
Molecular Phylogenetics and Evolution 61 (2011) 400–412
Contents lists available at ScienceDirect

Molecular Phylogenetics and Evolution

journal homepage: www.elsevier .com/locate /ympev
Phylogeny and divergence times of some racerunner lizards
(Lacertidae: Eremias) inferred from mitochondrial 16S rRNA gene segments

Xianguang Guo a, Xin Dai b, Dali Chen c, Theodore J. Papenfuss d, Natalia B. Ananjeva e, Daniel A. Melnikov e,
Yuezhao Wang a,⇑
a Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu 610041, Sichuan, China
b College of Bioscience and Biotechnology, Yangzhou University, Yangzhou 225009, Jiangsu, China
c Department of Parasitology, West China School of Preclinical and Forensic Medicine, Sichuan University, Chengdu 610041, Sichuan, China
d Museum of Vertebrate Zoology, University of California, Berkeley, CA 94720, USA
e Zoological Institute, Russian Academy of Sciences, St. Petersburg 199034, Russia

a r t i c l e i n f o
Article history:
Received 20 January 2011
Revised 24 June 2011
Accepted 25 June 2011
Available online 13 July 2011

Keywords:
Phylogeny
Relaxed molecular clock
Eremias
16S rRNA
1055-7903/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.ympev.2011.06.022

⇑ Corresponding author. Fax: +86 28 85222753.
E-mail addresses: guoxg@cib.ac.cn (X. Guo), arcib@
a b s t r a c t

Eremias, or racerunners, is a widespread lacertid genus occurring in China, Mongolia, Korea, Central Asia,
Southwest Asia and Southeast Europe. It has been through a series of taxonomic revisions, but the phy-
logenetic relationships among the species and subgenera remain unclear. In this study, a frequently stud-
ied region of the mitochondrial 16S rRNA was used to (i) reassess the phylogenetic relationships of some
Eremias species, (ii) test if the viviparous species form a monophyletic group, and (iii) estimate diver-
gence time among lineages using a Bayesian relaxed molecular-clock approach. The resulting phylogeny
supports monophyly of Eremias sensu Szczerbak and a clade comprising Eremias, Acanthodactylus and
Latastia. An earlier finding demonstrating monophyly of the subgenus Pareremias is corroborated, with
Eremias argus being the sister taxon to Eremias brenchleyi. We present the first evidence that viviparous
species form a monophyletic group. In addition, Eremias przewalskii is nested within Eremias multiocellata,
suggesting that the latter is likely a paraphyletic species or a species complex. Eremias acutirostris and
Eremias persica form a clade that is closely related to the subgenus Pareremias. However, the subgenera
Aspidorhinus, Scapteira, and Rhabderemias seem not to be monophyletic, respectively. The Bayesian diver-
gence-time estimation suggests that Eremias originated at about 9.9 million years ago (with the 95% con-
fidence interval ranging from 7.6 to 12 Ma), and diversified from Late Miocene to Pleistocene. Specifically,
the divergence time of the subgenus Pareremias was dated to about 6.3 million years ago (with the 95%
confidence interval ranging from 5.3 to 8.5 Ma), which suggests that the diversification of this subgenus
might be correlated with the evolution of an East Asian monsoon climate triggered by the rapid uplift of
the Tibetan Plateau approximately 8 Ma.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Over the last two centuries, the Eremias lizards have been one of
the most difficult taxonomic groups within the family Lacertidae.
Eremias was one of the ‘‘subgenera’’ into which Fitzinger (1834) di-
vided the genus Lacerta. The taxon gained full generic status later
by Fitzinger (1843), with the type species designated as Eremias
variabilis [=Eremias arguta (Pallas, 1773) in the modern sense]. To-
day, the genus Eremias sensu stricto, is considered to comprise �36
species, which inhabit sand, steppe, and desert regions from north-
ern China, Mongolia, Korea, Central and Southwest Asia to South-
eastern Europe (Fig. 1A; Guo et al., 2010 and references therein).
The reproductive biology of Eremias (s. s.) is notable in that there
ll rights reserved.

cib.ac.cn (Y. Wang).
exist two reproductive modes: viviparity and oviparity. Most are
oviparous, whereas the Eremias multiocellata complex (comprising
�6 species or 8 subspecies; see Guo et al., 2010 and references
therein), Eremias buechneri, and Eremias przewalskii are viviparous
(Szczerbak, 1974, 2003).

Although the genus has been through a series of taxonomic
revisions (e.g., Boulenger, 1918, 1921; Szczerbak, 1974;
Eremchenko, 1999), the relationships among the species and sub-
genera are poorly understood (Orlov, 2008; Guo et al., 2010).
Boulenger (1921) and FitzSimons (1943) assigned most of the spe-
cies now placed in Pedioplanis to the subgenus Mesalina within the
large genus Eremias. Szczerbak (1971) regarded Eremias sensu lato
polyphyletic and considered Eremias (s. s.) endemic to Asia. Based
on morphological characters and geographic distribution,
Szczerbak (1974) subdivided the inclusive genus Eremias (s. l.) into
two distinct genera: the genus Mesalina as a north African and
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Fig. 1. (A) Schematic map showing the geographic distribution of Eremias. (B) Sampling localities for Eremias species (green squares), with red circles representing those
retrieved from the GenBank.
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lowland Southwest Asian clade, and the genus Eremias (s. s.), which
is endemic to Asia. Furthermore, Szczerbak (1974) considered
Eremias velox the type species of genus Eremias, and subdivided
Eremias into five distinct subgenera: Eremias Fitzinger in
Wiegmann, 1834 (group E. velox), Rhabderemias Lantz, 1928 (group
Eremias scripta–Eremias lineolata), Ommateremias Lantz, 1928
(group E. arguta), Scapteira Fitzinger in Wiegmann, 1834 (group
Eremias grammica), and Pareremias Szczerbak, 1973 (group
E. multiocellata). The five subgenera were supported by Arnold
(1986) on the basis of the hemipenial characters. However, the five
subgenera were considered separate genera in some studies (e.g.,
Welch, 1983; Welch et al., 1990). As suggested by Barbanov
(2009), Aspidorhinus Eichwald, 1841, should be regarded as the
valid subgeneric name for a group of E. velox. Accordingly, as re-
viewed by Guo et al. (2010), the typical subgenus of Eremias is
the group of E. arguta (with the synonym Ommateremias). Based
on the species groups classified by Szczerbak (1971), Shine
(1985) inferred that viviparity may have arisen twice within the
genus Eremias. One of Szczerbak’s species groups included the
oviparous Eremias argus, the viviparous E. multiocellata, and Eremias
brenchleyi for which the mode of reproduction was unknown at
that time. Another species group contained the viviparous
E. przewalskii, plus E. buechneri, Eremias quadrifrons, and Eremias
verimiculata of unknown reproductive mode at that time.

In the past two decades, the mitochondrial 16S rRNA gene has
been widely used to explore the phylogenetic relationships of
lizards at varying taxonomic levels. An important aspect of rRNA
genes is that they have conserved secondary structures that are
moderately well conserved among distantly related taxa
(Caetano-Anollés, 2002). Considering these secondary structural
features, rRNA can be divided into paired (stem) and unpaired
(loop) regions, and compensatory substitutions occur frequently
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in the paired regions, a property that contradicts the assumption of
independent mutations. Recently, likelihood-based methods have
been successfully developed to account for compensatory substitu-
tions in the rRNA genes (e.g., Savill et al., 2001; Xia et al., 2003a;
Brown, 2005). Moreover, the use of partitioned Bayesian analyses
has facilitated the exploration of partition-specific evolutionary
models and should reduce systematic error, thus providing more
precise posterior probability estimates (e.g., Nylander et al.,
2004; Brandley et al., 2005; Guo and Wang, 2007).

Wan et al. (2007) made the first attempt to elucidate the phylo-
genetic relationships among the Chinese racerunner lizards on the
basis of mitochondrial 16S rRNA data. Their results were prelimin-
ary because of incomplete taxonomic sampling and a lack of
support values for the inferred relationships. As shown by simula-
tions and empirical studies, more taxa and data do affect the phy-
logenetic reconstruction (e.g., Pollock et al., 2002; Zwickl and Hillis,
2002). On the other hand, one potential shortcoming of the analy-
ses of Wan et al. (2007) was that they did not incorporate second-
ary structural constraints of 16S rRNA into analyses.

Thus, as an extension of the molecular phylogenetics of the
racerunner lizards, an effort has been made to collect some Eremias
species from China, Turkmenistan, Russia, Iran and Afghanistan.
We further tried to incorporate secondary structural constraints
into analyses to improve the information content and performance
of the mitochondrial 16S rRNA gene marker in the inference of
Eremias relationships. This study specifically aims to: (i) reevaluate
the phylogenetic relationships among some racerunner species, (ii)
test if the viviparous species form a monophyletic group, (iii) esti-
mate times of divergence within Eremias in an attempt to elucidate
historical and ecological factors driving speciation in this group.
2. Materials and methods

2.1. Collection of samples

A total of 70 individuals of �12 Eremias species were examined,
including at least two individuals for most species whenever pos-
sible (see Table 1 and Fig. 1B). For most species, individuals from
different localities were sampled to increase the reliability of the
phylogenetic analyses. Takydromus septentrionalis and six other
species were selected as outgroup taxa based on current under-
standing of the phylogenetic relationships among lacertid lizards
(Mayer and Pavlicev, 2007). Voucher specimens are held in the
Chengdu Institute of Biology, Chinese Academy of Sciences, the
Department of Zoology, University of Guelph, and the Museum of
Vertebrate Zoology, University of California. The details for all
sequences used in this study are given in Table 1.
2.2. DNA extraction, amplification and sequencing protocols

The total genomic DNA was extracted from ethanol-preserved
muscle or liver following the method of Aljanabi and Martinez
(1997). The polymerase chain reaction (PCR) was used to amplify
one segment approximately 540 bases from the 16S rRNA gene
using universal primers 16Sar-L and 16Sbr-H (Palumbi, 1996).
The PCR contained approximately 100 ng of template DNA,
2.5 lL of each primer (10 pmol/L), 5 lL of l0� reaction buffer,
2 lL dNTPs (each 2.5 mmol/L), and 2 units Taq DNA polymerase
in total 50 lL volume. The PCR cycling conditions were 94 �C for
3 min followed by 30 cycles of 94 �C for 30 s, 52–55 �C (adjusted
according to the quality of template DNA) for 30 s and 72 �C for
1 min, and then a final elongation step at 72 �C for 8 min. The
PCR amplification products were purified on a 1.0% agarose gel
stained with ethidium bromide, using a commercial DNA purifica-
tion kit following the manufacturer’s protocol. Sequencing was
performed using the same PCR primers with ABI Big Dye Termina-
tor chemistry on an ABI 3730 automated sequencer. Sequences
were then submitted for BLAST searching (Altschul et al., 1997)
in GenBank to verify the data, with the accession numbers listed
in Table 1.

