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Abstract. This study examines the phylogeny and genetic diversity of the genus Acanthodactylus in the easternmost part
of its distribution range, particularly in Pakistan. Using a concatenated dataset of mitochondria (16S, COl, cyt b) and
nuclear (Ragl) genes, we reconstructed the phylogenetic relationships using two tree-building methods that consistently
revealed four strongly supported major clades (A-D). These clades exhibit signi  cant genetic differentiation, with pronounced
uncorrected p distances among them. Clade A, consisting of a single sequence identi ed as A. micropholis, is sister to the
remaining clades. Clades B and C, both identi ed as A. blanfordii from the Helmand Basin in northwestern Balochistan, are
geographically separated by the Chagai Hills and show moderate genetic differentiation. Clade D, identi ed as A. cantoris,
is the most divergent and widespread clade, yet it shows shallow intraspeci ¢ genetic variation. An additional analysis of
177 cyt b sequences, including previously published data, supported our four main clades from the concatenated dataset.
Clades B and C are novel and have not been identi ed before. Our research enhances the understanding of the evolutionary
relationships and geographic distribution of Acanthodactylus in the eastern part of their wide distribution range and provides
awell-supported phylogenetic framework for further taxonomic studies and conservation measures. Furthermore, we identify
thetypelocality ( Ramnuggar ) of A. cantoriswith Rasool Nagar (formerly called Ramnagar; 32.33;N, 73.78; E), Wazirabad
District, Punjab Province, Pakistan.

Keywords: Afghanistan, Balochistan, endemism, remote areas, speciation, taxonomy.

Introduction et al., 2016; Uetz et a., 2025), Acantho-
dactylus is one of the most speciose lacer-
tid genera. Acanthodactylus belongs together
with the genera Adolfus, Eremias, Holaspis,
Mesalina, Omanosaura, and Ophisops to the
Saharo-Eurasian clade within the tribe Eremia-

dini (Mayer and Pavlicev, 2007). Acanthodacty-

The genus Acanthodactylus Fitzinger, 1834 is
an Old World clade of ground-dwelling lizards,
found primarily in arid areas on sandy or
stony soils (Salvador, 1982; Arnold, 1983;

Sindaco and Jeremcenko, 2008). With more
than 40 currently recognized species (Tamar

lus species are widely distributed from Iberia
across North Africa and south-west Asia, where
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they occur from southeastern T rkiye (Turkey)
to southern Arabia and from the Mediterranean
and the Red Sea to Pakistan and northwestern
India (Sindaco and Jeremcenko, 2008; Tamar
et al., 2016). Due to complex morphological,
genetic, and geographic differentiation at both
theinter- andintraspeci clevels, Acanthodacty-
lusisan excellent model for studying evolution-
ary patterns and elucidating phylogenetic rela-
tionships of western Palearctic lizards (Tamar et
al., 2016; Kirchhof et a., 2021).

Biogeographic analyses revealed that Acan-
thodactylus originated in Africa and spread
from there across its current range, where it
diversi ed further (Tamar et a., 2016). Acan-
thodactylus is comprised of three major genetic
clades —an eastern clade, a western clade,
and the so-called scutellatus clade from North
Africa and the adjacent Levantine region (Sal-
vador, 1982; Arnold, 1983; Harris and Arnold,
2000; Fonseca et al., 2008; Tamar et d., 2014,
2016). However, the eastern clade has a wide
range that includes also northwestern Africa
(Tamar et a., 2016), i.e., most of the distribu-
tion range of the genus. Within each clade, there
are species groups that are genetically and mor-
phologically distinct (Salvador, 1982; Arnold,
1983; Harris and Arnold, 2000; Tamar et a.,
2016).

For the eastern edge of their distribution,
namely Afghanistan and Pakistan, the knowl-
edge of Acanthodactylus speciesismainly anec-
dotal, with large sampling and information
gaps. Currently, three species are known from
Pakistan and none is endemic, i.e, A. can-
toris G nther, 1864, A. blanfordii Boulenger,
1918, and A. micropholis Blanford, 1874 (Sin-
daco and Jeremcenko, 2008). All three species
belong to the eastern clade sensu Tamar et
al. (2016), which contains approximately 20
species, distributed from Morocco across the
Arabian Peninsulato northwestern India. Tamar
et a. (2016) inferred that the eastern clade
diverged 15.3 million years ago (Mya) from
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its sister group, the scutellatus clade. The east-
ern clade itself consists of severa deeply diver-
gent subclades representing species groups with
divergence times ranging from 12.5-4.8 Mya.
The three species from Pakistan represent three
distinct subclades that are not sister groups
(Tamar et a., 2016). Among the specimens
sequenced by Tamar et al. (2016), A. blanfordii
from Iran were deeply divergent from putative
conspeci ¢s from Oman and the United Arab
Emirates (UAE), suggestive of taxonomic dif-
ferentiation (see also Heidari et al., 2013, 2014;
Mozaffari et a., 2021).

