
Population Structure of Two Flightless Weevils of Genus
Scepticus Roelofs (Coleoptera, Curculionidae) with
Seashore Habitat in Japan

Authors: Yamashita, Yuko, Waku, Daisuke, Kobayashi, Norio, Ishikawa,
Tadashi, and Kojima, Hiroaki

Source: Zoological Science, 36(1) : 82-94

Published By: Zoological Society of Japan

URL: https://doi.org/10.2108/zs170103

The BioOne Digital Library (https://bioone.org/) provides worldwide distribution for more than 580 journals
and eBooks from BioOne’s community of over 150 nonprofit societies, research institutions, and university
presses in the biological, ecological, and environmental sciences. The BioOne Digital Library encompasses
the flagship aggregation BioOne Complete (https://bioone.org/subscribe), the BioOne Complete Archive
(https://bioone.org/archive), and the BioOne eBooks program offerings ESA eBook Collection
(https://bioone.org/esa-ebooks) and CSIRO Publishing BioSelect Collection (https://bioone.org/csiro-
ebooks).

Your use of this PDF, the BioOne Digital Library, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Digital Library content is strictly limited to personal, educational, and non-commmercial
use. Commercial inquiries or rights and permissions requests should be directed to the individual publisher
as copyright holder.

BioOne is an innovative nonprofit that sees sustainable scholarly publishing as an inherently collaborative enterprise
connecting authors, nonprofit publishers, academic institutions, research libraries, and research funders in the common
goal of maximizing access to critical research.

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 17 Mar 2025
Terms of Use: https://complete.bioone.org/terms-of-use



82 Y. Yamashita et al.ZOOLOGICAL SCIENCE 36: 82–94 (2019) © 2019 Zoological Society of Japan

*	Corresponding author.	E-mail:	y.yamashita103@gmail.com (YY);
				   h3kojima@nodai.ac.jp (HK)
	 doi:10.2108/zs170103

Population Structure of Two Flightless Weevils of Genus  
Scepticus Roelofs (Coleoptera, Curculionidae)  

with Seashore Habitat in Japan

Yuko Yamashita1*, Daisuke Waku2, Norio Kobayashi3, Tadashi Ishikawa1,  
and Hiroaki Kojima1*

1Laboratory of Entomology, Faculty of Agriculture, Tokyo University of Agriculture, 1737 Funako,  
Atsugi, Kanagawa 243–0034, Japan

2Laboratory of Wild Animals, Faculty of Agriculture, Tokyo University of Agriculture,  
1737 Funako, Atsugi, Kanagawa 243–0034, Japan

3Center for University-wide Education, School of Health and Social Services,  
Saitama Prefectural University, 820 San-nomiya,  

Koshigaya, Saitama 343–8540, Japan

To elucidate the genetic population structure of two coastal weevils, Scepticus griseus and S. 
tigrinus, we conducted molecular phylogenetic analyses of the mitochondrial DNA cytochrome c 
oxidase subunit I (COI) region (1308 bp) and cytochrome c oxidase subunit II (COII) region (584 bp). 
A total of 650 individuals (S. griseus, 444 individuals; S. tigrinus, 206 individuals) were obtained 
from 64 sites. The haplotype networks of both species showed three major lineages with roughly 
regional distribution. However, the two species show quite different genetic structures; S. griseus 
has a complicated structure while that of S. tigrinus is simple. We hypothesize that the genetic 
structure of each of these two weevil species reflects climatic oscillations during the Pleistocene, 
and the differences in genetic structure between S. griseus and S. tigrinus may represent a unique 
evolutionary history scenario in each species.

Key words:  Scepticus, coastal weevils, mitochondrial DNA, population structure, genetic structure, phy-
logeny, divergence time, Japanese Islands

INTRODUCTION

The distribution of animals along seashores can be 
treated as one-dimensional (Pielou, 1979) and, conse-
quently, analyses of population structure and relationships 
between populations are more easily conducted with results 
that are more simply interpretable compared with three-
dimensional distributions. Numerous studies of population 
structure in insects and isopods adapted to seashore envi-
ronments have been conducted (Satoh et al., 2004; Hojito et 
al., 2010; Kudo et al., 2012; Niikura et al., 2015), and while 
their distributions show similarities (e.g., the divergence 
between the Pacific Ocean and the Sea of Japan sides), 
these studies also show that each species has a unique 
population structure. For example, Niikura et al. (2015) 
showed that the genetic structure of Tylos granuliferus on 
the main islands of Japan is strongly related to oceanic cur-
rents. In contrast, several coastal species showed popula-
tion structure with geohistorical influence (Satoh et al., 2004; 
Itani, 2000). Therefore, the population structure of coastal 
species is likely affected by either oceanic currents or geo-

historical factors, which show noncurrent-related distribution 
patterns.

Apterous curculionid weevils, Scepticus griseus 
(Roelofs, 1873) (=  S. uniformis Kôno, 1930) and S. tigrinus 
(Roelofs, 1873), belong to tribe Tanymecini of subfamily 
Entiminae. Both inhabit sandy beaches, but with rough sep-
aration in Japan with S. griseus is distributed on the Pacific 
Ocean side and S. tigrinus on the Sea of Japan side of the 
archipelago (Hokkaido, Honshu, Shikoku, and Kyushu) 
(Morimoto, 1962; Sawada, 2008; Morimoto et al., 2015). 
These two species are very similar to each other in morpho-
logical appearance, but molecular analyses using the mito-
chondrial cytochrome c oxidase subunit I (COI) region 
clearly show that the two are separate species (Yamashita 
et al., 2015). As both species have limited migration ability 
due to the flightlessness of the species and genetic differ-
ences were recognized at the population level in both spe-
cies (Yamashita et al., 2015), they are expected to have 
complex genetic structures. Interestingly, the two species 
show color variation irrespective of geographical trends or 
localities, and Sawada (2008) suggested that gene flow 
occurs between populations of the two species by current 
activity.

Therefore, we can expect that the distributions of these 
two weevils show current- or noncurrent-related distribu-
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Table 1.  Sampling sites, number of specimens (N), haplotype information, haplotype diversity (Hd), nucleotide diversity (Pi), Tajima’s D and 
Fu’s Fs of S. griseus and S. tigrinus. Asterisk (*) indicates the unique haplotype excluded from genetic analyses excepting haplotype network 
analyses. Double asterisk (**) indicates p <  0.05.

