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Historical biogeography and interspecific
mtDNA introgression in Euhadra peliomphala
(the Japanese land snail)
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We assess variation in mitochondrial DNA (mtDNA) using partial sequences (560 bp) of the COI
gene among populations of Japanese land snails, Euhadra peliomphala. Phylogeographical analysis
reveals five primary clades that correspond basically to five discrete areas: the Boso Peninsula (B), the
Kanto area (K), around Lake Ashinoko (A), the Northern Izu Peninsula (N), and the Southern Izu
Peninsula (S). Although there are no current geographical barriers separating these five subpopu-
lations, the borders between each area correspond to palacogeographical events during the
Pleistocene, such as volcanic activities and the disappearance of the landbridge between the Southern
Boso area and the mainland of Japan. In addition, our analysis of isolation-by-distance and the
distribution of pairwise sequence differences indicate that haplotypes of the B and K linecages have
recently increased their population size exponentially. We have also discovered interspecific mtDNA
introgression between E. peliomphala and the parapatric species E. brandtii at the contact zone in the
Northern Kanto area. Unexpectedly, the E. brandtii-type mtDNA was also found in the populations
of E. peliomphala in the Southern Boso area. Because recent contact between both species is unlikely,
the introgressed mtDNA of E. brandtii could be a remnant of past hybridization, when E. peliomphala
colonized this area via the landbridge that existed in the early Pleistocene.
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population genetic structure.

Introduction

Species with low dispersal ability and/or a narrow
ecological niche have a tendency towards small-scale
geographical isolation. The fragmentation of their
habitat may reduce the amount of gene flow between
populations, and the lack of genetic exchange allows
different evolutionary histories to take place in each of
the separated populations. As a result, local genetic
differentiation may arise. Thus, the population genetic
structure usually reflects the long-term structure and the
demographic history of populations. These traits have
been considered suitable for understanding the evolu-
tionary forces that influence the origin and maintenance
of population genetic structure.

The limited mobility and requirement of humidity
make land snails an excellent model for studying
intraspecific population genetic structure, because the
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population is prone to fragmentation by habitat disturb-
ance. In fact, a considerable number of such studies
using land snails have been reported (e.g. Jones et al.,
1980; Arter, 1990; Schilthuizen & Lombaerts, 1994;
Pfenninger et al., 1996; Thomaz et al., 1996; Chiba,
1998; Douris et al., 1998).

Recently, mitochondrial DNA (mtDNA) analysis has
been demonstrated to be a powerful tool for tracing
recent evolutionary history, such as founder events,
population bottlenecks, and population range fluctu-
ation (Bermingham & Avise, 1986; Ellsworth et al.,
1994; Zink, 1994; Wooding & Ward, 1997; for review,
see Avise et al., 1987), mainly because of its maternal
inheritance without recombination and high mutation
rate. Also, since the effective population size for
mtDNA is smaller than that for the nuclear genes,
populations are susceptible to the process of mito-
chondrial lineage extinction (Hutchinson et al., 1974;
Brown et al., 1979; DeSalle et al., 1987; Harrison, 1989).
A strict geographical partitioning of mtDNA lineages is
often found in animal species with low or moderate
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dispersal abilities (Lunt et al., 1998; Hanfling & Brandl,
1998; Knoll & Rowell-Rahier, 1998).

In this study, the genetic variation of the land snail
Euhadra peliomphala was analysed using the nucleotide
sequences of mtDNA cytochrome oxidase subunit I
(COI) gene. E. peliomphala is a hermaphrodite land
snail which is widely distributed around the Izu Penin-
sula and the Kanto area, Japan. As this species is
arboreal, populations are likely to be easily isolated
from each other if the habitat is distributed patchily.
Based on the shell morphology, E. peliomphala is
divided into several subspecies. This reflects the exis-
tence of intraspecific geographical variation. However,
because few genetic studies on this particular species
have been reported, and because the regional differences
in morphological characters may not be based on
genetic components (e.g. James, 1983), investigating
the population genetic structure of E. peliomphala using
molecular markers is necessary to resolve the evolution-
ary history of this land snail. In addition, the area
inhabited by E. peliomphala, which lies around the Izu
Peninsula and the Kanto area, has experienced various
tectonic movements and fluctuations of the coastline
since the early Pleistocene. Therefore, it is possible that

(a)

the effects of relatively recent palacogeographical events
might be reflected in mtDNA variation.

