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yamashinai) in Taiwan: implications of interglacial
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Abstract

To test the Pleistocene interglacial refugia hypothesis with a high-elevation mammal, we
studied the phylogeography of the mole-shrew (Anourosorex yamashinai) using partial
mitochondrial cytochrome b gene sequences (737 bases). This shrew is endemic to Taiwan.
It is mainly distributed in the highlands from 1000 to 2500 m in elevation. We examined 103
specimens from 24 localities in three mountain ranges of Taiwan and found 36 haplotypes.
These haplotypes separated into two major phylogroups (Northern and Southern) plus a
minor phylogroup (Houhuan) of only one haplotype. This demonstrated strong association
with geography. The formation of these three phylogroups may be the result of interglacial
refugia during the middle Pleistocene. Distinct sublineages were not found within each
major phylogroup, suggesting that the populations (phylogroups) explosively expanded
from the interglacial refugia of ancestral founder haplotypes. The present distribution pattern
of haplotypes suggests that Mount Houhuan is an effective refugium in central Taiwan.
It was not possible to specify the refugia for the Northern and Southern phylogroups.
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Introduction

The refugia theory proposed by Haffer (1969) has been
extensively used to explain the movement of floral and
faunal distributions in response to the global climatic
changes during Pleistocene glaciations (e.g. Crespi ef al.
2003; Weider & Hobeek 2003). This theory suggests that
populations were isolated when their habitats were disjoined
during cyclic expansions and contractions of forests during
alternating warm and cold episodes of the Pleistocene
(Haffer 1969; Cracraft & Prum 1988). For high-elevation
species adapted to colder environments, the Pleistocene
glaciations are thought to have provided opportunities for
range expansions from high elevations to lower elevations,
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while during the Pleistocene interglacials, in contrast,
ranges of high-elevation species were thought to be strongly
restricted to reduced and fragmented refugia in alpine
regions (Brown & Gibson 1983; Delcourt & Delcourt 1991;
Britten et al. 1995; Sullivan et al. 2000). Indeed, in the present
interglacial period (Holocene), many climatically relict
species exist at high elevations (Cox & Moore 2000). For
instance, several pika (Ochotona) species adapted to arid
and cold environments are distributed in the fragmented
alpine rocky regions (e.g. Smith 1988; Yu et al. 1997).

To test the interglacial refugia hypothesis, we investi-
gated the phylogeography of the mole-shrew (Anourosorex
yamashinai) in Taiwan, using partial mitochondrial
cytochrome b gene sequences. This semifossorial shrew
(Alexander et al. 1987; Corbet & Hill 1992) occurs in moun-
tainous areas of Taiwan from 500 to 3200 m in elevation,
but is most common in moist forests or grasslands at
1000-2500 m (Yu 1994). Identification of any distinct
phylogeographical structure may permit examination
of historical population isolations occurring before the
present interglacial.
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Fig.1 Sampling localities of Anourosorex yamashinai in Taiwan.
Numbers correspond to localities identified in Table 1. The
Northern mtDNA lineage is indicated with triangles and the
Southern one with circles. A star indicates the Houhuan lineage
and the locality where all three lineages coexisted. Successive
triangle motifs in grey indicate mountain ranges (named).

Anourosorex yamashinai was formerly classified as a
Taiwanese form of Anourosorex squamipes (Kuroda 1935;
Motokawa & Lin 2002). Recently, on the basis of chromo-
somal characteristics, Motokawa et al. (2004) classified this
form as a distinct species endemic to Taiwan. They demon-
strated that the diploid and fundamental autosomal arm
numbers of A. squamipes from southern China are 48 and 92,
respectively, while those of A. yamashinai are 50 and 96,
respectively. Although multiple colonizations by this species
from the Asian mainland to Taiwan might have occurred in
the past, at present phylogeographical information based on
molecular data is available only from the Taiwan population.

In Taiwan, mountainous areas account for about 70%
of the island. There are several long mountain ranges with
elevations > 2000 m (Fig. 1). This makes Taiwan an appro-
priate locale to test refugia hypotheses for high-elevation
species. For instance, Huang etal. (2002) inferred that
southeastern Taiwan might be a refugium for Cyclobal-
anopsis glauca, a tree occurring from 400 to 2500 m in eleva-
tion. Thus, a Pleistocene glacial refugium has already been
proposed for plants in Taiwan. Pleistocene interglacial
refugia, however, have not yet been examined in any of
Taiwan’s fauna.

We chose mitochondrial cytochrome b sequences to test
for Pleistocene interglacial refugia in the phylogeography
of A. yamashinai. These sequences were successfully used
in studies of phylogeographical structures of other shrew
populations (Demboski & Cook 2001; Maldonado et al.
2001; Ohdachi et al. 2001; Stewart et al. 2002).

Deep divergences among regional populations would
provide evidence for the existence of isolated or fragmented
refugia during the Pleistocene interglacial periods. In
contrast, absence of distinct phylogeographical groups
would suggest that A. yamashinai populations were not
isolated in the past. This would indicate that either there
were no refugia or that the populations expanded extremely
rapidly during the last glaciation and thereby erased
evidence of geographical structuring throughout Taiwan.

