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Abstract Inland East Asia encompasses particular land-
scapes, including discontinuous large deserts isolated by
mountains, and these landscapes have been greatly impacted
by the uplift of the Qinghai-Tibetan Plateau (QTP) since the
Pliocene. However, little research has been performed on the
impact of desertification on the evolutionary history of ani-
mals in this area. We examined a widespread desert rodent
species, Dipus sagitta, to better understand the influences of
geological events on the evolutionary history and phylogeo-
graphic patterns. We sequenced two mitochondrial genes and
three nuclear genes from 237 individuals collected from 43
populations across inland East Asia. Phylogenetic, network,
intraspecific delimitation, and population structure analyses
identified a structured pattern of geographic differentiation
with six well-defined evolutionary clades. High mountains
(such as the Tianshan Mountains) and important climate de-
marcation lines (such as the 200 mm isohyet) were inferred as
genetic barriers among the six clades by BARRIER analysis.
The most recent common ancestor of D. sagitta was estimated
to have existed in late Miocene, and the first clade was
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estimated to have diverged at c. 7.57 Ma, whereas the later
clade diversified rapidly at approximately 2.56—1.53 Ma dur-
ing the Pleistocene. Demographic analyses suggested differ-
ent demographic histories among the distinct clades, and the
continuous expansion that occurred during the climate oscil-
lation period appeared to be more closely related to the in-
creasing aridification caused by orogeny rather than climate
oscillation.

Keywords Dipus sagitta - Ecological divergence -
Geographical isolation - Inland East Asia - Orogenic events -
Phylogeographic pattern - Regional aridification

Background

Eurasia possesses the largest mid-latitude arid zone in the
world. More than half of this arid zone (over 1.5 million
kmz) is located in inland East Asia, which has more com-
plex landforms and a more fascinating geological history
than Central Asia (Zhang 2012). This biogeographic area is
limited to the west by the Pamir region and the Tianshan
Mountains, to the north by the Siberian Taiga, to the east
by the Northeast China Plain, and to the south by the
Qinghai-Tibetan Plateau (QTP) and the Loess Plateau. In
such an area, aridification tends to form strong barriers to
the dispersal of organisms that are not adapted to arid en-
vironments (Song et al. 2016) but provides new ecological
opportunities and promotes diversification of desert organ-
isms (Zhang et al. 2013). Inland East Asia was strongly
influenced by aridification, related to long-term global
cooling and drying trends since the late Miocene (Miao
et al. 2012; Meng et al. 2015), and the tectonic uplift of
the QTP, which began in the late Pliocene (Zhang et al.
2008; Song et al. 2013). Furthermore, climatic oscillations
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during the Quaternary induced repeated succession of
desert-steppe-forest ecosystems (Li et al. 2002; Zhang
2012) and a substrate shift between sandy desert and stony
desert on the Mongolian Plateau (MP) and in adjacent
regions.

Topography and climate have shaped the phylogeographic
patterns of current populations, separately or together
(Maldonado-Sanchez et al. 2016). The geographical isolation
of populations is generally caused by complex topographical
landforms that limit the gene flow among populations and pro-
vide opportunities for intraspecific diversification or even speci-
ation due to genetic drift and natural selection (Qu et al. 2015).
For psammophilic animals, high mountains and large water areas
between deserts often act as geographic barriers that promote
vicariant speciation or population differentiation (Castoe et al.
2007; Phillipsen and Metcalf 2009; Su and Zhang 2013).
Moreover, deserts and arid regions generally harbor a relatively
high rate of endemism and act as local hotspots of biodiversity
because of adaptation to extreme environments and sharp eco-
logical gradients (Durant et al. 2012; Murphy et al. 2012; Wilson
and Pitts 2012; Brito et al. 2014). Hence, the repeatedly alternat-
ing environments caused by climatic oscillations may have in-
duced ecological divergence between populations as they
adapted to differing environments, thereby forming new subdi-
visions or even new species (Ge et al. 2005; Lei et al. 2014).

Compared with those in inland East Asia, the impacts of
geological events and environmental changes on the phylo-
geographic patterns of species in North America and Europe
at the same latitude have been well studied. In East Asia,
researchers have primarily focused on the montane ecosys-
tems of southwest China. Moreover, although the arid area
in inland East Asia has a unique geological history and natural
climate, as well as different genetic patterns (Chen et al. 2008;
Song et al. 2013; Lv et al. 2016), few studies have focused on
species with ranges that span the entirety of this region.

Small rodents feature short generation times, rapid mitochon-
drial DNA (mtDNA) evolutionary rates, relatively limited dis-
persal abilities, and strong associations with specific habitats
(Ben Faleh et al. 2012b). The northern three-toed jerboa, Dipus
sagitta, the only species that has thrived in all the deserts in inland
East Asia, is a suitable candidate for inferring the influence of
historical geological events and climatic changes on phylogeo-
graphic patterns of this area. Dipus sagitta is distributed from the
Don River in southeastern Europe through Central Asia to
Northeastern China and is the only present-day species of its
genus Dipus (Fig. 1). The distribution map of the species pre-
sented herein was slightly modified from that of the ITUCN
(Batsaikhan et al. 2016). Dipus sagitta is mainly specialized for
sandy deserts and prefers to inhabit gradual slopes among large
sand dunes covered by sparse shrubs and herbs (Shenbrot et al.
2008). Based on the structure of its hind limbs as well as its
genitalia and karyotype, D. sagitta is divided into two groups,
the “Sagitta” group and the “Lagopus” group (Shenbrot 1991a,
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b). The “Sagitta” group is predominant in our study area. The
diploid complement of D. sagitta consists of 48 chromosomes
(2n =48), and the chromosomal complement is characterized by
the number of autosomal arms, which is 90.

