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ABSTRACT ARTICLE HISTORY

We report molecular phylogenetic and dating analyses of snakes that Received 25 October 2018
include new mitochondrial and nuclear DNA sequence data for three Accepted 26 November 2018
species of the peninsular Indian endemic Xylophis. The results pro- KEYWORDS

vide the first mglecular genetic te_st of and support for the mono- Asia; classification; Pareidae;
phyly of Xylophis. Our phylogenetic results support the findings of Pareinae; phylogenetics;

a previous, taxonomically restricted phylogenomic analysis of ultra- Xylophis; taxonomy
conserved nuclear sequences in recovering the fossorial Xylophis as

the sister taxon of a clade comprising all three recognised extant

genera of the molluscivoran and typically arboreal pareids. The split

between Xylophis and ‘pareids’ is estimated to have occurred on

a similar timescale to that between most (sub)families of extant

snakes. Based on phylogenetic relationships, depth of molecular

genetic and estimated temporal divergence, and on the external

morphological and ecological distinctiveness of the two lineages,

we classify Xylophis in a newly erected subfamily (Xylophiinae sub-

fam. nov.) within Pareidae.

urn:lsid:zoobank.org:pub:43BDE72C-6823-4D6A-8601-482862556D78
urn:lsid:zoobank.org:act:AD3486DF-D874-4CFD-8EAE-14FF3E403AF9

Introduction

The caenophidian snake genus Xylophis Beddome, 1878 contains three currently recog-
nised species of small fossorial snakes endemic to the southern part of the Western
Ghats of peninsular India (Gower and Winkler 2007; Srinivasulu et al. 2014; Wallach et al.
2014). Morphological systematists have not settled on the phylogenetic relationships of
Xylophis or of its corresponding suprageneric classification. For example, Underwood
(1967) included Xylophis in his concept of Dipsadidae, a group comprising xenoder-
mines, pareines, calamarines, sibynophiines, lycodontines, xenodontines and some then
enigmatic Asian natricines (including the Sri Lankan Aspidura - to which at least super-
ficial similarities to Xylophis were noted by Gans and Fetcho 1982; Dowling and Pinou
2003; Gower and Winkler 2007; Simdes et al. 2016). Since Underwood’s (1967) work,
Xylophis has been considered to be a xenodermid (or xenodermatid/xenodematine/
xenodermine depending on authority) (McDowell 1987; Wallach 1998; Zaher 1999;
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Vidal 2002; Lawson et al. 2005; Cundall and lIrish 2008, p. 556, 573; Zaher et al. 2009;
Pyron et al. 2013; Dowling and Pinou 2003, see also Underwood 1967, p. 98), an elapoid
incertae sedis (Wallach et al. 2014), and a colubrine (Cundall and Irish 2008, p. 645).

Until recently, there were no molecular systematic data available for Xylophis. Simdes
et al. (2016) published sequences of three visual opsin genes for X. captaini. Although
noted as not being neutral phylogenetic markers, Simbes et al. (2016) reported various
phylogenetic results for X. captaini for each of these three genes in isolation: for locus rh17,
X. captaini was recovered as sister to the pareid Pareas monticola, with this clade being
sister to all other sampled non-viperid colubroids; for locus sws1, X. captaini was recovered
as sister to all other sampled colubroids (P. monticola was not sampled for this gene); for
locus Iws, X. captaini was recovered as sister to Amphiesma stolata within natricine
colubrids (again, P. monticola was not sampled for this gene). Although the sister relation-
ships with P. monticola (for rh1) and with A. stolata (for Iws) were well supported, most of
the deeper internal branches throughout these trees were not well resolved.

Ruane and Austin (2017) sampled one historical museum specimen of Xylophis
stenorhynchus in an application of ultraconserved element loci in snake phylogenomics,
combining their historical sampling with modern snake sample data from Streicher and
Wiens (2016). Ruane and Austin’s sampling was sparse (17 species of caenophidians,
including one xenodermid and no natricines) but X. stenorhynchus was recovered as the
well-supported sister taxon to the single sampled pareid, Pareas hamptoni, and the
number of ultraconserved elements generated for X. stenorhynchus (2546 loci) was on
par with modern samples (see Table 1, Ruane and Austin 2017). As currently conceived,
pareids comprise ca. 20 nocturnal, molluscivorous, non-fossorial species (classified in
three genera: Pareas Wagler, 1830; Aplopeltura Duméril, 1853; Asthenodipsas Peters,
1864) restricted to east and south-east Asia, with two species (P. monticola (Cantor,
1839) and P. margaritophorus (Jan, 1866)) extending into north-east India (Whitaker and
Captain 2004; Uetz et al. 2018). Commenting on their somewhat unexpected phyloge-
netic result for Xylophis, Ruane and Austin (2017, p. 5) suggested that the phylogenetic
relationships of this genus could be investigated more thoroughly by analysing a wider
sample of snakes, including more species of Xylophis.

