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Abstract

The taxonomy of the Asian snail-eating snakes (Pareatidae) is an ongoing controversy, partly because morphological char-
acters do not yield consistent results across studies. We infer phylogenetic relationships within Pareatidae using ~ 2 kilo-
bases of DNA sequences including two mitochondrial (cyt b and ND4) and one nuclear gene (c-mos). Results reveal four
major lineages: Aplopeltura, Asthenodipsas, a clade formed by Pareas carinatus and P. nuchalis, and a clade comprising
all other species of Pareas sampled in this study. Our data do not have enough signal to either support or reject a mono-
phyletic Pareas. However, large molecular divergence (16.5%) is observed between the two major clades of Pareas, a
level that is comparable to that between Pareas and Aplopeltura. Scale characters also suggest that P. carinatus and P,
nuchalis are distinct from congeners, and future morphological and/or molecular studies might assess whether a distinct
genus should be recognized. The molecular phylogeny further suggests a distant relationship between P. chinensis and P.
formosensis and supports the validity of the former species.
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Introduction

The Asian snail-eating snakes Pareatidae have long been recognized as a distinct lineage since the early nineteenth
century (Boie 1827). They were considered a subfamily (Pareatinae) within Colubridae until recent phylogenetic
analyses found strong evidence to support them as a separate family (e.g., Lawson et al. 2005; Vidal et al. 2007;
Wiens et al. 2008; Pyron et al. 2011). Due to highly conserved morphology, the taxonomy of Asian snail-eating
snakes remains contentious and has been frequently revised. Rao and Yang (1992) counted 39 species and subspe-
cies in this family but suggested that most names were synonyms. Grossmann and Tillack (2003) recognized
Pareatidae to comprise three genera and 15 species: Aplopeltura boa (Boie, 1828); Asthenodipsas laevis (Boie,
1827), Asthenodipsas malaccanus Peters, 1864, Asthenodipsas vertebralis (Boulenger, 1900); Pareas boulengeri
(Angel, 1920), P. carinatus (Boie, 1828), P. chinensis (Barbour, 1912), P. formosensis (Van Denburgh, 1909), P
hamptoni (Boulenger, 1905), P. iwasakii (Maki, 1937), P. macularius Theobald, 1868, P. margaritophorus (Jan,
1866), P. monticola (Cantor, 1839), P. nuchalis (Boulenger, 1900), P. stanleyi (Boulenger, 1914). Jiang (2004) sug-
gested that P. chinensis and P. formosensis had no significant difference in coloration and ventral and subcaudal
scale pattern so he synonymized the former with the latter. In contrast, Zhao (2006) considered these two species as
the formosensis-chinensis species complex pending evalution of more morphological data. Huang (2004) synony-
mized P. macularius with P. margaritophorus based also on morphological characters. Recently, Guo and Deng
(2009) described another new species from southwestern China, P. nigriceps.

Molecular data are a frequently used and effective tool to help untangle taxonomic controversies when mor-
phological analyses yield inconsistent results. However, molecular phylogenetic research on Pareatidae is limited
and studies that included these snakes mainly aimed at questions at and above the family level (Slowinski and Law-
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son 2002; Lawson et al. 2005; Vidal et al. 2007; Pyron et al. 2011). Here we present the first study to address phy-
logenetic relationships within Pareatidae using mitochondrial and nuclear genes sequences. We consider the results
in the light of morphological characteristics and systematic implications. We discuss relationships in the formosen-
sis-chinensis species complex and evaluate the validity of P. chinensis.

Material and methods

Data preparation. We collected 33 specimens representing all three genera and 10 species of pareatids (Table 1).
Total DNA was extracted from shed skins, liver tissues or muscle tissues preserved in 95% ethanol. We followed
the phenol/chloroform extraction procedure of Sambrook et al. (1989). We amplified partial sequences of the mito-
chondrial ND4 and cytochrome b genes and of the nuclear c-mos gene. We used primer pair L14910 (de Queiroz et
al. 2002) and H16064 (Burbrink et al. 2000) to amplify the mitochondrial cyt b gene, primer pair ND4L and Leu
(Arévalo et al. 1994) for ND4, and primer pair S77 and S78 (Lawson et al. 2005) for the c-mos fragment. Ampli-
fied DNA was purified with the BioStar glassmilk DNA purification kit according to the manufacturer’s instruc-
tions. Purified DNA was sequenced using dye-labeled dideoxy terminator cycle sequencing on an ABI 3730
capillary sequencer (Applied Biosystems). Dinodon rufozonatum (Colubridae) and Gloydius brevicaudus (Viperi-
dae) were chosen as outgroups based on the phylogeny of Vidal et al. (2007).

Phylogenetic reconstruction. Sequences were aligned using ClustalW (Thompson et al. 1994) implemented
in Bioedit 7.0.9 (Hall 1999) with default parameters and proofread by eye. No premature stop codons or indels
were detected. To evaluate potential incongruence among the cyt 5, ND4 and c-mos sequences, we performed an
incongruence length difference (ILD) test (Farris et al. 1995) in PAUP v4.0b 10a (Swofford 2003) with 1000 repli-
cates and 10 random addition-sequences.