A recent study has investigated phylogeographic patterns
displayed by Meriones meridianus, D. sagitta, and Allactaga
sibirica (Liao et al., 2016). However, that study area was
limited to the Hexi Corridor, and the sample size was small;
consequently, the study was unable to reveal the true pattern of
D. sagitta. In this study, we increased the sample size of
D. sagitta to cover the species distribution in the study area
of inland East Asia and included nuclear loci to explore the
phylogeographic patterns more accurately. We aim to (1) de-
termine the phylogeographic pattern of D. sagitta and its de-
mographic history; (2) infer the relationship between the ma-
jor biogeographic events and the observed patterns of
D. sagitta; and (3) examine the impact of potential geograph-
ical barriers on population differentiation, such as mountains
and significant climate differences.

Materials and Methods
Study Area

Inland East Asia features a series of discontinuous deserts
isolated by huge mountains and large basins, and exhibits
variations in climate parameters (Fig. 1) (Zhang 2012). In
the western part of this area, the Kunlun, Tianshan, Altay,
and Qilian mountain ranges form a succession of peaks with
elevations greater than 30004000 m and separate the conti-
nent into the Tarim, Junggar, Turpan-Hami, and Qaidam ba-
sins. The driest parts of this region receive less than 100 mm
of annual precipitation. Further to the east, the rainfall on the
MP increases to 200 mm, and the elevation of the mountain
ranges decreases to 10002000 m. The topographic feature
formed by the Yinshan Mountains and Helan Mountains con-
stitutes the major boundary between monsoonal and non-
monsoonal regions in East Asia, corresponding to the
200 mm isohyet. The region to the east and southeast is the
wettest region, exhibiting 200-400 mm of annual precipita-
tion, and is covered with prairie developed on sandy land.

Sampling, Amplification, and DNA Sequencing

This study was carried out in strict accordance with animal
research protocol 10Z-2006 approved by the Animal Care
Committee of the Institute of Zoology, Chinese Academy of
Sciences (I0ZCAS). Northern three-toed jerboas were cap-
tured with the permission of the local Protection and
Research Centre and the Forestry Administration of Gansu,
Inner Mongolia, Jilin, Liaoning, Ningxia, Qinghai, and
Xinjiang Provinces. All jerboas were captured in cages and
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Fig. 1 Sampling sites of the populations of D. sagitta, including data
from GenBank. The locality codes and coordinates are presented in
Supplementary Table 2. The genetic clades A, B, C, D, E, and F are
labelled with green, orange, red, blue, yellow, and purple, respectively.
The color of each sampling site indicates individuals that belong to the
corresponding clade identified by a Bayesian phylogenetic analysis and
Bayesian population structure analysis based on mtDNA. Major

sacrificed via decapitation immediately after capture. All ef-
forts were made to minimize their potential pain and suffering.
Intact skulls of all the captured individuals were removed and
preserved in 100% ethanol in the field and cleaned after the
field survey for further identification. Muscle tissues to be
employed for molecular analysis were collected and preserved
in 100% ethanol. All specimens and skulls collected in the
field were deposited in the mammal collections of the
National Zoological Museum, IOZCAS.

A total of 204 individuals of D. sagitta were sampled from
35 localities throughout the study area between 2007 and
2015 (Fig. 1). Furthermore, we downloaded 33 additional
sequences from eight localities from GenBank. Total genomic
DNA was extracted using a TIANamp Genomic DNA Kit
(DP304; Tiangen Biotech, Beijing, China) according to the
manufacturer’s instructions. Two mtDNA sequences [cyto-
chrome b (Cytb) and cytochrome oxidase subunit I (COI)]
and three nDNA sequences [exon 10 of the growth hormone
receptor (GHR), exon 1 of the interstitial retinoid-binding pro-
tein (/RBP), and a portion of recombination activating gene 1
(RAGI)] were amplified via polymerase chain reaction (PCR).
All amplifications were conducted in 25 pL reactions contain-
ing approximately 25 ng of extracted DNA, 200 uM of each
dNTP, 0.2 uM of each primer, 0.75 unit of LA Taq polymer-
ase, and 2.5 pL of 10x buffer. The amplifications were per-
formed using the following PCR profiles: initial denaturation
at 94 °C for 3 min, followed by 35 cycles with initial denatur-
ation at 94 °C for 30 s, annealing at 50-60 °C (depending on
the primers) for 30 s, and polymerization at 72 °C for 1 min or
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geographical regions are marked on the map. Large deserts in inland
East Asia are indicated by Roman numerals (in italics): /, Taklimakan
Desert; /7, Gurbantunggut Desert; ///, Hashun Gobi Desert; /V, Kumtag
Desert; V, Qaidam Desert; VI, Badain Jaran Desert; VII, Tengger Desert;
VIIl, Ulan Buh Desert; ZX, Mu Us Sandy Land; X, Kubuqi Desert; X7,
Gobi Desert; X1I, Hunshandake Sandy Land; and X7//, Horqin Sandy
Land. Mts. is short for Mountains

2 min (depending on the length of the target); and a final
extension at 72 °C for 10 min. The primers and annealing
temperatures used, along with the corresponding primary ref-
erences, are listed in Supplementary Table 1. All sequences
were manually inspected and assembled using BIOEDIT
7.2.5 (Hall 1999). Sequence alignments were performed using
the MUSCLE algorithm (Edgar 2004) implemented in MEGA
6 (Tamura et al. 2013). All sequences reported in this study
were deposited in GenBank (see Supplementary Table 2).

We concatenated the Cytb and COI genes because they are
linked and likely evolved under similar constraints.
Population genetic parameters for the total samples and each
clade (see Results), such as haplotype diversity (Hd) and nu-
cleotide diversity (Pi) based on combined mtDNA sequence
datasets, were calculated to estimate DNA polymorphism
using DNASP 5.10.01 (Librado and Rozas 2009). We also
calculated the number of polymorphic (segregating) sites
and the total number of mutations for each gene.