Materials and methods

Study regions and specimens

The profile of Anourosorex yamashinai examined in this
study is shown in the Appendix. From January 2001 to
April 2003, specimens of A. yamashinai were collected
principally from three mountain ranges: the Hsuehshan,
Central, and Alishan ranges (Fig. 1). A total of 103 individuals
were collected from 24 localities in these three mountain
ranges at elevations of 800-3580 m. Fourteen individuals
from two sampling localities (numbers 6 and 13) came from
elsewhere (Fig. 1, Table 1, Appendix). Specimens except
for 17 in our personal collection were stored in the National
Museum of Natural Science (NMNS), Taichung, Taiwan.
At present, there are two species (squamipes and yamashinai)
in the genus Anourosorex (Motokawa et al. 2004). Therefore,
three cytochrome b sequences (haplotypes MC1, MC2, and
MC3; see Appendix) from 10 specimens of Anourosorex
squamipes were used to root the phylogenetic tree. These
specimens were captured in Szechuan in southern China.

DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from 99% ethanol-
preserved liver or muscle tissue using the phenol-
chloroform method (Sambrook et al. 1989). The central
portion of the cytochrome b gene was amplified using poly-
merase chain reaction (PCR), with newly designed primers:
L14183 5-CATCGTTGTTATTCAACTATAGGAAC-3’
and H15443 5-GAATATCAGCTTTGGGTGTTGATA-3.
Primer names correspond to the light (L) or heavy (H)
strand and the 3’end-position in the Sorex unguiculatus
mtDNA sequence (Ohdachi et al. 2001; Lin et al. 2002).
The 50-puL reaction mixture contained 50 ng of genomic
DNA, 7.5 picomoles of each primer, 0.2 mM dNTPs in
reaction buffer including 2.0 mm Tris-HCI (pH 8.0), 0.01 mm
EDTA, 0.1 mm DTT, 0.1% Triton X-100, 5% glycerol, and

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2119-2130
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Table 1 Sampling localities, phylogroups, and mtDNA haplotypes of Anourosorex yamashinai examined in this study. N, S, and H indicate

the Northern, Southern, and Houhuan phylogroups, respectively

No. in Fig. 1 Locality (county) Phylogroup Haplotype (no. of specimens)
1 Li-dungshan (Hsinchu) N T1 (1), T4 4), T5 (1), T6 (3), T9 (1)
2 Guanwu (Miaoli) N T4 (1)
3 Waulin farm (Taichung) N T3 (1), T4 (1), T7 (1), T8 (2)
4 Suyuanyakou (Yilan) N T4 (2)
5 Jhenshibao (Hsinchu) N T4 (2)
6 Heping (Hualian) S T22 (1)
7 Guanyuan (Hualian) S T19 (1), T20 (1), T25 (2)
8 Mount Houhuan (Hualian) N T2 (1), T4 (1)
S T11 (1), T12 (1), T25 (2)
H T10 (1)
9 Meifung (Nantou) S T13 (1), T25 (4)
10 Tsufung (Nantou) S T16 (1), T25 (1), T36 (1)
11 Nenggau (Nantou) S T25 (1), T26 (1)
12 Aowanda (Nantou) S T25 (1)
13 Wanrong (Hualian) S T13 (13)
14 Danda (Nantou) S T13 (1), T14 (1), T15 (3)
15 Xitou (Nantou) S T27 (2), T32 (1)
16 Shalinxi (Nantou) S T28 (2)
17 Alishan (Jiayi) S T29 (5), T30 (1), T31 (1), T32 (1), T35 (10)
18 Tataka (Nantou) S T29 (1), T32 (2), T33 (1), T34 (1), T35 (3)
19 Mount Taguan (Kaohsiung) S T21 (1)
20 Tianchi (Kaohsiung) S T24 (1), T25 (1)
21 Mount Guan (Kaohsiung) S T24 (1)
22 Rueiyanshi (Nantou) S T25 (1)
23 TengJhih (Kaohsiung) S T17 (1), T18 (1), T25 (3)
24 Whujie Dam (Nantou) S T23 (1)

1.0 U of rTag DNA polymerase (Viogene). Amplification
was carried out for 35 cycles using the following programme:
94 °C for 1 min, 52 °C for 1 min, and 72 °C for 2 min. The
extension reaction was completed by incubating at 72 °C
for 10 min. The PCR products were purified with PCR Clean
Up-M (Viogene) and directly sequenced with an automated
DNA sequencer (ABI PRISM 377-96 Sequencer with ABI
PRISM 3100 Genetic Analyser, Applied Biosystems). The
PCR primer L14183 and one newly designed internal primer
(L14577 5-GTAATAGCCACCGCCTTTATAGG-3') were
used for sequencing. Purification of PCR products and
sequencing were carried out by Mission Biotech Co. Ltd.