In Pakistan, Acanthodactylus does not appear
to be diverse, especialy when compared to
Iran ( md et a., 2014), from where eight
species and several distinct mitochondrial DNA
(mtDNA) clades are known (Heidari et a.,
2014; Mozaffari et al., 2021). Also, neighbor-
ing countries of Pakistan seem to harbor only a
few Acanthodactylus species. Only one species
(A. cantoris G nther, 1864) is known from
India and two (A. cantoris, A. blanfordii) from
Afghanistan (Wagner et d., 2016; Uetz et d.,
2025). However, the taxonomic diversity may
be underestimated due to the harsh environment
and inaccessibility of the local desert areas.
Thisis particularly true for Afghanistan, where
the socio-political situation restricts  eldwork
(Jablonski et al., 2021). However, increased
research efforts in recent years have brought
remarkable new insightsinto other lizard groups
of theregion (Gowande et al., 2021; Khan et al.,
2021; Agarwal et al., 2022; Pola et al., 2024),
and thisis also expected for Acanthodactylus.

To date, only four samples of Acanthodacty-
lus (three of A. cantorisand one of A. micropho-
lis) from Pakistan have been studied using
molecular methods (Tamar et al., 2016), and
no specimens from Afghanistan have ever been
sequenced. Thanks to our joint efforts, approx-
imately 70 Acanthodactylus samples from Pak-
istan could now be studied using mitochondrial
(16S, COl, cyt b) and nuclear DNA (Ragl)
sequences. The material represents al three
Acanthodactylus species known from Pakistan



Acanthodactylus at its eastern distribution edge

209

Figure 1. Sampling sites of Acanthodactylus species in Pakistan (map) with type localities. The orange shading represents
the range of the genus. The dashed line represents the border of in uence of mostly Oriental zoogeographical elements on
the species composition of reptiles in Pakistan and Iran. Inset right: Maximum Likelihood tree based on the concatenated
dataset. Numbers at nodes are posterior probabilities from a Bayesian analysis and bootstrap values. Inset left: parsimony
network using phased Ragl sequences. Colored circles in the network are haplotypes identi ed in the present study with
sizes re ecting frequencies and colors representing the respective collection sites. Black circles are missing or GenBank
haplotypes, lines connecting haplotypes correspond to one mutation step. Inset photo (Daniel Jablonski): A. cantoris from
Kurram River, Ghoriwala, Bannu, Khyber Pakhtunkhwa Province, Pakistan.

(A. blanfordii, A. cantoris, A. microphalis) and
includes samples from the border region of Pek-
istan and Afghanistan. In the present study,
we merge our new sequences with previously
published data (Heidari et a., 2014; Tamar et
a., 2016) to assess the phylogenetic placement,
genetic diversity, and differentiation of Pak-
istani Acanthodactylus.

Materials and methods
Sampling and wet laboratory approaches

Tissue samples of 69 Acanthodactylus specimens were col-
lected in Pakistan during 2017 and 2019 ( g. 1, seetable Al
in the Appendix). These samples represent al three cur-
rently recognized Acanthodactylus species from Pakistan
(A. blanfordii, A. cantoris, A. micropholis). A piece of the
tongue of each specimen was preserved in 96% ethanol
and kept a  20iC until processing. All specimens were
preserved and deposited in the herpetological collection of

the Pakistani Museum of Natural History (PMNH), Islam-
abad, Pakistan, or in Daniel Jablonski s collection at the
Department of Zoology, Comenius University in Bratislava,
Bratislava, Slovakia (DJFCUHC). After analysis, tissues
and extracted DNA are permanently housed a&  80;C in
the Museum of Zoology, Senckenberg Dresden, Germany
(MTD).

Total genomic DNA was extracted using the innuPREP
DNA Mini Kit (Analytik Jena AG, Jena, Germany) and the
E.Z.N.A. Tissue DNA Kit (Omega Bio-tek, Norcross, GA,
USA). The mitochondrial 16S rRNA (16S), cytochrome ¢
oxidase subunit | (COIl), and cytochrome b (cyt b) genes
and the nuclear recombination activating gene 1 (Ragl)
were targeted. PCRs were performed using 20 ng of DNA
ina25 | volume containing 1.25 units Tag polymerase
(Bioron GmbH, Ludwigshafen, Germany) and the recom-
mended reaction buffer (complete 10 ) containing MgCl,
a 25 mM, 0.5 | of dNTP mix a 10 mM (Roth, Karl-
sruhe, Germany), 0.25 | bovineserumabuminat20 g/ |
(Thermo Fisher Scienti ¢, Waltham, MA, USA),and1 | of
each primer a 10 M. For challenging samples with frag-
mented DNA, cyt b and Ragl wereampli ed intwo smaller,
overlapping fragments, and 0.25 | MgCl, at 100 mM were
added to the reaction mix. Primer sequences and PCR con-
ditions are given in supplementary table S1. PCR products
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were puri ed using the ExoSAP-IT PCR Product Cleanup
Reagent (Applied Biosystems, Foster City, CA, USA; 1:20
dilution; modi ed protocol: 30 min a 37;C, 15 min at
80;C). Theindividual amplicons had the following lengths:
864-874 bp (16S, length variation due to indels), 710 bp
(COl), 1213 bp (cyt b complete plus adjacent DNA cod-
ing for tRNA), 800 bp (cyt b part a), 538 bp (cyt b part b,
overlap without primers: 84 bp), 1053 bp (Ragl complete),
625 bp (Ragl part &), and 674 bp (Ragl part b, overlap
without primers: 206 bp). For cycle sequencing, the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems) and the respective PCR primers were used (supple-
mentary table S1). Cycle sequencing products were puri-

