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Abstract

Many peninsulas in the temperate zone played an important role as refugia of various flora and fauna, and the southern
Korean Peninsula also served as a refugium for many small mammals in East Asia during the Pleistocene. The Asian lesser
white-toothed shrew, Crocidura shantungensis, is a widely distributed species in East Asia, and is an appropriate model
organism for exploring the role of the Korean Peninsula as a refugium of small mammals. Here, we investigated phyloge-
netic relationships and genetic diversity based on the entire sequence of the mitochondrial cytochrome b gene (1140 bp). A
Bayesian tree for 98 haplotypes detected in 228 C. shantungensis specimens from East Asia revealed the presence of three
major groups with at least 5 subgroups. Most haplotypes were distributed according to their geographic proximity. Pairwise
Fgr’s and analysis of molecular variance (AMOVA) revealed a high degree of genetic differentiation and variance among
regions as well as among populations within region, implying little gene flow among local populations. Genetic evidence
from South Korean islands, Jeju-do Island of South Korea, and Taiwan leads us to reject the hypothesis of recent population
expansion. We observed unique island-type genetic characteristics consistent with geographic isolation and resultant genetic
drift. Phylogeographic inference, together with estimates of genetic differentiation and diversity, suggest that the southern
most part the Korean Peninsula, including offshore islands, played an important role as a refugium for C. shantungensis
during the Pleistocene. However, the presence of several refugia on the mainland of northeast Asia is also proposed.
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Introduction

Climatic oscillations, such as the extensive environmental
alterations that occurred during Pleistocene glacial—-inter-
glacial cycles, have changed the demographic and distribu-
tional patterns of species (Hewitt 2003, 2004). The action
of glaciers during the Pleistocene period is one of the major
formative causes underlying the genetic structuring of many
vertebrate taxa in the northern hemisphere (Gémez and Lunt
2006; Hewitt 2000; Schmitt 2007; Shafer et al. 2010; Taber-
let et al. 1998). Populations in refugia that formed during
the glacial age would have been isolated and the species’
gene pool subdivided into distinct lineages (Hewitt 1996,
2000). Peninsulas are major refugia for many animal species
(Tomasik and Cook 2005; Weiss and Ferrand 2007). Several
peninsulas along the Mediterranean Sea, such as the Iberian,
Italian, and Balkan, have played an especially important role
as refugia of animals, including the ocellated lizard (Lacerta
lepida; Miraldo et al. 2011), Italian treefrog (Hyla interme-
dia; Canestrelli et al. 2007), and Martino’s vole (Dinaromys
bogdanovi; Krystufek et al. 2007).

Phylogeographic studies in East Asia have demonstrated
the role of the Korean Peninsula as a refugium of various
fauna and flora. East Asia experienced strong climatic oscil-
lations during the glacial and interglacial periods although
no large glaciers occurred after the Quaternary (Shi 2006;
Zheng et al. 2003). The general point of view is that during
the LGM period, the temperature declined by about 5-11 °C
compared to the current climate of the Asian continent. After
LGM, several small glacial periods were spaced, but the
temperature of the entire Asian continent became warmer.
As aresult, the range of vegetation in East Asia has repeat-
edly experienced retractions and expansion (Yu et al. 2000).
A study of the deciduous Oriental oak (Quercus variabilis),
a broad-leaved tree, suggested that it had retreated to sev-
eral refugia during the Pleistocene, including the southern
part of the Korean Peninsula (Chen et al. 2012). Also dur-
ing the Pleistocene glaciations, the eastern monsoon region
and lower elevations of the southwestern plateau in China
and the Korean Peninsula became refugia for black-spotted
frog populations (Pelophylax nigromaculata) (Zhang et al.
2008). Phylogeographic studies also suggested the Korean
Peninsula serves as a refugium for several mammals. Kim
et al. (2013) showed a lack of gene flow between raccoon
dogs in South Korea and Japan, and their phylogeographic
pattern confirmed that the Korean Peninsula is the southern-
most refugium. The Siberian chipmunk (Tamias sibiricus)
has three distinct clades in South Korea, and two refugia
may have existed in South Korea and east Russia-northeast
China during the Pleistocene (Lee et al. 2008).

The genus Crocidura, containing the white-toothed
shrew, is among the largest mammalian genera, with
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about 150-180 species. This genus is widely distributed
in the Palaearctic, Oriental, and Afrotropical regions
(Churchfield 1990; Corbet and Hill 1991; Hutterer 2005;
Motokawa et al. 2003; Nowak 1999; Woéjcik and Wolsan
1998). Approximately 8—10 species of crocidurine shrews
inhabit in East Asia (Ohdachi et al. 2004). Three species,
C. shantungensis, C. dsinezumi and C. lasiura, are pre-
sent in the Korean Peninsula, and the first two are found
on Jeju-do Island (Han et al. 2002; Iwasa et al. 2001;
Motokawa et al. 2005; Won and Smith 1999). The Asian
lesser white-toothed shrew (C. shantungensis Miller 1901)
is endemic to East Asia including Korea, Russia, China,
Taiwan, and Mongolia (Hutterer 2005). It is the small-
est species of white-toothed shrew in South Korea and
is widely distributed on the South Korean mainland and
southern peripheral islands (Yoon et al. 2004). Taxonomi-
cally, Asian lesser white-toothed shrew has been consid-
ered synonymous with C. suaveolens in Europe, but was
reported to be a separate species based on morphological
(Jiang and Hoffmann 2001; Motokawa et al. 2003) and
molecular genetic (Dubey et al. 2006; Ohdachi et al. 2004)
studies.

The phylogeography of C. shantungensis in East Asia is
poorly understood and information on intraspecific relation-
ships is scarce. Phylogenetic studies of seven species of Cro-
cidura in East Asia and two species (C. shantungensis and C.
dsinezumi) on Jeju-do Island demonstrated that populations
of C. shantungensis on the island and the East Asian main-
land are genetically differentiated (Han et al. 2002; Ohdachi
et al. 2004). Bannikova et al. (2009) established the distribu-
tion of Crocidura in Mongolia and Buryatia regions. Pre-
liminary research by Koh et al. (2013) on genetic divergence
of C. shantungensis in South Korea, adjacent islands and in
continental East Asia indicated that the population on Jeju-
do Island is genetically different from those on the mainland.