Species No. Locality
Location  

code
N Haplotypes Hd Pi D Fs

S. griseus 1 Yotsukura Town, 
Fukushima Pref.

FsY 12 Hap_U45(4), Hap_U176(3), Hap_
U177(2), Hap_U178(1), Hap_U179(1), 
Hap_U180(1)

0.84848 0.00508 0.43520 −0.67865

2 Nakoso Town, Fukushima 
Pref.

FsN 12 Hap_U179(7), Hap_U181(1), Hap_
U182(1), Hap_U183(1), Hap_U184(1), 
Hap_U185(1)

0.68182 0.00938 0.11193 0.88387

3 Hitachi City, Ibaraki Pref. IbH 12 Hap_U186(1), Hap_U187(3), Hap_
U188(4), Hap_U189(1), Hap_U190(1), 
Hap_U191(1), Hap_U192(1)

0.86364 0.00807 −1.53082 −0.53585

4 Oharai Town, Ibaraki Pref. IbO 8 Hap_U58(2), Hap_U200(2), Hap_
U201(1), Hap_U202(1), Hap_U203(1), 
Hap_U204(1)

0.92857 0.01268 0.21465 0.03199

5 Shirako Town, Chiba Pref. ChS 1 Hap_U214(1)

6 Yokoshibahikari Town, 
Chiba Pref.

ChY 9 Hap_U57(2), Hap_U65(1), Hap_
U67(1), Hap_U68(1), Hap_U69(1), 
Hap_U70(1), Hap_U71(1), Hap_U72(1)

0.97222 0.00811 −0.96909 −3.29781**

7 Isumi City, Chiba Pref. ChI 9 Hap_U58(2), Hap_U62(2), Hap_
U63(2), Hap_U64(1), Hap_U65(1), 
Hap_U66(1)

0.91667 0.00942 0.84824 −0.10346

8 Katsuura City, Chiba Pref. ChK 9 Hap_U58(5), Hap_U59(1), Hap_
U60(1), Hap_U61(2)

0.69444 0.00855 0.82741 2.21711

9 Ohiso Town, Kanagawa 
Pref.

KnO 26 Hap_U7(6), Hap_U35(2), Hap_U36(1), 
Hap_U37(2), Hap_U38(5), Hap_
U39(1), Hap_U40(1), Hap_U41(1), 
Hap_U42(1), Hap_U43(2), Hap_
U44(1), Hap_U45(1), Hap_U46(1), 
Hap_U47(1)

0.91385 0.00580 −2.21373** −6.44746**

10 Shimoda City, Shizuoka 
Pref.

SzS 9 Hap_U7(4), Hap_U11(1), Hap_U12(1), 
Hap_U13(1), Hap_U14(1), Hap_U15(1)

0.83333 0.00636 −1.55699 −0.99401

11 Izu City, Shizuoka Pref. SzI 4 Hap_U212(3)*, Hap_U213(1)

12 Izuohshima Is., Tokyo 
Pref.

IzIs 13 Hap_U23(3), Hap_U24(2), Hap_
U25(2), Hap_U26(2), Hap_U27(3), 
Hap_U28(1)

0.88462 0.00617 −0.78001 0.02038

13 Niijima Is., Tokyo Pref. NiIs 13 Hap_U1(12), Hap_U2(5), Hap_U3(2), 
Hap_U4(1), Hap_U5(1), Hap_U6(1), 
Hap_U7(1), Hap_U8(1), Hap_U209(1), 
Hap_U210(1), Hap_U211(2)

0.85897 0.00794 −1.11984 −1.32490

14 Shikinejima Is., Tokyo 
Pref.

ShIs 7 Hap_U3(5), Hap_U22(2) 0.47619 0.00282 0.75467 2.50773

15 Kouzushima Is., Tokyo 
Pref.

KoIs 5 Hap_U29(3), Hap_U30(1), Hap_
U31(1)

0.70000 0.00907 −0.92693 2.14132

16 Hachijojima Is., Tokyo 
Pref.*

HaIs 5 Hap_U84(1)*, Hap_U85(4)

17 Tahara City, Aichi Pref. AiT 13 Hap_U119(2), Hap_U120(3), Hap_
U121(1), Hap_U122(1), Hap_U123(1), 
Hap_U124(1), Hap_U125(1), Hap_
U126(1), Hap_U127(1), Hap_U193(1)

0.94872 0.01047 −0.56722 −2.79394

18 Shima City, Mie Pref. MiS 8 Hap_U128(1), Hap_U129(1), Hap_
U130(2), Hap_U131(2), Hap_U132(1), 
Hap_U133(1)

0.92857 0.00479 0.23069 −2.12260

tional patterns. In order to assess the population structure 
and phylogeny of the two weevils and elucidate the historical 
events responsible for their present distributions, we ana-
lyzed COI and cytochrome c oxidase subunit II (COII) gene 

sequences from 64 localities.

MATERIALS AND METHODS

We collected specimens of S. griseus and S. tigrinus from 
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19 Shingu City, Wakayama 
Pref.

WaSg 13 Hap_U134(1), Hap_U135(1), Hap_
U136(2), Hap_U137(1), Hap_U138(5), 
Hap_U139(2), Hap_U140(1)

0.84615 0.00435 −0.08508 −1.99516

20 Shirahama Town, 
Wakayama Pref.

WaSr 11 Hap_U137(1), Hap_U141(1), Hap_
U142(1), Hap_U143(1), Hap_U144(1), 
Hap_U145(1), Hap_U146(1), Hap_
U147(1), Hap_U151(1), Hap_U152(1), 
Hap_U153(1)

1.00000 0.00667 −0.04034 −9.07575**

21 Mihama Town, 
Wakayama Pref.

WaM 7 Hap_U154(1), Hap_U155(1), Hap_
U156(1), Hap_U157(1), Hap_U158(2), 
Hap_U159(1)

0.95238 0.00545 −1.31888 −2.43623**

22 Wakayama City, 
Wakayama Pref.

WaW 6 Hap_U160(1), Hap_U161(1), Hap_
U162(1), Hap_U163(1), Hap_U164(1), 
Hap_U165(1)

1.00000 0.00513 −0.06042 −3.64154**

23 Kurashiki City, Okayama 
Pref.

OkK 4 Hap_U170(3), Hap_U207(1)

24 Tokushima City, 
Tokushima Pref.

TkT 7 Hap_U172(1), Hap_U173(3), Hap_
U174(1), Hap_U175(2)

0.80952 0.00301 −0.31870 −0.65495

25 Kanonji City, Kagawa 
Pref.

KgK 10 Hap_U170(7), Hap_U171(3) 0.46667 0.00184 1.03299 2.05186

26 Imabari City, Ehime Pref. EhI 5 Hap_U167(1), Hap_U168(1), Hap_
U169(3)

0.70000 0.00552 1.12397 1.21980

27 Tosashimizu City, Kouchi 
Pref.

KoT 12 Hap_U32(8), Hap_U33(3), Hap_
U34(1)

0.53030 0.00129 −0.04749 −0.13743

28 Hikari City, Yamaguchi 
Pref.

YgHk 11 Hap_U80(2), Hap_U194(9) 0.32727 0.00065 −0.10001 0.35630

29 Shimonoseki City, 
Yamaguchi Pref.

YgS 5 Hap_U50(2), Hap_U110(1), Hap_
U195(1), Hap_U196(1)

0.90000 0.00355 −0.56199 −0.84824

30 Hagi City, Yamaguchi 
Pref.

YgHg 12 Hap_U197(2), Hap_U198(3), Hap_
U199(4), Hap_U205(2), Hap_U206(1)

0.83333 0.00233 −0.37901 −1.48077

31 Masuda City, Shimane 
Pref.

SmM 1 Hap_U50(1)

32 Hamada City, Shimane 
Pref.

SmH 1 Hap_U50(1)

