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Abstract

The six species and three subspecies in the genus Chimarrogale (Soricomorpha: Soricidae) are commonly referred
to as Asiatic water shrews. The Chimarrogale are the most widely distributed group of Nectogaline shrews, extending
throughout the Oriental region and Japan. Because of the limited numbers of specimens available for study, the
phylogenetic relationships and biogeographical history of this genus have not been comprehensively discussed. We
used mitochondrial cytochrome b gene sequences to estimate phylogenetic relationships and divergence times
among four Chimarrogale species, including all three subspecies of Chimarrogale himalayica. We also conducted a
species delimitation analysis and tested two alternative migration scenarios in Asia through species distribution
modeling and a reconstruction of the ancestral distribution. Here, we present the first proposed hypothesis regarding
the Asiatic water shrew phylogeny and reveal ten putative species within the four recognized species. Distinct
phylogenetic statuses of Chimarrogale phaeura, Chimarrogale platycephala, and Chimarrogale styani were
confirmed. Chimarrogale himalayica was strongly supported as paraphyletic. We suggest that three subspecies of
Chimarrogale himalayica should be reconsidered as distinct species. However, these suggestions must be
considered with caution because only a single locus of a mtDNA gene was used. Four additional putative species,
possibly distributed in central southwestern China and Taiwan, are currently undescribed; therefore, comprehensive
morphological analyses are warranted to test their taxonomic statuses. The estimated molecular divergence times
indicated that rapid speciation occurred during the early Pliocene, and current distribution patterns may have been
affected by global cooling during the Pliocene/Pleistocene boundary. Reconstruction of the ancestral distribution and
species distribution modeling for Asiatic water shrews revealed a low-latitude migration route over which ancestral
Chimarrogale migrated from Europe via Central Asia to their current distribution. Our results demonstrated that
Asiatic water shrews could have evolved throughout the low-latitude migration route from Europe to East and
Southeast Asia.
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Introduction this genus: Chimarrogale himalayica Gray, 1842 [2]

Species in the genus Chimarrogale Anderson 1877 are
commonly referred to as Asiatic water shrews. These small
insectivores belong to the tribe Nectogalini in the family
Soricidae and are adapted to a semi-aquatic lifestyle. Based on
the latest review by Hutterer [1], six species are recognized in
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distributed in northern India, Nepal, Laos, Myanmar, Vietnam,
southwestern and southeastern China, and Taiwan;
Chimarrogale styani de Witon 1899 is distributed in
southwestern China and northwestern Myanmar; Chimarrogale
platycephala Temmink, 1842 is endemic to Japan;
Chimarrogale phaeura Thomas, 1898 is distributed in northern
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Borneo; Chimarrogale hantu Harrison, 1958 occurs on the
Malaysian Peninsula; and Chimarrogale sumatrana Thomas,
1921 is distributed in Sumatra, Indonesia [1,3]. Three additional
subspecies have been described within C. himalayica by
Hoffmann [4]: C. h. himalayica in the Himalayas; C. h. varennei
Thomas 1927 in Myanmar, Yunnan (China), Laos, and
Vietnam; and C. h. leander Thomas, 1902 in Fujian (China)
and Taiwan. Previous classifications of this genus have been
based on external morphological and cranial characters and
have been in doubt for several years (see Motokawa et al. [5]
for the details). Though Motokawa et al. [5] confirmed the valid
species status of C. platycephala in Japan, they only partially
investigated the phylogenetic relationships between Taiwanese
and Japanese water shrews. Thus, the phylogenetic
relationships and biogeographic history of Asiatic water shrews
were left unresolved.

Fossil records suggest that shrews (the Soricidae) originated
from Europe in the early Oligocene [6]. Dubey et al. [7]
hypothesized, based on a molecular phylogenetic analysis, that
members in the subfamily Soricinae had dispersed from west
to east Eurasia via a high-latitude route and that these
migration and evolutionary events took place in the middle
Miocene. Analyzing multi-locus genetic markers for the tribe
Nectogalini, He et al. [8] proposed two different migration
scenarios: first, the ancestral Nectogalini originated in Europe,
then dispersed to Central Asia, and finally to East and
Southeast Asia; and second, the ancestral Nectogalini
originated in Europe but migrated east to Siberia before
dispersing into East and Southeast Asia. The second scenario
was considered to be most likely according to fossil records of
the Nectogalini and probably occurred in the Miocene, following
rapid speciation and southward migration at approximately the
Miocene/Pliocene boundary (M/P boundary). He et al. [8] also
supported independent phylogenetic origins of semi-aquatic
adaptation corresponding to the ancestral stocks of Neomys
(Eurasian water shrews), Chimarrogale and Nectogale. If these
three genera evolved together following the same migration
route, we would expect fossils of their members to be found in
similar areas. However, Chimarrogale have never been found
outside of Asia [6,9]. Current distribution patterns also show
that Neomys occurs only at high latitudes in Eurasia, while the
distribution of Chimarrogale is limited to the lower latitudes of
East Asia and Southeast Asia [1,10]. Moreover, sister clades to
Chimarrogale, identified through a phylogenetic analysis by He
et al. [8], are distributed only along the southern edge of the
Tibetan Plateau and southern China. Therefore, when
compared to the history of the high-latitude Neomys, these
clades might display a more similar evolutionary history to
Asiatic water shrews.

Chimarrogale is the only Nectogaline genus that is widely
distributed throughout the Oriental region and Japan. However,
the phylogenetic relationships of its members are poorly
understood [5,11]. Because the habitat of Asiatic water shrews
is limited to drainage systems, such as rivers or streams in the
mountains [10,12], it is easier to track their biogeographic
history and test the two migration scenarios proposed by He et
al. [8]. Therefore, we employed mitochondrial DNA cytochrome
b gene (cyt-b) sequences and species distribution modeling to
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examine the phylogenetic relationships and biogeographic
history of Asiatic water shrews, focusing on the four main
species (C. himalayica, C. phaeura, C. platycephala, and C.
styani) found in East Asia and Southeast Asia.

Materials and Methods

Ethics statement

We followed the guidelines approved by the American
Society of Mammalogists [13] for the capture and handling of
animals to minimize harm. Animal samples were collected from
China in accordance with implemented regulations for the
protection of terrestrial wild animals (State Council Decree
[1992] No.13) and were approved by the Ethics Committee of
the Kunming Institute of Zoology, Chinese Academy of
Sciences, China (no specific permit number). Animal samples
from Taiwan were collected with a permit (permit number:
0980137966) according to the guidelines provided by the
Council of Agriculture, Taiwan. Other samples were provided
from collections at Osaka City University Graduate School of
Medicine, Japan, and were approved for use by the collection
manager.

Genetic materials

We obtained 32 mitochondrial cytochrome b (cyt-b)
sequences from four species of Asiatic water shrews (C.
himalayica, C. phaeura, C. platycephala, and C. styani),
including three subspecies of Chimarrogale himalayica.
Specimens were either collected by researchers in
mountainous streams or provided by collaborators (Table S1).

DNA extraction, amplification, and sequencing

For DNA extraction, liver or muscle tissue was preserved in
99.8% ethanol at room temperature. Total DNA was extracted
using a DNA Purification KIT according to the protocol provided
by the manufacturer (Epicentre®). Each polymerase chain
reaction (PCR) mixture of 50 pl contained approximately 50 ng
of genomic DNA, 25 pmol of each primer, and 200 uM dNTP
mix in reaction buffer consisting of 10 mM Tris-HCI (pH 8.3), 50
mM KCI, 1.5 mM MgCl,, and 2.5 units of Tag DNA polymerase.
The primers for cyt-b were based on the primer pair described
by Yuan et al. [14]. Amplifications were performed in a thermal
cycler for 35 cycles: denaturation was performed at 94 °C for 1
min, annealing at 52 °C for 1 min, and extension at 72 °C for 2
min. A final extension was conducted at 72 °C for 10 min. The
obtained PCR products were loaded into a 1.2% agarose gel,
stained with ethidium bromide, and observed under UV light.
Approximately 100 ng of the purified PCR products was used
for direct sequencing with newly designed sequencing primers
specific for Asiatic water shrews with the following sequences:
weytb-f  (5-GAGGACAGATGTCCTTTTGAGGGGC-3") and
weytb-r (5-TCTGGGTCTCCGAGTAGGTCTGG-3').
Sequencing was performed using the BigDye terminator kit,
and sequences were determined directly with an ABI 3730x/
DNA analyzer (Applied Biosystems®).
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Sequence alignment, phylogenetic analyses, and
estimation of divergence time