ed using Performa DTR V3 96-Well Short Plates (Edge
Biosystems, Gaithersburg, MD, USA). Each well was Iled
with 400 | Sephadex (GE Healthcare, Munich, Germany;
1:20 solution). Sequences were resolved in-house at Senck-
enberg Dresden on an ABI 3730 Genetic Analyzer (Applied
Biosystems) or obtained from acommercial service (Macro-
gen, Amsterdam, the Netherlands).

Alignment and phylogenetic analyses

The automated base-calling of forward and reverse se-
quences was checked visually, and a consensus sequence
was compiled with BioEdit 7.0.5.2 (Hall, 1999). Sequences
were submitted to a BLAST search to con rm that the
targeted loci were ampli ed. In addition, protein-coding
sequences were translated into amino acids to con rm the
absence of stop codons. As al mitochondrial sequences
translated perfectly into amino acids, we concluded to have
sequenced authentic mtDNA and no nuclear mitochon-
drial insertions (numts). Sequences were aligned in BioEdit.
After primer trimming (and removal of DNA coding for
tRNA from the cyt b gene), the obtained 16S sequences had
a maximum length of 812 bp, the COI seguences, 657 bp;
the cyt b sequences, 1143 bp; and the nuclear Ragl locus,
945 bp.

For phylogenetic analyses, two datasets were compiled.
One dataset of 3566 bp length contained as ingroup only
the Pakistani sequences generated for the present study
(see table Al in the Appendix), i.e., 69 concatenated mito-
chondrial and nuclear sequences (16S: 1-821, COl: 822-
1478, cyt b: 1479-2621, Ragl: 2622-3566) using Lacerta
agilis as outgroup (mitogenome MT410899 for mtDNA,
EF632222 for Ragl). For most of these genes, Acantho-
dactylus sequences from GenBank were of inconsistent
availability and lengths. Therefore, a second alignment
(1143 bp) was huilt for cyt b, the gene which was avail-
able for most taxa in GenBank. Besides our 66 new cyt
b sequences for Pakistani samples, this second aignment
included 111 downloaded sequences representing all major
Acanthodactylus clades (Tamar et a., 2016) plus Lacerta
agilis as outgroup (cyt b from the mitogenome MT410899;
supplementary table S2). Each downloaded sequence was
quality-controlled by visual inspection and translation into
amino acids.

For the two above-mentioned datasets, phylogenetic rela-
tionships were inferred using Maximum Likelihood (ML)
and Bayesian Inference (Bl). The best partitioning scheme
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and the best model of sequence evolution were deter-
mined using PartitionFinder 2 (Lanfear et al., 2017) and
the implemented Bayesian Information Criterion. Accord-
ingly, the concatenated dataset was divided into two parts:
1-821 bp (16S unpartitioned) and codon-partitioned from
822-3566 bp for the protein-coding loci COI, cyt b, and
Ragl. For BlI, the following evolutionary models were used:
GTR + G (unpartitioned part), K80 + | (codon-partitioned
1st), HKY + | (2nd), and HKY + G (3rd). For ML calcula-
tions, the GTR + G (unpartitioned, 1st, 3rd) and GTR + | +
G models (2nd) were applied. The cyt b dataset was codon-
partitioned (1-1143 bp) using the SYM + G (1st partition),
HKY + 1 + G (2nd), and GTR + | + G models (3rd) for Bl
and the GTR + | + G model for ML.

Maximum Likelihood analyses were run with RAXML
8.0.0 (Stamatakis, 2014). Five independent searches were
performed using different starting conditions and the fast
bootstrap algorithm to explore the robustness of the results
by comparing the best trees. Then, 1000 non-parametric
thorough bootstrap replicates were calculated and plotted
against the best tree. Bayesian Inference of phylogeny was
performed using MrBayes 3.2.6 (Ronquist et al., 2012) with
two parallel runs (each with four chains) and default param-
eters. Two separate runs were conducted, each with four
chainsand 10 million generations, with samples saved every
100th generation. Cornvergence of the two runs was con-

rmed using convergence diagnostics. The rst 20% of trees
were discarded as burn-in after inspection for stationarity
of log-likelihood scores of sampled trees using Tracer 1.7.1
(Rambaut et al., 2018).