33 Ashiya Town, Fukuoka 
Pref.

FkA 12 Hap_U50(6), Hap_U87(2), Hap_
U88(1), Hap_U89(1), Hap_U110(1), 
Hap_U111(1)

0.75758 0.00245 −0.92012 −0.15354

34 Fukuoka City, Fukuoka 
Pref.

FkF 12 Hap_U50(4), Hap_U51(7), Hap_
U109(1)

0.59091 0.00170 −1.45138 0.43183

35 Karatsu City, Saga Pref. SgK 12 Hap_U48(1), Hap_U49(1), Hap_
U50(2), Hap_U51(3), Hap_U52(1), 
Hap_U53(1), Hap_U54(1), Hap_
U55(1), Hap_U56(1)

0.93939 0.00481 −1.47867 −3.78859**

36 Beppu City, Oita Pref. OiB 22 Hap_U80(7), Hap_U81(9), Hap_
U82(5), Hap_U83(1)

0.70996 0.02019 2.09615 11.38887

37 Miyazaki City, Miyazaki 
Pref.

MyM 12 Hap_U107(1), Hap_U113(3), Hap_
U114(7), Hap_U115(1), Hap_U149(2)

0.66667 0.00604 −0.31158 0.81978

38 Higashikusira Town, 
Kagoshima Pref.

KsH 10 Hap_U106(1), Hap_U107(2), Hap_
U108(1), Hap_U112(2), Hap_U117(1), 
Hap_U118(2), Hap_U148(1)

0.93333 0.005887 −0.69853 −2.07058

39 Minamiosumi Town, 
Kagoshima Pref.

KsM 12 Hap_U102(1), Hap_U103(9), Hap_
U104(1), Hap_U105(1)

0.45455 0.00245 −1.42890 −0.15354

40 Satsuma City, Kagoshima 
Pref.

KsS 12 Hap_U90(2), Hap_U96(2), Hap_
U97(2), Hap_U98(1), Hap_U99(2), 
Hap_U100(2), Hap_U101(1)

0.92424 0.00903 −0.05539 −0.24667

41 Akune City, Kagoshima 
Pref.

KsA 12 Hap_U90(5), Hap_U91(2), Hap_
U92(2), Hap_U93(1), Hap_U94(1), 
Hap_U95(1)

0.81818 0.00332 −1.07398 −1.79678
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42 Yakushima Is., 
Kagoshima Pref.

YkIs 7 Hap_U73(1), Hap_U74(1), Hap_
U75(1), Hap_U76(1), Hap_U77(1), 
Hap_U78(1), Hap_U79(1)

1.00000 0.00883 −0.35433 −4.01038**

43 Takarajima Is., 
Kagoshima Pref.

TkIs 12 Hap_U16(5), Hap_U17(2), Hap_
U18(2), Hap_U19(1), Hap_U20(1), 
Hap_U21(1)

0.81818 0.00263 −0.41924 −1.51263**

44 Amamiohshima Is., 
Kagoshima Pref.

AmIs 9 Hap_U116(3), Hap_U150(1), Hap_
U166(3), Hap_U18(2)

0.80556 0.02597 1.39054 5.99786

45 Miyakojima Is., Okinawa 
Pref.

MyIs 8 Hap_U9(7), Hap_U10(1) 0.25000 0.00049 −1.05482 −0.18197

46 Ishigakijima Is., Okinawa 
Pref.

IsIs 12 Hap_U86(12) 0.00000 0.00000 0.00000 0.00000

47 Korea Kr 1 Hap_U208(1)

S. tigrinus 48 Tomakomai City, 
Hokkaido Pref.

HkT 8 Hap_T1(2), Hap_T2(1), Hap_T3(3), 
Hap_T4(1), Hap_T5(1)

0.85714 0.00299 −0.12075 −1.80236**

49 Aomori City, Aomori Pref. AoA 3 Hap_T5(3)

50 Nakadomari Town, 
Aomori Pref.

AoN 14 Hap_T5(9), Hap_T17(1), Hap_T18(1), 
Hap_T19(1), Hap_T20(1), Hap_T21(1)

0.60440 0.00171 −1.95891** −3.46315**

51 Happou Town, Akita Pref. AkH 10 Hap_T5(8), Hap_T7(2) 0.38889 0.00078 0.15647 0.47744

52 Nishime Town, Akita Pref. AkN 10 Hap_T5(6), Hap_T8(1), Hap_T9(1), 
Hap_T10(1)

0.53333 0.00319 −1.87333** 0.10764

53 Yuza Town, Yamagata 
Pref.

YmY 13 Hap_T2(1), Hap_T5(6), Hap_T7(1), 
Hap_T49(1), Hap_T50(1), Hap_T51(1), 
Hap_T52(1), Hap_T53(1)

0.80769 0.00241 −1.76640** −5.79439**

54 Sendai City, Miyagi Pref. MgS 10 Hap_T5(1), Hap_T46(7), Hap_T47(1), 
Hap_T48(1)

0.53333 0.00120 −1.56222** −1.96374**

55 Niigata City, Niigata Pref. NgN 8 Hap_T5(7), Hap_T6(1)* 0.00000 0.00000 0.00000 0.00000

56 Sadogashima Is., Niigata 
Pref.

SaIs 1 Hap_T5(1)

57 Hakusan City, Ishikawa 
Pref.

IsH 10 Hap_T11(2), Hap_T12(4), Hap_T13(1), 
Hap_T14(1), Hap_T15(1), Hap_T16(1)

0.84444 0.00550 −0.11035 −1.02153

58 Takahama Town, Fukui 
Pref.

FuT 10 Hap_T5(2)*, Hap_T12(3), Hap_T54(1), 
Hap_T55(2), Hap_T56(1), Hap_T57(1)

0.85714 0.00321 −0.75540 −1.64253

59 Miyazu City, Kyoto Pref. KyM 12 Hap_T58(2), Hap_T59(2), Hap_
T60(4), Hap_T61(2), Hap_T62(2)

0.84848 0.00411 0.14160 −0.14826

60 Fukube Town, Tottori 
Pref.

TtF 13 Hap_T22(4), Hap_T23(1), Hap_T24(1), 
Hap_T29(2), Hap_T30(1), Hap_T32(1), 
Hap_T33(1), Hap_T34(1), Hap_T39(1), 
Hap_T40(1)

0.92308 0.00781 −1.57991** −3.44511**

61 Ketaka Town, Tottori Pref. TtK 11 Hap_T22(1), Hap_T25(1), Hap_T26(1), 
Hap_T27(1), Hap_T28(1), Hap_T31(1), 
Hap_T35(1), Hap_T36(1), Hap_T37(1), 
Hap_T38(1)

1.00000 0.00776 −1.48597 −6.79545**

62 Kotoura Town, Tottori 
Pref.

TtKr 4 Hap_T22(1), Hap_T26(1), Hap_T31(2)

63 Ohta City, Shimane Pref. SmO 10 Hap_T31(3), Hap_T76(4), Hap_T77(1), 
Hap_T78(2)

0.77778 0.00501 0.76111 1.11370

32 Hamada City, Shimane 
Pref.

SmH 12 Hap_T71(2), Hap_T72(2), Hap_
T73(6), Hap_T74(1), Hap_T75(1)

