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Abstract
Spalerosophis Jan, 1865, is a colubrid snake genus distributed in arid and semiarid regions from northwestern Africa to northern 
India. Six species of Spalerosophis are identified based on traditional morphology; however, there are arguments about their system-
atic status. We performed the first molecular phylogenetic analyses for this genus using nucleotide sequences of c. 2278 bp from three 
mitochondrial genes (12S rRNA, 16S rRNA, and cyt b) to investigate the phylogenetic relationships and historical evolution of the 
poorly known Spalerosophis species and doubtful populations. We used fossil calibrations for dating divergences. Our phylogenetic 
analyses clearly showed five separate species with high support values, including S. arenarius, S. atriceps, S. microlepis, S. diadema 
schirasianus, and S. diadema cliffordii. Bayesian calibrated molecular clock suggested that the genus Spalerosophis diverged from the 
common ancestor in the Paleogene around 35.28 Mya (25.89–44.66). Our analysis indicated that isolated S. atriceps was separated 
around 21.72 Mya (10.86–33.04) as the basal diverged species of the genus. This suggested that the species of Spalerosophis probably 
originated from an ancestor somewhere in the Iranian Plateau and then dispersed to its current geographical range. Spalerosophis 
arenarius and S. atriceps were identified as the two last diverged members of the genus, separated from S. d. schirasianus during 
the Middle Miocene about 13.31 Mya (5.52–22.33). These results indicate that the separation of Spalerosophis species coincided 
with the orogenic events of the Zagros Mountains in western Iran and the Sulaiman Mountains in Afghanistan, India, and Pakistan. 
Their diversification may therefore be the result of vicariance events that promoted their current distribution. This work provides a 
foundation for future studies on the phylogeny, diversity, and evolution of the genus Spalerosophis and highlights the need for more 
molecular studies on unknown snakes.
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Introduction

Classification and phylogenetic relationships of snakes have 
always been under debate. The limited range of morphologi-
cal characters, the enormous diversity of living species (> 3920 
species), and the limited taxonomic and genomic sampling in 
molecular phylogenetic studies have been the main deterrents 

to significant advances in understanding snake phylogeny (Uetz 
et al., 2021; Zaher et al., 2009). Although the classification and 
phylogeny of many taxa have had significant progress over the 
last decades, there are still some understudied critical taxa. 
Genus Spalerosophis is one of them. The genus Spalerosophis 
established by Jan (1865) belongs to a large and diverse radia-
tion of colubrid snakes, the Colubrinae, which occurs in arid and 
semiarid regions from northwestern Africa to northern India; 
its Saharo-Sindian range area consists of three separate regions: 
Afro-Arabia, Irano-Turan, and Indo-Pakistan (Marx, 1959). 
Spalerosophis spp. possess four particular and common traits 
that include the following: (1) the orbit surrounded by oculars 
and separated upper labials from the orbit, (2) entire anal plate 
(except in S. josephscorteccii), (3) a high number of temporal 
scales, and (4) prefrontals and loreals broken up into small scales 
(Baig & Masroor, 2008; Lanza, 1964; Minton, 1966).

During the last 150 years, attempts have been made to eval-
uate the taxonomy of the genus Spalerosophis mostly based 
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on morphological evidences, and the systematic concept of 
this genus has been under modification (Baig & Masroor, 
2008; Marx, 1959; Schatti et al., 2010). Spalerosophis Jan, 
1865, was established as a monotypic genus for S. microlepis 
from western Iran. Boulenger (1893) synonymized Spale-
rosophis Jan with Zamenis auct. Schmidt (1930) revalidated 
the genus for three species, including the S. diadema, S. are-
narius, and S. microlepis. Marx (1959) revised this genus 
and added other species: S. dolichospila and three subspe-
cies for S. diadema, including S. d. diadema, S. d. cliffordi, 
and S. d. schiraziana. Lanza (1964) described Spalerosophis 
josephscortecci, a secretive and endemic species from north-
west Somalia. Finally, Schatti et al. (2009, 2010) published 
a key of the genus Spalerosophis according to traditional 
morphology and discussed the history of the classification 
of the genus Spalerosophis. Until now, six species of Spale-
rosophis are recognized: S. diadema from western Sahel to 
northwest India, S. arenarius and S. atriceps from north India 
and Pakistan, S. dolichospilus from northwestern Africa, S. 
josephscorteccii from northwest Somalia, and S. microlepis 
from western Iran (Baig & Masroor, 2008; Schatti et al., 2009; 
Yadollahvandmiandoab et al., 2018).

