this character may relate to
the genetic divergence of populations. The north-eastern
population can be separated from those from the north
and west by this character; in the latter, the whitish cross
bands are present in juveniles and subadults. Another
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character is a small, scar-like depression on the parietal
shield(s) (Fig. 5A, E, F, and S5A: white arrow). How-
ever, a number of northern Thai road-killed cobras did
not have these scars. Therefore, one should be mindful of
such variation when using this character for identification
of N. fuxi.

Distribution of Naja fuxi

Given that N. fuxi is widely distributed in the mountains
of Thailand, previous reports of Naja spp. from Vietnam,
Laos and China could be of N. fuxi (Table S6). Genetic
data from these areas can strengthen this idea. Our addi-
tional phylogenetic analyses showed that three specimens
(in Lin et al. 2014; Lin et al. 2012; GenBank sequence
KUS527540) were in fact NV. fuxi (Fig. 3). Lin et al. (2014)
noted in their study that specimens obtained from west-
ernmost China formed a distant and distinct clade from
other populations of N. atra; one of the specimens (from
Hekou) was found in our analysis to be the most similar
to the two specimens with unclear coordinates in China
published in Lin et al. (2012) and in GenBank sequence
KUS527540. Our results support the suggestion of Shi et
al. (2022) that those samples are in fact N. fuxi, but were
misidentified as N. atra. Our findings also allow us to
expand the distribution of this recently described cobra
species to Thailand. The distribution of N. fuxi to the east
in the Annamite Range (in Laos and Vietnam) and to the
west in the Himalayan-Tibetan Ranges (in Bhutan, India,
Nepal, and Bangladesh), Arakan Range, and Chin Hills
(in the west of Myanmar) requires further investigation to
ascertain their true identity.

Historically, the Southeast Asian biogeography has
shown high suitability for reptiles. Even in areas of high-
er elevation, habitats have supported diverse reptile com-
munities (e.g., Chettri et al. 2010; Li et al. 2018). There
have been records indicating that many living reptilian
species are specific to mountainous areas in Thailand and
adjacent regions; examples include the gekkonid lizards
(e.g., Grismer et al. 2018; Grismer et al. 2020), various
snakes (e.g., Teynié et al. 2015; Sumontha et al. 2020;
Pauwels et al. 2021), and the long-horned lizards (e.g.,
Trivalairat et al. 2020).

Natural borders that separate N. fuxi and N. kaouthia
are quite clear. Our study illustrates that the large basin
area in Sukhothai Province formed by the Yom River is
part of the central lowland, given that N. kaouthia (sam-
ple No: NO8-N10) can still be found there. This corrobo-
rates the report of Ratnarathorn et al. (2019). It will be in-
teresting to investigate the cobras from the northern part
of the province or from mountainous provinces nearby to
determine if they are N. kaouthia or N. fuxi. Recently, a
cobra from Uttaradit Province (north of Sukhothai) was
recorded at 210 m a.s.l. (Table S6). Based on morpho-
logical criteria, it seems to be N. fuxi; however, a genetic
investigation is required to confirm the species.

This study shows a possible overlap in the distribu-
tions of N. fuxi and N. kaouthia, but our genetic data
revealed no evidence of hybridization. This was clearly

shown by the nuclear DNA (C-mos) results (Fig. 4B).
Although two specimens were collected from the same
district (Pak Chong, Nakhon Ratchasima Province), our
genetic analyses confirmed that they are different species
(I22 = N. fuxi and 123 = N. kaouthia). Despite the fact that
the collection coordinates of many specimens have not
been precisely recorded, we believe that N. fuxi does not
occupy lowland areas. Data from the radio-tracking of the
mountain cobras in the north-eastern region (unpublished
data) indicate habitat preferences of evergreen and decid-
uous forest with avoidance of dipterocarp forest in low-
land areas. However, it should be noted that road-killed
specimen 123 (N. kaouthia) was collected from Khao Yai
National Park (at around 900 m a.s.1.). This is the only N.
kaouthia in our collection that was found at a higher alti-
tude. Further investigation is needed to determine wheth-
er it was an introduced/captivity-escaped cobra or if the
range of N. kaouthia extends to highland areas.

Conclusion

This study strongly supports the status of N. fixi as a
distinct species through the analyses of two independent
genes (mtDNA and nuDNA) and morphological exam-
ination. The genetic data revealed that the cryptic cobra
species in the study of Ratnarathorn et al. (2019) and the
montane cobra specimens in this study are the same spe-
cies as N. fuxi described by Shi et al. (2022). Further-
more, they have a non-monophyletic relationship to N.
kaouthia. In Thailand, N. fuxi shows differences in mor-
phology from the typical N. kaouthia in the central and
southern regions, and from N. fixxi in China. Unlike the
Chinese cobras, the Thai montane cobras are plain black
rather than with a brown-banded pattern. Morphological
characters and ecological differences between the mon-
tane cobras and the monocled cobras have also been clar-
ified. Rather than ending abruptly at the Chinese border
as described by Shi et al., the geographic distribution of
N. fuxi likely also includes mountain ranges in Thailand
and the Oriental region.

