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Uropeltidae is a clade of small fossorial snakes (ca. 64 extant species) endemic to peninsular India and Sri Lanka.
Uropeltid taxonomy has been confusing, and the status of some species has not been revised for over a century.
Attempts to revise uropeltid systematics and undertake evolutionary studies have been hampered by incom-

;‘g‘; genetics pletely sampled and incompletely resolved phylogenies. To address this issue, we take advantage of historical
Reptilia museum collections, including type specimens, and apply genome-wide shotgun (GWS) sequencing, along with
Sri Lanka recent field sampling (using Sanger sequencing) to establish a near-complete multilocus species-level phylogeny
Species delimitation (ca. 87% complete at species level). This results in a phylogeny that supports the monophyly of all genera (if
Systematics Brachyophidium is considered a junior synonym of Teretrurus), and provides a firm platform for future taxonomic
Shieldtail snakes revision. Sri Lankan uropeltids are probably monophyletic, indicating a single colonisation event of this island
Uropeltidae from Indian ancestors. However, the position of Rhinophis goweri (endemic to Eastern Ghats, southern India) is

unclear and warrants further investigation, and evidence that it may nest within the Sri Lankan radiation in-
dicates a possible recolonisation event. DNA sequence data and morphology suggest that currently recognised
uropeltid species diversity is substantially underestimated. Our study highlights the benefits of integrating
museum collections in molecular genetic analyses and their role in understanding the systematics and evolu-
tionary history of understudied organismal groups.

1. Introduction and Hosek, 2022), this little-studied squamate clade is poorly under-

stood, in part because of the secretive habits of many of these snakes.

Uropeltidae Miiller, 1832 is a family of small (generally < 40 cm
total length) fossorial snakes endemic to peninsular India and Sri Lanka
(e.g., Pyron et al., 2016), and mostly to the Western Ghats and Sri Lanka
global biodiversity hotspot (Bossuyt et al., 2004; Myers et al., 2000).
Comprising eight genera and ca. 64 currently recognised species (Uetz

Barriers (especially financial and administrative e.g. Pethiyagoda et al.,
2007; Prathapan et al., 2009) to the flow of information and material
among biologists and museum collections in South Asia and the West
have also hindered progress, resulting in a confusing taxonomy that, for
the most part, was established in the late 1800s and early 1900s with
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little subsequent revision. In the last decade there has been a resurgence
in taxonomic activity, with several new species being described — often
based solely on external morphological characters — and other species
resurrected from synonymy and/or reallocated to different genera
(Aengals and Ganesh, 2013; Cyriac et al., 2020; Ganesh et al., 2021;
Ganesh and Achyuthan, 2020; Gower et al., 2008; Gower, 2020; Gower
and Wickramasinghe, 2016; Jins et al., 2018; Pyron et al., 2016; Sam-
paio et al., 2020; Wickramasinghe et al., 2009, 2020).

Attempts to quantitatively analyse evolutionary relationships among
uropeltids were based initially on a limited number of species and
immunological (Cadle et al., 1990) or cranial data (Rieppel and Zaher,
2002), but more recent studies have used additional species and
generated phylogenies for the family based on mitochondrial and nu-
clear sequence data (Bossuyt et al., 2004; Cyriac and Kodandaramaiah,
2021, 2017; Jins et al., 2018; Pyron et al., 2016, 2013; Sampaio et al.,
2020). Despite this recent progress, which has resulted in an improved
genus-level classification, uropeltid phylogenetics requires further ex-
amination, to increase taxonomic sampling and to resolve in-
congruences in the relationships among genera inferred by some of the
latest analyses (Cyriac and Kodandaramaiah, 2017; Jins et al., 2018). In
addition, although all genera were sampled in the latest molecular
phylogenetic studies, the monophyly of some genera (Platyplectrurus and
Plectrurus) remains unaddressed because only a single species of these
genera were included in the analyses. Sampling of uropeltids in molec-
ular phylogenetic studies has been challenging for two main reasons: (1)
fossorial squamates are not easily encountered without dedicated effort,
such that some species have rarely been collected and/or are known
only from very few museum records, and (2) identification of sequenced
vouchers to species level has proven challenging because of an incom-
pletely resolved taxonomy, lack of working identification keys, and lack
of precise and/or accurate locality data for the types of many species.

Given the challenges of sampling and identifying some uropeltids,
they are good candidate taxa to apply recently developed ancient DNA
molecular approaches to generate DNA sequence data from historical
natural history collections. Most uropeltid specimens in European and
North American natural history collections (where most types reside)
are old, and of unknown preservation history. From the early 1900s,
fixing specimens in formalin prior to long-term storage in alcohol
became common practise for vertebrate wet specimen preservation
(Simmons, 2014). There are several challenges in sequencing ancient
DNA or DNA from specimens from historical collections (reviewed in
Dabney et al., 2013): i) DNA degraded into short fragments (Paabo,
1989); ii) high occurrence of nucleotide substitutions from C to T at the
5" and G to A at the 3’, with nucleotide misincorporations caused by
cytosine deamination occurring more frequently in single stranded
overhangs at the 5’ of ancient DNA strands (Briggs et al., 2007; Broth-
erton et al., 2007); iii) cross-linkage between DNA strands or between
DNA and other molecules, which does not allow the strands to be
separated and thus preventing DNA polymerases moving along a strand
(Paabo, 1989). Additionally, samples fixed in formalin are also known to
have DNA misincorporations in the form of C to T and G to A (Williams
et al.,, 1999; Wong et al., 2014), and cross-linkage between DNA and
proteins (Gilbert et al., 2007 and references therein). Due to these issues
with DNA fragmentation and quality, traditional PCR-based approaches
aiming to amplify target fragments of DNA are typically inappropriate to
obtain sequence data from historical fluid-preserved specimens, espe-
cially for those fixed in formalin (Gilbert et al., 2007 and references
therein; Williams et al., 1999; Wong et al., 2014).

Advances in high-throughput sequencing (HTS) technologies,
including genome-wide shotgun (GWS) sequencing and sequence cap-
ture, have made it possible to obtain large amounts of DNA sequence
data and even whole genomes from degraded DNA. State-of-the-art
bioinformatic tools have been an important associated development to
assemble reads de novo or through alignment to a reference genome.
Recent studies using these HTS methods on herpetological fluid-
preserved and in some cases formalin-fixed specimens have had

Molecular Phylogenetics and Evolution 178 (2023) 107651

varying levels of success (Hykin et al., 2015; McGuire et al., 2018;
O’Connell et al., 2022; Pyron et al., 2022; Ruane and Austin, 2017).
Molecular data from type and historical museum specimens would be
useful to resolve outstanding issues in uropeltid taxonomy, especially
through matching of extant populations of known locality data with
historical and type specimens lacking precise collection data. Addi-
tionally, generating DNA sequence data from historical museum speci-
mens would greatly help maximise taxon sampling to build near-
complete species-level phylogenies that could be used for downstream
analyses of uropeltid evolution.

Here, we report a near-complete species-level phylogeny for Uro-
peltidae, combining Sanger sequencing data for recent samples with
GWS sequencing data from fluid-preserved historical museum speci-
mens, including type specimens. We use our results to ask 1) Are
currently recognised uropeltid genera monophyletic?; 2) Are Sri Lankan
uropeltids (a subset of endemic species of the genus Rhinophis) mono-
phyletic, consistent with there being a single colonisation event from
Indian ancestors?; 3) Does current uropeltid taxonomy accurately
catalogue the group’s extant species diversity?; and 4) Can sufficient
amounts of DNA sequence data be generated from fluid-preserved
museum specimens of uropeltids using ancient DNA methods?

