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Introduction

Abstract

Because of its complicated systematics, the bent-winged bat is one of the most
frequently studied bat species groups. In China, two morphologically similar
bent-winged bat species, Miniopterus fuliginosus and Miniopterus magnater were
identified, but their distribution range and genetic differentiation are largely
unexplored. In this study, we applied DNA bar codes and two other mitochon-
drial DNA genes including morphological parameters to determine the phylog-
eny, genetic differentiation, spatial distribution, and morphological difference of
the M. fuliginosus and M. magnater sampled from China and one site in Viet-
nam. Mitochondrial DNA gene genealogies revealed two monophyletic lineages
throughout the Tropic of Cancer. According to DNA bar code divergences, one
is M. fuliginosus corresponding to the Chinese mainland and the other is
M. magnater corresponding to tropical regions including Hainan and Guang-
dong provinces of China and Vietnam. Their most recent common ancestor
was dated to the early stage of the Quaternary glacial period (ca. 2.26 million
years ago [Ma] on the basis of D-loop data, and ca. 1.69-2.37 Ma according to
ND2). A population expansion event was inferred for populations of M. fuligi-
nosus at 0.14 Ma. The two species probably arose in separate Pleistocene refugia
under different climate zones. They significantly differed in forearm length,
maxillary third molar width, and greatest length of the skull.

(Fig. 1), were formerly confused with M. schreibersii
(Hendrichsen et al. 2001; Appleton et al. 2004; Tian et al.

Bent-winged bats Miniopterus schreibersii were previously
considered to be widely distributed across the Old World
ranging from Europe through to the Pacific (Koopman
1994; Wilson and Reeder 2005). The complex is now
known to comprise several species (Appleton et al. 2004;
Tian et al. 2004; Furman et al. 2009, 2010). In China,
two bent-winged bat species, Miniopterus fuliginosus
Hodgson, 1835 and Miniopterus magnater Sanborn, 1931
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2004). Tian et al. (2004) argued that M. schreibersii from
Guangxi and Hainan in China should be considered as
M. fuliginosus based on intraspecific mtDNA divergence
levels (Tian et al. 2004), which supported Maeda’s recog-
nition of Asian Miniopterus schreibersii as a distinct spe-
cies, M. fuliginosus (Maeda 1982). Furthermore, Maeda
regarded the bent-winged bats from Hainan Island to dif-
fer from individuals on the Chinese mainland (Maeda

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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1982). Those  specimens originally labeled as
M. schreibersii in ~ South-East ~Asia may represent
M. magnater (Hendrichsen et al. 2001). Miniopterus

magnater has been recorded in southern China, including
Hainan, Guangdong, Hongkong, and Fujian (Smith and
Xie 2008) and shares similar morphological characteristics
with M. fuliginosus in China (Maeda 1982; Smith and Xie
2008). Most of their morphological characters overlap,
and the two species differ only in skull size, with
M. magnater being slightly larger and wider than that of
M. fuliginosus. Confusion of morphological characteristics
between M. fuliginosus and M. magnater makes the map-
ping of the distribution extremely difficult in China,
which suggest that bent-winged bat species distribution
limits and characters need further research and evalua-
tion.

Molecular data could play a major role in a re-exami-
nation of the taxonomics, phylogeny, and lineage diver-
gences of the bent-winged bats. More recently,
cytochrome ¢ oxidase subunit I (COI) has been selected
as the DNA bar codes for members of the animal king-
dom (Hebert et al. 2003; Marshall 2005; Kerr et al. 2009)
and has established a standardized approach to help field
researchers in identifying species accurate (Borisenko
et al. 2008). And COI bar codes are proved as an effective
tool for both differentiating and identifying species of
bats (Borisenko et al. 2008; Francis et al. 2010). Francis
et al. (2010) have sequenced the COI bar codes of

Figure 1. The bent-winged bat species, Miniopterus fuliginosus (left

lower) and Miniopterus magnater (upper and right lower).

Photographs by Keping Sun and Tinglei Jiang.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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M. fuliginosus and M. magnater (Francis et al. 2010),
which are available for clarifying the taxonomy and distri-
bution range of the two species in China.