Sequence and phylogeographical analyses

Sequence alignment was used to identify haplotypes with
CLUSTAL W in BIOEDIT 5.0.9 (Hall 1999). MODELTEST version
3.06 (Posada & Crandall 1998) was employed to find the
best nucleotide substitution model in pAaur version 4.0
betal0 (Swofford 2001). The hierarchical likelihood-ratio
test (WLRT) with an outgroup, implemented in MODELTEST,
selected the Tamura—-Nei (TN93) model (Tamura & Nei 1993).
The best model included the gamma shape parameter (G).
Neighbour-joining (NJ) analysis (Saitou & Nei 1987) was

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15,2119-2130

employed with the TN93 model following a gamma (G)
distribution for variable sites in rAUP version 4.0 betal0.
The maximum-parsimony (MP) tree was constructed
with the heuristic search algorithm with tree-bisection—
reconnection in rAuP. To assess nodal support, bootstrapping
(Felsenstein 1985) was performed with 5000 replicates in
the NJ analysis and 500 replicates in the MP analysis. To
select suitable outgroups for the phylogenetic analysis, in
addition to A. squamipes, sequences of four species in the
subfamily Soricinae (Soriculus fumidus, accession number
AF348081; Soriculus sodalis, accession number AB127978;
Sorex isodon, accession number AB028500; Sorex unguiculatus,
accession number AB028501) were tested. Haplotype
diversity (k) and nucleotide diversity (m, the average
number of nucleotide differences per site between two
sequences) (Nei 1987) within phylogroups were calculated
using DNAsP 3.53 (Rozas & Rozas 1999).

To calculate divergence time between phylogroups, we
estimated raw and net nucleotide divergences (Da and
Dxy) with standard deviations (SD) between phylogroups
(Nei 1987) with the less sophisticated Jukes—Cantor correc-
tion (Jukes & Cantor 1969) in pnasP 3.53. Divergence time
(T) between phylogroups was estimated as T = Da/2y,
where 211 is the divergence rate. The standard divergence
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rate for mammalian mtDNA is 2% /million years (Myr)
(Wilson ef al. 1985; Avise et al. 1998). Following Maldonado
et al. (2001), we applied this divergence rate (2% /Myr) for
estimation of divergence between major phylogroups.
Fumagalli et al. (1999) reported a 1.36% /Myr cytochrome
b divergence rate for third position transversions in shrews,
based on a 20-million-years-ago split between the shrew
subfamilies Crocidurinae and Soricinae as suggested by
fossil records (Reumer 1989, 1994). Also, based on third
position transversions, Stewart et al. (2002) estimated that
the divergence between the shrew species Sorex maritimensis
and Sorex arcticus was 2.4 million years ago (Ma). Unfortu-
nately, we could not use these more reliable divergence
rates, because there were no diagnostic third position trans-
versions between phylogroups of A. yamashinai. To estimate
gene flow between phylogroups, the fixation index (Fgp)
and number of female migrants per generation (Nm) were
calculated in pNasP 3.51, according to Hudson et al. (1992).

To assess whether there was significant geographical
differentiation, the partitioning of total genetic variation was
hierarchically examined by an analysis of molecular vari-
ance (amova) (Excoffier et al. 1992) in ARLEQUIN 2.001
(Schneider ef al. 2000). The significance of fixation indices
(Dgr, Py, and D) was tested using permutation procedures
described by Excoffier ef al. (1992) with 1000 permutations.

A nested clade analysis (Templeton ef al. 1995; Templeton
1998) was also carried out. A haplotype cladogram was
constructed using statistical parsimony with a 95% prob-
ability limit between haplotypes (Templeton et al. 1992) in
TCs version 1.13 (Clement et al. 2001). For this cladogram,
GEODIS version 2.0 (Posada et al. 2000) was used to test
associations between haplotypes and geography. This
program calculates clade distance D (X) (average distance
of individuals in clade X from the geographical centre of
clade X) and the nested clade distance D (X) (average
distance of individuals in clade X from the geographical
centre of the higher-level clade in which clade X is nested).
To test whether these distances were significantly small or
large at the 5% level, we used 1000 permutations with the
Monte Carlo technique (Roff & Bentzen 1989). Output from
the GEODIS program was interpreted using the inference
key in Templeton (1998, 2004).

Results

Nucleotide sequences

Partial cytochrome b sequences (737bp) from 103
individuals of Anourosorex yamashinai yielded 36 distinct
haplotypes (Table 2). Sequencing the same cytochrome b
segment from 10 Anourosorex squamipes individuals yielded
three different haplotypes. All sequences (Appendix) were
deposited in the DNA Data Bank of Japan (DDBJ). Among
the A. yamashinai haplotypes, there were 53 polymorphic

sites of which 22 had parsimony-informative characters
(Table 2). In these sites, 13, 6, and 34 occurred first, second,
and third codon positions, respectively. The average
number of nucleotide differences between two haplotype
sequences (Tajima 1983) was 6.48. The ratio of transitional
substitutions to transversional substitutions, calculated
from all pairwise comparisons among 36 haplotypes, was
about 7.1, showing little influence of saturation by multiple
substitutions. The pairwise nucleotide differences among
the three A. squamipes sequences were 1-2. In pairwise
sequence comparisons between A. yamashinai and A. squamipes,
the nucleotide differences were 39-47. The number of
distinct diagnostic sites separating the two species was 31.