Acknowledgements

We would like to sincerely thank our project mentor Narongsak Chai-
yabutr. We gratefully thank Larry Lee Grismer, Wolfgang Wiister,
Deepak Veerappan, Philip D Round, and Merel J Cox for the valu-
able reviews and comments. Special thanks to Chakkarin Ninkam-
haeng, Sitthichai Thomjoho, Parinya Pawangkhanant, local residents,
and snake catchers who collected specimens from different regions of
Thailand. We would also like to thank the following people: Panapat
Ratnarathorn for figure/graphic design; Vachirapong Charoennitiwat;
Wacharapong Sripunsathit; and all supporting staff from the Biology
Department, Science Faculty, Mahidol University, and Queen Saovabha
Memorial Institute (The Snake Farm and Department of Research and
Development) for providing working space and equipment. We thank
Panupong Thammachoti (the Chulalongkorn University Museum of


http://www.ncbi.nlm.nih.gov/nuccore/KU527540
http://www.ncbi.nlm.nih.gov/nuccore/KU527540

Vertebrate Zoology 73, 2023, 257-276

273

Natural History) and Patrick Campbell (the National History Museum,
London, UK) for providing opportunity to assess the collections, and
Patrick David (Muséum National d’Histoire Naturelle, Paris) for cop-
ies of rare, original literature. Many thanks Urusa Thaenkham, Abigail
Hui En Chan, Chalita Kongrit, and administrators/members of Snakes
of Thailand Facebook group for helpful suggestions and miscellaneous
support. Thank David Anderson for providing copy editing support.
This research project was funded and supported by Mahidol University.

There is no conflict of interest and the authors confirm that the field
studies did not involve endangered or protected species. Animal use
in this study has been under official permit by the Snake Farm, QSMI
(Protocol no. QSMI-ACUC-08-2020).

References

Aggemyr E, Auffret AG, Jadergérd L, Cousins SAO (2018) Species rich-
ness and composition differ in response to landscape and biogeog-
raphy. Landscape Ecology 33: 2273-2284. https://doi.org/10.1007/
$10980-018-0742-9

Amarashinghe A, Campbell PD, Hallermann J, Sidik I, Supriatna J, In-
eich I (2015) Two new species of the genus Cylindrophis Wagler,
1828 (Squamata: Cylindrophiidae) from Southeast Asia. Amphibian
& Reptile Conservation 9: 34-51.

Ashraf M, Nadeem A, Smith E, Javed M, Smart U, Yaqub T, Hash-
mi A (2019) Molecular phylogenetics of Black Cobra (Naja naja)
in Pakistan. Electronic Journal of Biotechnology 42. https://doi.
org/10.1016/j.ejbt.2019.10.005

Bandelt HJ, Forster P, Rohl A (1999) Median-joining networks for in-
ferring intraspecific phylogenies. Molecular Biology and Evolution
16: 37-48. https://doi.org/10.1093/oxfordjournals.molbev.a026036

Bandelt HJ, Forster P, Sykes BC, Richards MB (1995) Mitochondrial
portraits of human populations using median networks. Genetics
141: 743-753.

Betran E, Rozas J, Navarro A, Barbadilla A (1997) The estimation of the
number and the length distribution of gene conversion tracts from
population DNA sequence data. Genetics 146: 89-99.

Ceriaco L, Marques M, Schmitz A, Bauer A (2017) The “Cobra-Preta”
of Sdo Tomé Island, Gulf of Guinea, is a new species of Naja Lau-
renti, 1768 (Squamata: Elapidae). Zootaxa 4324: 121-141. https://
doi.org/10.11646/zootaxa.4324.1.7

Chaimanee Y, Suteethorn V, Jintasakul P, Vidthayanon C, Marandat B,
Jaeger JJ (2004) A new orang-utan relative from the Late Miocene of
Thailand. Nature 427: 439—-41. https://doi.org/10.1038/nature02245

Chan AHE, Chaisiri K, Saralamba S, Morand S, Thaenkham U (2021)
Assessing the suitability of mitochondrial and nuclear DNA genetic
markers for molecular systematics and species identification of hel-
minths. Parasites Vectors 14: 233. https://doi.org/10.1186/s13071-
021-04737-y

Chan-ard T, Parr JWK, Nabhitabhata J (2015) A Field Guide to the Rep-
tiles of Thailand. Oxford University Press, New York, 352 pp.

Chanhome L, Cox MJ, Vasaruchapong T, Chaiyabutr N, Sitprija V
(2011) Characterization of venomous snakes of Thailand. Asian Bio-
medicine 5: 311-328. https://doi.org/10.5372/1905-7415.0503.043

Chanhome L, Cox MJ, Wilde H, Jintakoon P, Chaiyabutr N, Sitprija
V (1998) Venomous snakebite in Thailand. I: Medically important
snakes. Military Medicine 163: 310-317. https://doi.org/10.1093/
milmed/163.5.310

Charlton T (2020) A Guide to Snakes of Peninsular Malaysia and Singa-
pore. Natural History Publications, Borneo, 300 pp.

