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Hybridization often occurs in areas of secondary contact between closely related species. In some cases these
hybridization events can create hybrid offspring that are reproductively viable as new parthenogenetic species. The
genus Leiolepis contains nine species that collectively range throughout continental Southeast Asia. Of these, four
are unisexual (some diploid and some triploid). We analyzed a multi-locus dataset within a multi-lineage coalescent
framework to infer the origins of these parthenogenetic hybrid species. Our results provide evidence that repeated
hybridization events between L. reevesii and L. guttata have led to the formation of all four distinct parthenoge-
netic species. Our data further suggest there have been low levels of mitochondrial introgression between
L. belliana and L. reevesii at their contact zone in southern Cambodia. This work addresses contentious species
boundaries and provides the first taxon-complete hypothesis of relationships for the butterfly lizards. © 2014 The
Linnean Society of London, Biological Journal of the Linnean Society, 2014, ••, ••–••.
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unisexual species.

INTRODUCTION

Hybridization events can occur when individuals of
recently genetically divergent populations or species

come in contact (e.g. lizards of the genera Sceloporus,
Crotaphytus, Cnemidophorus s.l.; Reeder, Cole &
Dessauer, 2002; Leaché & Cole, 2007; McGuire et al.,
2007; Sites, Reeder & Wiens, 2011). In most cases,
these events create hybrid individuals that are infer-
tile or have reduced fitness; thus, their unique geno-
types are selected against and do not persist (Simon*Corresponding author. E-mail: Grismer@ku.edu
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et al., 2003; Schön, Martens & Dijk, 2009). However,
in unique cases these events can create an individual
that is reproductively viable, and can form a popula-
tion that continues on its own evolutionary trajectory
as a new parthenogenetic species (Simon et al., 2003).
Although unisexual invertebrates (e.g. Daphnia spp.)
have been known for centuries, unisexual (or parthe-
nogenetic) vertebrates (e.g. fishes and squamates)
were not reported until the 20th century (Hubbs &
Hubbs, 1932; Darevsky, 1967; Dawley & Bogart,
1989). Theoretically, parthenogenesis has a two-fold
reproductive advantage over sexual reproduction
because the progeny are all self-cloning females,
which do not require a mate to pass on their genetic
material (Maynard–Smith, 1971). Yet despite this
reproductive advantage, parthenogenesis occurs in
only 0.1% of vertebrate species (Kearney, 2005;
Kearney et al., 2006). It is hypothesized that the
rarity of parthenogens reflects the evolutionary
advantages of genetic recombination associated with
sexual reproduction in contrast to non-recombinant
clonal propagation (Simon et al., 2003). Sexual repro-
duction increases genetic and phenotypic variability
and thereby the capacity for adaptation in response to
environmental change. Because parthenogenetic
species usually have limited genetic and morphologi-
cal variability, they may be more prone to extinction
in the face of environmental changes (Maynard–
Smith, 1971; Hurst & Peck, 1996; Simon et al., 2003;
Schön et al., 2009).

Two mechanisms have been proposed for the origin
of parthenogenesis within vertebrates: (1) a genetic
mutation (sometimes within a single egg clutch)
creates individuals that are able to clone themselves;
and (2) two sexual (or sometimes a sexual and an
unisexual) species hybridize to create a diploid or
polyploid all-female population, the members of which
can clone themselves (Sinclair et al., 2009; Sites et al.,
2011). Of these two pathways, hybridization seems to
be the primary way in which parthenogenesis origi-
nates in natural populations (but see Sinclair et al.,
2009), except under certain captive conditions, which
may lead to facultative parthenogenesis (Watts et al.,
2006; Chapman et al., 2007; Booth et al., 2011a, b;
Booth et al., 2012).

Although parthenogenesis is rare in vertebrates,
investigations in to well studied groups (Booth et al.,
2012) start to demonstrate that parthenogenesis may
be more common in wild populations of squamates
than was previously hypothesized. Not only is
Leiolepis the first genus of acrodont lizards for which
parthenogenesis has been reported (Peters, 1971), it
is one of the few squamate groups in which nearly
50% of the diversity is composed of unisexual species
(Grismer & Grismer, 2010). Furthermore, additional
new parthenogenetic populations of Leiolepis are still

being discovered in parts of Southeast Asia (personal
observations in Malaysia). This study represents an
important first step towards understanding the evo-
lution of parthenogenesis in this enigmatic genus and
adds to the growing knowledge of parthenogenesis in
squamates and more broadly, vertebrates.

