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The white-lipped tree viper (Trimeresurus albolabris) is one of the most common venomous
snakes with medicine importance in South East Asia. To explore the genetic diversity, pop-
ulation structure and evolutionary history of Trimeresurus albolabris, we collected 98 samples
from 27 localities covering its entire distribution. Two mitochondrial gene fragments (cyt-b
and ND-4) and two nuclear genes (RAG-1 and NT-3) were sequenced and analysed. Baye-
sian inference and maximum-likelihood methods were employed to reconstruct the phyloge-
netic relationships among populations based on the two mitochondrial fragments, and the
median-joining networks were depicted using nuclear genes. Divergence date and ancestral
area were estimated, and the population demographic history was inferred. Both phyloge-
netic analyses consistently uncovered that Trimeresurus albolabris was monophyletics, with
five geographically structured lineages. Divergence date and ancestral area estimation indi-
cated that T. albolabris originated in northern Thailand and eastern Myanmar at c. 7.15 Ma.
Population dynamics analyses showed the southern China lineage has experienced popula-
tion expansion and contraction, but the others have not. Both the interglacial expansion and
the highly heterogeneous habitats resulting from the uplift of the Plateau played a joint role
in shaping the present distribution and population structure. The evolutionary history of
T. albolabris can be explained by a pattern of two direction dispersal: first from North to
South, and then from West to East.
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Introduction
The Indo-Burman bioregion, known for its high richness of
biodiversity, complex landscapes, different terrestrial
ecoregions and multiple paleogeographic events, is extre-
mely attractive to biogeographers (Wikramanayake 2002;
Woodruff 2010). Several historical events have been
recognized to influence the distribution of species inhabiting
in this region by previous studies (Li et al. 2011; Lim &
Sheldon 2011; Nishikawa et al. 2012). The uplift of Himala-
yan Mountains and Qinghai-Tibetan Plateau in the Ceno-
zoic creates a major barrier for dispersal and provides new
montane habitats at the same time (Che et al. 2010; Guo
et al. 2011). River systems, such as the Red River and the
Mekong River, also shape the distribution of some organ-
isms (Lukoschek et al. 2011; Blair et al. 2013; Dong et al.
2013). In addition, the dramatic climate change, including
glacial-interglacial oscillations and sea-level fluctuations in
Quaternary, influenced the paleoecology in this region
(Voris 2000; Hewitt 2004).
However, although increasing number of phylogeo-

graphic studies have focused on this region, most of them
concerned avians (Fuchs et al. 2008; Zhao & Dai 2012),
large mammals (Chen et al. 2005; Iyengar et al. 2005; Patou
et al. 2010; Lin et al. 2014a), frogs (Che et al. 2010; Blair
et al. 2013; Ye et al. 2013) and lizards (Lin et al. 2010;
Brown et al. 2012; Huang et al. 2013). Snakes have lower
dispersal ability and higher sensitivity to climate fluctuations
than the avians and mammals and do not have the limitation
on the aquatic environment like fish or amphibian. Despite

these advantages, the phylogeography study of pit vipers is
still infrequent because of the huge difficulty in sampling.
Only a few snakes in this region have been phylogeographi-
cally studied (Guo et al. 2011; Malhotra et al. 2011).
Trimeresurus albolabris (Gary, 1842) is one of the most

common green pit vipers in Asia. Historically, T. albolabris
has been recognized as a polytypic species, and several
subspecies were described (David & Ineich 1999). Besides
the nominate form, other two subspecies T. a. insularis and
T. a. septentrionalis were recognized within this species
(Kramer 1977; Regenass & Kramer 1981). Based on
Amplified Fragment Length Polymorphisms (AFLP) and
mitochondrial phylogenies, Giannasi et al. (2001) demon-
strated that T. albolabris was not a monophyletic group and
suggested T. a. insularis and T. a. septentrionalis should be
elevated to specific status. Presently, the distribution of
T. albolabris has been reported in China, Vietnam, Thailand,
Laos, Cambodia, India, Bangladesh, Myanmar and West
Java (Vogel 2006; Mrinalini 2011). This venomous snake fre-
quently encountered besides rivers and ponds, and in
scrubby vegetation in plains, hills and low-elevation moun-
tains (Zhao et al. 1998).
In this study, based on extensive sampling, we used the

sequences of two mitochondrial DNA fragments (cyt-b and
ND-4) and two nuclear genes (RAG-1 and NT-3), to infer
the phylogenetic relationships and historical phylogeogra-
phy of T. albolabris. Our main aims are to explore the
genetic diversity, population structure, to infer the popula-
tion history, and investigate the factors which shaped the