Glaciation and resultant geographic isolation might be
considered as major mechanisms underlying the genetic
differentiation of these two closely related bat species,
M. fuliginosus and M. magnater. As a particular region,
China encompasses both the Palearctic and Oriental
biogeographic regions and occupies several climatic zones.
Due to the influence of Pleistocene glacial cycles, many
mammals, including bats, show distinct genetic differenti-
ation among populations from different geographic
regions and climatic zones (Ramos Pereira et al. 2009),
implying the past existence of several glacial refugia (Hu-
ang et al. 2007) including eastern and southwestern
regions in China (Yan et al. 2007).

In this study, to clarify the taxonomy, distributions,
and genetic differentiation of Chinese bent-winged bats,
M. fuliginosus and M. magnater, we collected 125 samples
across the entire range of the two species in China as well
as one site in Vietnam. Firstly, we used DNA barcoding,
COJ, to identify the taxonomy of M. fuliginosus and
M. magnater and determine their distribution ranges. Sec-
ondly, we used sequences of the mitochondrial hypervari-
able control region (D-loop) and NADH dehydrogenase
subunit 2 (ND2) to investigate their most recent common
ancestor and divergent time. Thirdly, we inferred whether
climatic oscillations in Pleistocene have affected the cur-
rent distribution of bent-winged bats. Lastly, we investi-
gated the difference of morphological characters of
M. fuliginosus and M. magnater.

Materials and Methods

Sampling

To encompass their entire range in China, we collected
samples and morphological data of M. fuliginosus and
M. magnater in China and Vietnam from 2007 to 2010.
The sampling range extended across Palearctic and Orien-
tal regions (Fig. 2). After capturing the bats in a mist net,
we measured their morphological characters with digital
calipers (0.01 mm) and collected wing membranes using
3-mm biopsy punchers (Worthington and Barratt 1996).
The samples were preserved in absolute ethanol and
stored at —20°C. The bats were released in situ. Any bats
that died unexpectedly were preserved in absolute ethanol
and transported to the laboratory for skull preparation
and measurement. Samples were stored at the School of
Environment of Northeast Normal University, Changc-
hun, China. All field studies followed the regulations of
Wildlife Conservation of the People’s Republic of China
(Chairman Decree [2004] No. 24) and were approved by
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National Animal Research Authority in Northeast Normal
University, China (approval number: NENU-20080416).

DNA extraction, PCR amplification, and DNA
sequencing

Total genomic DNA of 125 individuals from 17 sampling
sites was extracted using a UNIQ-10 Column animal
genomic DNA isolation kit (Sangon, Shanghai, China).
To analyze the genetic differentiation of bent-winged
bats, we amplified the mitochondrial D-loop region for
all the 125 individuals from 17 sampling sites using the
two universal primers P and E as described in Wilkinson
and Chapman (1991). PCR amplifications were per-
formed in 25 plL  volumes containing 2.5 uL  of
10 x PCR buffer, 2 uL. ANTP mixture (10 mmol/L),
1 uL of each primer (10 gumol/L), 1 uL template DNA,
and 0.5 uL Taq polymerase (5 units/uL). Samples were
subjected to an initial denaturation step of 95°C for
5 min, followed by 40 cycles of denaturation at 95°C for
1 min, annealing at 55°C for 90 sec, and extension at
72°C for 2 min, followed by a final extension step of
72°C for 7 min. All haplotype sequences were deposited
in GenBank under Accession Numbers KM230117—
KM230241.
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Figure 2. Sampling locations in this study.
Map showing Miniopterus fuliginosus and
Miniopterus magnater sampling sites. The
different colors surrounded by solid lines
correspond to the two species (Miniopterus
fuliginosus: green; Miniopterus magnater:
blue). Populations from which individuals were
sampled for the ND2 and CO1 gene analysis
are indicated by an asterisk. Numbers of
sampled individuals are given in parentheses.

Based on mtDNA D-loop trees of bent-winged bats,
two major monophyletic lineages were identified, corre-
sponding to Chinese mainland and tropic region, respec-
tively (Figs 2 and 3A). To confirm the taxonomy of those
bent-winged bats, we used primers (VF1_tl and VRI1_tl)
and methods described in Borisenko et al. (2008)
and Francis et al. (2010) to amplify the 657 bp segment
of COI bar codes of 22 individuals, which were ran-
domly selected from each sampling sites of Chinese
mainland and tropic region (Fig. 2). The resulting
sequences (KM575709-KM575714, KM575717-KM575
722, KP247536-KP247545) were compared with COI
sequences of M. fuliginosus and M. magnater from other
researches (HM540883—-HM540890).