THE BUTTERFLY LIZARD SYSTEM

The Indo-Malayan lizard genus Leiolepis contains
nine species, five sexual (bisexual) species – Leiolepis
belliana (Gray 1827); L. guttata Cuvier 1829;
L. ocellata Peters, 1971; L. peguensis Peters 1971;
and L. reevesii Gray 1831 – and four unisexual
(parthenogenetic) species – Leiolepis boehmei
[diploid (Aranyavalai et al., 2004)] Darevsky &
Kupriyanova 1993; L. guentherpetersi [triploid
(Darevsky & Kupriyanova 1993)]; L. ngovantrii
[ploidy unknown (Grismer & Grismer, 2010)]; and
L. triploida [triploid (Peters, 1971)]. The genus
ranges from southern China, Vietnam, Laos, Cambo-
dia, Myanmar, and Thailand southward through the
Malay Peninsula to Pulau Bangka, Indonesia along
the east coast of Sumatra (Fig. 1). All species of
Leiolepis are moderate in size (maximum snout–vent
length 18 cm), diurnal omnivores that inhabit flat,
open, coastal and savannah habitats with loose soil.
Leiolepis spp. construct long, interconnected burrow
systems used as refugia (Taylor, 1963; Peters, 1971;
Cox et al., 1998; Grismer & Grismer, 2010). The five
sexual species are sexually dimorphic and, with the
exception of L. guttata, occur in similar habitats. To
date, only two studies have investigated the parental
origins of the unisexual species of Leiolepis. However,
in the description of L. triploida Peters (1971) used
karyotype data to demonstrate the species’ polyploidy
and hypothesized that L. belliana may be one of
the parental species. Schmitz et al. (2001) discovered
that the maternal ancestor of the triploid unisexual
species L. guentherpetersi was the sexual species
L. guttata. They hypothesized that the triploid
L. guentherpetersi arose via hybridization between
L. reevesii and L. guttata, because L. reevesii was
the geographically closest sexual species with which
L. guttata could have hybridized. Schmitz et al.
(2001) also provided the first hypothesis of
phylogenetic relationship for the genus based on
mtDNA. Grismer & Grismer (2010) elaborated on
their findings and reported that aspects of the group’s
evolutionary history may be affecting species
relationships (i.e. hybridization and long branch
attraction on the root placement). Grismer & Grismer
(2010) confirmed that the maternal ancestor of
L. guentherpetersi was L. guttata and further demon-
strated that L. guttata is the maternal ancestor for
all four unisexual species. Two recent studies were
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Figure 1. A map of Southeast Asia detailing the global distribution of all known Leiolepis species. Individuals sampled
are indicated by a color-filled circle. A color-coded species key is provided. Parthenogenetic species are indicated by an
asterisk (*).
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published on Leiolepis evolution, one addressing
the phylogenetic relationship among L. belliana,
L. reevesii and L. boehmei (Srikulnath et al., 2010),
and the second addressing the population genetic
structure of L. reevesii (Lin et al., 2010). Although
there have been recent molecular phylogenetic
studies of Leiolepis addressing different aspects of the
group’s evolutionary history, these studies have not
addressed the origins of unisexuality with compre-
hensive sampling and a multi-locus dataset.

The taxonomic and evolutionary history of
Leiolepis is problematic owing to the high degree of
intraspecific morphological variation and generally
low interspecific variation of its members (Taylor,
1963; Peters, 1971; Schmitz et al., 2001; Nguyen, Ho
& Nguyen, 2005). Much of the taxonomic confusion
involves two widespread, intraspecifically variable
(Peters, 1971), and morphologically similar (Grismer
& Grismer, 2010) species, L. belliana and L. reevesii
that are in contact with one another in northwestern
Cambodia (Fig. 1). It is still unresolved whether or
not these two species are separate evolutionary line-
ages or are one wide-ranging, morphologically vari-
able species. The situation is complicated further by
the existence of a taxon of uncertain status. Peters
(1971) designated the Myanmar populations of
Leiolepis belliana as L. peguensis; this conclusion was
supported by Grismer & Grismer (2010). However,
given the morphological similarity of L. belliana and
L. peguensis, and the lack of nuclear DNA and
adequate sampling in critical areas along the north-
eastern portion of the Malay Peninsula (Fig. 1), it is
possible that L. peguensis represents the northern-
most population of the wide-ranging, highly morpho-
logically variable L. belliana. Furthermore, since the
description of L. belliana and L. reevesii in early
1800’s, these two species have been continually con-
fused for one another due to their overall morphologi-
cal similarity. Subsequently, this has lead to much
debate about the specific status of these two species.
To date no study has included multiple individuals of
L. belliana and L. reevesii from their contact zone in
southern Indochina to see if these species represent
one wide-ranging, clinally varying species, or two
separate species that contact one another in north-
western Cambodia. In this study, we use extensive
sampling across the Indochinese contact zone of
L. belliana and L. reevesii to provide a genetic basis
to begin resolving the taxonomic confusion between
these two species.