Full sequences of the mitochondrial DNA (mtDNA) cyt-b
(1,140 bp) were aligned using the software ClustalW in
BIOEDIT version 7.0.9.0 and corrected manually [15,16].
Information on the samples and the corresponding sequence
accession numbers are listed in Table S1. Phylogenetic
analyses and estimation of divergence times for each clade
were performed via the Bayesian phylogenetic approach using
BEAST version 1.72 software [17]. To compare topologies with
subsequent Bayesian results, a pretest was first performed
using the maximum likelihood (ML) method with the software
MEGA version 5.03 [18]. The evolutionary model for the ML
pretest was chosen with the same software using the Bayesian
information criterion [19]. The ML tree searching process was
performed via the nearest-neighbor-interchange method, with
1,000 bootstrap replications (BS) [18]. This method was also
used by MEGA version 5.03 to preselect the evolutionary
model to be used in the BEAST analysis. The evolutionary
model for each codon was given independently during BEAST
phylogenetic estimation to improve tree support [20]. To obtain
the divergence time of each clade, we applied a "relaxed
molecular clock" in the BEAST analysis, with soft bond
calibration to allow uncertainty in the evolutionary rate and
calibration points among clades [21]. This method is especially
suitable when using the fossil record for calibration [22]. The
calibration points for divergence times used for clades were as
follows: First, node T18 (mean=6.63, 95% credible
interval=4.81-8.84) from He et al. [8] was used to indicate the
divergence time between Neomys and other Nectogalini
shrews, and we included two Neomys species (Neomys
fodiens and Neomys anomalus) as outgroups and set the
mean value to 6.63, with a standard deviation of 1.20 in a
normal distribution for this calibration point. Second, we used
the oldest Chimarrogale fossil, from the early Pliocene [23],
found in southwestern China as the basal calibration point for
all Chimarrogale living in China. We set a mean value of 0, an
offset of 3.60, and a standard deviation of 0.33 within a
lognormal distribution to make the upper 95% credible interval
(Cl) close to 5.33 for this calibration point. Third, we employed
the oldest fossil of the Japanese water shrew (Chimarrogale
platycephala) on record, which is from the late middle
Pleistocene [24]. We set a mean value of 0, an offset of 0.13,
and a standard deviation of 0.55 in a lognormal distribution to
make the upper ClI close to 2.59 for this clade and constrained
C. platycephala as a monophyletic group. All samples of
Chimarrogale were also constrained as a monophyletic group
(ingroup) in the analysis. The Bayesian MCMC chain was
performed with 20 million generations and was sampled every
500 generations. We accepted the final result only when the
effective sample size (ESS) was >200. Nodes with posterior
probabilities (pp) >0.95 were considered to be statistically
supported. The ultrametric tree calculated by BEAST was
further used for species delimitation following the methods
described in Pons et al. [25]. The number of putative species
was identified using a single threshold with the general mixed
Yule-coalescent model (GMYC) [26]. This method performed
well for single-locus data [26], employing the maximum-
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likelihood statistics and divergence times within a tree to
identify the splitting points from the species to the population
level. This analysis was implemented using the SPLITS v2.10
package for the R statistical environment (http:/
barralab.bio.ic.ac.uk/). The mean genetic distance between
clades was also calculated. All results were based on a
pairwise analysis among groups using the Kimura 2-parameter
(K2P) model in MEGA version 5.03 with 1,000 bootstrap
replications [18].

Species distribution modeling

To examine how past climate change affected the
distribution range of Asiatic water shrews, we conducted
species distribution modeling to construct the current
distribution range of Chimarrogale himalayica, the most wildly
distributed Chimarrogale species in East Asia. Then, we used
current distribution parameters to construct past distributions
(during the last glacial maximum; LGM) and compared the two
distributions. We chose the maximum entropy modeling
method to construct species distributions using the software
MaxEnt version 3.3.3k [27,28]. This modeling method requires
only presence records and has been shown to display good
performance and high accuracy, even with small sample sizes
[27,29,30]. Thirteen reliable, GPS-positioned sampling
localities associated with sources of mtDNA materials were
used in the model construction (Table S1). We also employed
sampling records from the Kunming Institute of Zoology,
Chinese Academy of Sciences, to deduce two collection points
from Meigu, Sichuan Province, and one point from Binchuan,
Yunnan Province, in China for model construction because
DNA samples were not available from these areas. Current
Bioclim climate data (in 2.5 arc-minutes resolution) were
obtained from the WorldClim website (http://
www.worldclim.org/) and included all 19 climate variables. We
obtained climate data at the same resolution for past
environments (LGM; ~21 ka) from the same website. These
data originated from the Paleoclimate  Modelling
Intercomparison Project, Phase 1l (PMIP2) [31]. Environmental
layers were limited to East Asia and were matched with the
GPS positions of sampling locations for constructing the
species distribution model in MaxEnt. The model construction
process was repeated 50 times. Each time, 20% of localities
were randomly selected to evaluate model accuracy. The
remaining 80% of localities were used to construct the model.
The average, including the mean value of the area under the
receiver operating characteristic curve (AUC), was generated
as the final result. Because our purpose was to compare
changes in suitable habitats for the Asiatic water shrew under
different climatic environments, we did not determine any
threshold value for the "present". Instead, a probability ranging
from 0 to 1 for the suitability of a habitat for each climate
environment was shown. The AUC value was also employed to
evaluate the validity of the final model, which would indicate the
probability of the model correctly predicting the present
records. A good model should have an AUC value ranging from
0.9 to 1.0 [30].
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Ancestral distribution analysis

To examine the migration routes of Asiatic water shrews, we
used the software RASP version 2.0 (beta) to construct the
shrews’ ancestral distribution via Bayesian binary MCMC
(BBM) analysis [32], which is available at the web site (http://
mnh.scu.edu.cn/soft/blog/RASP). A single majority tree
annotated based on Bayesian phylogenetic analysis was used
as the basal topology. The geographic region for each taxon
was determined to be one of two categories: island or
continental. Each island, such as Japan, Taiwan, or Borneo,
was considered a separate region. Because C. himalayica is
distributed across extensive areas of East Asia, each
distribution range for the three subspecies in C. himalayica was
considered a different region (Figure 1a) based on a systematic
review by Hoffmann [4]. Seven geographical regions, including
outgroups, were determined in the analysis of ancestral
distributions: A) C. h. leander of Taiwan; B) C. platycephala of
Japan; C) C. h. leander of eastern China; D) C. h. varennei and
C. styani of southwestern China and C. h. varennei of northern
Vietnam; E) C. h. himalayica of Nepal; F) C. phaeura of
Borneo; and G) outgroups. The BBM analysis was performed
with five million MCMC generations and sampling every 100
generations. The model used in the analysis was a fixed Jukes-
Cantor model with a null root distribution. The other settings
applied the default values given by the software.

Results

Phylogenetic relationships

A total of 38 mitochondrial cyt-b sequences, including six
sequences from GenBank, were analyzed (Table S1). No
frameshift mutations or premature stop codons were observed.
Detailed information, such as specimen identification numbers
and sampling localities, is provided in Table S1. The results of
the pretest ML bootstrap consensus tree are shown in Figure 2.
A 50% condensed tree (Figure 2b) clarified ambiguous node
relationships with lower statistical support. Bayesian
phylogenetic results are shown in Figure 3 and were highly
concordant with the ML results (cf. Figure 2). The results
showed significant support for four monophyletic clades (clade
A, B, C, and D; Figure 3) within Chimarrogale, while the
relationships between them were left unresolved in the ML and
Bayesian analyses. C. phaeura from Borneo and C. styani from
Yunnan (clade D, southwestern China) were supported as
distinct lineages. C. platycephala (clade B) from Japan was
well-embedded within C. himalayica (BS=98, PP=1.0),
indicating the latter as a paraphyletic species (include clades A
and C). Three and four subclades were further identified within
clades A and C, respectively (Figure 2 and Figure 3). The
genetic distances between the four clades and C. phaeura are
approximately 10.5%-16.4% (Table 1), while those between
subclades in clades A and C are approximately 5.7%-8.3%
(Table 2) and 3.2%-6.7% (Table 3), respectively.

Molecular divergence times and species delimitation

The divergence time between Neomys and Chimarrogale
was approximately 6.35 Ma (node t1, 95% Cl=4.6-8.12 Ma).
This value represents a consistent time estimation and is very

PLOS ONE | www.plosone.org

Biogeography of Asiatic Water Shrews

close to the calculated value reported by He et al. [8] that we
used as the calibration point at the root position (Figure 3,
Table 4). Chimarrogale phaeura was the species that diverged
earliest, likely around the Miocene/Pliocene boundary (node t2,
mean=5.27, 95% CI=4.11-6.71 Ma). The low pp support at
nodes t3 and t4 might indicate rapid evolution at the Miocene/
Pliocene boundary and the appearance of C. himalayica, C.
phaeura, and C. styani in the same period. The divergence of
C. h. leander and C. platycephala occurred at approximately
3.03 Ma (node t5, 95% CI=1.83-4.27 Ma). One distinct
subclade (C4) diverged within clade C, which consisted the
divergence of C. h. himalayica and C. h. varennei, during the
same time period (node t6, mean=2.31, 95% CI=1.18-3.64 Ma)
in Yunnan Province of China. The divergence of C. h. leander
of Taiwan from the group in eastern China occurred at
approximately 2.09 Ma (node {7, mean=5.27, 95%
CI=1.07-3.19). These divergence events at nodes t5, t6, and t7
took place around the Pliocene/Pleistocene boundary (Figure
3).