We had two general objectives in this study. First, we
examined the spatial distribution of evolutionary lin-
eages of E. peliomphala at the scale of the entire species
range by analysing the mtDNA nucleotide sequence
polymorphism, to determine whether distinct patterns of
distribution are present. Secondly, in conjunction with
palacogeographical data, the dynamics of population
genetic structure were analysed in order to reconstruct
the evolutionary history of this land snail.

Materials and methods

Samples

A total of 165 snails of Euhadra peliomphala were
collected from 82 locations. Sampling of the populations
was designed to cover the entire distribution range of
the species (Fig. 1, Table 1). Forty-three individuals of
E. brandtii from 15 localities were also examined for the
analysis, because this closely related species has contact
with E. peliomphala in its natural habitat (see below).
Other congeneric species and outgroup taxa examined

(b)

28 8‘1
29
33 31o o
% %4
32 30
399 Kanto Plain (b)
36
74 38 ° 305 3;‘
¢ ®°37 ¥
7 108 o 14
> 73 3
BN °
76 75 16 Boso
o eninsula A
79, 2 42 a1 . peninsula 20km /

10km
—
46
*
50 45
*
39
Lake Ashinoko 47
48 °,

Fig. 1 Map showing the sampling localities of the land snails used in this study. The localities inhabited by E. peliomphala,
E. ‘p.” kunoensis and E. brandtii are shown in open circles, filled diamonds, and filled triangles, respectively. Mixed populations of
E. peliomphala and E. ‘p.” kunoensis are shown in asterisks. Locality numbers correspond to Table 1.
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Table 1 Samples used in this study