The Asian lesser white-toothed shrew is a good model
organism for phylogeographic studies on refugia formation
of small mammals endemic to East Asia. This species is
abundant with a wide geographic distribution in the Korean
Peninsula and adjacent countries in East Asia. It has a short
generation time as well as limited dispersal capacity. In par-
ticular, the species’ high adaptability and reproductive rate
can facilitate rapid evolution in response to topography and
climatic changes.

In this study, we examined genetic diversity and the
phylogeographic relationship of Asia lesser white-toothed
shrews sampled from various localities of East Asia, i.e.
South Korea, China, Russia, Mongolia, and Taiwan, by com-
paring the entire mitochondrial cytochrome b gene sequence.
Our goals were to evaluate the present status of genetic
diversity and differentiation of the Asia lesser white-toothed
shrew in East Asia, and to clarify its phylogeographic rela-
tionships and evolutionary history in this region. We also
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discussed the possible formation of refugia of this species
in East Asia during the glacial period.

Materials and methods
Sample collection

A total of 228 specimens of Asian lesser white-tooth shrew,
Crocidura shantungensis, were collected from several locali-
ties in East Asia (Fig. 1; Table 1). Tissue samples were stored
in 70% ethanol at — 20 °C until DNA extraction. All sam-
ples were legally collected and deposited into the Conserva-
tion Genome Resource Bank for Korean Wildlife (CGRB).
The procedures involving animal samples followed the
guidelines by Seoul National University Institutional Ani-
mal Care and Use Committee (SNUIACUC). We included
sequences of mtDNA cytochrome b gene of C. shantungen-
sis from Russia (10) and Mongolia (3) from GenBank for
the analyses (Accession number: AB077080—AB077082,
ABO077278, EU742584, EU742593, KF144160—KF144163
from Russia; EU7442589—EU7442591 from Mongolia).
The sequences generated in this study were deposited in
GenBank (Accession nos. MF136304—MF136385, and

Molecular techniques

Whole genomic DNA was isolated using the Qiagen
DNeasy Blood & Tissue Kit (Qiagen, USA) according to
the manufacturer’s instructions. The entire cytochrome b
gene (1,140 bp) was amplified using a set of universal
primers, L14724 5'-CGAAGCTTGATATGAAAAACC
ATCGTTG-3" and H15915 5'-AACTGCAGTCAT CTC
CGGTTTACAAGAC-3' (Irwin et al. 1991). PCR mix-
tures were prepared in 30 puL. volume containing 20-100 ng
template DNA, 3 puL of 10X rTaq reaction buffer, 1.5 mM
MgCl,, 100 uM each dNTPs, 10 pmol each primer, and
1 Unit of Takara rTaqTM polymerase (Takara, Japan).
PCR amplification was conducted with initial denatura-
tion at 94 °C for 4 min, followed by 35 cycles at 94 °C for
45 s, 44 °C for 60 s and 72 °C for 90 s, with a final exten-
sion at 72 °C for 7 min using a Takara PCR machine. 2 pL
of PCR product were checked on a 1% agarose gel. The
aforementioned primers and additional internal primers
designed for this study, insec_F (5'-GATAAAGCTACT
CTAACCCG-3’) and insec_R (5'-GGATGGAAAGGA
ATTTTGTC-3"), were used for sequencing. All samples
were directly sequenced on an Applied Biosystems 3730
XL DNA sequencer according to the manufacturer’s
instructions (NICEM, South Korea).

Fig. 1 Sampling localities for
Asian lesser white-toothed
shrew (C. shantungensis) based
on mitochondrial cytochrome

b sequences. Haplogroup 1:
Subgroup A (KOM, KOI),
Subgroup B (TAI), all the rest,
Subgroup C (KOM, KOI, CHS,
and RAM); Haplogroup 2: KOJ;
Basal group: KOI. CHS Shan-
dong in China, RAM Russia and
Mongolia, TAI Taiwan, KOM
South Korean mainland, KOI

MF152782).

O Haplogroup 1 (Subgroup A)
. Haplogroup 1 (Subgroup B)
@© Haplogroup 1 (Al the rest C)
© Haplogroup 2

@ Basal group

South Korean islands, KOJ Jeju-
do Island in South Korea .
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Table 1 Sample information and mitochondrial cytochrome b gene haplotype distribution of Asian lesser white-toothed shrew (C. shantungen-

sis) in East Asia

Region Location (abbreviation) N  Haplotype (sample size)
Haplogroup 1  China, Shandong (CHS) 7 Hap67(1), Hap68(1), Hap69(1), Hap70(1), Hap71(1), Hap72(1), Hap73(1)
Russia, Primorsky Krai & Buryatia (RAM) 10 Hap75(1), Hap76(3), Hap77(2), Hap78(1), Hap79(1), Hap80(1), Hap81(1)
Mongolia, Khingan (RAM) 3 Hap74(3)
Taiwan, Taichung (TAI) 24 Hap53(15), Hap54(2), Hap55(1), Hap56(2), Hap57(2), Hap58(1), Hap59(1)
Taiwan, Pingtung (TAI) 8 Hap60(2), Hap61(1), Hap62(1), Hap63(1), Hap64(1), Hap65(2)
Taiwan, Taipei (TAI) 15 Hap66(15)
South Korea, mainland (KOM) 61 Hap2(4), Hap4(3), Hap5(1), Hap6(2), Hap7(1), Hap8(8), Hap9(2), Hap10(1),
Hap12(1), Hap14(2), Hap18(1), Hap19(2), Hap20(2), Hap21(1), Hap22(2),
Hap23(1), Hap24(2), Hap25(1), Hap26(2), Hap27(1), Hap28(1), Hap29(1),
Hap30(2), Hap31(1), Hap32(1), Hap33(1), Hap34(1), Hap35(1), Hap36(1),
Hap37(2), Hap38(1), Hap44(1), Hap45(1),Hap47(1), Hap48(1), Hap49(1),
Hap51(1), Hap52(1), Hap95(1)
Haplogroup 2 South Korea, Jeju-do Island (KOJ) 17 Hap82(2), Hap83(7), Hap84(1), Hap85(3), Hap86(2), Hap87(1), Hap88(1),
Hap89(2)
Basal group South Korea, Islands (KOI) 96 Hapl(25), Hap3(1), Hap11(1), Hap13(2), Hap15(3), Hap16(1), Hap17(1),