The results of the species delimitation analysis revealed
clades with divergence times earlier than 0.87 Ma, which were
considered to be putative species (n=10), and all clades and
subclades shown in Figure 3 were recognized as putative
species via the GMYC method.

Species distribution modeling and ancestral
distributions

The results of the suitable habitat prediction performed for C.
himalayica under current climate variables are shown in Figure
1a. This map showed that our estimation mostly fit the
occurrence records for C. himalayica. The AUC value of our
model was 0.981, indicating very good model performance.
Temperature-related variables such as the mean temperature
of the coldest month, maximum temperature of the warmest
month, and annual temperature range, made the largest
contributions to the model (28.2%, 27%, and 17%,
respectively). A suitable habitat for C. himalayica in the past is
shown in Figure 1b. The probability of suitable habitat for C.
himalayica, which was much more connected between eastern
and western areas of East Asia, increased during the glacial
period (LGM).

The results of the ancestral distribution analysis performed
via BBM are shown in Figure 4a. The origin of Chimarrogale
might have been in Southeast Asia (node 78), with probabilities
of 72.85% for region F and 11.48% for region D being
obtained. Furthermore, the origin of Chimarrogale in East Asia
likely occurred in southwestern China (node 77), with
probabilities of 70.54% for region D and 12.52% for region B
being observed. The ancestor of the Chimarrogale found in
eastern China, Taiwan, and Japan potentially occurred in the
area around eastern China and Japan, as indicated by a
probability of 64.52% for region B (node 61), though there was
also a probability of 14.26% that the ancestor originated in
region A (Figure 4b). Vicariance and dispersal events were
indicated for the nodes mentioned here in the BBM analysis as
well.
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Figure 1. Predicted suitable Chimarrogale himalayica habitat based on current (a) and (b) historical climatic
conditions. The colors indicate the probability of a habitat being suitable. White indicates areas without climate data. Red dashed
lines indicate boundaries for the distributions of the three subspecies of Chimarrogale himalayica. Gray circles indicate the localities

used to construct the model. White triangles indicate distribution localities summarized by Corbet and Hill [3].
doi: 10.1371/journal.pone.0077156.g001
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Figure 2. Pretest phylogenetic results for Asiatic water shrews. The results of an analysis of mitochondrial DNA cytochrome b
sequences via the maximum likelihood method with 1,000 bootstrap replicates are shown. (a) Consensus tree and (b) 50%
condensed tree. Numbers on nodes indicate bootstrap support values.

doi: 10.1371/journal.pone.0077156.9g002

Discussion

The limitations of mitochondrial DNA

The utilization of mtDNA as a marker in phylogenetic and
phylogeographic studies and the associated problems have
been well-discussed in the literature (e.g., [33,34]). Because of
its rapid evolutionary rate, mtDNA usually can reflect
phylogenetic and phylogeographic histories well at both the
intra- and interspecific levels [35]. The mitochondrial genome
has also been used as a bar code in eutherian mammals [36].
However, increasing evidence suggests that due to
heteroplasmy, introgression, and non-neutrality of mtDNA
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genomic evolution [33,37], mitochondrial gene trees might
differ from species trees [38]. Therefore, our results should be
treated with caution and tested in future studies using multiple
nuclear genes. Nevertheless, this study provides the first-ever
phylogeny of the genus Chimarrogale, and the results revealed
significant patterns that are highly associated with geographic
distributions and the paleoclimate.

Molecular phylogenetics and systematics of
Chimarrogale species in East Asia

Our phylogeny statistically supports C. himalayica as a

paraphyletic species. The species-level paraphyly observed in
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clock. Branch length indicates the time of divergence. Node bars indicate the 95% credible interval for node ages. Numbers above
branches indicate the posterior probabilities supporting each node. Letters below the branch nodes indicate the node numbers
correlated with Table 4. The four main clades are shaded with different colors (clades A to D). Red stars indicate fossil-calibrated
nodes. The green star indicates the calibration for Chimarrogale living in China. Correlated Epochs and ages are shown. Current

and recommended taxonomic statuses are also shown.
doi: 10.1371/journal.pone.0077156.g003

the mtDNA phylogeny commonly occurs in many taxa for
various reasons [38]; however, because of the strong
phylogeographic pattern, we believe this result occurred due to
the existence of cryptic species within the Chimarrogale. The
results of species delimitation using the GYMC method
recognized 10 putative species, but because the analysis was
based on a single maternal gene, these results should be
reexamined via approaches involving multiple loci [39].
Nevertheless, the taxonomic diversity of Chimarrogale has
been highly underestimated prior to this study. While future
comprehensive morphological diagnoses are needed in future
studies, we present a working hypothesis and some preliminary
discussion about the taxonomy based on the current results of
phylogenetic and species delimitation.
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The monophyly of C. styani in southwestern China is strongly
supported (clade D, pp=1.0; Figure 3), even though its
phylogenetic position is largely unresolved. This species
exhibits a light-colored ventral surface, which makes it the most
morphologically distinguishable of the Asiatic water shrew
species [1,4]. Although this species is sympatric with C.
himalayica [12], the two shrews are highly genetically diverged
(K2P distance >12%). Based on the above reasons, C. styani
was confirmed as a distinct species (Figure 3, Table 1).

C. h. leander, represented by clade A, was found to be
closely related to C. platycephala with high statistical support
(node t5, pp=1.0; Figure 3). This result supports the findings of
Ohdachi et al. [40], who investigated the phylogenetic
relationships of Chimarrogale based on samples from Japan
(C. platycephala) and Taiwan (identified as C. himalayica in
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Table 1. Genetic distances among clades of Asiatic water
shrews.

Biogeography of Asiatic Water Shrews

Table 4. Divergence times for 10 major nodes.

Node Mean age (Ma) 95% CI (Ma)
Clade A B C D C. phaeura 1 6.35 4.6-8.12
A 0.009 0.010 0.010 0.012 t2 5.27 4.11-6.71
B 0.105 0.011 0.011 0.013 t3 4.58 4.04-5.18
C 0.141 0.141 0.009 0.012 t4 3.67 2.45-4.79
D 0.138 0.138 0.121 0.013 t5 3.03 1.83-4.27
C. phaeura 0.163 0.164 0.157 0.153 t6 2.31 1.18-3.64
Mean genetic distances (lower triangle) and standard errors (upper triangle) t7 2.09 1.07-3.19
among clades based on mitochondrial DNA cytochrome b gene sequences t8 1.8 0.85-2.94
determined using a Kimura 2-parameter model with 1,000 bootstrap replications. t9 1.4 0.47-2.44
The names of the clades are provided in Figure 3. t10 1.36 0.56-2.3

doi: 10.1371/journal.pone.0077156.t001

Table 2. Genetic distances among the three subclades of
Asiatic water shrews within clade A.

Subclade A1 A2 A3
A1 0.008 0.009
A2 0.071 0.007
A3 0.083 0.057

Mean genetic distances (lower triangle) and standard errors (upper triangle)
among the three subclades of clade A based on mitochondrial DNA cytochrome b
gene sequences determined using a Kimura 2-parameter model with 1,000
bootstrap replications. The names of the subclades are provided in Figure 3.

doi: 10.1371/journal.pone.0077156.t002

Table 3. Genetic distances among the four subclades of
Asiatic water shrews within clade C.

Subclade Cc1 C2 C3 C4
C1 0.005 0.006 0.007
C2 0.032 0.006 0.008
C3 0.040 0.042 0.008
C4 0.065 0.064 0.067

Mean genetic distances (lower triangle) and standard errors (upper triangle)
among the four subclades of clade C based on mitochondrial DNA cytochrome b
gene sequences determined using the Kimura 2-parameter model with 1,000
bootstrap replications. The names of subclades are shown in Figure 3.

doi: 10.1371/journal.pone.0077156.t003

their manuscript). Because the phylogenetic position and
taxonomic status of C. platycephala of Japan are agreed upon
in most studies [1,3,5], Ohdachi et al. [40] proposed that either
species status or subspecies status, under C. platycephala, be
applied to the Chimarrogale of Taiwan. However, their
analyses did not include the original sampling locality of C. h.
leander from Fujian or any other site in China. Our analysis
included two Chimarrogale specimens collected from the type
locality of C. h. leander at Wuyishan in Fujian Province in
China [41], one specimen from Hubei Province in China, three
specimens from Shaanxi Province in China, and 11 specimens

PLOS ONE | www.plosone.org

The mean divergence times and 95% credible intervals based on mitochondrial
DNA cytochrome b sequences determined via Bayesian phylogenetic analysis with
a relaxed molecular clock and 10 major nodes. The node names are provided in
Figure 3.

doi: 10.1371/journal.pone.0077156.t004

from Taiwan. Our results strongly supported the genetic
isolation of C. h. leander from central and eastern China and
Taiwan from other C. himalayica species (clade A, pp=0.99;
Figure 3). The mean genetic distances between C. h. leander
and the other clades were >10.5% in K2P (Table 1). A
morphological study showed that specimens of C. h. leander
from southern China and Taiwan presented smaller body sizes
[4]. Therefore, we suggest that Chimarrogale leander Thomas,
1902 is a valid species rather than a subspecies of C.
himalayica. The distribution range of C. leander included
southeastern China and Taiwan [4,5,41].

