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Delimiting species and clarifying phylogenetic relationships are the main goals of systematics. For species
with questionable taxonomic status, species delimitation approaches using multi-species coalescent
models with multiple loci are recommended if morphological data are unavailable or unhelpful. More-
over, these methods will also reduce subjectivity based on genetic distance or requirement of monophy-
letic genetic lineages. We determine the validity and phylogenetic position of a rare and long
controversial species of Chinese reptile, the Szechwan ratsnake (Euprepiophis perlaceus), using multi-
locus data from multiple individuals and coalescent-based approaches. Species were first delimited using
Bayesian Phylogenetics & Phylogeography (BP&P), Brownie and Bayes Factor model comparison
approaches, while relationships among species were estimated using species tree inference in *BEAST.
Results indicate that Euprepiophis perlaceus is a distinct species sister to Euprepiophis mandarinus. Despite
gene tree discrepancy, the coalescent model-based approaches used here demonstrate the taxonomic
validity and the phylogenetic position of Euprepiophis perlaceus. These approaches objectively test the
validity of questionable species diagnoses based on morphological characters and determine their phy-
logenetic position.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Delimiting species and clarifying the phylogenetic relationship
among taxa are crucial objectives in systematics, both of which
are important for enumerating and understanding the origins of
biodiversity and implementing conservation management strate-
gies (Myers et al., 2013; Fujita et al., 2012; O’Meara, 2010; Sites
and Marshall, 2004; Wilson, 2003). For taxon delimitation, a spe-
cies concept and the criteria to define the species boundaries are
necessary. However, lineage separation and divergence are tempo-
rally extended processes. Researchers have until recently relied on
multiple species concepts based on criteria to designate species at
different stages of the speciation continuum. This has impaired
consensus on a unified species definition and taxonomic stability
(de Queiroz, 2007). Traditionally, the use of morphological traits
has dominated species delimitation and taxonomic inquiry. How-
ever, relying solely on these data may underestimate diversity by
failing to detect cryptic taxa where morphological variation among
species is slight or nonexistent. Dependency on these characters
may ultimately mislead phylogenetic inference due to convergent
evolution of states under similar natural selection pressures
(Bickford et al., 2007; Edwards et al., 2012; Paris et al., 1989; Yang
and Rannala, 2010). As the ease of generating molecular data has
increased dramatically, genetic markers have been widely used
in systematic studies. For example, genetic barcoding has been
used as a method to assign unknown samples into existing species
using a single-locus (Hebert et al., 2003; Tautz et al., 2003) and
gene tree methods are often used to infer phylogeny (Felsenstein,
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2004; Hillis and Moritz, 1996). Nevertheless, methods based on
criteria such as genetic distance or reciprocal monophyly to iden-
tify species boundaries are also subjective (Hey, 2009) and fail to
account for incomplete lineage sorting, introgression and gene
duplication causing gene-tree incongruence with the species tree.
Genetic barcoding may also fail to assign individuals into the
corresponding species (Edwards, 2009; Hickerson et al., 2006;
O’Meara, 2010).

According to some authors, integrating multiple sources of data
(e.g. molecular, morphological, ecological, and behavioral) for tax-
onomy is expected to reduce subjectivity in delimiting taxa (Day-
rat, 2005; Leaché et al., 2009; Padial et al., 2010; Schlick-Steiner
et al., 2010; Yeates et al., 2011). However, in situations where cryp-
tic species with indistinct morphological and ecological properties
are present, integrative methods will not yield a clear result since
different types of data may yield discordant conclusions (Fujita
et al., 2012; Wiens and Penkrot, 2002). Coalescent models, which
describe the evolutionary processes of populations by tracing al-
leles back to their most recent common ancestor in a mathematical
and probabilistic framework (Kingman, 2000; Wakeley, 2008) have
been recommended for species delimitation and species tree infer-
Fig. 1. The distribution of Euprepiophis perlaceus (red), Euprepiophis mandarinus (green), a
of E. perlaceus (red squares), E. mandarinus (blue circles), and E. conspicillatus (orange trian
this figure legend, the reader is referred to the web version of this article.)
ence (Fujita et al., 2012; O’Meara, 2010). Gene trees of different loci
should sort randomly when assuming a panmictic population
without selection, migration or linkage. A speciation event will
yield gene trees that are more similar among loci than expected
under the neutral hypothesis (O’Meara, 2010). Similarly, coalescent
model based methods use multi-locus markers to estimate impor-
tant parameters for inferring a species tree given lineage sorting
(e.g. population size h and divergence time s, Fujita et al., 2012).
In this way, the discordance between species trees and gene trees
can be avoided and still provide an objective estimation of specia-
tion events and phylogenies (Camargo et al., 2012; Edwards, 2009).

