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Abstract

The vulnerable Chinese cobra (Naja atra) ranges from southeastern China south of the Yangtze River to northern Vietnam
and Laos. Large mountain ranges and water bodies may influence the pattern of genetic diversity of this species. We
sequenced the mitochondrial DNA control region (1029 bp) using 285 individuals collected from 23 localities across the
species’ range and obtained 18 sequences unique to Taiwan from GenBank for phylogenetic and population analysis. Two
distinct clades were identified, one including haplotypes from the two westernmost localities (Hekou and Miyi) and the
other including haplotypes from all sampling sites except Miyi. A strong population structure was found (Wst = 0.76, P,
0.0001) with high haplotype diversity (h = 1.00) and low nucleotide diversity (p = 0.0049). The Luoxiao and Nanling
Mountains act as historical geographical barriers limiting gene exchange. In the haplotype network there were two ‘‘star’’
clusters. Haplotypes from populations east of the Luoxiao Mountains were represented within one cluster and haplotypes
from populations west of the mountain range within the other, with haplotypes from populations south of the Nanling
Mountains in between. Lineage sorting between mainland and island populations is incomplete. It remains unknown as to
how much adaptive differentiation there is between population groups or within each group. We caution against long-
distance transfers within any group, especially when environmental differences are apparent.
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Introduction

Cobras of the genus Naja are a clade of elapid snakes that occur

in Africa and Asia. They have attracted worldwide attention for

their unique hood-spreading behavior and deadly toxicity. The

genus currently contains 28 oviparous species in four subgenera:

Afronaja, Boulengerina, Naja and Uraeus [1], of which all but

Naja are primarily African. The 11 Asian cobras in the subgenus

Naja are thought to comprise a lineage that spreads from west to

east, from Africa through India [2–4]. Two Naja cobras can be

found in China, the Chinese cobra N. atra and the monocled

cobra N. kaouthia [5]. Naja atra occurs in the southeastern

provinces (including Taiwan) of China south of 30u179N north

latitude, northern Vietnam and Laos; N. kaouthia ranges from

southwestern China to south-southeastern Asia [1,6–8].

In China, N. atra is much more widely distributed and

commonly found than N. kaouthia, and is among the snake species

that have long been used by local people as traditional food and

medicine. The long-term unsustainable exploitation of N. atra has

made it one of the most vulnerable snake species [5]. The immense

and increasingly rampant illegal trade of N. atra has not only

exacerbated the decline of wild populations, but also disrupted

their lineage relationships due to escapes and uncontrolled releases

of wild-caught individuals. As a ‘‘top-of-the-food-chain’’ predator,

N. atra is important to its ecosystem because it can keep the

populations of its various prey species (e.g., rodents and toads)

under control [5]. Conservation measures should be taken

immediately to protect this ecologically important cobra [9].

Understanding population structure and genetic diversity is

valuable for wildlife conservation because of its importance in

determining the integrity and viability of natural populations.

Previous studies on N. atra have shown that population genetic

structure is correlated with geography. Using mitochondrial DNA

markers (cyt b and ND2) to examine relationships among five

mainland populations, Lin et al. (2008) found that three eastern

populations (two in Zhoushan and Lishui of Zhejiang Province,

and one in Huangshan of Anhui Province) cluster together, while

two southern populations in Baise and Quanzhou of Guangxi

Province form another clade [10]. Sequencing the mitochondrial

control region from 127 individuals from four populations in

northern, central, southern and western parts of Taiwan, HC Lin

et al. (2008) found that overall nucleotide diversity is low and gene

flow between populations is not obvious [11]. Therefore, they

suggested the division of N. atra in Taiwan into four independent
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evolutionary significant units. Combining mitochondrial cyt b gene

and microsatellite markers, Lin et al. (2012) found that: (1)

mitochondrial DNA data reveal two main (Vietnam + southern

China + southwestern China; eastern + southeastern China) and

one minor (comprising only two individuals from the westernmost

site) clades; (2) microsatellite data divide the eastern + southeastern

China clade further into two genetic clusters; and (3) the Luoxiao

and Nanling Mountains are inferred to be the major barriers

causing lineage sorting [9]. Accordingly, Lin et al. (2012) suggested

the division of N. atra in mainland China into three independent

management units [9]. Existing studies on N. atra conducted

independently in mainland China and Taiwan have been limited

by incomplete sampling, not allowing the development of a

generally applicable conservation plan for the species. Thus,

further work through more intensive and large-scale sampling

within the species’ entire range by using the same genetic markers

is needed to reveal its overall genetic diversity and population

genetic structure. Our aim is to find different lineages across this

vulnerable snake’s range and take them into account for

conservation plans.