In order to analyze and compare with those ND2
sequences of bent-winged bats from Appleton et al.
(2004), we also used primers (L5216F and H6313R)
(Appleton et al. 2004) to amplify the entire 1037 bp ND2
gene of the same 22 individuals as COI bar codes (Fig. 2).
The resulting sequences (KM246394, KM246397-
KM246400, KM246403-KM246407, KP247524-KP247535)
were combined with ND2 sequences of other relevant taxa
(AY169435-AY169472) for subsequent analysis.

All samples were sequenced by Sangon in Shanghai,
China. The sequences were edited and aligned using

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 3. Phylogenetic trees recovered from maximum likelihood analysis of D-loop (A), CO1 (B) and ND2 (C) sequences. Bootstrap support and
posterior probabilities are shown only for nodes highly supported by at least two phylogenetic reconstruction methods (i.e., >60% maximum
likelihood, maximum parsimony or neighbor-joining bootstrap support or >0.60 Bayesian posterior probability). Sequences obtained from
GenBank are indicated by their accession numbers and species names. Different clades are represented by different colors: green for Miniopterus

fuliginosus and blue for Miniopterus magnater.

Clustal x 1.8 (Thompson et al. 1997) followed by man-
ual adjustments.

Mitochondrial DNA analysis

Genetic diversity parameters such as haplotype diversity
(h), nucleotide diversity (x), and the number of polymor-
phic and phylogenetically informative sites were calculated
in DnaSP 5.10 (Rozas et al. 2003). Uncorrected genetic
distances between and within different species were calcu-
lated using MEGA6 (Tamura et al. 2013).

For phylogenetic tree reconstruction, COI sequences of
Miniopterus natalensis (JF442528), Myotis austroriparius
(GU723111), Myotis keaysi (JF446527), Phyllostomus dis-
color (JF455201), Maxomys whiteheadi (JF459843), two
Mpyotis riparius (JQ601608, JQ601615), D-loop sequences
of Myotis daubentonii (EU447269), Myotis lucifugus
(U95342), two M. schreibersii  pallidus  (FJ028633,
FJ028640), and the ND2 sequence of Chalinolobus morio
(AY169472) were used as out-groups, respectively. Opti-
mal models of nucleotide substitution were determined
using the Akaike Information Criterion (AIC) in jModel-
Test 0.1.1. The best models selected according to the AIC
were TPM2uf + G for COI bar code, TPM1uf + I + T for
the D-loop region, and TIM2 + I + G for the ND2 frag-
ment. Phylogenetic analyses included maximum likeli-

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

hood (ML) performed in PHYML (Guindon et al. 2005),
maximum parsimony (MP) and neighbor-joining (NJ) in
PAUP* 4.0 (Swofford 2001), and Bayesian inference (BI)
in MrBayes 3.1.2. For the Bayesian analyses, two indepen-
dent parallel runs of four incrementally heated Metropo-
lis-coupled Monte Carlo Markov chains (MCMCs) were
conducted, with trees sampled every 100 generations for
10,000,000 generations. The analyses were deemed to have
converged when the average standard deviation of split
frequencies fell below 0.01. The first 25% of the genera-
tions were discarded as “burn-in”. Statistical support for
branching patterns under MP, NJ, and ML was estimated
by 1000 bootstrap replications.

The time of the most recent common ancestor
(TMRCA) of the two species based on D-loop and ND2
regions was assessed using BEAST 1.6.2 (Drummond and
Rambaut 2007). Because the divergence rate for the D-
loop of genus Miniopterus is unknown, we used a diver-
gence rate of 20% per million years as applied in Nyctalus
bats (Petit et al. 1999). For the mutation rate for ND2,
we used 1.2 and 1.8% per million years as described for
Rhinolophus ferrumequinum (Flanders et al. 2009). The
best substitution models, estimated using jModeltest
0.1.1, were TPMluf+1+T for the D-loop and
TIM2 + 1+ G for ND2. Because TPM and TIM models
of sequence evolution are not implemented in BEAST, we
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used the most similar model available. The prior parame-
ters were determined in preliminary studies. Finally, we
performed runs of 30,000,000 generations, each with a
burn-in of the first 10% generations, with sampling every
1,000 steps. The results were then visualized in TRACER
1.5 (Drummond and Rambaut 2007), which was also
used to examine the effective sample size (ESS) of each
parameter for all ESSs >1000.