Most species of Spalerosophis are little known, and previ-
ous studies have described this genus using only traditional 
morphology analysis of a few specimens housed in herpeto-
logical collections, using material collected decades or even 
centuries earlier. Some authors have even described some 
specimens without physical evidence (Schatti et al., 2010). 
Hence, phylogenetic and evolutionary relationships within this 
genus have not been assessed and are unresolved. Furthermore, 
it is unclear whether species and subspecies defined based on 
morphological and ecological features are well supported by 
molecular data.

Here, we describe our use of molecular techniques to 
investigate the phylogenetic relationships, genetic diversity, 
and divergence time, for four (S. diadema, S. arenarius, S. 
atriceps, and S. microlepis) of the six morphologically recog-
nized species with some doubtful subspecies. To develop an 
evolutionary hypothesis of their diversification, we examined 
the DNA sequences from three mitochondrial (cytochrome b, 
12S rRNA, and 16S rRNA) genes, and fossil calibrations were 
used to estimate species divergence times.

Material and methods

Sampling strategy

We gathered 150 tissue samples, mostly muscle of the 
genus Spalerosophis from known localities across the 
species range from the material deposited in the zoologi-
cal and natural history museums and collections between 

2016 and 2019. Unfortunately, most of the samples were 
either old or formalin-fixed. DNA extraction from S. doli-
chospilus and S. josephscorteccii were unsuccessful due 
to damaged and low-quality tissue samples. We, therefore, 
excluded these samples and species from our study and 
focused on 13 best-preserved samples of other species. 
Also, 10 GenBank sequences were added to our data. 
Details of these samples and sequences are summarized 
in Table 1. Samples were immediately preserved in 99% 
ethanol and stored in a freezer at − 20 °C for long-term 
maintenance in the tissue sample collection of the herpe-
tological collection of the Federal University of Paraiba 
(CHUFPB), until processing.

DNA extraction, PCR, and sequencing

To determine the Spalerosophis species’ proximity, the 
whole genomic DNA of 13 specimens were extracted 
using the Ludwig Blood and Tissue Kit. PCR amplifica-
tions were done for part of the 16S gene using the prim-
ers L2510mod (5′ CCG ACT GTT TAM CAA AAA CA 
3′) and H3056mod (5′ CTC CGG TCT GAA CTC AGA 
TCA CGT RGG 3′) from Zaher et al. (2009), Cytb gene 
using the primers L141910 (5′ GAC CTG TGA TMT GAA 
AAA CCA YCG TTG T 3′) and H16064 (5′ CTT TGG 
TTT ACA AGA ACA ATG CTT TA 3′) from Burbrink 
et al. (2000), 12S gene using the primers L1091mod (5′ 
CAA ACT AGG ATT AGA TAC CCT ACTAT 3′) from 
Kocher et al. (1989), and H1557mod (5′ GTA CRC TTA 
CCW TGT TAC GAC TT 3′) from Zaher et al. (2009). 
Polymerase chain reaction (PCR) conditions for ampli-
fication consisted of 1 × buffer, dNTP at 0.2 mM, each 
primer at 0.2 μM, MgCl2 at 2 mM, 1 U Taq polymerase, 
and 2 μl of template DNA, in a total reaction volume of 
25 μl. PCRs were done with the same conditions for all 
three genes as follows: 2-min denaturing step at 94 °C 
followed by 35 cycles of denaturing for 40 s at 94 °C; 
primer annealing for 45 s at 50 °C for 16S and 50 °C for 
COI and 12S; and elongation for 1 min at 72 °C, with a 
final 10 min elongation step at 72 °C. PCR products were 
loaded onto 1% agarose gel to visualize their quality after 
electrophoresis. We tried to perform the amplification of 
the c-mos nuclear gene (CmosS77 and CmosS78 primers 
from Lawson et al., 2005), but all attempts were unsuc-
cessful. Despite this, previous articles (e.g., Cox et al., 
2012; Lawson et al., 2005) indicate a low significant basis 
of compositional variation among species for nuclear gene 
for Colubroidea, which supports us to develop the analysis 
with mitochondrial genes only. The successful amplicons 
were unidirectionally sequenced in ABI 3130 Genetic 
Analyzer (Applied Biosystems).
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Phylogenetic analyses and species delimitation