Chettri B, Bhupathy S, Acharya B (2010) Distribution pattern of reptiles
along an eastern Himalayan elevation gradient, India. Acta Oecolo-
gica 36: 16-22. https://doi.org/10.1016/j.acta0.2009.09.004.

Claude J, Naksri W, Boonchai N, Buffetaut E, Duangkrayom J, Lao-
jumpon C, Jintasakul P, Lauprasert K, Martin J, Suteethorn V, Tong
H (2011) Neogene reptiles of northeastern Thailand and their paleo-
geographical significance. Annales de Paléontologie 97: 113—131.
https://doi.org/10.1016/j.annpal.2011.08.002.

Cox MJ (1991) The snakes of Thailand and their husbandry. Krieger
Public Company Limited, Malabar-Florida, 526 pp.

Cox MJ, Hoover M, Chanhome L, Thirakhupt K (2012) The snakes of
Thailand. Chulalongkorn University Museum of Natural History,
Bangkok, 845 pp.

Das I (2022) A Naturalist’s Guide to the Snakes of Southeast Asia (3™
ed). John Beaufoy Publishing, Oxford, 176 pp.

David P, Vogel G (2021) Taxonomic composition of the Rhabdophis
subminiatus (Schlegel, 1837) species complex (Reptilia: Natricidae)
with the description of a new species from China. Taprobanica 10:
89-120. https://doi.org/10.47605/tapro.v10i2.257

Deepak V, Ruane S, Gower D (2018) A new subfamily of fossorial col-
ubroid snakes from the Western Ghats of peninsular India. Journal
of Natural History 52: 2919-2934. https://doi.org/10.1080/0022293
3.2018.1557756.

Department of Disease Control, Ministry of Public Health, Thailand
(2020) Snake bite envenoming. Bureau of Epidemiology, Annual
Epidemiological Surveillance Report 2018: 214-216. https://apps.
doe.moph.go.th/boeeng/download/AW_Annual Mix%206212_14
rl.pdf

Dowling HG (1951a) A proposed standard system of counting ventrals
in snakes. British Journal of Herpetology 1: 97-99.

Dowling HG (1951b) A proposed method of expressing scale reductions
in snakes. Copeia 1951: 131-134. https://doi.org/10.2307/1437542

Drummond AJ, Ho SY, Phillips MJ, Rambaut A (2006) Relaxed phylo-
genetics and dating with confidence. PLoS Biology 4: ¢88. https://
doi.org/10.1371/journal.pbio.0040088

Drummond AJ, Suchard MA, Xie D, Rambaut A (2012) Bayesian phy-
logenetics with BEAUti and the BEAST 1.7. Molecular Biology and
Evolution 29: 1969-1973. https://doi.org/10.1093/molbev/mss075

Graziano MU, Graziano KU, Pinto FM, Bruna CQ, de Souza RQ,
Lascala CA (2013) Effectiveness of disinfection with alcohol
70% (w/v) of contaminated surfaces not previously cleaned. Re-
vista Latino-Americana de Enfermagem 21: 618-623. https://doi.
org/10.1590/S0104-11692013000200020

Grismer L, Rujirawan A, Termprayoon K, Ampai N, Yodthong S, Wood
JrP, Oaks J, Aowphol A (2020) A new species of Cyrtodactylus Gray
(Squamata; Gekkonidae) from the Thai Highlands with a discussion
on the evolution of habitat preference. Zootaxa 4852: 401-427.
https://doi.org/10.11646/zootaxa.4852.4.1.

Grismer L, Wood JrP, Zug G, Thura M, Grismer M, Murdoch M, Quah E,
Lin A (2018) Two more new species of Hemiphyllodactylus Bleeker
(Squamata: Gekkonidae) from the Shan Hills of eastern Myanmar
(Burma). Zootaxa 4483: 295-316. https://doi.org/10.11646/zootaxa.
4483.2.4.

Hall R (2012) Sundaland and Wallacea, geology, plate tectonics and
palacogeography. In: Gower D, Johnson K, Richardson J, Rosen B,
Riiber L, Williams S (Eds) Biotic evolution and environmental change
in Southeast Asia. Cambridge University Press, Cambridge, 32—78.

Hall TA (1999) BioEdit: A user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucleic Acids
Symposium Series 41: 95-98.