Phylogenetic analysis

Sequence differences between Anourosorex and Soriculus
were approximately 17.5-19.1%. Those between Anourosorex
and Sorex were 17.0-19.8%. Both Anourosorex species were
clustered together in the NJ tree under the TN93 + G model,
showing significant monophyly with a 100% bootstrap
value (tree not shown). In addition, distinct clusters of
A. yamashinai and A. squamipes were supported with 100%
and 83% bootstrap values, respectively. The relationships
of A. yamashinai haplotypes to one another with A. squamipes,
Soriculus, and Sorex as outgroups were identical to those
with only A. squamipes as an ourgroup. Therefore, only
A. squamipes was used to root the phylogenetic trees of
A. yamashinai.

An NJ tree constructed with the TN93 + G model
showed two major mtDNA phylogroups (Northern and
Southern) of A. yamashinai (Fig. 2). One haplotype (T10 of
the Houhuan phylogroup) was separated from both major
phylogroups (Fig. 2). The Northern and Southern phylo-
groups were well supported, with nodal bootstrapping
values of 98% and 85%, respectively. The phylogenetic
position of the Houhuan phylogroup was not clear, with
low nodal support (60%). Therefore, polytomic divergence
of three lineages was implied. Interestingly, members of
all three phylogroups coexisted only at Mount Houhuan
(locality 8) (Fig. 1, Table 1). Locality 8 and the surrounding
localities (7, 9-11, and 22) were occupied by haplotypes
from the Southern lineage (Fig.1, Table 1). Within the
Northern phylogroup, phylogenetic relationships among
haplotypes were not resolved, consistent with the small
pairwise differences found in this segment of the mito-
chondrial genome. The overall phylogenetic relationships
of haplotypes in the Southern phylogroup were also unclear.
Most nodes received little support, although two high
bootstrap values supported clustering of haplotypes T11
and T12 (85%) and haplotypes T16 and T17 (91%). The MP
analysis produced a single most-parsimonious tree, with
a length of 105, consistency index of 0.838, and retention
index of 0.921. This tree (not shown) had the same

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2119-2130
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Table 2 Variable nucleotide positions within a 737-bp sequence of cytochrome b in Anourosorex yamashinai populations in Taiwan. The
sequenced portion corresponds to positions 106-842 in light strand of Sorex unguiculatus cytochrome b. Sequences of the outgroup (A.
squamipes) at these sites are shown. N, H, and S in parentheses indicate the Northern, Houhuan, and Southern phylogrougs, respectively.

Dots indicate the same nucleotide as in haplotype T1

Positions of variable nucleotides

Codon positions
11111111122223

3668822347778800182

2300419375715 70717751
Haplotype
(phylogroup) 233313231333133133133
T1 (N) TATTTTCTTTACTATGATTGC
T2 (N) e o o o C o o o o o o o o o o o o o o A o
T3 (N) e o o o o o o o o o o o o o s o o o o A e
T4 (N) e o o 6 o o o s o 6 s o 6 s o o e o oD
T5 (N) e o o o o o o o o o o o o o o o o o o A e
T6 (N) e o o o o o o s o o s e 6 e o o e o oA
T7 (N) e o o o o o o o o o o o o o (C o o o o A e
T8 (N) e o o o o o o s o o s o (C e o 0 o o oA
T9 (N) e o o 6 o 0o 6 o o (C o o 0o o o o o o o DN e
T10 (H) e o o o o o o o C o o o o o o o o (C o A e
T11(S) e e o CCC oo o 006 0060600 ¢6CoRne
T12(S) e o o o o C o o o o o o o o e o o (C oAT
T13(S) e o o 0 o (C o o o o o o 0 6 o0 e (C oAne
T14(S) C o o o ¢ C o o o o o o o o o o ¢ (C oA o
T15(S) e e o o e (C o o o o o o 0 6 00 e C oA
T16(S) e C e C e C oA o (C oo o o0 ¢6GCseARA
T17(S) e C e C o C oA o o o o o o o o ¢ (C o AA
T18(S) ¢« C e C oeC oo o 00606 06Goe o eCohie
T19(S) e o o C o C o A o o o o o o o o o (C o A o
T20(S) e e o C e C o o o o o o 00600 ¢6C oA
T21(S) e ¢ o C e C o o o 0606 06 006 060 6C oRne
T22(9) e o ¢ C o C o o o o o o o o o o ¢ C o A s
T23(S) e o e C o (C o o o o o o 0 o 0 0 o C oA o
T24 (S) e o ¢ C o (C o o o o o o o o oA o (C o A e
T25(S) e o e C o (C o o o o o o 0 0 0 0 o C oA o
T26 (S) e o ¢ C o (C o o o o o o o o o o o (C o A o
T27(S) e« e CC oC o o o o 6 o 00600 ¢6C oA
T28(S) e o o C e C o o o 0606 0 006 00 ¢6C oRne
T29(9) e o ¢ C o C o o o o o o o o o o o (C o A s
T30 (S) e o e C e C o o ¢ C o o o e 00 e CCA e
T3l(s) e o o C o CT G e ¢ C o o o o o o C o AT
T32(S) e o o C e C o o o 0o 06 000600 eCeAT
T33(S) e ¢ o C e C o o o 0606 060606060 eCeAT
T34 (9) e o ¢ C o C o o o o o o o o o o ¢« (C o A s
T35(S) e ¢ o C e C o o o 0 ehA oo oo e(C ohie
T36(S) e o ¢ C o C o o o o o o o o o o o (C o A o
MC1 o o o o o o o DA o o o o o o o o o (C o AA
MC2 e o o o o o oD o o o o o o o o o (C o AR
MC3 o o o o o o o DA o o o o o o o o o C o AA