Hap39(10), Hap40(16), Hap41(1), Hap42(1), Hap43(1), Hap46(1),
Hap50(1), Hap90(2), Hap91(1), Hap92(2), Hap93(4), Hap94(3), Hap95(8),
Hap96(2), Hap97(5), Hap98(2)

Genetic diversity and phylogenetic analyses

The sequences were determined, modified and subjected
to multiple alignments using Geneious Pro v 5.3 (http://
www.geneious.com, Kearse et al. 2012). The number of
polymorphic sites were calculated, and the genetic diver-
sity of each sample population was evaluated with respect
to haplotype (h) and nucleotide (n) diversity using DnaSP
v 5.10 (Librado and Rozas 2009). A pairwise distance
matrix between populations was calculated using the
Kimura 2-parameter model (Kimura 1980) implemented
in MEGA v 7 (Kumar et al. 2016).

Phylogenetic trees to investigate evolutionary relation-
ships were reconstructed using Bayesian inference (BI).
Four individuals of Crocidura suaveolens (GenBank:
EU742610—EU742613) were used as the outgroup. The
best appropriate model of sequence evolution for Bayes-
ian trees was the Hasegawa Kishino—Yano-model (HKY)
with Gamma distribution (+ G), which was selected by
Bayesian information criterion (BIC), as implemented in
jModelTest v 2.1 (Darriba et al. 2012). BI and Bayesian
posterior probabilities (BPP) were assessed by MrBayes v
3.2 (Ronquist and Huelsenbeck 2003). BI employed four
simultaneous Monte Carlo Markov chains (one cold and
three heated) with 2,000,000 generations and sampled
every 100 generations. The first 25% of the data points
were discarded as burn-in. The consensus tree was illus-
trated using FigTree v 1.4 (http://tree.bio.ed.ac.uk/softw
are/figtree/).
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Population structure and demographic analyses

Haplotype relationships of C. shantungensis were con-
structed by a median-joining network (Bandelt et al. 1999)
using the program Network v 4.6 (http://www.fluxus-engin
eering.com). Genetic differentiation among populations
(pairwise Fgr’s) and an analysis of molecular variance
(AMOVA) within and among geographic samples of six
groups [Shandong in China (CHS); Russia and Mongolia
(RAM); Taiwan (TAI); South Korean mainland (KOM);
South Korean islands (KOI); Jeju-do Island in South Korea
(KOJ)] were calculated using the Arlequin v 3.5 (Excoffier
and Lischer 2010). Buryatia in Russia, Primorsky Krai in
Russia, and Mongolia were distant from one another, but
were small samples so they were combined as a single loca-
tion (Russia and Mongolia, RAM) for analysis. Most of the
population analyses were based on the above six groups.
Arlequin v 3.5 was further used to evaluate historical demo-
graphic expansion using Tajima’s D (Tajima 1989) and Fu’s
F¢ (Fu 1997). Mismatch distribution for each group was
examined using Harpending’s raggedness index (Harpend-
ing et al. 1993) implemented in Arlequin v 3.5. This analysis
quantifies smoothness of the observed mismatch distribu-
tion, and a non-significant result indicates population growth
(Harpending 1994). We also used the Bayesian skyline plot
(BSP) to estimate the demographic history of each lineages
(clades) using the program BEAST v 1.8.4 (Drummond
and Rambaut 2007) and we used the calculated a substitu-
tion rate from Esselstyn and Brown (2009). TRACER v 1.6
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(Rambaut et al. 2014) was used to reconstruct the demo-
graphic history through time.

Divergence time within the C. shantungensis was inferred
using a Bayesian analysis implemented with BEAST v 1.8.4
(Drummond and Rambaut 2007) between the major lineage.
This analysis used the Yule speciation model and relaxed
uncorrelated lognormal clock with sequences partitioned
into 1st+2nd and 3rd codon positions with reference to
Esselstyn and Brown (2009). Analyses were initiated with
an UPGMA starting tree and run for 2x 107 generations with
trees and parameters sampled every 2000 generations. We
calibrated analyses with the oldest known fossil Crocidura
(5.03 Mya ago; Butler 1998). Analyses were repeated twice
using different random seeds to test for convergence. The
estimated values and associated effective sample size (ESS)
for each model parameter were viewed in TRACER v 1.6
(Rambaut et al. 2014). The maximum clade credibility tree
was produced in TreeAnnotator v 1.8.4 in BEAST (Drum-
mond and Rambaut 2007). We also calculated divergence
time (T) according to the equation proposed by Graur and
Li (2000): T=K/(2r), where r is the substitution rate. This
method was assessed in the Bayesian phylogenetic tree, cali-
brated using prior estimates of substitution rate: substitution
rate obtained from the oldest known fossil data of Crocidura
(5.03 Mya ago; Butler 1998). Sequence divergence (K, sub-
stitutions/site) was derived from the mean value of P-dis-
tance between clusters, using Mega v 7 (Kumar et al. 2016).

Results
Genetic diversity of C. shantungensis in East Asia

A total of 98 haplotypes were detected among the full
sequences of mitochondrial cytochrome b gene from 241
C. shantungensis individuals from East Asia. There were
156 nucleotide substitutions, with 99 parsimony-informa-
tive sites and 57 singletons. No insertions or deletions were
observed. Base frequencies for A, C, G and T, respectively
were 0.2994, 0.2473, 0.1240 and 0.3293. Haplotype distri-
bution for each location is shown in Table 1. C. shantungen-
sis haplotypes were not shared between most locations, and
samples from most South Korean islands exhibited unique
haplotypes. Only a single haplotype, Hap95, was shared
between South Korean mainland (KOM) and South Korean
islands (KOI). Although several haplotypes from KOM,
Shandong in China (CHS) and Russia and Mongolia (RAM)
were clustered together in the tree and network (Figs. 2, 3),
they were not shared between these regions.