We used GENEIOUS v 9.1.3 (Kearse et al., 2012) to check 
the sequence quality of the strands by comparison to their 
respective chromatograms and to assemble and edit if neces-
sary. GenBank sequences were also incorporated. Further-
more, nucleotide sequences were aligned using MAFFT v 
7.017 (Katoh & Standley, 2013), a module implemented in 
GENEIOUS v 9.1.3 (Kearse et al., 2012) with default set-
tings. The genetic distances between and within species were 
estimated to be 16S rRNA and 12S rRNA genes. We adopted 
the p-distance and computed intraspecific and interspecific 
p-distance with correspondent standard errors (SE) with 

10,000 bootstrap replications and pairwise deletions for gaps 
using MEGA 11 software (Tamura et al., 2021).

We constructed a multi-gene phylogeny using 16S rRNA, 
Cytb, and 12S rRNA genes on RAxML (v.8.2.12) (Stamatakis, 
2014) and MrBayes 3.2.6 (Ronquist et al., 2012). The maximum-
likelihood tree was constructed using the GTR GAMMA model 
and 1000 bootstrap replicates. The best available model of evolu-
tion was selected by jModel Test 2.1.7 (Posada, 2008) (GTR + G). 
Trees for each gene were also built using this method (see Sup-
plementary files). Two independent parallel runs were run to the 
Bayesian tree, sampling every 1000th generations for 100 mil-
lion total generations. The convergence of the parameters was 
assessed with tracer v.1.6.082. Effective sample sizes (ESS) were 

Table 1   Identification and GenBank accession numbers of the Spalerosophis samples used in this study

Species Voucher Location Genbank no. Reference

16 s CytB 12 s

S. diadema schirasianus 01-RZ-01 Iran, Isfahan ON074602 ON101678 ON074613 This study
S. diadema schirasianus 03-RZ-03 Iran, Yazd ON074593 - ON074614 This study
S. diadema schirasianus 05-RZ-05 Iran, Isfahan ON074598 - - This study
S. diadema schirasianus MHNG 2414.68 Pakistan - - AY039148 Schaetti & Utiger, 2001
S. diadema schirasianus HSUZM 3265 Iran, Sabzevar ON074590 - - This study
S. diadema schirasianus HSUZM 1922 Iran, Sabevar ON074595 ON101679 - This study
S. diadema cliffordii SMNH 15,261 Israel, Zofar ON074599 - - This study
S. diadema cliffordii SMNH 17,784 Israel, Ze’elim ON074596 ON101680 - This study
S. diadema cliffordii SMNH 16,909 Israel, Mizpe Ramon ON074597 ON101681 - This study
S. diadema cliffordii SMNH 17,979 Israel, Nahal Terashim ON074600 - ON074615 This study
S. diadema cliffordii SMNH 15,299 Israel, Nahal Hagav ON074601 - ON074616 This study
S. diadema cliffordii MHNG 2547.44 Yemen, Al Hudaydah - - AY039144 Schaetti & Utiger, 2001
S. diadema cliffordii Isolate 18 Saudi Arabia, Hail HQ267787 - - Alshammari & El-Abd, 

2011, unpublished
S. diadema cliffordii Isolate 22 Saudi Arabia, Hail HQ267788 - HQ658432 Alshammari & El-Abd, 

2011, unpublished
S. diadema cliffordii Isolate 26 Saudi Arabia, Hail HQ267814 - HQ658435 Alshammari & El-Abd, 

2011, unpublished
S. diadema cliffordii Isolate 2 Saudi Arabia, Hail HQ658450 - HQ658414 Alshammari & El-Abd, 