https://doi.org/10.1007/s10980-018-0742-9
https://doi.org/10.1007/s10980-018-0742-9
https://doi.org/10.1016/j.ejbt.2019.10.005
https://doi.org/10.1016/j.ejbt.2019.10.005
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.11646/zootaxa.4324.1.7
https://doi.org/10.11646/zootaxa.4324.1.7
https://doi.org/10.1038/nature02245
https://doi.org/10.1186/s13071-021-04737-y
https://doi.org/10.1186/s13071-021-04737-y
https://doi.org/10.5372/1905-7415.0503.043
https://doi.org/10.1093/milmed/163.5.310
https://doi.org/10.1093/milmed/163.5.310
https://doi.org/10.1016/j.actao.2009.09.004
https://doi.org/10.1016/j.annpal.2011.08.002
https://doi.org/10.47605/tapro.v10i2.257
https://doi.org/10.1080/00222933.2018.1557756
https://doi.org/10.1080/00222933.2018.1557756
https://apps.doe.moph.go.th/boeeng/download/AW_Annual_Mix%206212_14_r1.pdf
https://apps.doe.moph.go.th/boeeng/download/AW_Annual_Mix%206212_14_r1.pdf
https://apps.doe.moph.go.th/boeeng/download/AW_Annual_Mix%206212_14_r1.pdf
https://doi.org/10.2307/1437542
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1590/S0104-11692013000200020
https://doi.org/10.1590/S0104-11692013000200020
https://doi.org/10.11646/zootaxa.4852.4.1
https://doi.org/10.11646/zoo%C2%ADtaxa.%C2%AD4%C2%AD483.2.4
https://doi.org/10.11646/zoo%C2%ADtaxa.%C2%AD4%C2%AD483.2.4

274

Ratnarathorn et al.: Naja fuxi and its extended distribution

Hanta R, Ratanasthien B, Kunimatsu Y, Saegusa CH, Nakaya DH,
Nagaoka ES, Jintasakul P (2008) A new species of Bothriodontinae,
Merycopotamus thachangensis (Cetartiodactyla, Anthracotheriidae)
from the Late Miocene of Nakhon Ratchasima, North-eastern Thai-
land. Journal of Vertebrate Paleontology 28: 1182—1188.

Hofmann S (2012) Population genetic structure and geographic differ-
entiation in the hot spring snake Thermophis baileyi (Serpentes, Col-
ubridae): Indications for glacial refuges in southern-central Tibet.
Molecular Phylogenetics and Evolution 63: 396-406. https://doi.
org/10.1016/j.ympev.2012.01.014

Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of
phylogeny. Bioinformatics 17: 754-755. https://doi.org/10.1093/
bioinformatics/17.8.754

Hughes JB, Round PD, Woodruff DS (2003) The Indochinese—Sundaic
faunal transition at the Isthmus of Kra: An analysis of resident for-
est bird species distributions. Journal of Biogeography 30: 569-580.
https://doi.org/10.1046/j.1365-2699.2003.00847.x

iNaturalist.org (2021) http://www.inaturalist.org.

Jesus J, Brehm A, Harris JD (2005a) Is C-mos phylogenetically infor-
mative at lower taxonomic levels in reptiles? An assessment of vari-
ation within Lacerta (Teira) dugesii Milne-Edwards, 1829 (Squama-
ta: Sauria: Lacertidae). Herpetozoa 18: 55-59.

Jesus J, Brehm A, Harris JD (2005b) Phylogenetic relationships of
Hemidactylus geckos from the Gulf of Guinea islands: Patterns of
natural colonizations and anthropogenic introductions estimated
from mitochondrial and nuclear DNA sequences. Molecular Phy-
logenetics and Evolution 34: 480-485. https://doi.org/10.1016/j.
ympev.2004.11.006

Jintakune P (2004) gﬁiﬂuﬂi:m Alne 2 (Venomous Snakes in Thailand
2). Matichonbook Publishing, Bangkok, 176 pp.

Jintakune P, Chanhome L (1996) gﬂHTuUS:WI Alne (Venomous Snakes
in Thailand). Pachachon Co. Ltd, Bangkok, 175 pp.

Kazandjian TD, Petras D, Robinson SD, van Thiel J, Greene HW, Ar-
buckle K, Barlow A, Carter DA, Wouters RM, Whiteley G, Wagstaff
SC, Arias AS, Albulescu LO, Plettenberg Laing A, Hall C, Heap A,
Penrhyn-Lowe S, McCabe CV, Ainsworth S, da Silva RR, Dorrest-
ein PC, Richardson MK, Gutiérrez JM, Calvete JJ, Harrison RA,
Vetter I, Undheim EAB, Wiister W, Casewell NR (2021) Convergent
evolution of pain-inducing defensive venom components in spitting
cobras. Science 371: 386-390. https://doi.org/10.1126/science.abb-
9303

Khan M, Spicer RA, Spicer TE, Bera S (2016) Occurrence of Shorea
Roxburgh ex C. F. Gaertner (Dipterocarpaceae) in the Neogene Si-
walik forests of eastern Himalaya and its biogeography during the
Cenozoic of Southeast Asia. Review of Palacobotany and Palynol-
ogy 233: 236-254. https://doi.org/10.1016/j.revpalbo.2016.07.011

Klaus S, Morley R, Plath M, Zhang YP, Li JT (2016) Biotic interchange
between the Indian subcontinent and mainland Asia through time.
Nature Communications 7: 12132. https://doi.org/10.1038/ncom-
ms12132

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X:
Molecular Evolutionary Genetics Analysis across computing plat-
forms. Molecular Biology and Evolution 35: 1547-1549. https://doi.
org/10.1093/molbev/msz312

