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Abstract 

 

 Brush-tailed mice of the genus Calomyscus have been found throughout the varying 

landscapes across Southwest Asia.  Morphological similarity amongst species in conjunction 

with a lack of sufficient molecular data has led to much uncertainty about the taxonomic 

relationships among the individual species within the genus. The number of species as well as 

their evolutionary relationships are not well defined. The objective of this study was to use 

genome-wide molecular data to discern the historical evolutionary associations of several semi-

isolated Calomyscus populations located in Pakistan and Southern Iran. We found that there is 

statistical support for the presence of four distinct species within this region, though the cutoffs 

for each species remain somewhat ambiguous. Analyses from several bioinformatic programs 

supported the existence of two genetically distinguishable groups within the presently recognized 

C. baluchi species. The current division between C. hotsoni, C. cf. bailwardi, and C. baluchi was 

also well supported. The varying elevation and drastic fluctuations in geographic landscapes 

spanning across the region provide a possible driving force for the divergence and diversification 

of these populations.  
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Introduction

  The recent development of inexpensive genome-wide data collection techniques for 

establishing evolutionary relationships has allowed for a large-scale, cost-effective approach to 

population-level evolutionary biology and systematics studies. The ability to obtain and compare 

single nucleotide polymorphism (SNP) data across entire genomes —rather than sequence data 

from a few select regions— opens up boundless opportunities for extensive phylogenetic 

comparisons between and within species. Previous studies have demonstrated the increased 

accuracy and more comprehensive understanding obtained by utilizing genome-wide approaches 

(Spinks et al. 2014; Yang et al. 2017). Genome-wide SNP data is more cost effective and easier 

to obtain and store than whole-genome data, without sacrificing the quality of information 

acquired from it, making it the more practical choice for many taxonomic studies (Dupuis et al. 

2012).  

 Despite being relatively common and widespread throughout southwestern Asia, the 

taxonomic relationships among members of the rodent genus Calomyscus are tenuous and have 

received limited attention with regards to molecular data (Norris et al 2008; Akbarirad et al. 

2016). Morphologically, there is nominal variation between populations, however genetic data 

suggests that allopatry has led to the formation of multiple distinctive species (Norris et al. 

2008). To date, eight geographically isolated species are recognized within Calomyscus, which 

collectively have been found to inhabit a wide variety of landscapes across Syria, Iran, 

Azerbaijan, Turkmenistan, Afghanistan, and Pakistan (Norris et al. 2008; Kilpatrick 2017). 

Primarily due to partially conflicting data, the species boundaries of these groups are not yet 

clearly defined (Esmaeili-Rineh et al. 2007; Norris et al. 2008). Since its initial description by 

Thomas in 1905, the status of the genus has been constantly debated and revised. Several earlier 
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descriptions listed only one species, C. bailwardi, though many revisions have since been made 

(Norris et al. 2008). In 2005, Musser and Carleton proposed the presence of the eight distinct 

species that are currently recognized (Figure 1; Kilpatrick 2017).  

 Two of the eight species, C. baluchi and C. hotsoni, are distributed throughout Pakistan. 

The range of C. baluchi includes the mountainous regions of North-central Pakistan and extends 

into southern Afghanistan, whereas C. hotsoni primarily inhabits Western Pakistan and 

Southeastern Iran.  There is some conflicting data on the taxonomic status and species 

boundaries of these two groups, as well as some speculation that C. baluchi may actually be 

comprised of two distinct species (Norris 2009). Members of C. bailwardi have been found 

across Iran from the northwestern region down to the beginnings of the C. hotsoni range in the 

southeast (Shahabi et al. 2010). Akbaribad et al. (2016) argued that C. bailwardi as currently 

recognized comprises two species, which they identify as C. bailwardi and C. cf. bailwardi 

“species Group B.” 