2.3. Sequence alignment and analyses

A set of 16S rRNA sequences of Eremias and other related genera
was also retrieved from GenBank, including 36 sequences
representing nine Eremias species and 6 sequences representing
6 related genera (see Table 1). A total of 112 sequences were first
aligned using Clustal X 1.83 (Thompson et al., 1997) with default
gap penalties. The aligned matrix from this procedure was then
checked by eye, and minor adjustments were made manually on
the basis of secondary structure following the published model
of Darevskia caucasica (Brown, 2005) with SeaView v.4.2.5 (Gouy
et al., 2010). Nucleotide positions were designated as stem and
loop regions. Some putative stem positions could not be confirmed
since the complementary strands of some helices were not se-
quenced. The data matrices are available from the corresponding
author.

Compositional heterogeneity was evaluated using chi-square
(v2) tests implemented in PAUP� 4.0b10 (Swofford, 2002) and
assessed using the software SeqVis v.1.5 (Ho et al., 2006) to visual-
ize base composition and to conduct matched-pairs tests of sym-
metry of base substitution (Ababneh et al., 2006). Evidence of
evolution under conditions more complex than that assumed by
commonly applied models (i.e. stationary, reversible and homoge-
neous conditions) was inferred if the scatter of dots in the tetrahe-
dral plots was widely dispersed and if a proportion X of the
matched-pairs tests of symmetry rejected symmetry with p-values
less than or equal to X. This procedure is consistent with that advo-
cated by Jermiin et al. (2008, 2009). If the matched-pairs tests yield
a larger than expected proportion of probabilities 60.05 (i.e., with
>5% of the tests producing probabilities 60.05), then the conclu-
sion is that the sequences have not evolved under stationary,
reversible and homogeneous conditions. Substitutional saturation
was tested by inspecting a new entropy-based index as imple-
mented in DAMBE V.5.2.11 (Xia and Xie, 2001). For this approach,
if Iss (i.e., index of substitutional saturation) exceeds Iss.c (i.e., criti-
cal Iss), then we can conclude that the sequences have experienced
severe substitutional saturation (Xia et al., 2003b; Xia and Lemey,
2009).

2.4. Phylogenetic analyses

Phylogenetic hypotheses of Eremias were generated with 16S
rRNA segments using two commonly applied phylogenetic
methods: heuristic searches using equally weighted maximum
parsimony (MP) analyses performed with the program PAUP� and
Bayesian inference (BI) with the program MrBayes v.3.2 (Ronquist
and Huelsenbeck, 2003). In both MP and BI analyses, each haplo-
type was treated as a taxon.

The MP analyses were performed with the following options
implemented: heuristic search mode with ten random-
addition-sequence replicates (RAS), tree bisection-reconnection
branch swapping (TBR), MULTrees option on, and collapse zero-
length branches off. All characters were treated as equally
weighted and unordered, and gaps were treated as missing data.
Support for branches was assessed using 1000 non-parametric
bootstrap replications (Felsenstein, 1985) with each bootstrap
replicate performed as a heuristic search with ten RAS and TBR.
T. septentrionalis, representing subfamily Lacertinae, was used to
root the trees based on a recent publication (Mayer and Pavlicev,
2007).



Table 1
List of analyzed specimens, their geographical origin and the GenBank accession number.

Taxon and samples Geographical origin Voucher
numberc

Haplotype
number

GenBank accession
number

Reference

Subgenus Aspidorhinus Eichwald, 1841a

E. velox Tuokexun, Xinjiang, China – Hap1 DQ494814 Wan et al. (2007)
E. velox Tuokexun, Xinjiang, China – Hap2 DQ494815 Wan et al. (2007)
E. velox Daghestan, Russia – Hap3 AF206604 Fu (2000)
E. velox Qitai, Xinjiang, China – Hap5 DQ494818 Wan et al. (2007)
E. velox Buerjin/Karamay, Xinjiang, China – Hap6 DQ494817 Wan et al. (2007)
E. velox Karamay /Qitai/Huocheng, Xinjiang,

China
– Hap7 DQ494816 Wan et al. (2007)

E. velox Huocheng, Xinjiang, China – Hap8 DQ494819 Wan et al. (2007)
E. velox Aydingkol, Xinjiang, China W01494 Hap1 DQ658845 This study
E. velox Aydingkol, Xinjiang, China W01508 Hap2 DQ658844 This study
E. velox Kalmykia, Russia ZISP_TS175 Hap4 DQ658843 This study
E. velox Astrakhan, Russia ZISP_TS174 Hap4 DQ658842 This study
E. velox Tacheng, Xinjiang, China W9902 Hap9 DQ658841 This study
E. velox Tacheng, Xinjiang, China W9901 Hap7 DQ658840 This study
E. velox Jinghe, Xinjiang, China GUO523 Hap10 HQ615633 This study
E. velox Jinghe, Xinjiang, China GUO524 Hap10 HQ615634 This study
E. velox Maryy Welayaty, Turkmenistan MVZ233262 Hap11 HQ615639 This study
E. velox Golestan, Iran MVZ238535 Hap12 HQ615641 This study
E. velox Maryy Welayaty, Turkmenistan MVZ233263 Hap13 HQ615640 This study
E. persica Delbar Field Station, Semnan, Iran MVZ246012 Hap14 HQ615642 This study
E. persica Delbar Field Station, Semnan, Iran MVZ246013 Hap14 HQ615644 This study
E. persica Sarhang, Khorasan, Iran MVZ246010 Hap14 HQ615643 This study
E. persica Izad Khast, Fars, Iran MVZ234473 Hap15 HQ615645 This study
E. persica Mobanakiye, Tehran, Afghanistan MVZ234474 Hap16 HQ615646 This study
E. persica Zamanabad, Seman, Iran MVZ246014 Hap17 HQ615647 This study
E. persica Takhteh Pol, Kandahar, Afghanistan MVZ237049 Hap18 HQ615649 This study

Subgenus Pareremias Szczerbak, 1973
E. brenchleyi Suzhou, Anhui, China. – Hap20 EF490071 Rui et al. (2009)
E. brenchleyi Xuzhou, Jiangsu, China – Hap21 DQ494826 Wan et al. (2007)
E. brenchleyi Luquan, Shandong, China – Hap22 DQ494828 Wan et al. (2007)
E. brenchleyi Taian/Luquan, Shandong, China – Hap23 DQ494827 Wan et al. (2007)
E. brenchleyi Xuzhou, Jiangsu, China W01525 Hap24 DQ658833 This study
E. brenchleyi Laishui, Hebei, China W01431 Hap25 DQ658832 This study
E. argus Lanzhou, Gansu, China – Hap26 DQ494829 Wan et al. (2007)
E. argus Zhouzhi, Shaanxi, China W01527 Hap27 DQ658830 This study
E. argus Yanchuan, Shaanxi, China W01573 Hap28 DQ658831 This study
E. argus Shahe, Hebei, China W01433 Hap29 DQ658826 This study
E. argus Zoucheng, Shandong, China XSX1 Hap30 DQ658825 This study
E. argus Shahe, Hebei, China W01529 Hap30 DQ658827 This study
E. argus Damao Qi, Inner Mongolia, China W01278 Hap31 DQ658828 This study
E. argus Abag Qi, Inner Mongolia, China W01275 Hap32 DQ658829 This study
E. multiocellata Guazhou, Gansu, China W9904 Hap33 DQ658839 This study
E. multiocellata Yulin, Shaanxi, China W01549 Hap34 DQ658836 This study
E. multiocellata Sonid Zuoqi, Inner Mongolia, China W01273 Hap35 DQ658835 This study
E. multiocellata Yulin, Shaanxi, China W01277 Hap36 DQ658834 This study
E. multiocellata Wuwei, Gansu, China W01499 Hap37 DQ658838 This study
E. multiocellata Sonid Youqi, Inner Mongolia, China W01270 Hap38 DQ658837 This study
E. multiocellata Golmud, Qinghai, China GE0708016 Hap39 HQ615615 This study
E. multiocellata Golmud, Qinghai, China GE0708023 Hap39 HQ615616 This study
E. multiocellata Golmud, Qinghai, China GE0708017 Hap39 HQ615623 This study
E. multiocellata Golmud, Qinghai, China GE0708027 Hap39 HQ615617 This study
E. multiocellata Akesai, Gansu, China GE0708005 Hap39 HQ615618 This study
E. multiocellata Golmud, Qinghai, China GE0708026 Hap39 HQ615619 This study
E. multiocellata Golmud, Qinghai, China GE0708021 Hap39 HQ615620 This study
E. multiocellata Golmud, Qinghai, China GE0708022 Hap39 HQ615621 This study
E. multiocellata Dacaidan, Qinghai, China GE0708004 Hap39 HQ615622 This study
E. multiocellata Dacaidan, Qinghai, China GE0708003 Hap40 HQ615624 This study
E. multiocellata Qitai, Xinjiang, China – Hap45 DQ494836 Wan et al. (2007)
E. multiocellata Delingha, Qinghai, China – Hap46 DQ494833 Wan et al. (2007)
E. multiocellata Yanchiwan, Gansu, China – Hap41 DQ494835 Wan et al. (2007)
E. multiocellata Yanchiwan, Gansu, China – Hap42 DQ494834 Wan et al. (2007)
E. multiocellata Sanchakou, Xinjiang, China – Hap47 DQ494839 Wan et al. (2007)
E. multiocellata Sanchakou, Xinjiang, China – Hap49 DQ494838 Wan et al. (2007)
E. multiocellata Yingisar, Xinjiang, China – Hap48 DQ494840 Wan et al. (2007)
E. multiocellata Qitai, Xinjiang, China – Hap50 DQ494837 Wan et al. (2007)
E. multiocellata Mazongshan, Gansu, China – Hap51 DQ494832 Wan et al. (2007)
E. multiocellata Lanzhou, Gansu, China – Hap52 DQ494842 Wan et al. (2007)
E. multiocellata Baotou/Lanzhou, China – Hap53 DQ494843 Wan et al. (2007)
E. multiocellata Lanzhou, Gansu, China – Hap54 DQ494844 Wan et al. (2007)
E. multiocellata Baotou, Inner Mongolia, China – Hap55 DQ494845 Wan et al. (2007)
E. multiocellata Zhangye, Gansu, China – Hap56 DQ494841 Wan et al. (2007)
E. przewalskii Zhangye, Gansu, China – Hap43 DQ494825 Wan et al. (2007)