Motokawa et al. [5] found that C. platycephala and C.
phaeura are phylogenetically distinguishable. We confirmed
this result and showed that C. phaeura represented a sister
group to the other Chimarrogale species and subspecies
(Figure 3). The mean genetic distance between C. phaeura
and other clades was >15% in K2P (Table 1). This result was
expected because C. phaeura is distributed in a lower-latitude
area, far from the other Chimarrogale, indicating that it may
have diverged quite some time ago. Moreover, the differences
in the shapes of the upper incisors of C. himalayica and C.
phaeura confirm the distinct taxonomic status of C. phaeura [3].

Although morphological investigation did not reveal any
significant differences among the three C. himalayica
subspecies, the Taiwanese water shrew was found to be
slightly smaller than the other subspecies [5]. This observation
was reported previously by Jones and Mumford [42], who
measured the skulls of Chimarrogale from Fujian and Taiwan.
They recommended subspecies status for Chimarrogale in
Taiwan. Our results place C. h. leander of Taiwan in a
monophyletic group with high statistical support (subclade A1,
pp=1.0; Figure 3). The mean genetic distance between the
populations from Fujian and Taiwan was 7.1% in K2P (Table
2), and they diverged at approximately 2.09 Ma (node t7, Table
4). This result is nearly identical to the divergence time
observed between Chodsigoa parca of Yunnan and Chodsigoa
sodalis of Taiwan, as described by He et al. [8], which might
indicate the existence of similar divergence events driving the
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Figure 4. Reconstruction of the ancestral distribution of Asiatic water shrews. Ancestral distribution range based on the
Bayesian binary MCMC method. The distribution range is based on the majority tree annotated from Bayesian phylogenetic analysis
(a). The classifications of the geographical regions of current samples are identified in different colors, with the letters beside the
sample names indicating the following specimens: A) Chimarrogale himalayica leander from Taiwan; B) Chimarrogale platycephala
from Japan; C) Chimarrogale himalayica leander from eastern China; D) Chimarrogale himalayica varennei and Chimarrogale styani
from southwestern China and Chimarrogale himalayica varennei from northern Vietnam; E) Chimarrogale himalayica himalayica
from Nepal; F) Chimarrogale phaeura from Borneo; and G) outgroups. The pies indicate the ancestral distribution based on the
probabilities (%) at each node. Black stars show the combined probabilities of the reconstruction results <5%. The probabilities (%)
of the reconstruction results of three major nodes are shown in (b). Vicariance and dispersal events are indicated at these nodes.

doi: 10.1371/journal.pone.0077156.g004
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speciation of these small mammals. In summary, due to the
observed geographical isolation and genetic diversification, we
support the findings of Ohdachi et al. [40] and suggest that C.
h. leander from Taiwan might represent a cryptic species
(Figure 3).

The samples collected from Hubei and Shaanxi provinces of
China were recognized as belonging to subclade A3 (Figure 3).
The genetic distance between subclades A2 and A3 was 5.7%
in K2P. Based on the species delimitation analysis, a putative
species status was indicated for this subclade. Due to a lack of
sufficient specimens and of knowledge of the distribution
range, we temporarily considered this putative species to be
located in central China.

Samples from Trans-Himalaya regions, including C. h.
himalayica from Nepal and C. h. varennei from Vietnam and
Yunnan Province in China, were clustered together into clade
C (pp=1.0; Figure 3). Unexpectedly high genetic polymorphism
was observed, and four subclades were statistically supported
(subclades C1 - C4, pp=1.0; Figure 3). Hoffmann [4] concluded
that the Chimarrogale distributed in the southern Himalayas
should be classified as C. h. himalayica and that those
distributed in southwestern China and Vietnam should be
classified as C. h. varennei. Our two samples from Nepal were
constrained into subclade C1, which supports the suggestions
made by Hoffmann [4], and these samples could be classified
as C. h. himalayica. However, the samples from southwestern
China and Vietnam clustered into three different subclades and
showed a paraphyletic relationship with C. h. himalayica within
clade C (subclades C2, C3, and C4; Figure 3). This result does
not support Hoffmann [4] classification of C. h. varennei.
Subclade C2 was most closely related to subclade C1 and
included two samples from Yunnan Province, China. Five
samples from Yunnan Province and one sample from Vietnam
were grouped into another subclade with strong statistical
support (subclade C3, pp=1.0). The type locality of C. h.
varennei Thomas, 1927 is located in Dakto, in central Vietnam
[3]. Therefore, subclade C3 most likely corresponded to C. h.
varennei. Subclade C4 was the most distinct subclade within
clade C, and the genetic distances between C4 and the other
subclades were >6% in K2P (Table 3). The results of species
delimitation using the GYMC method indicated that these four
subclades within clade C are putative species. Because there
were insufficient available samples and we did not know the
distribution ranges of subclades C2 and C4, we tentatively
labeled these subclades with an unknown putative species
status. Under the same criterion used in the GYMC method,
the two current subspecies of C. himalayica (subclade C1 and
C3) would also be considered valid species (Figure 3).
However, as emphasized above, these suggestions must be
considered with caution because they were based on a very
limited sample size, and only a single locus of a mtDNA gene
was used. Comprehensive sampling in southwestern China or
examination of museum specimens using next-generation

sequencing methods will be necessary to clarify the
phylogenetic relationships in this area [43].
PLOS ONE | www.plosone.org
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Biogeography, paleoclimate, and an evolutionary
scenario for Asiatic water shrews

Although the population sizes of Chimarrogale are relatively
low compared to those of other shrews [5,11], their distribution
extends throughout the entire Oriental region. This makes
Chimarrogale the most widely distributed genus of the Asian
Nectogalini and enables us to examine the biogeographic
history of Nectogalini shrews in Asia. Although He et al. [8]
proposed a high-latitude migration route for the Nectogalini, we
found evidence supporting a low-latitude route that better
explains the observed current distribution patterns and the
phylogenetic structure of Chimarrogale.

The relationship between the paleoclimate and mammalian
evolution has been well documented [44-46]. Similar to other
mammals, the migration and distribution of Chimarrogale were
strongly affected by global climate change during the Neogene
and Quaternary. Species distribution modeling showed that the
suitable habitat for Chimarrogale expanded during the LGM
(Figure 1b). Temperature-related variables made the greatest
contribution to the model’s construction, further indicating that
the suitable habitat for Chimarrogale increased during the
glacial period. Although climate data from prior to the LGM
were not available, our results indicated that Chimarrogale
populations might have increased during glacial periods and
decreased during interglacial periods. This result is consistent
with data obtained from field surveys, as Asiatic water shrews
can currently only be found in mountain streams and rivers
[10,11,47].

The ancestral distribution analysis conducted via BBM
indicated that the possible locality of the Chimarrogale common
ancestor showed a 72.85% probability of being situated in
Southeast Asia (node 78; Figure 4). Our BBM results also
suggested that the ancestral localities of clades A+B, C, and D
may have been in southwestern China (70.54% probability,
node 77; Figure 4). Chimarrogale species most likely migrated
from Europe to Asia via a low-latitude route, such as through
Central Asia.

Fossil records [6,9] and molecular phylogenetic analyses [7]
indicate that shrews originated in Europe in the early Oligocene
and dispersed to Asia during the middle Miocene. He et al. [8]
concluded that the Nectogalini fossils found in northern Asia
are more primitive and older in age than those from southern
Asia, indicating a southward migration route. They also
suggested that Nectogalini shrews migrated to lower latitudes
around the M/P boundary and that Chimarrogale dispersed
throughout the Chinese region after the Pliocene/Pleistocene
(P/P) boundary. When considering only semi-aquatic shrews, if
Chimarrogale and Neomys evolved and migrated together from
northern to southern Eurasia, then the question remains of why
Chimarrogale fossils are only found in central and southern
China [9], whereas Neomys fossils are only found at high
latitudes in Eurasia [6]. The fossil record indicates that
Chimarrogale had already appeared in central China in the
early Pliocene [23]. Our model further indicates that C. phaeura
from Borneo diverged from the other species and subspecies
at approximately the M/P boundary (Figure 3), implying that
Chimarrogale arrived in Southeast Asia during the late
Miocene. Finally, one fossil of Soriculus (a member of tribe
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Figure 5. Molecular phylogenetic results modified from He et al. [8].