The objective of this study was to utilize a genome-wide approach to explore the 

evolutionary history of these groups. Next-generation restriction site associated DNA sequencing 

(RADseq) is one such approach that has proven useful in previous systematics and phylogenetic 

studies (Ree and Hipp 2015; Bateman et al. 2018).  Presumed members of the suspected northern 

and southern populations of C. baluchi, as well as C. hotsoni and C. cf. bailwardi (from “species 

Group B” of Akbaribad et al. 2016) were represented in the sampling. Using SNP data generated 

with a RADseq approach, the evolutionary relationships among these species were further 

disentangled. 
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Methods 

Sample Collection 

 Thirty-four tissue samples were used in total (Figure 2). Four were fresh tissue samples 

collected by J. Darvish, a collaborator in Ferdowsi University of Mashhad in Mashhad, Iran. One 

sample was collected near Swat, Pakistan and obtained from the Field Museum in Chicago. The 

remainder of the samples were collected in a series of expeditions between 1991 and 1999 

conducted by Charles A. Woods and C. William Kilpatrick, and stored at the University of 

Vermont in 95% ethanol.   

 

DNA Extraction, Size Selection, and Sequencing 

 DNA was extracted from the tissues of 34 individuals using a Qiagen DNeasy kit and 

quantified using a High Sensitivity DNA assay on a Qubit Fluorometer. DNA was digested and 

size selected according the RADseq protocol described by Peterson et al. (2012), with some 

modifications. Restriction enzymes MspI and SbfI were used for the double digest, with MspI 

being the common cutter and SbfI the rare cutter. DNA fragments were ligated with barcoded 

Illumina adapters, the samples were then pooled by eight samples, size‐selected for fragments in 

the range of 300–400 base pairs (bp) using the BluePippin size selector, ligated with Illumina 

multiplexing indices, and final pools were assessed for quality using Agilent TapeStation 

electrophoresis. All pools were combined and sequenced for 50bp single-end reads on a single 

lane on an Illumina HiSeq4000 at the Vincent J. Coates Genomics Sequencing Laboratory at UC 

Berkeley, supported by NIH S10 OD018174 Instrumentation Grant.  

 

Bioinformatics and Data Analysis 
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 Raw Illumina data were first demultiplexed using the unique combination of barcodes 

and indices, and filtered using iPyrad 0.7.8 (Eaton 2014), according to the default filters with 

several modifications. Alterations were made in the params file at lines 9, 10, 14, 21, 22, and 23. 

At line 9, a maximum of 4 low-quality base pairs was allotted per read to minimize sequence 

uncertainty. Lines 11 and 12 were set to a minimum depth of 10, to set the lower bound of the 

read depth at which statistical and majority base calls were made, respectively. Line 14 was 

increased to a value of 0.95 from the default of 0.90 in order to increase the percent sequence 

similarity required for sequences to be collapsed into a single cluster; this decreases the chances 

of falsely calling similar sequences the same sequence. The minimum number of samples that 

must have data at a given locus for it to be retained in the final data set was set at 97% (33 out of 

34 samples: line 21 in params file). Lines 22 and 23 were both assigned values 4 to control the 

maximum number of SNP’s and indels allowed in a locus, respectively.  

The number of genetic population groupings was estimated with a 668 SNP dataset from 

iPyrad using a Bayesian clustering method in STRUCTURE 2.3.4 (Pritchard et al. 2000). The 

number of genetic clusters was analyzed with a 10,000 burnin period followed by 100,000 reps 

for each K level (1-7). We processed runs in the CLUMPAK online web server (Kopelman et al. 

2015) and evaluated the optimal K following Evanno et al. (2005).  

Species delimitation was performed with an 839 loci dataset from iPyrad using BPP 3.4.2 

(Flouri et al. 2019) for joint species-delimitation and species-tree analysis following the default 

filters described by Yang (2015), with some modifications. The BPP program uses a rjMCMC 

algorithm (Rannala and Yang 2013) to estimate a posterior distribution of species delimitations 

and species trees, while integrating over uncertainty in gene trees. The assignment of individuals 

to populations or putative species is required and we assigned individuals to putative species 

https://www.sciencedirect.com/science/article/pii/S2351989418302014#bib14
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based on our population-assignment results from the STRUCTURE analysis. This led to 

grouping individuals into four predefined groups: ((A) C. baluchi group; (B) C. cf. baluchi 

group; (C) C. cf. balwardi; and (D) C. hotsoni group.  The θ (population-size) parameter was 

assigned an inverse-gamma prior (3 0.004) and τ (divergence time for the root in the species tree) 

parameter was assigned an inverse-gamma priors (3 0.002). We performed multiple runs with 

different starting-tree topologies to ensure consistency of the species delimitation analyses. All 

analyses were run for a total of 20,000 iterations (sampling interval of 2) with a burn-in of 2000.  