(continued on next page)
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Table 1 (continued)

Taxon and samples Geographical origin Voucher
numberc

Haplotype
number

GenBank accession
number

Reference

E. przewalskii Minqin, Gansu, China GUO403 Hap44 HQ615605 This study
E. przewalskii Minqin, Gansu, China GUO404 Hap44 HQ615608 This study
E. przewalskii Minqin, Gansu, China GUO405 Hap44 HQ615609 This study
E. przewalskii Minqin, Gansu, China GUO406 Hap44 HQ615610 This study
E. przewalskii Minqin, Gansu, China GUO450 Hap44 HQ615611 This study
E. przewalskii Minqin, Gansu, China GUO451 Hap44 HQ615612 This study
E. przewalskii Minqin, Gansu, China GUO454 Hap44 HQ615613 This study
E. przewalskii Minqin, Gansu, China GUO455 Hap44 HQ615614 This study
E. przewalskii Minqin, Gansu, China GUO459 Hap44 HQ615606 This study
E. przewalskii Linze, Gansu, China GUO449 Hap44 HQ615607 This study

Subgenus Eremias Fitzinger in Wiegmann, 1834b

E. arguta Yining, Xinjiang, China – Hap57 DQ494824 Wan et al. (2007)
E. arguta Buerjin, Xinjiang, China JF1314 Hap58 HQ615637 This study
E. arguta Astrakhan, Russia ZISP_TS579 Hap59 DQ658824 This study
E. arguta Astrakhan, Russia ZISP_TS173 Hap60 DQ658823 This study
E. arguta Volgograd, Russia ZISP_TS127 Hap59 DQ658822 This study
E. arguta Volgograd, Russia ZISP_TS130 Hap59 DQ658821 This study
E. arguta Kalmykia, Russia ZISP_TS559 Hap59 DQ658820 This study
E. arguta Ukraine – Hap59 AY035837 Pavlicev and Mayer

(2009)
E. arguta Danizkanary, Azerbaijan MVZ218770 Hap61 HQ615638 This study

Subgenus Scapteira Fitzinger in Wiegmann, 1834
E. acutirostris Takhteh Pol, Kandahar, Afghanistan MVZ237044 Hap19 HQ615648 This study
E. grammica Huocheng, Xinjiang, China – Hap63 DQ494820 Wan et al. (2007)
E. grammica Huocheng, Xinjiang, China – Hap64 DQ494821 Wan et al. (2007)
E. grammica Huocheng, Xinjiang, China – Hap65 DQ494822 Wan et al. (2007)
E. grammica Huocheng, Xinjiang, China GUO499 Hap66 HQ615635 This study
E. grammica Huocheng, Xinjiang, China GUO498 Hap66 HQ615636 This study

Subgenus Rhabderemias Lantz, 1928
E. pleskei Vedi, Armenia – Hap62 AY035838 Pavlicev and Mayer

(2009)
E. scripta Pir Zadeh, Afghanistan MVZ237467 Hap67 HQ615650 This study
E. vermiculata Dunhuang, Gansu, China – Hap68 DQ494831 Wan et al. (2007)
E. vermiculata Dunhuang, Gansu, China – Hap68 DQ494830 Wan et al. (2007)
E. vermiculata Linze, Gansu, China GUO438 Hap70 HQ615625 This study
E. vermiculata Linze, Gansu, China GUO437 Hap70 HQ615626 This study
E. vermiculata Linze, Gansu, China GUO439 Hap70 HQ615627 This study
E. vermiculata Linze, Gansu, China GUO440 Hap70 HQ615628 This study
E. vermiculata Tazhong, Xinjiang, China WGXG08404 Hap69 HQ615629 This study
E. vermiculata Tazhong, Xinjiang, China WGXG08403 Hap69 HQ615630 This study
E. vermiculata Ruoqiang, Xinjaing, China WGXG08368 Hap69 HQ615631 This study
E. vermiculata Qiemo, Xinjianag, China WGXG08370 Hap69 HQ615632 This study

Outgroup
Pedioplanis namaquensis Cape Prov., South Africa – Hap75 AF206613 Fu (2000)
Adolfus jacksoni Kabale District, Uganda – Hap76 AF206615 Fu (2000)
Latastia longicaudata Rift Valley, Kenya – Hap72 AF206609 Fu (2000)
Acanthodactylus

bedriagae
Taroudent, Morocco – Hap71 AY633438 Harris et al. (2004)

Mesalina guttulata Harraat al Harrah, Egypt – Hap73 AY217969 Whiting et al. (2003)
Ophisops elegans Chosrov, Armenia – Hap74 AF206605 Fu (2000)
Takydromus

septentrionalis
Fuhai, Xinjiang, China No Voucher Hap77 DQ658847 This study

a Considering subgenus Dimorphea Eremchenko, 1999, as its synonym (Barabnov, 2009).
b Considering subgenus Ommateremias Lantz, 1928, as its synonym (Guo et al., 2010).
c The voucher numbers of the sequences retrieved from GenBank are not shown.
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Prior to BI analyses, the best-fit models of evolution, TVM + I + G
for the stems and GTR + G for loops, were selected using jModeltest
v.0.1.1 (Posada, 2008) under the Akaike information criterion (AIC;
Akaike, 1974), following recent recommendations of Posada and
Buckley (2004). The aligned 16S rRNA data were partitioned by
stem sites and loop sites. The rate parameters, base frequencies,
and shape parameters of the gamma distributions used to model
within-matrix heterogeneity were allowed to vary independently
in each partition. We estimated posterior probability distributions
by allowing four incrementally heated Markov chains (default
heating values) to proceed for 20,000,000 generations, with sam-
ples taken every 1000 generations. Analyses were repeated begin-
ning with different starting trees to ensure that our analyses were
not restricted from the global optimum (Huelsenbeck et al., 2002).
MCMC convergence was explored by examining the potential scale
reduction factor (PSRF; Gelman and Rubin, 1992) convergence
diagnostics for all parameters in the model (provided by the sump
and sumt commands) and graphically using the program Tracer
v.1.5.0 (Rambaut and Drummond, 2009). The first eight million
generations, before this chain reached apparent stationarity, were
discarded, and the remaining samples from the independent runs
were pooled to obtain the final approximation of the posterior dis-
tribution of trees. To yield a single hypothesis of phylogeny, the
posterior distribution was summarized as a 50% majority-rule
consensus.

Additionally, as gap (or ‘‘indel’’) characters have been widely
recognized as a valuable source of data for phylogenetic inference
across the tree of life (e.g., Dessimoz and Gil, 2010), phylogenetic



X. Guo et al. / Molecular Phylogenetics and Evolution 61 (2011) 400–412 405
information from indel events of 16S rRNA was also included in MP
and BI analyses by coding indel events into a separate data matrix
with the program SeqState (Müller, 2005) using the simple indel
coding method (Simmons and Ochoterena, 2000). In the latter, all
indels are scored as binary characters regardless of their length.
In BI, a discrete model employing identical rates of forward and
backward substitution (Lewis, 2001) was applied to the indel ma-
trix. Gaps were also treated as a fifth state in MP analysis just to see
if the phylogenetic resolution and nodal branch support increase.
2.5. Bayesian hypothesis testing

We used Bayes factors to compare our preferred Bayesian tree
topology (see below) to Bayesian trees with constraints. The Bayes
factor measures the amount by which one’s opinion is changed
after viewing the data. This can be interpreted as the change in
odds in favor of a hypothesis and can be measured as the change
in odds from the prior to the posterior (Lavine and Schervish,
1999) or as the relative success of two hypotheses at predicting
the data (Kass and Raftery, 1995). Constraint analyses were con-
ducted in MrBayes v.3.2 using the command prset topologypr = con-
straint. All analyses consisted of two simultaneous runs each with
an abbreviated three MCMC chains run for ten million generations
or more (as necessary). The Bayes factor was determined by calcu-
lating the marginal likelihood for both unconstrained and con-
straint analyses using Tracer v.1.5.0 (Rambaut and Drummond,
2009). The difference in these ln-transformed marginal likelihoods
was compared to the table provided by Raftery (1996). Based on
these tables, we consider a 2ln Bayes factor P10 as significant evi-
dence for choosing the favored hypothesis and rejecting alterna-
tives (Kass and Raftery, 1995).
Table 2
Sequence variations and phylogenetic information in 16S rRNA sequence data.