Neutrality tests and mismatch distribution analyses
based on the D-loop sequences were used to infer popu-
lation demographic events. For two mitochondrial lin-
eages, the population demographic events of
M. fuliginosus were analyzed, but M. magnater was not
analyzed due to small sample size (n = 16). Fu’s Fs (Fu
1997) and Fu and Li’s F* and D* (Fu and Li 1993) were
calculated in DnaSP 4.0. Mismatch distributions were cal-
culated using 1,000 bootstrap replications in Arlequin.
We used goodness-of-fit tests based on the sum of
squared deviations (SSD) (Schneider and Laurent 1999)
and raggedness index (Rogers and Harpending 1992) to
test the significance of the fit of the distribution. When
an expansion model could not be rejected, we estimated
the time of expansion (t) from t = 2ut, where 7 is calcu-
lated as the time to expansion in mutational units, and u
is the mutation rate per generation for the whole
sequence. The values of u are equal to ugk, where u is the
mutation rate per nucleotide (see above) and k is the
sequence length. The generation time (g) was estimated
to be 2 years (Xu et al. 2010).

Morphology analysis

To evaluate possible differentiations of the main morpho-
logical characters between M. fuliginosus and M. magn-
ater, we analyzed forearm length (FA) for 97 samples
obtained after 2007 and analyzed two major cranial
parameters, maxillary third molar (M) width and great-
est length of the skull (GLS) for 19 unexpected dead
bodies.

We used multidimensional scaling (MDS) to arrange
FA, M? width and GLS, between specimen pairs in a two-
dimensional space. From the MDS plots, the FA, M’
width and GLS of all specimens clustered into two dis-
tinct groups with little overlap, which was consistent with
the classification of three mtDNA marker. Analysis of var-
iance (ANOVA) was therefore used to test differences
between the two species. The FA of 97 individuals was
measured from 13 populations (AnH, HeN, ZJ, JX, Yu-
nND, ShanX, HeNWL, SC, JXSX, FJ, YueN, GD, and
HaiN). The two cranial parameters were measured in 5
individuals from Hainan and 14 individuals from the
Chinese mainland (AnH, YunNX, YunNW, HuN, JX, and
7).
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Results

Phylogeny and genetic divergence

Phylogenetic reconstructions from neighbor-joining (NJ),
maximum parsimony (MP), maximum likelihood (ML),
and Bayesian inference (BI) analyses produced highly
concordant trees based on mitochondrial D-loop gene
(Fig. 3A). All individuals from China and Vietnam
formed a monophyletic lineage with high bootstrap and
posterior probability support (71% [ML], 91% [MP],
89% [NJ], and 0.99 [BI]). Within this monophyletic
group, two major monophyletic lineages were identified,
designated as Clade I from the Chinese mainland (ShanX,
HeN, HenWL, AnH, ZJ, JX, JXSX, FJ, HuN, SC, YunNX,
YunNT, YunND, and YunNW) and Clade II from tropi-
cal regions (Hainan, Guangdong, and Vietnam) (Figs 2
and 3A).

Phylogenetic reconstructions from NJ, MP, ML, and BI
analyses also produced highly concordant trees based on
COI bar codes (Fig. 3B). The individuals randomly
selected from each population of Chinese mainland
(Clade I) clustered together with M. fuliginosus, and the
individuals from tropical regions (Clade II) clustered
together with M. magnater (Fig. 3B). The two lineages
diverged by 7% based on uncorrected genetic distances,
while intralineage divergences ranged from 0.1% to 1.4%
for M. fuliginosus, and 0.1% to 1.8% for M. magnater.
These results indicated that our samples from Chinese
mainland was M. fuliginosus, and those from tropical
regions was M. magnater.

The topology of ML, MP, and NJ trees based on mito-
chondrial ND2 was similar to those reported by Appleton
et al. (2004). Similar to the D-loop trees and COI trees,
all individuals clustered into two lineages, M. fuliginosus
and M. magnater (Fig. 3C). M. fuliginosus from the Chi-
nese mainland and Japan (AY169469) formed a sister spe-
cies with M. magnater from tropical regions (Fig. 3C),
but M. magnater from New Guinea was located in
another clade (Fig. 3C). The average genetic distance
between M. fuliginosus (Clade 1) and M. magnater (Clade
II) was 5.3%. However, M. magnater from New Guinea
was relatively genetically distant to Clade I (9.7%) and
Clade II (10.3%) (Fig. 3C).