Here we report sequence data for ‘standard’ mitochondrial (mt) and nuclear (nu)
phylogenetic markers for snakes for three species of Xylophis and include them in
broadly taxonomically sampled phylogenetic analyses of extant snakes. These analyses
provide the first molecular test of the monophyly of the genus, and the results support
classification of Xylophis in a newly erected subfamily within Pareidae.

Material and methods
Classification and institutional abbreviations

We followed the family and subfamily classification used by Uetz et al. (2018), including
the recently described subfamilies Ahaetuliinae Figueroa et al., 2016 (within Colubridae)
and Cyclocorinae Weinell and Brown, 2018 (within Lamprophiidae). Xylophis tissues were
sampled from vouchers deposited in the Bombay Natural History Society, Mumbai, India
(BNHS), California Academy of Sciences, San Francisco, CA, USA (CAS), and Centre for
Ecological Sciences, 1ISc, Bengaluru, India (CES).
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Molecular data and phylogenetic analysis

We generated DNA sequence data for two specimens from freshly collected tissue,
a Xylophis perroteti from the Nilgiris (CESG 2016b) and a X. captaini from the type locality
Kannam, Kottayam District (BNHS 3376). Genomic DNA was extracted from liver tissue
samples stored in absolute ethanol at —20°C. DNeasy (Qiagen™, Valencia, California, USA)
blood and tissue kits were used to extract DNA. We amplified partial sequences of three
mitochondrial (mt) genes and three nuclear (nu) genes. The mt genes are 16S rRNA (76s),
cytochrome b (cytb) and NADH dehydrogenase subunit 4 (nd4), and the nu markers are
the recombination activating gene 1 (rag1), oocyte maturation factor (cmos), and brain-
derived neurotrophic factor (bdnf). DNA PCR amplification and Sanger sequencing used
previously reported primers (Palumbi et al. 1991; Arévalo et al. 1994; Palumbi 1996;
Parkinson et al. 2000; Noonan and Chippindale 2006; Wiens et al. 2008).

We attempted to extract homologous sequences for our phylogenetic markers from
the unfiltered, unassembled, raw sequence reads that were generated during targeted
sequencing of ultra-conserved elements (UCEs) for a historical specimen (CAS 17199) of
Xylophis stenorhynchus from Ruane and Austin (2017). These data comprised 32,236,948
reads each for read 1 and read 2. Although none of the loci used in this study was
targeted by the UCE probe kit (MYbaits tetrapod 5K kit, which targets 5060 UCEs from
amniotes: Faircloth et al. 2012) used by Ruane and Austin (2017), we considered it
possible that the loci of interest were sequenced as ‘bycatch’ during the high-
throughput sequencing, particularly for mtDNA genes due to the high number of copies
of these loci in genomic DNA.

Using the program Geneious (Kearse et al. 2012) Ruane and Austin’s (2017) unfiltered
reads for X. stenorhynchus were mapped to each of the newly generated X. captaini and
X. perroteti Sanger sequences for 16s, cytb, nd4, cmos, rag! and bdnf (see Table 1). This
was done using the Geneious align/assemble option ‘map to reference’, with the
modern sample serving as the reference for the unfiltered X. stenorhynchus reads;
sensitivity was set to medium-low with up to five iterations. Where successful, the
resulting mapped reads of X. stenorhynchus were combined into consensus sequences
for each marker to be included in subsequent analyses.

We constructed a molecular dataset for 507 leaves (500 snakes + 7 non-snake
squamates; 493 + 7 species, respectively) including 14 of the 20 currently recognised
species of pareids. Data coverage for each of the genes in the dataset are as follows: cytb
80.9%, 16s 68.1%, nd4 58.8%, cmos 71.6%, bdnf 30.4% and ragl 13.6%. GenBank
accession numbers for all sequences included in our phylogenetic and dating analyses
are presented in Table S1. Alignments per gene were carried out in MEGA 5 (Tamura
et al. 2011) using the ClustalW algorithm with default parameters and are available
online from the Natural History Museum data portal (http://data.nhm.ac.uk/dataset/
deepak-xylophis). Uncorrected p-distances and Kimura 2-parameter (Kimura 1980) dis-
tances were calculated using MEGA 5. Phylogenetic analysis was implemented in the
program RAXML v7.4.2 GUI (Stamatakis 2006; Silvestro and Michalak 2012) with the six
gene concatenated dataset. This dataset was 4557 bp long and was partitioned by gene
and by codon, a total of 11 partitions (see Table S2), determined as the best-fit scheme
using ParitionFinder 1.2 (Lanfear et al. 2012). We used GTRGAMMA model in RAxML
which is recommended over the GTR +G+ | because the 25 rate categories account for