Lanfear R, Calcott B, Ho SY, Guindon S (2012) PartitionFinder: Com-
bined selection of partitioning schemes and substitution models for
phylogenetic analyses. Molecular Biology and Evolution 29: 1695—
1701. https://doi.org/10.1093/molbev/mss020

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B (2017) Parti-
tionFinder 2: New methods for selecting partitioned models of evo-

lution for molecular and morphological phylogenetic analyses. Mo-
lecular Biology and Evolution 34: 772—773. https://doi.org/10.1093/
molbev/msw260

Lawson R, Slowinski JB, Crother BI, Burbrink FT (2005) Phylogeny of
the Colubroidea (Serpentes): new evidence from mitochondrial and
nuclear genes. Molecular Phylogenetics and Evolution 37: 581-601.
https://doi.org/10.1016/j.ympev.2005.07.016

Leviton A, Zug G, Vindum J, Wogan G (2008) Handbook to the Dan-
gerously Venomous Snakes of Myanmar. California Academy of
Sciences, San Francisco, CA, 122 pp.

Li JT, Gao YD, Xie L, Deng C, Shi P, Guan ML, Huang S, Ren JL,
Wu DD, Ding L, Huang ZY, Nie H, Humphreys DP, Hillis DM,
Wang WZ, Zhang YP (2018) Comparative genomic investigation of
high-elevation adaptation in ectothermic snakes. Proceedings of the
National Academy of Sciences of the United States of America 115:
8406-8411. https://doi.org/10.1073/pnas.1805348115

Librado P, Rozas J (2009) DnaSP v5: A software for comprehensive
analysis of DNA polymorphism data. Bioinformatics 25: 1451—
1452. https://doi.org/10.1093/bioinformatics/btp187

Lin H-C, Li S-H, Fong J, Lin S-M (2008) Ventral coloration differ-
entiation and mitochondrial sequences of the Chinese cobra (Naja
atra) in Taiwan. Conservation Genetics 9: 1089-1097. https://doi.
0rg/10.1007/s10592-007-9418-8

Lin L-H, Hua L, Qu Y-F, Gao J-F, Ji X (2014) The phylogeographical
pattern and conservation of the Chinese cobra (Naja atra) across
its range based on mitochondrial Control Region sequences. PLoS
ONE 9: €106944. https://doi.org/10.1371/journal.pone.0106944

Lin L-H, Qu Y-F, Li H, Zhou KY, Ji X (2012) Genetic structure and de-
mographic history should inform conservation: Chinese Cobras cur-
rently treated as homogenous show population divergence. PLOS
ONE 7: €36334. https://doi.org/10.1371/journal.pone.0036334

Liu Q, Xie X, Wu Y, Shu G, Guo K, Guo P, Cui L (2021) High genetic
divergence but low morphological differences in a keelback snake
Rhabdophis subminiatus (Reptilia, Colubridae). Journal of Zoologi-
cal Systematics and Evolutionary Research 59: 1371-1381. https://
doi.org/10.1111/jzs.12484.

Madden T (2002) The BLAST Sequence Analysis Tool. In: McEntyre J,
Ostell J (Eds) The NCBI Handbook. Chapter 16. National Center for
Biotechnology Information, Bethesda, MD. http://www.ncbi.nlm.
nih.gov/books/NBK21097/

Mangzili S, Ibrohim I, Hamidy A (2020) Study of morphological vari-
ations of Gekko gecko (Linnaeus 1758) population in Indonesia.
AIP Conference Proceedings 2231: 040062. https://doi.org/10.10-
63/5.0002491

McCartney-Melstad E, Waller T, Micucci PA, Barros M, Draque J, Am-
ato G, Mendez M (2012) Population structure and gene flow of the
Yellow Anaconda (Eunectes notaeus) in Northern Argentina. PLoS
ONE 7: €37473. https://doi.org/10.1371/journal.pone.0037473

More S, Paruya DK, Taral S, Chakraborty T, Bera S (2016) Deposition-
al environment of Mio-Pliocene Siwalik Sedimentary Strata from
the Darjeeling Himalayan Foothills, India: A Palynological Ap-
proach. PLoS ONE 11: e0150168. https://doi.org/10.1371/journal.
pone.0150168

Modahl CM, Roointan A, Rogers J, Currier K, Mackessy SP (2020)
Interspecific and intraspecific venom enzymatic variation among
cobras (Naja sp. and Ophiophagus hannah). Comparative Biochem-
istry and Physiology, Part C 232: 108743. https://doi.org/10.1016/j.
cbpc.2020.108743