0.74242 0.00563 0.84447 0.61162

31 Masuda City, Shimane 
Pref.

SmM 2 Hap_T83(2)

29 Shimonoseki City, Yama-
guchi Pref.

YgS 12 Hap_T31(2), Hap_T79(6), Hap_
T80(2), Hap_T81(1), Hap_T82(1)

0.74242 0.00445 0.46152 0.03747

33 Ashiya Town, Fukuoka 
Pref.

FkA 12 Hap_T31(6), Hap_T67(2), Hap_T68(1), 
Hap_T69(2), Hap_T70(1)

0.74242 0.00269 −0.68399 −1.15869

64 Shingu Town, Fukuoka 
Pref.

FkS 9 Hap_T41(1), Hap_T42(5), Hap_T43(1), 
Hap_T44(1), Hap_T45(1)

0.72222 0.00621 −0.27842 0.12678

34 Fukuoka City, Fukuoka 
Pref.

FkF 12 Hap_T42(4), Hap_T63(4), Hap_T64(2), 
Hap_T65(1), Hap_T66(1)

0.80303 0.00559 0.23202 0.59817
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Fig. 1.  Sampling localities for S. griseus and S. tigrinus, with population numbers (referenced in Table 
1). Closed circles indicate populations included in phylogenetic analysis.

Table 2.  Primers used for the amplification of the fragments of the mitochondrial DNA COI and COII regions.

Gene Primer set name Primer Sequences Direction Reference

mtDNA COI COI-1 set LCO1490 5’-GGTCAACAAATCATAAAGATTGG-3’ Forward Folmer et al. (1994)

HCO2198 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’ Reverse Folmer et al. (1994)

COI-2 set COI-F 5’-CAAATCTATAATGTAATTGTTAC-3’ Forward This study

HCO2198 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’ Reverse Folmer et al. (1994)

COI-3 set C1-J-1718 5’-GGAGGATTTGGAAATTGATT-3’ Forward Simon et al. (1994)

TL2-N-3014 5’-TCCAATGCACTAATCTGCCATATTA-3’ Reverse Simon et al. (1994)

COI-4 set C1-J-2183 5’-CAACATTTATTTTGATTTTTTGG-3’ Forward Simon et al. (1994)

TL2-N-3014 5’-TCCAATGCACTAATCTGCCATATTA-3’ Reverse Simon et al. (1994)

mtDNA COII – TL2-J-3037 5’-ATGGCAGATTAGTGCAATGG-3’ Forward Simon et al. (1994)

C2-N-3661 5’-CCACAAATTTCTGAACATTGACCA-3’ Reverse Simon et al. (1994)

94.0°C for 2 min, 35 cycles at 94.0°C for 30 sec, 49.0°C for 1 min, 
and 72.0°C for 1 min, with a final extension at 72.0°C for 5 min. PCR 
thermal cycling conditions for the COI-3 set (C1-J-1718 and TL2-N-
3014) and COI-4 set (C1-J-2183 and TL2-N-3014) were 94.0°C for 
5 min, 40 cycles at 94.0°C for 30 sec, 47.0°C for 30 sec, and 72.0°C 
for 1 min, with a final extension at 72.0°C for 5 min. To amplify the 
COII region, we used primers TL2-J-3037 and C2-N-3661 (Table 2) 

September 2010 to June 2015 at 64 localities in Japan and Korea 
(Table 1 and Fig. 1). A total of 650 individuals (S. griseus, 444 indi-
viduals; S. tigrinus, 206 individuals) were sampled from under or on 
weeds along the seashore. All specimens were stored in 99.5% 
ethanol until DNA extraction.

To prepare specimens for molecular analyses, all legs on the 
right side of the body were removed, and DNA was extracted using 
a DNeasy Blood & Tissue Kit 
(Qiagen, Hilden, Germany). 
The legs were homogenized 
in 180 μl ATL buffer with 20 μl 
proteinase K and incubated at 
55°C for 1 h. After incubation, 
total genomic DNA was 
extracted following manufac-
turer instructions.

To characterize the popu-
lation structures of the two 
species, we analyzed the COI 
region (S. griseus, 508 bp; S. 
tigrinus, 503 bp) in 444 indi-
viduals of S. griseus and 206 
individuals of S. tigrinus. For 
phylogenetic analysis within 
populations, additional regions 
were sequenced for 23 S. 
griseus and 19 S. tigrinus of 
the individuals randomly 
selected from among the ini-
tial sample: another COI 
region (S. griseus, 800 bp; S. 
tigrinus, 805 bp) (Fig. 2) and 
COII region (622 bp).

We amplified the COI and 
COII genes by polymerase 
chain reaction (PCR) using 
the primers shown in Table 2. 
Because the target gene 
region of S. griseus did not 
amplify well, we designed a 
new forward primer, COI-F, 
which bound to a site inside 
the primer region that 
described by Folmer et al. 
(1994) (Table 2). PCR thermal 
cycling conditions for the 
COI-1 set (LCO1490 and 
HCO2198) and COI-2 set 
(COI-F and HCO2198) were 
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with PCR thermal cycling conditions of 94.0°C for 5 min, 35 cycles 
at 94.0°C for 30 sec, 49.0°C for 30 sec, and 72.0°C for 30 sec, with 
a final extension at 72.0°C for 5 min. PCR was performed in a reac-
tion volume as was described by Yamashita et al. (2015). The 
amplified DNA was sequenced directly by an automated method 
using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems, USA) on an Applied Biosystems® 3730xl DNA Ana-
lyzer. These sequence data have been deposited in GenBank 
(accession numbers: LC108859–LC108865, LC108867–LC108871, 
LC108879–LC108885, LC108887–LC108889, LC108892, 
LC108894, LC108896–LC108900, LC108902–LC108903, 
LC108906, LC108908, LC108911, LC108913, LC108915, 
LC108917–LC108918, LC108920, LC108923, LC108925, LC108931, 
LC108960, LC108969, LC108971–LC108979, LC108982–
LC108984, LC108986–LC108988, and LC109324–LC109620).

Sequences were aligned using Muscle (Edgar, 2004a, b) in 
MEGA version 5 software (Tamura et al., 2011). To determine 
whether the congruence between the mitochondrial DNA COI and 
COII regions was significant, the incongruence length difference 
(ILD) test (Farris et al., 1995) was conducted by excluding all invari-
ant sites and using the partition homogeneity test in PAUP ver. 4.0 
beta10 (Swofford, 2002) with 1000 replicates. As there were no sig-
nificant differences (P > 0.05), we also used these two genes (COI 

and COII) as a combined dataset (1892 bp) for molecular phyloge-
netic analyses.

Phylogenetic analyses were performed by the maximum likeli-
hood (ML; Felsenstein, 1981) method, using MEGA software. ML 
analysis was conducted using the general time reversible model 
(GTR) based on the log likelihood criteria. To estimate the confi-
dence probability for each interior branch, the bootstrap method 
(Felsenstein, 1985) was performed with 1000 replications. In the 
phylogenetic analysis, Scepticus insularis Roelofs, 1873 (=  S. 
griseus auct., nec Roelofs, 1873) was used as the outgroup. All 
gaps were treated as missing data with the complete-deletion 
option. We then constructed a ML tree on the basis of the analysis. 
Estimates of the divergence times of S. griseus and S. tigrinus were 
calculated with MEGA version 5. We used a rate of 2.3%/Ma applied 
a “standard” mitochondrial DNA clock for insects (Brower, 1994).