Fig. 1 Map of south East Asia showing
approximate distribution and sample
localities of Trimeresurus albolabris.
Colours indicate different clades in the
phylogenetic tree in Fig. 2.
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present distribution and population structure of this spe-
cies, and to find the broadly adapted patterns for montane
species in this area.

Materials and methods
Samples collection

In total, 95 samples, from 46 localities covering the major
range of Trimeresurus albolabris, were collected, sequenced
and analysed in this work (Fig. 1; Table S5). Tissue
samples were obtained from field work or through tissue
loans from colleagues or museums. Several sequences were
retrieved from GenBank (Table S5).

Laboratory methods

Total genomic DNA was extracted from liver, muscle or
shed skin stored in 85% ethanol using e.Z.N.A. kits
(Omega Bio-tek, Doraville, CA, USA), or by phenol/chlo-
roform extraction (Sambrook & Russell 2002). We ampli-

fied and sequenced two mtDNA fragments including the
complete cytochrome b (cyt-b) and a partial NADH dehy-
drogenase subunit 4 (ND-4) fragment, and two nuclear
genes including recombination activating gene 1 (Rag-1)
and neurotrophin-3 (NT-3) which has been successfully
and widely used in major vertebrate groups (see Townsend
et al. 2008). The primers used for PCR and sequencing are
detailed in Table S1. PCR cycling parameters were the
same as given in previous studies (ND-4: Ar�evalo et al.
1994; cyt-b: Burbrink et al. 2000; Rag-1: Groth & Barrow-
clough 1999; NT-3: Noonan & Chippindale 2006; Town-
send et al. 2008). PCR products were purified using various
commercial kits and double-stranded products were
sequenced in commercial companies following manufac-
turer’s protocols.
Sequences were edited manually using Seqman in

DNAstar (DNASTAR, InT.), aligned in MEGA 6.0 using the
ClustalW algorithm with default parameters (Tamura et al.

Fig. 2 Phylogenetic relationships and divergence time estimation tree from analysis of two mitochondrial genes. Clade support values are
given by Beast MCMC posterior probability (percentages)/Bayesian posterior probabilities (percentages)/ML bootstrap percentages.
Supporting value less than 70% or 70 were shown as -. Branch lengths are proportional to divergence time.
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2013) and checked by eyes for ambiguous alignments. Pro-
tein-coding fragments were translated into amino acid
sequences in MEGA 6.0 (Tamura et al. 2013) to confirm we
had not amplified potential pseudogenes (Zhang & Hewitt
1996).
For the nuclear genes, heterozygous sequences were dis-

entangled using web service Seqphase (http://seqphase.
mpg.de/seqphase/) (Flot 2010) and program Phase
(Stephens et al. 2001). Both of the alleles with highest
probabilities (>90%) were used in analyses.

Phylogenetic analyses

Bayesian inference (BI) and maximum-likelihood (ML)
methods were used to construct phylogenetic relationships
based on mitochondrial DNA sequences. Based on previ-
ous phylogenetic study (Malhotra & Thorpe 2004),
Trimeresurus macrops was chosen as outgroup. In addition,
T. insularis, T. erythrurus, T. purpureomaculatus, T. septentri-
onalis and several other taxa which are closely related with
T. albolabris were also included in order to test the mono-
phyly of T. albolabris (Mrinalini, 2011) (Table S5). BI anal-
yses were conducted for mtDNA data as well as the
combined data of mtDNA and nuDNA. The best evolu-
tionary models and partitioning scheme were selected
using PartitionFinder under BIC (Lanfear et al. 2012). BI
analyses were performed in MRBAYES 3.2.2 (Ronquist et al.
2012) which was executed using CIPRES (https://www.-
phylo.org/). We ran three independent runs, each consist-
ing of four Markov chains (three heated chains and one
single cold chain) for 200 million generations, sampling
each 2000th iterations. Convergence was assessed by exam-
ining effective sample sizes (ESS) and likelihood plots
through time in TRACER v1.6 (Rambaut & Drummond
2009). The first 25% samples were discarded as burn-in. A
maximum likelihood tree was built using RAXML 8.0 (Sta-
matakis et al. 2008). The tree was inferred under the
GTRGAMMA model, with the same partitioning scheme
as in the BI analysis. Branch support was assessed by per-
forming 1000 nonparametric bootstrap (BS) replicates of
the topology. Nodes with >95% Bayesian posterior proba-
bility in BI (Felsenstein 2004) and >70 bootstrap support
in ML (Hillis & Bull 1993) were considered to be strongly
supported.
The genetic distance within and between each mitochon-