Overall haplotype diversity (h) and nucleotide diversity
(m) across the six regions were 0.972 and 1.127%, respec-
tively (Table 2). The lowest level of nucleotide diversity
was found in Jeju-do Island in South Korea (KOJ 0.192%),

followed by Russia and Mongolia (RAM 0.335%), Taiwan
(TAI 0.396%), South Korean mainland (KOM 0.577%),
Shandong in China (CHS 0.593%), and South Korean
islands (KOI 1.144%). Pairwise genetic distances between
C. shantungensis populations ranged from 0.005 in CHS
vs. RAM to 0.019 in KOJ vs. TAI, and the mean genetic
distance within group ranged from 0.002 in KOJ to 0.012 in
KOI (Table 3). Pairwise Fgr’s ranged from 0.116 to 0.824,
with the highest value between RAM and KOJ.

Genetic relationship of C. shantungensis in east Asia

The Bayesian tree based on the Hasegawa Kishino—Yano-
model (HKY) + Gamma distributed (+ G) genetic distances
revealed three main haplogroups with several minor sub-
groups (Fig. 2). Haplogroup 1 mainly consisted of haplo-
types from Shandong in China (CHS), Russia and Mongolia
(RAM), Taiwan (TAI), South Korean mainland (KOM), and
South Korean islands (KOI). Haplogroup 2 included haplo-
types from only Jeju-do Island in South Korea (KOJ), and
Basal group was composed of haplotypes from KOI. Only
one individual (Hap95) from KOI, collected on the southern
coast of South Korea (Haenam-gun, Jeolla Province, Korea),
belonged to Basal group. Haplogroup 1 was further subdi-
vided into at least three subgroups, mostly clustering based
on geographic range: Subgroup A, from KOM and KOI,
Subgroup B, from TAI; and all the rest Subgroup C, from the
broad expanse of geographic regions in central and northeast
Asia, i.e., CHS, RAM, KOM, and KOI. The median-joining
network tree (Fig. 3) showed genealogical groupings similar
to the results from phylogenetic tree (Fig. 2). Subgroup A of
the main Haplogroup 1, which was formed by samples from
the Korean mainland and islands (KOM, KOI) and central
and northeast Asia (CHS, RAM), revealed a star-like shape
in the center of the median-joining network. In contrast,
Haplogroup 1_Subgroup B, Haplogroup 2, and Basal group
were formed by samples mainly from islands in Korea (KOJ
and KOI) and Taiwan (TAI), occupying peripheral positions
of the network.

Genetic structure of C. shantungensis in east Asia

In general, pairwise Fgy’s, as a measure of genetic differ-
entiation between populations, were high and significant
for most comparisons. The lowest Fgr (0.116) was detected
between samples from Russia and Mongolia (RAM) and
South Korean islands (KOI), and the highest (0.824)
between RAM and Jeju-do Island in South Korea (KOJ)
(Table 3). Although samples from Shandong in China (CHS)
and Russia and Mongolia (RAM) are geographically dis-
tant from South Korean mainland (KOM) and KOI, pair-
wise Fgr values were lower than those involving KOJ. (0.122
in CHS vs. RAM; 0.245 in CHS vs. KOM, 0.142 in CHS
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Fig.2 Bayesian (MCMC)
haplotype tree of Asian

lesser white-toothed shrew

(C. shantungensis) based on
mtDNA cyt-b gene (1,140 bp)
sequences. Hasegawa Kishino—
Yano-model (HKY) + Gamma
distributed (+ G) model

was implemented. Bayesian
posterior probability is shown
for branches with >50% sup-
port. Haplogroup 1: Subgroup
A (KOM, KOI), Subgroup
B(TAI), all the rest, Subgroup C
(KOM, KOI, CHS, and RAM);
Haplogroup 2: KOJ; Basal
group: KOI. CHS Shandong in
China, RAM Russia and Mongo-
lia, TAI Taiwan, KOM South
Korean mainland, KOI South
Korean islands, KOJ Jeju-do
Island in South Korea

0.78

03 0.98

et | N
Hap 14
Hap 06
—
_LHap S‘Sap %
Hap 18
Subgroup A
] Haplogroup 1

Subgroup B
All the rest C

Haplogroup 2

Basal group

\\

vs. KOI, 0.233 in RAM vs. KOM, 0.116 in RAM vs. KOI,
0.737 in KOM vs. KOJ, 0.480 in KOI vs. KOJ) Analysis
of molecular variance (AMOVA) was performed according
to the following hierarchical settings: Set 1, three popula-
tions consisting of Haplogroup 1 (CHS, RAM, TAI, KOM,
and KOI), Haplogroup 2 (KOJ), and Basal group (KOI);
Set 2, six populations based on regional proximity; Set 3:
the three populations from South Korea (KOM, KOJ, KOI)
(Table 4). Results showed that Asian lesser white-toothed
shrew groups were significantly differentiated for all three
hierarchical settings. In Set 1, 58.72% of genetic variation in
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L— Hap 101
Hap 102

:l C. suaveolens

C. shantungensis mtDNA was accounted for among groups,
and 29.07% among populations within groups, whereas in
Sets 2 and 3, respectively, 27.45 and 21.87% of genetic
variation was accounted for among regions, and 49.86, and
54.41% among populations within regions.

