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Little genetic divergence of the greater horseshoe bat Rhinolophus
ferrumequinum from far-eastern Asia, with a preliminary report
on genetic differentiation of R. ferrumequinum from Eurasia
and northern Africa examined from cytochrome b sequences

Hung Sun Koh’, Jae Eun Jo, Jang Geun Oh, Gu Hee Kweon, Na Hyon Ahn,
Wan Ho Sin & Dong Seon Sin

ABSTRACT. We obtained cytochrome b complete sequences (1140 bp) of the greater horseshoe bat
Rhinolophus ferrumequinum from Korea (Jeju Island and mainland Korea), and these sequences were
compared to corresponding sequences of R. ferrumequinum, obtained from GenBank, in order to examine
genetic divergence among populations within R. ferrumequinum from far-eastern Asia and other parts of
the range. Specimens from four populations in far-eastern Asia (Jeju, mainland Korea, northeastern China,
and Japan) formed a far-eastern clade and were little differentiated, indicating that our results support a
former subspecies classification, recognized R. f. korai and R. f. quelpartis as synonyms of R. f. nippon. In
addition, we found that the eastern China clade from Henan is genetically distinct from the far-eastern clade,
although individuals from Japan, northeastern China, and eastern China are known as R. f. nippon, and we
propose further analyses with additional specimens from China to examine whether or not the eastern China
clade is a subpopulation within R. f. nippon. On the other hand, R. ferrumequinum from Eurasia and
northern Africa was found to be composed of four clades (far-eastern Asia, eastern China, central China,
and western Asia — Europe — northern Africa), and average nucleotide distances between the first and other
three clades were 2.15%, 4.10%, and 5.37% respectively. Thus, we found that genetic distances between
these clades are correlated with geographic distances between them, and we concluded that further analysis
of cytochrome b and other markers from additional specimens of R. ferrumequinum across distributional
range is necessary to reexamine its population structure and subspecies classification.
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He3HaunTenbHaa reHeTU4YecKaa AMBeEpPreHUUs BHyTpyU GonbLuoro
nogkoBoHoca Rhinolophus ferrumequinum BocTo4yHOM A3uun, u
npeaBaputenbHoe coobLleHne o reHeTu4yeckon audcepeHumaumm
R. ferrumequinum EBpa3unu n cesepHon Adpukn no pesynsratam
aHanusa yutoxpoma b

XaH CaH Ko’, 3ae EyH 30, 3aH IN'éH O, 'y Xu KBoH, Ha XtoH AH, BaH Xo CuH,
doHr CeoH CuH

PE3IOME. MsI mosy4uiii oJTHBIE MTOCIIEI0BATEIBHOCTH reHa UToXpoM b (1140 mH) 6076II0T0 TTOAKOBO-
Hoca Rhinolophus ferrumequinum u3 Kopeu (o-B Uemky u KOHTHHEHTaIbHass Kopes) u CpaBHHIN 3TH
HIOCJIE/IOBATENILHOCTU C MOCJIEA0BATENLHOCTIMU R. ferrumequinum w3 I'enbaHka, ¢ 1O UCCIIEIOBATH
TEHETHYECKOE PacX0XKJICHUE MEXTy Moy siuusamMu R. ferrumequinum J{ansaero Bocroka n qpyrux yacreit
apeaia. DK3eMIUIIPbI M3 YeThIpeX MOy Bocrounoit Azun (Uemky, konTuHeHTanbHas Kopes, cese-
po-Boctouneri Kutait n Smonns) oOpasyroT oaHy cinabo MoApa3ielCHHYI0 NATbHEBOCTOUHYIO KIIAAdy,
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MOJICPIKUBAsT, TAKAUM 00pa30M, MPE/IICCTBYIOIIYIO MTOABHIOBYIO CUCTEMY, PacCMaTpUBaroIyto R. f. korai
U R. f. quelpartis kak CAHOHUMBI R. f. nippon. JI0NOTHUTEIBHO, MBI 00HAPYKUIIH, YTO BOCTOUHO-KUTACKAsT
KJIa/1a U3 IPOBUHINN X3HAHb FT€HETUYCCKH OTIMYACTCS OT JATbHEBOCTOYHOH KIIAIBI, XOTS BCE IK3CMILIS-
peI U3 SmoHUH, ceBepO-BOCTOYHOTO M BOCTOUHOTO KuTast 0OBIYHO OTHOCST K R. f. nippon. MbI cuutaem
HEOOXOAWMBIM TIPOBECTH JOTIOTHUTEIBHBIN aHAIW3 C MPHUBICICHHEM HOBOTO MaTepuaia Uil MPOBEPKH
TOT0, SIBJISICTCS JIN BOCTOYHO-KUTANCKasl Kiiajia cyonomnyJsitueit BHyTpH R. /- nippon. C npyroii ctopoHsl, R.
ferrumequinum EBpa3uu u ceBepHoil AQpuku GOPMUPYIOT YEThIPE Kbl (1aTbHEBOCTOUHYIO, BOCTOYHO-
KHTaHCKYI0, [EHTPATBHO-KHTANHCKYI0 M OOBEIMHSIONIYI0 3K3EMIULIPhI U3 3amaiaHoil Asuu, EBporsl u
ceBepHOUW AQpUKHN); CpeIHHE I'CHCTHYCCKHUE JUCTAHIIMU MEXKIy TEpBOW KJIaI0W M OCTAIBHBIMU TPEMS
cocraBmsoT 2,15%, 4,10% u 5,37% coorBercTBeHHO. TakuM 00pa3oM, MBI OOHAPYKIUTH, YTO TCHETHYEC-
KHe AUCTAaHINK MEKIY 3TUMH KJIaZaMH COOTBETCTBYIOT T€OTpapUUECKIM PACCTOSHUSAM MEXAY HAMHU H
3aKJIFOYIIIH, YTO HEOOXOAMM AOMOTHUTEIbHBIA aHATH3 [IUTOXPOMA b U APYTHX TEHETUYCCKUX MAPKEPOB C
NpUBJICUCHUEM OOJIBILIEIO MaTepHaia o R. ferrumequinum co BCEro apeaia JJisi UCCICAOBAHUS TOMYJIs-
LIMOHHOW Y TIOJIBUIOBOY CTPYKTYPHI BHJIA.