2. Materials and methods
2.1. Sanger sequencing

2.1.1. Taxon sampling and identification

A total of 230 uropeltid samples were used to infer phylogenetic
relationships. The samples employed in the Sanger sequencing part of
this study were obtained through relatively recent (mostly 21st Century)
fieldwork in the Western Ghats and Sri Lanka. This included represen-
tatives of all genera and included specimens referable to the majority of
currently recognised species (ca. 43/64 species). Additional sequence
data were retrieved from GenBank. Details on sample codes, species,
locality, and GenBank accession numbers for all samples included in the
analyses are listed in Table S1 (Appendix A). Specimens were identified
based on external morphology, using the most recent understanding of
uropeltid taxonomy and diagnostic characters (Cyriac et al., 2020;
Ganesh et al., 2021; Ganesh and Achyuthan, 2020; Ganesh and Murthy,
2022; Gower, 2020; Gower and Wickramasinghe, 2016; Jins et al., 2018;
Pyron et al., 2016; Sampaio et al., 2020; Wickramasinghe et al., 2020
and references cited in these works). Samples in Table S1 bearing names
including “sp.” or “cf.” were not able to be identified as described species
with confidence. Some samples were identified as being most similar to
species currently regarded as junior subjective synonyms (e.g. Pyron
et al., 2016; Uetz and Hosek, 2022). For specimens that were not types,
these identifications were informed by morphology and sometimes by
locality data. More detailed reasoning and justification for our identi-
fication and labelling of samples in trees and tables is presented in Ap-
pendix A.

2.1.2. DNA extraction, amplification and sequencing of recent tissue
samples

Genomic DNA was extracted from absolute ethanol-preserved mus-
cle or liver using Qiagen’s DNeasy Blood and Tissue kits (Qiagen,
Valencia, CA). DNA was amplified using PCR for four mitochondrial
(mtDNA) markers: 12S rRNA (12s), 16 s rRNA (16s), NADH dehydro-
genase subunit 4 (nd4) and cytochrome b (cyth), and two nuclear
(nuDNA) loci: oocyte maturation factor (cmos) and prolactin receptor
(prlr). The mtDNA markers and cmos have been used successfully in
previous phylogenetic studies of uropeltids (Bossuyt et al., 2004; Cyriac
and Kodandaramaiah, 2017; Jins et al., 2018; Pyron et al., 2016) and
thus also provide additional data. Cmos is a relatively conserved marker
that is typically useful to infer deeper phylogenetic divergences among
extant reptiles (Saint et al., 1998). Because this marker is not particu-
larly informative at and below the species level, the additional nuDNA
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marker prir was also selected because it has been shown to be relatively
rapidly evolving in other squamates (Townsend et al., 2008). Detailed
information on PCR protocols and DNA sequencing can be found in
Supplementary methods and Table S3 (Appendix A). Sequence chro-
matograms were checked manually and edited using Geneious v.8.1.9
(Kearse et al., 2012) (Biomatters). Heterozygous positions in nuclear
sequences were scored with [IUPAC ambiguity codes.

2.2. Museum samples

2.2.1. Taxon sampling

A total of 44 uropeltid historical museum specimens were selected
(Table S4), including type specimens, with the aim that resulting
sequence data would fill sampling gaps and/or help resolve taxonomic
issues impeding accurate and precise identification of vouchers sampled
from fresh tissue. Historical specimens of different accession ages (1801
to 1977) were included. Where multiple specimens were available, those
with existing incisions and/or in seemingly better overall condition were
selected. Sampling included some species for which recent or fresh tissue
was also available (compare Tables S1 and S4) to provide an opportunity
to verify DNA sequences from historical specimens. Although it is highly
likely that the museum specimens preserved after 1970 were fixed in
formalin and those preserved prior to the early 1900s were highly likely
not (see Introduction), data on the preservation history of each specimen
were not available.

2.2.2. DNA extraction and library build

Genomic DNA was extracted from historical specimens to generate
low-level whole-genome coverage to assemble mitochondrial and nu-
clear markers to match the Sanger dataset. See Table S4 for information
on samples used, and supplementary methods (Appendix A) for detailed
historical-specimen DNA extraction and library-build protocols. DNA
concentration was quantified using Qubit dsDNA HS kit, and fragment
lengths were analysed with TapeStation (prior to pooling and after
pooling). A total of 48 double-indexed libraries (44 samples and four
negative controls) were pooled together at an equimolar concentration.
Multiplexed samples were subjected to shotgun sequencing using a mid-
output kit for 75 base pairs (bp) paired-end reads on an Illumina Next-
Seq500 platform (Natural History Museum (NHM) Sequencing Facility).
Raw reads for samples successfully sequenced have been deposited in
Sequence Read Archive (BioProject PRINA879208; accession numbers
can be found in Table S5).

2.2.3. Bioinformatics

Reads were trimmed for Illumina adapters with AdapterRemoval
v.2.2.4 (Schubert et al., 2016). Given that DNA damage is typically more
likely to occur at the ends of fragments, three base pairs were removed
from the 3’ and 5’ ends of each read. As an additional quality check, read
ends were trimmed for both Ns and low-quality bases. Minimum read
length was set to 25 bp and overlapping paired reads (of at least 11
nucleotides by default) were merged with a mismatch rate of three.
Quality of trimmed reads was assessed with FastQC (https://www.bioin
formatics.babraham.ac.uk/projects/fastqc) (results not shown).

In the absence of complete mitochondrial or nuclear genomes of
conspecific or very closely related taxa to be used as references in a
mapping approach, a two-step approach was employed. First, a de novo
assembly (Zerbino and Birney, 2008) was carried out to obtain new draft
reference partial mitochondrial genomes for each sample. Second, the
trimmed reads were mapped to the newly generated draft references
(Figure S4).

Multiple kmer sizes (17, 27, 37, 47, 57) were used in a de novo as-
sembly using Velvet v.1.2.10 (Zerbino and Birney, 2008). Kmer length is
an important choice for a successful assembly, though kmer size selec-
tion is not straightforward, and analysing a set of different kmer lengths
can aid deeper genome coverage (Bi et al., 2012). This approach has
been employed successfully in previous studies using ancient or museum
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specimen DNA for de novo genome assembly (Hykin et al., 2015; Seitz
and Nieselt, 2017). The coverage cut-off value was initially set at 5, and
if that was deemed too high (i.e., by having only a few contigs mapping
against a reference), cut-offs of 3 and then of 1 were applied for selected
samples.

For each sample, contigs from all Velvet runs were imported into
Geneious and using Map to Reference (in the Tools > Align/Assemble
menu) contigs were mapped against a partial uropeltid mitochondrial
genome (GenBank accession number: GC200594 — Rhinophis cf. philip-
pinus, which lacks the duplicated control regions). The Geneious mapper
option was employed with a Medium-Low Sensitivity setting (except for
sample FS85, for which Medium Sensitivity was applied, to increase the
number of contigs mapping to the reference sequence), with up to five
iterations. Some assembled contigs showed mismatches in some posi-
tions (particularly toward the ends of contigs) due to incorporation of
possibly deaminated bases. Consensus sequences (25% threshold) were
extracted and used as new draft references for each respective sample in
a second step, mapping trimmed reads in Burrows Wheeler Aligner
(BWA) aln (Li and Durbin, 2009). Default options were used except for
no seeding (-11024), a setting typically applied when working with
degraded DNA to avoid deamination driven nucleotide mismatches
occurring in the seed region, forcing a global alignment of the reads to
the reference sequence (Rasmussen et al., 2015; Schubert et al., 2012).
Samtools v.1.9 (Li et al., 2009) was used to remove unmapped reads, and
to remove reads with mapping quality Phred scores of<30. Picard
MarkDuplicates v.2.18.16 (https://broadinstitute.github.io/picard/)
was used to remove PCR duplicates obtained during library builds.
Mapping statistics for total reads, initial mapped reads, quality filtered
reads (MAPQ30), and quality filtered reads with duplicates removed
were calculated with Samtools (flagstat). DNA damage patterns were
assessed by plotting nucleotide misincorporation in mapDamage v.2.0
(Jonsson et al., 2013). Mean read length and partial mtDNA genome
coverage were calculated with QualiMap v.2.2.1 (Okonechnikov et al.,
2015). Resulting BAM files were imported into Geneious, where
consensus sequences for partial mitochondrial genomes for each sample
were generated, and sequences (homologous with those generated by
Sanger sequencing for fresh tissues) for up to four mitochondrial
markers (12s, 16s, nd4 and cytb) were extracted. These data were then
added to the data matrix of Sanger sequences for downstream phylo-
genetic analyses.