Demographic history
Two neutrality tests, Tajima’s D and Fu’s F, revealed

negative values for all samples most groups of C. shan-
tungensis, except Fu’s F value for South Korean islands
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All the rest

Subgroup A
O cHs (shandong in China)

@ RAM (Russia)

© RAM (Mongolia)

O TAI (Taipei in Taiwan)

O TAI (Taichung in Taiwan)

@ TAI (Pingtung in Taiwan)

O KOM (South Korean mainland)
© KO (Jeju-do Island in South Korea)
@ KOl (South Korean islands)

Haplogroup 2
Subgroup B

Basal group

Fig.3 Median-joining network showing the distribution of 98 haplotypes from C. shantungensis cytochrome b gene. The size of the circles is

proportional to the number of individuals

Table 2 Genetic diversity of N H

) . h T (%) P PI S

mitochondrial cytochrome

b gene in Asian lesser CHS 7 1.000 0.593 21 4 17

white-toothed shrew (C. RAM 13 0.910 0.335 16 5 1

shantungensis) populations

from Fast Asia TAI 47 14 0.801 0.396 39 22 17
KOM 61 39 0.974 0.577 71 31 40
KOI 96 24 0.886 1.144 67 50 17
KOJ 17 7 0.809 0.192 9 5 4
All 241 98 0.972 1.127 156 99 57

N Total number of specimens, H Number of haplotypes, & Haplotype diversity, z nucleotide diversity, P
number of polymorphic sites, PI number of parsimony-informative sites, S number of singleton nucleotide
substitutions, CHS Shandong in China, RAM Russia and Mongolia, TAI Taiwan, KOM South Korean main-
land, KOI South Korean islands, KOJ Jeju-do Island in South Korea

(KOI), showing a recent demographic growth for C. shan-
tungensis from most regions (Table 5). Samples from
KOM showed significantly negative values in both tests
supporting a model of demographic expansion. Values for
Shandong in China (CHS), Russia and Mongolia (RAM),
and Jeju-do Island in South Korea (KOJ) were negative
but non-significant values in both tests [CHS (D=1.188,
p=0.131 and Fy=—-2.324, p=0.062); RAM (D=-1.088,

p=0.139 and F¢=—-1.478, p=0.209); KOJ (D =-0.638,
p=0.278 and Fg=-1.291, p=0.212)]. TAI samples
generated a significantly negative value in Tajima’s D
test, but was not significant in Fu’s Fg test (Tajima’s D
test: D=—1.676, p=0.023; Fu’s F test: Fg=—1.305,
p=0.358). The values for KOI were negative for Tajima’s
D test and positive for Fu’s F test, but not significant in
either.
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Table 3 Pairwise genetic distances between Asian lesser white-
toothed shrew (C. shantungensis) populations based on mitochondrial
cytochrome b gene sequences by K2P model within (along diago-

nal) and between regions (below diagonal), and pairwise Fgyp values
(above diagonal)

CHS RAM TAI KOM KOI KOJ
CHS 0.006 0.122 0.555 0.245 0.142 0.819
RAM 0.005 0.003 0.578 0.233 0.116 0.824
TAI 0.010 0.009 0.004 0.591 0.411 0.818
KOM 0.008 0.006 0.012 0.006 0.156 0.737
KOI 0.011 0.009 0.014 0.010 0.012 0.480
KOJ 0.018 0.015 0.019 0.018 0.016 0.002

CHS Shandong in China, RAM Russia and Mongolia, TAI Taiwan, KOM South Korean mainland, KOI South Korean islands, KOJ Jeju-do Island

in South Korea

Table 4 Analysis of molecular variance (AMOVA) at three hierarchical settings, for Asian lesser white-toothed shrew (C. shantungensis), based

on mitochondrial cytochrome b sequences

Source of variation Degrees of

freedom

Sum of squares

Variance components Percentage of Fixation indices

variation

Set 1: three haplogroups: Haplogroup 1 (CHS, RAM, TAI, KOM, and KOI), Haplogroup 2 (KOJ), and Basal group (KOI)

Among groups 2 583.859 6.29477 58.72 Fer=0.58
Among populations within groups 30 685.45 3.11607 29.07 Fg-=0.70
Within populations 208 272.433 1.30978 12.22 Fg,=0.88
Total 240 1541.743 10.72062

Set 2: six populations based on regional proximities: CHS, RAM, TAI, KOM, KOI, and KOJ
Among regions 5 563.827 1.96359 27.45 Fer=027
Among populations within regions 22 632.311 3.56658 49.86 Fg-=0.69
Within populations 213 345.605 1.62256 22.68 Fg=0.77
Total 240 1541.743 7.15273

Set 3: three populations in South Korea: KOM, KOJ, KOI
Among regions 2 267.889 1.61191 21.87 For=0.22
Among populations within regions 18 563.49 4.00972 54.41 F¢-=0.70
Within populations 153 348.716 1.74818 23.72 F¢;=0.76
Total 173 1098.851 7.36981

CHS Shandong in China, RAM Russia and Mongolia, TAI Taiwan, KOM South Korean mainland, KOI South Korean islands, KOJ Jeju-do Island

in South Korea

Table 5 Demographic fluctuation of Asian lesser white-toothed
shrew (C. shantungensis) populations in East Asia based on mito-
chondrial cytochrome b sequence

Tajima’s D Fu’s Fs r
CHS —1.188 -2.324 0.054
RAM —1.088 —1.478 0.088
TAI —1.676* —-1.305 0.155%
KOM —1.953" —24.722% 0.019
KOI —-0.010 1.947 0.029%
KOJ —0.638 —1.291 0.114%
All —1.460" —23.886* 0.004

CHS Shandong in China, RAM Russia and Mongolia, TAI Taiwan,
KOM South Korean mainland, KOI South Korean islands, KOJ Jeju-
do Island in South Korea, r raggedness value from mismatch analysis

*Significant (P value <0.05)

@ Springer

The mismatch distribution confirmed that not only the
entire sample of C. shantungensis but also each regional
group was multimodal (Fig. 4). This was expected as effects
of sampling from multiple locations. The Harpending’s Rag-
gedness index (r) was not significant for CHS, RAM, and
KOM, whereas r was significant for samples from TAI, KOI,
and KOIJ. Caution is required when interpreting the mis-
match distribution analysis in this study since demographic
analyses can be heavily affected by group sub-structuring
(e.g. more genetic lineages within a group, as in this case of
KOI and KOM).