The topology of the Bayesian phylogenetic results obtained by combining ApoB (615 bp) and BRCA1 (792 bp) gene sequences
modified from He et al. [8]. The distribution range for each species is based on the Red List of the International Union for
Conservation of Nature and Natural Resources, accessible online at (http://www.iucnredlist.org/). The dotted line divides groups A

and B according to geographical regions.
doi: 10.1371/journal.pone.0077156.9g005

Nectogalini) from late Pliocene strata was found in Kashmir, in
northwestern India [9]. The occurrence of this fossil cannot be
explained by a high-latitude scenario. In Figure 5, we present a
tree topology modified from that of He et al. [8], which shows
that the distribution ranges of group A and group B were clearly
different. The species in group A mainly occurred in central
China and high-latitude Eurasia (Neomys), while those in group
B are mainly from southwestern China and the southern
Himalayas. These different distributions might indicate
divergent migration or evolution scenarios. High-latitude
migration and evolution explained the distribution of group A
well but not that of group B.

Based on our results, we hypothesized that an ancestor of
Chimarrogale was mainly distributed in East and Southeast
Asia during the late Miocene, after migrating from Europe
through Central Asia. This hypothesis also supports
independent evolutionary origins for semi-aquatic adaptations
in Chimarrogale and Neomys in He et al. [8]. If Asiatic water
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shrews followed this low-latitude migration and evolution
scenario, then their biogeographic history would have been
similar to that shown in Figure 6. The predicted divergence
times indicated that the first divergence event of the ancestral
Chimarrogale was near the M/P boundary (node t2, 5.27 Ma;
Table 4). The short branches and low node supports observed
in the ML pretest tree and Bayesian tree suggest that rapid
speciation occurred after the M/P boundary, during which
clades A+B, C, D, and C. phaeura might have diverged
(Figures 2, 3). Global cooling and drying events occurred
gradually after the middle Miocene [48,49], when the
Chimarrogale ancestor would have expanded from Europe to
Asia, as this species was adapted to cool environments (Figure
6a). Finally, climate change in the late Miocene induced
changes in global vegetation and habitat that caused turnover
and rapid speciation of global fauna around the M/P boundary
[50-52]. Rapid speciation phenomena during this time have
been noted for Nectogaline shrews [8] and other mammals
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[53-55]. Similar to the other Nectogaline shrews, habitat
changes might have reduced the potential habitats available for
Chimarrogale species. Global warming during the early
Pliocene [56-58] may have driven rapid speciation of the genus
because of the low tolerance of its members to higher
temperatures. Around the M/P boundary, the ancestral
population of Chimarrogale might have decreased, taking
refuge in some areas in which rapid speciation could have
occurred (Figure 6b). Vicariance and dispersal events indicated
by the BBM analysis of nodes 61, 77, and 78 support the
notion that speciation took place via radiation during this time
(Figure 4). Therefore, we propose three possible refugia for
Chimarrogale: northern Borneo (l); southeastern China
(Hengduan Mountains; Il); and an unknown locality in eastern
China (lll; Figure 6b).

Regarding refuge |, geographic studies indicate that the
highlands of Sundaland were elevated in the middle Miocene,
connecting the western side of Wallace’s Line with mainland
Southeast Asia until the late Pliocene [59,60]. Therefore, it was
possible for Chimarrogale to be distributed throughout this
region, before taking refuge in the highlands of northern
Borneo. Similar divergence events have been reported for the
early Pliocene, as demonstrated by phylogenetic studies of
Crocidura shrews [61,62] and murine rodents [63] in the
Sundaland region.

Concerning refuge Il, ecological and biogeographical studies
show that the complex environment of the Hengduan
Mountains in southwestern China and northern Vietnam (the
southeastern Tibetan Plateau) were important for conserving
biodiversity and inducing speciation in mammals [64-66].
Geographic evidence suggests that the southeastern area of
the Tibetan Plateau was elevated during the middle Miocene
[67]. During the global warming that took place in the early
Pliocene, the Chimarrogale population in south and
southwestern Asia most likely became extinct, except for the
shrews within a refuge in the southeastern area of the Tibetan
Plateau. The uplift of the Tibetan Plateau could have trapped
moisture [68], providing a cool and humid habitat for
Chimarrogale. Chimarrogale himalayica and C. styani most
likely appeared during this period but might have originated in
different ranges of the Hengduan Mountains. This is
concordant with the earliest fossil record of Chimarrogale,
which was found in southwestern China and was dated to the
early Pliocene [23]. Our refuge hypothesis is consistent with
the divergence and speciation of other fauna on the Tibetan
Plateau, which mostly occurred during the early Pliocene to
late Miocene [69].

With respect to refuge lll, ancestral analysis via BBM
indicated that the possible ancestral distribution range of clade
A+B was located in Japan (64.52%), but there was an almost
36% probability of it being located in Fujian, Taiwan, or
elsewhere (node 61, Figure 4). Therefore, we propose that
there was an unknown refuge within East Asia, most likely in
eastern China. This hypothesized refuge was also noted in a
biogeographic study on the Crocidura suaveolens group
conducted by Dubey et al. [70], who proposed the existence of
a refuge on the Pacific coast. We consider the eastern side of
the Chinese Loess Plateau to be more suitable for Asiatic
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(a) L’ate Mi90ene
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(c) P/P boundary

(d) Early Pleistocene

Figure 6. Hypothetical biogeographic history of Asiatic
water shrews. Ancestral distribution of Asiatic water shrews
(in shaded gray color) during the late Miocene in East and
Southeast Asia (a). The population decreased during warming
in the early Pliocene (b). The population expanded and re-
colonized surrounding areas during the glaciation that occurred
at the Pliocene/Pleistocene boundary (c). The population
decreased again during warming in the early Pleistocene. The
colors indicate corresponding geographical regions shown in
Figure 4. The distribution range of Chimarrogale styani is
shown in pink (d). Population increases and decreases are
indicated by arrows. Roman numerals indicate the three
possible refuges. Question marks indicate an unknown refuge
area in East Asia. The ranges of the southwestern Tibetan
Plateau are shown in bold red lines.

doi: 10.1371/journal.pone.0077156.g006
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water shrews because geographic evidence suggests that this
area became arid approximately 6 Ma but was more humid in
the early Pliocene [71,72]. A cool and humid regional climate
would have provided suitable shelter for Chimarrogale during
this time.

Figure 3 shows that a second divergence event began
around the P/P boundary, during which the divergence of clade
A+B (node t5, 3.03 Ma), within clade C (i6, 2.31 Ma), and
within clade A (17, 2.09 Ma; Table 4) occurred. Similar to the
M/P boundary, rapid speciation most likely occurred during this
age, especially within clade C (which was supported in our ML
pretest tree; Figure 2). Global cooling occurred during the late
Pliocene and the P/P boundary [56,73]. In Europe, some
mammals retreated southward during the glacial periods of the
Quaternary and expanded north again during inter-glacial
periods [46,74]. As Chimarrogale have occurred in the lower
latitudes of Asia since the early Pliocene, we propose that
global cooling around the P/P boundary provided a good
opportunity for Asiatic water shrew populations to expand from
the three refuges of the early Pliocene (Figure 6c). Shrews in
refuge | most likely colonized the Malaysian peninsula and
Sumatra, affecting the current distribution range of C. hantu
and C. sumatrana. Although we did not analyze any genetic
material from these two species in the present study, the
similarity of the morphology of the upper incisors of C. hantu,
C. phaeura, and C. sumatrana indicates that these species
evolved from a common ancestor [4]. We propose that the
speciation of these three shrews occurred in the same age,
which was most likely after the P/P boundary. This hypothesis
might be supported by examining the phylogenetic
relationships of two endangered Chimarrogale species, C.
sumatrana, and C. hantu.

In refuge Il, which includes the re-colonization of Myanmar,
Vietnam, and the southern and southeastern Tibetan Plateau,
species distribution modeling indicated that the suitable habitat
for Asiatic water shrews between southwestern China and
southern Tibetan Plateau was largely connected during the
cold period (Figure 1b). As the Tibetan Plateau was already at
its current elevation during the early Pleistocene [75],
colonization from a refuge in the Hengduan Mountains to the
southern Tibetan Plateau was possible. These mountainous
regions would have provided suitable habitat for those re-
colonized Chimarrogale populations during later interglacial
periods. The fossil record of C. himalayica in southwestern
China from the early Pleistocene [9] also supports this
hypothesis.

References

1. Hutterer R (2005) Order Soricomorpha. In: DE WilsonDM Reeder.
Mammal species of the world: A taxonomic and geographic reference.
3rd ed. Baltimore: Johns Hopkins University Press. pp. 220-311.