Genetic diversity and estimation of
divergence and expansion time

Amplification of the D-loop from 125 individuals yielded
98 haplotypes with 98 polymorphic sites and 81 phyloge-
netically informative sites. The total haplotype diversity
(h) was 0.99 (SD = 0.002), and the overall nucleotide
diversity (m) was 0.07 (SD = 0.003). Haplotype and

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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nucleotide diversities of each population are given in
Table 1. Haplotype (h = 0.99, SD = 0.003) and nucleotide
(m = 0.05, SD = 0.001) diversities of M. fuliginosus were
higher than those of M. magnater (h = 0.98, SD = 0.028;
m = 0.04, SD = 0.003), which might be due to smaller
sample sizes of M. magnater than M. fuliginosus.

Based on D-loop, BEAST inferred the TMRCA for the
two species of 2.26 Ma (95% highest probability density
[HPD] = 1.23-3.48 Ma). Using a mutation rate of 1.2%
and 1.8% per million years of ND2, their TMRCA was
2.37 Ma (95% HPD = 1.80-2.99 Ma) and 1.69 Ma (95%
HPD = 1.25-2.15 Ma), respectively.

TMRCA for each species was calculated using each
gene. Based on D-loop, TMRCA for M. fuliginosus was
0.77 Ma (95% HPD = 0.51-1.05 Ma) and for M. magn-
ater was 0.58 Ma (95% HPD = 0.35-0.78 Ma). Using a
mutation rate of 1.2% per million years of ND2, the
TMRCAs for M. fuliginosus and M. magnater were
0.72 Ma (95% HPD = 0.53-0.96 Ma) and 0.59 Ma (95%
HPD = 0.37-0.83 Ma). Using a mutation rate of 1.8%
per million years, for M. fuliginosus, the estimated
TMRCA was 0.50 Ma (95% HPD = 0.36-0.67 Ma), with
a value of 0.42 Ma (95% HPD = 0.25-0.59 Ma) calcu-
lated for M. magnater.

In neutrality tests of M. fuliginosus, Fu and Li’s F* and
D* were not significant, whereas Fu’s Fs was significant;
these results suggest a population expansion model for its
demographic history. At the same time, Harpending’s rag-
gedness index was small (r = 0.002, P = 0.97), indicating

Difference of Two Bent-Winged Bat Species

a rapid population expansion. The inferred expansion
time was 0.14 Ma (0.09-0.19 Ma).

Morphological divergence

We set up a two-dimensional MDS model to discriminate
the difference of FA, GLS, and M’ width variation
between M. fuliginosus and M. magnater. The first two
dimensions extracted from the MDS model described
nearly all the variation in FA, GLS, and M’ width
between the two lineages (r* = 0.99 for FA; r* = 0.99 for
GLS; * = 0.99 for M> width) (Fig. 4), which revealed two
distinct geographic groups, M. fuliginosus and M. magn-
ater, similar to the phylogenetic clusters. The mean values
of FA length (4792 £ 1.06 mm; #n =81), GLS
(16.09 £ 0.36 mmy; n=14), and M3 width
(6.71 £ 0.25 mm; n = 14) in M. fuliginosus were signifi-
cantly slightly smaller than in M. magnater (FA:
49.50 &£ 0.97 mm, n = 16; GLS: 16.91 £ 0.16 mm, n = 5;
M’ width: 7.12 £ 0.10 mm, n=5) (ANOVA, all
P < 0.01), even with little morphological overlap between
the two species (Fig. 4).

Discussion

Taxonomy of bent-winged bats

Our analyses indicate that DNA bar codes are an effective
tool for differentiating and identifying species of

Table 1. Genetic diversity parameters of sampled Miniopterus fuliginosus and Miniopterus magnater individuals. Species (Sp.), number of sampled
individuals (N), haplotypes (A), and mean values of haplotype diversity (H), nucleotide diversity (z) are shown in the table.