The divergence time using a Bayesian analysis between
C. shantungensis and C. suaveolens was approximately 1.88
Mya (95% CI 0.80-3.02 Mya). Haplogroup 1 and Haplo-
group 2 (KOJ) were separated from Basal group during the
period of 1.16 Mya (95% CI 0.43-1.199 Mya). Haplogroup
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1 including Shandong in China (CHS), Russia and Mongolia
(RAM), Taiwan (TAI), South Korean mainland (KOM), and
South Korean islands (KOI) was separated from Haplogroup
2 (KOJ) during the period of 1.03 Mya (95% CI 0.44-1.76
Mya). The percentage sequence divergence and estimated
divergence time among haplogroups represented in the
Bayesian phylogenetic tree are shown in Table 6. Based on
mutation rates of r=26.1 (Essenlstyn and Brown 2009),
the divergence time (T) between C. shantungensis and C.
suaveolens was dated to approximately 1.59 Mya (Table 6).
The most recent divergence was between subgroups A and
C, at 134 Kya. Divergence time between subgroups A and
B (Taiwan) was 230 Kya, and subgroup B (Taiwan) and
subgroup C (islands in southern part of South Korea) was
192 Kya. The mainland of South Korea (KOM) and islands
in of South Korea (KOI) were separated from Jeju-do island
in South Korea (KOJ) during the period of 307 Kya. Our
Bayesian skyline plots showed that the effective population
sizes of each lineage except for RAM marginally increased
around 100,000-900,000 years ago (Fig. 5). RAM did not
show clearly the population expansion across time.

Discussion
Genetic diversity and phylogeographic relationships

Nucleotide diversity across all C. shantungensis samples
(1.127%; within-group range of 0.192% — 1.144%) is com-
parable with the ranges (0.4—1.2%) observed for Eurasian
shrews (C. suaveolens group) (Dubey et al. 2006). Unlike the
continental populations of C. shantungensis, a reduced level
of genetic diversity was observed in samples from several

islands including Taiwan, and Jeju-do Island in South Korea.
We ascribe this phenomenon to the typical pattern caused by
peripheral isolation, where relatively low levels of genetic
diversity are expected from founder effects and subsequent
genetic drift after migration from a source area into the
islands. In addition, little or no gene flow between island
and mainland populations should enhance genetic differen-
tiation in such regions. Lack of shared haplotypes between
Jeju-do Island and the South Korea mainland, and unique
haplogroups found in Jeju-do Island suggest that migration
of Asian lesser white-toothed shrew to the latter could have
taken place only during periods of glaciation when a land
bridge formed between the island and continent. A similar
pattern of distribution of mtDNA haplotypes was recently
reported for several widely distributed mammal species,
including the Siberian roe deer, Caproulus pygargus (Lee
et al. 2016), European badger, Meles meles (Frantz et al.
2014), and raccoon dogs, Nyctereutes procyonoides (Kim
et al. 2013). C. shantungensis populations between the off-
shore islands and mainland of South Korea belonged to the
same haplogroup and showed relatively low level of genetic
differentiation, suggesting possible ongoing gene flow
between these regions. On the other hand, lack of shared
haplotypes (with one exception of haplotype 95) between
these regions may also imply limited gene flow between
them. However, because this contradictory interpretation
could be caused by effects of small sample size, analysis
for more samples from these regions could address this
question.

The levels of genetic divergence (0.5-1.9%) between geo-
graphic samples of Asian lesser white-toothed shrew are
similar to those of other small mammals: 0.8-1.9% for Sibe-
rian chipmunk, Tamias sibiricus (Lee et al. 2008), 0.0-0.9%

Table 6 Estimated divergence

) ; Divergence point
time among groups of Asian

Estimated sequence diver- Estimated time of

. gence (K) divergence (T, 10? years,
lesser white-toothed shrew (C. r=26.1)*
shantungensis) derived from :
Baye§ianhtree C.O?Struaﬁd based C. shantungensis vs. C. suaveolens 0.083 1590
on mitochondrial cytochrome b Haplogroup 1 vs. Haplogroup 2 0.018 345
gene sequence

Haplogroup 1 vs. Basal group 0.019 364
Haplogroup 2 vs. Basal group 0.013 249
Subgroup A vs. Subgroup B 0.012 230
Subgroup A vs. Subgroup C 0.007 134
Subgroup B vs. Subgroup C 0.010 192
KOM vs. KOI 0.010 192
KOM vs. KOJ 0.018 345
KOI vs. KOJ 0.016 307

Haplogroup 1: CHS, RAM, TAI, KOM, and KOI; Haplogroup 2: KOJ; Basal group: KOI
Subgroup A: KOM and KOI; Subgroup B: TAI; Subgroup C: CHS, RAM, KOM, and KOI

CHS Shandong in China, RAM Russia and Mongolia, TAI Taiwan, KOM South Korean mainland, KOI
South Korean islands, KOJ Jeju-do Island in South Korea)

r: mutation rate, r=26.1 (Essenlstyn and Brown 2009)
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Fig. 5 Bayesian Skyline Plots. The Y-axis indicates the effective pop-
ulation size while X-axis indicates time from the present (left) to the
past (right). The solid line is the median estimate and the purple area

for Korean field mouse, Apodemus peninsulae, and 0.5-1.2%
for striped field mouse, A. agrarius (Sakka et al. 2010).
Phylogeographic relationships based on the Bayesian
tree (Fig. 2) suggest two monophyletic haplogroups (Hap-
logroups 1 and 2) and a remaining non-monophyletic group
(Basal group). The non-monophyletic group (Basal group),
represented only by C. shantungensis from the offshore
islands in the southern part of South Korea (KOI) was basal
to the other samples, where Haplogroups 1 and 2 shared
a common ancestor. Subgroups within Haplogroup 1 seem
to have diverged similarly from each other. Interestingly,
CHS, RAM, and KOM in Haplogroup 1 occupy the center
of the star-like shape in the median-joining network (Fig. 3),
implying a recent population expansion in these regions.
Together, our results strongly suggest that Asian lesser
white-toothed shrew spread from the continent of East Asia

represents the standard error. CHS Shandong in China, RAM Russia
and Mongolia, TAI Taiwan, KOM South Korean mainland, KOI South
Korean islands, KOJ Jeju-do Island in South Korea

into the periphery of the species’ geographic range and the
islands.