DnaSP v5 (Librado and Rozas, 2009) was used to search for 
haplotype variation, and NETWORK 4.5.1.0 (http://www.fluxus-
engineering.com) was used to construct a median-joining (MJ) 
network (Bandelt et al., 1999) to describe relationships of the hap-
lotypes.

We conducted population genetic analyses using sequences 
from the 40 populations for which more than five individuals were 
available. In order to estimate the extent of genetic diversity in each 
population, we calculated nucleotide diversity (π) (Nei, 1987) with 
DnaSP v5. Tajima’s D (Tajima, 1989a, b) and Fu’s Fs statistics (Fu, 
1997) were calculated to infer the extent of population expansion 
with ARLEQUIN 3.5. To estimate the extent of divergence between 
populations, we calculated the net nucleotide substitutions between 
populations (dA) (Nei, 1987) with MEGA version 5. Finally, to esti-
mate the relative degree of genetic differentiation, we calculated 
pairwise FST values among populations with more than 10 individu-
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Fig. 3.  Median-joining (MJ) networks of COI haplotypes detected in S. griseus. Circle size indicates sample size. Colors of circle reflect 
each locality. Missing haplotypes are indicated by black circles.

Fig. 2.  Positions of the two COI regions analyzed in this study.
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Fig. 4.  Median-joining (MJ) networks for the COI haplotypes detected in S. tigrinus. Circle size 
indicates sample size. Colors of circle reflect each locality. Missing haplotypes are indicated by 
black circles.

Table 3.  Pairwise FST (below diagonal) and dA (above diagonal) 
values for lineages of S. griseus.

Lineage A Lineage B Lineage C

Lineage A – 0.073 0.042

Lineage B 0.62088 – 0.067

Lineage C 0.67741 0.63068 –

Table 4.  Pairwise FST (below diagonal) and dA (above diagonal) 
values for lineages of S. tigrinus.

Lineage D Lineage E Lineage F

Lineage D – 0.029 0.043

Lineage E 0.83673 – 0.043

Lineage F 0.88868 0.8184 –

als using ARLEQUIN 3.5, and we tested the significance of the FST 
values following 1000 permutations in ARLEQUIN 3.5. We per-
formed an analysis of molecular variance (AMOVA; Excoffier et al., 
1992) in ARLEQUIN 3.5 (Excoffier and Lischer, 2010) with signifi-
cance tests conducted using a non-parametric permutation 
approach (1023 permutations performed) to examine the genetic 
structure of populations.

Voucher specimens from this study are preserved in the Labo-
ratory of Entomology, Tokyo University of Agriculture (TUA), Atsugi, 
Japan.

RESULTS

Haplotypes and haplotype relationships
Analysis of partial nucleotide sequences of the mito-

chondrial COI coding region (S. griseus: 508 bp; S. tigrinus: 
503 bp) showed a total of 214 haplotypes among 444 indi-
viduals collected from 47 sites in S. griseus, and a total of 83 
haplotypes among 206 individuals collected from 22 sites in 
S. tigrinus, respectively (Table 1 and Fig. 1). Among the 214 
haplotypes, 199 were unique to single sampling sites and 
the others were shared by two to six populations in S. 
griseus, and among the 83 haplotypes, 75 were unique to 
single sampling sites and the others were shared by 10 pop-
ulations in S. tigrinus.

Figures 3 and 4 show haplo-
type networks of each species con-
structed by the MJ method. Three 
lineages are roughly recognized in 
both S. griseus and S. tigrinus, and 
are designated here as lineage A, 
lineage B and lineage C in S. gri-
seus, and lineage D, lineage E and 
lineage F in S. tigrinus. None of the 
lineages of S. griseus showed star 
topologies. The dA values between 
lineages A, B and C ranged from 
0.042 to 0.073 (Table 3). On the 
other hands, in S. tigrinus, lineage 
D showed a star-like topology with 
one haplotype (Hap_T5) shared by 
10 populations (Table 1) at the cen-
ter, excluding one exception (Hap_
T10). Lineages E and F each dis-
played a scattered network, and 
lineage E was divided into three 
sub-lineages with at least seven 
nucleotide substitutions between 
the sub-lineages. The dA values 
between lineages D, E and F 
ranged from 0.029 to 0.043 (Table 
4).

The geographic distributions of 
the three lineages of S. griseus 
were nearly mutually exclusive 
(Fig. 5). Haplotypes of lineage A 
occurred in Kanto, which includes 
Fukushima Prefecture, the Izu 
Peninsula and the Izu Islands 
(sites 1–16 in Table 1 and Fig. 1); 
haplotypes of lineage B were found 
in Tokai, Kii and Setouchi (sites 
17–26 in Table 1 and Fig. 1); and 

haplotypes of lineage C were found in the Ryukyus, Kyushu, 
westernmost Honshu (Yamaguchi and Shimane Prefec-
tures), southern Shikoku (Kochi Prefecture) and Korea (sites 
27–47 in Table 1 and Fig. 1). The populations were thus 
clearly distinguishable by their haplotypes. Only localities 11 
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and 16 had haplotypes that were mixes of lineages A and B. 
The geographic distributions of the three lineages of S. 
tigrinus were also mutually exclusive, but strictly (Fig. 5). 
Haplotypes of lineage D occurred in Hokkaido and Tohoku 
(including Sado Island and Niigata Prefecture; sites 48–56 
in Table 1 and Fig. 1); haplotypes of lineage E were found in 
Ishikawa, Fukui and Kyoto Prefectures (sites 57–59 in Table 
1 and Fig. 1); and haplotypes of lineage F were found in 
San’in and northern Kyushu (sites 29, 31–34 and 60–64 in 
Table 1 and Fig. 1). The populations were thus clearly distin-
guishable by their haplotypes. Only localities 55 and 58 had 
haplotypes that were mixes of lineages D and E.

Genetic diversity and differentiation
Haplotype diversity of S. griseus was high both within 

species and within lineages (Tables 1 and 5). Nucleotide 
diversity within lineage C was higher than in lineages A and 
B. Pairwise FST values between lineages and between pop-
ulations in each lineage (Tables 3 and 6) were significant 
(P <  0.05). AMOVA identified the largest genetic variance as 
being among lineages followed by the variance among pop-
ulations (Table 7). Fu’s Fs showed significant negative val-
ues in only eight populations (sites 6, 9, 20, 21, 22, 35, 42 
and 43 in Table 1). Tajima’s D showed significant negative 
values in only one population (site 9 in Table 1).

In S. tigrinus, the haplotype and nucleotide diversities of 
lineage D were lower within lineages than those of lineages 
E and F (Table 5). Pairwise FST values between lineages 
and between populations in each lineage (Tables 4 and 8) 
were significant. The values between populations in lineage 
D were lower than those in lineages E and F. AMOVA identi-
fied the largest genetic variance as being among lineages 
followed by the variance among populations (Table 7).