Results

Genetic diversity and genealogy
The 1029 bp mitochondrial control region sequences (GenBank

Accession Numbers: DQ224315-316, DQ224318-323,

DQ224326-337, GU563498-526, HQ881480-483) were obtained

from 390 individuals (of which 105 were from Taiwan [11]) after

alignment. A total of 40 variable nucleotide sites (of which 18 were

parsimony informative), comprising 32 transitions (ts) and 9

transversions (tv) (both ts and tv at the 853th site), defined 52

haplotypes. Sixteen haplotypes were unique to a single population.

The number of haplotypes within each locality ranged from 1 to

12 (Table 1). Haplotype diversity (h) ranged from 0 (the

Huangshan, Lishui, Jianyang, Ganzhou, Miyi, Zhijiang and

Songtao populations) to 0.920 (the southern Taiwan population),

and nucleotide diversity (p) from 0 (the Huangshan, Lishui,

Jianyang, Ganzhou, Miyi, Zhijiang and Songtao populations) to

0.0057 (the Hekou population) (Table 1). For the whole sample, h
was 1.000 and p was 0.0049, indicating high haplotype diversity

but relatively low nucleotide diversity.

The phylogenetic tree resulting from ML revealed two clades

(Fig. 1). This finding could be supported by the median-joining

network (Fig. 2). Clade A included only one haplotype (H41)

comprising 10 individuals from the two westernmost populations

in the western region (Fig. 3), with eight of them from the Miyi

population and other two from the Hekou population (Fig. 2).

Clade B included haplotypes from sampling sites except Miyi.

Clade A was divergent from Clade B by at least 17 mutation steps

(Fig. 2).

Clade B had a complex pattern with two core haplotypes, H1

and H42, shared among geographically separated populations,

and had broader mutation connections and higher frequencies

(Fig. 2). H1 was shared by 11 populations, of which nine are in

eastern China (including Taiwan) and two in Hainan and

Wengyuan in southern China (Fig. 2). H42 was also shared by

two southern populations in Vietnam and Baise and three western

populations in Yongzhou, Quanzhou and Hekou (Fig. 2).

We defined three groups separated by the Luoxiao and Nanling

Mountains: [eastern China], [southern China and Vietnam] and

[western China] (Table 1). There was apparent geographical

association among haplotypes within Clade B, with the haplotypes

from the eastern group mainly on the right side of the network and

the haplotypes from the western group mainly on the left side. The

haplotypes from the southern group lay mainly in between (Fig. 2).

All 19 haplotypes (H1–H19) except H1 found in the four Taiwan

populations were not shared by any other population.

Population structure and history
Using analysis of molecular variance, significant population

structure was found for 27 populations and three groups

(Wst = 0.76, P,0.0001). A significant proportion (34.1%) of the

total variation in the mitochondrial DNA data could be

attributable to differences among groups. A significant proportion

of variation also occurred among populations within groups

(41.9%) and within populations (24.0%).

Populations in eastern China show the genetic imprints of

demographic expansion as inferred by a negative Fs, which was

also supported by the mismatch distribution analysis and Rogers

test of sudden population expansion (Table 1, [12]). The value of t
for the population group in eastern China was 1.824 based on a

substitution rate of 0.0065 site21 myr21, and the expansion time

was estimated to be 0.273 mya. The divergence time between the

eastern population groups and the other two population groups

was 0.363 mya according to BEAST (Fig. 1).

Discussion

Species origin, genetic structure and population
differentiation

In the present study, cobras from the western (green), southern

(red) and eastern (blue) population groups are at the base, in the

middle and at the top of the ML phylogenetic tree, respectively

(Fig. 1). This result, together with the fact that N. atra is the

northeasternmost Naja species, supports the idea that cobras in

the subgenus Naja spread from west to east [2–4], a pattern not

following westwards, southwards or northwards adaptive radia-

tions of species found in other parts of the world [13,14]. Clade A

(H41) was from two westernmost populations, one in Miyi and the

other in Hekou, adjacent to the Tibetan Plateau. The haplotype

was separated from the other 51 by at least 17 mutation steps

(Fig. 2). This result is similar to an earlier study using the cyt b
gene, where the haplotype (H31) from the Miyi and Hekou

populations was even more distant from all other haplotypes,

separated by at least 44 mutation steps [9].