Attempts were made to also retrieve nuDNA sequences of greatest
relevance to this phylogenetic study (i.e. cmos and prir). Trimmed reads
were imported into Geneious and mapped to reference sequences
(generated from Sanger sequencing and from GenBank), using the same
settings and process as described above. These attempts were unsuc-
cessful (see below).

2.3. Sequence alignments, data partitions and model selection

Sequence data were aligned using ClustalW (Thompson et al., 1994)
implemented in Geneious with default settings (gap open cost = 15; gap
extended cost = 6.66). Ambiguously aligned positions in 12s and 16s
alignments were removed using Gblocks v.0.91b (Castresana, 2000) via
an online server (https://phylogeny.lirmm.fr/, Dereeper et al., 2008)
selecting the ‘less stringent’ option. The tRNA regions were removed
from nd4 sequences. Protein-coding gene (cytb, nd4, cmos and prlr)
alignments were checked for unexpected stop codons and reading-frame
shifts.

Alignments were concatenated and assembled into multiple datasets:
1) Sanger sequencing data for uropeltids (mtDNA and nuclear data); 2)
combined Sanger and HTS data (mtDNA and nuclear data); 3) mtDNA
data for all samples (for input in single locus species delimitation
methods); and 4) cmos-, and 5) prir-only datasets (Table S6). These
concatenated datasets are available in nexus and fasta format via the
NHM Data Portal (data.nhm.ac.uk/dataset/Sampaio_uropeltidae; htt
ps://doi.org/10.5519/97dm3yy8) and in Appendix B. The five
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datasets were analysed with PartitionFinder v.2.1.1 (Guindon et al.,
2010; Lanfear et al., 2016, 2012), to determine the best-fit partition
schemes and models of nucleotide substitution, implementing a greedy
search algorithm and applying the Bayesian information criterion (BIC)
for model selection. Data were partitioned by gene for 12s and 16s, and
by gene and codon position for the protein-coding genes, giving a total of
14 possible partitions (PartitionFinder results are presented in Appendix
A Table S6).

2.4. Phylogenetic analyses

2.4.1. Concatenated mt- and nuDNA phylogeny

Phylogenetic relationships were inferred using Bayesian Inference
(BI) and Maximum Likelihood (ML), implementing data partitions and
substitution models based on PartitionFinder results (Table S6). BI an-
alyses were performed in MrBayes v.3.2 (Ronquist et al., 2012), con-
ducting two independent runs for 5x10” generations, sampling every
5,000 generations, resulting in 10,000 trees. Runs were checked for
convergence by visually examining trace plots and ensuring that effec-
tive sample sizes (ESS) were greater than 200 using Tracer v.1.7.1
(Rambaut et al., 2018). The first 25 % trees were discarded as burnin and
the remaining trees were used to determine Bayesian posterior proba-
bility values (PP) for branch support. Additional BI analyses for indi-
vidual nuclear markers were generated in MrBayes by conducting two
independent runs for 1x10° generations, sampling every 100 genera-
tions, resulting in 10,000 trees for each dataset.

Analyses were carried out using the online CIPRES Science Gateway
v3.1 server (Miller et al., 2010). Trees were visualised and edited in R
v.3.6.0 (R Development Core Team, 2019) with packages ape v.5.3
(Paradis and Schliep, 2019) and phytools v.0.6-99 (Revell, 2012). Trees
were rooted with a monophyletic Melanophidium (in R using the root
function implemented in ape v.5.3 (Paradis and Schliep, 2019)) based
on evidence from previous studies that this genus is sister to all other
uropeltids (Cyriac and Kodandaramaiah, 2017; Jins et al., 2018).

ML analyses were conducted using IQ-TREE v.2.2.0 (Nguyen et al.,
2015), applying ModelFinder (Kalyaanamoorthy et al., 2017) to find the
best partition models. Branch support was assessed using an ultra-fast
bootstrap (BP) approximation (Minh et al., 2013) with 1,000 replicates.

2.4.2. Concatenated mtDNA phylogeny

A fully resolved tree (lacking polytomies) for the concatenated
mtDNA matrix (dataset 3), for use in lineage (potential species) delim-
itation analyses, was generated using MrBayes v.3.2 conducting two
independent runs for 107 generations, sampling every 1,000 genera-
tions, resulting in 10,000 trees. All other settings were implemented as
described in Section 2.4.1.

An ultrametric tree (an input requirement for the species delimita-
tion method bGMYC (Reid and Carstens, 2012)), was built for the same
dataset (3) using BEAST2 v.2.4.8 (Bouckaert et al., 2014). A strict clock
model was selected (ucld.stdev was «1), using a Yule model as the tree
prior. Three independent analyses were run for 1x10® million genera-
tions sampling every 10,000 generations. Convergence of runs was
detected as reported above. Runs were merged in LogCombiner
(Drummond et al., 2012), and a maximum clade credibility (MCC) tree
was obtained using TreeAnnotator (Drummond et al., 2012), discarding
10% of trees as burnin. Additionally, the three runs were merged in
LogCombiner discarding 10% as burnin, and 100 trees were resampled
from the posterior probability distribution. MrBayes and Beast2 runs
were conducted in the CIPRES Science Gateway v3.1 server (Miller et al.,
2010).

2.5. Species delimitation
To attempt to obtain greater confidence in identifying candidate

species (e.g. Amador et al., 2018), we employed four different tree-based
species delimitation methods — Bayesian general mixed Yule-coalescent
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(bGYMC: Reid and Carstens, 2012), Poisson tree processes (PTP: Zhang
et al., 2013), multi-rate PTP (mPTP: Kapli et al., 2017) and Bayesian
Phylogenetics and Phylogeography (BPP: Yang, 2015). These methods
were applied to the following four major clades, A) Melanophidium; B)
Teretrurus + Platyplectrurus; C) Uropeltis; D) Pseudoplectrurus + Plectrurus
-+ Rhinophis, which were extracted from the Maximum clade credibility
(MCC) tree (using the extract.clades function implemented in ape). This
was necessary because when these ingroup taxa were analysed together
using bGMYC, log ratio values (coalescent rate/Yule rate) were below
zero. This indicated that the model was not a good fit to the data, likely
due to substantial divergences among the main clades, and/or high rate
heterogeneity (Talavera et al., 2013). In addition, there is a limit to the
number of species in the guide tree for BPP analyses, with greater than
30 species causing issues with the program’s memory.

2.5.1. Single-locus species delimitation

Three species-delimitation methods were applied to the mtDNA
sequence data for four main clades (labelled A-D: see Results). Each
clade was analysed using bGMYC for 1x10° generations, with a thinning
of 100, and with the first 10% of samples discarded, ensuring log ratio
values were above zero. Multiple probability thresholds of delimitation
ranging from 0.1 to 0.9 in intervals of 0.1 were implemented (0.1 being
the most conservative and 0.9 being more liberal in terms of estimated
number of species). Additionally, PTP and mPTP were also imple-
mented. Unlike bGMYC, these methods do not require an ultrametric
tree, and the concatenated mtDNA tree from MrBayes was used. bPTP
(the bayesian implementation of the PTP model) was run for 1x10°
MCMC iterations, sampling every 100, with a burnin of 10 %, and mPTP
was run using both ML and MCMC searches, the latter analyses were run
for 1x10°® iterations, sampling every 10,000 steps, with a burnin of 10%.