We here analyze mitochondrial and nuclear data
from multiple individuals of all described species
within a multi-lineage coalescent framework to infer
the origins of these enigmatic unisexual species of
hybrid origins. Our hypothesis of the relationships of
the sexual (parentals) and unisexual species is based

on molecular phylogenies of mitochondrial and two
rapidly evolving nuclear genes. In order to address
the role hybridization has played in shaping the evo-
lutionary history of this group and the formation of
the unisexual species, we use these phylogenies to
accomplish two goals: (1) provide the first hypothesis
of the parental origins of all four unisexual species
and the first species complete phylogeny for Leiolepis;
and (2) provide a platform to resolve contentious
species boundaries; and (3) identify mitochondrial
introgression between L. reevesii and L. belliana.

METHODS
TAXONOMIC SAMPLING AND DNA SEQUENCE DATA

Ninety-seven individuals representing all currently
recognized species of Leiolepis were included in
the analyses. We added 67 new samples to the
mitochondrial protein-coding ND2 gene dataset of
Grismer & Grismer (2010). To identify the paternal
ancestors, reconfirm the maternal ancestor, and over-
come the potential confounding issues of mtDNA
introgression in reconstructing species relationships,
we used the rapidly evolving, protein-coding nuclear
genes KIAA 2018 (this study) and EXPH5 (Portik
et al., 2012). We used the ND2 and EXPH5 primers
from Macey et al. (1997) and Portik et al. (2012),
respectively and designed the KIAA2018 primers
KIAA2018F1: 5′-RCCCATCCYTACCTATGCAGCCA
TTA-3′ and KIAA2018R1: 5′-YTGCCCAGCCATTTG
TGATATGCTYTGA-3′ and an additional EXPH5
primer (EXPH5ragamF2 5′-GGTCACCAGTGAAATC
AGAAGGCC-3′) was also designed specifically for this
study.

Genomic DNA was isolated from tail or liver tissues
preserved in 95–100% ethanol using the Qiagen
DNeasy tissue kit (Valencia, CA, USA) and amplified
using the polymerase chain reaction (PCR). Standard
methods of amplification and sequencing were used.
Sequences were aligned by eye and translated to
amino acids using MacClade (Maddison & Maddison,
2003) to confirm conservation of the amino acid
reading frame and check for premature stop codons.

PHASING OF HETEROZYGOTES

Unisexual vertebrate species usually are direct
genetic descendants of a parental sexual species (non-
hybrid origin) or a genetic composite of multiple
species (hybrid origin). The most accurate way to
trace their parental histories is within a phylogenetic
framework. Therefore, we omitted the unisexual
species and first performed phylogenetic analyses to
resolve species boundaries within the sexual species
of Leiolepis. This provided us with an accurate esti-
mation of relationships between the sexual species
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and ensured our analyses including unisexual
samples were not misled. Preliminary phylogenetic
analyses of EXPH5 and KIAA2018 independently pro-
duced the same topology; therefore, we combined
these loci into a single nuclear dataset.

Vertebrate parthenogens with hybrid origins nor-
mally are diploid or triploid and usually reflect high
levels of nuclear diversity as a result of ‘fixed
heterozygosity’ (Simon et al., 2003; Sinclair et al.,
2009). In relatively recently derived unisexual
species, the level of heterozygosity largely depends on
the amount of divergence between the parental ances-
tors for any given locus. The more heterozygous sites
a unisexual species has at a given locus, the more
informative that locus is for identifying the parental
ancestors. Thus, phasing of these heterozygous sites
in the unisexual species is crucial to identifying their
paternal ancestors. For the nuclear dataset, each
unisexual is represented by two sequences. One rep-
resents the concatenated gene copies of EXPH5 and
KIAA2018 matching the known maternal sexual
species as identified by Grismer and Grismer, 2010
(and reconfirmed in this study). The other concat-
enated sequence represents the unknown paternal
gene copies. Because all the sexual species of Leiolepis
were homozygous for each of the nuclear loci, we were
able to phase all heterozygous nuclear sites in the
unisexual species manually, using the sequence of the
maternal sexual species (identified by the mtDNA) as
a guide. In order to confirm the manual phasing of
heterozygotes, the nuclear loci were phased using the
program DnaSP (Librado & Rozas, 2009). Both
methods returned the same phasing of heterozygotes
for each nuclear locus.