An association between geographic region and haplotype within

Clade B was apparent, with two ‘‘star’’ clusters represented by

haplotypes mainly from either the eastern or the western

populations (Fig. 2). Significant evolutionary clustering of haplo-

types in different geographical regions has been frequently

interpreted as evidence of past population fragmentation

[15,16]. The observed geographic pattern of haplotypes within

Clade B could be largely attributed to dramatic climate changes

during the late Pleistocene when cold and inclement conditions

reoccurred. It is reasonable to assume that repeated range

fragmentation and isolation, with subsequent founder effects

and/or fixation events, followed by expansion of isolated

populations (see below), probably reinforced evolution of N. atra,

shaping the current genetic structure of populations.

Barriers limiting gene flow
The haplotypes found in the four Taiwan populations were

close to those found in the eastern mainland populations. All 19

haplotypes (H1–H19) found in Taiwan were clustered on the right

side of the haplotype network. The 18 unique haplotypes were no

more than four steps from the core haplotype H1 (Fig. 2), and

nearly 1/3 (6/19) of the haplotypes in Taiwan were shared by the

four populations on the island. This pattern indicates that the role
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of the mountains in central Taiwan in restricting gene flow is less

important than suggested previously [11].

Similar to what has been observed between mainland and island

populations in the northeastern (Zhoushan) and southern (Hainan)

parts of the cobra’s distributional range [9,10], lineage sorting

between mainland and Taiwan populations is incomplete (Fig. 1),

because of the young age of the Taiwan Strait. The island of

Taiwan was formed during the Miocene, and is separated from the

southeast coast of mainland China by the Taiwan Strait, which is

no more than 100 m deep and has been a land bridge during

glacial periods. Climate change during the late Pleistocene (11,000

to 42,000 years ago) caused large-scale marine regression, resulting

in a ,130–180 meter fall of sea level. At that time, most parts of

the Taiwan Strait changed into land, providing opportunity for

terrestrial animals including N. atra to migrate between mainland

China and Taiwan.

Populations on the two different sides of the Luoxiao and

Nanling Mountains often do not share haplotypes, although they

are geographically very close. This result is consistent with an

earlier study using 12 microsatellite loci and the cyt b gene. The

study shows that the two mountain ranges are important physical

barriers limiting gene flow in N. atra [9]. The eastern and western

populations of N. atra adjoin in Anhui, Hubei and Jiangxi

provinces in the central-east part of China, indicating a ‘‘west–east

division’’ in the species. Well differentiated evolutionary lineages

and a similar ‘‘west–east division’’ have also been reported for

other squamate reptiles such as the sharp-snouted pit viper

Deinagkistrodon acutus [17], the short-tailed pit viper Gloydius
brevicaudus [18] and the northern grass lizard Takydromus
septentrionalis [19] based on mitochondrial DNA sequence data.

It is worth noting that the presumed physical barriers such as the

Luoxiao Mountains may not always act as barriers to migration. In

T. septentrionalis, for example, all the haplotypes from the Yudu

population east to the Luoxiao Mountains are clustered within the

western lineage [19].

The phylogenetic tree showed a two-way dichotomy between

Clades A and B, which provides no evidence that one clade is

older than the other, as would be expected in a dispersal scenario.

The two-way dichotomy might be the consequence of vicariant

events subdividing widespread populations. More than a half of

the total genetic variation occurred among the regions and among

populations within a region, indicating high levels of geographical

structuring and restricted gene flow. This population genetic

structure could be largely due to the fact that this widespread

snake has a limited ability to disperse. Herpetofauna including N.
atra that are less likely to disperse are more prone to suffering

substantial losses in genetic diversity resulting from habitat loss and

fragmentation [20–23].

Recent expansion of populations
The neutrality test and mismatch distribution analysis suggest

that the eastern populations showed population expansion. This is

also supported by the haplotype network (Fig. 2). Here, at least

two conclusions can be drawn according to the ‘‘coalescent

theory’’: (1) the ancient haplotypes are in the center of the

network, and (2) the ancient haplotypes have a wider distribution

[24]. The eastern populations have a ‘‘star-like’’ topology with a

core haplotype of H1, which are shared among 11 geographically

separated populations, and have broader mutation connections

and higher frequencies (Fig. 2). The characteristic ‘‘star-like’’

topology of haplotypes connecting with H1 indicates a recent

demographic expansion [25,26].