Phylogenetic Analysis and Divergence Times

To evaluate the intraspecific phylogenetic relationship among
the samples, individual gene trees were reconstructed based
on the combined mtDNA genes and each nDNA gene using
Bayesian inference methods in MRBAYES 3.2.5 (Ronquist
et al. 2012). IMODELTEST 2.1.7 (Darriba et al. 2012) was
employed to select the best fit model of base pair substitutions
for the dataset based on the Akaike information criterion
(AIC). Two parallel runs of one cold and three heated
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Markov chain Monte Carlo (MCMC) analyses were per-
formed for 20 million generations or more, with trees sampled
every 1000 generations to produce convergence (SD < 0.01).
The first 25% of the Markov chain samples (N =20,000) were
discarded as burn-in, and the remaining samples were used to
generate majority rule consensus trees. The trees were then
edited in FIGTREE 1.4.2 (available at http://tree.bio.ed.ac.
uk/software/fig-tree/). To better visualize the relationships
among haplotypes, median-joining (MJ) networks (Bandelt
et al. 1999) were generated using the combined mtDNA se-
quences in POPART 1.7 (Leigh and Bryant 2015). Gaps and
missing sites in the sequences were excluded from the analy-
sis. Because only Cyth gene sequences were obtained from
GenBank, we performed the analysis using only the samples
collected in the field. The pairwise genetic distances of the
mtDNA sequences were calculated with MEGA version 6.04
(Tamura et al. 2013) using the Kimura two-parameter (K2P)
distance between and within each clade.

To estimate the divergence times of all identified haplo-
types, we applied a Bayesian MCMC analysis implemented
in the program BEAST 1.8.2 (Drummond et al. 2012). The
analysis was performed using the combined mtDNA data, as
mtDNA possesses a higher degree of variation. The clock
model was selected according to the marginal likelihood esti-
mated (MLE) from stepping stone and path sampling (Baele
et al. 2012) in BEAST, with 100 path steps, 1000,000 itera-
tions, and sampling every 2000 generations. A GTR + [ + G
model of base pair substitution and an uncorrelated relaxed
log-normal molecular clock with a prior coalescent tree of
constant size were used. A normal distribution was employed,
and default values were used for the other priors. A well-
accepted Cytb evolutionary rate was also included (Oshida
et al. 2005; Nabholz et al. 2008; Ben Faleh et al. 2012a;
Suzuki et al. 2015). This rate was drawn from a normal dis-
tribution with a fixed mean of 2% per million years (Ma) and a
fixed standard deviation of 0.005, as employed in previous
studies on jerboas (Ben Faleh et al. 2012a, b). The MCMC
analysis was run twice for 20 million generations, with sam-
pling every 1000 generations. Effective sample size values
(ESS > 200) were obtained using Tracer 1.6 (Rambaut et al.
2014). TREEANNOTATOR 1.8.2 in the BEAST package
was employed to summarize the tree data, with the first 25%
being discarded as burn-in. The tree and divergence times
were displayed and edited in FIGTREE 1.4.2.

Intraspecific Delimitation and Population Structure
Analyses

To estimate the species tree and test the clade divergence re-
vealed in the Bayesian tree, concatenated mtDNA and nDNA
sequences were analyzed using *BEAST (Heled and
Drummond 2010), which was implemented in BEAST 1.8.2.
To minimize the size of the parameter space, we enforced the
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topology obtained from MrBayes in all dating analyses. The
substitution models were unlinked, and substitution parameters
were set according to the JMODELTEST results. We chose
Yule Process species tree priors in a piecewise linear and con-
stant root population size model. Nuclear gene clock models
were assessed using the ucld.stdev parameter based on prelim-
inary runs in which the uncorrelated relaxed log-normal clock
prior was applied and the resulting distribution examined, as
recommended in the program documentation (Drummond et al.
2007; Kohli et al. 2015). The following suitable substitution
models were selected using jModeltest: GTR + I + G
(mtDNA), HKY + G (GHR), HKY + G (IRBP), and GTR +
I (RAGL1). The uncorrelated relaxed log-normal clock was set
for all loci, and the mutation rates were set to 2% (mtDNA),
0.17% [GHR (Galewski et al. 2006)], 0.083% [IRBP (Nabholz
et al. 2008)], and 0.29% [RAGI (Townsend 2007)]. The
MCMC chains were run for 200 million generations, with sam-
pling every 5000 generations. The convergence of the MCMC
chains was examined in Tracer 1.6, and the first 25% were
discarded as burn-in. The trees and posteriors were displayed
and edited in FIGTREE 1.4.2.

To test the species delimitation and identify the population
structure, we performed three analyses. First, we employed
BAPS 6 (Corander et al. 2008) to analyze the genetic structure
by clustering sampled individuals into groups for both the
mtDNA and nDNA sequences. We conducted clustering with
analysis of linked loci in the population mixture analysis
(Corander and Tang 2007), and other parameters were set to
the default values. Then, ten replicates of K (from two to 15)
were generated to determine the optimal number of groups,
which was identified based on the highest marginal log likeli-
hood. Second, we identified the population structure in three
nuclear loci in STRUCTURE 2.3.4 (Pritchard et al. 2000) with
a bum-in of 200,000 followed by two million MCMC iterations
of an admixture model with correlated allele frequencies. The
number of clusters (K) was set from 1 to 10 to cover the numbers
of main clades that could be identified in the mtDNA trees (see
Results), and each K was analyzed five times. The K with the
highest likelihood was identified in Structure Harvester (Earl and
Vonholdt 2012). The merging of the replicated runs for K was
implemented in CLUMPP (Jakobsson and Rosenberg 2007),
and the results in bar plots were visualized in DISTRUCT
(Rosenberg 2004). Third, we used BPP 3.2 (Yang and Rannala
2014) and ran reversible-jump MCMC (jMCMC) analyses for
500,000 generations (with a sampling interval of five), with a
burn-in phase of 100,000. The priors were set to 0 ~ G (20, 2,
000) and T ~ G (20, 1, 000). The other divergence time param-
eters were assigned to the Dirichlet prior (Yang and Rannala
2014). Each analysis was run twice with different starting seeds
to ensure consistency.