In addition, using cyt b sequences of full length
(1143 bp), individua haplotype networks were drawn for
A. blanfordii, A. cantoris, and A. micropholis. Each align-
ment contained the newly generated sequences and addi-
tional ones from GenBank. The alignment for A. blanfordii
comprised 43 sequences; the alignment for A. cantoris, 52
sequences; and the last alignment contained 12 sequences
of A. micropholis plus nine additional ones of the closely
related species A. khamirensis. The previously published
sequences originated from Heidari et a. (2014) and Tamar
et a. (2014, 2016, supplementary table S2). For A. blan-
fordii and A. cantoris, additional networks were drawn for
the nuclear Ragl locus. For this purpose, an alignment of 20
sequences of 678 bp length was compiled to achieve consis-
tent sequencelength. It included three sequencesfrom Agar-
wal and Ramarakrishnan (2017). Heterozygous sequences
wereresolved using PHASE 2.1.1 (Stephenset ., 2001) in
SeqPHASE (Flot, 2010). Two alleleswere included both for
homozygous and heterozygousindividuals. PHASE wasrun
under default settings except for the probability threshold,
which was set to 0.7. Networks were drawn using PopArt
(Leigh and Bryant, 2015) and the implemented parsimony
network algorithm of TCS (Clement et a., 2000), with the
default 95% connection limit.

Uncorrected p distances for 16S, COl, cyt b, and Ragl
sequences were obtained using DnaSP 6.0 (Rozas et d.,
2017), with alignment gaps and missing data excluded.
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Table 1. Average uncorrected p distances (percentages) for the 165/COI/cyt b/Ragl sequences of the Acanthodactyl us clades
from Pakistan. Both interspeci ¢ (between clades, below diagonal) and intraspeci ¢ (within clades, on diagonal) p distances

are shown. Bold numbers are maximum values.

Clades A (A. microphalis)

B (A. blanfordii)

C (A. blanfordii) D (A. cantoris)

A ———H—

B 11.4/14.7/4+— 0.4/0.2/0.4/0

C 12.3/13.9/+— 0.9/2.1/5.2/0 0.1/0.1/0.2/0

D 11.3/15.0/4+— 8.3/15.7/18.6/4.1 9.7/16.2/18.8/4.2 0.3/1.3/0.7/0.1

Results

The trees based on the complete concatenated
dataset of the Pakistani specimens only (16S,
COl, cyt b, Ragl) produced similar topolo-
gies under ML and BIl. The Acanthodactylus
sequences clustered in four deeply divergent
clades (A-D) with moderate to high support
(60-100/1.0; g. 1). These four clades repre-
sent three species, which are phylogenetically
not closely related. However, the data were ana-
lyzed together to showcase the diversity in the
study area. The clades differed by uncorrected
p distances of 0.9-12.3% (16S), 2.1-16.2%
(CQl), 5.2-18.8% (cyt b, without A. micropho-
lis), and 0-4.2 % (Ragl, without A. micropho-
lis; table 1). Clade A is represented by a single
sequence identi ed as A. micropholis (PMNH
832), which constitutes the sister taxon to the
remaining three Acanthodactylus clades. Clades
B and C (identi ed morphologically as A. blan-
fordii) are sister clades and represented by sam-
ples from the Pakistani part of the Helmand
Basin (northwestern Balochistan). They differ
by average uncorrected p distances of 0.9%
(16S), 2.1% (CQl), and 5.2% (cyt b) and share
the same sequencefor Ragl. CladesB and C are
geographically separated by the Chagai Hills.
These two clades together represent the sister
group of clade D, which contains sequences of
lizardsmorphologically identi ed asA. cantoris
( 9. 1). Clade D differs by average uncorrected
p distances of 8.3-11.3% for 16S, 15.0-16.2%
for COI, 18.6 and 18.8% for cyt b, and 4.1%
and 4.2% for Ragl from other Pakistani clades.
Theintraspeci ¢ sequence divergences of clade
D are shallow, with values of 0.3% (16S), 1.3%
(Cal), 0.7% (cyt b), and 0.1% (Ragl), despite

the wide geographic distribution from south-
eastern to northwestern Pakistan ( gs. 1 and 2).

Both the ML and Bl analyses of the sec-
ond dataset containing 177 cyt b sequences
(our new data for Pakistan plus 111 GenBank
sequences) support for Pakistani Acanthodacty-
lus four distinct main clades (supplementary

g. S1), asrevealed by the concatenated dataset.
One clade corresponds to the A. micropholis-
khamirensis complex (clade A), two clades rep-
resent the A. blanfordii complex (clades B +
C), and one clade corresponds to A. cantoris
(clade D). All clades were supported by boot-
strap and posterior probability values between
97/0.9 and 100/1.0. Clades B and C are novel
compared to previously published data. These
two clades constitute together the sister group
of another clade from eastern Iran, called here

lran 4 ( g. 2 and supplementary g¢. Sl)
and the successive sister is yet another clade,
caled here Oman + UAE . The more inclu-
sive clade formed by the mentioned individ-
ual clades is sister to three clades comprising
sequences from Iran (Iran 1-3). Uncorrected p
distances between the clades are summarized
in tables 1 and 2. Clade A (A. micropholis-
khamirensis complex) is mostly represented by
sequences from Iran. Only a single sequence
from Pakistan (KX297025; Tamar et a., 2016)
isnested in this clade ( g. 2 and supplementary

g. S1). Unfortunately, for our single sample
of A. microphalis, the cyt b gene could not be
sequenced.