The expansion of eastern populations occurred some 0.273

million years ago. This is consistent with the result reported for D.
acutus, a snake that has almost the same distributional range as N.
atra, with populations of the former species in eastern China also

experiencing expansion 0.226–0.252 million years ago [17].

Studies on these two species suggest that sympatric or co-

distributed snakes may have similar population histories.

Prolonged exposure to temperatures lower than 9uC is lethal to

N. atra [27]. Thus, it could be possible that the large-scale low

temperature during Quaternary glaciation may have resulted in

the disappearance of many ancient haplotypes. The subsequent

last interglacial had a few relatively stable warm periods, though

intensive climate changes also occurred. The population expan-

sion of N. atra occurred in the early last interglacial, when was a

Figure 1. Maximum-likelihood tree for all 52 haplotypes of Naja
atra, with Ophiophagus hannah and Bungarus fasciatus as the
outgroup taxa. Labels are haplotype identification numbers.
Values on the right side of the nodes indicate support for each node
based on maximum likelihood. Bootstrap values below 60% are not
shown. The value of 0.363 mya above the branch indicates the
divergence time between the eastern population groups and the other
two population groups.
doi:10.1371/journal.pone.0106944.g001
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Figure 2. Network of 52 mitochondrial control region haplotypes from 390 individuals of Naja atra. The size of the circles is proportional
to haplotype frequency; small open circles represent unsampled haplotypes. See Table 1 for sample site abbreviations.
doi:10.1371/journal.pone.0106944.g002

Figure 3. Sampling locations of Naja atra in this study. See Table 1 for sample site abbreviations. Solid lines indicate mountain series.
doi:10.1371/journal.pone.0106944.g003
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global warming period, which provided the opportunity for cobras

of this species to disperse, colonize, and undergo in situ genetic

differentiation.

Conservation implications
Studies on snake species with large and continuous ranges have

generally shown the existence of independent management units

for different lineages that should be taken into account for

conservation plans [9–11,17,18,28–30]. Given an association

between geographic region and haplotype, the escapes or the

uncontrolled releases of wild-caught individuals of N. atra will

have the potential to disrupt lineage relationships. Therefore, we

caution against the release of cobras into the wild unless their

origins can be determined with confidence. The ex-situ conser-

vation benefits gene flow and more easily reaches the minimum

surviving quantity to maintain populations, but the genetic

similarity between populations should be considered before

executing such conservation plans. Besides the westernmost

population group (Hekou and Miyi), three population groups

([eastern China], [southern China and Vietnam] and [western

China]) separated by the Luoxiao and Nanling Mountains can be

identified, but how much adaptive differentiation is present

between these groups or within each group is currently unknown.

Therefore, we also caution against long-distance transfers within

any group, especially when environmental differences are appar-

ent. Comparatively speaking, in-situ conservation by protecting

and recovering habitats of N. atra is more sound and viable than

other measures.

Materials and Methods

Sample collection and DNA sequencing
We collected 285 adult cobras larger than 900 mm snout-vent

length from 23 localities covering the species’ whole range in

mainland China (including Zhoushan and Hainan Islands) and

Vietnam (Fig. 3). Effort was made to avoid collecting more than

one individual from the same site. The most distal 25 mm of the

tail tip of each individual was excised using a sterilized scalpel.

Tissue samples were preserved in 95% ethanol before they were

deposited at Nanjing Normal University under voucher numbers

identified by locality-haplotype numbers. Our experimental

procedures complied with the current laws on animal welfare

and research in China, and were approved by the Animal

Research Ethics Committee of Nanjing Normal University (AREC

2004-04-020). The Forestry Departments of Anhui, Fujian,

Guangdong, Guangxi, Guizhou, Hainan, Hunan, Jiangxi, Yunnan

and Zhejiang provided permits for capturing cobras in China. The

collection of Vietnamese specimens was conducted under the

license from Vietnam National Museum of Nature, which was

accepted by the Animal Research Ethics Committee of Nanjing

Normal University. We sequenced the mitochondrial control

region from the 285 individuals, and obtained an additional 18

sequences unique to Taiwan from GenBank [11].