The population structure based on concatenated mtDNA
sequences was tested in Arlequin v3.5.2.2 (Excoffier and
Lischer 2010) by analysis of molecular variance (AMOVA).
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We tested different grouping arrangements based on the phy-
logenetic results. The statistical significance of the variance
components in the AMOVA was tested with 10,000 permuta-
tions. To determine the relationship between the genetic vari-
ation patterns among the populations and the natural geo-
graphical barriers, we employed BARRIER 2.2 (Manni et al.
2004) to identify the potential genetic barriers based on the
maximum difference algorithm (Monmonier 1973). To de-
crease the deviation caused by the number of individuals, we
selected sample sites with more than three individuals.
Pairwise Fgt was calculated using the corrected average
pairwise difference [PiXY-(PiX + PiY)/2] in Arlequin
v3.5.2.2. The geographical coordinates of each population
were connected by Delaunay triangulation, and the corre-
sponding Voronoi tessellation was derived.

Demographic Histories

For the demographic history, we utilized three common
methods. First, Tajima’s D (Tajima 1989) and Fu’s Fs (Fu
1997) were conducted to test the neutrality and demographic
history for the six clades based on combined mtDNA genes in
Arlequin v3.5.2.2, with 10,000 bootstrap replicates.
Significant negative values for Tajima’s D and Fu’s Fis gener-
ally indicate a recent demographic expansion. Second, mis-
match distributions of pairwise sequences were simulated for
the clades using Arlequin, with 10,000 bootstrap replicates.
The raggedness index (Rag), representing smoothness, and
the sum of squares deviation (SSD), representing the degree
of fit, were calculated to determine whether the sequences
deviated significantly from a model of population expansion.
Unimodal mismatch distributions and small Rag values with
non-significant p-values for the SSD imply recent demograph-
ic expansion or range expansion for a population (Li et al.
2015), whereas stable populations are characterized by ragged
and erratic mismatch distributions (Rogers and Harpending
1992). Third, extended Bayesian skyline plots (EBSP) were
implemented in BEAST for combined mtDNA sequences to
estimate effective population size changes on an evolutionary
time scale. For the parameters other than the prior tree, the
settings were same as in the divergence time analysis. The
prior tree was set as the coalescent EBSP and sampled every
1000 steps for all 20 million steps. The MCMC convergence
and ESS values for all the parameters were assessed in Tracer
v1.6.

Data Availability Statement

All datasets generated and/or analyzed in the current study are
available from the corresponding author upon reasonable
request.

Results
Phylogenetic Relationships of Dipus sagitta

For mtDNA sequencing, 1113 bp Cytb and 661 bp COI se-
quences were obtained from 203 and 204 individuals, respec-
tively. For the nDNA sequences, GHR (631 bp), IRBP (1186
bp), and RAGI (826 bp) were obtained from all 204 individ-
uals. The sequence dataset generated herein is available in the
GenBank repository with Accession numbers KX399483-
KX399764. For the entire population, 158 polymorphic sites
and 115 haplotypes were identified in the mtDNA sequences.
The obtained values of haplotype diversity (Hd) and nucleo-
tide diversity [Pi (%)] were 0.973 and 5.489%, respectively
(Table 1). In the six clades, the Hd values ranged from 0.675 to
0.996, whereas the Pi values ranged from 0.256 to 1.104%.
The DNA polymorphism indices for each gene are listed in
Supplementary Table 3.

Phylogenetic analyses of the mtDNA sequences recon-
structed a well-resolved Bayesian tree with six major
clades (labelled A—F; Fig. 2a), which were strongly asso-
ciated with geographic areas. Clade A encompassed the
broadest range and was distributed in the deserts adjoin-
ing the Hexi Corridor and the Qilian Mountains; Clade B
was confined to the area to the east of the Helan
Mountains and to the south of the Yinshan Mountains;
Clade C included individuals to the north of the Yinshan
Mountains; Clade D corresponded to populations living in
sandy lands on both sides of the Daxing’anling
Mountains; Clade E included individuals from the
Gurbantunggut Desert in the Junggar Basin isolated by
the Tianshan and Altay mountains; and Clade F was re-
stricted to the Tarim Basin by the Tianshan Mountains to
the north and the QTP to the south (Fig. 1). However, the
three nDNA genes lacked structure (except in Clade F),
due to a slow substitution rate of nuclear genes
(Supplementary Fig. 1).