4393433943393 339d933d933394d3343d9+d+33Hd 3 3 3 ¢

e o o o o s o o 6 o T C o T o o o T o s o o o o o o o o
e oG o o o o 0o e TTC oT oR e eBN oo oToe oo o oo
e e G o o o o 0o e TTC oT oA e eReeoToe oo o o
e o o o o o 0 o e TTC o T o oC oo oo oTe o oo oo
e o o o o o o o e TTC o T e oC o oo o oTe o s o o
e o o o o o 06 o o TTC o T o o C oo oo oToe e oo oo
e o o o 0o 6 oG e TTC oT e o C oo oo oTe oo o oo
e o o o o6 oG e TTC oeT e oC o oo o oTe o s o o
e o o o o o 0 o e TTC o T o o C oo oo oTe o oo oo
e o o o o o 0o o e TTC o Toe oC o oo o oTe oo o o
e o o o o o 0 o e TTC oT o oC oo oo oToeoeoCoe oo
e C o T o o o e ¢ TTC o T o oC o oo o oTe oo o o
e o o o o o 0o o e TTC oTCoeC o oo o oTe o s o o
C o o o o 0 0o 06 e TTC oToeo e C oo oo e Taeoe oo oo
e o o o o 6 0o o e TTC o T e oC o oo o oTe o s o o
e o o o o o 0 o e TTC o T o oC oo oo oTe oo o oo
e o o o 0o o 0o 0 e TTCoToeoCooe e GTCoeseseoC
e o o o o T o o e TTCTT oo o C o o o 0o T eC o o oo
e o o o o T o o e TTCTT oo o C o o o ¢ T e C o o oo
e o o o o 6 06 0 e TTCTT e o C o o o ¢ T e C o o o
e o o o 0o 0o 06 0 e TTCTT oo o C oo oo T eC oo oo
e o o o o 6 0o o e TTCTT e o C o o o 06 T e C o o o
e o o o o 0o 06 0 e TTCTT oo e C oo oo T eC o o oo
e e o o T o o o e TTCTT oo o C o o o ¢ T e C o o o
e o o o o o 06 0 e TTCTT oo o C o o o 6 00 ¢6C o o o
e o o 0o 0 e C o e TTCoeToeeCeoeoCAoeToeCo e oo
e o o o o 6 o o e TTC o T e oC o oo 0o oTe o s o o
e o o o o o 0 o 0o 06 o CAT oo o o o oo 0000 0C o oo
e o o o o o o o 6 0o o CAT e o o o 0 0 06 000 0C o o
e o o o o o o 0o 0o 06 o CAT oo o o o 0 e 0000 0C o oo

topology as the NJ tree and bootstrap values that were
essentially same (Fig. 2).

Phylogroups and genetic variation

The observed sequence differences among haplotypes within
the Northern phylogroup, within the Southern phylogroup,
and between the two phylogroups were 1-3,1-11, and 9-18,
respectively. The uncorrected genetic distances (p-distances)

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2119-2130

among haplotypes within the Northern phylogroup,
within the Southern phylogroup, and between two phylo-
groups were 0.14-0.41% (0.27% on average), 0.14-1.49%
(0.67% on average), and 1.22-2.44% (1.78% on average),
respectively. The sequence differences and p-distances among
haplotypes between Northern and Houhuan phylogroups
were 8—10 and 1.09-1.36% (1.22% on average), respectively.
Those between the Southern and Houhuan phylogroups
were 7-14 and 0.95-1.90% (1.38% on average), respectively.
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— 11 A Fig. 2 Neighbour-joining tree for the 36
— T2 A cytochrome b gene haplotypes identified
— T3 A from Anourosorex yamashinai of Taiwan
T4 A and three Anourosorex squamipes outgroup
— 15 A Northern haplotypes (MC1, MC2, and MC3). The tree
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T26 (4
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——— T30 [
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L mc2

m—().005 substitution/site

Table 3 Intrapopulation variability for mtDNA phylogroups of Anourosorex yamashinai in Taiwan. Total contains the Northern, Southern,
and Houhuan phylogroups. Standard deviations are in parentheses

Sample No. of No. of Haplotype Nucleotide
Group size haplotypes polymorphic sites diversity diversity in %
Northern 22 9 9 0.745 (0.093) 0.154 (0.032)
Southern 80 26 36 0.896 (0.018) 0.500 (0.040)
Total 103 36 53 0.926 (0.012) 0.887 (0.059)

Haplotype diversity within the Southern lineage was
slightly higher than that within the Northern lineage
(Table 3). Nucleotide diversity within the Southern line-
age, however, was three times as high as that within the
Northern lineage. Further, there are four times as many
polymorphic sites in the Southern lineage as in the
Northern one. For the genetic differentiation between the
mtDNA phylogroups, the Jukes—Cantor corrected raw and
net divergences were 1.64 +0.08% and 1.33 + 0.08%, respec-
tively. Divergence time between Northern and Southern

phylogroups was estimated to be 0.63—0.71 Ma based on
the net divergences, assuming an evolutionary rate of 2%/
Myr (Wilson et al. 1985; Avise et al. 1998). The Fq; between
the two phylogroups was 0.80, and the Nm was 0.13.