KIIFOUEBBIE CJIOBA: reHeTHYECKIE Pa3IHIHs, TIOMYIIHOHHBIE pazmmans, JJHK cucremarnka, muroxpom

b, Rhinolophus ferrumequinum, Jamsauii BocTok.

Introduction

Simmons (2005) noted that geographic distribution
of the greater horseshoe bat Rhinolophus ferrumequi-
num (Schreber, 1774) extends from Japan through Chi-
na and Europe to northern Africa, and among 32 nomi-
nal subspecies listed, she recognized seven valid sub-
species: R. f. ferrumequinum, R. f. nippon, R. f. korai,
R. f. tragatus, R. f. proximus, R. f. irani, and R. f.
creticum. However, previously Corbet (1978) reported
that R. ferrumequinum is composed of six subspecies
(R. f. ferrumequinum, R. f. nippon, R. f. tragatus, R. f.
regulus, R. f. proximus, and R. f. irani), and Woon
(1967) noted R. ferrumequinum from Jeju as a separate
subspecies R. f. quelpartis. Later Benda & Vallo (2012)
stated that R. ferrumequinum is tentatively considered
as a species complex, composed of western R. ferrume-
quinum and eastern R. nippon, indicating that subspe-
cies and species classifications in R. ferrumequinum
are still controversial.

Molecular genetic studies for taxonomic reconsid-
eration have become widespread during the past de-
cades, and mitochondrial DNA (mtDNA) is a highly
sensitive genetic marker suitable for studies of closely
related taxa or populations of a variety of species (Sun-
nucks, 2000). Based on cytochrome b and control re-
gion sequences Patrick ef al. (2013) examined biogeog-
raphy of the genus Rhinolophus, and noted that R.
ferrumequinum lineages from Yunnan and Japan di-
verge about 3.58 million years ago. In addition, popula-
tion fragmentation and limited dispersal of R. ferrume-
quinum from Britain and two areas in continental Eu-
rope were found from microsatellite analyses (Rossiter
et al., 2000), and low genetic diversity of 0.07%—
0.62% was reported among 11 cytochrome » complete
haplotypes of R. ferrumequinum from Honshu and Ky-
ushu in Japan (Sakai et al., 2003). Recently, five major
lineages of R. ferrumequinum: Europe and Africa; west-
ern Asia; central China (Shaanxi and Sichuan); eastern
China (Anhui, Jiangxi, Shandong, and Henan); and
Japan (including two samples from Beijing and Jilin),

were recognized from mtDNA ND2 gene and microsat-
ellite analyses (Flanders et al., 2009). The further study
of the same markers (Flanders et al., 2011) reported
three lineages in East Asia: central China lineage from
Shaanxi, Sichuan, Yunnan, and Hubei; eastern China
lineage from Anhui, Jiangxi, Shandong, Henan, Hubei,
and Beijing; and Japan lineage from Japan, Jilin, and
Shandong. We found that both results are not consistent
in the designation of the eastern China and Japan lin-
eages (i.e., from their successive studies the Beijing
sample, recognized initially as the Japan lineage, moved
to the eastern China lineage, and the Shandong sam-
ples, found initially as the eastern China lineage, moved
to both eastern China and Japan lineages).