The phylogenetic structure was also supported by the MJ
networks, which generated six groups of haplotypes as well,
although these groups did not fully correspond to the phylo-
genetic tree (Fig. 2b). In addition, 115 haplotypes of the com-
bined mtDNA sequences were identified, and shared haplo-
types were found among Clades A, B, and C. Certain haplo-
types from different clades also co-occurred in contact zones.
The haplotype group corresponding to Clade A showed a star-
like structure centered on the haplotype that was the most
frequent haplotype of the MJ network. The haplotype groups
corresponding to Clade B, C, and F also exhibited less appar-
ent star-like shapes (Fig. 2b). The mean percentage of genetic
distance (K2P) between the six clades ranged from
0.0221 £ 0.0030 to 0.1275 + 0.0085. Within-group pairwise
K2P distances ranged from 0.0048 + 0.0009 (Clade D) to
0.0201 £ 0.0015 (Clade E) (Supplementary Table 4).
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Table 1 Genetic diversity

estimates based on mitochondrial All/Clade n S h Hd Pi (%) Tajima’s D Fu’s Fs Hr SSD

DNA for all individuals and each

clade All 237 158 115 0.973 5.489 1.025 0.189 0.003 0.009
A 120 175 75 0.993 0.625 —2.289 —24.357 0.002 0.003
B 20 102 19 0.995 1.104 -1.366 —4.240 0.009 0.021
C 24 83 20 0.975 1.013 —-0.779 —3.413 0.009 0.009
D 18 10 6 0.675 0.256 —0.983 26.925 0.204 0.397
E 12 33 10 0.955 0.500 —0.854 -1.775 0.022 0.033
F 43 96 39 0.996 0.715 -1.614 —21.912 0.003 0.002

Sampled localities, number of individuals (7), number of polymorphic sites (S), number of haplotypes (%),
haplotype diversity (Hd), nucleotide diversity (Pi), Harpending’s raggedness index (Hr) and sum of squared
deviations (SSD). Column n includes the data (only Cytb) from GenBank, although these data were excluded
in the genetic diversity analysis to avoid bias. Values in bold indicate significance based on the p-value

Divergence Time of the Six Clades in-group. Clade F first diverged from the other clades approx-

imately 7.57 Ma [2.39-25.43 Ma, 95% highest posterior den-
The divergence time data indicated that the common ancestor  sity (HPD)], placing the ancestry of all living representatives
of D. sagitta and the outgroup species (Jaculus jaculus, which  of the species in the late Miocene. Clade E appeared approx-
was the closest species in our tree) diverged approximately  imately 5.54 Ma (1.71-18.55 Ma, 95% HPD). Both Clades E
13.38 Ma (Fig. 2¢). A hierarchic pattern occurred in the entire  and F diverged during the late Miocene to the Pliocene.

Fig. 2 Phylogenetic tree,

haplotype network, and

divergence time estimation based

on the mtDNA haplotypes of

D. sagitta. a Phylogenetic tree

from the Bayesian inference

analysis; the Bayesian posterior
probabilities are shown below the
branches. b Median-joining

network with node sizes

proportional to the frequencies of A
haplotypes. The number of hatch

marks between haplotypes is
proportional to the number of
mutational changes. Dots

represent undetected haplotypes.

¢ Values above the branches

represent the divergence time

estimates and 95% highest

posterior density under 0.01
substitutions per million years, B
and values below branches

indicate Bayesian posterior

probabilities C

e2)

e00000
TMOOW >

5.54
1.00)

E 757
1.00
[1.00)
13.38 F
F 0.99

Qutgroup

0.06
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Subsequent divergence events occurred starting at the begin-
ning of the Quaternary, with Clades D, C, and B separating
approximately 2.56 Ma (0.84-8.60 Ma), 2.10 Ma (0.71-
6.96 Ma), and 1.52 Ma (0.52—4.94 Ma), respectively (Fig. 2c).

Intraspecific Delimitation and Population Structure

According to the BAPS analysis, six and two genetically
structured groups were optimally partitioned based on the
mtDNA and nDNA data, respectively (Fig. 3a).
STRUCTURE analyses of all nuclear loci identified the best
clustering value at K = 2. When K = 2, the bar plots showed a
consistent pattern in which Clade F formed an independent
clade and the other clades showed a weak differentiation of
nuclear genes (Fig. 3b). The *BEAST analyses showed a con-
sistent intraspecific tree with all sequence data (Fig. 3¢). In the
BPP species delimitation analysis, six clades were strongly
supported (posterior = 1.0; Fig. 3c). However, the structure
of the phylogenetic tree was inconsistent with the *BEAST
tree. The posterior probabilities were low for Clades A-D,

whereas high support values (>95) were observed for Clades
Eand F.

AMOVA showed a maximum percentage of variance
(80.60%) when the populations were grouped into six clades
(Table 2). The variance between sampled localities within
clades and within sampled localities was 5.10% and 14.30%,
respectively. The analyses using BARRIER 2.2 identified
eight main putative genetic barriers based on the Fg7 matrices
with mtDNA (Fig. 4). The eight putative barriers separated all
sampled localities into six regions that were coincident with
the phylogenetic structure. In the nDNA data, the same geo-
graphical barrier was observed between Clade F and the other
clades based on F¢r values (Supplementary Table 5), whereas
the other geographical barriers varied randomly (Fig. 4).

Demographic History
The results regarding the demographic histories of each clade

were as follows. The six clades showed entirely different re-
sults for Tajima’s D and Fu’s Fis (Table 1). For Clades A and F,

e
AN
zN
AGN
raN
2d0
1ao

96

100

0.43
0.43

A B C

Fig. 3 Population structure and intraspecific phylogenies based on
mtDNA and nDNA sequences. a BAPS bar plots (each column
represents a sampling site separated by a white line) based on mtDNA
(above) and nDNA sequences (below). b STRUCTURE bar plot of the