Phylogeographical analysis

The statistical parsimony procedure yielded three divergent
haplotype clades: 3-1, 3-2, and 3-3 (Fig. 3). Within clade
3-1, haplotypes corresponding to the Northern lineage

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2119-2130
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Northern

Fig. 3 Network of the 36 cytochrome b
gene haplotypes of Anourosorex yamashinai
in Taiwan, based on statistical parsimony
and associated with the nested clade design.
Haplotype names correspond to Table 1.
Missing hypothetical haplotypes are
indicated by open circles. Lines connecting
haplotypes indicate relationship. Nested
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(clade 2-1) and the Houhuan lineage (clade 2-2) were
found. The haplotypes of clades 3-2 and 3-3 belonged to
the Southern lineage. Haplotype T4 is implied to be the
ancestral form of the Northern lineages. The null hypothesis
of no geographical association of clades was significantly
rejected (P < 0.0001) by clade 3-3 and the total cladogram
(Table 4) in a nested contingency analysis. Biogeographical
interpretation of clade 3-3 and the total cladogram using
the inference keys in Templeton (1998, 2004) found the
structure of both higher-level clades consistent with a past
occurrence of fragmentation or long-distance colonization.

We tested for partitioning of the total genetic variation
among the three mountain ranges, among populations
within these mountain ranges, and among individuals
within populations. There was significant genetic variation
among mountain ranges (P < 0.0005), populations (P <
0.0001), and individuals (P < 0.0001) (Table 5).

Discussion

The sequence difference between Anourosorex yamashinai
and Anourosorex squamipes was 5.3—6.4%. Motokawa ef al.

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2119-2130

(2004) reported the differences between both Anourosorex
species in diploid and fundamental autosomal arm numbers.
However, there are other shrew species with appreci-
able intraspecific chromosomal variation (e.g. King 1993;
Bystrakova et al. 2003; Fredga 2003). Therefore, chromosomal
difference is not sufficient evidence for distinctness
among shrew species. Fumagalli et al. (1999) reported that
intraspecific cytochrome b sequence differences of Sorex
species varied from 0 to 5.21 £0.75%. Our interspecific
result (5.3-6.4%) was similar to the highest of these values.
A complete study of the systematics of the genus Anourosorex
lies outside the scope of this study. Judging from the
sequence differences, however, A. squamipes was a suitable
outgroup for phylogeographical analysis of A. yamashinai.

We found two major and one minor mtDNA phylo-
groups of A. yamashinai in Taiwan (Figs 1-3). Divergence
time between the major phylogroups was estimated to
be 0.63-0.71 Ma, suggesting they separated during the
middle Pleistocene. Judging from the genetic distances in
the NJ analysis (Fig. 2), the Houhuan phylogroup would have
diverged from the others at the same time. This suggests
the A. yamashinai population was probably restricted to
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Table 4 Geographical associaition of genetic clades. The chi-squared statistic was performed at the 5% level from a minimum of 1000
random permutations to lower-level categories within the nesting clade against geographical locality (P, probability). Significant small or
large values (P < 0.05) for clade (D), nested (D,), and interior to tip clade (I-T) distances are indicated by ‘S and ‘L’, respectively. The

biogeographical interpretation is based on Templeton’s (1998, 2004) inference keys for nested clade analysis

Nesting Haplotype/ Chi-squared Biogeographical
level Phylogroup clade no. Location D, D, statistic P interpretation
1-1 Northern T1 Tip 0 3.26 9.8990 0.522 Inconclusive
T2 Tip 0 76.28
T3 Tip 0 3.26
T4 Interior 5.67 5.96
T5 Tip 0 3.26
T6 Tip 0 3.26
T7 Tip 0 3.26
T9 Tip 0 3.26
LT 5.67 -5.41
2-1 Northern 1-1 Interior 6.25 5.96 0.2200 1.000 Inconclusive
1-2 Tip 0 2.95
I-T 6.25 3.02
2-4 Southern 1-5 Tip 0 3.67 19.000 0.099 Restricted gene flow with
1-19 Interior 0 3.67 isolation by distance
1-25 Interior 0 39.39L
I-T 0 17.86
3-1 Northernand  2-1 Tip 5.67 6.96 6.9697 0.135 Inconclusive
Houhuan 2-2 Interior 0 75.20
I-T -5.67
68.23
3-3 Southern 2-4 Interior 6.15S 29.62L 47.0046 < 0.0001 Past fragmentation and/or
2-7 Interior 0S 12.00S long-distance colonization
2-8 Tip 0S 12.00 S
2-9 Tip 0S 12.00S
I-T 4.03 11.59L
Total 3-1 Tip 820S 61.54L 122.9259 <0.0001  Past fragmentation
cladogram and/or long-distance
3-2 Tip 0S 19.22S colonization
3-3 Interior 17285 4220
I-T 3.65 4.27