The parsimony network analyses using cyt b
sequences supported different divergence lev-
els. The sequences of the two species in clade
A (A. micropholis-khamirensis complex) are
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Figure 2. Phylogeography of Acanthodactylus speciesin Pakistan and adjacent regions based on cyt b sequences. The orange
shading represents the distribution range of species/species complexes. Inset left: Maximum Likelihood trees, numbers
a nodes are posterior probabilities from Bayesian analyses and bootstrap values. Inset right: parsimony networks (for
explanation, see g. 1). Photos from top to bottom: A. cantoris from Dera Ismail Khan, Pakistan (photo: Rafagat Masroor);
clade C of the A. blanfordii complex from Zangi Nawar, Nushki (photo: Muazzam A. Khan); A. micropholisfrom Iran (photo:
Barbood Safaei-Mahroo).
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Table 2. Average uncorrected p distances (percentages) for the cyt b sequences of the Acanthodactylus blanfordii complex.
Both interspeci ¢ (between clades, below diagonal) and intraspeci ¢ (within clades, on diagonal) p distances are shown.

Bold numbers are maximum values.

Clades B (A. blanfordii) C (A. blanfordii) Iran 4 Oman + UAE Iran 3 Iran 2 Iran1
B 0.4
C 5.2 0.15
Iran4 6.0 6.1 0.3
Oman + UAE 11.9 13.1 12.2 1.0
Iran 3 11.6 14.2 10.2 10.1 0.7
Iran 2 12.0 13.4 11.9 9.6 26 05
Iran 1 12.5 14.2 12.2 95 4.0 4.1 0.4
clearly separated by a minimum of 20 muta-  Discussion
tion steps. There are three haplotypes in A. .
& 2piop Contrasting phyl ogeography

khamirensis differing by a maximum of eight
mutations and ve haplotypes in A. micropho-
lis differing by a maximum of six mutations.
Clades B and C (A. blanfordii complex), dis-
tributed in the northwestern part of Balochis-
tan, are separated by a minimum of 18 muta-
tion steps. Both clades are represented by three
haplotypes each that are highly distinct from
other haplotypes in this species complex. One
sequence in clade B differs by a minimum of
seven steps from the other two haplotypes. In
clade D (A. cantoris), there is only shallow
genetic differentiation. Among 11 haplotypes, a
maximum of six mutations occurred, with two
common central haplotypes differing by one
mutation.

The network for Ragl alleles separated the
A. blanfordii complex (clades B, C) and A. can-
toris (clade D) by a minimum of 13 mutation
steps. Alleles of clades B and C showed incom-
plete lineage sorting. The diversity was higher
in A. cantoris (12 aleles) than in the A. blan-
fordii complex (4 dleles;, g. 1, inset left).

Clade A, representing A. micropholis, and
clades B and C of A. blanfordii are found exclu-
sively within the Palearctic realm (Baochis-
tan), while clade D (A. cantoris) is the sole
representative of the genus in the Indus Valley
(including the Makran coast of Iran and Pak-
istan), which lies on the boundary between the
Palearctic and Oriental realms (see gs. 1 and
2).

Acanthodactylus is the most speciose clade of
lizardsin the arid parts of the Western Palearctic
(Sindaco and Jeremcenko, 2008). We examined
the genetic diversity of Acanthodactylus near
the easternmost border of its range, which has
previously been poorly sampled (see Haidari
et a., 2014; Tamar et a., 2016). Our results
enhance our understanding of Acanthodactylus
and support previous considerations about the
hidden taxonomic and genetic diversity of rep-
tiles in the remote areas between the Palearc-
tic and Oriental realms (Masroor et a., 2020;
Jablonski et al., 2021, 2024; Khan et a., 2021).

We present in this investigation the rst
molecular assessment of Acanthodactylus from
Pekistan ( g. 1) and provide a solid basis
for further biogeographic and taxonomic stud-
ies. Using the richest dataset available (cyt b
sequences; ¢. 2 and supplementary g. S1),
most of the diversity in the study region occurs
in the western parts of Pakistan, particularly the
area between the Helmand Basin and the Ara-
bian Sea in Balochistan, aligning with the bio-
diversity hotspot of the Iranian Plateau (Noori
et al., 2021). Inthisarea, al three currently rec-
ognized Acanthodactylus species from Pakistan
occur. Furthermore, the detection of two distinct
phylogenetic clades in A. blanfordii suggests
that the diversity, both at the genetic and species
level, is even higher ( g. 1), as large areas
of Balochistan remain unexplored. Heidari et
al. (2014) associated most genetic, ecological,
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and morphological diversity of Acanthodactylus
with the southwestern Zagros range. However,
whilethe backbone of the Acanthodactylus phy-
logeny (Tamar et al., 2016) remains unchanged
when our new data are added (supplementary

g. S1), we can con rm that also the eastern
border of the Iranian Plateau harbors important
diversity ( g. 2).