2.5.2. Multilocus species delimitation

Results from single-locus species delimitation analyses were
compared and used to designate the putative species to be included in
the multilocus delimitation software BPP v.4 (Flouri et al., 2018).
Analysis A10 compares species delimitation models based on a user
specified fixed tree that guides the Markov chain (Rannala and Yang,
2013; Yang and Rannala, 2010). The guide trees employed for each
clade were based on the BI tree inferred from the concatenated mt +
nuDNA dataset, in which all polytomies were resolved using ape’s
multi2di function in R. BPP analyses were conducted for concatenated
mitochondrial and nuclear data, as well as for mitochondrial and nu-
clear data separately (dataset 6 — Table S1, Appendix A). Multiple BPP
analyses were conducted, implementing different prior settings for
ancestral population sizes (0) and divergence times (1), based on those
previously applied in studies of squamate reptiles and amphibians
(Bellati et al., 2015; Gehara et al., 2017; Leaché and Fujita, 2010). Prior
values were converted from a gamma to an inverse gamma distribution
IG(a,p), because the latter is implemented in the most recent version of
BPP, by preserving the priors mean ($/(a-1)) and variance b%/((a-1)%*
(a-2))) the same. The three different prior settings assumed: 1) large
ancestral population sizes and deep divergences among species (0 ~ IG
(3, 0.2) and © ~ IG(3, 0.2); 0 and t with mean = 0.1 and variance =
0.01); 2) small ancestral population sizes and recent divergences (6 ~ IG
(4, 0.003) and t ~ IG(4, 0.003); 6 and T with mean = 0.001 and variance
= 5x107); and 3) large ancestral population sizes and recent divergence
(6 ~ IG(3, 0.2); T ~ IG(4, 0.003)). To account for rate variation among
loci, a symmetric Dirichlet prior was set with a = 5. After a burnin of 10°
samples, each analysis ran for 4x10° steps with a sampling frequency of
10 (i.e., 400,000 samples were logged). All prior combinations were run
four times in total, twice for each of the two rjMCMC algorithms (0 and
1) available in BPP to assess reliability of results. The results of the
multiple runs were compared to identify potential convergence
problems.
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3. Results
3.1. Shotgun sequencing and historical-DNA recovery

Of the 44 samples included in the shotgun sequencing, 22 yielded
contigs from Velvet that successfully mapped to the reference uropeltid
partial mitochondrial genome (GenBank accession: GC200594) (Ap-
pendix A Table S7). For the 22 samples that yielded mtDNA sequences,
BWA mapping results after quality trimming and duplicate removal
revealed mean coverage depths between 2.3x and 78.2x, with < 1% of
the original reads being mapped for all samples. Read lengths were
relatively short, averaging between 36.8 and 52 bp. Summary statistics
for mapped reads are reported in Table S7. Although the age of the
sampled specimens is not always clear from their accession numbers, at
least eight of the 22 successfully sequenced samples were from the late
1800s (Table S4). MapDamage analyses revealed patterns of deamina-
tion at the ends of the reads, typical signatures of post-mortem DNA
damage (Jonsson et al., 2013; Schubert et al., 2012), with a relative
increase of frequency of C to T misincorporations at the 5’ ends and an
increase of G to A transitions at the 3’ ends of the reads. Example
nucleotide-misincorporation pattern plots for two samples mapped in
BWA after quality trimming and duplicates removal are presented in
Figures S5 and S6. Sequences of up to four mitochondrial markers (12s,
16s, nd4 and cytb) were extracted for the 22 samples and used in sub-
sequent phylogenetic analyses (Appendix A, Table S1). No nuclear
sequence data for cmos or prir were retrieved from the shotgun data.

3.2. Phylogenetic relationships

For each of the two multilocus datasets (datasets 1 and 2), ML and BI
analyses yielded similar topologies that were congruent for all well-
supported clades. The only exceptions were the relationships among
some Indian Rhinophis (discussed below). The inferred trees include
several polytomies, almost all of which are confined to low-level (largely
intraspecific) relationships. Given the general agreement for well-
supported relationships across different analyses, we summarise here
the results for the more taxonomically complete dataset 2 (Sanger and
shotgun data). The ML tree for dataset 2 is available in Appendix A
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Figure S1, and the BI tree based on dataset 1 (Sanger only dataset) is
provided in the supplementary materials data files (Appendix B).

Overall, the monophyly of all genera was strongly supported. Within
Uropeltidae four well-supported main clades were found: Clade A
(Melanophidium), Clade B (Platyplectrurus and Teretrurus), Clade C
(Uropeltis) and Clade D (Pseudoplectrurus + Plectrurus and Rhinophis).
Clade B is resolved as the sister group to clades C + D.

Within Melanophidium (Clade A; Fig. 1), all four currently recognised
species were included in the analyses, and all are resolved as mono-
phyletic with the exception of M. wynaudense, which is paraphyletic
with respect to M. khairei. Terminal branches within Melanophidium are
generally long, indicating high levels of genetic diversity within
currently recognised species, particularly for M. punctatum and
M. wynaudense. Clade B (Fig. 2) comprises the two currently recognised
Platyplectrurus species together resolved as sister, with maximum sup-
port, to a clade comprising Brachyophidium and at least four well-
supported lineages of Teretrurus. Clade C includes approximately 21
out of the 25 currently recognised Uropeltis species, and an additional
ten or so lineages that likely represent named (i.e., known synonyms) or
as yet undescribed species. The two clades (C1 and C2; Fig. 3) separated
by the basal split within Uropeltis comprise species with notably different
external tail morphologies — taxa in clade C1 have Pyron et al.’s (2016)
tail types III and IV (equivalent to types I and III of Smith (1943)), and
those in clade C2 have tail type V (equivalent to Smith’s (1943) type II).
Within clade D (Fig. 4), the monotypic Pseudoplectrurus is sister to a
maximally supported group comprising all three currently recognised
Plectrurus species. Together, Pseudoplectrurus + Plectrurus is the sister
group to all (Indian and Sri Lankan) Rhinophis, with the monophyly of
the latter genus also receiving maximum support.

Some disagreement between the results of the ML and BI analyses
was identified regarding the relationships among some of the Indian
Rhinophis. All analyses resolved three main Indian lineages (Fig. 4):
R. goweri, R. travancoricus, and a clade comprising all other Indian Rhi-
nophis. However, the relationships among these three Indian lineages
and the Sri Lankan Rhinophis are not consistent except in that R. goweri is
more closely related to Sri Lankan Rhinophis than to other Indian Rhi-
nophis. In some analyses, the Sri Lankan Rhinophis are paraphyletic with
respect to R. goweri, though support is not compelling.
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Fig. 1. A subset of the Bayesian phylogeny, representing clade A (Melanophidium). The entire tree is plotted on the left, with the position of clade A highlighted in
red. Tree based on mt- (12s, 16s, nd4 and cytb) and nuDNA markers (cmos and prlr) generated through Sanger and whole-genome shotgun sequencing. Numbers at
internal branches are Bayesian posterior probabilities (above, given to two decimal places). Scale bar indicates substitutions per site. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. A subset of the Bayesian phylogeny, representing clade B (Platyplectrurus + Teretrurus). The entire tree is plotted on the left, with the position of clade B
highlighted in red. Tree based on mt- (12s, 16s, nd4 and cytb) and nuDNA markers (cmos and prlr) generated through Sanger and whole-genome shotgun sequencing.
Numbers at internal branches are Bayesian posterior probabilities (above, given to two decimal places). Scale bar indicates substitutions per site. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In general, there was seemingly accurate placement of historical
samples, where this could be assessed through closeness of relationships
to conspecific specimens sampled from fresh tissue (Figs. 1-4). Thus, the
historical samples (including types) of specimens of Uropeltis ellioti
(though see Section 4.2), U. liura, U. rubrolineata, U. petersi, U. arcticeps,
U. woodmasoni, Rhinophis saffragamus, R. oxyrhynchus and Pseudoplec-
trurus canaricus all clustered most closely with fresh samples of vouchers
identified morphologically as the same (or most similar) respective
species. P-distances between these conspecific historical and recent
samples are generally small (Appendix B).