http://data.nhm.ac.uk/dataset/deepak-xylophis
http://data.nhm.ac.uk/dataset/deepak-xylophis
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potentially invariant sites (Stamatakis 2006), as was also implemented in other large-
scale snake molecular phylogenetic analyses (Pyron et al. 2011; Zaher et al. 2012;
Figueroa et al. 2016).

Divergence times were estimated using a subset of taxa for the same genes, with
a dataset containing 81 snake species including representatives of all extant subfamilies
of alethinophidian snakes and all extant families of scolecophidians (Table 1). These data
were newly aligned (using the methods outlined above, alignment available at: http://
data.nhm.ac.uk/dataset/deepak-xylophis), producing a dataset 4504 bp. PartitionFinder
1.2 (Lanfear et al. 2012) was used to identify the best-fitting partition scheme and
model(s) of sequence evolution according to the Bayesian information criterion (BIC)
using the default greedy algorithm with linked branch lengths (see Table S3 for parti-
tions and models). We explored the sensitivity of our phylogenetic results to our
selected (ClustalW) alignment method by alternatively aligning the 76s data also with
MUSCLE (Edgar 2004), as well as using Gblocks v0.91b (Castresana 2000) to identify and
remove ambiguously aligned sites from the ClustalW alignment using the ‘less stringent’
option. These alternative approaches to the 716s data did not notably change the
topology or support values in optimal RAxML (data partitioned by gene and by
codon) trees for the concatenated data (Figure S1).

Divergence times were estimated using a Bayesian relaxed uncorrelated lognormal clock
model implemented in BEAST 1.8.2 (Drummond et al. 2012). We used fossil calibrations
recommended by Head (2015) and Head et al. (2016) to date minimum ages of five
divergences: (1) oldest divergence within crown Alethinophidia based on Haasiophis terra-
sanctus Tchernov et al. 2000; minimum age 93.9 Ma, soft maximum 100.5 Ma; (2) oldest
divergence between non-xenodermid colubroids and their closest living relative
(Xenodermidae in our tree), based on Procerophis sahnii Rage et al. 2008; minimum
50.5 Ma, soft maximum 72.1 Ma; (3) divergence between Boinae and its sister taxon
(Erycinae + Candoiinae in our tree) based on Titanoboa cerrejonensis Head et al. 2009;
minimum 58 Ma, soft maximum 64 Ma; (4) divergence between Viperinae and Crotalinae
based on Vipera aspis complex (Szyndlar and Rage 1999); minimum 20.0 Ma, soft maximum
23.8 Ma; and (5) oldest divergence within elapids based on Naja romani (Hoffstetter, 1939);
minimum age 17 Ma, soft maximum 60 Ma (see Table S4 for exact values applied to each
calibration prior). Analyses used random starting trees, with clock and tree models linked
across partitions. Two independent analyses were run for 600,000,000 generations sampling
every 5000 trees, the effective sample size (ESS) values were evaluated using Tracer 1.6
(Rambaut et al. 2014). The prior distribution for all fossil calibrations was set to lognormal.

Results
Phylogenetic inference

Mapping the Sanger sequencing data for Xylophis captaini and X. perroteti against the
unfiltered X. stenorhynchus high-throughput sequence reads resulted in potentially homo-
logous consensus sequences for the latter for 16s (441 bp; 103 reads assembled), cytb
(513 bp; 60 reads), nd4 (328 bp; 61 reads), cmos (169 bp; 6 reads), and bdnf (91 bp; 4
reads). These consensus sequences are reported in Table 1. These sequences were similar to
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those of X. perroteti (uncorrected p-distances 0.078 for 16s; 0.204 for nd4; 0.037 for cmos;
0.045 for bdnf) and X. captaini (uncorrected p-distances 0.114 for 16s; 0.221 for cytb).