PHYLOGENETIC ANALYSES ROOTING

It is difficult to find the appropriate outgroup and
place the root with respect to the ingroup because of
the high degree of divergence of Leiolepis from other
acrodont lizards (Grismer & Grismer, 2010; Wiens
et al., 2012). Depending on the optimality criterion
employed (maximum likelihood, maximum parsi-
mony, or Bayesian inference), the inferred rooting
of the ingroup is highly variable (Grismer &
Grismer, 2010). We avoided this problem with the
outgroup method by directly inferring rooted trees
using relaxed-clock methods in BEAST (Ver. 1.5.4;
Drummond & Rambaut, 2007). We used the
mitochondrial data with and without outgroups in the
analysis, and with and without unisexual species. We
also inferred relaxed-clock-based rooted trees of
Leiolepis for the combined nuclear dataset with and
without unisexual species. Using ModelTest 3.7
(Posada & Crandall, 1998) we identified HKY + G
(Hasegawa, Kishino & Yano, 1985; Yang, 1994) as the

most appropriate model of nucleotide substitution for
both the mtDNA and nuDNA datasets. For BEAST
analyses we partitioned the alignments by codon posi-
tion, applying a separate HKY + G (Hasegawa et al.,
1985; Yang, 1994) model of nucleotide substitution
and uncorrelated, log-normally distributed (UCLD)
relaxed-clock model (Drummond et al., 2006) to the
mtDNA and nuDNA datasets. We constrained the
overall mean of the lognormal relaxed clocks to one.
For the combined nuclear dataset, we applied a single
HKY + G model and UCLD relaxed-clock, constrain-
ing the mean of the lognormal distribution to one.

ESTIMATING THE PARENTAL ORIGINS OF UNISEXUAL

SPECIES UNDER A COALESCENT FRAMEWORK

We ran a *BEAST (Drummond & Rambaut, 2007)
analysis on our two nuclear loci to determine the most
probable positions of the unisexual species, under a
coalescent-based framework. For *BEAST analyses
each nuclear locus was allowed to evolve along inde-
pendent gene trees within the species tree under the
same Markov models of nucleotide substitution
used in the concatenated BEAST analyses. For both
nuclear loci each unisexual species was treated as two
separate species corresponding to each phased copy,
each matching the allelic origins of the parental
species. For example, allele ‘a’ for all unisexual
species matched the state of L. guttata, and allele ‘b’
matched the state of an unidentified paternal species.
We chose not to include the mtDNA data in the
*BEAST (Drummond & Rambaut, 2007) analysis due
to the detection of introgression between L. belliana
and L. reevesii). We used a separate log-normally dis-
tributed relaxed molecular clock model for each gene
with the overall mean rate set to one. We used
random starting gene trees under the coalescent
model, a Yule process prior on species trees, gamma-
distributed priors on population sizes, and a continu-
ous population size model with a constant root. For all
*BEAST and BEAST analyses, we: (1) used six
discrete rate categories for all gamma-distributed
models of among-site rate heterogeneity; (2) ran four
independent MCMC chains for 20 million genera-
tions, sampling the parameter values every 10 000;
(3) assessed stationarity of the chains by plotting
parameter values and likelihood scores of all four
chains over generations, and confirmed congruence
among consensus trees across the four chains using
the program Tracer Ver. 1.5 (Rambaut et al., 2013); (4)
conservatively discarded the first 1000 samples as
burn-in; and (5) combined the last 1000 samples
across all four independent MCMC chains. All trees
shown are maximum clade credibility trees generated
in TreeAnnotator. Only posterior probabilities equal
to or above 0.95 were considered well supported.

ORIGINS OF PARTHENOGENESIS IN LEIOLEPIS 5

© 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, ••, ••–••



RESULTS
PHYLOGENETIC RELATIONSHIPS

The relaxed-clock BEAST analysis of the mtDNA
recovered a strongly supported clade of L. guttata
from northern and southern Vietnam, which receives
weak support as the sister lineage of a clade of
L. belliana populations from Peninsular Malaysia and
Thailand (Fig. 2A). These two clades are sister to the
remaining species (including the remaining popula-
tions of L. belliana from eastern Thailand and
Cambodia). Individuals of L. belliana from eastern
Thailand are strongly supported as the sister lineage
to L. ocellata, and together these are most closely
related to a clade of L. peguensis and L. reevesii plus
Cambodian L. belliana. The relaxed-clock Bayesian
analysis shows mtDNA introgression between popu-
lations of L. reevesii and L. belliana from their contact
zone in southwestern Cambodia.

The relaxed-clock BEAST analysis of the combined
nuclear data strongly recovered L. guttata as geneti-
cally exclusive and weakly placed as the sister lineage
to the remaining species (Fig. 2B). Leiolepis reevesii is
also strongly supported as genetically exclusive with
geographic sub-structuring, and most closely related
to a well supported clade containing L. ocellata,
belliana, and peguensis. Leiolepis belliana is non-
exclusive with respect to L. ocellata and is supported
as the closest relative of L. peguensis. There is no
evidence of genetic introgression between L. reevesii
and L. belliana with both species being reciprocally
monophyletic in the nuclear data.