No Location Haplotype No Location Haplotype
Euhadra peliomphala 65 Toi Town, Shizuoka Pref. Ek14, Ek15
1  Kashiwa City, Chiba Pref. BI15, K2, K9 66 Inazusa, Shimoda City, Shizuoka Pref. S4(2), S5
2 Abiko City, Chiba Pref. K1, K5(2) 67 Shimoda, Shimoda City, Shizuoka Pref. S1(2), S4
3 Tone Town, Ibaraki Pref. B19, B20, B21, 68 Kasono, Shimoda City, Shizuoka Pref. S6, Ek14, Ek17
B27, B28, K2 69 Matsuzaki Town, Shizuoka Pref. S1(2)
4 Sakae Town, Chiba Pref. K5, K9, K10, Eb6 70  Nishiizu Town, Shizuoka Pref. S1, S2(2)
S Nagareyama City, Chiba Pref. K3, K5(2) 71  Toshima Island, Tokyo Pref. S3(2), S4
6  Matsudo City, Chiba Pref. K9, K13 72 Oyama Town, Shizuoka Pref. Ek1
7  Yachiyo City, Chiba Pref. BI1, B20(3) 73 Fujiyoshida City, Yamanashi Pref. N10
8 Inba Village, Chiba Pref. B23, B33 74 Kofu City, Yamanashi Pref. Ekl11, Ek21
9 Usui, Sakura City, Chiba Pref. B2, B29, B31(3) 75 Kamikuishiki Village, Yamanashi Pref. N11, Ek20
10  Takasaki, Sakura City, Chiba Pref. B9, B10, B18(2), B23 76 Mitama Town, Yamanashi Pref. Ek12
11 Shisui Town, Chiba Pref. B23(3) 77 Inzawa, Ichikawadaimon Town, Yamanashi Pref. Ek10
12 Tomisato Town, Chiba Pref. B15(5) 78  Wariishi pass, Ichikawadaimon Town, Ek9, Ek10
13 Chiba City, Chiba Pref. B13, B22, B25, B26 Yamanashi Pref.
14 Yachimata City, Chiba Pref. B11(2), B15 79  Minobu Town, Yamanashi Pref. Ek3
15 Naruto City, Chiba Pref. Bl6, B17, B24 80 Fujinomiya City, Shizuoka Pref. Ek1(2), Ek2,
16 Mobara City, Chiba Pref. K19(2), SB6 Ek18(2)
17  Sodegaura City, Chiba Pref. B26, B30(3), B32 81 Minabe Town, Yamanashi Pref. Ek4(2)
18  Otaki Town, Chiba Pref. B12, B14(2) 82 Mt. Kuno, Shizuoka Pref. Ek19
19  Katsuura City, Chiba Pref. B8 83  Shizuoka City, Shizuoka Pref. EkS5, Ek7, Ek8(2)
20  Kimitsu City, Chiba Pref. B6, B7(2) E brandsii
21 TItaya, Kamogawa City, Chiba Pref. B3, B4, BS . - oL
22 Emi, Kamogawa City, Chiba Pref. SB1(2) 2451 };suklllbf‘k.CIéY’ lbldbr' dk'lkf.) rf;f' £ Egéoz
23 Maruyama Town, Chiba Pref. K18(2) yugasaki City, lbaraki Pref. @)
24 Kyonan Town, Chiba Pref. SB1(2) 86 Azuma Town, Ibaraki Pref. Eb2
25  Tomiura Town, Chiba Pref. SB1 87 SaWara City, Chiba P_ref. Ebl(2)
26 Tateyama City, Chiba Pref. SB3, SB(2), SB5 88  Shimofusa Town, Chiba Pref. Ebégg(=2§5bE3]37
27 Shirahama Town. Chiba Prel, SB2(3) 89 Tagawa, Kawachi Town, Ibaraki Pref. K9, Eb4, EbI(6)
itakawabe Town, Saitama Pref. K5(2) . .
29 Osato Village, Saitama Pref. K7(1) 90 Nak_asong, Kawgchl Town, Ibaraki Pref. Ebl, Eb9
L. - 91 Narita City, Chiba Pref. Ebl(4), Eb8
30  Yoshimi Town, Saitama Pref. K5(3), K7 9 Tako T Chiba Pref Ebl
31 Namegawa Town, Saitama Pref. K5(3) 93 Ya (l)< .ogylr)l', C'tl aClﬁ). Pref Ebl(2). Eb5(4
32 Ogawa Town, Saitama Pref. K17, Ebll o4 T'O.L.l "'HCTI d ll?yi< hl al Pr)e " Eb1(3 ): @
33 Higashichichibu Village, Saitama Pref. K1, K16 ajma 2 own, b ukusiima tret.
34 Minato Ward, Tokyo Pref. K1) 95  Azumi Village, Nagano Pref. Ebl4
35  Koganei City, Tokyo Pref. K1, K4, K5, K8 96  Kakizaki Town, Niigata Pref. Ebl2
; : 97 Hakodate City, Hokkaido Pref. Ebl5
36  Akiruno City, Tokyo Pref. K1(3) Y
37  Hebitaki, Mt. Takao, Tokyo Pref. K11, K14, K15 E. quaesita
38 Hikagesawa, Mt. Takao, Tokyo Pref. K7(1) 98 Tobishima Island, Yamagata Pref.
39  Okutama Town, Tokyo Pref. K7(1) L.
40  Saru Island, Kanagawa Pref. K23, K24 E. latispira .
41 Kamakura City, Kanagawa Pref. K6(2) 99 Mt Hakusan, Ishikawa Pref.
42 Enoshima Island, Kanagawa Pref. K25(2), K26 E. seckenbergiana notoensis
43 Odawara City, Kanagawa Pref. K20(2), K30 100 Suzu City, Ishikawa Pref.
44 Yamakita Town, Kanagawa Pref. Ek1(2)

45 Yumoto, Hakone Town, Kanagawa Pref.
46  Gora, Hakone Town, Kanagawa Pref.

K12, K22, A2, EK22
K5(2), K27, K28,

E. seckenbergiana ibukicola
101 Mt. Ibuki, Shiga Pref.

K29, Ekl E. grata gratoides

47 Manazuru Town, Kanagawa Pref. N7 102 Minehama Village, Akita Pref.
48  Yugawara Town, Kanagawa Pref. NS5 ) )
49  Oshiba, Hakone Town, Kanagawa Pref. A1(2) E. sigeonis
50 Kojiri, Hakone Town, Kanagawa Pref.  A1(3) 103 Hongu Town, Wakayama Pref.
51 Minamigotenba, Gotenba City, Ekl, Ek16 E. coa eoa