Nucleotide
sites

Variable
sites

Variable
sites (%)

Parsimony-
informative
sites

Parsimony-
informative
sites (%)

All
positions

512 211 41.21 158 30.86

Stem
regions

180 54 30 34 18.89

Loop
regions

332 157 47.29 124 37.35
2.6. Divergence dating

A likelihood-ratio rest (Huelsenbeck and Crandall, 1997) re-
vealed that these data do not evolve in a clock-like manner
(v2 = 119.87514, df = 75, p < 0.001). The relaxed Bayesian clock
implemented in Estbranches and Multidivtime was used to gener-
ate an ultrametric tree (Kishino et al., 2001; Thorne and Kishino,
2002). In the Multidivtime analysis, parameters of the substitution
model F84 + G were first estimated by the program Baseml in the
PAML package v.4.3 (Yang, 1997). The output from Baseml was
then used in the Multidistribute package to estimate the maximum
likelihood of the branch lengths and a variance–covariance matrix,
and to perform a MCMC Bayesian analysis for estimating the
posterior distributions of substitution rates and divergence dates.
The tree favored by Bayesian inference was used as the reference
topology for molecular dating analysis. The northern grass lizard
(T. septentrionalis) sequence served as the outgroup to root the tree
relating the remaining 76 ingroup sequences. The priors for the
mean and standard deviation of the ingroup root age
(Lacertinae–Eremiadinae split, 16 Ma; Arnold et al., 2007), rttm
and rttmsd were set to 16 million years and 4 million years, respec-
tively (i.e., rttm = 1.6, rttmsd = 0.4). The mean and standard devia-
tion of the prior distribution for the rate of molecular evolution at
the ingroup root node (rtrate and rtratesd) were both set to 0.17.
These values were based on the median of the substitution path
lengths between the ingroup root and each terminal, divided by
rttm (as suggested by the author). The prior mean and standard
deviation for the Gamma distribution of the parameter controlling
rate variation over time (i.e. brownmean and brownsd) were both
set to 1.0. Markov chains in Multidivtime were run for 40,00,000
generations, sampling every 100th generation for a total of
40,000 trees, with a burn-in of 4000 trees before the first sampling
of the Markov chain. To test whether the Markov chain was
converging, four single runs were performed. Similar results from
the four runs were observed.

The Multidivtime program allows for both minimum and max-
imum fossil constraints. Whereas minima are often based on earli-
est occurrences in the fossil record, maxima are intrinsically more
difficult to estimate. So we used the estimated divergence time be-
tween Lacertinae and Eremiadinae (16 Ma) based on the results of
Arnold et al. (2007) for the upper time of tip-root (Fig. 3). The stem
and loop positions were treated as different partitions, with their
heterogeneity being taken into account. The fossils of Eremias from
Qinling Mountains in China (Li et al., 2004) and Builstyn Khudang
(BUK-A) in Mongolia (Böhme, 2007) are recorded from the Pleisto-
cene (493 ± 55 ka B.P.) and Late Miocene, respectively. Accordingly,
estimates were calibrated using six time constraints (see Fig. 3).
The C1 calibration point is a lower bound of 0.55 Ma based on
the Eremias sp. fossil in Qinling Mountains (Li et al., 2004). C2 rep-
resents a lower bound of 5.3 Ma, derived from the Eremias sp. fossil
in BUK-A (Böhme, 2007). C3 represents a lower bound of 11 Ma
and an upper bound of 13 Ma for the divergence of the ancestor
of Eremias, Mesalina, and Ophisops based on the results of
Rastegar-Pouyani et al. (2010). C4 represents a lower bound of
12 Ma and an upper bound of 16 Ma for the divergence of the
Eremiadinae based on the results of Arnold et al. (2007). Addition-
ally, we specified what is the average rate of evolution of 16S rRNA
gene sequences given the dates that we estimated.
3. Results

3.1. Base composition and nucleotide substitution patterns

One hundred and twelve sequences (including outgroup taxa)
revealed 77 haplotypes (see Table 1). Of the 512 aligned characters,
211 were variable, with 158 parsimony-informative. The align-
ment of the ingroup required accommodation of 25–31 alignment
gaps per sequence. Indels (insertion/deletion events) represented
between 4.88% and 6.05% of the aligned sequence length. Most in-
dels are 1 bp in length, and the maximum indel length is 6 bp.
Table 2 shows the distribution of variable nucleotide positions in
stem and loop regions. Average base composition is A: 30.51%, C:
25.1, G: 20.26%, T: 24.12%, when the outgroup taxa are combined.
The A + T content is much higher than that of G + C. Average nucle-
otide compositions and transition-to-transversion (Ts/Tv) ratio for
loop, stem, and all positions are given in Table 3. Loop regions ex-
hibit a strong bias in favor of A (36.78%) and against G (14.88%),
whereas stem regions are biased in favor of G (29.41%) and C
(26.89%).

A base stationarity test shows insignificant differences among
all taxa in base composition bias in the data: 16S rRNA,
v2 = 26.12, df = 228, p = 1.00; stem position, v2 = 18.57, df = 228,
p = 1.00; loop position, v2 = 35.85, df = 228, p = 1.00. When all the
sites are considered equal (i.e., all the sites placed in the same
bin) and the tetrahedron is allowed to rotate, the 77 points are



Table 3
Average nucleotide compositions and maximum likelihood Ts/Tv ratios for stem and
loop regions of 16S rRNA sequence data.

All positions Stem regions Loop regions

A % 30.51 19.87 36.78
C % 25.1 26.89 24.04
G % 20.26 29.41 14.88
T % 24.12 23.83 24.3
Ts/Tv 2.27 2.25 2.58

Table 5
Tests for substitutional saturation using the index of substitutional saturation (Iss).
Substitutional saturation is indicated if Iss exceeds critical value estimated for
symmetrical and asymmetrical trees. Our data reject the hypothesis of substitutional
saturation for a symmetrical tree, but reject this hypothesis only for stems in a highly
asymmetrical tree.

For a symmetrical
tree

For an extreme
asymmetrical (and
generally very unlikely)
tree

p-ina Iss Iss.c sym. pb Iss.c asym. pb

Stems 0.413 0.108 0.664 <0.0001** 0.319 <0.0001**

Loops 0.000 0.371 0.683 <0.0001** 0.348 0.7570
16S rRNA 0.140 0.309 0.704 <0.0001** 0.380 0.2152

a p-in is the proportion of invariable sites.
b Two tailed test.

** Little saturation.
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scattered tightly in an area where the proportion of A and C are
>25% (Appendix 1A). The points are clearly spread within a con-
fined area, implying that there may be more compositional heter-
ogeneity in these data than the initial analysis suggested. To
address this issue, we binned the nucleotides according to the
structural information. The distributions of points differ for the
stem and loop sites, with stem sites displaying a small amount of
scatter (Appendix 1B), and loop sites displaying hardly any scatter
(Appendix 1C). Rotating the two tetrahedral plots shows that the
centroids differ for the stem/loop sites, thus suggesting that it
would be necessary to apply two Markov models to these data to
analyze them appropriately within a phylogenetic context. To cor-
roborate whether this is the case, the matched-pairs test of
symmetry is used in conjunction with 16S rRNA, stem sites and
loop sites of the alignment. Table 4 summarizes the distribution
of p-values for 16S rRNA, stem and loop sites. Of the 2926 pairwise
tests conducted: (1) 95 tests (0.0325) for stem site reject symmetry
with a probability 60.05, implying stem sites consistent with evo-
lution under stationary, reversible, and homogeneous conditions;
(2) 56 tests (0.019) for loop sites reject symmetry with a probabil-
ity 6 0.05, implying loop sites consistent with evolution under sta-
tionary, reversible, and homogeneous conditions. Given the very
small faction of asymmetrical results, a sensible approach to ana-
lyze these data phylogenetically would be to apply a time-
reversible Markov model to the stem sites and another such model
to the loop sites. With a proportion of invariant sites of 0.3544, the
observed Iss of 0.108 was significantly smaller than the Iss.c value of
0.664 for a symmetrical topology (p < 0.0001, two-tailed test) and
the Iss.c value of 0.319 for an asymmetrical topology (p < 0.0001,
two-tailed test), suggesting that the stems experienced little sub-
stitutional saturation. Similarly, as shown in Table 5, we inferred
that the loops and 16S rRNA data as a whole experienced little sub-
stitutional saturation for a symmetrical tree.

3.2. Phylogenetic analyses

During the first replicate of an exploratory maximum-
parsimony heuristic search more than one million equally
parsimonious trees were obtained (786 steps long), and this
computational demand compromised our ability to explore other
islands of trees. The commands NCHUCK and CHUCKSCORE were
therefore employed to perform a search from more than one start-
ing point and to increase the probability of exploring other islands
Table 4
Matched-pairs tests for stationarity of base composition. Using 2926 tests for symmetry
symmetry at the threshold level in column 1 are listed separately for tests using all 16S r
statistically asymmetrical results are approximately or below the threshold levels, we jud

Thresholda 16S rRNA Stem r

Numberb Proportion Numbe

0.05 76 0.026 95
0.01 3 0.001 39
0.005 0 0 23

a The smallest p value for stem regions is 0.0011. The smallest p value for loop region
b The number of times that the matched-pairs test of symmetry resulted in a p-value
of trees. These options allow one to set a maximum number of
trees (NCHUCK = 1000) of score greater than or equal to that spec-
ified by the CHUCKSCORE (=786 in our case) per random-addition-
sequence replicate (Swofford, 2002). As 10 RAS were performed, a
total of 7000 equally most parsimonious trees were found. These
are presented as a majority-rule consensus tree where branches
with bootstrap support lower than 50% are collapsed (see
Appendix 2). The parsimony bootstrap support was also marked
on the branches that receive such support in the Bayesian tree
(see Fig. 2). Monophyly of genus Eremias was well supported
(BP = 94%). The interrelationships of the earliest lineages are char-
acterized by a basal polytomy (with most deep nodes support low-
er than 50%). Monophyly of the subgenus Pareremias is recovered
albeit with a low support value (BP = 57%). However, monophyly
of subgenera Aspidorhinus, Scapteira, and Rhabdremias is not sup-
ported individually. Eremias acutirostris and Eremias persica form
a well supported clade (BP = 98%). E. vermiculata clusters with
Hap57 of E. arguta (BP = 53%), making the latter species paraphy-
letic. In the subgenus Pareremias, the viviparous species form a
monophyletic group (BP = 86%), whereas E. multiocellata and
E. przewalskii are not reciprocally monophyletic. E. argus and
E. brenchleyi form a clade (BP = 81%) that is the sister taxon to
the viviparous species. When gaps are treated as a fifth state, the
resultant consensus tree is similar to the MP consensus tree with-
out gaps incorporated as phylogenetic characters, except for the
placement of E. arguta (see Appendix 3). When gaps are coded as
simple binary characters (i.e., simple indel coding), the MP analysis
fails to recover subgenus Pareremias as monophyletic, placing
these taxa in the polytomy with the rest of the genus (see
Appendix 4).