3.3. Species delimitation

The numbers of operational taxonomic units (OTUs), which may
represent putative or candidate species recovered by each single-locus
analysis are summarised in Table 1 (detailed results in Table S8). Re-
sults of bGMYC analyses employing different threshold values were
consistent for all genera except Uropeltis and Teretrurus, for which esti-
mates of OTUs were 21-48 and 9-12, respectively. bPTP results were
similar to those for bGMYC that employed 0.6 or 0.7 threshold values,
while mPTP consistently detected substantially fewer OTUs than the
other single-locus methods (Table 1). The results from mPTP were more
in line with the number of currently recognised species, although some
samples that we are confident represent different species were clustered
together (e.g., samples identified as P. madurensis and P. trilineatus; and
U. macrorhyncha, U. petersi, and other closely related Uropeltis species).
Our sampling includes a number of paraphyletic ‘species’ (based on
voucher identifications) and obvious singletons, which mPTP tends to
clump together with other nested or sister lineages, respectively (Kapli
et al., 2017). Consequently, results from mPTP were not considered
further for comparison with the other delimitation methods employed in
this study.

There are no precise guidelines for which bGMYC threshold is likely
to yield the most accurate results, and most workers have seemingly
arbitrarily selected those generated using a midpoint (0.5) value. Here,
we further examine bGMYC results from application of a threshold of 0.6

and results from bPTP (because they were broadly in agreement;
Table 1) to select the putative species-level units to be included in the
guide tree in the BPP analyses. Beyond simple counts (one more Uropeltis
OTU detected by bPTP than by bGMYC 0.6), there were also some dis-
cordances between the bGMYC 0.6 and bPTP results in the composition
of OTUs, which were treated for the BPP analyses on a case-by-case
basis, as follows. In both analyses, the U. broughami sample
BMNH1946.1.16.29 was grouped in the same unit as its sister lineage
comprising all U. woodmasoni samples. These two species are morpho-
logically similar (e.g., they have the derived condition of 19 midbody
dorsal scale rows) but specimens attributed to each species are very
distinct in, for example, the number of ventral scales (> 200 in
broughami versus < 180 in woodmasoni), and therefore were retained as
distinct species for input in BPP. The two samples of Uropeltis cf. dupeni
VPC-038 and VPC-039 were grouped as a single OTU by bGMYC but as
different OTUs by bPTP. The two specimens are from nearby localities
and lack obvious morphological differences (pers. obs.) and so were
grouped into a single species for BPP and divergence analyses input.
Uropeltis ellioti VPC-004 was recovered as a singleton (the sole sampled
member of a species as determined by molecular species delimitation) in
bGMYC analysis and clustered with a monophyletic lineage of other
U. ellioti samples in bPTP. Because this sample is a singleton, it was used
as single OTU in BPP. Uropeltis phipsonii U19 3765 grouped with other
U. phipsonii samples in the bGMYC results but was a separate OTU in the
bPTP results — only 12s data are available for this sample, so it was not
considered as distinct from other U. phipsonii samples for input in BPP
and divergence analyses.

Results from BPP analysis with the concatenated mtDNA and nuDNA
dataset varied substantially depending on the starting parameters
(Table 2). Overall, for the four main clades, settings based on assuming
small ancestral-population sizes and recent divergences (prior settings
2) tended to split samples into more putative species (output support
values close to 1), though analysis under these settings still erroneously
clustered together all Plectrurus samples as a single OTU, and did the
same for the Uropeltis woodmasoni and U. broughami samples. In the
concatenated mt- and nuDNA dataset, runs for clade C (Uropeltis) and D
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Fig. 3. A subset of the Bayesian phylogeny, representing C (Uropeltis). The entire tree is plotted on the left, with the position of clade C highlighted in red. Tree based
on mt- (12s, 16s, nd4 and cytb) and nuDNA markers (cmos and prlr) generated through Sanger and whole-genome shotgun sequencing. Tips in bold indicate historical
museum samples obtained through shotgun sequencing. Numbers at internal branches are Bayesian posterior probabilities (above, given to two decimal places). Scale
bar indicates substitutions per site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



F.L. Sampaio et al.

Molecular Phylogenetics and Evolution 178 (2023) 107651

1.00 - Pseudoplectrurus canaricus MNHN1895.102

1.00

L Pseudoplectrurus canaricus VPC-023
——— Plectrurus aureus MNHN1895.107
1.00 | Plectrurus guentheri BMNH1946.1.16.32
1.00 Plectrurus guentheri MNHN1895.105
0.99  Plectrurus perrotetii MW3239
1.00 [L Plectrurus perrotetii VPC-030
0.94 Plectrurus perrotetii VPC-029
Plectrurus perrotetii MW3241

10— Rhinophis travancoricus VPC-044

1.00
1.00

1.00

% Rhinophis travancoricus MW2181
Rhinophis travancoricus MW220
Rhinophis sp. (Attappadi) MW1477

1.00 r Rhinophis melanoleucus VPC-051

0.99

L Rhinophis melanoleucus DVM02
Rhinophis karinthandani VPC-064

1.00 1 Rhinophis karinthandani MW4876

Rhinophis karinthandani DVMO1

Rhinophis sp. (Seegodu) VPC—042

1.0011.00  Rhinophis sanguineus VPC-053

Rhinophis sanguineus VPC—-052

.00 1 Rhinophis sanguineus BUB1588

Rhinophis sanguineus BUB1584

1.00

Rhinophis goweri CESS194
——  Rhinophis cf. mendisi MW1787
Rhinophis sp. (Palabaddala) KU0125
Rhinophis tricolorata WHT5790

1.00

Rhinophis sp. (Deniyaya) MW2018-114

1.004 Rhinophis sp. (Deniyaya) MW2018-113
Rhinophis sp. (Deniyaya) MW2018-112

Rhinophis homolepis MW2018-100

Rhinophis homolepis MW2016-101

1.00} Rhinophis homolepis MW2016-100

Rhinophis homolepis ZMB3827

0.93|F Rhinophis homolepis WHT5246

Rhinophis homolepis RAP0509

Rhinophis homolepis LSUMZ H-5863

0.78

F Je MNHNO.5621
Rhinophis saffragamus WHTPp
1.00 [ Rhinophis lineatus WHT5788
-99|; Rhinophis lineatus WHT5208
Rhinophis lineatus WHT5218
Rhinophis zigzag WHT5243
Rhinophis cf. blythii WHT5209
Rhinophis blythii LSUMZ H-5781
1.009.99 r Rhinophis blythii RS-N
Rhinophis blythii WHT5227
004 Rhinophis biythil WHT5225
0.99]f Rhinophis blythii WHT5224
Rhinophis blythii WHT5223
Rhinophis blythii WHT5221
Rhinophis erangaviraji RAP0431
0.52 1 Rhinophis drummondhayi WHT5177
Rhinophis drummondhayi WHT5176
Rhinophis drummondhayi WHT5245
Rhinophis drummondhayi SBH194102
Rhinophis drummondhayi LSUMZ H-5784
Rhinophis drummondhayi MW1721
0993 Rhinophis drummondhayi LSUMZ H-5778
Rhinophis drummondhayi WHT5180
0-98Y Rhinophis drummondhayi WHT5179
Rhinophis drummondhayi LSUMZ H-5697
Rhinophis gunasekarai WHT5786
1.00 — Rhinophis gunasekarai MW2018-101
Rhinophis gunasekarai KNU027