0.38

1.00

1.00

D E F C

best K value (K = 2) based on nuclear sequences. Codes under the figures
represent the six clades. ¢ Coalescent species tree estimated by *BEAST
(above) and BPP (below) based on all sequences. Posterior probabilities
are shown at the nodes
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Table 2 Analysis of molecular

variance (AMOVA) based on Source of variation d.f. Sum of Variance Percentage of Fixation index
pairwise differences for mito- squares components variation (%) (p <0.005)
chondrial DNA from Dipus
sagitta Among six clades 5 7639.538  49.471%%* 80.60 FCT = 0.806%**
Among sampled localities 23 686.383 3.120%%* 5.10 FSC = 0.263%**
within clades
Within sampled localities 171  1501.273 8779 14.30 FST = 0.857%**
the values of Tajima’s D and Fu’s Fs were negative, with ~ Discussion

significant p values, indicating demographic expansion.
Clades B, C, D, and E mainly presented negative, but not
significant, Tajima’s D and Fu’s Fs values, with the only ex-
ception being the Fu’s Fs value (significantly negative) of
Clade B. The mismatch distribution analysis of Clades A
and F suggested a clear recent history of population expan-
sion, as indicated by the typical smooth, unimodal distribution
(Fig. 5a), consisting of low and non-significant SSD and Rag
values (Table 1). Clades B, C, and E exhibited a good model
fit in terms of SSD and Rag, but the values were slightly
higher than those of Clades A and F. Clade D was character-
ized by ragged and erratic mismatch distributions, indicating a
scenario of demographic equilibrium or decline. The demo-
graphic scenario for D. sagitta determined through EBSP
analysis suggested different patterns for different clades. The
EBSP analyses (Fig. 5b) showed population expansion for
Clades B and C since the beginning of the middle
Pleistocene, when the climate became much drier and colder
than in the early Pleistocene. Clade A increased suddenly
during the penultimate glaciation, and the populations of
Clades E and F expanded at the same time. Clades A, B,
and F increased considerably, whereas Clades C and E grew
only slightly. In contrast, Clade D showed a stable condition in
terms of the effective population size.

Geographic Barriers and Climatic Demarcation Shaping
Genetic Structure

The results of our mtDNA analyses, supported by the phylo-
genetic and MJ network analyses, strongly suggested that six
major clades of D. sagitta occurred across its distribution area
in inland East Asia. The six D. sagitta clades were strongly
associated with the geographical terrain (see Fig. 1 and
Results), and our results were generally consistent with those
of previous studies on certain subspecies (Shenbrot et al.
2008). This phylogeographic pattern has previously been par-
tially described for other vertebrate species, such as the mid-
day gerbil (Meriones meridianus) (Wang et al., 2013) and the
green toad (Bufo viridis subgroup) (Zhang et al. 2008) because
of the broad distribution range we sampled.

Based on BARRIER analysis, eight boundaries were high-
ly correlated with certain large mountain ranges and important
climate division lines (Fig. 4). The combined barrier lines
separating Clade F from Clade E corresponded to the
Tianshan Mountains, which is an important geographical bar-
rier interrupting gene flow in various animal taxa, such as
fishes (Li et al. 2016), amphibians (Zhang et al. 2008), reptiles
(Macey et al. 1999; Pang et al. 2003), and mammals (Mahmut

Fig. 4 Geographical barriers identified through the analysis of
mitochondrial and nuclear loci of D. sagitta. The coloured stripe
indicates the major barrier determined by the maximum difference
algorithm in BARRIER 2.2 based on Fgr differences. Major
geographical features in the study area are indicated by numbers: 7,
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Altay Mountains; //, Tianshan Mountains; ///, Kunlun Mountains; 7V,
Altun Mountains; V, Qilian Mountains; VI, Yinshan Mountains; VII,
Helan Mountains; VIII, Daxing’anlling Mountains; and X, Yellow
River. The light blue dashed line represents the 200 mm precipitation line
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Fig.5 Pairwise mismatch distribution (a) and extended Bayesian skyline
plots (b) depicting the demographic history of each clade. For mismatch
distributions, coloured bars represent the observed distribution of
pairwise differences, and black lines represent the theoretical expected
distribution under a population expansion model. For the extended

et al. 2002; Ludt et al. 2004). Although Clades A and F ex-
hibited a contact zone, they did not share a haplotype and
presented a large number of mutational changes (Fig. 2b).
Clades A and F apparently could not span the Qaidam Basin
(Fig. 1). We inferred that paleo-lake appearing in the Pliocene
(Zhang 2012) and a salt lake and saline wasteland that formed
in central Qaidam in the Pleistocene obstructed the gene flow
between the northern and southern sides of this basin (Wang
et al. 2009). A recent study of another jerboa (Jaculus
orientalis) in Tunisia also illustrated that Chott El Jerid has
acted as a geographical barrier and induced strong genetic
differentiation (Ben Faleh et al. 2016). Additionally, the phy-
logenetic topological structure was inconsistent among the
different analyses when we combined the nuclear DNA at a
slow substitution rate, with Clade F being located at stable
positions in the trees (Supplementary Fig. 1). This result was
partly because their divergence times were much longer than
those of Clades A-D and therefore accumulated more muta-
tion sites, partly because no effective geographical barriers,
such as the Tianshan Mountains, exist among Clades A-D to
form effective obstructions. In addition, D. sagitta was found

Bayesian skyline plots, coloured solid lines indicate the median value
of effective population size, whereas dotted lines represent the upper
and lower 95% confidence intervals. The x-axis of the skyline plots is
time in millions of years before the present, and the y-axis is the estimated
effective population size (N,)

male-biased dispersal (Shenbrot et al. 2008), leading to gene
exchange in nuclear genes rather than mitochondrial genes.
However, Clade F showed distinct genetic distance among
all sequences in every analysis. Therefore, whether this clade
represents a cryptic species must be considered in future stud-
ies. Here, we continue to consider Clade F as a subspecies of
D. sagitta.