MATERNAL ORIGINS OF UNISEXUAL SPECIES

When we added the unisexual species (L. boehmei,
L. guentherpetersi, L. ngovantrii and L. triploida) to
the analyses, the inferred relationships of the sexual
species to one another remained the same for both
mitochondrial (not shown) and nuclear data (Fig. 2C).
These results provide strong support for the relation-
ships of the unisexual species to the sexual species

and thereby, the identity of the maternal and pater-
nal ancestors of the unisexual species. Our analysis of
the mtDNA data confirmed the findings of Grismer &
Grismer (2010) and identified L. guttata as the mater-
nal ancestor of all the unisexual species of Leiolepis.

PATERNAL ORIGINS OF UNISEXUAL SPECIES

The combined nuclear data (Fig. 2C) reveal Leiolepis
reevesii and L. guttata to be the parental species of all
the unisexual species and L. reevesii as the paternal
ancestor. The results return Leiolepis guentherpetersi
nested within L. reevesii and is sister to a clade
containing L. reevesii from Cambodia and the
three remaining unisexual species (L. boehmei,
L. ngovantrii and L. triploida). Although support
values are low, the *BEAST analysis (Fig. 2D) does
show the two genomic lineages of each unisexual
species are in clades containing either L. guttata or
L. reevesii, supporting the hypothesis that they are
the parentals for all the unisexual species.

DISCUSSION
MITOCHONDRIAL INTROGRESSION AND A SPECIES

PHYLOGENY FOR LEIOLEPIS

Our results indicate that at least five different
hybridization events have significantly shaped the
history of Southeast Asian butterfly lizards. One of
these events resulted in mitochondrial introgression
(possibly multiple), and four have led to the origin of
four distinct parthenogenetic species (Table 1) with
varying levels of ploidy. Our phylogenetic analyses of
a multi-locus dataset resulted in topologies that differ
from those of Grismer & Grismer (2010) and Schmitz
et al. (2001). In addition, there is disparity between
topologies based on the mtDNA and nuclear data.
Despite this incongruity, the use of a multi-locus
approach can identify sources of conflict between
mitochondrial and nuclear topologies and suggest

▶
Figure 2. (A, B) The 50% majority rule consensus trees with median node heights from the posterior sample of the
BEAST analyses of mitochondrial (A) and nuclear data (B) without parthenogenetic species. Black dots represent
posterior probability support greater than 0.95. Analyses of the mitochondrial data with outgroup included placed the root
in the same position as (A) and (B) but reduced nodal support. Branch lengths are proportional to time with the mean
rate of evolution set to 1.0. (C, D) The 50% majority rule consensus trees with median node heights from the posterior
sample of the BEAST analyses of the nuclear data with parthenogenetic species included identifying the parental species
(C), and the maximum clade credibility tree from the *BEAST analysis of the two nuclear loci (D). For trees (C) the only
taxa labeled are the parthenogenetic species [Leiolepis boehmei (green), L. guentherpetersi (pink), L. ngovantrii (purple),
and L. triploida (orange)] and their parental species [L. guttata (grey) and L. reevesii (red)], also the only nodes with
labeled support are those corresponding to the relationships between the parthenogenetic species and their parental
species. Parthenogenetic species are indicated by an asterisk (*). Branch lengths are proportional to time with the mean
rate of evolution set to 1.0.
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evolutionary histories that can explain both (Leaché
& McGuire, 2006; Keck & Near, 2010).

There are two sources of incongruity between the
mtDNA and nuclear DNA trees. First, the analysis
of the mtDNA (Fig. 2A) strongly supports a non-
exclusive Leiolepis belliana, with individuals from
eastern Thailand being sister to L. ocellata, and indi-
viduals of L. belliana from Cambodia being nested
within a clade of L. reevesii with which they are
probably sympatric. In contrast, the nuclear data
(Fig. 2B) support the monophyly of L. reevesii and
L. belliana. The L. belliana and L. reevesii collected
along their contact zone in Cambodia (Fig. 1) are
morphologically distinct; they are reciprocally
monophyletic in the nuclear dataset, but are nearly
identical to one another in the mitochondrial dataset.
These findings are consistent with recent mtDNA
introgression between L. reevesii and L. belliana in
Cambodia being the most likely cause of conflict
between the mtDNA and nuclear DNA.