drial lineage was calculated in MEGA 6 (Tamura et al. 2013)
using the combined data set of two mitochondrial frag-
ments. Kimura 2-parameter model was chosen and the
standard error (SE) was given by 500 nonparametric boot-
strap replicates. Number of haplotypes, haplotype diversity,
nucleotide diversity and polymorphic sites were computed
in DNASP 5.10 (Librado & Rozas 2009) for two mitochon-
drial DNA fragments.

Due to low levels of variation in the nuclear sequences,
we analysed the phased nuclear data as well as a combina-
tion of two mitochondrial gene fragments using median-
joining network (MJN) approach (Bandelt et al. 1999) to
depict their relationships. The MJN was estimated using
NETWORK 4.6.2.0 (Bandelt et al. 1999; http://www.fluxus-
engineering.com), with the parameter epsilon set to 0.

Divergence date estimation

The program BEAST 1.8.0 (Rambaut & Drummond 2009)
was used to estimate the date of origin of Trimeresurus albo-
labris as well as each lineage based on mtDNA sequences
using a Yule speciation process and a relaxed uncorrelated
lognormal clock while accounting for phylogenetic uncer-
tainty (Drummond et al. 2006). Three calibrations for the
tree were obtained for various groups of Serpentes: (i) the
initial divergence of Crotalus atrox and C. ruber is thought
to be occurred by the inflection of Pliocene marine incur-
sion of the sea of Cortez at 3.2 Ma (Castoe et al. 2007).
We set a normal prior to be 3.5 Ma � 0.4 SD (Fenwick
et al. 2012); (ii) TMRCA of Crotalus atrox, C. ruber and
Sistrurus miliarius with a zero off set of 8 Ma and lognor-
mal mean of 0.01 and standard deviation of 0.76 (Bryson
et al. 2011)and (iii) TMRCA of Agkistrodon piscivorus, Agk-
istrodon bilineatus and Agkistrodon taylori was set to a zero
offset of 6 Ma, a lognormal mean of 0.01, and a lognormal
standard deviation of 0.42 (Bryson et al. 2011).
We ran two independent searches of 5 9 108 genera-

tions with mtDNA, sampling every 2000 iterations, with
the first 25% of samples discarded as burn-in. we checked
the validity of convergence and effective sample size (ESS)
in TRACER v 1.6 (Drummond & Rambaut 2007).

Historical demography

To test the population size fluctuations through time, three
different methods were used. First, Bayesian skyline plot
(BSP) analysis (Heled & Drummond 2008) was imple-
mented in BEAST 1.8.0 (Rambaut & Drummond 2009) to
assess the time variation of effective population size for
mitochondrial DNA. The mtDNA substitution rate esti-
mated from the previous BEAST analysis was employed to
calibrate the analysis. Second, mismatch distributions (MD;
Slatkin & Hudson 1991) were calculated in ARLEQUIN 3.5
(Excoffier & Lischer 2010). We used the sum of squared
deviations (SSD) and raggedness index (Rag) as goodness-
of-fit statistics for the observed and expected mismatch dis-
tributions and tested the significance of the fit of the
expansion model and the confidence intervals for the asso-
ciated parameters estimates using 1000 bootstrap replicates.
Generally, populations undergoing expansion present a uni-
modal distribution with significant statistical P value
(Rogers & Harpending 1992). Third, Tajima’s D (Tajima

4 ª 2016 Royal Swedish Academy of Sciences

Phylogeography of Trimeresurus albolabris � F. Zhu et al.

http://seqphase.mpg.de/seqphase/
http://seqphase.mpg.de/seqphase/
https://www.phylo.org/
https://www.phylo.org/
http://www.fluxus-engineering.com
http://www.fluxus-engineering.com


1989) and Fu’s Fs (Fu 1997) tests were conducted for each
lineage using DnaSP 5.10 (Librado & Rozas 2009). Taji-
ma’s D and Fu’s Fs are expected to be near zero if popula-
tion sizes have been stable.