Our ML phylogenetic analysis provides strong support for the monophyly of Xylophis and
for the sister group relationship between Xylophis and a clade comprising the pareids
Pareas, Aplopeltura and Asthenodipsas (Figures 1 and S2). Within the latter clade, Pareas
and Asthenodipsas are strongly supported as monophyletic, with the former being sister to
the monotypic Aplopeltura. The Xylophis, Pareas, Aplopeltura and Asthenodipsas clade (here
considered to comprise Pareidae) is recovered as a member of a lineage comprising all
colubroids except Xenodermidae. Although there is strong signal for pareids lying outside
a group comprising most other colubroids, the relationships among Pareidae, Viperidae and
all other non-xenodermid colubroids are not clearly resolved by our analyses. Uncorrected
p-distances between Xylophis and the other three pareid genera for the sampled genes are
0.07-0.12 (16s), 0.27-0.38 (cytb), 0.21-0.25 (nd4), 0.03-0.1 (cmos) and 0.03 (bdnf). Pairwise
distances between recognised colubroid families and between intrafamilial subfamilies for
cmos and bdnf (reported in Tables S5-58) are summarised in Figure 2. The molecular dating
analysis recovers an estimated minimum divergence of 55-35 Ma between Xylophis and its
sister taxon (Pareas, Aplopeltura and Asthenodipsas) (Figure 3). Rerunning the dating analysis
but excluding third codon positions of the mitochondrial genes cytb and nd4 did not
notably alter the results for most divergences (including that for Xylophis versus its sister)
in terms of relative ages (Figure S3), with estimated divergence dates for the two analytical
treatments being strongly correlated (Figure S4).

Systematics

Based on the well-supported inferred phylogenetic relationships of Xylophis and divergence
from its extant sister lineage, we refer the genus to the family Pareidae, and re-define the
latter phylogenetically as all snakes more closely related to Pareas carinatus Wagler, 1830
than to Xenodermus javanicus Rheinhardt, 1836, Vipera aspis (Linnaeus, 1758) or Homalopsis
buccatus (Linnaeus, 1758). Given the molecular genetic and phenotypic distinctiveness of
the two lineages comprising the basal split within Pareidae, we classify Pareas, Aplopeltura
and Asthenodipsas within the subfamily Pareinae (defined phylogenetically as all snakes
more closely related to Pareas carinatus Wagler, 1830 than to Xylophis perroteti Duméril,
Bibron and Duméril, 1854) and we erect a new subfamily for Xylophis:

DIAPSIDA Osborn, 1903
Superorder LEPIDOSAURIA Haeckel, 1866
Order SQUAMATA Oppel, 1811
Suborder SERPENTES Linnaeus, 1758
Infraorder CAENOPHIDIA Hoffstetter, 1939
Superfamily COLUBROIDEA Oppel, 1811
Family PAREIDAE Romer, 1956
Subfamily Xylophiinae subfam. nov.

Type genus
Xylophis Beddome, 1878
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Content
A single genus with three currently recognised species: X. stenorhynchus (Ginther, 1875);

X. perroteti Duméril, Bibron and Duméril, 1854; X. captaini Gower and Winkler, 2007.
Xylophis indicus Beddome, 1878 has been considered a synonym of X. stenorhynchus (e.g.
Smith 1943; Wallach et al. 2014) but might also be valid (Gower and Winkler 2007).
Xylophis perroteti includes the synonyms Rhabdosoma microcephalum Gunther, 1858

(e.g. Smith 1943; Wallach et al. 2014).

72|—_Pareas formosensis
Pareas boulengeri

Pareas stanleyi
— Pareas iwasaki

66 Pareas hamptoni

68 Pareas margaritophorus
24| L Pareas nuchalis
69— pareas carinatus
Pareas monticola

Aplopeltura boa
B 100—ASthenodipsas malaccanus

I—Asthenodipsas laevis
99| /| 0o—Asthenodipsas vertebralis
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97 Xylophis captaini
—— Xylophis stenorhynchus

—— Xylophis perroteti
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Figure 1. Pruned ML tree showing bootstrap support for the relationships of species in the family
Pareidae. See Appendix 4 for the complete ML phylogeny including 507 taxa (493 species of snakes
and seven non-snake squamates).
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Figure 2. Ranges of uncorrected p-distances (black and grey) and K2P distances (dark blue and light
blue) for between-family (dark bars) and within-family (light bars) comparisons of snakes in the
superfamily Colubroidea. Pareidae here includes Pareinae and Xylophiinae subfam. nov. Numbers on
the x-axis denotes sample size of subfamilies under each family.
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Figure 3. BEAST chronogram generated using concatenated-gene for all families and subfamilies of
snakes. Numbers at internal branches indicate posterior probabilities. Error bars indicate 95% highest
posterior densities for node ages. Nodes C1-C5 are the five calibrated nodes.