2011, unpublished
S. diadema cliffordii - - KX277269 - - Simões et al., 2016
S. diadema cliffordii ROM 22,879 - KX694668 KX694865 KX694605 Alencar et al., 2016
S. arenarius ZFMK 29,290 Pakistan, Karachi ON074591 - - This study
S. atriceps ZFMK 8092 Pakistan ON074592 - - This study
S. atriceps ZFMK 86,742 Afghanistan, Mazar-i-

Sharif
ON074594 - ON074617 This study

S. atriceps USNM 589,837 Afghanistan, Parvan MG700257 - - Gotte et al., 2018, unpub-
lished

S. microlepis MHNG 2626.70 Iran, Fars - - AY647230 Schatti & Monsch, 2004
Deinagkistrodon acutus - Taiwan KT225463 KT225463 KT225463 Hsieh et al. 2015, unpub-

lished
Protobothrops 

mangshanensis
- China KT963029 KT963029 KT963029 Zhangzhen & Peng, 2015, 

unpublished
Opisthotropis latouchii - China, Zhejiang MK570292 MK570292 MK570292 Wang et al., 2019
Nerodia sipedon - USA NC_015793 NC_015793 NC_015793 Huff et al. 2011, unpub-

lished
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well within acceptable ranges (ESS ≫ 200). After discarding the 
first 10% of the sampled trees as burn-in, a majority rule consen-
sus tree and posterior probabilities of bipartitions were computed 
using the remaining trees.

We assessed the taxonomic status of Spalerosophis spe-
cies using three different species delimitations models: (i) 
Poisson tree processes (PTP), (ii) the multi-rate Poisson tree 
processes (mPTP), and (iii) the single-threshold method of 
the generalized mixed Yule-coalescent model (GMYC). We 
used the complete concatenated dataset. For the PTP and 
mPTP, a ML tree was reconstructed with RAxML using the 
GTR GAMMA model of nucleotide substitution and 1000 
bootstrap replicates, and the analyses were conducted in 
the PTP and mPTP web servers (http://​speci​es.h-​its.​org/) 
using default settings. For the GMYC analysis, an ultramet-
ric Bayesian tree was constructed with BEAST 1.8.4, under 
the relaxed clock lognormal model and the Yule process 
speciation model, and the analysis was run for 130 million 
generations in multiple-locus evaluations. The best sequence 
evolution models were identified based on their BIC scores 
with JModeltest v 3.7 (GTR + G). All ESS parameters were 
higher than 200 (Rambaut et al., 2014). A 10% burn was 
applied, and the trees were summarized using TreeAnnotator 
v. 1.8.4. Then, we ran the single-threshold option of GMYC 
through its web server (http://​speci​es.h-​its.​org/​gmyc).

Molecular dating

Molecular dating was based on the three mtDNA (12S, 16S, 
and Cytb) genes. There are no internal calibration points 
available for Spalerosophis, so we used age estimates based 
on fossil data for families and division of the Colubridae 
family. As considered by Daza et al. (2009), based on the 
oldest colubrid fossil found, it is estimated that the division 
between Viperidae and Colubridae occurred before 40 MYA 
(Head et al., 2005; Rage et al., 1992). Thus, a normal distri-
bution of 40 ± 16 MYA was established. We also used the 
divergence between natricine (Natricinae) from colubrine 
(Colubrinae) snakes 37.5 ± 7.5 MYA (adapted from Daza 
et al., 2009; Guicking et al., 2009; Ivanov, 2001; Rage, 1988; 
Szyndlar, 1991).

To provide these analyses, complete mitochondrial 
sequences of Deinagkistrodon acutus Günther, 1888 
(KT225463) and Protobothrops mangshanensis Zhao, 1990 
(KT963029) for Viperidae and Nerodia sipedon Linnaeus, 
1758 (NC015793), and Opisthotropis latouchii Boulenger, 
1899 (MK570292) for Natricinae were included in this anal-
ysis as outgroups.