Fu’s Fs showed significant negative values in lineage D, 
in lineage F, in four populations within lineage D, and in two 
populations within lineage F (sites 48, 50, 53, 54, 60 and 61 
in Table 1). Tajima’s D showed significant negative values in 
lineage D, in lineage F, in four populations within lineage D, 
and in one population within lineage F (sites 50, 52, 53, 54 
and 60 in Table 1).

Estimation of divergence times
The phylogenetic tree and divergence times of lineages 

of each species are shown in Fig. 6. We described the diver-
gence of lineages A +  B and lineage C as node 1, lineage A 
and lineage B as node 2, lineages D +  E and lineage F as 
node 3, and lineage D and lineage E as node 4. Node 1 was 
estimated to occur at 1.81 Ma, node 2 was at 0.63 Ma, node 
3 was at 0.93 Ma, and node 4 was at 0.45 Ma. The estimated 
divergence times of the six lineages (1.81–0.45 Ma) was dur-
ing the Early and Middle Pleistocene. According to evidence 
of climatic oscillation includes the Marine Isotope Stage 
(MIS), which serves as a barometer for sea level (Lisiecki 
and Raymo, 2005), 1.81 Ma and 0.63 Ma corresponded with 
MIS 64 and 15 in S. griseus, and 0.93 Ma and 0.45 Ma 
corresponded with MIS 24 and 12 in S. tigrinus (uneven 
numbers of MIS: interglacial periods; even numbers of MIS: 
glacial periods). The divergence times for S. tigrinus are 
later than for S. griseus.

Fig. 5.  Geographic lineages of haplotypes.

Table 5.  Haplotype diversity (Hd), nucleotide diversity (Pi), 
Tajima’s D, and Fu’s Fs for six lineages of S. griseus and S. tigrinus. 
Asterisk (*) indicates p <  0.05.

Lineages Hd Pi D Fs

Lineage A 0.98157 0.01556 −1.21227 −24.60414*

Lineage B 0.97849 0.01620 −0.77796 −24.76568*

Lineage C 0.97575 0.02987    0.04118 −22.56975*

Lineage D 0.67928 0.00222 −2.41855* −24.31838*

Lineage E 0.92414 0.01044 −0.3504   − 3.10753

Lineage F 0.95833 0.00670 −2.19427* −26.23325*
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Table 6.  Pairwise FST (below diagonal) and dA (above diagonal) values among 24 populations of S. griseus. Asterisk (*) indicates 
insignificant FST values (p >  0.05).

FsY FsN IbH KnO IzIs NiIs AiT WaSg WaSr KgK KoT YgHk

FsY – 0.008 0.007 0.022 0.020 0.027 0.038 0.042 0.039 0.045 0.079 0.065

FsN 0.12000* – 0.009 0.020 0.017 0.023 0.039 0.042 0.039 0.045 0.079 0.065

IbH 0.10781 0.05476 – 0.020 0.019 0.026 0.037 0.041 0.038 0.044 0.079 0.065

KnO 0.75284 0.63595 0.67172 – 0.009 0.014 0.037 0.039 0.038 0.042 0.077 0.064

IzIs 0.71205 0.55223 0.63151 0.36386 – 0.012 0.040 0.042 0.041 0.044 0.078 0.064

NiIs 0.75389 0.62615 0.68667 0.53587 0.40677 – 0.043 0.045 0.044 0.048 0.077 0.062

AiT 0.79011 0.74178 0.74679 0.79671 0.79157 0.78673 – 0.014 0.015 0.015 0.066 0.064

WaSg 0.88734 0.83916 0.85061 0.86365 0.87440 0.86395 0.46292 – 0.007 0.013 0.069 0.065

WaSr 0.84904 0.79516 0.80654 0.84148 0.84501 0.83368 0.42302 0.26430 – 0.015 0.066 0.063

KgK 0.91957 0.86849 0.88167 0.88905 0.90277 0.89070 0.55626 0.74545 0.71638 – 0.074 0.070

KoT 0.95957 0.93267 0.94072 0.94297 0.95084 0.93867 0.90832 0.95815 0.94177 0.97915 – 0.042

YgHk 0.95436 0.92034 0.93088 0.93352 0.94296 0.92593 0.90714 0.95894 0.94221 0.98265 0.97660* –

YgHg 0.95162 0.92407 0.93118 0.93774 0.94362 0.93172 0.90077 0.95028 0.93063 0.97180 0.94221 0.96281

FkA 0.94672 0.91692 0.92587 0.93226 0.93835 0.92558 0.89622 0.94714 0.92620 0.96945 0.92912 0.95478

FkF 0.95922 0.92929 0.93827 0.94055 0.95064 0.93790 0.91046 0.96073 0.94194 0.98358 0.96375 0.98163

SgK 0.93521 0.90570 0.91445 0.92463 0.92685 0.91413 0.88280 0.93387 0.91138 0.95621 0.89876 0.93034

OiB 0.79449 0.77328 0.78060 0.81805 0.78627 0.77046 0.74935 0.78864 0.75998 0.80389 0.68223 0.25011

MyM 0.92154 0.89249 0.89943 0.91617 0.91439 0.90252 0.87628 0.92527 0.90233 0.94563 0.88079 0.90398

KsH 0.94022 0.91111 0.91951 0.92520 0.92929 0.91645 0.89059 0.93998 0.92245 0.96286 0.93204 0.94483

KsM 0.90067 0.87234 0.88041 0.90014 0.89151 0.87933 0.84971 0.89861 0.87557 0.92009 0.83805 0.86635

KsS 0.94971 0.92208 0.92889 0.93643 0.94197 0.93089 0.90755 0.95244 0.93533 0.97226 0.94994 0.96134

KsA 0.92762 0.89743 0.90597 0.92244 0.92071 0.90815 0.87919 0.92784 0.90468 0.94921 0.90434* 0.92356

TkIs 0.95536 0.92933 0.93741 0.93822 0.94389 0.93205 0.90663 0.95373 0.93762 0.97232 0.95442 0.96771

IsIs 0.96655 0.93821 0.94582 0.94497 0.95605 0.94625 0.91139 0.96312 0.94839 0.98785 0.98701* 0.99459*