2. Gray JE (1842) Description of some new genera and fifty unrecorded
species of mammalia. J Nat Hist 10: 255-267.

3. Corbet GB, Hill JE (1992) The mammals of the Indomalayan Region: A
systematic review. Oxford; New York: Oxford University Press. 488pp.

4. Hoffmann RS (1987) A review of the systematics and distribution of
Chinese red-toothed shrews. Sorcinae: Mammalia. Acta Theriol Sin 7:
100-139.

5. Motokawa M, Harada M, Apin L, Yasuma S, Yuan SL et al. (2006)
Taxonomic study of the water shrews Chimarrogale himalayica and C.
Platycephala. Acta Theriol 51: 215-223. doi:10.1007/BF03192673.

PLOS ONE | www.plosone.org

13

Biogeography of Asiatic Water Shrews

For refuge lll, colonization from eastern China to coastal
areas, Japan, and Taiwan is concordant with a
phylogeographic study on Japanese water shrews, which
suggested that the Japanese population originated from
Kyushu (southwestern Japan), before dispersing throughout
the island of Japan [76]. The fossil record also indicates that C.
platycephala appeared before the middle Pleistocene [24],
which also supports our colonization hypothesis.

After the cold period of the P/P boundary, speciation
occurred during the following interglacial period of the early
Pleistocene. Populations decreased again during this warm
period [77] to form the present distribution pattern (Figure 6d).
Subsequent climate oscillation in the late Quaternary might
have affected the genetic structure of Chimarrogale, but
additional samples will be required to clarify the
phylogeographic relationship between Chimarrogale
populations and climate changes in East and Southeast Asia.

Supporting Information

Table S1. Information of samples used in present study.
Sampling locality, museum collection code, and GenBank
accession number of each sequence is provided.
Corresponding species names and regional codes for Bayesian
binary MCMC analysis are also shown in this table.

(XLSX)

Acknowledgements

We thank C.L. Bridgman for editing the language of and
providing suggestions regarding this manuscript. We thank the
National Museum of Natural Science, Taiwan, for preparing
and preserving specimens. We are grateful to Mr. Quan Li for
collecting three samples from Qinling, Shaanxi, and Mr. Ye-
Yong Liu for collecting two samples from Jingdong, Yunnan.

Author Contributions

Conceived and designed the experiments: LKL. Performed the
experiments: SLY KH. Analyzed the data: SLY. Contributed
reagents/materials/analysis tools: XLJ ZJL KH MH. Wrote the
manuscript: SLY. Advised the doctorate work by SLY: LKL.
Revised the paper: LKL TO.

6. Rzebik-Kowalska B (1998) Fossil history of shrews in Europe. In: JM
WojcikM Wolsan. Evolution of shrews. Bialowieza. Mammal Reasearch
Institute. pp. 23-92.

7. Dubey S, Salamin N, Ohdachi SD, Barriere P, Vogel P (2007)
Molecular phylogenetics of shrews (Mammalia: Soricidae) reveal timing
of transcontinental colonizations. Mol Phylogen Evol 44: 126-137. doi:
10.1016/j.ympev.2006.12.002. PubMed: 17267241.

8. He K, Li YJ, Brandley MC, Lin LK, Wang YX et al. (2010) A multi-locus
phylogeny of Nectogalini shrews and influences of the paleoclimate on
speciation and evolution. Mol Phylogen Evol 56: 734-746. doi:10.1016/
j.ympev.2010.03.039.

October 2013 | Volume 8 | Issue 10 | e77156


http://dx.doi.org/10.1007/BF03192673
http://dx.doi.org/10.1016/j.ympev.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17267241
http://dx.doi.org/10.1016/j.ympev.2010.03.039
http://dx.doi.org/10.1016/j.ympev.2010.03.039

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Storch G, Qiu ZD, Zazhigin VS (1998) Fossil history of shrews in Asia.

In: JM Wo¢jcikM Wolsan. Evolution of shrews. Bialowieza. Mammal
Reasearch Institute. pp. 93-120.

. Churchfield S (1998) Habitat use by water shrews, the smallest of

amphibious mammals. In: N DunstoneML Gorman. Behaviour and
ecology of riparian mammals. New York: Cambridge University Press.
pp. 49-68.

. Lunde DP, Musser GG (2002) The capture of the Himalayan water

shrew (Chimarrogale himalayica) in Vietnam. Mamm Study 27:
137-140. doi:10.3106/mammalstudy.27.137.

. Smith AT, Xie Y (2008) A guide to the mammals of China. Princeton:

Princeton University Press. 544pp.

. Choate JR, Baker RJ, Barrett GW, Birney EC, Dowler RC et al. (1998)

Guidelines for the capture, handling, and care of mammals as
approved by the American Society of Mammalogists. J Mammal 79:
1416-1431. doi:10.2307/1383033.

. Yuan SL, Lin LK, Oshida T (2006) Phylogeography of the mole-shrew

(Anourosorex yamashinai) in Taiwan: Implications of interglacial refugia
in a high-elevation small mammal. Mol Ecol 15: 2119-2130. doi:
10.1111/j.1365-294X.2006.02875.x. PubMed: 16780429.

. Hall TA (1999) BioEdit: A user-friendly biological sequence alignment

editor and analysis program for Windows 95/98/NT. Nucleic Acids
Symp Ser 41: 95-98.

. Thompson JD, Higgins DG, Gibson TJ (1994) Clustal-W - Improving

the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res 22: 4673-4680. doi:10.1093/nar/22.22.4673.
PubMed: 7984417.

. Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary

analysis by sampling trees. Bmc. Evol Biol 7: 1471-2148.

. Tamura K, Peterson D, Peterson N, Stecher G, Nei M et al. (2011)

MEGAS5: Molecular evolutionary genetics analysis using maximum
likelihood, evolutionary distance, and maximum parsimony methods.
Mol Biol Evol 28: 2731-2739. doi:10.1093/molbev/msr121. PubMed:
21546353.

. Luo A, Qiao HJ, Zhang YZ, Shi WF, Ho SYW et al. (2010) Performance

of criteria for selecting evolutionary models in phylogenetics: A
comprehensive study based on simulated datasets. Bmc. Evol Biol 10:
242. doi:10.1186/1471-2148-10-242.

Brandley MC, Schmitz A, Reeder TW (2005) Partitioned Bayesian
analyses, partition choice, and the phylogenetic relationships of scincid
lizards. Syst Biol 54: 373-390. doi:10.1080/10635150590946808.
PubMed: 16012105.

Rambaut A, Drummond AJ, Ho SYW, Phillips MJ (2006) Relaxed
phylogenetics and dating with confidence. PLOS Biol 4: 699-710.
PubMed: 16683862.

Sanders KL, Lee MSY (2007) Evaluating molecular clock calibrations
using Bayesian analyses with soft and hard bounds. Biol Lett 3:
275-279. doi:10.1098/rsbl.2007.0063. PubMed: 17363358.

Qiu Z, Storch G (2005) [The fossil record of the Eurasian Neogene
insectivores (Erinaceomorpha, Soricomorpha, Mammalia) : Part | / L.W.
van den Hoek Ostende, CS Doukas and JWF Reumer (editors)]: China.
Scr Geol Spec Issue 5: 37-50.

Kawamura Y, Kamei T, Taruno H (1989) Middle and Late Pleistocene
mammalian faunas in Japan. Quat Res Tokyo 28: 317-326. doi:
10.4116/jaqua.28.317.

Pons J, Barraclough TG, Gomez-Zurita J, Cardoso A, Duran DP et al.
(2006) Sequence-based species delimitation for the DNA taxonomy of
undescribed insects. Syst Biol 55: 595-609. doi:
10.1080/10635150600852011. PubMed: 16967577.

Esselstyn JA, Evans BJ, Sedlock JL, Khan FAA, Heaney LR (2012)
Single-locus species delimitation: a test of the mixed Yule-coalescent
model, with an empirical application to Philippine round-leaf bats. Proc
R Soc Lond B Biol Sci 279: 3678-3686. doi:10.1098/rspb.2012.0705.
PubMed: 22764163.

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy
modeling of species geographic distributions. Ecol Modell 190:
231-259. doi:10.1016/j.ecolmodel.2005.03.026.

Phillips SJ, Dudik M (2008) Modeling of species distributions with
Maxent: New extensions and a comprehensive evaluation. Ecography
31: 161-175. doi:10.1111/j.0906-7590.2008.5203 .x.

Elith J, Phillips SJ, Hastie T, Dudik M, Chee YE et al. (2011) A
statistical explanation of MaxEnt for ecologists. Divers Distrib 17:
43-57. doi:10.1111/j.1472-4642.2010.00725..x.

Baldwin RA (2009) Use of maximum entropy modeling in wildlife
research. Entropy 11: 854-866. doi:10.3390/e11040854.