We use multiple loci and multi-species coalescent-based ap-
proaches to test the validity of the rare and ambiguous species of
Chinese ratsnake, the Szechwan ratsnake (Euprepiophis perlaceus),
as well as clarify its phylogenetic relationship to other ratsnakes.
Euprepiophis perlaceus has a narrow distribution in mountainous
regions with an elevation range from 1650 m to 2500 m in western
Sichuan, China (Fig. 1). Preferred habitats are rocky areas in humid
broad-leaf forests and shrubby grassland (Hu et al., 2002). Stejneg-
er (1929) originally described the species as Elaphe perlacea using
morphological characters from just one male specimen. Since this
nd Euprepiophis conspicillatus (orange, Schulz, 1996; Zhao and Adler, 1993). Samples
gles) used in this study are indicated. (For interpretation of the references to color in
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description, only three additional specimens were collected in the
1980s, however tissue samples were not preserved for molecular
data (Zhao, 1990). Thus, the taxonomic certainty of this species
has been called into doubt. Schulz (1989) suggested assigning this
species as a subspecies of Elaphe mandarina. Zhao (1990) argued
that Elaphe perlacea should be considered as a valid species based
on a combination of unique scale characters and distinctive color
patterns that differ from Elaphe mandarina. The last treatment of
this species was by Schulz (1996), who followed Zhao (1990) and
listed Elaphe perlacea as a full species in his monograph of the
genus Elaphe. More recently, molecular data have been used to
evaluate phylogenetic relationships within the genus Elaphe. Based
on a mitochondrial gene tree, Elaphe mandarina and Elaphe consp-
icillata were placed in the genus Euprepiophis, as was Elaphe perla-
cea because of its close association with these two species, yet the
validity and phylogenetic placement of Euprepiophis perlaceus re-
mains untested because of the lack of molecular data for this taxon
(Utiger, 2002). In 2010, three specimens of Euprepiophis perlaceus
were collected and tissue samples preserved, permitting us to
determine species status and investigate the taxonomic affinities
of this species.

The distribution of Euprepiophis mandarinus and Euprepiophis
pearlaceus overlap in mainland China (Fig. 1) and share many mor-
phological similarities (Schulz, 1996), whereas Euprepiophis con-
spicillatus is only distributed on the islands of Japan and is
morphologically distinct from the other two species in this genus.
Thus, it has been hypothesized that Euprepiophis perlaceus is a valid
species and is sister to Euprepiophis mandarinus (Schulz, 1996;
Zhao, 1990), yet these descriptions rely primarily on labile color
and scutellation characters (Burbrink, 2001; Burbrink et al.,
2000). To test this hypothesis, multiple loci were sequenced from
several individuals of all three species in the genus Euprepiophis
as well as five other closely related species to serve as outgroups
(Burbrink and Lawson, 2007). With these data, we delimit species
using coalescent model based approaches and provide a compari-
son of methods from Bayesian Inference (Yang and Rannala,
2010), a nonparametric heuristic search (O’Meara, 2010) and the
relatively new Bayes Factor (BF) model comparison framework
(Carstens and Dewey, 2010; Grummer et al., in press; Knowles
and Carstens, 2007). Species tree methods are used to estimate
phylogeny to avoid gene tree/species tree conflicts.
2. Materials and methods