For the BI analyses, the 50% majority consensus tree is shown in
Fig. 2. The average PSRF was 1.000, implying convergence of runs.
As with MP analyses, monophyly of the genus Eremias and the
subgenus Pareremias is supported with strong posterior probabili-
ties (PP = 0.99 and 0.98, respectively). Similarly, monophyly of the
of base substitution, the number and proportion of tests rejecting the hypothesis of
RNA base sites, stem regions only, and loop regions only. Because the proportions of
ge the data primarily with a model of base compositional stationarity.

egions Loop regions

rb Proportion Numberb Proportion

0.032 56 0.019
0.013 3 0.001
0.008 0 0

s is 0.0078. The smallest p value for 16S rRNA is 0.0064.
below the threshold (number of test: 2926).



Fig. 2. 16S rRNA majority-rule consensus tree inferred from Bayesian inference by using MrBayes v.3.2, associations with less than 0.5 posterior probability were collapsed.
Bayesian posterior probabilities, maximum parsimony bootstrap values are shown. Dashes represent nodes with non-parametric bootstrap support lower than 50% or
represent nodes not existed. MP tree length = 786, CI = 0.4426, RI = 0.7564.

X. Guo et al. / Molecular Phylogenetics and Evolution 61 (2011) 400–412 407
viviparous group is also supported, albeit with relatively low pos-
terior probability (PP = 0.81). E. argus and E. brenchleyi form a clade
(PP = 1.0) that is the sister taxon to the viviparous group. Mono-
phyly of subgenera Aspidorhinus, Scapteira, and Rhabdremias is
not supported individually. E. vermiculata clusters with Hap57 of
E. arguta (PP = 0.90), making it paraphyletic. Contrary to MP trees,
E. persica and E. acutirostris form a clade that is the sister taxon to
the subgenus Pareremias (PP = 0.98). Genera Eremias, Acanthodacty-
lus and Latastia form a clade, albeit with relatively low posterior
probability (PP = 0.78), with the latter two genera forming a
subclade that is the sister taxon to the genus Eremias (PP = 0.99).
Gap incorporation within 16S rRNA changed neither topology nor
support due to the conservative nature of this gene or short length
of the segment (see Appendix 5).

3.3. Bayesian hypothesis testing

Bayes factor comparisons are summarized in Table 6. The anal-
yses conducted reflect our primary interests of evaluating the
alternative hypotheses of intrarelationships of genus Eremais. As
mentioned above, analyses of the 16S rRNA data yield a
monophyletic genus Eremias and viviparous species group. Bayes
factor analyses of the 16S rRNA gene were conducted to compare
topologies with constraints to the Bayesian tree topology. In most



Fig. 3. Chronogram of Eremias species based on the 16S rRNA fragments under a Bayesian relaxed clock, and six time constraints. Branch lengths represent the mean values of
the posterior distribution. The calibration points are indicated as shaded circles with left/right (minimum bound/maximum bound) pointing triangles beside them. Numbers
and numbers in parentheses beside the nodes represent divergence time mean and 95% credibility intervals. More detailed time estimates are given in Table 7; node numbers
in the table correlate with circled node numbers in the figure. Given the dates as presented above, the average substitution rate of 16S rRNA is estimated as�0.19% per million
years (with the 95% confidence interval ranging from 0.16% to 0.25%).
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cases, there was very strong (2ln Bayes factor >10) evidence
against the constrained topologies. Thus, several alternative phylo-
genetic hypotheses are significantly rejected, such as a monophy-
letic E. multiocellata, and monophyly for each subgenus
Aspidorhinus, Scapeteira, and Rhabderemias.

3.4. Divergence dating

Bayesian dating methods allow comparison of results from prior
(e.g., fossil constraints) and posterior distribution analyses to
examine how prior specifications affect the final posterior distribu-
tion results. The prior distribution analysis ignores the information
contained in the sequence data; hence, it is expected that there will
be a larger amount of uncertainty in prior divergence-time esti-
mates (Thorne and Kishino, 2002). Accordingly, we approximated
the prior and posterior distributions of divergence times in the
Bayesian dating analyses. The size of the 95% confidence interval
(CI) of the prior distribution for node ages is considerably larger
than the size of the 95% CI of the posterior distribution, and the
means are also different in most cases (Table 7). These differences
in means and the size of credibility intervals between the prior and
posterior distributions indicate that the prior specification has



Table 6
Summary of 2ln Bayes factor comparisons of alternative phylogenetic hypotheses.
Marginal likelihoods were calculated using the method of Newton and Raftery (1994)
with modifications proposed by Suchard et al. (2001) using Tracer v.1.5.0 (Rambaut
and Drummond, 2009). 2Ln Bayes factors P10 are considered very strongly different
(Kass and Raftery, 1995), indicating evidence against alternative hypotheses.

Alternative phylogenetic
hypotheses

Ln marginal likelihood 2ln Bayes factor
[2Ln(B10)]

Ln L:
unconstrained

Ln L:
constrained

Monophyly of subgenus
Aspidorhinus

–4431.950 –4443.870 23.840

Monophyly of subgenus
Scapteira

–4431.950 –4557.329 250.758

Monophyly of subgenus
Rhabderemias

–4431.950 –4442.206 20.512

Monophyly of E.
multiocellata

–4431.950 –4466.610 69.320

Monophyly of E. arguta –4431.950 –4436.121 8.342

Table 7
Bayesian estimates for divergence times with 95% credibility intervals.

Nodea Prior Posterior

Date SD 95% CI Date SD 95% CI

1 13.2 0.8 (12.1, 15.2) 13.3 0.9 (12.1, 15.4)
2 6.6 3.8 (0.3, 13.1) 8.7 3.1 (1.7, 13.6)
3 12.2 0.5 (11.1, 13) 12.2 0.5 (11.1, 13)
4 6.2 3.5 (0.3, 12) 9.8 2.4 (3, 12.5)
5 11.4 0.9 (9.3, 12.7) 11.2 0.9 (9, 12.7)
6 5.7 3.3 (0.3, 11.4) 7.4 2.9 (1, 11.7)
7 10.5 1.1 (8.2, 12.3) 9.9 1.2 (7.6, 12)
8 7.0 2.6 (1.6, 11.2) 3.7 2.1 (0.6, 8.6)
9 9.7 1.2 (7.2, 11.8) 8.9 1.2 (6.7, 11.2)

10 8.9 1.3 (6.5, 11.2) 7.9 1.1 (6, 10.3)
11 7.1 1.8 (3.3, 10.3) 5.9 1.6 (2.7, 9)
12 4.7 2.1 (1, 8.8) 3.7 1.7 (0.8, 7.2)
13 5.3 1.9 (1.7, 9.1) 4.5 1.6 (1.5, 7.8)
14 3.5 1.9 (0.6, 7.6) 2.7 1.5 (0.5, 6)
15 7.1 1.8 (3.3, 10.3) 5.3 1.7 (2.1, 8.6)
16 3.6 2.3 (0.2, 8.3) 1.7 1.2 (0.1, 4.7)
17 5.3 2.0 (1.6, 9.1) 3.9 1.6 (1.2, 7.3)
18 3.5 1.9 (0.6, 7.6) 2.7 1.4 (0.5, 5.9)
19 8.0 1.3 (5.9, 10.6) 7.1 1.0 (5.6, 9.4)
20 6.7 1.5 (3.6, 9.7) 5.3 1.4 (2.5, 8.1)
21 5.4 1.7 (2.2, 8.7) 4 1.4 (1.5, 6.9)
22 4.1 1.7 (1.1, 7.5) 3.1 1.3 (0.9, 5.9)
23 7.2 1.2 (5.4, 9.9) 6.3 0.9 (5.3, 8.5)
24 6.0 1.5 (3.2, 9) 5.1 1.2 (2.7, 7.6)
25 4.8 1.5 (1.9, 8) 4 1.3 (1.7, 6.6)
26 3.6 1.5 (1, 6.8) 3.0 1.2 (0.9, 5.5)
27 4.1 1.7 (0.9, 7.6) 2.4 1.3 (0.4, 5.3)
28 6.2 1.4 (3.6, 9.1) 5.2 1.1 (2.9, 7.5)
29 5.2 1.5 (2.4, 8.2) 4.2 1.2 (1.9, 6.6)
30 4.1 1.5 (1.5, 7.2) 3.3 1.2 (1.2, 5.7)
31 3.1 1.4 (0.8, 6.1) 2.2 1.0 (0.6, 4.5)
32 3.1 1.4 (0.8, 6.1) 2.5 1.1 (0.7, 4.8)
33 5.0 1.5 (2, 8.1) 3.9 1.2 (1.6, 6.4)
34 3.3 1.6 (0.7, 6.7) 2.8 1.2 (0.7, 5.4)
35 3.7 1.5 (1, 6.9) 2.6 1.1 (0.8, 5.1)

a Node numbers correspond to those in Fig. 3. The time unit is million years. The
standard deviation (SD) is given for each node.
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little influence on the posterior distribution and that most of the
information about divergence time is retrieved from the sequence
data.