YgHg FkA FkF SgK OiB MyM KsH KsM KsS KsA TkIs IsIs

FsY 0.077 0.071 0.069 0.071 0.071 0.071 0.075 0.075 0.071 0.070 0.083 0.076

FsN 0.077 0.072 0.070 0.071 0.071 0.072 0.076 0.076 0.072 0.071 0.083 0.076

IbH 0.076 0.071 0.070 0.071 0.071 0.070 0.075 0.074 0.071 0.071 0.083 0.074

KnO 0.075 0.070 0.069 0.070 0.069 0.070 0.075 0.075 0.068 0.067 0.076 0.072

IzIs 0.077 0.071 0.070 0.071 0.069 0.071 0.076 0.076 0.070 0.068 0.077 0.073

NiIs 0.077 0.072 0.070 0.071 0.067 0.072 0.077 0.077 0.070 0.068 0.077 0.077

AiT 0.066 0.064 0.063 0.063 0.065 0.067 0.070 0.072 0.065 0.064 0.070 0.061

WaSg 0.068 0.065 0.065 0.064 0.066 0.069 0.069 0.072 0.065 0.064 0.073 0.061

WaSr 0.063 0.061 0.060 0.060 0.064 0.065 0.066 0.069 0.063 0.063 0.070 0.062

KgK 0.075 0.072 0.071 0.071 0.072 0.076 0.076 0.078 0.072 0.071 0.076 0.068

KoT 0.031 0.027 0.026 0.027 0.041 0.031 0.035 0.037 0.032 0.034 0.040 0.049

YgHk 0.041 0.035 0.034 0.035 0.016 0.036 0.041 0.041 0.038 0.037 0.047 0.057

YgHg – 0.008 0.008 0.009 0.036 0.016 0.017 0.016 0.019 0.020 0.034 0.056

FkA 0.68149 – 0.003 0.004 0.031 0.013 0.014 0.016 0.014 0.016 0.030 0.055

FkF 0.78355 0.05455 – 0.004 0.030 0.012 0.012 0.014 0.013 0.014 0.028 0.054

SgK 0.59555 –0.00075 0.07955 – 0.031 0.013 0.014 0.016 0.014 0.015 0.030 0.055

OiB 0.63637 0.57953 0.60382 0.56909 – 0.033 0.039 0.041 0.037 0.038 0.044 0.059

MyM 0.73016 0.67456 0.73893 0.63351 0.56674 – 0.018 0.015 0.017 0.018 0.034 0.056

KsH 0.86012 0.81134* 0.87273 0.75854 0.63850 0.73324 – 0.007 0.016 0.015 0.038 0.060

KsM 0.70047 0.59408 0.66529 0.54936 0.58020 0.55080 0.07675 – 0.015 0.014 0.040 0.059

KsS 0.84822 0.84470 0.89942 0.79818 0.67264 0.71937 0.78818 0.61497 – 0.007 0.033 0.054

KsA 0.76475 0.69779 0.76410 0.65176 0.61338 0.67030 0.70184 0.52578 0.39513 – 0.033 0.054

TkIs 0.93070 0.91872 0.94972 0.89151 0.69504 0.87627 0.91455 0.82999 0.94100 0.89575 – 0.064

IsIs 0.97902 0.97775 0.99405 0.96212 0.78509 0.94631 0.96914 0.91680 0.97906 0.95574 0.98196 –
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DISCUSSION

Biogeographic pattern of Scepticus griseus
The results from the haplotype network show the follow-

ing regarding the lineages [lineage A, lineage B (excluding 
Mie populations) and lineage C (Kyushu only)]: (1) a few hap-
lotypes are shared between populations; (2) there are no 
major haplotype; (3) a number of haplotypes are connected 
by one step; (4) there are few missing haplotypes; and (5) 
unique haplotype networks are not found in populations. 
Thus, it can be inferred that the extinction of populations 
was rare and population size was relatively stable because 
Fu’s Fs and Tajima’s D showed significantly negative values 
in only eight (Fu’s Fs) and one (Tajima’s D) populations out 
of 40 populations (Table 1). Furthermore, the presence of 
various minor lineages in many populations in the haplotype 
network suggests that isolation of the respective popula-
tions and gene flow between populations was repeated over 
a short period. In addition, high haplotype and nucleotide 
diversities were recognized. Taken together, genetic diversi-
ties in the respective lineages have been maintained in this 
species.

The phylogenetic tree in Fig. 6 shows that genetic dif-

ferentiation of node 1 (lineage A +  B and lineage C) and 
node 2 (lineage A and lineage B) were estimated to occur 
during the Early and Middle Pleistocene when repeated cli-
matic oscillation occurred. According to MIS proposed by 
Lisiecki and Raymo (2005), the genetic differentiation of 
node 1 occurred during the glacial period when climate was 
cold. While, that of node 2 was occurred during interglacial 
period when a marine transgression occurred. Repeated cli-
matic oscillation caused multiple regressions and transgres-
sions of the coast line in repeated glacial and interglacial 
periods. As S. griseus lives along seashores, its habitat was 
probably influenced by the regressions and transgressions; 
that is, population size of the species was drastically 
changed. In all, the lineages and populations were isolated, 
and gene flow was unlikely to have occurred between the 
populations during the interglacial periods. In contrast, the 
majority of the populations were in contact with each other 
through gene flow in the glacial periods.

The relatively high FST and dA values indicate the pres-
ence of great divergences between populations in each lin-
eage, and it is likely that gene flow between the populations 
has been limited since the last glacial period due to habitat 
segregation. This is in contrast to the interglacial period 

Table 7.  Analysis of molecular variance (AMOVA) for genetic structure within and among populations.

S.griseus

Source of variation df Sum of squares Variance components Percentage of variation Φ statistics P value

Among lineages     2 2959.090 10.67461 63.88 ΦCT =  0.63881 0.00000

Among populatios within lineages   37 1785.638   4.39249 26.29 ΦSC =  0.72777 0.00000

Within populations 388   637.500   1.64304   9.83 ΦST =  0.90167 0.00000

S. tigrinus

Source of variation df Sum of squares Variance components Percentage of variation Φ statistics P value

Among lineages     2 1016.48 8.50858 84.74 ΦCT =  0.84744 0.00000

Among populatios within lineages   15     97.294 0.51441   5.12 ΦSC =  0.33582 0.00000

Within populations 174   177.022 1.01737 10.13 ΦST =  0.89867 0.00000

Table 8.  Pairwise FST (below diagonal) and dA (above diagonal) values among 15 populations of S. tigrinus.

AoN AkH AkN YmY MgS IsH FuT KyM TtF TtK SmO SmH YgS FkA FkF

AoN – 0.043 0.000 0.523 0.002 0.856 0.907 0.916 0.892 0.891 0.921 0.913 0.928 0.946 0.916

AkH 0.02590 – 0.027 0.626 0.008 0.873 0.924 0.929 0.900 0.900 0.931 0.922 0.938 0.956 0.925

AkN 0.00947 0.01966 – 0.421 0.004 0.832 0.883 0.897 0.874 0.874 0.903 0.895 0.911 0.927 0.898

YmY 0.00275 –0.00947 0.00715 – 0.474 0.872 0.920 0.926 0.900 0.899 0.929 0.921 0.936 0.953 0.923

MgS 0.51428 0.62277 0.42105 0.45995 – 0.841 0.893 0.905 0.883 0.882 0.912 0.904 0.919 0.936 0.907

IsH 0.86838 0.86842 0.83248 0.84848 0.87193 – 0.153 0.711 0.846 0.847 0.878 0.864 0.911 0.927 0.898

FuT 0.72963 0.70539 0.67609 0.70245 0.72519 0.07407 – 0.770 0.874 0.874 0.905 0.894 0.911 0.927 0.898

KyM 0.91869 0.92171 0.89599 0.90630 0.92186 0.71422 0.62134 – 0.867 0.867 0.896 0.884 0.901 0.917 0.889