2.1. Tissue samples and DNA sequencing

We collected 3 tissue samples of Euprepiophis perlaceus, 10 sam-
ples of Euprepiophis mandarinus, 2 samples of Euprepiophis conspic-
illatus(Fig. 1) and multiple individuals from 5 close related taxa to
serve as outgroups; these include Elaphe carinata, Orthriophis tae-
niurus, Oreocryptophis porphyraceus, Rhadinophis frenatus and Ptyas
korros and have been chosen based on pervious phylogenetic anal-
yses (Burbrink and Lawson, 2007; Utiger, 2002). Although Eupre-
piophis mandarinus has a wide distribution in East Asia, the
availability of genetic tissue samples is limited. Therefore, we col-
lected samples that covered the range of its distribution (the
approximate localities of the 10 samples are labeled in Fig. 1). Vou-
cher numbers of all samples used for this study are listed in Sup-
plementary data (Appendix Table S1). DNA extractions were
conducted using QIAGEN DNeasy Kits and four gene regions were
amplified and sequenced including one mitochondrial protein-cod-
ing gene cytochrome b (cyt-b, 1102 bp) and three nonprotein-cod-
ing nuclear fragments: SPTBN1 (774 bp, Matthee et al., 2001),
Vimentin Intron 4 (722 bp, Zehner and Paterson, 1983) and Vimen-
tin Intron 5 (587 bp, Zehner and Paterson, 1983) following the pro-
tocols listed in Pyron and Burbrink (2009). The primers used are
listed in Supplementary data (Appendix Table S2). GenBank acces-
sion numbers of genes are given in Supplementary data (Appendix
Table S1). Sequences were edited manually in SEQUENCHER 4.2
(Genecodes Corp.), were aligned in Geneious Pro 4.7.5 (Biomatters
Ltd.) using the MUSCLE algorithm with default parameters (Edgar,
2004) and checked by eye for ambiguous alignments. An open
reading frame in the final alignment was maintained for the pro-
tein coding gene cyt-b. The completeness of taxa for cyt-b, SPTBN1,
Vimentin Introns 5 is 100%; while only one Euprepiophis mandari-
nus (M7, GP73) did not sequence for Vimentin Intron 4.

2.2. Phylogenetic inference

The appropriate substitution models for each gene were deter-
mined in the program jModelTest 2.1.2 based on Bayesian Informa-
tion Criterion (BIC) values (Darriba et al., 2012; Guindon and
Gascuel, 2003). The most probable pair of alleles for each nuclear
gene was determined using the program PHASE v2.1.1 with 90%
as the threshold for genotype certainty (Stephens and Donnelly,
2003; Stephens et al., 2001). Species trees were constructed with
phased sequence data set using *BEAST, which estimates the spe-
cies tree and all gene trees in one Bayesian MCMC analysis simul-
taneously, in the software package BEAST v. 1.7.4 (Drummond
et al., 2012; Heled and Drummond, 2010). Eight terminal taxa were
defined including all three putative species within the genus
Euprepiophis and the five outgroup taxa. The substitution, clock
and tree models were unlinked among genes and an uncorrelated
lognormal rate distribution was used under a birth-death process.
Cytochrome b, a protein-coding gene, was partitioned by codon po-
sition. We ran two *BEAST analyses each with 600 million genera-
tions and discarded the first 100 million generations as burn-in
after checking the status of parameters in Tracer 1.5 (Rambaut
and Drummond, 2007) to ensure the stationary of each run. The
XML code for species tree estimation is available in Dryad:
doi:http://dx.doi.org/10.5061/dryad.053m3. To compare the esti-
mated phylogenies using species tree methods and gene tree
methods, we also inferred the phylogeny with a concatenated gene
matrix, using both Bayesian Inference (BI) and Maximum Likeli-
hood (ML) approaches. We generated a BI concatenated gene tree
in the program MrBayes 3.2.1 (Ronquist et al., 2012) with a model
partitioned by genes and codon position in the protein-coding
gene. Two runs were performed each with 25 million generations;
each analysis was run with one cold and three heated chains. The
first 25% of generations were discarded as burn-in after checking
the status in Tracer. A ML tree was constructed and assessed for
nodal support with the rapid-boot strapping algorithm using
1000 nonparametric bootstraps in the program RaxML v 7.2.8 (Sta-
matakis, 2006b; Stamatakis et al., 2008) by partitioning genes and
codon positions under the GTRCAT model (Stamatakis, 2006a).