Morley R (2018) Assembly and division of the South and South-East
Asian flora in relation to tectonics and climate change. Journal of


https://doi.org/10.1016/j.ympev.2012.01.014
https://doi.org/10.1016/j.ympev.2012.01.014
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1046/j.1365-2699.2003.00847.x
http://www.inaturalist.org
https://doi.org/10.1016/j.ympev.2004.11.006
https://doi.org/10.1016/j.ympev.2004.11.006
https://doi.org/10.1126/science.abb%C2%AD9303
https://doi.org/10.1126/science.abb%C2%AD9303
https://doi.org/10.1016/j.revpalbo.2016.07.011
https://doi.org/10.1038/ncomms12132
https://doi.org/10.1038/ncomms12132
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1093/molbev/mss020
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1016/j.ympev.2005.07.016
https://doi.org/10.1073/pnas.1805348115
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1007/s10592-007-9418-8
https://doi.org/10.1007/s10592-007-9418-8
https://doi.org/10.1371/journal.pone.0106944
https://doi.org/10.1371/journal.pone.0036334
https://doi.org/10.1111/jzs.12484
https://doi.org/10.1111/jzs.12484
http://www.ncbi.nlm.nih.gov/books/NBK21097/
http://www.ncbi.nlm.nih.gov/books/NBK21097/
https://doi.org/10.10%C2%AD63/%C2%AD5.0002491
https://doi.org/10.10%C2%AD63/%C2%AD5.0002491
https://doi.org/10.1371/journal.pone.0037473
https://doi.org/10.1371/journal.pone.0150168
https://doi.org/10.1371/journal.pone.0150168
https://doi.org/10.1016/j.cbpc.2020.108743
https://doi.org/10.1016/j.cbpc.2020.108743

Vertebrate Zoology 73, 2023, 257-276

275

Tropical Ecology 34: 209-234. https://doi.org/10.1017/S0266467-
418000202

Patwardhan A, Ray S, Roy A (2014) Molecular markers in phylogenetic
studies—a review. Journal of Phylogenetics & Evolutionary Biolo-
gy 2: 2. https://doi.org/10.4172/2329-9002.100013 1

Pauwels OSG, Thongyai K, Chantong P, Sumontha M (2021) Two new
Kukri Snake species (Colubridae: Oligodon) from the Nakhon Si
Thammarat Mountain Range, and addition of O. ocellatus to the fau-
na of Thailand. Zootaxa 4908: 537-557. https://doi.org/10.11646/
zootaxa.4908.4.7

Rambaut A, Suchard MA, Xie D, Drummond AJ (2014) FigTree http://
tree.bio.ed.ac.uk/software/figtree

Ratnarathorn N (2019) Regional variation of the monocled cobra, Naja
kaouthia Lesson, 1831 (Squamata: Elapidae) in Thailand: Develop-
ment, Temperature Effects, Environment, and Phylogeny. PhD The-
sis, University College London, London, UK. http://discovery.ucl.
ac.uk/10064939

Ratnarathorn N, Harnyuttanakorn P, Chanhome L, Evans SE, Day JJ
(2019) Geographical differentiation and cryptic diversity in the
monocled cobra, Naja kaouthia (Elapidae), from Thailand. Zoologi-
ca Scripta 48: 711-726. https://doi.org/10.1111/zsc.12378

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S,
Larget B, Liu L, Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2:
Efficient Bayesian phylogenetic inference and model choice across
a large model space. Systematic Biology 61: 539-542. https://doi.
org/10.1093/sysbio/sys029

Rozas J, Ferrer-Mata A, Sanchez-DelBarrio JC, Guirao-Rico S, Libra-
do P, Ramos-Onsins SE, Sanchez-Gracia A (2017) DnaSP v6: DNA
sequence polymorphism analysis of large datasets. Molecular Biol-
ogy and Evolution 34: 3299-3302. https://doi.org/10.1093/molbev/
msx248

Santra V, Wiister W (2017) Natural History Notes. Naja kaouthia
(Monocled cobra). Behavior/Spitting. Herpetological Review 48:
455-456.

Shi S-C, Vogel G, Ding L, Rao D-Q, Liu S, Zhang L, Wu Z-J, Chen Z-N
(2022) Description of a new cobra (Naja Laurenti, 1768; Squamata,
Elapidae) from China with designation of a Neotype for Naja atra.
Animals 12: 3481. https://doi.org/10.3390/ani12243481

Slowinski JB, Keogh SJ (2000) Phylogenetic relationships of ela-
pid snakes based on cytochrome b mtDNA sequences. Molecular
Phylogenetics and Evolution 15: 157—-164. https://doi.org/10.1006/
mpev.1999.0725

Slowinski JB, Wiister W (2000) A new cobra (Elapidae: Naja) from
Myanmar (Burma). Herpetologica 56: 257-270. http://www.jstor.
org/stable/3893276

Sumontha M, Suntrarachun S, Pauwels OSG, Pawangkhanant P, Chom-
ngam N, lamwiriyakul P, Chanhome L (2021) A new karst-dwelling,
colorful pitviper (Viperidae: Trimeresurus) from northern Peninsu-
lar Thailand. Zootaxa 4974: 307332. https://doi.org/10.11646/zoo-
taxa.4974.2.4

Sumontha M, Vasararuchapong T, Chomngam N, Suntrarachun S,
Pawangkhanant P, Sompan W, Smits T, Kunya K, Chanhome L
(2020) Protobothrops kelomohy sp. nov. (Squamata: Viperidae),
the second known species of lance-headed pit viper from Thailand.
Tropical Natural History 20: 43—59.