On the other hand, Lopez et al. (1997) reported that
regarding evolutionary rates, the cytochrome b gene
vary at a slower rate than the control region and ND2,
and Flanders et al. (2009, 2011) noted that further
sampling of R. ferrumequinum from northern China
and Korea is needed before colonization pattern in far-
eastern Asia can be fully resolved. Thus, it is necessary
to obtain sequences of conservative cytochrome b gene
from Korean R. ferrumequinum specimens in order to
reexamine population differentiation of R. ferrumequi-
num from far-eastern Asia and other regions as well.

In this study, we first obtained 12 complete se-
quences (1140 bp) of mtDNA cytochrome b gene of R.
ferrumequinum from Jeju Island and mainland Korea,
and these sequences were compared to corresponding
haplotypes of R. ferrumequinum, obtained from Gen-
Bank, in order to reexamine genetic divergence among
populations of R. ferrumequinum in far-eastern Asia
and other Eurasia and northern Africa.

Material and methods

For this analysis, we collected 12 specimens from
five locations in Korea (Table 1, Fig. 1). Small pieces
of muscle tissues were taken and preserved in a deep
freezer.
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Table 1. Location and specimen IDs (with GenBank ID and cytochrome b haplotype ID in parenthesis) of 12 specimens of

Rhinolophus ferrumequinum from Korea, used in this study.

Mainland Korea

Location Specimen IDs
Jeju Island
Jeju Rh2562, Rh2564, and Rh2566 (KP063140, CB01JjJeju), Rh2563

(KP063141, CB02JjJeju), Rh2565 and Rh2567 (KP063142, CB03JjJeju)

Mt. Naejang Rh2568 (KP063143, CB03NjKorea)

Cheongju Rh2551. and Rh2553 (KP063144, CB01CjKorea), Rh2552 (KP063145,
CB02CjKorea)

Yeongweol Rh2569 (KP063146, CB04YwHcKorea)

Hwacheon Rh2570 (KP063146, CB04YwHcKorea)
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Figure 1. Collection sites of 12 Rhinolophus ferrumequinum specimens from five locations in Jeju Island and mainland Korea,
used in this study. For locations names refer to Table 1. Minimum Jukes-Cantor nucleotide distances for cytochrome b gene
(%) between haplotypes from mainland Korea and other haplotypes from nine regions (namely Jeju, northeastern China,
Japan, Henan, Yunnan, Iran, Spain, Slovakia, and Libya) are given above the lines, connecting Korea and other regions.

Total cellular DNA was extracted using a genomic
DNA extraction kit (Intron Co., Seoul, Korea). For
DNA amplification of the cytochrome b gene, the prim-
ers L14724 and H15915 (Irwin et al., 1991) were used,
and the PCR thermal cycle was as follows: 94°C for 5
min; 94°C for 1 min, 55°C for 1 min, 72°C for 1 min (30
cycles); 72°C for 5 min. To remove primer and unin-
corporated nucleotides, the amplified product was puri-
fied using a DNA PrepMate kit with a silica-based
matrix (Intron Co.). The purified PCR products were
analyzed with an automated DNA Sequencer (Perkin
Elmer 377) at Bioneer Co. (Seoul, Korea).

Twelve cytochrome b complete sequences of R.
Sferrumequinum from Jeju and mainland Korea were
obtained for this study, and these sequences were com-
pared to 22 corresponding sequences of R. ferrumequi-
num from Eurasia and northern Africa, obtained from
GenBank, as given in Table 2.

Sequence alignment, detection of parsimonious in-
formative sites, model selection, calculation of nucle-
otide distances, and tree constructions with 1000 boot-
strapped replications were conducted using MEGAS
(Tamura et al., 2011): maximum likelihood tree was
constructed using the Jukes Cantor (JC) model, which
showed the lowest Bayesian information criterion scores,
and was chosen by MEGAS as the best model for our
data. Rhinolophus affinis (EF544421), R. pusillus
(EF544425), Hipposideros ruber (FJ347996), and Mu-
rina leucogaster (AB085733) were used as outgroups.