Braconnot P, Otto-Bliesner B, Harrison S, Joussaume S, Peterchmitt
JY et al. (2007) Results of PMIP2 coupled simulations of the Mid-

PLOS ONE | www.plosone.org

14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Biogeography of Asiatic Water Shrews

Holocene and Last Glacial Maximum - Part1: experiments and large-
scale features. Clim Past 3: 261-277. doi:10.5194/cp-3-261-2007.

Ali SS, Yu Y, Pfosser M, Wetschnig W (2012) Inferences of
biogeographical histories within subfamily Hyacinthoideae using S-
DIVA and Bayesian binary MCMC analysis implemented in RASP
(Reconstruct Ancestral State in Phylogenies). Ann Bot Lond 109:
95-107. doi:10.1093/aob/mcr274.

Galtier N, Nabholz B, Glémin S, Hurst GDD (2009) Mitochondrial DNA
as a marker of molecular diversity: a reappraisal. Mol Ecol 18:
4541-4550. doi:10.1111/j.1365-294X.2009.04380.x. PubMed:
19821901.

Alves PC, Melo-Ferreira J, Freitas H, Boursot P (2008) The ubiquitous
mountain hare mitochondria: multiple introgressive hybridization in
hares, genus Lepus. Philos TR Soc B 363: 2831-2839. doi:10.1098/
rstb.2008.0053. PubMed: 18508749.

Avise JC (2009) Phylogeography: retrospect and prospect. J Biogeogr
36: 3-15. doi:10.1111/j.1365-2699.2008.02032.x.

Luo AR, Zhang AB, Ho SYW, Xu WJ, Zhang YZ et al. (2011) Potential
efficacy of mitochondrial genes for animal DNA bar coding: a case
study using eutherian mammals. BMC Genomics 12: 84-. PubMed:
21276253.

Rubinoff D (2006) Utility of mitochondrial DNA bar codes in species
conservation.  Conserv  Biol 20: 1026-1033. doi:10.1111/j.
1523-1739.2006.00372.x. PubMed: 16922219.

Funk DJ, Omland KE (2003) Species-level paraphily and polyphyly:
Frequency, causes, and consequences, with insights from animal
mitochondrial DNA. Annu Rev Ecol Evol Syst 34: 397-423. doi:10.1146/
annurev.ecolsys.34.011802.132421.

Yang ZH, Rannala B (2010) Bayesian species delimitation using
multilocus sequence data. Proc Natl Acad Sci U S A 107: 9264-9269.
doi:10.1073/pnas.0913022107. PubMed: 20439743.

Ohdachi SD, Hasegawa M, lwasa MA, Vogel P, Oshida T et al. (2006)
Molecular phylogenetics of soricid shrews (Mammalia) based on
mitochondrial cytochrome b gene sequences: with special reference to
the Soricinae. J Zool 270: 177-191.

. Thomas O (1902) On two mammals from China. J Nat Hist 10:

163-166.

Jones GS, Mumford RE (1971) Chimarrogale from Taiwan. J Mammal
52: 228-232. doi:10.2307/1378458.

Mason VC, Li G, Helgen KM, Murphy WJ (2011) Efficient cross-species
capture hybridization and next-generation sequencing of mitochondrial
genomes from noninvasively sampled museum specimens. Genome
Res 21: 1695-1704. doi:10.1101/gr.120196.111. PubMed: 21880778.
Lister AM (2004) The impact of Quaternary ice ages on mammalian
evolution. Philos TR Soc B 359: 221-241. doi:10.1098/rstb.2003.1436.
PubMed: 15101579.

Cox CB (2000) Plate tectonics, seaways and climate in the historical
biogeography of mammals. Mem | Oswaldo Cruz 95: 509-516.

Hewitt GM (2004) Genetic consequences of climatic oscillations in the
Quaternary. Philos T Roy Soc B 359: 183-195. doi:10.1098/rstb.
2003.1388. PubMed: 15101575.

Abe H (2003) Trapping, habitat, and activity of the Japanese water
shrew, Chimarrogale platycephala. Honyurui Kagaku 43: 51-65.
Zachos J, Pagani M, Sloan L, Thomas E, Billups K (2001) Trends,
rhythms, and aberrations in global climate 65 Ma to present. Science
292: 686-693. doi:10.1126/science.1059412. PubMed: 11326091.
Lewis AR, Marchant DR, Ashworth AC, Hemming SR, Machlus ML
(2007) Major middle Miocene global climate change: Evidence from
East Antarctica and the Transantarctic Mountains. Geol Soc Am Bull
119: 1449-1461. doi:10.1130/B26134.

Cerling TE, Harris JM, MacFadden BJ, Leakey MG, Quade J et al.
(1997) Global vegetation change through the Miocene/Pliocene
boundary. Nature 389: 153-158. doi:10.1038/38229.

Janis CM (1993) Tertiary mammal evolution in the context of changing
climates, vegetation, and tectonic events. Annu Rev Ecol Syst 24:
467-500. doi:10.1146/annurev.es.24.110193.002343.

Jia GD, Peng PA, Zhao QH, Jian ZM (2003) Changes in terrestrial
ecosystem since 30 Ma in East Asia: Stable isotope evidence from
black carbon in the South China Sea. Geology 31: 1093-1096. doi:
10.1130/G19992.1.

Krause J, Unger T, Nocon A, Malaspinas AS, Kolokotronis SO et al.
(2008) Mitochondrial genomes reveal an explosive radiation of extinct
and extant bears near the Miocene-Pliocene boundary. Bmc. Evol Biol
8:220. doi:10.1186/1471-2148-8-220.

Johnson WE, Eizirik E, Pecon-Slattery J, Murphy WJ, Antunes A et al.
(2006) The Late Miocene radiation of modern Felidae: A genetic
assessment. Science 311: 73-77. doi:10.1126/science.1122277.
PubMed: 16400146.

October 2013 | Volume 8 | Issue 10 | e77156


http://dx.doi.org/10.3106/mammalstudy.27.137
http://dx.doi.org/10.2307/1383033
http://dx.doi.org/10.1111/j.1365-294X.2006.02875.x
http://www.ncbi.nlm.nih.gov/pubmed/16780429
http://dx.doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://dx.doi.org/10.1186/1471-2148-10-242
http://dx.doi.org/10.1080/10635150590946808
http://www.ncbi.nlm.nih.gov/pubmed/16012105
http://www.ncbi.nlm.nih.gov/pubmed/16683862
http://dx.doi.org/10.1098/rsbl.2007.0063
http://www.ncbi.nlm.nih.gov/pubmed/17363358
http://dx.doi.org/10.4116/jaqua.28.317
http://dx.doi.org/10.1080/10635150600852011
http://www.ncbi.nlm.nih.gov/pubmed/16967577
http://dx.doi.org/10.1098/rspb.2012.0705
http://www.ncbi.nlm.nih.gov/pubmed/22764163
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.026
http://dx.doi.org/10.1111/j.0906-7590.2008.5203.x
http://dx.doi.org/10.1111/j.1472-4642.2010.00725.x
http://dx.doi.org/10.3390/e11040854
http://dx.doi.org/10.5194/cp-3-261-2007
http://dx.doi.org/10.1093/aob/mcr274
http://dx.doi.org/10.1111/j.1365-294X.2009.04380.x
http://www.ncbi.nlm.nih.gov/pubmed/19821901
http://dx.doi.org/10.1098/rstb.2008.0053
http://dx.doi.org/10.1098/rstb.2008.0053
http://www.ncbi.nlm.nih.gov/pubmed/18508749
http://dx.doi.org/10.1111/j.1365-2699.2008.02032.x
http://www.ncbi.nlm.nih.gov/pubmed/21276253
http://dx.doi.org/10.1111/j.1523-1739.2006.00372.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00372.x
http://www.ncbi.nlm.nih.gov/pubmed/16922219
http://dx.doi.org/10.1146/annurev.ecolsys.34.011802.132421
http://dx.doi.org/10.1146/annurev.ecolsys.34.011802.132421
http://dx.doi.org/10.1073/pnas.0913022107
http://www.ncbi.nlm.nih.gov/pubmed/20439743
http://dx.doi.org/10.2307/1378458
http://dx.doi.org/10.1101/gr.120196.111
http://www.ncbi.nlm.nih.gov/pubmed/21880778
http://dx.doi.org/10.1098/rstb.2003.1436
http://www.ncbi.nlm.nih.gov/pubmed/15101579
http://dx.doi.org/10.1098/rstb.2003.1388
http://dx.doi.org/10.1098/rstb.2003.1388
http://www.ncbi.nlm.nih.gov/pubmed/15101575
http://dx.doi.org/10.1126/science.1059412
http://www.ncbi.nlm.nih.gov/pubmed/11326091
http://dx.doi.org/10.1130/B26134
http://dx.doi.org/10.1038/38229
http://dx.doi.org/10.1146/annurev.es.24.110193.002343
http://dx.doi.org/10.1130/G19992.1
http://dx.doi.org/10.1186/1471-2148-8-220
http://dx.doi.org/10.1126/science.1122277
http://www.ncbi.nlm.nih.gov/pubmed/16400146

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Marmi J, Lopez-Giraldez JF, Domingo-Roura X (2004) Phylogeny,
evolutionary history and taxonomy of the Mustelidae based on
sequences of the cytochrome b gene and a complex repetitive flanking
region. Zool Scr 33: 481-499. doi:10.1111/j.0300-3256.2004.00165.x.
Ravelo AC, Andreasen DH, Lyle M, Lyle AO, Wara MW (2004)
Regional climate shifts caused by gradual global cooling in the Pliocene
epoch. Nature 429: 263-267. doi:10.1038/nature02567. PubMed:
15152244.