Phylogenetic definition
All snakes more closely related to Xylophis perroteti than to Pareas carinatus Wagler,
1830.

Diagnosis
Colubroid snakes with first (anteriormost) three pairs of infralabial shields reduced to
narrow strips, together much smaller than large pair of anterior chin (genial) shields.

Distribution

The Western Ghats region of peninsular India. Xylophis is thus far known only from the
southern part of the Western Ghats, in the states of Kerala and Tamil Nadu (Figure 4).
Species of the genus have been recorded from close to sea level (Xylophis captaini:
Gower and Winkler 2007) to at least 2000 m (X. perroteti: Srinivasulu et al. 2014).
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Discussion

Age of divergence (whether absolute or relative) between sister lineages has sometimes
been applied as a secondary criterion in recognition of suprageneric taxa (e.g. Wilkinson
et al. 2011), including the formal naming of new families (e.g. Kamei et al. 2012).
Although the general application of such a criterion has been cautioned against (e.g.
Vences et al. 2013; Frost 2017: see ‘comments on taxonomy related to version 5.6"), we
see some merit in using estimated divergence age cautiously as an additional guide
alongside phylogenetic relationships and extent of phenotypic and raw molecular
genetic divergence. In this case, we take some comfort in naming a new subfamily
given that the estimated age of divergence of Xylophiinae from Pareinae is comparable
to that between sister pairs of other snake (sub)families (Figures 3 and S3).

Although xylophiines and pareines are phenotypically disparate superficially, the
anatomy and anatomical diversity of these two lineages (and of other major lineages
of colubroids) is insufficiently known to yet rule out the identification of unambiguous
synapomorphies for Pareidae. Although classifying Xylophis as a xenodermine on the
basis of skull, head muscle and hemipenis features, McDowell (1987, p. 35-36) also drew
attention between at least X. perroteti and pareines (and calamariines) in terms of
posteriorly extensive kidneys and a distinct rectal caecum. The morphology of Xylophis
is poorly studied and further work in the light of the renewed interest in its phylogenetic
relationships seems warranted.

The evolutionary divergence between xylophiines and pareines resulted in sister
clades with markedly differing distributions, morphologies and ecologies. Although
both lineages comprise small to moderately sized predators of invertebrates, xylophiines
are small-headed, small-eyed, fossorial, relative generalist or opportunistic predators
(Kumar and Kannan 2017) restricted to the southern part of the Western Ghats of
peninsular India, while pareines are relatively larger-headed (head greater in girth than
anterior of body), large-eyed, surface dwelling (often arboreal) specialist molluscivores
(Cundall and Greene 2000) restricted almost entirely to east and south-east Asia (also
extending into north-east India; Figure 4). Given that the Indian subcontinent (part of
Gondwana) did not accrete with the rest of Asia until ca. 55 Ma (Patriat and Achache
1984), our estimated divergence between xylophiines and pareines (55-35 Ma) is con-
sistent with dispersal of either a peninsular Indian ancestor into east/south-east Asia or
vice versa. This hypothesis is a little more parsimonious than one invoking a widespread
ancestral pareid lineage followed by spatially exclusive extinctions of xylophiines (in east
and south-east Asia) and pareines (in peninsular India). However, that Pareidae,
Xenodermidae and Acrochordidae are all Asian and that they might comprise
a paraphyletic assemblage lying successively outside of a clade (= Endoglyptodonta of
Zaher et al. 2009) comprising Viperidae, Elapidae, Colubridae, and Lamprophiidae (e.g.
Vidal et al. 2007; Zaher et al. 2009; Grazziotin et al. 2012; Pyron et al. 2013; Figueroa et al.
2016) is more supportive of an Asian (rather than Gondwanan) origin of Pareidae, and
thus of a dispersal of the ancestor of the Xylophiinae lineage into peninsular India from
east or south-east Asia rather than vice versa. Resolution of the phylogenetic position of
the north-east Indian Pareas moniticola and P. margaritophorus might usefully inform the
question of the historical biogeography of Pareidae (or at least of Pareinae).
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Figure 4. (a) Geographic distribution of Xylophiinae subfam. nov. (green) and approximate distribu-
tion of subfamily Pareinae (blue). Photographs show representative taxa of the two subfamilies
within Pareidae: (b) Xylophis perroteti from Nilgiris, Tamil Nadu, India (Photo: Achyuthan N.
Srikanthan); (c) Pareas monticola from Barail, Assam, India (Photo: V. Deepak). Approximate distribu-
tion drawn based on locations provided in Srinivasulu et al. (2014) and Wallach et al. (2014).
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