1003 iE ﬁlz(noplz{s saﬂagamus RS-140

1.00

1.00

Rhinophis phillipsi LSUMZ H-5696
Rhinophis phillipsi LSUMZ H-5788

0bo 1 Rhinophis phillipsi MW1760

Rhinophis phillipsi WHT5269

Rhinophis phillipsi MW1758
Rhinophis cf. melanogaster Rmel Hunas
Rhinophis melanogaster KU0143
1.09 ho ; Rhinophis melanogaster WHT5170

1.00

Rhinophis melanogaster LSUMZ H-5794
1.00  Rhinophis roshanpererai WHT5203
Rhinophis roshanpererai WHT5202
Rhinophis roshanpererai WHT5187
X Rhinophis roshanpererai WHT5172
0.9 Rhinophis roshanpererai KU0296
1790 r Rhinophis roshanpererai WHT5229
Rhinophis roshanpererai WHT5210
Rhinophis oxyrhynchus WHS:I'5255 35
1.00 [ Rhinophis oxyrhynchus LSUMZ H-6132
Rhinophis oxyrhynchus LSUMZ H-6131

1.00

0.51

Rhinophis oxyrhynchus ZMB3825
.95 |.1.00 r Rhinophis oxyrhynchus Rvid1
Rhinophis oxyrhynchus Rvid2
1.00 r Rhinophis oxyrhynchus KU0065
Rhinophis oxyrhynchus KU0043
1.00 [ Rhinophis dorsimaculatus MW2014-63

. Rhinophis dorsimaculatus LSUMZ H-5780
Rhinophis dorsimaculatus LSUMZ H-5779
1 .00[ Rhinophis philippinus MNHN0.6994
Rhinophis philippinus KU0046
Rhinophis cf. philippinus KNU017

1.00

0.05 substitutions/site

Rhinophis cf. philippinus LSUMZ H-6179
Rhinophis cf. philippinus WHT5158
Rhinophis cf. philippinus WHT5157
Rhinophis cf. philippinus MW1755
Rhinophis cf. philippinus MW1742
Rhinophis cf. philippinus WHT5155
Rhinophis cf. philippinus MW1740
Rhinophis cf. philippinus LSUMZ H-6164
Rhinophis cf. philippinus LSUMZ H-6165
Rhinophis cf. philippinus LSUMZ H-5684

Fig. 4. A subset Bayesian phylogeny, representing clade D (Pseudoplectrurus, Plectrurus + Rhinophis). The entire tree is plotted on the left, with the position of clade D
highlighted in red. Tree based on mt- (12s, 16s, nd4 and cytb) and nuDNA markers (cmos and prlr) generated through Sanger and whole-genome shotgun sequencing.
Tips in bold indicate historical museum samples obtained through shotgun sequencing. Numbers at internal branches are Bayesian posterior probabilities (above,
given to two decimal places). Scale bar indicates substitutions per site. Indian sample tips coloured in black and Sri Lankan in blue. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Number of putative lineages identified by alternative species-delimitation ana-
lyses. Results from single-locus delimitation analyses used to inform species
input into the multilocus method BPP are highlighted in bold. Number of
currently recognised species in each major clade are presented based on Pyron
et al. (2016) with additions of species described by Jins et al. (2018), Ganesh &
Achyuthan (2020), Cyriac et al. (2020), Wickramasinghe et al. (2020); Gower
(2020), Sampaio et al. (2020). Values in parentheses are the number of currently
recognised species initially thought to have been sampled.

Clade A Clade B Clade C Clade D
Melanophidium Teretrurus, Uropeltis Plectrurus,
Brachyophidium, Pseudoplectrurus,
Platyplectrurus Rhinophis

Method 44 44 25 (22) 27 (24)

bGMYC 11 9 21 48
0.1

bGMYC 12 9 26 48
0.2

bGMYC 12 10 29 49
0.3

bGMYC 12 10 34 49
0.4

bGMYC 12 10 39 49
0.5

bGMYC 12 11 43 49
0.6

bGMYC 12 11 45 50
0.7

bGMYC 12 11 46 50
0.8

bGMYC 12 12 48 51
0.9

bPTP 12 11 44 49

mPTP 5 7 17 36
multi

(Pseudoplectrurus, Plectrurus and Rhinophis) were inconsistent, having
failed to converge. The other two prior settings, based on assumptions of
large ancestral-population sizes and either deep or recent divergences
among species (prior settings 1 and 3, respectively), resulted in similar
delimitations and tended to cluster together samples into fewer putative
species, including combining into single units samples that we identified
as currently recognised distinct species.

4. Discussion

Recent molecular phylogenetics studies of Uropeltidae have made
some progress in clarifying the relationships among these understudied
fossorial squamates (Cyriac and Kodandaramaiah, 2017; Jins et al.,
2018; Pyron et al., 2016, 2013; Sampaio et al., 2020). The historically
confusing taxonomy of uropeltids and availability of relatively few
recent tissue samples have limited further progress. Here, we substan-
tially increased sampling of individuals and species by generating new
Sanger multilocus data and combining this with high-throughput
derived mtDNA sequence data from historical museum specimens.
This has allowed us to infer a near-complete species-level molecular

Table 2
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phylogeny that offers new insights into species diversity, taxonomy and
evolution of the group.

4.1. Molecular phylogenetics of Uropeltidae and taxonomic implications

Only two of the few previous molecular phylogenetic studies of
Uropeltidae had sampled all genera of the family (Cyriac and Kodan-
daramaiah, 2017; Jins et al., 2018) and none had sampled more than
60% of the 64 species currently recognised. The present study represents
the most extensive molecular and taxonomic sampling of uropeltids
across both India and Sri Lanka, sampling all currently recognised
genera and more than 50 named species. This greatly expanded taxo-
nomic sampling has provided the basis for greater confidence in the
inferred relationships and generic classification of many taxa.

Our phylogenetic results, like those of all molecular studies thus far
(Bossuyt et al., 2004; Cadle et al., 1990; Cyriac and Kodandaramaiah,
2017; Jins et al., 2018; Pyron et al., 2016, 2013; Sampaio et al., 2020),
support Pyron et al.’s (2016) recent reclassification of the species rec-
ognised between 1943 and 2015 as Uropeltis phillipsi, U. melanogaster and
Pseudotyphlops philippinus under the binomials Rhinophis phillipsi,
R. melanogaster and R. saffragamus, respectively. The inclusion of addi-
tional taxa in our analyses also provides evidence for the first molecular
test of (and support for) the monophyly of Platyplectrurus and of
Plectrurus.

Relationships among genera are congruent with those inferred by
Cyriac and Kodandaramaiah (2017) including that Rhinophis is more
closely related to Uropeltis than to Brachyophidium (=Teretrurus),
whereas other studies with smaller sample sizes instead found Rhinophis
to be more closely related to Brachyophidium (Bossuyt et al., 2004; Jins
et al., 2018; Pyron et al., 2016). As found by Cyriac and Kodandar-
amaiah (2017), B. rhodogaster is nested within a paraphyletic Teretrurus,
supporting the conclusion that Brachyophidium and Teretrurus can be
considered congeneric, as has been proposed previously (e.g. Cadle
et al., 1990; Ganesh and Murthy, 2022; Rieppel and Zaher, 2002; Smith,
1943). On this matter we are less cautious than Cyriac and Kodandar-
amaiah (2017) and agree with Ganesh & Murthy (2022) that Brachyo-
phidium Wall, 1921 can be emphatically relegated to the subjective
junior synonymy of Teretrurus Beddome, 1886, with B. rhodogaster
reclassified as T. rhodogaster. In terms of major external features, the two
genera differ only in that Brachyophidium lacks separate supraocular
scales, and in this respect resembles all known species of Melanophidium,
Pseudoplectrurus, Rhinophis, and Uropeltis (e.g. Pyron et al., 2016; Smith,
1943), with separate supraoculars likely being lost convergently on
multiple occasions. Our results and those of Cyriac and Kodandaramaiah
(2017) are consistent with Ganesh and Murthy’s (2022) removal of
T. hewstoni and T. travancoricus from the synonymy of T. sanguineus.
Some of the relationships we infer among species of Uropeltis differ from
the results of Cyriac and Kodandaramaiah (2017), which is likely
explained by the overlapping but larger taxon sampling in the present
study, and associated differences in alignments, partitions and models.