2.3. Species delimitation

Multiple coalescent-based species delimitation methods have
been developed under different statistical frameworks. To validate
the species Euprepiophis perlaceus, we performed species delimita-
tion analyses using three approaches. First, we used Bayesian Phy-
logenetics & Phylogeography (BP&P). This program calculates the
posterior probabilities of models where species numbers differ
using reversible-jump Markov chain Monte Carlo (rjMCMC, Yang
and Rannala, 2010) and assumes no migration post speciation.
Each model contains three parameters, h (Ne [effective population
size] � l [mutation rate]), sa (the time at which the species origi-
nated), sd (the time in which one species split into two descendent
species). This method requires a fully resolved phylogeny as a
guide tree because the rjMCMC algorithm can only evaluate the
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Table 1
The species delimitation results using Bayes Factor (BF) model selection approaches.
Model 1 supports Euprepiophis perlaceus and Euprepiophis mandarinus as two
independent species and Model 2 supports Euprepiophis perlaceus and Euprepiophis
mandarinus as a single species. The log likelihood transformed marginal likelihood
values of two models are listed in the table with the preferred model labeled with ‘‘*’’.
PS = path sampling; SS = stepping-stone sampling.

PS SS

Marginal likelihood estimator
Model 1 �11830.53* �11830.39*

Model 2 �11849.47 �11849.00
2lnBF 37.88 37.22
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status of a node on the tree by either splitting (1) or collapsing (0)
the node without branch swapping (Leaché and Fujita, 2010). We
performed species delimitation analyses in the program BP&P
v2.1b (Yang and Rannala, 2010) using the phased sequence data
of each locus in two different tests. One test included just Euprepio-
phis mandarinus and Euprepiophis perlaceus in order to assess
whether the BP&P supports the splitting of the two species or alter-
natively if the program would merge both taxa into one species.
The second test included the addition of Euprepiophis conspicillatus
sequences into our dataset, where we used the topology from the
*BEAST species tree as the BP&P guide tree. We performed multiple
runs using algorithm 0 with fine-tune parameters 2, 5, 10, 20 for e
and algorithm 1 with fine-tune parameters 1, 1.5, 2 for a and 0.5, 1,
2 for m to confirm the stability of the rjMCMC. We set up three dif-
ferent prior combinations of ancestral population size (h) and root
age (s0) using a gamma distribution U(1,10), U(2,1000), U(2,2000)
as suggested by (Leaché and Fujita, 2010; Yang and Rannala, 2010)
to test the effect of these prior distributions on the model posterior
probability. For each test, BP&P was run for 1,000,000 generations
with starting seed equals to -1 and the first 20,000 generations
were discarded as burn-in. The fine-tuning variables were adjusted
to keep the acceptance proportions for MCMC moves within the
interval of (0.15, 0.7). To test the robustness of these analyses,
we repeated each test by randomly assigning individuals into dif-
ferent lineages.

Next, we performed analyses using a nonparametric delimita-
tion approach, which assumes that for a speciation event, the cor-
responding nodes on gene trees will be more consistent with each
other than the divergences within species. This algorithm has been
implemented in the program Brownie v2.1 (O’Meara, 2010;
O’Meara et al., 2006). The best species tree and species delimitation
model was estimated simultaneously from input gene trees of the
different loci where the species tree topology is not constrained a
priori. Similar to BP&P, gene flow is assumed not to occur among
species. Gene trees for the four loci were generated in the software
package BEAST. For nuclear genes, we randomly picked one allele
from each individual. We partitioned substitution models and
linked clock models and trees. Substitution models, clock models
and tree priors were setup as described in Section 2.2. Two analy-
ses were performed and each analysis was run for 300 million gen-
erations with the first 50 million generations removed as burn-in
after checking the stationary of parameters in Tracer. For the heu-
ristic search parameters in Brownie, the number of random start-
ing species trees (NReps) was set to 100, all possible taxon
reassignments on leaf splits were explored (Subsample = 1), and
the minimum number of samples per species (MinSamp) was set
to 2. Tests were repeated multiple times to ensure the optimal
delimited species tree.