Preserved tissue samples were used to extract total genomic

DNA using EasyPure Genomic DNA Extraction Kit (TransGen

Biotech). DNA was resuspended in TE buffer (10 mM Tris-HCl,

pH 8.0, 0.1 mM EDTA) and stored at 280uC until ready for use.

We used primers PL1 (59- CCA CAA AGC ATT GTT CTT

GTA AAC C T-39) and PH1 (59-GAA GCT TGC ATG TAT

AAG TAG GG-39) [11] to amplify the control region. Mitochon-

drial DNA was amplified from template DNA in 50 ml reactions

using a hot-start method in a thermal cycler with a 3-min

denaturing step at 94uC followed by 40 cycles of denaturing for

30 sec at 94uC, primer annealing for 40 sec at 55uC and

elongation for 70 sec at 72uC with a final 10-min elongation step

at 72uC. Cycle sequencing was conducted with primer PL1 and

PH1.

The mtDNA of cobras has two control regions (CR1 and CR2).

CR1 is located between tRNA-Pro and tRNA-Phe, containing the

replication origin of heavy chain and the transcription start site of

duplexes; CR2 is located between tRNA-Ile and tRNA-Leu [31].

In this study, we used primers PL1 and PH1 to sequence the CR1

region, which was also used for Taiwan-originated N. atra [11].

This pair of primers was designed according to the conserved

regions of tRNA-Pro and tRNA-Phe at the end of CR1.

Data analysis
We compiled and aligned sequences using MEGA 5.1 [32]. We

used DNASP 5.0 to identify haplotypes [33] and estimate genetic

diversity within populations by haplotype (h) and nucleotide

diversities (p) [34]. We reconstructed a phylogenetic tree based on

the maximum likelihood (ML) method, using the king cobra

Ophiophagus hannah and the banded krait Bungarus fasciatus
(GenBank Accession number EU921899 and EU579523 respec-

tively) as outgroups. ML analysis was carried out by a heuristic

search of 10 random addition analyses with tree-bisection-

reconnection (TBR) branch swapping using PAUP* 4.0b10 [35].

The TIM + I + G substitution model [36] was selected by

ModelTest 3.8 [37] based on the Akaike information criterion

(AIC) [38]. The confidence level of the nodes in the ML tree was

estimated using 1000 bootstrap pseudoreplicates. We also

conducted a median-joining network (MJN) approach [39] to

depict relationships among the haplotypes. This approach has

been shown to yield the best-resolved genealogies relative to other

rooting and network procedures [40]. The MJN was estimated

using NETWORK 4.5.0.0 [39].

We performed hierarchical analysis of molecular variance

(AMOVA) in ARLEQUIN 3.5 [41] with 10000 permutations to

examine partitioning of genetic diversity within and among

populations. We used mismatch distributions to test demographic

signatures of population expansions within mtDNA lineages [12].

To compare observed distributions with those expected under the

expansion model, we calculated the sum of squared deviation

(SSD) and the Harpending’s raggedness index [42]. Tajima’s D
test [43] and Fu’s Fs test [44] were used to test equilibrium of the

populations in ARLEQUIN 3.5. The statistics were expected to

have significantly large negative values under demographic

expansion. The equation t = 2ut [45] was used to estimate the

approximate expansion time in generations (t), where t is the date

of the growth or decline measured in units of mutational time and

u is the mutation rate per sequence and per generation. The

approximate time of expansion in years was calculated by

multiplying t by the generation time of N. atra, estimated as four

years based on the approximate time at which animals become

mature [16,46]. The substitution rate was estimated as 0.65%/

myr as adopted in a similar study on D. acutus [17]. We used a

Bayesian approach to estimate divergence time with BEAST 1.8.0

[47]. We used BEAUti to set criteria for the analysis. We used the

Bayes factor calculated by Tracer 1.5 to check for convergence of

Markov chain Monte Carlo (MCMC) and adequate effective

sample sizes (. 200) after the first 20% of generations had been

discarded as burn-in. The MCMC simulation was run for

10,000,000 generations, and trees were sampled every 1000

generations. We used a Yule tree prior with an uncorrelated

lognormal relaxed clock. The final joint sample was used to

estimate the maximum clade credibility tree in TreeAnnotator

1.8.0 with a burn-in of 1000 trees. We evaluated and edited final

trees in FigTree 1.3.1.
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