Individuals in Clade E also display high divergence from
the remaining four clades according to the MJ network
(Fig. 2b) and F g7 values (Supplementary Table 5). The coa-
lescent species tree estimated by *BEAST and BPP based on
all sequences supported Clade E as a monophyletic group with
high posterior probabilities (Fig. 3¢). The major barrier sepa-
rating this clade from the others is the Tianshan Mountains
(Fig. 4). However, the Tianshan Mountains and Altay
Mountains form a natural corridor connecting the Junggar
Basin and the MP (Zhang 2011), and there are historical re-
cords of the presence of D. sagitta along this corridor. To
determine whether a genetic connection exists between
Clades E and A, additional sampling efforts in the potential
contact areas will be required.
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Clades A, B, C, and D are mainly distributed on the MP
and adjacent regions (Fig. 1), which lack obvious terrain bar-
riers. The haplotype network showed shared haplotypes
among Clades A, B, and C, indicating that frequent gene flow
occurred among the populations during their expansion
(Figs. 1 and 2b). The nuclear gene analyses of these four
clades also showed low posterior probabilities and unstable
genetic structure (Figs. 3 and 4). However, the combined fea-
ture formed by the western boundary of the Hunshandake
Sandy Land, the Yinshan Mountains, and the Helan
Mountains is coincident with the 200 mm precipitation line.
This isohyet has been observed to act as a dividing line in
several taxa, such as Nanorana parkeri (Zhou et al., 2014)
and Hippophae tibetana (Wang et al., 2010). Compared with
Clades E and F, which inhabit the driest regions with annual
precipitation values of less than 100 mm, Clade A covers the
widest ecological extent with regard to humidity and eleva-
tion, and Clades B and D primarily inhabit more humid sandy
lands (Fig. 1). Therefore, the ecological divergence between
Clades C and D most likely induced their genetic
differentiation.

In addition, most of the region of Clade B overlaps with
that of Clade A, which may have been caused by individuals
from Clade A introgressing into this area. However, migration
in the opposite direction did not occur because of the barrier of
the Helan Mountains (Fig. 1). Moreover, the ecological
breadth of Clade A may have been wider than that of Clade
B, which inhabits wetter areas. Therefore, the Helan
Mountains have acted as an important climate boundary and
prevented the dispersal of Clade B. Meriones unguiculatus
shows a similar pattern in the same area (Liang et al. 2007).
However, to clarify how the phylogeographic clades have
adapted to local environmental conditions, further investiga-
tions must be performed to analyze the genetic evidence from
related functional genes and the correlations between ecolog-
ical divergence and phylogenetic splits.

Divergence Time and Biogeographic Scenario

Arid zone has continuously occupied most of inland East Asia
since the Oligocene. However, the causes of aridification
shifted from a subtropical high planetary wind system to an
inland continental arid system at the boundary of Oligocene
and Miocene. Since the early Miocene period, the extent of
aridification in this area has increased due to the uplift of a
series of mountains, which changed the natural geographic
environment (Zhang and Guo 2005). A recent study showed
that extant Dipodinae species adapted to open and arid habi-
tats responded to these changes by expanding their distribu-
tion area from Central Asia to inland East Asia (such as
Mongolia and the Gobi-Taklimakan deserts) (Pisano et al.
2015). The estimated divergence time (13.38 Ma) of the com-
mon ancestor of D. sagitta and J. jaculus is close to a previous
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estimate (12.65 Ma) by Pisano et al. (2015). The first fossils of
the genus Dipus were found in Central Inner Mongolia in the
middle of the late Miocene (7.50-9.10 Ma) (Qiu et al. 2006).
The expansion of desert-steppe environments from the late
Miocene to the early Pliocene in inland Eurasia and more
humid conditions in eastern Asia offered abundant suitable
habitats for the dispersal of the ancestors of D. sagitta
(Fortelius et al., 2006; Deng et al., 2015). According to the
divergence time estimate (Fig. 2c¢), this process can be divided
into two stages: orogenic events induced early aridification
and geographical isolation, and alternate environments in-
duced ecological divergence in subsequent diversification.

In the dispersal process of the ancestor of extant D. sagitta,
Clade F appeared at approximately 7.57 Ma. The Tarim Basin
formed a suitable habitat for D. sagitta starting at 5.3 Ma be-
cause of the uplift of the Kunlun Mountains (Sun et al. 2008),
which subsequently promoted the dispersal of Clade F. The
Tianshan Mountains were continuously uplifted from the late
Miocene to the early Pleistocene (7-2.58 Ma), reaching eleva-
tions similar to the current elevation (Sun et al. 2004), and these
mountains interrupted genetic communication between Clades
F and E. The Altay Mountains were subsequently uplifted, but
their elevations were not as great as those of the Tianshan
Mountains (Guo et al. 2006). Nevertheless, these mountains
may have acted as barriers to Clade E in the northeast.
Although the modern Gurbantunggut Desert began to form at
0.8 Ma (Shi et al., 2006a), the aridification in the Junggar Basin
began in the Pliocene (Wang 1997) or even in the late Miocene,
and sporadic desert areas formed and offered habitat for Clade
E. The orogeny produced a significant isolating effect on
D. sagitta, indicating that the early clade divergence was gen-
erally related to the uplift of huge mountains during the geo-
logic history of the area. We inferred that the fundamental rea-
son for the observed isolation was related to a barrier habitat in
a high-elevation area with more precipitation, which generated
forest vegetation types.