Tan CH, Palasuberniama P, Blancoc FB, Tan KY (2020) Immunore-
activity and neutralization capacity of Philippine cobra antivenom
against Naja philippinensis and Naja samarensis venoms. Transac-
tions of the Royal Society of Tropical Medicine and Hygiene 115:
78-84. https://doi.org/10.1093/trstmh/traa087

Tan KY, Tan CH, Fung SY, Tan NH (2015) Venomics, lethality and neu-
tralization of Naja kaouthia (monocled cobra) venoms from three
different geographical regions of Southeast Asia. Journal of Pro-
teomics 120: 105-125. https://doi.org/10.1016/j.jprot.2015.02.012

Teynié A, David P, Lottier A, Le M, Vidal N, Nguyen T (2015) A new
genus and species of xenodermatid snake (Squamata: Caenophidia:
Xenodermatidae) from northern Lao People’s Democratic Republic.
Zootaxa 3926: 523-540. https://doi.org/10.11646/zootaxa.3926.4.4

Thai National Parks (2022) Monocled cobra https://www.thainational-
parks.com/species/naja-kaouthia

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: Improving
the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight ma-
trix choice. Nucleic Acids Research 22: 4673-4680.

Trivalairat P, Kunya K, Chanhome L, Sumontha M, Vasaruchapong T,
Chomngam N, Chiangkul K (2020) Acanthosaura aurantiacrista
(Squamata: Agamidae), a new long horn lizard from northern Thai-
land. Biodiversity Data Journal 8: e48587. https://doi.org/10.3897/
BDJ.8.¢48587

Uetz P, Freed P, Aguilar R, Hosek J (2022) The Reptile Database, http://
www.reptile-database.org

Vogel G (2006) Venomous snakes of Asia: Giftschlangen Asiens. White
Lotus Press, Frankfurt am Main, 149 pp.

Wallach V, Wiister W, Broadley DG (2009) In praise of subgenera: Taxo-
nomic status of cobras of the genus Naja Laurenti (Serpentes: Elapi-
dae). Zootaxa 2236: 26-36. https://doi.org/10.5281/zenodo.190422

Wang H, Lu H, Zhao L, Zhang H, Lei F, Wang Y (2019) Asian monsoon
rainfall variation during the Pliocene forced by global temperature
change. Nature Communications 10: 5272. https://doi.org/10.1038/
s41467-019-13338-4

Whitaker R, Captain A (2016) Snakes of India: The Field Guide. West-
land/Draco Books, Chennai, 400 pp.

Wittayarat P, Worakawin K, Mﬁn:sin W, Kaewmoung D, Amaranan K,
Parithan V (2001) Atlas wHufinfiAnans-UszTRm1a63. Thai Wata-
na Panich Press, Bangkok, Thailand, 192 pp.

Woodruft DS (2010) Biogeography and conservation in Southeast Asia:
How 2.7 million years of repeated environmental fluctuations affect
today’s patterns and the future of the remaining refugial-phase bio-
diversity. Biodiversity and Conservation 19: 919-941. https://doi.
org/10.1007/s10531-010-9783-3

Wiister W (1996) Taxonomic changes and toxinology: systematic re-
visions of the Asiatic cobras (Naja naja species complex). Toxicon
34: 399-406. PMID: 8735239. https://doi.org/10.1016/0041-0101-
(95)00139-5

Wiister W, Slowinski JB (2000) A new cobra (Elapidae: Naja) from
Myanmar (Burma). Herpetologica 56: 257-270.

Wiister W, Thorpe RS (1989) Population affinities of the Asiatic co-
bra (Naja naja) species complex in south-east Asia: Reliability and
random resampling. Biological Journal of the Linnean Society 36:
391-409. https://doi.org/10.1111/j.1095-8312.1989.tb00503.x

Wiister W, Thorpe RS, Cox MJ, Jintakune P, Nabhitabhata J (1995) Pop-
ulation systematics of the snake genus Naja (Reptilia: Serpentes: El-
apidae) in Indochina: Multivariate morphometrics and comparative
mitochondrial DNA sequencing (cytochrome oxidase I). Journal of
Evolutionary Biology 8: 493-510. https://doi.org/10.1046/j.1420-
9101.1995.8040493.x

Wiister W, Warrell DA, Cox MJ, Jintakune P, Nabhitabhata J (1997)
Redescription of Naja siamensis (Serpentes: Elapidae), a widely
overlooked spitting cobra from S.E. Asia: Geographic variation,