D-loop
Sp. Population N A Hy 4+ SD 7 + SD
Miniopterus fuliginosus AnH 11 8 0.93 + 0.066 0.05 + 0.005
HeN 9 9 1.00 + 0.052 0.05 £+ 0.007
Z) 10 10 1.00 4+ 0.045 0.05 £+ 0.005
FJ 4 4 1.00 + 0.177 0.05 + 0.013
YunNX 9 9 1.00 4+ 0.052 0.06 + 0.005
YunNW 9 6 0.89 £+ 0.091 0.03 £+ 0.004
JX 11 "1 1.00 + 0.039 0.05 + 0.004
YunND 6 5 0.93 +£ 0.122 0.05 £+ 0.008
ShanX 10 9 0.98 + 0.054 0.05 £ 0.007
HuN 3 3 1.00 + 0.272 0.07 +£ 0.018
YunNT 6 6 1.00 £+ 0.096 0.05 £+ 0.006
HeNWL 5 5 1.00 + 0.126 0.06 + 0.009
SC 8 8 1.00 + 0.063 0.03 £+ 0.006
JXSX 7 7 1.00 + 0.176 0.05 + 0.006
Miniopterus magnater GD 1 1 - -
HaiN 7 6 0.95 £ 0.096 0.05 £ 0.020
YueN 9 9 1.00 4+ 0.052 0.05 £+ 0.005
Miniopterus fuliginosus 109 84 0.99 + 0.003 0.05 + 0.001
Miniopterus magnater 16 14 0.98 + 0.028 0.04 + 0.003
Total 125 98 0.99 + 0.002 0.07 £+ 0.003
© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 1219
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Figure 4. Variation in morphological data among populations in mtDNA clades. (A) Forearm length (FA) variation. Populations are arranged
along the x-axis. For each box plot, the box represents the 0.25 quantile, median and 0.75 quantile. On either side of the box, the whiskers
extend to the minimum and maximum values; (B) multidimensional scaling plot between pairs of specimens for FA; (C) multidimensional scaling
plot between pairs of specimens for GLS; (D) multidimensional scaling plot between pairs of specimens for width across the maxillary third molar.

The colors on the plot correspond to the two lineages in Fig. 3.

bent-winged bats in China and Vietnam. Two divergent
lineages (Fig. 3B) and extremely low COI genetic diver-
gences (< 2%) between our samples and M. fuliginosus
(HM540883-HM540886) or M. magnater (HM540887—
HM540890) suggested that the bent-winged bats from
Clade I are M. fuliginosus, and those from Clade II are
M. magnater. This result is consistent with other previ-
ously studies on bent-winged bats’ taxonomy (Appleton
et al. 2004; Tian et al. 2004), suggesting two bent-winged
bat species exist in China. However, M. magnater from
New Guinea was relatively genetically distant to M. fuligi-
nosus (9.7%) and M. magnater (10.3%) from China and
Vietnam based on ND2 gene (Fig. 3C), which also sug-
gested that further investigation is required in New Gui-
nea to determine the correct name of bent-winged bats
(Appleton et al. 2004).
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Potential mechanisms of spatial distribution

In this study, these two sister bent-winged bat species
correspond to different spatial distributions, the Chinese
mainland for M. fuliginosus and tropical regions for
M. magnater (Figs 2 and 3). Several mechanisms may be
hypothesized to explain the current distribution pattern
of M. fuliginosus and M. magnater, including palaeocli-
matic changes (Jablonski and Whitfort 1999), climate dif-
ferences (Miller-Butterworth et al. 2003; Bilgin et al.
2008), ecological attributes (Lin et al. 2014), and geo-
graphic isolation (Smissen et al. 2013).

A large body of evidence indicates that Pleistocene gla-
cial cycles may have influenced differentiation, expansion,
and genetic structure of different species (Taberlet et al.
1998; Hewitt 2000). In our study, the most recent
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common ancestor of M. fuliginosus and M. magnater was
dated back to 2.26 Ma on the basis of the D-loop data
and to 2.37-1.69 Ma according to the ND2 data. During
this time period, China had just concluded an early stage
of Quaternary glaciation (2.50 Ma) and was experiencing
major climatic oscillations with a dominant 0.1-million-
year cycle (Ruddiman et al. 1988; Liu et al. 2001). Cli-
matic changes and temperature decline may have forced
their ancestor to migrate southward and evolve in differ-
ent refugia. Our study results indicate that the first diver-
gence between these two species occurred either 2.26—
0.58 Ma (D-loop data) or 2.37-0.42 Ma (ND2 data). This
time frame extends across several glacial-interglacial
stages, such as the Poyang glacial stage (1.8 Ma), the
Dagu glacial stage (1.1 Ma) (Jing and Liu 1999), stages I
(0.71-0.59 Ma) and II (0.52-0.46 Ma) of the third glacia-
tion (counting backwards). Multiple glacial events and
different climates in isolated refugia are possible explana-
tions for the genetic differentiation of M. fuliginosus and
M. magnater in China and Vietnam. Unfortunately, on
the basis of our results, it is not possible to infer the past
positions of glacial refugia for M. fuliginosus and
M. magnater in China and Vietnam.