The southern MP is located at some distance from the QTP
and was less influenced by the early uplift of the QTP. The
process of steppification accompanied by climatic aridification
in the southern MP began at the end of Oligocene and persisted
until the Pliocene (Zhang 2012). Since the Qingzang
Movement at 3.6—1.7 Ma (Li 1999), the modern monsoon cli-
mate has intensified and promoted a dry-cold climate on the
MP. A forest-steppe environment combined with a lake-basin
system transformed into typical steppe, desert steppe, and de-
sert systems (Zhang 2012). The large-scale expansion of suit-
able habitats along the southern MP and the lack of high moun-
tains formed an area with abundant opportunities for the dis-
persal of D. sagitta. The divergence among Clades A, B, C, and
D began at c. 2.56 Ma (Fig. 2c), coinciding with phase B
(2.6 Ma) of the Qingzang movement, which intensified the
effect of the winter monsoon and led to prominent aridification
on the MP (Li et al. 2002). During the Kunlun-Yellow River
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Movement at 1.2-0.6 Ma (Li 1999), the Badain Jaran Desert,
Tengger Desert, and Mu Us Sandy Land appeared contempo-
raneously at 1.2—0.8 Ma (Wang et al. 2015), offering opportu-
nities for expansion. Compared with Clades E and F, the re-
maining four clades experienced more rapid diversification
within 1.03 Myr (2.56-1.53 Ma) (Fig. 2c). During this period,
repeated environmental changes might have generated
fragmented suitable habitats, especially in the areas of Clades
C and D, which induced genetic differentiations. This genetic
differentiation was further reinforced and accumulated because
of ecological divergence over time (Qu et al. 2015). This find-
ing indirectly supports the existence of weak geographical iso-
lation during later diversification and a change in suitable hab-
itat induced by climatic changes. The divergence between
Clades B and A and the overlap of the two clades may have
been caused by repeated connections and interruptions of a
paleo-lake located in the midstream section of the Yellow
River during the formation of the ancient Yellow River (1.6—
0.15 Ma) (Li et al. 2005). When the paleo-lake contracted,
individuals from Clade A introgressed into this area, and gene
flow was restored.

In addition, AMOVA showed that the extent of the diver-
gence between clades (80.60%) was considerably greater than
that within each clade (5.10%) or within the sampled localities
(14.30%), indicating that the extant genotypes appeared rap-
idly over a relatively short period of time (Table 2 and Fig. 2c).
Thus, early regional aridification likely promoted dispersal
and clade differentiation, whereas late desert formation in-
duced the expansion of suitable habitats and demographic
structure.

Demographic History

The genetic diversity and demographic analyses presented
different demographic scenarios in some clades. High haplo-
type diversity values and low nucleotide diversity values al-
ways suggest rapid population growth with recent differenti-
ation (Avise 2000; Rivera et al. 2016). In the present study, the
genetic diversity of Clades A and F showed this pattern
(Table 1). The mismatch distribution was unimodal (Fig. Sa),
and the star-shaped network and significant negative values for
both Tajima’s D and Fu’s Fs tests also supported demographic
expansion (Table 1). A similar pattern of nucleotide and haplo-
type diversity and demographic history has been reported for
populations of M. meridianus in the same geographic area
(Wang et al. 2013). The EBSP analysis corroborated the occur-
rence of population expansion, showing that the N, of Clades A
and F increased suddenly during the penultimate glaciation
(Fig. 5b). Although Clade E showed high haplotype diversity
and low nucleotide diversity, the remaining demographic anal-
yses still indicated weak population expansion (Table 1 and
Fig. 5a). However, the increase in time based on the EBSP
analysis of Clade E was coincident with that of Clade F.

Clades B and C featured similar demographic patterns. High
values of Hd and Pi supported stable populations with a large
long-term N,, whereas the mismatch distribution and EBSP
analyses indicated moderate population growth (Table 1 and
Fig. 5b). The significant negative values of Fu’s F's test obtain-
ed for Clade B supported demographic expansion. In the EBSP
results, the N, of Clades B and C increased initially at the
beginning of the middle Pleistocene, which was earlier than
the other clades. Clade D apparently experienced a genetic
bottleneck involving low haplotype diversity and nucleotide
diversity, ragged and erratic mismatch distributions, and signif-
icant SSD and raggedness values, but a stable N, according to
EBSP analysis.

Although most parts of northern China were not covered
by an extensive ice sheet (Shi et al., 2006a, b; Liu et al. 2016),
climatic oscillations coupled with repeated expansions and
contractions of desert areas likely affected geographical pat-
terns of genetic diversity and demographic history (Hewitt
2000; Meng et al. 2015). As psammophilic organisms,
D. sagitta are thought to have experienced interglacial con-
traction and glacial expansion in response to cold-warm cli-
matic cycles. Our hypothesis was partly confirmed in the
EBSP analysis. Five clades of D. sagitta showed demographic
expansion to different degrees in the glacial period in the
middle-late Pleistocene. However, the continuous expansion
during the climate oscillation period appeared to be more
closely related to the increasing aridification caused by oro-
genic movement than climate oscillation, which was in agree-
ment with evidence from other desert species, such as
M. meridianus (Wang et al., 2013) and Phodopus roborovskii
(Lv et al., 2016). In addition, the easternmost part of inland
East Asia (occupied by Clade D) has been sensitive to envi-
ronmental changes and underwent a habitat transition from
sandy land to forest during the warm period in the late
Pleistocene (Zhang 2012).

Conclusion

The present study suggests that the evolutionary history of
D. sagitta has witnessed aridification since the Late Miocene
and the subsequent desertification of inland East Asia caused
by the uplift of the QTP since the Pliocene. Orogenic and
environmental changes separated the inland East Asia region
into several distinguishable areas, and the ancestors of
D. sagitta were affected by regional aridification as well as
these geological events; thus, they diverged into different
clades. The historical dynamics of desertification coincided
with the genetic divergence and phylogeographic patterns of
D. sagitta. Great mountains (such as the Tianshan Mountains)
and important climate dividing lines (such as the 200 mm
isohyet) were inferred to represent genetic barriers among
the six clades. The orogenic history showed significant
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isolating effects, and early clade divergence was generally
related to the uplift of high mountains in the geologic history.
During subsequent diversification, repeated environmental
changes might have generated suitably fragmented habitats
to induce genetic differentiation, which was then further rein-
forced and accentuated by ecological divergence over time.
The demographic analyses suggested different demographic
histories in distinct clades; however, the continuous expansion
during the climate oscillation period appeared to be more
closely related to the increasing aridification caused by oro-
genic movement than to climate oscillation.
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