Bayesian estimates of event diversification time were per-
formed in BEAST v1.8.4 program (Drummond & Rambaut, 
2007) using a relaxed clock model with a lognormal distribu-
tion and other data with standard parameters. For this analy-
sis, we used the concatenated alignment. The best sequence 

evolution models were identified based on their BIC scores with 
JModeltest v 3.7 (GTR + G). The analysis was run for 4 × 108 
generations with sampling every 103 generations. All ESS 
parameters were higher than 200. A 10% burn was applied to 
obtain estimates of node age and their respective 95% highest 
posterior density (HPD). The Tracer v1.6 program (Rambaut 
et al., 2014) was used to assess the stationarity of the MCMC 
chain and the 95% HPD range. Trees were summarized using 
TreeAnnotator v. 1.8.4, choosing “Maximum clade credibility 
tree” and “Mean heights”, which were displayed in FigTree 
version 1.4.3 (Rambaut, 2017).

Results

Phylogenetic analyses and species delimitation

We used twenty-three specimens for the phylogenetic analy-
ses of the genus Spalerosophis (Table 1). The dataset, with 
a 2278 bp length, included partial sequences of three mito-
chondrial genes, comprising 16S (544 bp), Cytb (1,090 bp), 
and 12S (644 bp).

Based on the 16S rRNA sequences, the average uncor-
rected p-distances between S. diadema cliffordii and S. 
diadema schirasianus was 3.72% (SE 0.76%), between S. 
diadema cliffordii and S. atriceps was 4.07% (SE 0.80%), 
and between S. diadema schirasianus and S. atriceps was 
3.45% (SE 0.79%) (see Table 2). Considering 12S rRNA 
sequences, the average uncorrected p-distances between 
S. diadema cliffordii and S. diadema schirasianus was 
4.86% (SE 0.99%), between S. diadema cliffordii and S. 
atriceps was 4.96% (SE 1.06%), and between S. diadema 
schirasianus and S. atriceps was 4.25% (SE 1.14%) (see 
Table 3).

The phylogenetic trees (Figs.  1 and 2) indicated a 
monophyletic group (BP = 100%/PP = 100%) with five 
well-separated species including S. arenarius, S. atriceps, 
S. microlepis, S. diadema schirasianus, and S. diadema 

Table 2   Genetic distance (in percentage) of the 16S RNA gene frag-
ment between species expressed in values of p-distance (below diago-
nal) and corresponding standard errors (above diagonal) of Spaleros-
ophis. Bold values in the main diagonal show the intraspecific genetic 
distance (mean and standard error). Not computed (n/c) in cases with 
only one sample for species

1 2 3 4

1. S. diadema 
cliffordii

1.39 (0.32) 0.76 0.88 0.80

2. S. diadema 
schirasianus

3.72 0.15 (0.11) 0.95 0.79

3. S. arenarius 4.86 5.00 n/c 0.75
4. S. atriceps 4.07 3.45 0.0309 0.39 (0.23)

http://species.h-its.org/
http://species.h-its.org/gmyc
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cliffordii. Species delimitation analyses (Fig. 1) recog-
nized S. diadema cliffordii and S. diadema schirasianus 
as unique and distinct species (67%/95%). The same analy-
ses demonstrated S. microlepis as a well-separated species 

with high support values (100%/100%). Also, two addi-
tional species, S. atriceps and S. arenarius, were separated 
with good support values (72%/92%).

Molecular dating

According to the BEAST divergence time estimations based 
on three mtDNA genes, the genus Spalerosophis was sepa-
rated around 35.28 Mya (95% HPD: 25.89–44.66). The 
Iranian endemic snake, S. microlepis, as the first diverged 
species of the genus, was separated around 21.72 Mya 
(95% HPD: 10.86–33.04). Then, S. diadema cliffordii was 
separated from S. diadema schirasianus about 16.68 Mya 
(95% HPD: 7.62 -26.62). About 13.31 Mya (95% HPD: 
5.52–22.33), S. arenarius and S. atriceps diverged from S. 
diadema schirasianus, and finally, further diversification 
separated S. arenarius from S. atriceps about 7.87 Mya (95% 

Table 3   Genetic distance (in percentage) of the 12S RNA gene frag-
ment between species expressed in values of p-distance (below diago-
nal) and corresponding standard errors (above diagonal) of Spaleros-
ophis. Bold values in the main diagonal show the intraspecific genetic 
distance (mean and standard error). Not computed (n/c) in cases with 
only one sample for species