Pleistocene climate changes also affected population
expansion events. Population expansion tests indicated
that population expansion for M. fuliginosus occurred
around 0.14 Ma, corresponding to the early stage (0.07—
0.15 Ma) of the last interglacial period when the rising
temperatures promoted population growth. Several subse-
quent glacial-interglacial cycles may have led to various
periods of isolation and contraction of M. fuliginosus in
China, consistent with its high genetic diversity (Table 1).

With respect to each species’ geographic distribution,
the range of M. fuliginosus corresponds to subtropical and
temperate zones with a relatively cold, dry climate, whereas
M. magnater has a distribution restricted to tropical
coastal areas that are milder and more humid. Differing
precipitation and temperature regimes in the two regions
might influence the distribution of vegetation as well as
insect density and composition. In our study, the two spe-
cies experiencing different climatic conditions may have
originally occupied different habitats and climate zones
because of local ecological adaptation, and then diverged
after Quaternary glaciation. This type of association
between different biomes and climatic conditions has been
found in two other congeneric species, M. natalensis in
South Africa (Miller-Butterworth et al. 2003) and
M. schreibersii pallidus in southeastern Turkey (Bilgin et al.
2008), Miniopterus manavi in Madagascar and Comoros
(Goodman et al. 2009), Miniopterus fraterculus (Goodman
et al. 2007), and other Miniopterus species (Christidis et al.
2014) in Madagascar, indicating that environmental condi-
tions can influence the distribution of bats.
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The ecological attributes of M. fuliginosus and
M. magnater have also played an important role in mod-
ulating contemporary geographic distribution pattern.
These two species have high wing loading and a high
wing aspect ratio. Normally, species with this wing mor-
phology have long-range migratory and dispersal abilities,
but these two species typically roosts in caves and feeds
in forests (Han et al. 2008; Hu et al. 2011). The availabil-
ity of cave habitat and food resources may have caused
the two species to become isolated in refugia during past
ice ages. However, potential biogeographic barriers con-
straining other bat species (Flanders et al. 2011), such as
the Qinling Mountains and the Huaihe River separating
Palearctic and Oriental regions (Xu et al. 2007), did not
constitute effective barriers for M. fuliginosus and
M. magnater in China.

Morphology difference

Although M. fuliginosus and M. magnater can be identi-
fied based on genetic data, it is difficult to distinguish
them in the field from living individuals because of their
overlapping morphological characters, which is very com-
mon in Genus Miniopterus bat species, such as
M. schreibersii and M. maghrebensis, or M. pallidus (Fur-
man et al. 2009; Bilgin et al. 2012, Puechmaille et al.
2014). In this study, we found that the FA, M’ width,
and GLS were significantly different between M. fuligino-
sus and M. magnater, with individuals from M. magnater
significantly larger than those of M. fuliginosus. This
result suggested that these three parameters could be used
to identify taxonomy, but still need to combine the DNA
sequence because of partial overlapping. However, the
width of M” across all individuals in our study was less
than 7.3 mm (M. magnater is 7.03-7.29 mm, M. fuligino-
sus is 6.33-7.16 mm), whereas the width of M’ in
M. magnater was reported greater than 7.4 mm by litera-
ture (Smith and Xie 2008).

Conclusions

M. fuliginosus and M. magnater as sister species exist in
China, extending across the Tropic of Cancer display a
north-south distribution pattern corresponding to sub-
tropical and temperate zones and tropical coastal areas,
respectively. The TMRCA of M. fuliginosus and M. magn-
ater could date back to the early Quaternary glacial per-
iod, with subsequent evolution occurring in different
refugia. Both climate changes and their ecological attri-
butes might have also played important roles in modulat-
ing geographic distribution pattern. Three main
morphological characters, FA, M?> width, and GLS were
significantly ~ different between M. fuliginosus and
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M. magnater, and the latter was significantly larger than
the former.
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