Ancestral area estimation

The ancestral area of Trimeresurus albolabris was estimated
using statistical dispersal-vicariance analysis (S-DIVA), and
Lagrange (dispersal-extinction-cladogenesis, DEC) method
executed in program RASP 3.0 (Yu et al. 2010), based on
information obtained from previous BEAST time-calibrated
trees. In these methods, the frequencies of an ancestral range
at a node in ancestral reconstructions are averaged over all
trees (Yu et al. 2010). For both analyses, 500 random trees
from previously estimated BEAST tree were carried out by
the program. The number of maximum areas was kept as 2.
And no dispersal constraints were set in Lagrange analysis.
Information for each node was summarized and only the
most likely state was shown with supporting rate.
Compared with other phylogeographic studies in this

area and combined with our phylogenetic results, we
divided the distribution area of T. albolabris into four
regions based on present distribution: Thailand, Indonesia,
most part of Laos, and South East of Yunnan Plateau
(TH); Myanmar, Bangladesh and Nepal (MM); Vietnam,
South East of Laos; and (VN); southern China (SC). The
barriers between each partition have been considered to be
large mountains, for example, Truong Son Mountains cut
off VN from other area and Yunnan-Guizhou Plateau sep-
arated TH from SC.

Results
Sequence data

In total, 3270 base pairs of four genes were amplified and
sequenced, including 1044 bp of cyt-b, 672 bp of ND-4,
1020 bp of RAG-1 and 534 bp of NT-3. No stop codon
was detected, indicating that unintentional amplification of
pseudogenes was unlikely (Zhang & Hewitt 1996). Novel
sequences generated have been deposited in GenBank
(Table S5, accession numbers KP999348 – KP999675). In
additional, 23 published sequences of cyt-b and ND-4 were
downloaded from GenBank and added to our data set for
analysis (Table S5).

Phylogenetic analysis

The inferred BEAST time-calibrated tree (Fig. 2) was con-
gruent with BI and ML gene trees inferred from mtDNA
data and the dataset of mtDNA and nuDNA in topology,
with a slight difference in support values in several shallow
nodes (data not shown). Therefore, the subsequent discus-
sion is based on the BEAST time-calibrated tree based on
mtDNA data.

All representatives of Trimeresurus albolabris formed a
highly supported monophyletic group in all analyses.
Trimeresurus albolabris consists of five clades (A–E) with
various support values. Clade A contains seven samples
from North Thailand, North Vietnam, and Sipsongpanna,
the extremely south-east area of China (100% PP, 100%
PP and 99 BS in BEAST tree, BI tree and Ml tree in
order). Clade B consists of only two samples from South
Thailand (100% PP, 100% PP and 100% BS). Clade C
does not form an independent clade in BI analysis; how-
ever, it receives week supports in BEAST (65% PP) and ML
analyses (55 BS). These samples are collected from central
Thailand, central and South Vietnam, south-east Laos and
the eastern part of Java, Indonesia. Clade D is composed of
samples from North and central Vietnam with lower sup-
port index in ML analysis (53 BS), but with available poste-
rior probability in BEAST MCMC analysis (90% PP) and
BI analysis (78% PP). The remaining samples from China
consist of clade E with high support values in BI and
BEAST analyses (100% PP, 97% PP) but low bootstrap
value in ML analysis (65 BS).
The networks were depicted in Fig. 3. The result from

mitochondrial gene fragments shows a very similar phylo-
genetic structure with the gene trees (Fig. 3A). For two
nuclear genes, the haplotype network of Rag-1 also
revealed similar topology result with mitochondrial gene
network, while result from NT-3 indicates no consistent
phylogentic structure with the mitochondrial gene trees
(Fig. 3B,C).
The uncorrected genetic distances among clades vary

between 0.5% (D and E) and 4.6% (A and E); the largest
within-clade distance was found in clade C (1.8%) and the
smallest in clade E (0.2%) (Table S2). Both clades B and C
have the highest haplotype diversity of 1.00, and the other
three clades display a similar haplotype diversity of about
0.90. Clades C and E exhibit the highest and lowest
nucleotide diversity respectively (Table S3).