Phylogenomic relationships among individuals was inferred with a nexus file containing 

34 taxa and 35,342 characters using SVDQUARTETS 1.0 (Chifman and Kubatko 2014) 

implemented in PAUP* 4.0b10 (Phylogenetic Analysis Using Parsimony; Swofford 2003). We 

evaluated all possible quartets without prior assignment to populations and used non‐parametric 

bootstrapping with 1,000 replicates for estimating statistical support.

 

Results 

iPyrad  

We obtained a total of 66.52 million sequence reads and an average of 1.96 (+ 1.24 SD) million 

reads per individual. All individuals were retained in the final analyses with a range of 1.57–3.13 

million reads. On average, the total number of retained loci per individual was 823 (+61 SD).  

 

Genetic Clusters 

 The STRUCTURE analysis yielded three distinct population clusters (Figure 3). These 

clusters correspond to populations of northern C. baluchi, southern C. baluchi, and a third 

population comprised of both C. hotsoni and C. cf. bailwardi individuals.  
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Species Tree and Species Delimitation  

 The results of the BPP species tree and species delimitation analysis found strong support 

for the presence of four genetically distinguishable groups. These groups were clusters of 

individuals from populations of northern C. baluchi, southern C. baluchi, C. cf. bailwardi, and C. 

hotsoni. In total, three potential species trees were constructed based on 20,000 runs, all of which 

followed a four-population scenario (Table 1).  

The results of the SVDQUARTETS and BPP species-tree analysis found strong statistical 

support for C. hotsoni and C. cf. bailwardi as sister taxa, with all three possible species tree 

scenarios generated by BPP demonstrating this relationship (Table 2).  

 

Discussion 

 The plummeting costs and increasing speeds at which genome-wide data can be obtained 

has made systematics easier, more efficient, and more accurate (Spinks et al. 2014). Multi-locus 

comparisons across species have proven effective in uncovering evolutionary relationships and 

constructing phylogenies that were previously considered ambiguous (Chifman and Kubatko 

2015). The intention of this study was to use this type of data to progress the overall 

understanding of a widely understudied group of organisms and contribute to our knowledge of 

the evolutionary relationships among these populations.  

  Speculation about the species boundaries within the genus Calomyscus, particularly 

those groups inhabiting Pakistan and Iran, was addressed using multi-locus data analyzed using a 

variety of bioinformatic programs. BPP and STRUCTURE analyses found different numbers of 

genetic groups, with BPP finding four species consisting of C. hotsoni, C. cf. bailwardi, a 
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northern C. baluchi group, and a southern C. baluchi group, and STRUCTURE finding three 

clusters consisting of a northern C. baluchi group, a southern C. baluchi group, and a third 

cluster consisting of individuals from both C. cf. bailwardi and C. hotsoni. The phylogeny 

constructed via SVD quartets shows strong nodal support (94%) for the divergence between C. 

hotsoni and C. cf. bailwardi, which is further supported by the BPP species-tree results (Fig 3 

and Table 2). There is remaining ambiguity regarding the precise cutoff between C. hotsoni and 

C. cf. bailwardi, however, it is worth noting that the C. hotsoni individual that grouped closely 

with the C. cf. bailwardi clade in Figure 3 (NOR22B) was taken from a location in Iran near the 

collection point of the C. cf. bailwardi samples, providing a possible explanation for the genetic 

similarities between this individual and the members of a separate species.  