A second source of incongruity involves the place-
ment of a clade of Leiolepis belliana from Peninsular
Malaysia and Thailand as sister to L. guttata in
the mtDNA dataset [albeit with low support
(0.73): Fig. 2A]. Alternately, in the nuclear dataset,
L. belliana, peguensis, and ocellata form a
monophyletic group (Fig. 2B). We hypothesis that the
varying relationships and the low support may be
reflective of an older episode of mitochondrial intro-
gression between L. belliana and L. guttata, given
both species are reciprocally monophyletic in the
analyses of the nuDNA (Fig. 2B). Despite these differ-
ences, we consider the relationships inferred from the
BEAST analysis of the combined nuclear data (Fig. 2B)
to be the preferred species phylogeny of Leiolepis. This
topology is consistent with observations of the natural
history and behavior of Leiolepis species seen in
the field and found in the literature. Male Leiolepis
belliana, L. ocellata, L. reevesii, and L. peguensis
expand their brightly colored flanks during courtship

and in male-to-male combat (Manthey & Grossmann,
1997). In contrast L. guttata, neither expands its
flanks nor are the flanks brightly colored. Further-
more, L. belliana, L. ocellata, L. reevesi and
L. peguensis occur in the same types of open habitats
with loose soils, and all aestivate during the same time
of the year, whereas L. guttata only occurs in costal-
dune habitats and is active year round.

THE EVOLUTION OF PARTHENOGENESIS IN LEIOLEPIS

The results indicate that all four unisexual species
arose through past hybridization events. As men-
tioned above, the most common pathway to parthe-
nogenesis and polyploidy in lizards is through the
hybridization of two sexual species or a unisexual
and a sexual species (Cole, 1975; Cole, Dessauer &
Townsend, 1983; Cole, Dessauer & Barrowclough,
1988; Dessauer & Cole, 1989; Reeder et al., 2002;
Sites et al., 2011), and such events have occurred
multiple times in Leiolepis. The creation of a diploid
unisexual lineage is the result of a hybridization
event between two separate diploid sexual species.
However the creation of a triploid unisexual species
usually involves multiple hybridization events; a
hybridization event between two diploid sexual
species creating a diploid intermediate species (which
is parthenogenetic) that then crosses with the original
parental or separate (and third) sexual species
(Reeder et al., 2002; Sites et al., 2011).

The results from the mtDNA and combined nuclear
DNA phylogenies indicate L. reevesii from Cambodia
and L. guttata from southern Vietnam have hybrid-
ized at least twice (Fig. 2C) giving rise to the uni-
sexual species L. ngovantrii and L. boehmei. Leiolepis
reevesii and L. guttata have also hybridized in the
northern portion the distribution of L. guttata in
central Vietnam giving rise to the triploid unisexual
L. guentherpetersi (Fig. 2C). Lastly, the parental
origins for the triploid unisexual species L. triploida

Table 1. A summary of the hypothesized hybrid origins of the unisexual species of Leiolepis

Unisexual species Ploidy Parental origins

L. boehmei
L. ngovantrii
L. guentherpetersi

L. triploida

Diploid
Unknown
Triploid

Triploid

Southern L. guttata (M) × southern L. reevesii (P)
Southern L. guttata (M) × southern L. reevesii (P)
Northern L. guttata (M) × extinct or unsampled population of L. reevesii

(P) hybridize once creates diploid ancestor
Diploid ancestor × L. reevesii (P)
H1: Southern L. guttata (M) × southern L. reevesii (P) hybridize once creates

diploid ancestor
Diploid ancestor × L. reevesii (P)
H2: Southern L. belliana (P) × southern L. reevesii (P) creates diploid ancestor
Diploid ancestor × southern L. guttata (M)
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remain ambiguous. Because each hybridization event
that created a unisexual species happened indepen-
dently, the origin of each unisexual species will be
discussed independently in detail below.

ORIGINS OF LEIOLEPIS NGOVANTRII AND L. BOEHMEI

The results support our contention that southern
populations of Leiolepis reevesii and L. guttata are
the parental ancestors for the unisexual species
L. ngovantrii and L. boehmei (Table 1; Fig. 2C).
However, southern populations of L. reevesii and
L. guttata are currently separated by the Mekong
delta (Fig. 3A). This enormous floodplain has been

proposed as a barrier to dispersal for other groups
(Smith et al., 2000) and its cyclical flooding, has been
hypothesized to be the driving force for diversification
of saxicolous geckos of the genus Cnemaspis (Grismer
& Ngo, 2007). During historical periods of reduced
flow, the course of the Mekong River emptied into
what is now the Gulf of Thailand, and may not have
been an effective dispersal barrier (Smith et al., 2000;
Woodruff, 2003; Bird, Taylor & Hunt, 2005). Although
these data are derived from more recent periods
(20 KBP), we hypothesize that similar patterns may
have been obtained cyclically over the last 2.5 million
years. We hypothesize that cyclical sea level change,
and the reduction and change in the direction of flow

Figure 3. (A) Present day distributions of Leiolepis reevesii (red) and L. guttata (white) on maps of Southern Indochina
at present day and paleo-maps of 10.5 KBP. These maps illustrate a possible dispersal route around the Mekong delta
as sea levels lowered, and possibly allowed for an area hybridization between L. reevesii and L. guttata which would have
created L. boehmei. (B) Distributions of Leiolepis reevesii (red) and L. guttata (white) on maps of northern Indochina at
present day and paleo-maps of 18 KBP illustrate, as sea levels lowered dispersal around the Central Highlands of
Vietnam may have been plausible, subsequently creating a possible area of hybridization between L. reevesii and
L. guttata which would have created L. guentherpetersi.