Divergence date and ancestral area estimation

Date estimation indicated that Trimeresurus albolabris origi-
nated at about 7.15 Ma (95% HPD 3.892–11.052) in the
late Miocene (Fig. 2). The earliest intraspecific divergence
occurred at 6.45 Ma (95% HPD 3.367–10.033) and most
clades split from their common ancestors at 4.5–5.5 Ma.
Ancestral area estimation using Lagrange (DEC) and S-

DIVA revealed that T. albolabris is likely to have originated
in an area covering Thailand, Laos and south-east Yunnan,
China (94% in S-DIVA and 100% in DEC) (Fig. S1).

Historical demography

The Tajima’s D and Fu’s Fs tests showed only clade E
was significantly negative, indicating that a population
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expansion took place in this clade (Table S4) (Clade B was
not included because of the small number of individuals). A
similar conclusion was also presented in the Mismatch
Distribution (MD) analysis (Table S4; Fig. S1). In the MD
analysis, clades A, C and D showed multimodal distribu-
tions, while only clade E showed a unimodal distribution
with significant value (PSSD = 0.030, PRag = 0.030) (Fig. 4;
Table S4). In BSP analyses, all clades showed a trend of
population variation (Fig. 4), but only clade E showed sig-
nificant population expansion, and the expansion was esti-
mated to have taken place at about 0.13 Ma (Fig. 4).

Discussion
Historical Biogeography of Trimeresurus albolabris

Crotalinae has been thought to have an Asian origin in the
later Eocene (W€uster et al. 2008). Several independent
studies on Asian pitvipers had a similar conclusion that spe-
cies originated in Hengduan Mountains or adjacent areas
in the Pliocene or late Miocene (e.g. Deinagkistrodon acutus,
Huang et al., 2007; Protobothrops jerdonii, Guo et al., 2011).
The ancestral area estimation and molecular dating

analyses indicated that T. albolabris originated in an area

Fig. 3 The median-joining networks based
on mtDNA fragment and two nuclear
genes. The size of each pie is shown
proportional to frequencies, coloured by
mitochondrial clades shown in Fig. 2, and
the numbers besides each lines indicate
the mutational steps. Black circle
represent samples of Trimeresurus
septentrionalis. (A) mitochondrial fragments
combined; (B) NT-3; (C) Rag-1.

Fig. 4 The Bayesian skyline plots
illustrating effective population size (Ne)
through time for each clade. Blue lines
represent 95% higher posterior
probability, and the black line represents
the median population size. Clade B was
not included because of the small number
of individuals.
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including Thailand, Laos and south-east of Yunnan Pro-
vince, China at ca. 7.15 Ma in the late Miocene. The sus-
pected centre of origin and the estimated date are in
accordance with previous studies on crotalines (Huang
et al. 2007; Guo et al. 2011). Based on phylogenetic results
and today’s distribution, we infer T. albolabris has experi-
enced two-directional dispersal. When T. albolabris origi-
nated in northern Thailand and eastern Myanmar or the
adjacent areas at the late Miocene, the elevated Yunnan-
Guizhou Plateau and Shan Plateau (Yin & Harrison 2000)
likely provided unsuitable habitant preventing it from
dispersing to East and North, and Salween river or Chin
hills in east Myanmar may act as barrier to disperse west-
ward (Patou et al. 2010). Thus, this species disperse south-
ward. When it arrived in the South of Thailand, the
exhibiting of Kra Isthmus and rising sea level or the Strait
of Malacca prevented it from migrating further South. This
situation has been observed in many species (Woodruff
2003; Patou et al. 2010; Malhotra et al. 2011). Thus T. al-
bolabris disperse eastward, and eventually it colonized to the
South of China. The two-directional dispersal is obviously
different from some animals with similar distribution, e.g.
snakes (Huang et al., 2007; Guo et al. 2011), frogs (Zhang
et al. 2009; Che et al. 2010), and birds (Qu et al. 2005),
which exhibit a dispersal trend from west to east. However,
multidirectional dispersal has also been reported in this
area, e.g. Hipposideros armiger (Lin et al., 2014a), rice
grasshopper (Oxya hyla intricate; Li et al., 2011), and Para-
doxurus (Patou et al., 2010).
Population structure and intraspecific differentiation have