Results

Seven haplotypes were identified from 12 cyto-
chrome b complete sequences of 12 R. ferrumequinum
specimens from five locations in two regions Korea
(Jeju Island and mainland Korea), and their GenBank
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Table 2. GenBank IDs of 22 cytochrome b complete haplotypes (1140 bp) of Rhinolophus ferrumequinum, used in this study.

Honshu, Japan

Location Accession number
Jeju Island, Korea NC020326
Kwangweon, mainland Korea IN392460

Jilin, northeastern China DQ351847
Honshu and Kyushu, Japan AB085721

AB085724, AB085726, AB085727, AB085728, AB085729,

ABO085731
Henan. eastern China EF544400, EF544401, EF544406, EF544410, EF544416,
’ EF544417
Yunnan, central China EU434936, DQ297575
Iran, western Asia KC579396
Spain, Europe EU436673
Slovakia, Europe KC579400
Libya, northern Africa KC579398

accession numbers are KP063140-KP063146, as given
in Table 1. Within 29 haplotypes of R. ferrumequinum
(seven haplotypes from this study and 22 haplotypes
from GenBank), 119 sites (10.4%) were variable, and
94 sites (8.31%) were parsimonious informative.

From the 17 cytochrome b haplotypes of R. fer-
rumequinum in the four populations of far-eastern Asia,
average JC distance between four haplotypes from Jeju
(three from this study and one from GenBank) and five
haplotypes from mainland Korea (four from this study
and one from GenBank) was 0.12% (range 0.00-0.18%).
Average JC distance between nine haplotypes from
Jeju and mainland Korea and one haplotype (DQ351847)
from northeastern China was 0.06% (range 0.00-0.09%),
and the northeastern Chinese haplotype was identical to
three (NC020326 from Jeju and JN392460 and
CB04YwHcKorea from mainland Korea) of the nine
haplotypes from Jeju and mainland Korea. Additional-
ly, average JC distance between ten haplotypes from
Jeju, mainland Korea, and northeastern China, with
within group average JC distance of 0.11%, and seven
haplotypes from Japan, with within group average JC
distance of 0.17%, was 0.29% (range 0.18-0.35%).

A maximum likelihood tree constructed on the basis
of the 29 cytochrome b haplotypes of R. ferrumequi-
num from Eurasia and northern Africa is shown in
Figure 2. Four subgroups were recognized: 17 haplo-
types from Jeju, mainland Korea, northeastern China,
and Japan in far-eastern Asia (Gp 1; far-eastern sub-
group); six haplotypes from Henan in eastern China
(Gp 2; eastern China subgroup); two haplotypes from
Yunnan in China (Gp 3; central China subgroup); and

four haplotypes from western Asia, Europe, and north-
ern Africa (Gp 4; western Asia-Europe-northern Africa
subgroup). The average JC distances between the far-
eastern subgroup (Gp 1) and other three subgroups
(Gps 2, 3, and 4) were 2.15%, 4.10%, and 5.37%,
respectively. Additionally, minimum intergroup JC dis-
tances between haplotypes from mainland Korea and
other haplotypes from nine regions (Jeju, northeastern
China, Japan, Henan, Yunnan, Iran, Spain, Slovakia,
and Libya) were 0.00%, 0.00%, 0.18%, 1.60%, 3.78%,
5.46%, 5.27%, 5.36%, and 5.08%, respectively. These
JC distances are given above the lines, connecting Ko-
rea and other regions, in Figure 1.

Discussion

Island populations should diverge over time (genet-
ically and morphologically) from populations of re-
spective mainland species (Johnson et al., 2000), al-
though at the end of the last glacial period, large areas
of continental shelf were dry land, facilitating exchange
of plant and animal species by land bridge connections
to what are now isolated islands (Lomolino et al., 2010).
In addition, a classification should be the product of all
available characters distributed as widely and evenly as
possible over the organisms studied (Huelsenbeck et
al., 1996), and most biologists would prefer to see
DNA sequence information as a supplement to, rather
than as a replacement for, morphological data (Mallet
& Willmott, 2003).

Average JC distance between four cytochrome b
haplotypes of R. ferrumequinum from Jeju and five

Figure 2. A maximum likelihood tree constructed using 29 complete cytochrome b haplotypes (1140 bp) of Rhinolophus
ferrumequinum. The tree was constructed with 1000 bootstrapped replications, and the bootstrap values >50% are reported at

the internodes.
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haplotypes from mainland Korea within the Gp 1 was
0.12% (Fig. 2); one Jeju specimen shares haplotype
with two of five analyzed individuals from mainland
Korea. Thus, we newly detected that insular Jeju popu-
lation is not divergent from mainland Korean popula-
tion. We considered that Jeju population has been in
contact to mainland Korean population, probably, dur-
ing the last glacial period, and that our sequencing
results do not support a previous subspecies classifica-
tion by Woon (1967), reported R. ferrumequinum from
Jeju as a separate subspecies R. f. quelpartis.