https://doi.org/10.1017/S0266467%C2%AD41%C2%AD8000202
https://doi.org/10.1017/S0266467%C2%AD41%C2%AD8000202
https://doi.org/10.4172/2329-9002.1000131
https://doi.org/10.11646/zootaxa.4908.4.7
https://doi.org/10.11646/zootaxa.4908.4.7
http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree
http://discovery.ucl.ac.uk/10064939
http://discovery.ucl.ac.uk/10064939
https://doi.org/10.1111/zsc.12378
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.3390/ani12243481
https://doi.org/10.1006/mpev.1999.0725
https://doi.org/10.1006/mpev.1999.0725
http://www.jstor.org/stable/3893276
http://www.jstor.org/stable/3893276
https://doi.org/10.11646/zoo%C2%ADtaxa.4974.2.4
https://doi.org/10.11646/zoo%C2%ADtaxa.4974.2.4
https://doi.org/10.1093/trstmh/traa087
https://doi.org/10.1016/j.jprot.2015.02.012
https://doi.org/10.11646/zootaxa.3926.4.4
https://www.thainationalparks.com/species/naja-kaouthia
https://www.thainationalparks.com/species/naja-kaouthia
https://doi.org/10.3897/BDJ.8.e48587
https://doi.org/10.3897/BDJ.8.e48587
http://www.reptile-database.org
http://www.reptile-database.org
https://doi.org/10.5281/zenodo.190422
https://doi.org/10.1038/s41467-019-13338-4
https://doi.org/10.1038/s41467-019-13338-4
https://doi.org/10.1007/s10531-010-9783-3
https://doi.org/10.1007/s10531-010-9783-3
https://doi.org/10.1016/0041-0101%C2%AD(%C2%AD95)00139-5
https://doi.org/10.1016/0041-0101%C2%AD(%C2%AD95)00139-5
https://doi.org/10.1111/j.1095-8312.1989.tb00503.x
https://doi.org/10.1046/j.1420-9101.1995.8040493.x
https://doi.org/10.1046/j.1420-9101.1995.8040493.x

276 Ratnarathorn et al.: Naja fuxi and its extended distribution

medical importance and designation of a neotype. Journal of Zoo- Xu W, Dong W-J, Fu T-T, Gao W, Lu C-L, Yan F, Wu Y-H, Jiang K, Jin

logy 243:771-788. J-Q, Chen H-M, Zhang Y-P, Hillis DM, Che J (2021) Herpetological

Wiister W, Crookes S, Ineich I, Mané Y, Pook CE, Trape J-F, Broadley phylogeographic analyses support a Miocene focal point of Hima-
DG (2007) The phylogeny of cobras inferred from mitochondrial layan uplift and biological diversification, National Science Review
DNA sequences: Evolution of venom spitting and the phylogeog- 8: nwaa263. https://doi.org/10.1093/nsr/nwaa263

raphy of the African spitting cobras (Serpentes: Elapidae: Naja
nigricollis complex). Molecular Phylogenetics and Evolution 45:
437-453. https://doi.org/10.1016/j.ympev.2007.07.021

Supplementary Material 1

Figures S1-S8, Tables S1-S6

Authors: Ratnarathorn N, Nadolski B, Sumontha M, Hauser S, Suntrarachun S, Khunsap S, Laoungbua P, Radcliffe
CA, Vasaruchapong T, Tawan T, Chanhome L (2023)

Data type: .pdf

Explanation notes: Figure S1. Phylogenetic tree based on the control region — Figure S2. Phylogenetic tree based
on cytochrome b. — Figure S3. Phylogentic tree based on the nuclear loci C-mos — Figure S4. Specimen no. 2
from the north-eastern region at the dorsal and ventral view — Figure S5. Specimen no. 3 from the north-eastern
region at different head orientations. — Figure S6. Specimen no. 4 (juvenile) from the northern region at the dorsal
and ventral view and its whitish crossbands pattern. — Figure S7. Example of specimens of Naja firxi released
after examination. — Figure S8. Example images of the adult and juvenile stages of N. kaouthia. — Table S1.
Samples, locality information and GenBank accession number. — Table S2. Details of Naja species obtained from
GenBank. — Table S3. Primers used in this study. — Table S4. Morphological measurements and meristic counts
of Naja fuxi. — Table S5. References of Naja kaouthia examined morphology in this study. — Table S6. Locality
records for Naja fuxi from the South-east Asian region.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/
licenses/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely
share, modify, and use this Dataset while maintaining this same freedom for others, provided that the original source
and author(s) are credited.

Link: https://doi.org/vz.73.e89339.suppll


http://opendatacommons.org/%C2%ADlicenses/odbl/1.0
http://opendatacommons.org/%C2%ADlicenses/odbl/1.0
https://doi.org/vz.73.e89339.suppl1
https://doi.org/10.1016/j.ympev.2007.07.021
https://doi.org/10.1093/nsr/nwaa263

	An expanded description, natural history, and genetic variation of the recently described cobra species Naja fuxi Shi et al., 2022
	Introduction
	Material and methods
	Sample collection and sampling
	Genetic markers, DNA extraction, PCR amplification, and sequencing
	Sequence alignment and data matrix
	Haplotype analyses
	Phylogenetic analyses
	Morphological examinations

	Results
	Phylogeny of the genus Naja in Thailand
	Genetic distance of Genus Naja in Thailand
	Haplotype network
	Morphological description of Naja fuxi in Thailand
	Distribution, habitat, and natural history of Naja fuxi in Thailand

	Discussion
	Divergence of Naja fuxi and other cobra species
	Distribution of Naja fuxi

	Conclusion
	Acknowledgements
	References