generally been shaped by complex factors, including glacial,
climate, habitant, physical barriers (Hewitt 2000; Manel
et al. 2003; Avise 2009). In Asia, the formation and uplift-
ing of Qinghai-Xizang Plateau was thought to be a pre-
dominant factor responsible for the present-day
distribution of living organisms (Zhang et al. 2009; Che
et al. 2010; Guo et al. 2011). The diversification of T. albo-
labris took place about 6.45 Ma, which roughly coincides
with the rapid lift of the Qinghai-Xizang Plateau (c. 7–8
MA; Harrison et al. 1992). The rapid lift of the Qinghai-
Xizang Plateau resulted in the complex topology of the
region, creating highly heterogeneous habitats, in particular
many high mountains (e.g. Truong Son Mountains in West
Vietnam, Khorat Plateau in north Thailand, Hoang Lien
Mountains in North Vietnam). These mountains or various
habitats would have played a key role in preventing gene
exchange between geographically close populations, thus
leading to population differentiation.
Phylogenetic analyses showed that samples from Hainan

Island did not form a separate monophyletic clade with
respect to those from continental Asia, and no significant
genetic structure is present between populations from the

Hainan Island and mainland Asia. The Island was con-
nected to the mainland until c. 2 Ma, after which it became
isolated by rising sea levels creating the Qiongzhou Strait
(Zhao et al. 2007). During the Pleistocene, the Hainan
Island was repeatedly connected and disconnected from the
mainland China (Zhao et al. 2007), which would have pro-
vided an opportunity for gene exchange for snakes such as
T. albolabris between the Island and continental Asian pop-
ulations. Thus, it is not surprising that both populations
are not reciprocally monophyletic. A similar situation has
also been detected in many organisms occurring in this
region, such as Calotes versicolor (Huang et al., 2013), Hip-
posideros armiger (Lin et al., 2014a), and Bactrocera tau (Shi
et al., 2014).
Only one sample from Cilacap, Java Island, Indonesia

(AM B6) was included in our analyses. Giannasi et al.
(2001) suggested T. albolabris dispersed to West Java from
southern Thailand during the Pleistocene through the
Sunda shelf. Based on our analysis, AM B6 consists of a
subclade with samples from southern Vietnam (100% PP
and 92% BS; AM B117, ROM 34545 and ROM 34544)
and the average sequence divergence between clades C and
B (samples from Malay Peninsula) is large (3.7 � 0.5,
Table S2). Hence, we tend to believe the Sunda shelf was
not the major role in shaping the distribution of T. albo-
labris. This situation was also seen in phylogeographic stud-
ies of Alophoixus ochraceus (Fuchs et al., 2008), dhole (Cuon
alpinus; Lyengar et al., 2005) and Javan leopard (Panthera
pardus; Meijaard, 2004). As we did not have any samples
from Malay Peninsula, this hypothesis should be tested in
the further. On the other hand, human translocation by
pet trade is also a reasonable explanation (Iyengar et al.
2005; Fuchs et al. 2008). However, either way, this region
warrants further study.