The partitioned Bayesian approach estimated the divergence
time for Eremias at 9.9 million years ago with the 95% CI of 7.6–
12 Ma. Table 7 lists the divergence times obtained for key nodes
within Eremias based on the phylogeny shown in Fig. 2. The diver-
gence time for the tree root (divergence between the Lacertinae
and the Eremiadinae) is at 13.3 Ma with the 95% CI of 12.1–
15.4 Ma. The global clock approach also dated the divergence time
for genus Eremias at about 10.3 ± 1.1 Ma (with the 95% CI ranging
from 7.9 to 12.2 Ma), and for the tree root at around
13.3 ± 0.9 Ma (with the 95% CI ranging from 12.1 to 15.4 Ma),
which is similar to those derived from the partitioned Bayesian ap-
proach. The divergence of the ancestor of Eremias, Mesalina, and
Ophisops dated to about 12.2 ± 0.5 Ma. The viviparous group di-
verged from the oviparous species in subgenus Pareremais (node
23 in Fig. 3) approximately at 6.3 ± 0.9 Ma (95% CI, 5.3–8.5 Ma),
while the MRCA of the viviparous species dated to 5.2 ± 1.1 Ma.
Subsequently, rapid speciation events occurred in the viviparous
group during the Pleistocene. The divergence time between
E. argus and E. brenchleyi was dated to about 5.1 ± 1.2 Ma. And
the divergence time between E. persica and E. acutirostris was esti-
mated at about 5.3 ± 1.4 Ma. Fig. 3 and Table 7 demonstrate recur-
ring cladogenesis occurring in the racerunner lizards since late
Miocene. Thus, the racerunner lizards most probably originated
in late Miocene and radiated into the Pleistocene. We tested the ef-
fect of varying the values of the priors by setting 0.5 (s.d. = 0.5) for
the parameter (t) that controls the degree of rate autocorrelation
per 10 Myr along the descending branches of the tree. The results
were very similar to the estimates given above, such as
10.2 ± 1.1 Ma for the genus Eremias divergence (with the 95%
confidence interval ranging from 7.8 to 12.1 Ma), which further en-
sured that changing the priors does not have significant effect.
Using the dates as presented in Figure 3 and Table 7, we estimated
that the 16S rRNA gene segments in Eremias evolve at an average
rate of approximately 0.19% per million years (with the 95% confi-
dence interval ranging from 0.16% to 0.25%), meaning that any two
racerunner lizards are diverging form each other at a rate of
�0.38% per million years (with the 95% confidence interval ranging
from 0.32% to 0.5%).
4. Discussion

4.1. Phylogenetic relationships of racerunner lizards

On the one hand, phylogenetic relationships estimated using
MP and BI were similar or identical for most part, with differences
mostly due to resolution of some polytomies. All analyses provide
strong support for monophyly of the genus Eremias. E. argus is the
sister taxon to E. brenchleyi, which is congruent with the morpho-
logical character that both the species have two frontonasal
shields, a synapomorphy that distinguishes them from other
Eremias. On the other hand, almost all MP analyses revealed a ba-
sal polytomy with several unresolved deep nodes, whereas some
deep nodes were resolved in the Bayesian trees (see Fig. 2 and
Appendix 5). In addition, Bayesian support values in the BI trees
were higher than bootstrap values for the clades in the MP trees,
suggesting that Bayesian inference is the more precise phyloge-
netic analysis.

As discussed above, this study provided strong support for
monophyly of racerunner lizards, consistent with the results of
Arnold (1986) and Wan et al. (2007), and thus providing a firm
basis for further testing the plausibility of the alternative biogeo-
graphic models. Similarly, the viviparous species form a monophy-
letic group, which is contrary to the speculation of Shine (1985).
However, to date, the sister group of genus Eremias is still
equivocal. Phylogenetically, Eremias is most closely related to a
clade including Acanthodactylus, Mesalina, and Ophisops-Cabrita
(Arnold, 1989). Mayer and Benyr (1994), on the basis of albumin-
immunological studies, have proposed tentatively that Eremias is
the sister taxon of Mesalina and that both of them belong to a lar-
ger clade also containing Omanosanura and Ophisops. They
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proposed that Eremias was not closely related to Acanthodactylus.
On the other hand, in a more recent study, the four genera Acantho-
dactylus, Eremias, Mesalina and Ophisops have been proposed to
constitute a clade based on morphological characters (Arnold,
2004). In addition, both 4708 bp of mtDNA sequences and
�1600 bp nuclear DNA data (rag1 and c-mos genes) suggested that
the intergeneric relationships of Eremiadinae were not clear (Fu,
2000; Mayer and Pavlicev, 2007). Our result indicates that the gen-
era Acanthodactylus and Latastia form a clade that is the sister tax-
on of genus Eremias. However, to resolve this discrepancy, it is
necessary to include additional lacertid species and data to test
these intergeneric relationships. As for the intrarelationships of
genus Eremias, our molecular data further demonstrate that the
subgenus Pareremias is monophyletic, in accordance to Arnold
(1986). However, the subgenera Aspidorhinus, Scapteira, and Rhab-
deremias seem not to be individually monophyletic, as indicated by
the results of Bayesian hypotheses testing.

4.2. E. multiocellata: a paraphyletic species or species complex?

The observation that E. przewalskii nests inside of E. multiocella-
ta challenges the integrity of the latter species (Fig. 2). Support for
this placement was statistically significant (BP = 80%; PP = 1.0).
There are several potential explanations. First, E. przewalskii is
not a valid species but part of E. multiocellata. This is unlikely
because morphologically E. przewalskii is very distinct from
E. multiocellata. The former has a large body size; its snout-to-vent
length (SVL) ranges from 73.5 to 95 mm in males (n = 11) and 59 to
86 mm in females (n = 10), while the latter has a smaller SVL, rang-
ing from 48 to 72 mm in males (n = 35) and 42–74 mm in females
(n = 60) (Zhao, 1999). In addition, for E. przewalskii, the length of
the lower side of the rostral shield is equal to or shorter than the
length of the granular area before the first supraocular shield,
whereas in E. multiocellata, the length of the lower side of the ros-
tral shield exceeds the length of the granular area before the first
supraocular shield. Furthermore, the dorsal pattern of E. przewalskii
is net-like or crossbanded, whereas the dorsal pattern of
E. multiocellata consists of eye-like spots, blotches, and stripes
(Szczerbak, 2003). Specifically, all ten samples of E. przewalskii
have brighter and widely transversal stripes on their back. Second,
the E. multiocellata populations examined in this study are actually
a species complex. According to the monophyly criterion for spe-
cies diagnosis (Sites and Marshall, 2004) and several other criteria
such as a large magnitude of divergence and sharp genetic discon-
tinuity between the major clades, the populations appear to be at
least three species. In fact, there is discrepancy on the taxonomy
of E. multiocellata. One opinion is that E. multiocellata in China
consists of five subspecies (Szczerbak, 2003): E. m. multiocellata,
E. m. yarkandensis, E. m. kozlowi, E. m. stummeri, and E. m. kokshaal-
ensis. An alternative hypothesis is that E. multiocellata in China
contains only two subspecies (Eremchenko and Panfilov, 1999):
E. m. multiocellata and E. m. kozlowi. Accordingly, the other three
subspecies of E. multiocellata in China as Szczerbak (2003) inter-
preted them were elevated to specific status (Eremchenko and
Panfilov, 1999; see Guo et al., 2010). The third possibility is that
E. multiocellata is paraphyletic for mitochondrial haplotypes be-
cause of incomplete lineage sorting (Funk and Omland, 2003),
which is widespread in recently diverged taxa that have speciated
rapidly (Knowles and Carstens, 2007), and can obscure species
relationships (Carstens and Knowles, 2007). With the current data,
we cannot rule out the last two alternative hypotheses.

4.3. Racerunner lizards evolution timescale

Our results support a late Miocene to Pleistocene radiation of
genus Eremias. This finding is similar to an albumin study by Mayer
and Benyr (1994) who inferred that the MRCA of Eremias and
Mesalina dated to about 12 Ma, but contrasts with the proposed
scenario of Wan (2006), who suggested that the species divergence
in Chinese Eremias began at about 18–9.1 Ma, with 5.5–3.4 Ma for
subspecies divergence. In addition, our results echo Zhao et al.
(2011) in that there is a late Miocene–Pliocene split between
E. argus and E. brenchleyi (5.1 ± 1.2, wih 95% CI 2.1–7.6). Based on
cyt b data, the divergence time of the two species was dated to
about 4.1 ± 1.2 Ma (95% CI, 2.4–6.8 Ma) by using a Bayesian relaxed
molecular-clock approach (Zhao et al., 2011).

In the Late Miocene (�10 Ma), faulting and uplifting of the
Tibetan Plateau exceeded erosion, ending the continuous-plain
topography. The period 12–7.6 Ma corresponds to the increased
aridity of Central Asia and the uplift of the Tibetan Plateau
(Harrison et al., 1992, 1995), which could have caused the split
of the species of the genus Eremias in Central Asia, Southwest Asia,
and the subgenus Pareremias species in East Asia (China, Mongolia
and Korea). Subsequently, the nearly simultaneous environmental
changes around 8 Ma, in and near Tibet, with tectonic events in the
same area, have been interpreted as suggesting that the Tibetan
Plateau grew rapidly at or just before ca. 8 Ma (see Molnar,
2005), and the rise of the Plateau affected regional climate changes,
including a strengthening of the East Asian monsoon climate
(Harrison et al., 1992, 1995; An et al., 2001). These events could
have led to the evolutionary divergence of the remaining oviparous
species and viviparous species in the subgenus Pareremias.