ORIGINS OF PARTHENOGENESIS IN LEIOLEPIS 9

© 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, ••, ••–••



of the Mekong River, may have allowed southern
populations of L. reevesii and L. guttata to come into
contact, providing the opportunity for hybridization
(at least twice) to create L. ngovantrii and L. boehmei
(Table 1; Figs 2C, 3A).

The current distribution of L. boehmei in southern
Thailand is more peculiar. With a change in sea level
of 20–75 m at 12.31–12.75 KBP (Hall, 1998; Voris,
2000; Sathiamurthy & Voris, 2006), southern Indo-
china expanded and formed a land bridge with the
Malay Peninsula. This land bridge could have pro-
vided the shortest dispersal route during the forma-
tion of the Gulf of Thailand, from the area of origin
of L. boehmei in the expanding portion of southern
Indochina [where its parental species currently occur
830 km (airline) away (Fig. 1)] to the Malay Penin-
sula (Hall, 2001; Voris et al., 2002; Bird et al., 2005
and references therein). Additionally, Heaney (1991)
suggested land bridges connecting these areas of
Southeast Asia would have been covered in savanna
like habitat, an ideal habitat to facilitate such a
dispersal event, as seen in Homo erectus and stegodon
elephants (Swisher et al., 1994; Bird et al., 2005;
Outlaw & Voelker, 2008).

ORIGIN OF LEIOLEPIS GUENTHERPETERSI

Our results suggest in order to form this triploid
species, Leiolepis reevesii and L. guttata would have
hybridized once creating a diploid unisexual ancestor
that would have back crossed with either L. reevesii
or an unsampled population or species, creating
L. guentherpetersi (Table 1). Leiolepis reevesii and
L. guttata are currently separated by the central high-
lands of Vietnam (Sterling, Hurley & Minh, 2006)
(Fig. 1), however, when sea levels were 25–116 m lower
14–18 KBP (Fig. 3B) the continental regions and their
associated coastlines were much larger (Fairbanks,
1989; Dawson, 1992; Hall, 2002) and encompassed
Hainan Island off the coast of southern China. During
this period, coastlines and costal habitats would have
also expanded and populations of L. reevesii and
L. guttata could have dispersed around the central
highlands and hybridized to form L. guentherpetersi.
This hybridization event was first hypothesized by
Schmitz et al. (2001), and is supported here. This
hypothesis is consistent with the current distribution
of L. guentherpetersi between the latter two species on
off shore islands that would have been encompassed by
the expanded shoreline (Fig. 3B).

ORIGIN OF LEIOLEPIS TRIPLOIDA

The results support the hypothesis that Leiolepis
guttata is the maternal ancestor for L. triploida. The
BEAST analysis of the combined nuclear data (Fig. 2C)

suggests a hypothesis of two hybridization events
between southern L. guttata and the paternal ances-
tor, L. reevesii from Cambodia. However, Leiolepis
triploida shares a number of morphological characters
otherwise unique to L. belliana (Grismer & Grismer,
2010). These morphological characters suggest
L. belliana could have played a role in the hybridiza-
tion process that created L. triploida through an old
hybridization event between L. belliana and a female
L. guttata. This could have created a diploid unisexual
or sexual ancestor that would have the nuclear DNA of
both parental species and the mitochondrial genome
of L. guttata. This diploid ancestor may have then
hybridized with L. reevesii creating the triploid uni-
sexual L. triploida. A similar situation has been iden-
tified in Aspidoscelis sensu lato (A. exsanguis; Reeder
et al., 2002). However, if this were the case we would
expect to see a genetic signature of L. belliana in
L. triploida, and we do not. Our dataset had no sites
with three nucleotides, as maybe expected with a
triploid having three separate ancestors. The three
possible parental species have very distinct nDNA;
thus, we would strongly suspect to detect three differ-
ent alleles in L. triploida if it involved three species.

Given that we only analyzed two nuclear loci, our
*BEAST analysis returned a topology with low support
values and a set of relationships among the sexual
species that conflicts with the BEAST analyses of the
nuclear data (Leaché & Rannala, 2011) (Fig. 2D).
Despite this incongruity, the position of the unisexual
species relative to sexual species remained the same,
identifying L. guttata and L. reevesii as the parental
species for all the unisexual species. We acknowledge
that the support values for these relationships are low
(and therefore we still support Figure 2B as our pre-
ferred hypothesis of relationship), however we believe
that the analysis represents the best estimate of
unisexual origins under a coalescent framework.