In addition, Flanders et al. (2009) noted the se-
quence divergence of 0.47% between eastern Chinese
population (Beijing and Jilin) and Japanese population
of R. ferrumequinum on the basis of ND2 and microsat-
ellite analyses. In the present cytochrome b sequencing
study with R. ferrumequinum (Fig. 2), average JC dis-
tance between ten haplotypes from Jeju, mainland Ko-
rea, and northeastern China and seven haplotypes from
insular Japan was 0.29% (range 0.18-0.35%), and these
17 haplotypes from Jeju, mainland Korea, northeastern
China, and Japan formed the single far-eastern clade
(Gp 1), indicating that insular Japanese population is
not divergent from Jeju Island and mainland Korean
populations in this marker.

Furthermore, peripheral populations are often ge-
netically and morphologically divergent from central
populations, while natural barriers to dispersal, which
limit species distribution, include mountain ranges and
rivers (Goldberg & Land 2007). Northern boundary of
the Korean Peninsula is formed naturally by Yalu Riv-
er, Baitou Mountain (the main peak of the Changbai
Mountains in northeastern China, 2744 m above sea
level), and Tumen River. However, in this cytochrome
b sequencing study of R. ferrumequinum (Fig. 2), aver-
age JC distance between one northeastern Chinese hap-
lotype and nine Korean haplotypes within the Gp 1 was
0.06%. The northeastern Chinese haplotype was identi-
cal to three of the nine haplotypes from Korea, indicat-
ing that mainland Korean population is not diverged
from adjacent northeastern Chinese population. Proba-
bly, the northern boundary of the Korean Peninsula
does not play a role of a natural barrier to limit free
dispersal of the greater horseshoe bat. Thus, we con-
cluded that genetic differentiation among the four pop-
ulations in far-eastern Asia is negligible. We also found
that our sequencing results do not support current sub-
species classification by Simons (2005), recognizing
separately R. f. korai (Korea) and R. f. nippon (Japan),
and support a former subspecies classification by Cor-
bet (1978), recognized R. f. korai and R. f. quelpartis as
synonyms of R. f. nippon.

Furthermore, in this study (Fig. 2) we found that an
eastern China clade from Henan (Gp 2) is distinct from
both the far-eastern Asia clade (Gp 1) and the central
China clade (Gp 3). This result contradicts both to
Corbet (1978), who classified R. ferrumequinum from
the whole China, except Yunnan area, Korea, and Japan
as R. f. nippon, and Simons (2005) who mentioned only
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R. f. korai and R. f. nipppon from the Far East. Since we
recognized the greater horseshoe bats from Japan, north-
eastern China, and eastern China as one subspecies R. f.
nippon, and we found the individuals from eastern
China were distinct from this group, we propose further
analyses with additional specimens from China to de-
termine whether or not the eastern China clade is a
subpopulation within R. f. nippon.

On the other hand, Dillon (1984) reported that a
great body of evolutionary theory predicts that genetic
divergence between pairs of populations should be pos-
itively correlated with inter-population distance, and
Hardy & Vekemans (1999) noted that isolation by
distance is the process by which geographically re-
stricted gene flow generates a genetic structure. We
found that average JC distances between the far-eastern
clade (Gp 1) and other three clades (Gp 2, eastern
China clade; Gp 3, central China clade; and Gp 4,
western Asia-Europe-northern Africa clade) are gradu-
ally increased according to geographic distances, from
2.15% between the geographically nearest clades (Gp 1
and 2) to 5.37% between two farthest clades (Gp 1 and
4) through 4.10% between two geographically interme-
diate clades (Gp 1 and 3). Minimum JC distances among
R. ferrumequinum populations were also varied in cline
from ecast to west, as shown in Figure 1. We newly
found correlation between geographic distance and ge-
netic clades in R. ferrumequinum, and our present re-
sults on population subdivision of R. ferrumequinum
appeared to be consistent with an isolation-by-distance
model, reported by Wright (1943). In conclusion, we
consider that further analyses with cytochrome » and
other genetic markers from more numerous specimens
of R. ferrumequinum across distributional range are
necessary to perform in order to reexamine its subspe-
cies classification and population structure.
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