Our results clarify the relationships within
the A. blanfordii complex. Tamar et a. (2016)
estimated that the Iranian and Arabian popu-
lations of A. blanfordii and A. schmidtii (both
from the blanfordii group sensu Tamar et al.,
2016) separated approximately 6 Mya (compare
supplementary g. S1). However, the discov-
ery of several deeply divergent lineages within
the currently recognized species A. blanfordii
from Pekistan reveal old divergence within this
lineage alone ( gs. 1 and 2), presumably sup-
ported by morphological differentiation as well
(Rastegar-Pouyani et al., 2011). As shown in
our study, A. blanfordii comprises seven mito-
chondrial lineages (cyt b) with different levels
of genetic distances, distributed in the south-
eastern Arabian Peninsula (Oman, UAE) and
southeastern Iran. Some of these lineages are
likely to represent previously unnamed taxa,
particularly in Iran, and warrant further study
(see below under Taxonomic implications ).
Notably, in southern Iran different lineages are
sympatric, whereas in Arabia and Pakistan lin-
eages are allopatric and geographicaly well
separated. However, this may be a bias in the
current data, and the pattern could change with
denser sampling.

Compared to previous phylogenetic hypothe-
ses, our ndings reveal two new lineages of A.
blanfordii from Pakistan (B, C) as sister to lin-
eage Iran 4, which are thus part of subclade
B2 of Heidari et a. (2014). These three lin-
eages are in turn sister to populations from
Oman and UAE. Heidari et al. (2014) consider
Iran 4 as an unnamed lineage (but see Taxo-
nomic implications below) that diverged from
other A. blanfordii lineages in Iran (lineages 1-
3; 0. 2) around 4-3.5 Mya. Given the similar
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genetic distances between these lineages, it can
be inferred that the split between clades B and
C occurred approximately at the sametime, i.e.,
most likely at the end of the Miocene or in the
Miocene-Pliocenetransition period. None of the
lineages of the A. blanfordii complex extends
beyond the Palearctic region ( gs. 1 and 2).

Northwestern Balochistan (Pakistan) and the
Helmand Basin are known to host diverse, often
endemic species or evolutionary lineages of the
families Lacertidae (Eremias), Sphaerodactyli-
dae (Teratoscincus), Viperidae (the monotypic
genus Eristicophis), and some obscure taxa
such as Crossobamon (Stenodactylus) lums-
denii (Gekkonidae) (Khan, 2006; Masroor et
al., 2020, 2022; Khan et a., 2021). Our data
also support that the western and southwest-
ern slopes in the Seistan and Helmand Basins
are important for allopatric speciation in rep-
tiles (e.g., Rastegar-Pouyani et al., 2010; Eskan-
darzadeh et al., 2020), but remain understud-
ied. Although we need additional evidence that
combines the phylogeographic patterns from
different organisms in the area, we anticipate
that the observed differentiation is related to
ancient climatic changes that have in uenced
the diversity in the arid mountains of Balochis-
tan and adjacent areas over the past 5 mil-
lion years. Similar hypotheses have been pro-
posed for other regions of Centra Asia (e.g.,
Solovyevaet a., 2018; Wu et al., 2023; Jablon-
ski et al., 2024), where these climatic changes
have subsequently triggered signi cant specia-
tion processes of reptiles, speci caly lizards, in
arid areas (Solovyeva et d., 2023; Boroumand
et a., 2024).

The morphologically de ned species A. can-
toris, represented in our study by clade D,
includes two GenBank sequences (KJ567850,
KJ567851) from Pakistan (Tamar et a., 2016).
According to Tamar et al. (2016), the species
diverged approximately 7 Myafrom A. masirae,
a species endemic to the eastern Arabian Penin-
sula. Based on data presented here, this clade
has a broader distribution in Pakistan and
extends to the Indian subcontinent (Patel and


https://doi.org/10.6084/m9.figshare.28358405
https://doi.org/10.6084/m9.figshare.28358405
https://doi.org/10.6084/m9.figshare.28358405

Acanthodactylus at its eastern distribution edge

Vyas, 2019) through deserts along the Indus
River ( gs. 1 and 2). The mtDNA variability is
low (11 haplotypes, average = 0.43%), sug-
gestive of rapid range expansion, probably to
deserts (Cholistan, Thal, Thar Deserts) or semi-
desert environments in the lowland ( gs. 1 and
2).