1 2 3 4

1. S. diadema cliffordii 0.34 (0.24) 0.99 1.06 1.16
2. S. diadema schirasianus 4.86 0.10 (0.10) 0.96 1.14
3. S. atriceps 4.96 4.25 n/c 1.25
4. S. microlepis 5.64 5.57 6.51 n/c

Fig. 1   Bayesian phylogenetic tree of Spalerosophis species based on 
16 s + Cytb + 12 s genes. Values on the left of nodes denote bootstrap 
percentage (BP) and Bayesian posterior probabilities in percentage 
(PP) (BP/PP). Shown on the right are the results of species delimi-

tation analyses using morphological characters (Morph), Poisson 
tree processes (PTP and mPTP), and general mixed Yule-coalescent 
(GMYC) analysis
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HPD: 1.93–15.30) (Fig. 2). These ranges belong to the Neo-
gene period extending from 2.58 to 23.03 Mya.

Discussion

Despite the widespread distribution of the genus Spaleroso-
phis, there is little information about its systematic phylo-
genetic structure and evolutionary history. Our study is the 
first comprehensive molecular investigation of the phyloge-
netic relationships, diversity, and historical evolution of the 
genus Spalerosophis. Given the long history of taxonomic 
confusion surrounding the genus, our findings represent a 
crucial phylogenetic framework for interpreting the latest 
systematic theories. Although there is much work to arrive 

at a complete understanding of this complicated genus, we 
believe that our findings contain sufficient new information 
to warrant a revision of the Spalerosophis taxonomy.

Schatti et al. (2010) divided populations of S. diadema into 
two subspecies just based on the number of subcaudal scales (S. 
diadema cliffordii with < 80 subcaudal scales and S. diadema 
schirasianus with > 80 subcaudal scales), but Marx (1959) 
described two more subspecies, S. diadema diadema with > 100 
subcaudal scales and S. d. dolichospila recognized based on 
dorsal oval spots. S. arenarius is distinguished from S. dia-
dema by the shape and size of its rostral scale plus the colora-
tion of its dorsal surface. Spalerosophis atriceps is the largest 
species of the genus, despite many dissimilarities in morpho-
logical characteristics. Marx (1959), Mertens (1969), and Khan 
(2006) considered S. atriceps as a morph and synonym of S. d. 

Fig. 2   Divergence times of Spalerosophis species based on three 
mitochondrial genes. Values on the left of nodes denote Bayesian 
posterior probabilities in percentage, and values on the right of nodes 

are the estimated median divergence dates with the 95% highest pos-
terior density (HPD)
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diadema. On the other hand, Minton (1966), Baig and Masroor 
(2008), and Schatti et al. (2009) considered S. atriceps as a 
valid species. Although Marx (1959) introduced the population 
of Spalerosophis snakes in northwestern Africa, as a subspecies 
of S. diadema by the name of S. d. dolichospila, Pasteur (1967) 
did a more comprehensive comparison between this popula-
tion and the other populations of S. diadema and, based on the 
differences in morphological characteristics and their distribu-
tions, raised this northwestern population to species level as S. 
dolichospilus that other authors later adopted (Bons et al., 1996; 
Schleich et al., 1996). Lanza (1964) described Spalerosophis 
josephscorteccii according to two adult specimens (holotype 
MZUF 2587 and paratype MZUF 2634) collected from the 
mountain Oasis of Galgala, Somalia.

If we follow Schatti et al. (2009) and accept S. dolichospi-
lus and S. josephscorteccii, as separate and unique species, our 
study, using phylogenetic analyses, confirms the presence of 
seven species in the genus Spalerosophis. Our data indicate that 
S. microlepis was the first diverged species from another spe-
cies of the genus Spalerosophis during the early Miocene (21.72 
Mya, 95% HPD: 10.86–33.04). According to Latifi (2000), S. 
microlepis has been reported to occur in mountainous areas, 
foothills, and grasslands of the Zagros Mountains. Hosseinzadeh 
et al. (2017) showed that the most suitable habitat for this species 
lies in relatively humid habitats of mountainous regions, includ-
ing the Zagros highland that is surrounded on both sides by dry 
and desert areas. The surrounding dry area is probably the main 
reason for the long-term isolation of this species in the Zagros 
Mountains in the west of Iran (Fig. 3).