Phylogenetic relationships were estimated using maximum-likelihood (ML) implemented in Garli (Zwickl
20006), with the best-fitting evolutionary model determined by the Akaike Information Criterion (AIC) imple-
mented in MODELTEST 3.7 (Posada and Crandall 1998). The best-fit model for the concatenated data is the
unequal-frequency Kimura 3-parameter model with Gamma distribution (G = 0.6636) and proportion of invariable
sites (I = 0.4180). The search for the best ML tree was terminated when the likelihood score had not been improved
for 100,000 generations. Bootstrap values were calculated for 100 replicates with the termination threshold reduced
to 50,000 generations. To address possible saturation, we deleted third codon positions in mitochondrial sequences
and re-ran the ML analysis with a newly assessed best-bit model.

We also performed Bayesian analysis on the full data set in MrBayes version 3.1 (Huelsenbeck and Ronquist
2001). Based on previous studies (e.g., Lawson ef al. 2005; Bryson et al. 2007; Wiens et al. 2008), the concate-
nated data were partitioned by gene and codon position, and each partition was assigned an independent GTR+I+G
model. Four independent Markov-chain Monte Carlo (MCMC) runs were carried out with random starting trees.
Five million generations were sampled and the first 40% trees were discarded as burn in. To assess divergence
among major clades recovered by the ML tree and Bayesian tree, we calculated the mean uncorrected p-distance
among those clades in MEGA 4 (Tamura et al. 2007). Only specimens with complete data were included in the p-
distance calculation.

To evaluate the monophyly of Pareas we determined best ML trees under a constraint of Pareas monophyly
and compared them with the best unconstrained tree using one-tailed KH (Kishino and Hasegawa 1989) and one-
tailed SH (Shimodaira and Hasegawa 1999) tests. Both tests were performed with 100 bootstrap replicates under
full optimization.

Results

Sequence characteristics. The aligned mitochondrial cyt » sequence includes 756 base pairs (bp), of which 329
are variable and parsimony-informative and 92 are uninformative. Within the 642 bp ND4 sequence, 234 variable
sites are parsimony-informative and 71 are uninformative. In contrast to the highly variable mitochondrial
sequences, the 570 bp of nuclear c-mos sequence contains only 45 variable sites, of which 27 are parsimony-infor-
mative. The ILD test detected no significant conflict among those three genes (P = 0.95). The concatenated data
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comprises an alignment of 1969 bp. Two different haplotypes are recovered in seven specimens of P. boulengeri
collected in this study. All five specimens of P. chinensis share a single haplotype.

Pareas chinensis4
1.00/100 | Pareas chinensis2
Pareas chinensis3
Pareas chinensisb
Pareas chinensis1
Pareas boulengeri5
Pareas boulengeri1
Pareas boulengeri6
1.00/73 1.00/100 | Pareas boulengeri7
Pareas boulengeri3
Pareas boulengeri2
Pareas boulengeri4
Pareas stanleyi
1.00/100 — Pareas hamptoni1
e Pareas hamptoni2
1.00/100 1.00/100 Pareas formosensi:sz
0.99/61 1.00/100 _h Pareas formosens:ls1
Pareas formosensis4
Pareas formosensis3

Pareas |l 0.82/68 Pareas margaritophorus3
1.00/75 0.99/85 _I_— Pareas margaritophorus4

1.00/100 Pareas margaritophorus2

Pareas margaritophorus5
0.65/36 0.77/79 E Pareas margaritophorus1

Pareas monticola

1.00/100

0.98/53 |

Aplopeltura boa
1.00/100 Asthenodipsas vertebralis2
Asthenodipsas vertebralis1
1.00/100 Pareas carinatus1
Pareas | Pareas carinatus2
1.00/95 Pareas nuchalis
Gloydius brevicaudus
L Dinodon rufozonatum

1.00/99 — |
0.81/52

0.05 substitutions per site

FIGURE 1. The maximum-likelihood tree inferred from the concatenated mitochondrial and nuclear sequence data. The four
major lineages are coded in different colors: light green (Pareas 1), red (Pareas 11), blue (Aplopeltura) and light brown (A4sthe-
nodipsas). Bayesian posterior probability (before slash) and ML bootstrap support (after slash) are denoted above branches.