The distribution pattern of Acanthodacty-
lus resembles a vicariant pattern observed in
another lacertid genus of the region, Eremias.
Acanthodactylus blanfordii and A. micropho-
lis occur west of the mountainous parts of
Balochistan and the Sulaiman Range, while A.
cantoris is distributed further east, mostly east
of thelndusRiver ( g. 1). Therange of Eremias
is aso divided by the Indus Valley. Eremias
cholistanicais endemic to desert regions east of
the Indus River, speci caly the Thar Desert in
the border region with India, i.e., it occurs in
the Oriental realm (Baig and Masroor, 2006).
In contrast, E. scripta (or potentialy E. fasci-
ata, which has also been reported in the region;
Khan, 2006), a species closely related to E.
cholistanica, inhabits both desert and mountain-
ous areas of Balochistan and a broader region
of Central Asia, i.e, it occurs west of the Indus
River in the Paearctic realm, resembling the
distributions of A. blanfordii and A. micropho-
lis. However, Eremias is absent from the north-
ern part of the Indus Valley and associated with
arid areas (Thal Desert). This demonstrates the
complex historical processes related to topogra-
phy and environment that shaped all opatric evo-
lution and subsequent dispersal events, creating
the current boundaries between the Palearctic
and Oriental zoogeographic reams. The situ-
ation may be even more complex (cf. Orlova
et a., 2023), but can only be clari ed through
expanded sampling in the region. Furthermore,
asimilar distribution pattern is also observed in
the skinks Eumeces schneideri (Palearctic dis-
tribution) and E. cholistanensis (the only mem-
ber of the genus in the Oriental realm). While
A. cantoris is known to be present in various
parts of the Indus River Valley and the Makran
coast ( g. 1), we can expect that this species
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evolutionarily diverged in the desert areas along
the Indus River and dispersed in different direc-
tions, including the margins of the Palearc-
tic in eastern Afghanistan, southeastern Iran,
and southwestern Pakistan. Whether this pat-
tern also applies to the other mentioned species
is unknown due to limited sampling. However,
a general pattern could be that (i) desert areas
aong the Indus River are an independent speci-
ation center and (ii) that all mentioned species
represent an understudied divergence pattern
between Central and South Asia. Both requires
further investigation.

Acanthodactylus cantorisis mostly alowland
species. Its phylogeography resembles that of
the Eublepharis macularius clade (sensu Agar-
wal et a., 2022), which also shows a low level
of genetic variability from the Arabian Sea to
the slopes of the Hindu Kush range of Pakistan
in the north. This con rms that the geograph-
ically separated mountain areas (see A. blan-
fordii) probably drive genetic diversity, and the
Indus River, in this case, does not represent a
barrier for the colonization of wide areas from
the south to the north or vice versa. On the other
hand, in another lacertid species (Ophisops jer-
donii), mtDNA variability ishigh evenin mostly
lowland environments (Agarwa and Ramakr-
ishnan, 2017). It can be expected that the vari-
ation observed in mtDNA is either the result of
species-speci ¢ dispersal abilities or evolution-
ary propensities. In contrast, the variation of A.
cantoris in Ragl shows more diversity ( g. 1),
which could indicate a higher level of variation
in genomic DNA compared to mtDNA. How-
ever, the two contrasting phylogeographic pat-
ternsin Acanthodactylus could represent differ-
ent biogeographic scenarios: Acanthodactylus
cantoris could have colonized its present range
from one refugium, while the distinct lineages
of A. blanfordii might be still largely con ned
to their original microrefugiaand did not spread
from there to larger areas (see also Khan et .,
2021 and Masroor et a., 2022 for a parallel
with the genus Eremias). Gathering more data
from the Indian part of the distribution range,
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aswell asfrom unexplored regions of Iran, Pak-
istan, and Afghanistan, would be crucia for fur-
ther comparisons and estimating the genetic and
morphologica diversity in Acanthodactylus at
their eastern edge. From the west to the east
of Pakistan, this genus appears to be pheno-
typically variable (Jablonski and Masroor, pers.
obs.), which may be supported by molecular
evidence when better data become available.

Our concatenated dataset shows that
A. micropholis is deeply divergent ( g. 1) and
sister to other clades representing the east-
ern clade using cyt b sequences (supplemen-
tary g. S1). According to the cyt b dataset,
A. micropholis shows little genetic variability,
which is an obvious result of the lack of mate-
rial for comparison. Only afew sequences from
two locdlities in Iran and one locality in Pak-
istan were available for comparison ( g. 2).
Thus, further sampling is necessary to exam-
ine the phylogeography of this species and the
closely related A. khamirensis, which is ecolog-
icaly differentiated (Heidari, 2019).