Some of the phylogenetic results are consistent with morphological
taxonomic work, including the suggestion (Jins et al., 2018) that the

BPP results summary. For each prior, three different values of branch support (0.75, 0.85, 0.95) were considered to delimit species. Where there is a range rather than a

single value that is because there was variation among the four runs in each set.

Prior settings 1

Prior settings 2 Prior settings 3

Clade # tips 0.75 0.85 0.95 0.75 0.85 0.95 0.75 0.85 0.95
Melanophidium 12 6 5 3 11-12 11 9 6 5 4
Teretrurus 9 3 3 3 9 9 8-9 3 3 3
(+Brachyophidium)

Platyplectrurus 2 1 1 1 2 2 1-2 1 1 1
Pseudoplectrurus + Plectrurus 4 2 2 2 2-4 2-4 2-4 2 2 2
Uropeltis 44 19 19 18 30 30 23-26 19 19 18
Rhinophis 45 21-22 20-21 20 31-45 31-45 31-45 20-21 19-20 19-20
Totals 47-53 74-102 47-52
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previously unsampled Uropeltis macrorhyncha is closely related to
U. bhupathyi, and Wickramasinghe et al.’s (2020) interpretation that
Rhinophis gunasekarai is closely related to R. phillipsi. Similarly, it is
unsurprising that U. broughami is sister to one of only two congeners
(U. woodmasoni) that also has the derived condition of 19 dorsal scale
rows at midbody. The relationships of historical specimen DNA for the
types of Silybura melanogaster (BMNH 1946.1.15.57) and Silybura nigra
(MNHN 1895.85a), clustered with a fresh sample of U. woodmasoni (MW
3802) (Fig. 3), provide support for the morphology based hypotheses
that these two taxa are junior synonyms of the latter (e.g. Gans, 1966;
McDiarmid et al., 1999; Pyron et al., 2016; Smith, 1943). Except for
R. gunasekarai, these examples come from specimens sampled from
historical samples, reinforcing our confidence in the HTS data.

4.2. Uropeltid species-level diversity

In understudied organismal groups for which assigning samples to
species is sometimes challenging, single-locus species discovery analyses
and multilocus coalescent validation methods can assist taxonomic
revision by assigning samples to candidate species or operational taxo-
nomic units (OTUs) (Carstens et al., 2013 and references therein).
Consistency between different methods can provide greater confidence
in identifying candidate species (e.g. Amador et al., 2018). Results for
BPP, the validation method employed here, were however unclear and
varied widely among different prior settings, possibly due to the lack of
dense sampling for the two nuclear markers and lack of additional nu-
clear data available for analyses. When employing these methods there
are limitations associated with the characteristics of the data analysed,
such as sampling coverage, number of samples per species, effective
population size, or species divergence times (Ahrens et al., 2016; Luo
et al., 2018; Talavera et al., 2013; Zhang et al., 2011). Additionally,
there are other caveats associated with the methods, such as the inability
to distinguish between population and species-level structure, which
might lead to inaccurate delimitation, overestimating species numbers
(Sukumaran and Knowles, 2017). Due to these issues, these methods
may serve as a first approach to inspect possibly unrecognised species
diversity (Zhang et al., 2011), and identify candidate species for more
integrative taxonomic assessments (Carstens et al., 2013; Dayrat, 2005;
Padial et al., 2010).

The molecular species-delimitation results fall into two main groups,
those for the single locus (mtDNA) analyses plus the BPP mt + nuDNA
analyses applying prior settings 2 (assuming smaller ancestral pop-
ulations; recent divergences) versus those for the BPP mt + nuDNA
analyses applying prior settings 1 and 3 (larger ancestral populations).
The former identifies many more lineages (74-116) than there are
currently recognised species (ca. 60), whereas the latter are much more
conservative (47-53). Based on a priori morphological identification
and current understanding of diagnostic features, our sampling com-
prises approximately 68 species-level taxa. This already indicates that
uropeltid species diversity is greater than currently recognised and that
new species require description and/or junior synonyms await resur-
rection. Other recent molecular studies of Western Ghats-Sri Lanka
herpetofauna have also found a higher number of putative than
currently recognised species (e.g. Agarwal and Karanth, 2015; Lajmi and
Karanth, 2019; Vijayakumar et al., 2014).

Our morphological identifications indicate that the BPP analyses
under prior settings 1 and 3 are too conservative, but it is unclear as to
whether the much higher number of OTUs recovered by single locus and
BPP under prior settings 2 realistically capture species-level diversity or
(to some extent) merely intraspecific lineages. Interpretation of our BPP
analyses is complicated by our dataset having patchy coverage and only
a small number of loci. The wide range of BPP results also indicates the
sensitivity of the method to the priors applied. The issue is exemplified
by Melanophidium, recently reviewed by Gower et al. (2016), for which
all four currently described species were sampled. BPP analyses with
prior settings 2 largely agreed with bGMYC (0.6 threshold) and PTP

10

Molecular Phylogenetics and Evolution 178 (2023) 107651

analyses in returning up to 12 OTUs, identifying multiple OTUs within
groups of vouchers identified as M. punctatum, M. wynaudense and as
M. kharei, suggesting possibly cryptic species diversity. All M. khairei
samples are from the same locality, and we have no reason to suspect
that they represent more than a single species. The M. wynaudense
samples are clustered partly geographically, though the three Wayanad
samples are not each other’s closest relatives. Among M. punctatum
samples, species delimitation analyses largely separate lineages ac-
cording to geography, with samples representing a lowland southern
lineage (VPC-065, CHATURO), a highland southern lineage (VPC-069,
ALB221), and a highland northern lineage (MW2480 and SNO11). The
possible over-splitting of M. punctatum by DNA species-delimitation
methods might be explained by geographical isolation rather than
these lineages being specifically distinct. Phenotypic and/or additional
nuclear data are required to assess this in more detail.

Although molecular species delimitation methodologies help
generate hypotheses of candidate species, these ought to be further
tested in an integrative taxonomy framework (Dayrat, 2005; Padial
et al., 2010) with morphological, spatial, and ecological data. We view
the results of the molecular species-delimitation analyses as an inter-
esting ‘first pass’ but probably less useful at this stage in uropeltid
taxonomic history than combined considerations of morphology and the
raw molecular data and trees. The dataset available for analysis was not
specifically designed a priori with species delimitation in mind. Future
species-delimitation analyses with an expanded dataset (more dense
sampling, more nuclear markers) may well be worthwhile for some
uropeltid groups. Given that we did not sample several currently rec-
ognised species but nonetheless sampled approximately 68 species-level
taxa, and because there is no compelling or widespread evidence that
current taxonomy overestimates true diversity, we would not be sur-
prised if extant uropeltid diversity comprised a much higher number of
species. Although the species-delimitation results are not conclusive, the
molecular data are undoubtedly very useful in highlighting where
further morphological and molecular research would be best applied.
Obvious cases include reassessment of Melanophidium punctatum and
M. wynaudense, the likely resurrection of junior synonyms within Uro-
peltis ceylanica, careful examination of possibly overlooked species-level
taxa within Rhinophis travancoricus and U. madurensis, and untangling of
the U. macrolepis + U. phipsoni ‘complex’.