Additionally, we attempted to delimit species by comparing
two species models assuming Euprepiophis perlaceus and Euprepio-
phis mandarinus either as two independent species (Model 1) or as
one species (Model 2) following methods similar to that of Car-
stens and Dewey (2010) using a Bayes Factor (BF) approach for
model selection. Unlike the other model comparison approaches
(likelihood ratio test [LRT], Akaike Information Criterion [AIC],
and Bayesian Information Criterion [BIC], etc.), BF calculates the ra-
tio of the marginal likelihood of two models, which has the advan-
tage of taking into account priors used in Bayesian analyses (Xie
et al., 2011). The marginal likelihood values of these two compet-
ing models (Model 1, Model 2) were estimated using recently
developed techniques including path sampling (PS, Lartillot and
Philippe, 2006) and stepping-stone sampling (SS, Xie et al., 2011),
which have previously demonstrated to have better performance
than the harmonic mean estimator (HME, Newton and Raftery,
1994) by not overestimating the true marginal likelihood (Baele
et al., 2012a,b; Fan et al., 2011; Grummer et al., in press; Xie
et al., 2011). Calculations of PS and SS were performed in BEAST v
1.7.4. First, we ran species tree analyses in *BEAST based on Model
1 and Model 2 respectively, using the same phased dataset for phy-
logenetic inference including all three lineages of Euprepiophis and
five outgroup species. Model 1 assigns eight taxa with Euprepiophis
perlaceus and Euprepiophis mandarinus as two independent species;
Model 2 assigns seven taxa after merging Euprepiophis perlaceus
and Euprepiophis mandarinus as one species. All parameters were
setup as described in the Section 2.2. This allows for the direct
comparison of the two models considering both the topology and
the branch lengths of species trees. After generating XML files from
BEAUti v1.7.4 (Drummond et al., 2012), we added additional code
in order to collect samples along the path between the prior and
the posterior (available at http://beast.bio.ed.ac.uk/Model_selec-
tion; Baele et al., 2012a,b). The first 100 million generations of
species tree results were discarded as burn-in; samples collected
during two MCMC runs for PS and SS were combined using
LogCombiner v 1.7.4 in the BEAST package (Drummond et al.,
2012). Marginal likelihood values of the two models were
calculated using PS and SS; all XML files used in running the MCMC
and to calculate the marginal likelihood are available on Dryad:
doi:http://dx.doi.org/10.5061/dryad.053m3.
3. Results

3.1. Species delimitation

Species delimitation analyses in the program BP&P using either
the two taxon dataset (Euprepiophis perlaceus, Euprepiophis man-
darinus) or the three taxon dataset (Euprepiophis perlaceus, Eupre-
piophis mandarinus, Euprepiophis conspicillatus) support the node
separating Euprepiophis perlaceus and Euprepiophis mandarinus
with a posterior probability (Pp) = 1.0,where all ESS parameters
are above 5000 (Appendix Table S3). Additionally, tests where
samples were randomly assignedinto each lineage support collaps-
ing these randomized lineages into one (Pp > 0.98), verifying the
robustness of these analyses. The results from the nonparametric
method also support Euprepiophis perlaceus as a separate species,
sister to Euprepiophis mandarinus with the highest score 6.4. Bayes
Factor model selection results show that PS and SS marginal likeli-
hood estimators strongly prefer Model 1 (2lnBF > 10, Kass and Raf-
tery, 1995), which supports Euprepiophis perlaceus as a valid
species (Table 1).
3.2. Phylogenetic inference