Shizuoka Pref. . 104 Kawazu Town, Shizuoka Pref.
52 Osaka, Gotenba City, Shizuoka Pref. Ek1(4)
53 Susono City, Shizuoka Pref. Ek1(2), Ek13 E. eoa communisiformis
54  Kannami Town, Shizuoka Pref. N6, N7 105 Mt. Kasuga, Nara Pref.
55 Kinomiya, Atami City, Shizuoka Pref. N2 . .
56 Taga, Atami City, Shizuoka Pref. A3 foglnﬁ/tlaé—};ﬁlalfm%zky o Pref
57  Ajiro, Atami City, Shizuoka Pref. N7 ’ ’ ’
58  Ohito Town, Shizuoka Pref. NI E. amaliae amaliae
59  Shuzenji Town, Shizuoka Pref. K21(2) 107 Mikkabi Town, Shizuoka Pref.
60 Ito City, Shizuoka Pref. N9 Aegista inexpectata
61  Numazu City, Shizuoka Pref. Ek6, Ek8(2) N
62 Heda Village, Shizuoka Pref. N3, N4(2) 108 M. Ishiimaki, Aichi Pref.
63  Amagiyugashima Town, Shizuoka Pref.  N8(2) A. scepasma
64  Higashiizu Town, Shzizuoka Pref. Ek17(2) 109 Kunigami Village, Okinawa Pref.

B, K, A, N, and S correspond to the clades within E. peliomphala and Eb corresponds to E. brandtii clade in Fig. 3. Numbers within parentheses next to the
haplotypes represent the numbers of the haplotypes observed. Haplotypes with no parentheses represent that only one haplotype was found in the collection site.
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are shown in Table 1. The identification of E. peliomp-
hala, E. ‘p.” kunoensis, and E. brandtii was based on their
characteristic shell morphology. All the other species or
subspecies used in this study were identified by their
conchological and anatomical features. The gonads or
hepatopancreas were dissected from each snail and kept
frozen at —80°C before use in the experiments.

DNA extraction, amplification and sequencing

The standard protocols for the DNA experiments were
carried out as described in Sambrook ez al. (1989) with
some modifications. For extraction of total genomic DNA,
the frozen tissue was homogenized in the homogeni-
zation buffer (10 mm Tris-Cl, pH 7.5; 100 mm EDTA,
pH 7.5) and 1/25 volume of 20% SDS was added to the
homogenate to lyse the cells, followed by the phenol/
chloroform extraction. Then, the DNA was ethanol
precipitated and was rinsed with 70% ethanol. After
drying the DNA pellet, it was resuspended in 350 uL TE
buffer [10 mm Tris-Cl (pH 7.5); 1 mm EDTA (pH 7.5)].
The solution of extracted DNA was further purified by
incubation at 65°C for 30 min with 1/2 volume of
CTAB/RNase buffer [2 m NaCl; 3% CTAB (Hexadecyl
trimethyl ammonium bromide); 10 ug mL™"' RnaseA].
Further cycles of the phenol/chloroform extraction and
ethanol precipitation were carried out in succession. The
total genomic DNA was resuspended in 200-350 uL
TE buffer, and the final concentrations of the DNA
solutions were approximately 0.1 ug uL'. The mtCOI
fragment was amplified with the polymerase chain
reaction (PCR) method using degenerate primers, which
were constructed based on the published amino acid
sequences of other metazoans. The primers were: COI-7
(5-ACN AAY CAY AAR GAY ATY GGN AC-3),
and COI-6R (5-TCN GGR TAR TCN SWR TAN
CGN CG-3’). The PCR was conducted using the
following protocol: 1 min at 94°C (initial denaturation)
and 30 cycles of 30 s at 94°C (denaturation), 1 min at
45°C (annealing), and 2 min at 72°C (extension). An
additional extension of 2 min followed after the 30
cycles. The 20 uL of reaction solution contained 0.5 uL
template DNA, 16 pmol primers, 1.6 uL dNTP mixture,
5 uL 10x ExTaq buffer and 2.5 units ExTaq polymerase
(Takara). The amplified 1.3 kbp fragment was gel-
purified with Prep-A-Gene DNA purification systems
(Bio-Rad), according to the supplier’s recommendation,
and was used as template DNA for the sequencing
reaction. Sequences were determined by the dideoxy
chain-termination method (Sanger et al., 1977) using
ABI Prism BigDye Terminator Cycle Sequencing Ready
Reaction Kit (Applied Biosystems) or Thermo sequen-
ase dye terminator cycle sequencing premix kit v2.0
(Amersham) following the manufacturer’s recommen-
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dations. The primers used for the sequencing reactions
were: COI-20 (5-YTN TTY GGN GTN TGR TGY
GG-3’), and COI-DR (5-TCN GGR TGN CCR AAR
AAY CAR AA-3"). Nucleotide sequences of 560 bp
were determined directly in both strands by an ABI 377
automated sequencer (Perkin—Elmer).