Topological results. The phylogenies estimated from individual genes (not shown) have similar topologies to
that derived from the concatenated sequences. Topologies based on ML and Bayesian approaches are also identi-
cal. Exclusion of the third codon positions in mitochondrial sequences does not change the topology, which sug-
gests that our results are not unduly affected by saturation. Thus, only the ML tree is shown here (Fig. 1). All
species sampled from multiple specimens are monophyletic with strong support values. Pareas is not recovered as
a monophylum. Pareas carinatus and P. nuchalis are recovered as strongly supported sister species (Pareas 1 in
Fig. 1). All other Pareas sampled in our study form a separate clade (Pareas 11) that is moderately supported. In our
best trees, Pareas 11 is more closely related to Asthenodipsas and Aplopeltura than to Pareas 1, but support for this
resolution is not high. The best ML tree is not a statistically better fit to the data than the best tree enforcing a
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monophyletic Pareas (KH and SH tests: P =0.18). The mean uncorrected p-distance between Pareas 1 (represented
by P. carinatus) and 11 is 16.5%, which is nearly as great as that between P. carinatus and Aplopeltura boa (17.7%),
and between Pareas 11 and Aplopeltura boa (17.3%). Pareas nuchalis and species of Asthenodipsas have a missing
gene fragment and thus were excluded from these calculation. Thus, we identify four major lineages within Pareati-
dae: Aplopeltura, Asthenodipsas, “Pareas 1” and “Pareas 11”.

In contrast to the observed morphological similarity of Pareas formosensis and P. chinensis (Jiang 2004; Zhao
2006), molecular data reveal a large divergence between the two species. Our results do not support the monophyly
of the formosensis-chinensis species complex. Instead P. formosensis is more closely related to P. hamptoni, and P.
chinensis is the sister species of P. boulengeri. This result receives strong bootstrap support and high posterior
probabilities (Fig. 1).

Discussion
Pareatidae is a family of small snakes with a high degree of phenotypic similarity (such as coloration and the num-

ber of dorsal scales), thus causing difficulties in diagnoses and taxonomy. Molecular sequences in conjunction with
morphological characters provide the opportunity to reexamine the phylogenetic relationships within Pareatidae.

H | J K L M N

FIGURE 2. Variation in the frontal scale (top row) and the anterior pair of the chin shields (lower row) in Pareas. Both charac-
ters are shaded black. A & H: P. hamptoni (A—C, H-J all modified from Pope 1935); B & I: P. stanleyi; C & J: P. boulengeri; D
& K: P, iwasakii (modified from Ota et al. 1997); E & L: P. nigriceps (modified from Guo and Deng 2009); F & M: P. carinatus
(modified from Rao and Yang 1992); G & N: P. nuchalis (modified from Boulenger 1900).

The combined mitochondrial and nuclear sequence data indicate that Pareatidae is composed of four major lin-
eages. Although phylogenetic signal is weak and does not provide compelling resolution of the (non-)monophyly
of Pareas, the large uncorrected p-distance between Pareas 1 and 11 indicates that P. carinatus and P. nuchalis are
genetically quite divergent from their congeners. This result is consistent with the phylogeny of Pyron et al. (2011),
which sampled six species of pareatids. Pareas carinatus and P. nuchalis also differ from other Pareas in cephalic
scalation and distribution pattern. Pareas carinatus and P. nuchalis share three anterior temporals in contrast to the
one or two (rarely three) anterior temporals in other Pareas species. The frontal scale of the former two species is
hexagonal with the lateral sides parallel to the body axis; this scale in other Pareas is almost diamond-shaped or
shield-shaped with the lateral sides converging posteriorly (Fig. 2). A third distinction between the two groups can
be found in the shape of the anterior pair of chin shields (Fig. 2). These two scales are broader than long in P. cari-
natus and P. nuchalis but longer than broad in congeners (Boulenger 1900; Rao and Yang 1992). Although we were
unable to acquire tissue samples from P. iwasakii and the recently described P. nigriceps at this time, their cephalic
scale characters match those of Pareas 11 species (Ota et al. 1997; Guo and Deng 2009). A study of scale micro-
ornamentation of colubroid snakes revealed that P. carinatus has a distinct micro-ornamentation from P. chinensis
and P. boulengeri, with the latter two species sharing similar patterns (He 2009). Scale micro-ornamentation has
been shown to be somewhat congruent with phylogenetic relationships in other snakes (e.g., Price 1982; Gower
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2003). Geographically, P. carinatus and P. nuchalis occur mainly throughout the Indochinese Peninsular and the
Sunda Islands. Most species in the Pareas 11 clade occur in central and southern China and the northern Indochi-
nese Peninsular, and only P. margaritophorus and P. hamptoni are found in the southern Indochinese Peninsular.
Future studies extending character (morphological and molecular) and taxonomic sampling should consider
whether the two major groups of Pareas identified here should be recognized as distinct genera.

Pareas formosensis and P. chinensis share very similar coloration and scale patterns (Jiang 2004). However,
our molecular phylogenetic results indicate that the two species are not especially closely related within Pareas.
Pareas formosensis is the sister species to P. hamptoni, and P. chinensis the sister of P. boulengeri. Close examina-
tion of maxillary teeth is consistent with this result. Both P. formosensis and P. hamptoni have 7-8 maxillary teeth,
while P. chinensis and P. boulengeri have only 4-5 maxillary teeth (Rao and Yang, 1992). Thus, P. chinensis is a
valid species and does not form a complex with P. formosensis. Our molecular data also finds large divergences
among the sampled specimens of P. margaritophorus, which includes Pareas macularius as a junior synonym
(Huang 2004). Future studies should also pay attention to variation within P. margaritophorus.
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