TAXONOMIC IMPLICATIONS AND

BIOGEOGRAPHY OF LEIOLEPIS

Leiolepis is an Indo-Malayan group, the distribution
of which is largely encompassed in the ranges of
two species, L. belliana and L. reevesii (Fig. 1). Our
results support the continued recognition of
L. belliana and L. reevesii as separate species and can
reject the hypothesis that they represent a single
wide-ranging species. Both species are reciprocally
monophyletic for each nuclear loci and in combined
dataset. The nuclear-gene tree topology (Fig. 2B) indi-
cates that L. belliana and L. peguensis may have
originated in northern Indochina. It is possible that
L. belliana may have dispersed southward via a wide
savanna corridor along the eastern side of the Malay
Peninsula during the last 2.5 million year (Heaney,
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1991). Heaney (1991) and Aleva et al. (1973) indicated
that such a savanna corridor appeared repeatedly as
sea levels fluctuated; minimally, it extended to Pulau
Banka located adjacent to the east coast of Sumatra
and to the Karimata Islands near the west coast of
Borneo. This may explain the existence of L. belliana
on Pulau Banka, 302 km farther south than its south-
ernmost locality in Peninsular Malaysia (Fig. 1),
along with unconfirmed reports of its presence on
Borneo and mainland Sumatra (Grismer, 2011).

Our phylogenetic analysis revealed geographic sub-
structuring within L. reevesii, with strong support
from the mtDNA data and weak support from the
nuclear data (Fig. 2A, B). There are two major
mitochondrial lineages within L. reevesii, a northern
Indochinese clade composed of individuals from China
and northern Vietnam, and a weakly supported south-
ern Indochinese clade composed of individuals from
Laos and Cambodia, which includes some introgressed
L. belliana. We consider it likely that this split may
correspond to the uplift of the central highlands
in Vietnam (Sterling et al., 2006), which currently
separates these two lineages. Both these lineages are
genetically and morphologically distinct from one
another, and may represent separate species. This
taxonomic hypothesis was recently proposed by
Hartmann et al. (2012) whom elevated these popula-
tions to full species status, Leiolepis rubritaeniata,
using morphological data. We herein provide genetic
support for the recognition of these two lineages as
distinct species.

We tentatively consider Leiolepis peguensis a dis-
tinct species because it is morphologically diagnosable
from L. belliana and mitochondrially exclusive.
However, there are specimen records of Leiolepis
belliana along the west coast of the Malay Peninsula
as far as extreme southern Myanmar, and it is pos-
sible that additional sampling along the western coast
of the Malay Peninsula might show continuous gene
flow, implying that L. peguensis represents the north-
ern extension of L. belliana into Myanmar.

LEIOLEPIS BELLIANA AND L. OCELLATA

Despite Leiolepis ocellata being embedded within
L. belliana (Fig. 2B), we treat it as a valid species
because L. ocellata is morphologically distinct from
L. belliana, has a different karyotype, and is geneti-
cally exclusive in each dataset. The nuDNA and
mtDNA trees support the evolution of L. ocellata from
the wide-ranging L. belliana (which it most closely
resembles morphologically), whereas L. belliana
has yet to reach genetic exclusivity. Furthermore, L.
ocellata currently is isolated in the Chang Mai Valley,
which is surrounded by mountains; potentially, this
population is isolated from all other Leiolepis (Fig. 1).

CONCLUSIONS

The hybridization events inferred here have created
multiple unisexual species during the evolutionary
history of Leiolepis. Interestingly, all hybridization
events are unidirectional and involve the maternal
L. guttata ancestral lineage. This may have been facili-
tated by the presence of orange coloration on the flanks
of males of other species. This conspicuous color trait
is displayed by males in sexual and agonistic interac-
tions (Manthey & Grossmann, 1997). In L. reevesii,
L. peguensis, L. ocellata, and L. belliana this display is
exaggerated by the ability to expand the rib cage to
increase the surface area of the flanks and displaying
greater areas of orange coloration. Male L. guttata
have limited orange coloration on their flanks and lack
the ability to expand their rib cage. We hypothesize
that female preference for orange coloration on the
flanks of males is plesiomorphic, and since L. reevesii,
L. peguensis, L. ocellata, and L. belliana can expand
their flanks and display larger amounts of orange,
female L. guttata may prefer males of these other
species with large amounts of orange displayed on
their flanks in areas of contact. This pattern has been
documented in several avian lineages (Moller &
Birkhead, 1994; Reudink et al., 2009) and serves as a
plausible working hypothesis for future field-based
behavioral studies of Southeast Asian butterfly lizards.
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