One interesting and unexpected result of our study is the 
emergence of two deeply separated species (16S rRNA, mean 
3.72%, SE 0.76%; 12S rRNA, mean 4.86%, SE 0.99%), that 
were previously consistently recognized as subspecies of S. 
diadema solely based on the number of subcaudal scales (Baig 
& Masroor, 2008; Marx, 1959; Schatti et al., 2009, 2010). The 
estimated divergence time between S. d. schirasianus and S. d. 
cliffordii populations shows that they separated in the late Early 
Miocene around 16.68 Mya (95% HPD: 7.62–26.62), which 
coincides with the uplifting of the Zagros Mountains because of 

the Arabian plate impinging on Eurasia which started ~ 35 Mya 
(Ghaedi et al., 2021; Salah, 2019). As some previous phyloge-
netic investigations have shown, the Zagros Mountains act as a 
natural barrier between the Mesopotamian plain to the west and 
central Iran and are regarded as the driving force of reptile and 
amphibian speciation (Fouad & Sissakian, 2011; Ghaedi et al., 
2021). These mountains seem to have prevented the gene flow 
and distribution of S. diadema populations between the western 
and eastern parts. The resulting vicariance events eventually 
led to allopatric speciation of S. d. schirasianus (east of the 
Mountains) and S. d. cliffordii (west of the mountains) (Fig. 3). 
We thereby strongly endorse separating the two species. This 
conclusion is also supported by a study on the classification 
of these two species using traditional morphology and image 
analysis methods (Yadollahvandmiandoab et al., 2022).

S. arenarius and S. atriceps were recognized as the last 
diverged members of the genus, separated from S. d. schira-
sianus during the Middle Miocene about 13.31 Mya (95% 
HPD: 5.52–22.33) and currently inhabit the eastern part of the 
Sulaiman Mountain in Afghanistan, India, and Pakistan. This 
kind of distribution can be explained by geological history and 
vicariance events in these areas. The Sulaiman Mountain ranges 
were formed by the diagonal collision of the Eurasian and Indo-
Pakistan plates in the eastern region of the Iranian Plateau in 
Afghanistan and Pakistan (Gaina et al., 2015; Ghaedi et al., 2021) 
(Fig. 3). Although these mountains were uplifted during the Early 
Miocene, the main complex structural reorganizations occurred 
during the Late Miocene (Ghaedi et al., 2021; Reynolds et al., 
2015; Rodriguez et al., 2014). Unlike Marx (1959), Mertens 
(1969), and Khan (2006), Yadollahvandmiandoab et al. (2022) 
using traditional morphology and geometric morphometric anal-
ysis showed a high level of differences between S. atriceps and 
S. diadema in head shape and morphological characters which 
corroborated with Minton (1966), Baig and Masroor (2008), and 
Schatti et al. (2009). It further explained three stages of life of S. 
atriceps with three different colorations that may have caused 
confusion in the herpetologists in differentiating S. atriceps from 
S. diadema. Our phylogenetic study identified S. atriceps as a 
separate and valid species too.

Fig. 3   Geographical distribution 
range of the genus Spaleroso-
phis based on data taken from 
Marx (1959), Baig and Masroor 
(2008), www.​GBIF.​org website, 
and our study

http://www.GBIF.org


	 R. Yadollahvandmiandoab et al.

1 3

Our findings corroborate the theory stating that spe-
cies of Spalerosophis originated from an ancestor on the 
Iranian Plateau and later dispersed to their current dis-
tribution zones. The Sulaiman Mountain ranges in the 
eastern parts of the Iranian Plateau in Afghanistan, India, 
and Pakistan, and the Zagros Mountains in western Iran 
that acted as a natural barrier to dispersal may explain 
the separation of Spalerosophis species and their current 
distribution patterns. Although our phylogenetic analy-
sis provided guidance on adjustments to the taxonomy 
of Spalerosophis snakes at the species level, we suggest 
that the genetic structures within Spalerosophis species 
and populations be investigated using a more significant 
number of samples to clarify the genetic variability and 
phylogeographic patterns of these species. Such an assess-
ment would undoubtedly aid in developing a conservation 
strategy for this genus.
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