The most appropriate substitution models for Cytochrome b
(cyt-b), SPTBN1, Vimentin Introns 4, Vimentin Introns 5 were
HKY + U, HKY + U, GTR + U, HKY + U, respectively. The relationships
among genus Euprepiophis and the other outgroup genera here are
consistent with previous studies (Burbrink and Lawson, 2007; Uti-
ger, 2002). The species tree estimated in *BEAST supports Euprepio-
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Fig. 2. Species tree estimated using *BEAST. The numbers on nodes are posterior probability support values. Posterior probabilities on the left side of the slash were generated
using phased nuclear data and cyt-b; posterior probabilities on the right side of the slash were generated using only phased nuclear genes.
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phis perlaceus as sister to Euprepiophis mandarinus (Fig. 2). How-
ever, concatenated gene trees are incongruent with respect to sup-
porting a sister relationship between Euprepiophis perlaceus and
Euprepiophis conspicillatus (Appendix Fig. S1a). This phylogenetic
relationship is also shown in the cyt-b gene tree (Pp = 1, Appendix
Fig. S1b) but not in the three nuclear gene trees. Thus, to quantita-
tively examine the impact of each locus to the concatenated gene
tree, we compared the similarity of the concatenated gene tree
with the gene tree of each locus by calculating Robinson–Foulds
(RF) distance (Steel and Penny, 1993) using package Phangorn
(Schliep, 2011) in the statistical program R (R Development Core
Team, 2012). These results indicate that the concatenated gene tree
is most similar to the cyt-b gene tree (RF distance = 16; Appendix
Fig. S1), suggesting that the topology of concatenated gene trees
is dominated by signal from cyt-b. To test the influence of the
mitochondrial/nuclear gene conflict, we repeated the species tree
analyses using only the phased sequence data of the three nuclear
loci. The resulting species tree with only nuclear data has the same
topology supporting the relationship of Euprepiophis perlaceus and
Euprepiophis mandarinus as sister lineages with higher Pp (0.92,
Fig. 2).

4. Discussion

4.1. Coalescent species delimitation of the Szechwan ratsnake

We have determined that the rare Szechwan ratsnake, Euprepio-
phis perlaceus, which was originally described based on morpho-
logical traits of one specimen, is indeed a distinct species.
Morphological differences are slight between Euprepiophis perlac-
eus and Euprepiophis mandarinus, yet they are congruent with our
results using genetic data and coalescent analyses. While all evi-
dence suggests Euprepiophis perlaceus is a distinct species, very lit-
tle information is known about the conservation status of this rare
and narrowly distributed taxon (Schulz, 1996). Similar cases are
not uncommon and assessing the species boundaries of rare taxa
is critical for properly evaluating regional biodiversity (Lim et al.,
2011).
With respect to delimiting species, such as in the case of Chi-
nese ratsnakes of the genus Euprepiophis, multi-species coalescent
methods overcome the potential subjectivity stemming from the
use of morphological traits, incorrect assumptions based on strict
reciprocal monophyly of gene trees, and increase the objectivity
of delimiting species using molecular data. Of the three species-
delimitation approaches used here, the BP&P method calculates
the posterior probability (Pp) of each node either supporting line-
age splitting or lineage collapsing. Since incorrect phylogenetic
relationships in the guide tree will mislead the results supporting
lineage splitting with high Pp, a fully resolved and correct guide
tree is necessary (Leaché and Fujita, 2010). Thus, the other two
tests using Brownie and BF model comparison, without constrain-
ing the tree topology a priori were also used and yield similar re-
sults to BP&P. For the BF model comparison approach, among
multiple marginal likelihood estimators used for calculating the
likelihood values including harmonic mean estimator (HME), the
stabilized/smoothed harmonic mean estimator (sHME, Redelings
and Suchard, 2005), path sampling (PS), and stepping-stone sam-
pling (SS), HME and sHME (an extension of HME) have been dem-
onstrated to perform poorly in choosing the correct model (Baele
et al., 2012a,b; Fan et al., 2011; Xie et al., 2011). Specifically, a sim-
ulation study comparing the power of HME, sHME, PS and SS for
the species model selection in *BEAST shows that only PS and SS
estimators are sensitive in identifying the correct species model
with both over splitting or lumping of lineages (Grummer et al.,
in press). Thus, to ensure the accuracy of marginal likelihood esti-
mations, we chose to use results from the PS and SS estimators to
calculate BF. In the case with the ratsnakes here, all of our results
suggest that these species are distinct and that all of these meth-
ods, even with very different assumptions, yield the same answer
with high support.