Table 5 Analysis of molecular variance (aAMova) among Anourosorex yamashinai populations from three major mountain ranges. Va:
variance components; %: percentage of variation; P: probability of the significance test of ®-statistics; @, Py, and Pg;: fixation indices of

O-statistics (Excoffier et al. 1992)

Among ranges

Among populations within ranges

Among individuals within populations

Va % P D Va %

D Va % P D

2.948 66.99 < 0.0005 0.670 0.289 6.57

< 0.0001

0.199 1.163 26.44 < 0.0001 0.736

fragmented refugia around the Cromerian Interglacial
of the middle Pleistocene, but not during the late inter-
glacial periods. The Cromerian Interglacial was from 0.63 to
0.56 Ma (e.g. Sibrava 1986). During this period, the A.
yamashinai population could have been intensely affected
by warmer environments. There could have been at least
three refugia in Taiwan: the Northern, Southern, and
Houhuan refugia (Fig. 4a). Although it is difficult to
specify the range of the Northern and Southern refugia, the
area around the peak of Mount Houhuan could have been
a refugium for A. yamashinai. The elevation (3210 m) of

locality number 8 at Mount Houhuan is one of the highest
sampling localities in this study (Fig. 1). During the inter-
glacial periods, it would have been an effective refugium
from warmer temperatures at lower elevations.

Judging from the coexistence of three distinct phylo-
groups in locality 8, after the Cromerian Interglacial, these
three phylogroups are postulated to have mixed, probably
in central Taiwan (Fig. 4b). In the next interglacial (probably
the Holsteinian Interglacial), populations of A. yamashinai
could again have been isolated in a few fragmented refugia
(Fig. 4c). Unlike the refugia of the previous (the Cromerian)

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2119-2130
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Fig. 4 Interglacial refugia hypothesis for Anourosorex yamashinai in Taiwan: (a) extreme population bottleneck during the Cromerian
Interglacial; (b) population expanded throughout Taiwan during glaciation; (c) reduced population during the interglacial period; (d)
reduced population after re-expansion during the glaciation. Current phylogroups indicated by symbols: Northern (triangles), Southern
(circles), and Houhuan (star). Large arrows indicate sequence of events. Small arrows indicate directions of population movements. Dotted

areas indicate the possible refugia.

interglacial, the Houhuan refugium is suggested to have
retained haplotypes derived from all three of the founder
phylogroups. Subsequently, the A. yamashinai populations
would have expanded again, giving the three phylogroups
another opportunity to mix. During the present Holocene
Interglacial, which began about 10 000 years ago (e.g. Lowe
& Walker 1984), the Northern phylogroup may have sep-
arated from the others, leaving the Houhuan refugium
inside the range of the Southern phylogroup (Fig. 4d).

The Fgp (0.8) and Nm (0.13) calculated from this Fgyp
between the Northern and Southern phylogroups indicate
low gene flow. The Fg; value indicates that 80% of the
variation observed occurs among populations, while the
Nm value suggests that there has on average been one
female migrant between groups only about every eight
generations. The results of the nested clade analysis
(Table 4) and the amova (Table 5) indicated that these
phylogroups were significantly correlated with geography.
In the nested clade analysis, Templeton’s (1998; 2004)
inference keys revealed fragmentation or long-distance
colonization. Thus, A. yamashinai could have experienced
extreme geographical isolation in a few refugia during the
Cromerian Interglacial. Therefore, the Taiwanese popula-
tion probably experienced a bottleneck in which haplotype
T4 would have been ancestral to the Northern phylogroup
(Fig. 3). After this interglacial, the isolated and reduced
populations are suggested to have expanded to come
in contact with one another (Fig. 4b). That the nucleotide
diversity and number of polymorphic sites within the
Southern lineage are higher than those of the Northern
lineage (Table 3) suggests that the genetic variability in the
refugia producing the Southern lineage may have been
higher than that in the refugia producing the Northern
lineage.

Based on pollen records of the last glacial maximum in
Taiwan, Liew et al. (1998) described the highland for-
ests as semi-open and stated that most of the lowlands
were occupied by grasslands. This drastic environmental

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 2119-2130

change would have increased the habitats of A. yamashinai
in Taiwan. In the NJ tree (Fig. 2), we did not find distinct
sublineages in each phylogroup. In general, if isolated
populations each underwent recent population expansions,
each phylogroup should demonstrate a starlike phylogeny
(e.g. Avise 2000). Therefore, this tree suggests that both the
Northern and Southern populations explosively expanded
from the ancestral founder haplotypes in the refugia. In the
network (Fig. 3), haplotype T4 could be a typical ancestral
haplotype for the Northern phylogroup. Such founder
effects are found in many mammalian species, e.g. the roe
deer (Capreolus capreolus) in Europe (Vernesi et al. 2002)
and the Norwegian lemming (Lemmus lemmus) in Scan-
dinavia (Fedorov & Stenseth 2001). After the interglacial
of the middle Pleistocene, mixing of the two A. yamashinai
phylogroups would have been incomplete (Fig. 4b). Because
of the quick alternation of glacial and interglacial periods
during the Pleistocene, there probably was not enough
time for the species to expand throughout Taiwan during
glaciation. Unlike large terrestrial mammals, the small
A. yamashinai would need more time to fully expand its
distribution ranges. Its semifossorial behaviour would also
slow expansion of A. yamashinai.