Acknowledgments

We are grateful to Dr. Jinzhong Fu for providing some tissue
samples and Profs. Leo Borkin and Kraig Adler for providing
literature. We also thank Dr. Yong Huang for his help with the art-
work. We particularly thank the Editor Allan Larson for a fairly
comprehensive set of required revisions by marking editorial
changes directly on a copy of the submitted manuscript. This re-
search was supported by the National Natural Science Foundation
of China (30700062 and 31011120088), Knowledge Innovation
Program of the Chinese Academy of Sciences (KSCX2-EW-Q-6,
KSCX2-YW-Z-005, and KSCX2-EW-J-22), the Western Doctor Fund
Project of the ‘‘Bright of Western China’’ Personnel Training Project,
and a grant of Bureau of International Co-operation, Chinese Acad-
emy of Sciences. Dali Chen was supported by the National Natural
Science Foundation of China (30800094). We would like to thank A.
Larson and one anonymous reviewer for helpful comments that
substantially improved this manuscript.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ympev.2011.06.022.

References

Ababneh, F., Jermiin, L.S., Ma, C., Robinson, J., 2006. Matched-pairs tests of
homogeneity with applications to homologous nucleotide sequences.
Bioinformatics 22, 1225–1231.

Akaike, H., 1974. A new look at the statistical model identification. IEEE
Transactions on Automatic Control 19, 716–723.

Aljanabi, S.M., Martinez, I., 1997. Universal and rapid salt-extraction of high quality
genomic DNA for PCR-based techniques. Nucleic Acids Research 25, 4692–4693.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J.,
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Research 25, 3389–3402.

An, Z., Kutzbach, J.E., Prell, W.L., Porter, S.C., 2001. Evolution of Asian monsoons and
phased uplift of the Himalaya–Tibet plateau since late Miocene times. Nature
411, 62–66.

Arnold, E.N., 1986. The hemipenis of lacertid lizards (Reptilia: Lacertidae): structure,
variation and systematic implications. Journal of Natural History 20, 1221–
1257.

http://dx.doi.org/10.1016/j.ympev.2011.06.022


X. Guo et al. / Molecular Phylogenetics and Evolution 61 (2011) 400–412 411
Arnold, E.N., 1989. Towards the phylogeny and biogeography of the Lacertidae:
relationships within an Old-World family of lizards derived from
morphology. Bulletin of the British Museum (Natural History) Zoology 55,
209–257.

Arnold, E.N., 2004. Overview of morphological evolution and radiation in the
Lacertidae. In: Pérez-Mellado, V., Riera, N., Perera, A. (Eds.), The Biology of
Lacertid Lizards: Evolutionary and Ecological Perspectives. Institut Menorquí
d’Estudis, Recerca, 8. Maá, Menorca, pp. 11–36.

Arnold, E.N., Arribas, O., Carranza, S., 2007. Systematics of the Palaearctic and
Oriental lizard tribe Lacertini (Squamata: Lacertidae: Lacertinae), with
descriptions of eight new genera. Zootaxa 1430, 1–86.

Barabnov, A.V., 2009. Aspidorhinus Eichwald, 1841 as a valid subgeneric name for
Eremias velox species group (Sauria, Lacertidae). Current Studies in Herpetology
9, 59–61 (in Russian with English abstract).

Böhme, M., 2007. Herpetofauna (Anura, Squamata) and palaeoclimatic
implications: preliminary results. In: Daxner-Höck, G. (Ed.), Oligocene–
Miocene Vertebrates from the Valley of Lakes (Central Mongolia):
Morphology, Phylogenetic and Stratigraphic Implications. Ann. Naturhist.
Mus. Wien. 108A, pp. 43–52.

Boulenger, G.A., 1918. A synopsis of the lizards of the genus Eremias. Journal of
Zoological Research, 3, 1–12.

Boulenger, G.A., 1921. Monograph of the Lacertidae, vol. II. Trustees of the British
Museum of Natural History, London.

Brandley, M.C., Schmitz, A., Reeder, T.W., 2005. Partitioned Bayesian analyses,
partition choice, and the phylogenetic relationships of scincid lizards.
Systematic Biology 54, 373–390.

Brown, R.P., 2005. Large subunit mitochondrial rRNA secondary structures and site-
specific rate variation in two lizard lineages. Journal of Molecular Evolution 60,
45–56.

Caetano-Anollés, G., 2002. Tracing the evolution of RNA structure in ribosomes.
Nucleic Acids Research 30, 2575–2587.

Carstens, B.C., Knowles, L.L., 2007. Estimating species phylogeny from gene-tree
probabilities despite incomplete lineage sorting: an example from Melanoplus
grasshoppers. Systematic Biology 56, 400–411.

Dessimoz, C., Gil, M., 2010. Phylogenetic assessment of alignments reveals
neglected tree signal in gaps. Genome Biology 11, R37.

Eremchenko, V., 1999. Nomenclature of Asian racerunner Eremias Wiegmann, 1834
in connection with procedure following designation monotype (Sauria:
Lacertidae). Proceedings of the National Academy of Sciences of Kyrgyz
Republic 1, 72–73 (in Russian).

Eremchenko, V., Panfilov, A., 1999. Taxonomic situation of multiocellated
racerunner of the ‘‘multiocellata’’-complex of Kyrghyzstan and neighbour
China (Sauria: Lacertidae: Eremias). Science and New Technologies 4, 112–124
(in Russian with English abstract).

Felsenstein, J.P., 1985. Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39, 783–791.

Fitzinger, L., 1834. Eremias. In: Wiegmann, A.F.A. (Ed.), Herpetologica Mexicana, seu
Descriptio Amphibiorum Novae Hispaniae, Pars prima. Saurorum Species.
Lüderitz, Berolini, p. 9.

Fitzinger, L., 1843. Systema Reptilium. 21. Fasciculus Primus. Vienna, p. 21.
FitzSimons, V.M., 1943. The lizards of South Africa. Memoirs of the Transvaal

Museum 1, xv + 528 pp., XXIV pls., 1 folding map.
Fu, J., 2000. Toward the phylogeny of the family Lacertidae—why 4708 base pairs of

mtDNA sequences cannot draw the picture? Biological Journal of the Linnean
Society 71, 203–217.

Funk, D.J., Omland, K.E., 2003. Species-level paraphyly and polyphyly: frequency,
causes, and consequences, with insights from animal mitochondrial DNA.
Annual Review of Ecology, Evolution and Systematics 34, 397–423.

Gelman, A., Rubin, D.B., 1992. Inference from iterative simulation using multiple
sequences. Statistical Science 7, 457–511.

Gouy, M., Guindon, S., Gascuel, O., 2010. SeaView version 4: a multiplatform
graphical user interface for sequence alignment and phylogenetic tree building.
Molecular Biology and Evolution 27, 221–224.

Guo, X.-G., Wang, Y.-Z., 2007. Partitioned Bayesian analyses, dispersal-vicariance
analysis, and the biogeography of Chinese toad-headed lizards (Agamidae:
Phrynocephalus): a re-evaluation. Molecular Phylogenetics and Evolution 45,
643–662.

Guo, X.-G., Chen, D.-L., Wan, H.-F., Wang, Y.-Z., 2010. Review of systematics of the
racerunner lizard (Lacertidae: Eremias). Sichuan Journal of Zoology 29, 665–672
(in Chinese with English abstract).

Harris, D.J., Batista, V., Carretero, M.A., 2004. Assessment of genetic diversity within
Acanthodactylus erythrurus (Reptilia: Lacertidae) in Morocco and the Iberian
Peninsula using mitochondrial DNA sequence data. Amphibia-Reptilia 25, 227–
232.

Harrison, T.M., Copeland, P., Kidd, W.S.F., Yin, A., 1992. Raising Tibet. Science 255,
1663–1670.

Harrison, T.M., Copeland, P., Kidd, W.S.F., Loevera, O.M., 1995. Activation of the
Nyainqentanghla shear zone: implications for uplift of the southern Tibetan
Plateau. Tectonics 14, 658–676.

Ho, J.W.K., Adams, C.E., Lew, J.B., Matthews, T.J., Ng, C.C., Shahabi-Sirjan, A., Tan, L.H.,
Zhao, Y., Easteal, S., Wilson, S.R., Jermiin, L.S., 2006. SeqVis: visualization of
compositional heterogeneity in large alignments of nucleotides. Bioinformatics
22, 2162–2163.

Huelsenbeck, J.P., Crandall, K.A., 1997. Phylogeny estimation and hypothesis testing
using maximum likelihood. Annual Review of Ecology and Systematics 28, 437–
466.
Huelsenbeck, J.P., Larget, B., Miller, R.E., Ronquist, F., 2002. Potential applications
and pitfalls of Bayesian inference of phylogeny. Systematic Biology 51, 673–
688.

Jermiin, L.S., Jayaswal, V., Ababneh, F., Robinson, J., 2008. Phylogenetic model
evaluation. In: Keith, J. (Ed.), Bioinformatics, Data, Sequences Analysis and
Evolution, vol. I. Humana Press, Totowa, pp. 331–363.

Jermiin, L.S., Ho, J.W.K., Lau, K.W., Jayaswal, V., 2009. SeqVis: a tool for detecting
compositional heterogeneity among aligned nucleotide sequences. In: Posada,
D. (Ed.), Bioinformatics for DNA Sequence Analysis. Humana Press, Totowa, NJ,
pp. 65–91.

Kass, R.E., Raftery, A.E., 1995. Bayes factors. Journal of the American Statistical
Association 90, 773–795.

Kishino, H., Thorne, J.L., Bruno, W.J., 2001. Performance of divergence time
estimation method under a probabilistic model of rate evolution. Molecular
Biology and Evolution 18, 352–361.

Knowles, L.L., Carstens, B.C., 2007. Delimiting species without monophyletic gene
trees. Systematic Biology 56, 887–895.

Lavine, M., Schervish, M.J., 1999. Bayes factors: what they are and what they are not.
American Statistician 53, 119–122.