Both BPP and STRUCTURE supported the existence of two genetically distinct baluchi 

groups. Previous molecular and morphological research has identified a suspected C. baluchi 

subspecies, called C. b. mustersi, which primarily inhabits Afghanistan and parts of Northwest 

Pakistan and may have genetic overlap with the putative northern C. baluchi clade identified in 

this study (Akbarirad et al. 2018; Ellerman 1948). Calomyscus b. mustersi may be a subset of the 

northern C. baluchi group, or it could potentially be a C. baluchi subspecies distinct from both 

the northern and southern C. baluchi groups. The Kurram River in Northwest Pakistan may serve 

as a barrier between these groups and thus a driver for their divergence (Norris 2009). 

The geographic complexities of Pakistan and the surrounding regions in Southwest Asia 

provide a unique opportunity to study the effects of varying topography on geographic isolation 

and speciation.  The southern portion of the Hindu Kush mountain range extends vertically 

through Central Afghanistan and Northern Pakistan and is flanked on either side by relatively flat 

areas consisting of both deserts and plains. The distribution of Calomyscus throughout such a 
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region has undoubtedly shaped the evolutionary relationships among species. Partial geographic 

isolation provides an avenue for members of the genus to separate and accumulate sufficient 

genetic differences to be declared independent species, yet it may also allow for admixture 

between these species (Payseur and Rieseberg 2016). Any resulting hybrids have the potential to 

complicate attempts to classify the taxonomy of these groups (McDade 1992).  

This study, along with many others that have focused on Calomyscus, was primarily 

limited by restricted access to specimens. The uncertainty surrounding the evolutionary 

relationships in Calomyscus will likely persist until more molecular data are accumulated, 

though studies of this nature continue to expose progressively more detail about the evolutionary 

history of the genus. Classifying and determining phylogenetic relationships between species is 

fundamental to the field of evolutionary biology and is a crucial first step in being aware of and 

preserving biodiversity (Wheeler 1995). The findings of this research will ideally provide 

valuable information that can later be used for further study and analysis.  
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Figures  

 

 

Figure 1: Calomyscus species distribution. C. baluchi range from Afghanistan to Pakistan may 

be comprised of both a northern and southern C. baluchi species, represented by the 

division between the pink and purple regions, respectively. Like Kilpatrick (2017), this 

map does not differentiate the two potential species within C. bailwardi suggested by 

Akbarirad et al. (2016). Due to limited sampling in Southern Iran, C. bailwardi and C. 

hotsoni ranges may come closer than depicted.  
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Figure 2: Sample distribution. Colors correspond to STRUCTURE populations: blue represents 

southern C. baluchi, yellow represents northern C. baluchi, orange represents C. 

hotsoni/cf. bailwardi group.  
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Figure 3: Species tree and species delimitation results. Branches are color coded by 

STRUCTURE results: blue represents southern C. baluchi, yellow represents northern C. 

baluchi, orange represents C. hotsoni/cf. bailwardi group. Vertical bars represent BPP species 

delimitation results where NC. baluchi denotes northern C. baluchi, SC. baluchi represents 

southern C. baluchi, and C. hotsoni and C. cf. bailwardi remain distinct groups.   
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Tables 

 

Table 1: BPP species delimitation results. N C. baluchi represents individuals from the northern 

baluchi population and S C. baluchi denotes individuals from the southern baluchi group.  

Number of Runs Species Delimitation Posterior Probability 

20000 (N C. baluchi, S C. baluchi, C. cf. bailwardi, C. hotsoni) 1.000000 

 

 

 

Table 2: BPP species tree models and their probabilities. N C. baluchi represents individuals 

from the northern baluchi population and S C. baluchi denotes individuals from the southern 

baluchi group. 

Species Tree Model Posterior Probability 

((N C. baluchi, S C. baluchi), (C. hotsoni, C. cf. bailwardi)) .8884 

((N C. baluchi, (S C. baluchi, (C. hotsoni, C. cf. 

bailwardi))) 

.0843 

((S C. baluchi, (N C. baluchi, (C. hotsoni, C. cf. 

bailwardi))) 

.0274 

 

 

 

Table 3: Prior and posterior probabilities for number of species.  

Number of Species  Prior Probability Posterior Probability 

1 .238095 0.000000 

2 .238095 0.000000 

3 .285714 0.000000 

4 .238095 1.000000 

 

 

 

 