There are a few reports of the phylogeographical
structure of high-elevation species in Taiwan. Based on the
PCR-RFLP (restriction fragment length polymorphism)
of mtDNA, Hsu etal. (2000) found that the Formosan
white-bellied rat (Niviventer culturatus), which inhabits
forests at elevations of 1500—-3600 m, has no distinct phylo-
groups. Chan (2004) reported that the mitochondrial control
region sequences of the spiny country rat (Niviventer cox-
ingi), distributed from sea level to 3000 m, also lacks a clear
phylogeographical structure. In the present interglacial
period, these rodents are adapted to forests. They do not
show distinct population isolation, even though they may
have been isolated during glaciation into refugia of frag-
mented forests. Therefore, the phylogeographical histories
of these rodents and A. yamashinai appear contradictory.
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The differences in history and in ecology between these
two rodent species and A. yamashinai may explain the
differences in phylogeographical structure.

To clarify the interglacial refugia hypothesis in Taiwan
and to help identify the locations of the interglacial refugia,
the phylogeographical structure of other high-elevation
animals should be investigated. Congruent phylogeographical
patterns between A. yamashinai and other high-elevation
animals would strongly support the interglacial refugia
hypothesis.
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Appendix

Specimens of Anourosorex yamashinai and Anourosorex squamipes examined in this study. Haplotypes and accession numbers are for the
737-bp mtDNA cytochrome b sequences. Locality numbers 1-24 match those in Fig. 1 and Table 1. Names of collecting localities for
A. squamipes are shown. Identity numbers indicate the specimens stored in the National Museum of Natural Science, Taichung, Taiwan (T),
and in our personal collection at Tunghai University, Taichung, Taiwan (THU)

Haplotype Accession
Species (individuals) number Locality number or name (identity number)
A. yamashinai T1(1) AB190460 1 (T8307)
T2 (1) AB190461 8 (T6404)
T3 (1) AB190462 3 (T6358)
T4 (11) AB190463 1 (T8300, T8306, T8308, T8309), 2 (T6406), 3 (T6360),
4 (T8329, T8330), 5(T5330, T5331), 8 (T6403)
T5 (1) AB190464 1 (T8303)
T6 (3) AB190465 1 (T8301, T8302, T8304)
T7 (1) AB190466 3 (T6359)
T8 (2) AB190467 3 (T6356, T6357)
T9 (1) AB190468 1 (T8305)
T10 (1) AB190469 8 (T4828)
T11 (1) AB190470 8 (T8326)
T12 (1) AB190471 8 (T8325)
T13 (15) AB190472 9 (T6389), 13 (T6382, T6383, T6384, T6385, T6386, T6387,
T6388, T8317, T8318, T8319, T8320, T8321, T8331),
14 (T6399)
T14 (1) AB190473 14 (T6398)
T15(3) AB190474 14 (T6396, T6397, T8332)
T16 (1) AB190475 10 (T8443)
T17 (1) AB190476 23 (THU:Te5)
T18 (1) AB190477 23 (THU:Te4)
T19 (1) AB190478 7 (T6361)
T20 (1) AB190479 7 (T8323)
T21 (1) AB190480 19 (T8444)
T22 (1) AB190481 6 (THU:P1)
T23 (1) AB190482 24 (T8316)
T24 (2) AB190483 20 (T6377), 21 (T10709)
T25 (16) AB190484 7 (T8322, T8324), 8 (T6405, THU:H6),
9 (T6390, T6391, T6392, T6393)
10 (T6394), 11 (THU:N1), 12 (T6400), 20 (T6378),
22 (T4850), 23 (THU:Tel, THU:Te2, THU:Te3)
T26 (1) AB190485 11 (T8328)
T27 (2) AB190486 15 (THU:Xil, THU:Xi2)
T28 (2) AB190487 16 (T1790, T1791)
T29 (6) AB190488 17 (T6363, T6368, T6373, T6374, THU:A11),
18 (THU:Yu4)
T30 (1) AB190489 17 (T6366)
T31 (1) AB190490 17 (T6375)
T32 (4) AB190491 15 (THU:Xi3), 17 (T6372), 18 (T6402,T8327)
T33 (1) AB190492 18 (T4858-1)
T34 (1) AB190493 18 (T4836)
T35 (13) AB190494 17 (T6362, T6364, T6365, T6367, T6369, T6370, T6371, T6376,
THU:A9, THU:A10), 18 (T4858-2, THU:Yu2, THU:Yu3)
T36 (1) AB190495 10 (T6395)
A. squamipes MC1 (4) AB190496 Nachung, Szechuan, China (0103, 0105, 0106, 0109)
MC2(4) AB190497 Nachung, Szechuan, China (0102, 0107, 0108, 0111)
MC3 (2) AB190498 Mianyang, Szechuan, China (HB403, HB405)
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