4.2. Gene-tree and species-tree conflicts on phylogenetic inference

Unlinked genetic loci have independent evolutionary histories,
and thus, gene trees based on different loci from different regions
of the genome may not generate congruent topologies or represent
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the real species phylogeny (Tajima, 1983). The conflicts between
gene trees and species trees could be caused by incomplete lineage
sorting, hybridization, gene duplication or branch length heteroge-
neity (Edwards, 2009; McCracken and Sorenson, 2005; McGuire
et al., 2007). Therefore, results from species-level phylogenies that
have used only a single locus or a concatenated gene matrix should
be interpreted cautiously (Wahlberg et al., 2009). Species tree
methods and concatenated gene tree methods used here to infer
the phylogeny show inconsistent topologies where species trees
support the previous hypothesis based on morphology and biogeo-
graphic proximity that the Chinese taxa, Euprepiophis mandarinus
and Euprepiophis perlaceus are sister taxa (Fig. 2); while concate-
nated gene trees support Euprepiophis perlaceus as sister to the Jap-
anese Euprepiophis conspicillatus (Fig. 1, Appendix Fig. S1).
Comparing gene trees of the four genetic markers with the concat-
enated tree, the Cytochrome b gene tree topology is most similar
and supports Euprepiopihs perlaceus as sister to Euprepiopihs con-
spicillatus with high Pp (1.0). This suggests that the concatenated
gene tree may be dominated by site patterns from the mitochon-
drial gene (Appendix Fig. S1a and b). The SPTBN1 and Vimentin In-
tron 4 gene trees show the individuals of three Euprepiophis
lineages are unsorted (Appendix Fig. S1c) and only the Vimentin
Intron 5 gene tree gives the same topology as that of the species
tree (Appendix Fig. S1d). Thus, our results provide empirical sup-
port for the hypothesis that inferring phylogeny using a concate-
nated gene matrix or a single locus has a high probability of
being different from the species tree (Edwards, 2009; Maddison,
1997). Coalescent-based species tree methods avoid gene tree con-
flicts and integrate the information of gene trees to estimate the
phylogeny representing the evolution of species or populations.
The species tree generated with four loci provides low Pp support
for the node uniting Euprepiophis perlaceus and Euprepiophis man-
darinus (Fig. 2). Considering the mitochondrial/nuclear gene con-
flict, we repeated the species tree analysis with the three nuclear
loci and obtained a species tree with the same topology and higher
Pp (0.92) supporting Euprepiophis perlaceus and Euprepiophis man-
darinus as sister taxa (Fig. 2). This result is also consistent with the
previous hypothesis based on the information from the geographic
distribution and morphological similarities of these taxa (Schulz,
1996; Zhao, 1990). The mitochondrial gene tree, which shows an
unconventional topology, yet with high support, indicates that
mtDNA may be sorted incorrectly relative to the species tree and
thus responsible for the alternative placement of taxa in Euprepio-
phis. Currently, with the development of new sequencing tech-
niques, large phylogenomic data sets are readily available. Based
on numerous loci across the genome, reconstructed phylogenies
are expected to avoid the ambiguity of a single gene tree and there-
fore be robust to reflect phylogenetic relationship of different
groups.
5. Conclusion

In this study, consistent results from three coalescent-based
species delimitation methods confirm the validity of rare and con-
troversial species, Euprepiophis perlaceus. Despite gene tree dis-
crepancies, the reconstructed phylogeny using species tree
methods shows Euprepiophis perlaceus and Euprepiophis mandari-
nus as sister species, which is also supported by geographic and
morphological evidence. We provide more empirical support that
coalescent-based methods are indeed valuable for delimiting rare
species. We therefore recommend these approaches, which avoid
ambiguities of morphological traits and subjectively defined crite-
ria, to test the validity of questionable diagnoses that are based on
ambiguous morphological characters analyzed from few
specimens.
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