Taxonomic implications

Acanthodactylus is known as one of the taxo-
nomically most complex lacertid genera (Sal-
vador, 1982; Arnold, 1983; Harris and Arnold,
2000), with several species described in the
last ten years (Heidari et al., 2013; Tamar et
al., 2017; Miralles et al., 2020; Mozaffari et
al., 2021). However, the classi cation of many
lineages remains unresolved (Moravec et al.,
1999; Nouira and Blanc, 1999; Harris et al.,
2004; Fonseca et al., 2008; Heidari et a., 2014,
Tamar et al., 2014, 2016). Although the cur-
rent diversity of Acanthodactylus is not high
in Pakistan compared to the rest of its range
(Minton, 1966; Anderson, 1999; Khan, 2006;
Tamar et a., 2016; Kirchhof et a., 2021), we
found in the A. blanfordii complex two previ-
ously unknown (see Heidari et a., 2014; Tamar
et a., 2016) and deeply divergent clades that
probably represent unnamed taxa (clades B and
C). This diversity again resembles the situation
in the genus Eremias, which also exhibits more
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diversity in northern Balochistan and the Hel-
mand Basin than previously known (Khan et
al., 2021), leading to the recent description of
three endemic new species present in Pakistan
or the border areas of Afghanistan (Masroor et
al., 2020, 2022; Jablonski and Masroor, 2021).
Clades B and C of the A. blanfordii complex are
geographically completely isolated from other
lineages of this complex. For revising their tax-
onomy, it will be necessary to clarify the genetic
identity of the type material of A. blanfordii.
Originally, there were eight syntypesin the Nat-
ural History Museum London from Perse et
B loutchistan , of which six are till extant
(NHMUK 1946.9.3.54, 1946.9.3.55, Dasht ,
Pakistan; NHMUK 1946.9.8.34 Mand , Pak-
istan; NHMUK 1946.9.8.33, Bam, Iran;
NHMUK 1946.9.8.43, 1946.9.8.44, Jask ,
Iran; cf. g.1). Geneticdatafor the A. blanfordii
complex in Heidari et a. (2014) and Tamar et
al. (2016) correspond to specimens from Hor-
mozgan Province (the syntypelocality Jask is
within this province) and Bampour (close to the
syntype locality Bam ) and refer to the clades
Iran 3 and Iran 4, respectively. This implies
that alectotype has to be designated to stabilize
nomenclature. However, this should be done as
part of acomprehensive revision of the A. blan-
fordii complex using denser sampling in Oman
and the UAE, southeastern Iran, and western-
most Pakistan. From an evolutionary and tax-
onomic point of view, the populations from
Oman and the UAE are particularly interesting,
as they are distributed between the Iranian and
Pakistani lineages. This suggests historical pro-
cesses linking the Arabian region with Central
Asia (see also Tamar et al., 2021) and warrants
further investigation, as these populations may
represent a distinct species.

Finaly, thetypelocality of A. cantoris Ram-
nuggar (G nther, 1864: p. 74; see also supple-
mentary g. S2) needsto be discussed asabasis
for further taxonomic considerations. md et
al. (2014) identi ed Ramnuggar with Ram-
nagar, India. There are severa settlements,
towns, and cities of that name in present-day
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India and Bangladesh, and one of these, Ram-
nagar, Uttarakhand (29.49;N, 79.12jE), lies
within the distribution borders of A. cantoris.
However, we disputethisidenti cation. Ramna-
gar in Uttarakhand isa small town in the district
of Nainital at the foothills of the Himalayas. Its
landscape does not match the habitat require-
ments of A. cantoris. Moreover, the settlement
that later became the town of Ramnagar was
established only in the second half of the 19th
century (Anonymous, 2024), too late to be a
candidate for the collection site of the type
material of A. cantoris, which was received by
the former British Museum (Natural History) in
1860 (G nther, 1864: pp. iii and iv; see also sup-
plementary g. S2).

G nther (1864) described A. cantoris from
the former East India Company Collection of
Dr. Theodore Edward Cantor (1809-1860), a
Danish physician, zoologist, and botanist who
worked for the company, and it islikely that the
specimens were collected several years before
1860. We consider the Pekistani town Rasool
Nagar (formerly called Ramnagar), and not
any Ramnagar in present-day India, as the
type locality of A. cantoris ( g. 1). Rasool
Nagar is a smal town in Wazirabad District
(formerly under Gujranwala District), Punjab
Province in Pakistan, located near the Chenab
River (32.33jN, 73.78{E). The area surround-
ing Rasool Nagar corresponds to the typical
habitat for A. cantoris in India and Pakistan.
Historicaly, Rasool Nagar was an important
place. It was here that the Battle of Ramna-
gar (sometimes called the Battle of Rumnug-
gur) was fought on November 22, 1848, during
the Second Anglo-Sikh War. Lawrence-Archer
(1878) provided a sketch of this battle (the sec-
ond map in the book called The Combat of
Ramnuggur ); the site where this confrontation
took place is referred to as Ramnuggur  or

Ramnuggar . It was of strategic importance to
the British due to its location near the Chenab
River to secure river crossings, facilitate troop
movements, and establish supply lines.
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