Genetic diversity and population demography

Our phylogenetic analyses uncovered the presence of five
geographically structured clades within Trimeresurus albo-
labris. The distinct intraspecific differentiation was also dis-
played by significant genetic diversity and sequence
divergence. Compared to some other snakes, T. albolabris
shows higher nucleotide diversity (p = 0.013, Table S3)
than the Chinese Cobra (Naja atra, p = 0.0049. Lin et al.
2014b) and the African puff adder (Bitis arietans;
p = 0.0059. Barlow et al. 2013); but it is similar to the
sharp-snouted pitviper (Deinagkistrodon acutus, p = 0.0141.
Huang et al., 2007) and Mekong mud snake (Enhydris sub-
taeniata, p = 0.0122. Lukoschek et al. 2011) in nucleotide
diversity. Hewitt (2000) provided a hypothesis that unique
genotypes and high levels of diversity often occurred in
places with suitable habitats, as these refuges may permit
species to persist for a long period and even to become a
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new species. It is possible that the warm climate predomi-
nating from the Miocene to late Pliocene (23–2.6 Ma)
from the tropics to the northern latitudes in south East
Asia provided an opportunity for the expansion of rain-
forest (Woodruff 2010). This rainforest could provide suit-
able environment for the dispersal of T. albolabris during
that period.
Within Trimeresurus albolabris, clade D showed lower

nucleotide diversity and sequences divergence than the
other clades (Table S3), indicating that this clade may be
still in the process of population development or no
obvious barriers prevented gene flow within clade. Samples
in clade D is found in populations inhabiting in the Red
River Plain, North Vietnam. In comparison with the other
regions, this area does not exhibit complex geographic
structure and various habitats, which would like to result in
population differentiation. A similar lack of diversity was
observed in other species distributing in this area, such as
the common Asian tree frog (Polypedates leucomystax) (Blair
et al., 2013) and Bactrocera tau (Shi et al., 2014).
The presence of well differentiated populations within

T. albolabris is similar to some other Asian pit vipers (e.g.
Protobothrops jerdonii; Guo et al., 2011). Trimeresurus albo-
labris is characterized as a low-dispersing snake occurring
at lower elevation (Zhao et al. 1998). It is possible that the
lower dispersal capability as well as the physical barriers
generated by the mountains, has led to the observed
genetic differentiation among clades.
The factors which affect the current distribution and

genetic structure of most living organisms include topogra-
phy, glacial cycles, climatic oscillation, contemporary ecol-
ogy and behaviour of organisms. A number of studies have
suggested that glaciations accompanied by climatic oscilla-
tion were responsible for the population structure, genetic
diversity and present distribution of animals inhabiting in
South China (Huang et al., 2007; Zhan & Fu 2011; Gao
et al., 2012; Dong et al. 2013; Zhou et al. 2013; Lin et al.
2014a). This scenario is supported by the lack of structure
seen within clade E in South China. The absence of sub-
clades could be explained by a post-LGM expansion, which
was consistently confirmed by all population demographic
analyses, and BSP analyses revealed that expansion took
place at around 13 000 years ago at the end of Pleistocene
(glacial and climatic oscillations is typical in this period).
Except for samples of clade E, the others were collected
from Southern Asia, including Vietnam, Thailand, Myan-
mar, Laos and Indonesia. Clade C shows a slow growth
since 1 Ma (Figs 4 and S2), while clade D is indicated to
have a unimodal distribution without significant statistical
P value (Fig. S2; Table S4). Combined with other studies
(e.g. Lin et al. 2014a), this could be explained by the effect
of the Truong Son Mountains, which provided an impor-

tant refugium (Jablonski & Whitfort, 1999) and suitable
environment for long-term survival of species in south East
Asia.
Nuclear genes have increasingly been used in phylogeo-

graphic studies in recent years. However, in this case, as
for most work, nuclear genes did not provide enough
information for resolving intraspecific relationships (e.g.
Guo et al. 2011; Reyes-Velasco et al. 2013). It is generally
accepted that mtDNA has four times faster substitution
rate as nuclear data, so mtDNA is able to resolve fine scale
genetic structure, but these protein-coding nuclear genes
could not. Another explanation is the short time between
speciation events resulting in complete lineage sorting.
However, in our work, network based on NT-3 gene did
not provide enough information, while the results from
Rag-1 gene showed a similar structure with that based on
mitochondrial DNA (Fig. 3). The reason for this may be
Rag-1 gene has much more information and mutation site
than NT-3. These can be also seen in Fig. 3 as most
mutation step between haplotypes of NT-3 was single
point mutation, while they are normally more than 4 in
Rag-1.
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PSSD, Model (SSD) P-value; Rag, raggedness index; PRag,
Raggedness P-value
Table S5. Samples used in this study with GenBank

accession numbers, locality and voucher information.
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onto the BEAST tree with two different reconstruction
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