Brierley CM, Fedorov AV, Liu ZH, Herbert TD, Lawrence KT et al.
(2009) Greatly expanded tropical warm pool and weakened Hadley
circulation in the early Pliocene. Science 323: 1714-1718. doi:10.1126/
science.1167625. PubMed: 19251592.

Billups K (2002) Late Miocene through early Pliocene deep water
circulation and climate change viewed from the sub-Antarctic South
Atlantic.  Palaeogeogr Palaeocl 185: 287-307. doi:10.1016/
S0031-0182(02)00340-1.

Hall R (2009) Southeast Asia’s changing palaeogeography. Blumea 54:
148-161. doi:10.3767/000651909X475941.

Moss SJ, Wilson MEJ (1998) Biogeographic implications from the
Tertiary palaeogeographic evolution of Sulawesi and Borneo. In: R Hall.
Biogeography and geological evolution of SE Asia. Leiden: Blackhuys
Publishers. pp. 133-164.

Dubey S, Salamin N, Ruedi M, Barriere P, Colyn M et al. (2008)
Biogeographic origin and radiation of the Old World crocidurine shrews
(Mammalia: Soricidae) inferred from mitochondrial and nuclear genes.
Mol Phylogen Evol 48: 953-963. doi:10.1016/j.ympev.2008.07.002.
PubMed: 18657625.

Esselstyn JA, Timm RM, Brown RM (2009) Do geological or climatic
processes drive speciation in dynamic archipelagos? The tempo and
mode of diversification in Southeast Asian shrews. Evolution 63:
2595-2610. doi:10.1111/j.1558-5646.2009.00743.x. PubMed:
19500148.

Gorog AJ, Sinaga MH, Engstrom MD (2004) Vicariance or dispersal?
Historical biogeography of three Sunda shelf murine rodents (Maxomys
surifer, Leopoldamys sabanus and Maxomys whiteheadi). Biol J Linn
Soc 81: 91-109. doi:10.1111/j.1095-8312.2004.00281.x.

Zhang RZ (2002) Geological events and mammalian distribution in
China. Acta Zool Sin 48: 141-153.

Tang ZY, Wang ZH, Zheng CY, Fang JY (2006) Biodiversity in China’s
mountains. Front Ecol Environ 4: 347-352. doi:
10.1890/1540-9295(2006)004[0347:BICM]2.0.CO;2.

Zhan XJ, Zheng YF, Wei FW, Bruford MW, Jia CX (2011) Molecular
evidence for Pleistocene refugia at the eastern edge of the Tibetan

PLOS ONE | www.plosone.org

15

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Biogeography of Asiatic Water Shrews

Plateau. Mol Ecol 20: 3014-3026.
2011.05144.x. PubMed: 21689184.

Molnar P (2005) Mio-Pliocene growth of the Tibetan Plateau and
evolution of East Asian climate. Palaeontol Electron 8: 2A.

Miao Y, Herrmann M, Wu F, Yan X, Yang S (2012) What controlled
Mid-Late Miocene long-term aridification in Central Asia?—Global
cooling or Tibetan Plateau uplift: A review. Earth Sci Rev 112: 155-172.
doi:10.1016/j.earscirev.2012.02.003.

Yang SJ, Dong HL, Lei FM (2009) Phylogeography of regional fauna on
the Tibetan Plateau: A review. Prog Nat Sci 19: 789-799. doi:10.1016/
j.pnsc.2008.10.006.

Dubey S, Zaitsev M, Cosson JF, Abdukadier A, Vogel P (2006)
Pliocene and Pleistocene diversification and multiple refugia in a
Eurasian shrew (Crocidura suaveolens group). Mol Phylogen Evol 38:
635-647. doi:10.1016/j.ympev.2005.11.005.

Guo ZT, Peng SZ, Hao QZ, Biscaye PE, An ZS et al. (2004) Late
Miocene-Pliocene development of Asian aridification as recorded in the
Red-Earth Formation in northern China. Glob Planet Change 41:
135-145. doi:10.1016/j.gloplacha.2004.01.002.

Wang L, Lu HY, Wu NQ, Li J, Pei YP et al. (2006) Palynological
evidence for Late Miocene-Pliocene vegetation evolution recorded in
the red clay sequence of the central Chinese Loess Plateau and
implication for palaeoenvironmental change. Palaeogeogr Palaeocl
241: 118-128. doi:10.1016/j.palaeo.2006.06.012.

Haywood AM, Dowsett HJ, Valdes PJ, Lunt DJ, Francis JE et al. (2009)
Introduction. Pliocene climate, processes and problems. Philos TR Soc
A 367: 3-17. doi:10.1098/rsta.2008.0205.

van Dam JA (2004) Anourosoricini (Mammalia: Soricidae) from the
Mediterranean region: A pre-quaternary example of recurrent climate-
controlled north-south range shifting. J Paleontol 78: 741-764. doi:
10.1666/0022-3360(2004)078.

Harris N (2006) The elevation history of the Tibetan Plateau and its
implications for the Asian monsoon. Palaeogeogr Palaeocl 241: 4-15.
doi:10.1016/j.palaeo.2006.07.009.

Iwasa MA, Abe H (2006) Colonization history of the Japanese water
shrew Chimarrogale platycephala, in the Japanese Islands. Acta
Theriol 51: 29-38. doi:10.1007/BF03192652.

Zheng BX, Xu QQ, Shen YP (2002) The relationship between climate
change and Quaternary glacial cycles on the Qinghai-Tibetan Plateau:
Review and speculation. Quatern Int 97-98: 93-101.

doi:10.1111/j.1365-294X.

October 2013 | Volume 8 | Issue 10 | e77156


http://dx.doi.org/10.1111/j.0300-3256.2004.00165.x
http://dx.doi.org/10.1038/nature02567
http://www.ncbi.nlm.nih.gov/pubmed/15152244
http://dx.doi.org/10.1126/science.1167625
http://dx.doi.org/10.1126/science.1167625
http://www.ncbi.nlm.nih.gov/pubmed/19251592
http://dx.doi.org/10.1016/S0031-0182(02)00340-1
http://dx.doi.org/10.1016/S0031-0182(02)00340-1
http://dx.doi.org/10.3767/000651909X475941
http://dx.doi.org/10.1016/j.ympev.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18657625
http://dx.doi.org/10.1111/j.1558-5646.2009.00743.x
http://www.ncbi.nlm.nih.gov/pubmed/19500148
http://dx.doi.org/10.1111/j.1095-8312.2004.00281.x
http://tinyurl.com/pultd8q
http://dx.doi.org/10.1111/j.1365-294X.2011.05144.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05144.x
http://www.ncbi.nlm.nih.gov/pubmed/21689184
http://dx.doi.org/10.1016/j.earscirev.2012.02.003
http://dx.doi.org/10.1016/j.pnsc.2008.10.006
http://dx.doi.org/10.1016/j.pnsc.2008.10.006
http://dx.doi.org/10.1016/j.ympev.2005.11.005
http://dx.doi.org/10.1016/j.gloplacha.2004.01.002
http://dx.doi.org/10.1016/j.palaeo.2006.06.012
http://dx.doi.org/10.1098/rsta.2008.0205
http://dx.doi.org/10.1666/0022-3360(2004)078
http://dx.doi.org/10.1016/j.palaeo.2006.07.009
http://dx.doi.org/10.1007/BF03192652

	A Mitochondrial Phylogeny and Biogeographical Scenario for Asiatic Water Shrews of the Genus Chimarrogale: Implications for Taxonomy and Low-Latitude Migration Routes
	Introduction
	Materials and Methods
	Ethics statement
	Genetic materials
	DNA extraction, amplification, and sequencing
	Sequence alignment, phylogenetic analyses, and estimation of divergence time
	Species distribution modeling
	Ancestral distribution analysis

	Results
	Phylogenetic relationships
	Molecular divergence times and species delimitation
	Species distribution modeling and ancestral distributions

	Discussion
	The limitations of mitochondrial DNA
	Molecular phylogenetics and systematics of Chimarrogale species in East Asia
	Biogeography, paleoclimate, and an evolutionary scenario for Asiatic water shrews

	Supporting Information
	Acknowledgements
	Author Contributions
	References