Population demographic and evolutionary history

As a whole, the samples of Asian lesser white-toothed shrew
used in this study generated significantly negative values in
Tajima’s D and Fu’s Fg neutrality test (Table 5), and non-
significant values of Harpending’s Raggedness index (r).
The multimodal mismatch distribution in total seems to
reflect the combined effects of different geographic groups.
Results generally revealed an apparent geographic effect on
the genetic relationships between sample locations.

All of the population demography analyses, such as the
neutrality test with a significant negative value (D=—1.941,
p<0.005 and Fy=-24.450, p<0.005), a unimodal shape of
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the mismatch distribution, and a non-significant Harpend-
ing’s Raggedness index (r=0.007, p value =0.690), provide
evidence of population expansion in the main Haplogroup
1 (Avise 2000). Shandong of China (CHS) and Russia and
Mongolia (RAM) had non-significant negative neutrality
values, but r was non-significant. The number of samples in
each group was small and they did not form a clade in the
tree. So, we analyzed the combination of CHS and RAM.
The result was evidence that C. shantungensis in Central-
Northeast Asia experienced a population expansion: signifi-
cant negative values (D=-1.963, p<0.01 and F¢=—6.420,
p <0.01) in the neutrality tests, a unimodal shape of the mis-
match distribution, and a non-significant Harpending’s Rag-
gedness index (r=0.063, p value =0.100).

There are at least three distinct genetic groups of
Asian lesser white-toothed shrew on the Korean Penin-
sula (Table 4, set 3), owing to the peripheral isolation of
the island populations during the glacial and interglacial
periods. Samples from the South Korean mainland (KOM)
showed a significant negative value in two neutrality tests,
a non-significant r value, and the multimodal mismatch
distribution, supporting a hypothesis of recent population
demographic growth in this region.

In the case of the geographically divided Jeju-do Island
in South Korea (KOJ), negative but non-significant neutral-
ity test values, and a significant Harpending’s Raggedness
index suggest that this population has not experienced recent
population growth. Our results indicate that populations on
Jeju-do Island in South Korea (KOJ, Haplotype 2) and the
offshore islands (KOI) diverged about 307 Kya, and KOJ
and basal group diverged 249 Kya in Graur and Li (2000)’s
equation. KOJ and basal group diverged 0.44—1.76 Mya
in Bayesian approach implemented in BEAST. Motokawa
et al. (2003) and Kim et al. (2015) showed that there are
morphological differences between C. shantungensis in
South Korea, Jeju-do island, and Taiwan, and that popu-
lations in Tsushima (Japan) or Jeju were separated from
the Korean Peninsula during the Pleistocene. Kartavtseva
and Park (2010) proposed that the Jeju-do Island popula-
tion has been isolated for a long time and the genetic varia-
tion has accumulated on the Y chromosome. These results
are consistent with our findings for the mtDNA cyt-b gene.
The relatively low level of genetic diversity (h=0.809 and
1=0.192%) found on Jeju-do Island in South Korea (KOJ)
implies that its C. shantungensis population may have under-
gone a prolonged bottleneck after migration into the island
(Avise 2000).

Basal group comprises most of the Asian lesser white-
toothed shrews South Korean islands (KOI), and is basal to
the other haplogroups, implying animals from these south-
ern offshore islands share the ancestral polymorphism of
C. shantungensis in East Asia. Moreover, samples from the
islands do not share haplotypes with the Korea mainland,
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except for one sample from Haenam-gun, and each island
is composed of unique haplotypes without sharing haplo-
types with other islands. The high level of genetic diversity
found in the KOI population can be explained as a sampling
effect caused by pooling specimens of heterogeneous genetic
makeup. Tajima’s D values were not significantly negative,
and Fu’s Fg (=2.558) were positive, indicating a recent
population bottleneck or some form of balancing selection.

Interestingly, the population on Ulleung-do Island, posi-
tioned far away from the Korea mainland, showed few hap-
lotypes despite a large sample size, and these haplotypes
belong to the main Haplogroup 1 that was composed mainly
of samples from the mainland. Unlike Jeju-do Island, Ulle-
ung-do Island is a volcanic island that was not connected
to the continent during the Pleistocene (Chung and Yang
1999). Thus, the presence of animals on the island is best
explained by anthropogenic introduction, and that the low
level of genetic diversity is the result of founder effects, and
is maintained by genetic drift. A similar explanation may
hold for other remote islands, such as Gageo-do Island,
Geomun-do Island, Oeyeon-do Island, and Hong-do Island
which belong to the same haplogroup as mainland Korea.

The Taiwan Strait, about 200 km wide and 50 m deep on
average, is an effective barrier isolating China and Taiwan by
blocking the movement and gene flow of fauna distributed
on both sides (Jang-Liaw et al. 2008; Tzeng 1986). How-
ever, the Chinese continent and Taiwan have been connected
via land bridge formation more than once due to changes
in sea-level during the Pleistocene. These changes in sea
level could provide opportunities for animals to migrate
between mainland China and Taiwan via land bridge for-
mation (Emery et al. 1971; Yang 1991). We found a lack of
shared haplotypes, formation of distinct haplogroups, and
a high degree of genetic differentiation between samples
from these two regions. Divergence time suggests that the C.
shantungensis population from Taiwan was separated from
China about 192 Kya in Graur and Li (2000)’s equation and
0.26-1.21 Mya in Bayesian approach. Therefore, it is pre-
sumed that the Asian lesser white-toothed shrew in Taiwan
has undergone independent evolution since migration from
the continent during the Pleistocene. A similar high level
of genetic differentiation in these regions has been reported
for several vertebrates, such as the Taiwanese mole shrew,
Anourosorex Yamashinai (Yuan et al. 2006), reptiles such as
the Taiwanese bamboo viper, Trimeresurus stejnegeri (Creer
et al. 2002), amphibians such as the fanged dicroglossine
frog, Limnonectes fujianensis (Jang-Liaw and Chou 2011),
and freshwater fishes such as the Taiwan shoveljaw carp,
Varicorhinus barbatulus (Wang et al. 2004).