TtF 0.89161 0.88275 0.86555 0.88042 0.88746 0.84159 0.78778 0.86438 – 0.059 0.217 0.284 0.160 0.160 0.235

TtK 0.89950 0.89124 0.86952 0.88678 0.89534 0.84273 0.77910 0.86726 0.05793 – 0.158 0.260 0.147 0.081 0.181

SmO 0.92766 0.92781 0.90322 0.91611 0.92864 0.87752 0.81241 0.89688 0.20623 0.15385 – 0.328 0.248 0.155 0.282

SmH 0.91649 0.91378 0.89259 0.90522 0.91597 0.86414 0.80389 0.88384 0.28062 0.25997 0.32652 – 0.214 0.296 0.302

YgS 0.93081 0.93146 0.90936 0.92045 0.93220 0.88406 0.82461 0.90143 0.15470 0.15016 0.24959 0.21370 – 0.190 0.188

FkA 0.94654 0.95253 0.92754 0.93651 0.95128 0.90121 0.83803 0.91719 0.15046 0.08999 0.16271 0.29577 0.19039 – 0.209

FkF 0.91937 0.91650 0.89569 0.90841 0.91885 0.87083 0.81172 0.88946 0.2310 0.18125 0.28027 0.30219 0.18793 0.20924 –
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when populations became isolated that was interspersed 
with gene flow between populations during glacial periods. 
The flightless weevil is presumed to always have had access 
to appropriate habitat, such as continuous sandy shores. 
Furthermore, extinction of populations seldom occurs due to 
the relatively warm climate influenced by a warm current 
(Kuroshio current) along the Pacific Ocean side. For these 
reasons, the genetic structure of this species is considered 
to have become complicated. High genetic divergences 
between the lineages is assumed to have developed through 
the prevention of gene flow by geological gaps such as large 
rivers and extended stretches of rocky shores.

Biogeographic pattern of S. tigrinus
The phylogenetic tree of Fig. 6 shows that genetic dif-

ferentiation of node 3 (lineage D +  E and lineage F) and 
node 4 (lineage D and E) were estimated to have occurred 
during the glacial periods. In the glacial period during the 
Pleistocene, a number of populations became extinct, even 
as a number of haplotypes had vanished from populations 
due to decreasing of population size because of the colder 
climate on the Sea of Japan side than on the Pacific Ocean 
side. It may be inferred from the fact that the volume of inflow 
of the Tsushima Current known as a warm current was small 
during the glacial periods due to the low sea level (Kitamura 
and Kimoto, 2004).

However, a small number of populations with a few hap-
lotypes in each lineage could survive in restricted areas 
such as refugia and represent the ancestral populations of 
lineages D, E and F, which had low genetic divergence 

Fig. 6.  (A) Phylogenetic relationships of S. griseus and S. tigrinus based on concatenated sequences (1892 bp) of the mitochondrial DNA 
COI and COII regions. Numbers at nodes indicate bootstrap support. (B) Maximum likelihood tree with the molecular clock assumption. 
Numerals indicate the estimated divergence times.

(Table 4); in particular, lineages D and F are thought to have 
quite low population numbers. In the interglacial period, 
ancestral populations in lineages D and F began to rapidly 
expand population size and distribution range to the current 
size and distribution. This hypothesis was supported by a 
star-like haplotype networks and the significant negative val-
ues showed Tajima’s D and Fu’s Fs (Fig. 4 and Table 5). 
Therefore, the bottleneck effect seems to have an impact on 
lineages D and F. Moreover, lineage F has almost the same 
topology as the haplotype network for lineage D, being star-
like with two or more step haplotypes that are more distant 
from the central haplotype (Hap_T31) than those of lineage 
D (Fig. 4), and fewer haplotypes were shared between popu-
lations than for lineage D that the range expansion of lin-
eage F started earlier than for lineage D because of the 
warm climate and oceanic current (Tsushima current) in 
western Japan compared with cooler climate in northern 
Japan.

On the other hand, within lineage E, haplotypes were 
not shared between populations with one exception—Hap_
T12 occurred in the Ishikawa and Fukui populations (Fig. 4). 
Also, no major haplotypes occurred in this lineage. The hap-
lotype network showed a few haplo-groups connected to 
each other by many missing haplotypes. Though these 
missing haplotypes might be not detected, these findings 
suggest the presence of stably maintained populations in 
each locality over a long time, few extinction events of popu-
lations, and rare events of gene flow between populations, 
particularly, between the Kyoto and Ishikawa +  Fukui popu-
lations.
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Comparison of genetic structures of S. griseus and S. 
tigrinus

The two closely related species, S. griseus and S. 
tigrinus, are similar to each other not only in morphology and 
habitat preference but also in the genetic characteristics in 
two ways: the division of three major lineages corresponding 
lineages A, B and C in S. griseus and lineages D, E and F in 
S. tigrinus (Figs. 3 and 4); and the largest proportion of the 
total genetic variance is among lineages, not among popula-
tions and not within populations (Table 7). Moreover, the two 
species also would have been simultaneously influenced in 
geographical history and the repeated climate changes with 
repeated glacial and interglacial periods during the Pleisto-
cene. Nevertheless, those glacial and interglacial periods 
had different effects on the two species.

These two species are quite different from each other in 
their genetic structures. Scepticus griseus showed relatively 
“high” genetic diversity (Tables 1 and 5) caused by little 
extinction of populations and repeated cycles of isolation of 
populations and gene flow between populations, resulting in 
a complicated genetic structure in this species. On the other 
hand, S. tigrinus showed relatively “low” genetic diversity 
(Tables 1 and 5) due to a number of population extinctions 
and the subsequent bottleneck effects, resulting in a more 
simple genetic structure in this species than in S. griseus. 
The identification of these two species, S. griseus and S. 
tigrinus, with different genetic structures provides a unique 
scenario for studying the evolutionary history in each of 
these species.

This analysis showed two distinct lineages between S. 
griseus and S. tigrinus inhabiting Pacific Ocean and Sea of 
Japan sides, respectively, corroborating the findings of Kudo 
et al. (2012) and Niikura et al. (2015). Gene flow between 
weevils on the Pacific Ocean and Sea of Japan sides rarely 
occurs. Niikura et al. (2015) also showed that the genetic 
structure of Tylos granuliferus, a semiterrestrial coastal iso-
pod, on the main islands of Japan was strongly influenced 
by oceanic currents. However, this study of S. griseus and S. 
tigrinus revealed that the influences of geohistorical events 
on their genetic structure played a larger role than that of 
oceanic currents, as was observed for several other coastal 
species (Itani, 2000; Satoh et al., 2004). In terms of biogeog-
raphy, it is interesting to understand the genetic structure of 
other coastal species and to determine whether the genetic 
structure was influenced by oceanic currents or not.

In the present study of these coastal weevils, large 
genetic differences were observed within one species, and 
we also understood that gene flow might be rare between 
populations. Recently, some artificial sandy beaches were 
constructed along the coast due to increasing coastal ero-
sion (Uda, 1997). As such, man-made alterations to the 
coastal regions may cause genetic pollution. Thus, it is 
important to understand the genetic structures of coastal 
species from a viewpoint of conservation biology in order to 
avoid genetic pollution.
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