Lewis, P.O., 2001. A likelihood approach to estimating phylogeny from discrete
morphological character data. Systematic Biology 50, 913–925.

Li, Y.-X., Xue, X.-X., Liu, H.-J., 2004. Fossil lizards of Qinling Mountains. Vertebrata
Palasiatica 42, 171–176 (in Chinese with English abstract).

Mayer, W., Benyr, G., 1994. Albumin-evolution und phylogenese in der Familie
Lacertidae (Reptilia: Sauria). Annalen des Naturhistorischen Museums Wien
96B, 621–648.

Mayer, W., Pavlicev, M., 2007. The phylogeny of the family Lacertidae (Reptilia)
based on nuclear DNA sequences: convergent adaptations to arid habitats
within the subfamily Eremiainae. Molecular Phylogenetics and Evolution 44,
1155–1163.

Molnar, P., 2005. Mio-Pliocene growth of the Tibetan Plateau and evolution of East
Asian climate. Palaeontologia Electronica 8, 1–23.

Müller, K., 2005. SeqState: primer design and sequence statistics for phylogenetic
DNA data sets. Applied Bioinformatics 4, 65–69.

Newton, M.A., Raftery, A.E., 1994. Approximate Bayesian inference by the weighted
likelihood bootstrap (with discussion). Journal of the Royal Statistical Society
Series B – Methodological 56, 3–48.

Nylander, J.A.A., Ronquist, F., Huelsenbeck, J.P., Nieves-Aldrey, J.L., 2004.
Bayesian phylogeneitc analysis of combined data. Systematic Biology 53,
47–67.

Orlov, V.F., 2008. Taxonomical diversity of the Eremias Lizards: history and recent
state of problem. In: Ananjeva, N.B., Danilov, I.G., Dunayev, E.A. (Eds.), The
Problems of Herpetology, Proceedings of the 3th Meeting of the Nikolsky
Herpetological Society, St. Petersburg, pp. 328–336.

Palumbi, S.R., 1996. Nucleic acids II: the polymerase chain reaction. In: Hillis, D.M.,
Moritz, C., Mable, B.K. (Eds.), Molecular Systematics, second ed. Sinauer
Associates, Sunderland, MA, pp. 205–247.

Pavlicev, M., Mayer, W., 2009. Fast radiation of the subfamily Lacertinae (Reptilia:
Lacertidae): history or methodical artefact? Molecular Phylogenetics and
Evolution 52, 727–734.

Pollock, D.D., Zwickl, D.J., Mccguire, J.A., Hillis, D.M., 2002. Increased taxon sampling
is advantageous for phylogenetic inference. Systematic Biology 51, 664–671.

Posada, D., 2008. JModelTest: phylogenetic model averaging. Molecular Biology and
Evolution 25, 1253–1256.

Posada, D., Buckley, T.R., 2004. Model selection and model averaging in
phylogenetics: advantages of Akaike information criterion and Bayesian
approach. Systematic Biology 53, 793–808.

Raftery, A.E., 1996. Hypothesis testing and model selection. In: Gilks, W.R.,
Spiegelhalter, D.J., Richardson, S. (Eds.), Markov Chain Monte Carlo in Practice.
Chapman and Hall, London, UK, pp. 163–188.

Rambaut, A., Drummond, A.J., 2009. Tracer v1.5.0, <http://beast.bio.ed.ac.uk/
Tracer>.

Rastegar-Pouyani, E., Rastegar-Pouyani, N., Kazemi-Noureini, S., Joger, U., Wink, M.,
2010. Molecular phylogeny of the Eremias persica complex of the Iranian
plateau (Reptilia: Lacertidae), based on mtDNA sequences. Zoological Journal of
the Linnean Society 158, 641–660.

Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572–1574.

Rui, J.-L., Wang, Y.-T., Nie, L.-W., 2009. The complete mitochondrial DNA genome of
Eremias brenchleyi (Reptilia: Lacertidae) and its phylogeny position within
Squamata Reptiles. Amphibia-Reptilia 30, 25–35.

Savill, N.J., Hoyle, D.C., Higgs, P.G., 2001. RNA sequence evolution with secondary
structure constraints: comparison of substitution rate models using maximum-
likelihood methods. Genetics 157, 399–411.

Shine, R., 1985. The evolution of viviparity in reptiles: an ecological analysis. In:
Gans, B.C., Billet, F. (Eds.), Biology of the Reptilia, Development, vol. 15. John
Wiley and Sons, Inc New York, pp. 605–694.

Simmons, M.P., Ochoterena, H., 2000. Gaps as characters in sequence based
phylogenetic analysis. Systematic Biology 49, 369–381.

Sites Jr., J.W., Marshall, J.C., 2004. Operational criteria for delimiting species. Annual
Review of Ecology, Evolution, and Systematics 35, 199–227.

Suchard, M.A., Weiss, R.E., Sinsheimer, J.S., 2001. Bayesian selection of continuous
time Markov chain evolutionary models. Molecular Biology and Evolution 18,
1001–1013.

Swofford, D.L., 2002. PAUP�. Phylogenetic Analysis Using Parsimony (⁄ and Other
Methods), Version 4. Sinauer, Sunderland, MA.

http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer


412 X. Guo et al. / Molecular Phylogenetics and Evolution 61 (2011) 400–412
Szczerbak, N.N., 1971. Taxonomy of the genus Eremias (Sauria, Reptilia) in
connection with the focuses of the desert-steppe fauna development in
Paleoarctic. Vestnik Zoologii 2, 48–55 (in Russian with English abstract).

Szczerbak, N.N., 1974. Yashchurki Palearktiki (Eremias lizards of the Palearctic).
Axadeimiya Nauk Ukrainskoi USSR Institut Zoologii. Naukova Dumka, Kiev (in
Russian), 296 pp.

Szczerbak, N.N., 2003. Guide to the Reptiles of the Eastern Palearctic. Krieger
Publishing Company, Malabar, Florida, USA, 350 pp..

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
CLUSTAL_X windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Research 25, 4876–
4882.

Thorne, J.L., Kishino, H., 2002. Divergence time and evolutionary rate estimation
with multilocus data. Systematic Biology 51, 689–702.

Wan, L.-X., 2006. Molecular Phylogeography of the Chinese Lacertids of the Genus
Eemias. Ph. D. Thesis. Lanzhou University, 90 pp (in Chinese with English
abstract).

Wan, L.-X., Sun, S.-H., Jin, Y.-T., Yan, Y.-F., Liu, N.-F., 2007. Molecular phylogeography
of the Chinese lacertids of the genus Eremias (Lacertidae) based on 16S rRNA
mitochondrial DNA sequences. Amphibia-Reptilia 28, 33–41.

Welch, K.R.G., 1983. Herpetology of Europe and Southwest Asia: A Checklist and
Bibliography of the Orders Gymnophiona and Urodela. Robert E. Krieger
Publishing Co., Malabar, Florida, 135 pp..

Welch, K.R.G., Cooke, P.S., Wright, A.S., 1990. Lizards of the Orient: A Checklist.
Robert E. Krieger Publishing Co., Malabar, Florida, 162 pp..
Whiting, A.S., Bauer, A.M., Sites Jr., J.W., 2003. Phylogenetic relationships and limb
loss in sub-Saharan African scincine lizards (Squamata: Scincidae). Molecular
Phylogenetics and Evolution 29, 582–598.

Xia, X., Lemey, P., 2009. Assessing substitution saturation with DAMBE. In: Salemi,
M., Vandamme, A.-M. (Eds.), The Phylogenetic Handbook: A Practical Approach
to DNA and Protein Phylogeny, second ed. Cambridge University Press, pp.
615–630.

Xia, X., Xie, Z., 2001. DAMBE: data analysis in molecular biology and evolution.
Journal of Heredity 92, 371–373.

Xia, X., Xie, Z., Kjer, K.M., 2003a. 18S Ribosomal ribosomal RNA and tetrapod
phylogeny. Systematic Biology 52, 283–295.

Xia, X., Xie, Z., Salemi, M., Chen, L., Wang, Y., 2003b. An index of substitution
saturation and its application. Molecular Phylogenetics and Evolution 26, 1–7.

Yang, Z., 1997. PAML: a program package for phylogenetic analysis by maximum
likelihood. Computer Applications in the Biosciences 13, 555–556.

Zhao, K.-T., 1999. Lacertidae. In: Zhao, E.-M., Zhao, K.-T., Zhou, K.-Y. (Eds.), Fauna 3
Sinica, Reptilia (Squamata: Lacertilia), vol. 2. Science Press, Beijing, pp. 219–242
(in Chinese).

Zhao, Q., Liu, H.-X., Luo, L.-G., Ji, X., 2011. Comparative population genetics and
phylogeography of two lacertid lizards (Eremias argus and E. brenchleyi) from
China. Molecular Phylogenetics and Evolution 58, 478–491.

Zwickl, D.J., Hillis, D.M., 2002. Increased taxon sampling greatly reduces
phylogenetic error. Systematic Biology 51, 588–598.


	Phylogeny and divergence times of some racerunner lizards  (Lacertidae: Eremias) inferred from mitochondrial 16S rRNA gene segments
	1 Introduction
	2 Materials and methods
	2.1 Collection of samples
	2.2 DNA extraction, amplification and sequencing protocols
	2.3 Sequence alignment and analyses
	2.4 Phylogenetic analyses
	2.5 Bayesian hypothesis testing
	2.6 Divergence dating

	3 Results
	3.1 Base composition and nucleotide substitution patterns
	3.2 Phylogenetic analyses
	3.3 Bayesian hypothesis testing
	3.4 Divergence dating

	4 Discussion
	4.1 Phylogenetic relationships of racerunner lizards
	4.2 E. multiocellata: a paraphyletic species or species complex?
	4.3 Racerunner lizards evolution timescale

	Acknowledgments
	Appendix A Supplementary material
	References