The Asian lesser white-toothed shrew in Taiwan could
be further divided geographically into three minor groups:
northern Taipei, central Taichung, and southern Ping-
tung. Of these three, the Taichung population seems to be
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ancestral to the other two based on the Bayesian tree and
network analyses (Figs. 2, 3). The estimated divergence
time of C. shantungensis within Taiwan is 57-134 Kya in
Graur and Li (2000)’s equation and 7-598 Kya in Bayesian
approach. Likewise, some vertebrates in Taiwan diverged
during the middle and last Pleistocene, such as L. fujianensis
270-660 Kya (Jang-Liaw and Chou 2011), A. yamashinai
630-710 Kya (Yuan et al. 2006), and Buergeria robusta
35-50 Kya (Lin et al. 2012).

Divergence time

Our genetic evidence suggests that divergence time of
regional C. shantungensis populations in East Asia prob-
ably occurred during the Pleistocene epoch of the Quater-
nary Period. Pleistocene climatic oscillations have played a
major role in shaping the present geographic distribution and
genetic structure of temperate species (Avise 2000; Hewitt
2000). Although much of the Korean Peninsula and China
were not covered by ice sheets during the Ice Age (Qiu et al.
2011; Zhou et al. 2004), it is probable that the cold and dry
climate (Harrison et al. 2001) played a role in the decline
and isolation of small mammal populations (Sakka et al.
2010; Zhang et al. 2008) resulting in different genetic groups
through allopatric differentiation. This scenario is similar to
that generally proposed to explain the genetic structure of
many organisms in other regions, such as Europe and North
America (Avise 2000).

Our results showed not only the genetic differences
between the Korean Peninsula and continental China—Russia,
but also unique genetic features among the several islands
off the southern coast of the Korean Peninsula, Jeju Island,
and Taiwan. The divergence period of C. shantungensis in
East Asia dates to the middle Pleistocene (130-773 Kya;
Head and Gibbard 2015) at 134-364 Kya [when using the
equation of Graur and Li (2000)]. This result is similar to
others for small mammals such as in A. agaricus, Russia-
South Korea vs. Central Asian which diverged 175-192 Kya,
and Taiwan vs. China which diverged 450-500 Kya (Sakka
et al. 2010). The divergence time for C. shantungensis in
China and Taiwan is estimated as 192-397 Kya, a little later
than A. agaricus, but after the second major ice age of the
Pleistocene.

Formation and implications of refugia of asian
lesser white-toothed shrew on the korean Peninsula

The Asian lesser white-toothed shrew inhabits a wide variety
of habitats, but the species is vulnerable to cold weather. It is
found mainly in the lowlands, such as grasslands, broadleaf
forest, river banks, foothills, around streams, and cultivated
lands, rather than in the highlands (Abe 2005; Ohdachi et al.
2009; Yoon et al. 2004). Therefore, it is assumed that several

refugia must have existed that protected inhabitants against
the cold of the Pleistocene Ice Age. Dubey et al. (2006)
suggested that the white-toothed shrews in the northern part
of East Asia would have gone extinct when the first major
glaciations took place at the beginning of the Pleistocene
(1.84 Mya), except for C. shantungensis in the potential refu-
gium of the Shandong region on the Pacific coast of China.
The high level of genetic diversity observed in Shandong in
China (CHS) in this study supports this hypothesis.

In addition, measures of genetic diversity were higher in
the South Korean mainland (KOM) compared with other
regions of East Asia. The larger number of haplotypes
and haplogroups, as well as the distribution of haplotypes,
implies the presence of relatively large gene pools in main-
land South Korea. Notably, the Asian lesser white-toothed
shrew population from the offshore islands of southern
Korea are characterized by a high level of genetic diversity
and heterogeneous haplotypes. Indeed, most islands retain
unique haplotypes as well as the island-type haplogroup
(Basal group), but haplotypes of some islands belong to the
main haplogroup (Basal group) characteristic of the Korea
mainland. Since these islands were connected with main-
land Korea during the Pleistocene, it is presumed that they
likely represent the southern limit of refugia on the Korean
Peninsula. The Korean Peninsula, therefore, could have
been an important refugium during the Pleistocene where
genetic diversity and heterogeneous genetic features were
maintained.

We also propose that C. shantungensis has undergone
rapid and independent regional evolution, which is facili-
tated by short-dispersal behavior, small home range (male:
163.48 m?; Female: 95.46 m?> by Lin et al. 2009), and short
generation time. Indeed, pairwise Fgr’s (Table 3) and
AMOVA (Table 4) showed conspicuous genetic differences
across the species’ geographic ranges. In general, high levels
of genetic differentiation were detected among most of the
geographic samples of C. shantungensis, implying a low-
level of gene flow between regions. These behavioral and
genetic features of C. shantungensis could have led to the
formation of multiple large and/or small refugia in the spe-
cies’ geographic range during the Pleistocene. The Korean
Peninsula and part of the China—Russia region have played
important roles as refugia for several small rodents (Tamias
sibiricu, Apodemus peninsulae, and A. agrarius) during the
Pleistocene (Lee et al. 2008; Sakka et al. 2010). Kim et al.
(2013), in a recent study of raccoon dog, proposed that there
were at least two refugia on the mainland of north-eastern
Asia during the glacial Age. Taken together, it is concluded
that the Korean Peninsula has played an important role in
providing refugia for small mammals during the Pleistocene.
Moreover, the peculiar geographic position of the Korean
Peninsula may have promoted peripheral evolution of small
mammal species throughout glaciations.
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In future studies, fine-scale sampling within East Asia,
including the offshore islands of Korea and the use of addi-
tional markers such as microsatellites, will help develop a
more complete picture of the phylogenetic relationships and
fine mapping of refugia formation for C. shantungensis in
East Asia.
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