4.3. Museum specimen preservation and HTS success

Generation of mtDNA sequences from the regions of interest for 22
out of the 40 historical samples included in the shotgun sequencing not
only increased taxon sampling but also allowed several extant pop-
ulations (of sometimes uncertain identity) to be linked with type spec-
imens. This is exceptionally useful in a group where species-level
taxonomy is still confusing and in places incompletely resolved (e.g. Jins
et al., 2018; Pyron et al., 2016). The only historical sample from a type
specimen that did not cluster with freshly sampled conspecifics was
MNHN 1895.90a. This specimen has been reported as a possible type of
U. beddomii (Pyron et al., 2016 but questioned by Jins et al., 2018: ap-
pendix 1), but based on DNA sequence data it clustered within freshly
sampled specimens identified as U. ellioti. Uropeltis beddomii and U. ellioti
are undoubtedly distinct species, the former having many more ventral
scales and a longer rostral shield. Subsequent re-examination of this
specimen supports the result from our DNA data analyses — it has fewer
than 170 ventral scales and is thus not U. beddomii. The very close re-
lationships of historical samples of type specimens and fresh samples of
conspecifics (and small p-distances between them) provides additional
confidence in the quality of the historical DNA data.

Regarding the HTS of historical DNA, short read lengths, read-end
deamination, and low coverage are consistent with poor endogenous
DNA preservation, post mortem degradation and fragmentation, and
DNA damage (Dabney et al., 2013; Jonsson et al., 2013; Schubert et al.,
2012). Shotgun sequencing of mtDNA overall produced good results,
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with 22 samples of 44 samples yielding data of sufficient quality to be
used in phylogenetic analysis, but nuDNA sequences for target markers
(present in much lower copy numbers than the mt locus) could not be
retrieved. Lack of success for some samples with seemingly sufficient
DNA concentrations (e.g., MCZ18038) is perhaps explained by highly
degraded DNA and/or presence of contaminants for those samples.

The preservation history of the historical museum specimens used in
this study is not recorded, but accession dates provide a rough guide to
likely fixation and storage fluids, based on historical information pre-
sented by Simmons (2014). Alcohol was used for specimen preservation
as early as 1662, with specimens often fixed and stored in spirits such as
brandy or rum. Due to high costs and/or low availability of ethyl
alcohol, specimens were often preserved in diluted concentrations and/
or used alcohol with additives. Industrial methylated spirits (IMS),
which went into production in 1855, is cheaper than ethyl alcohol, and
is still used to store specimens in some major collections (e.g., NHM,
London). Formaldehyde was not commonly used to fix specimens before
1900. Experimental data are scant, but it seems that for fluid-preserved
specimens the following generalisations apply: i) DNA from IMS pre-
served specimens is lower quality than from those stored in ethyl
alcohol; ii) dilution of ethyl ethanol in water degrades DNA; iii) form-
aldehyde degrades DNA considerably, though it might still be possible to
extract and amplify and/or sequence DNA (e.g. Carter, 2003; McGuire
et al., 2018; Turvey et al., 2019).

The oldest historical museum specimen for which DNA sequence
data were successfully generated in this study was accessioned in 1801
(probably one of the oldest fluid-preserved vertebrate specimens suc-
cessfully sequenced thus far) and the most recent one in 1897. Note that
we did not generate viable DNA sequence data for all the specimens
accessioned between those dates, so other factors might have inhibited
successful extraction and sequencing of DNA from museum specimens.
All five samples from historical specimens with precise accession dates
more recent than 1897 failed, so the laboratory methods employed in
this study might not be suitable for some material, including formalin-
fixed specimens, to which recently developed protocols might be
applied in the future (e.g. O’Connell et al., 2022). Further experimen-
tation is required (i) to test the hypothesis that the protocol used here is
not effective for extracting, sequencing and assembling DNA from
formalin-fixed material, and (ii) to modify the protocol to increase
effectiveness. Previous studies employing HTS methods for obtaining
DNA data from herpetological fluid-preserved specimens between 145
and 30 years old have had varying degrees of success (Hykin et al., 2015;
McGuire et al., 2018; Ruane and Austin, 2017). Given that preservation
history records are typically lacking, it seems unlikely that a one-size-
fits-all DNA extraction and amplification method will suffice in these
circumstances.

4.4. Dispersal between India and Sri Lanka

The first evidence for Indian uropeltids being paraphyletic with
respect to a clade of Sri Lankan uropeltids was based on allozyme and
albumin immunology data (Cadle et al. 1990). Cadle et al. inferred that
R. travancoricus, a low-elevation species endemic to the southern
Western Ghats of India (Rajendran, 1985), was sister to the Sri Lankan
uropeltids. These authors thus suggested an Indian origin for crown-
group uropeltids, and proposed a single colonisation event from low-
land India to Sri Lanka, with further lineage diversification occurring
within the island accompanied by species adapting from lowland to
montane habitats. Support for Cadle et al.’s hypothesis has come from
previous DNA sequence phylogenies (Bossuyt et al., 2004; Cadle et al.,
1990; Cyriac and Kodandaramaiah, 2017; Jins et al., 2018; Pyron et al.,
2016; Sampaio et al., 2020), which all found the same pattern of para-
phyletic Indian Rhinophis lineages as successive sister taxa to the
monophyletic Sri Lankan uropeltids. Although unobserved extinctions
and range expansions and contractions could have generated misleading
patterns, the phylogeny and present-day distributions more strongly
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support this scenario (Indian origin) that an origin of crown-group
uropelids in Sri Lanka, or outside the Indian subcontinent with sepa-
rate dispersals into India and into Sri Lanka.

There are six Indian Rhinophis species currently recognised —
R. travancoricus, R. sanguineus, R. fergusonianus, R. goweri,
R. karinthandani, and R. melanoleucus. The present study is the first to
sample R. goweri and has incorporated molecular phylogenetic data for
all Indian congeners except R. fergusonianus, which is known from only
one specimen (BMNH 1946.1.16.77) (McDiarmid et al., 1999) for which
the HTS DNA library was not successful. All but one of the sampled
Indian Rhinophis are strongly supported as lying outside the least in-
clusive clade containing Sri Lankan species, but we were unable to
provide a compelling resolution of the phylogenetic relationships of
R. goweri. Despite the inconsistent and poorly supported position of
R. goweri, there seems to be no compelling support for the placement of
that species within the Sri Lankan radiation, and thus no firm basis for
rejecting Cadle et al.’s (1990) hypothesis of a single dispersal of lowland,
dry adapted taxa from India to Sri Lanka. If R. goweri is in fact nested
within the Sri Lankan clade, this would be indicative of multiple dis-
persals from India to Sri Lanka or a ‘back-dispersal’ of a single lineage
back to southern India, such as has been hypothesised for some fresh-
water fishes, frogs and freshwater crabs (Bossuyt et al., 2004; Mee-
gaskumbura et al., 2019).

The lack of clarity on the monophyly of Sri Lankan Rhinophis due to
the inconclusively resolved relationships of R. goweri is likely a result of
failing to obtain sequence data for more than 12s and 16s for a single
specimen of this taxon. Future studies including more genetic data for
this species might be able to clarify its phylogenetic position more
precisely and allow firmer conclusions to be drawn regarding the
biogeographic history of the genus in South India and Sri Lanka.

5. Conclusions

This study was successful in generating HTS data from fluid-
preserved historical specimens, by utilising ancient DNA techniques
and methodology. The protocols employed here proved useful for
samples accessioned in collections before 1897 but failed for specimens
accessioned more recently that are more likely to have been exposed to
formalin. This study provides the most complete understanding of uro-
peltid phylogenetic relationships to date by including all but seven or
eight of the ca. 64 currently recognised species (species missing:
R. fergusonianus, R. porrectus, R. punctatus, U. ceylanica, U. dindigalensis,
U. shortii, U. rajendrani, and possibly U. jerdoni but see Table S2 in Ap-
pendix A), plus potential new species and synonyms that likely require
resurrection and potential new species. The monophyly of all genera has
been corroborated, providing a firm platform for taxonomic revisionary
work. Species delimitation analyses based on our DNA sequence dataset
are not especially conclusive or convincing, but combined consideration
of morphology and DNA sequences indicates that there are likely at least
30% more extant uropeltid species than currently recognised.
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