The nucleotide sequence data reported in this paper
will appear in the DDBJ/EMBL/GenBank nucleotide
sequence databases with the accession numbers from
AB024764 to AB024900.

Data analysis

The sequences obtained were aligned by using the
computer software crLustaL w (Thompson et al.,
1994), and the alignment data were transported into
the pHYLIP v3.572¢ package (Felsenstein, 1989). Nucleo-
tide distances (substitutions per site) were calculated
using the DNADIST program of PHYLIP, under the assump-
tions of the Kimura two-parameter model (Kimura,
1980). Neighbor-Joining (Saitou & Nei, 1987) trees were
constructed and visualized using the NEIGHBOUR pro-
gram of PHYLIP, and DENDROMAKER V4.1 for Macintosh
(Imanishi, 1998), respectively. In order to test the
reliability of the trees thus obtained, 1000 bootstrap
resamplings were performed with the SEQBOOT program
of PHYLIP.

The expected values of the nucleotide pairwise differ-
ence distributions were calculated using equation (4) of
Rogers & Harpending (1992) using the pNasp v3.0
program (Rozas & Rozas, 1999). By setting 0; (0 after
the population growth) as infinite, 0, (0 before the
population growth) and 7t were estimated using the
method of Rogers (1995), where 0 is the expected
pairwise difference, and 7 is the mutational timescale
(see Rogers & Harpending, 1992).

To detect isolation-by-distance, the associations be-
tween geographical distances and genetic distances were
tested using regression analysis. The data for genetic
distances calculated in the phylogenetical analysis were
also applied in this test. Geographical distances were
measured from a 1:250 000-scale map.

Results

Phylogenetic relationships within
the genus Euhadra

Before investigating the population genetic structure of
E. peliomphala, we first examined the phylogenetic
position of E. peliomphala within the genus Euhadra.
The phylogeny of the Euhadra species has been
constructed previously based only on shell morphology
(Kuroda & Teramachi, 1937), and thus molecular
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Fig. 2 Neighbor-joining tree sum-
marizing the genetic relationships among
species of genus Euhadra based on
mtCOI sequences. Numbers on branches
represent the percentage of the bootstrap
values above 50%. Six samples of
E. peliomphala are boxed. A. inexpectata
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confirmation was needed. To reconstruct the species-
level relationships of the genus Euhadra, a phylogenetic
analysis of the mtCOI gene sequence for several species
of Euhadra (including six samples of E. peliomphala
from throughout species’ range) was performed using
two species of the genus Aegista as an outgroup
(Fig. 2). In the current taxonomy of the family
Bradybaenidae, Euhadra and Aegista are classified as
being in the same subfamily, Aegistinae, based on their
genital features. Thus, Aegista is an appropriate
outgroup for FEuhadra. The topology of the tree
constructed using the Neighbor-Joining (NJ) method
was identical to the Maximum-Parsimony (MP) tree
(data not shown). The dendrogram showed that
E. peliomphala was divided into two distinct clades.
Five out of six samples formed a monophyletic cluster.
The monophyly of these clades were supported by high
bootstrap values (99.8%). Surprisingly, E. ‘peliomphala’
kunoensis clustered with the distinct species E. brandtii,
although E. ‘p.” kunoensis has been regarded as a
subspecies of E. peliomphala. Also, E. amaliae amaliae
and E. amaliae callizona were placed between
E. peliomphala and E. ‘p.” kunoensis. Therefore, in this
study, we decided to treat E. ‘peliomphala’ kunoensis as
a distinct species.

Phylogeographic analysis of E. peliomphala

The NJ tree based on populations of E. peliomphala
from throughout its range is shown in Fig. 3. Some
populations of E. ‘p.” kunoensis and E. brandtii were also
analysed in the same tree. The tree was separated into
two lineages, one representing E. peliomphala and the
other E. ‘p.” kunoensis and E. brandtii.

0

and A. scepasma are used as outgroups.

Within the mtDNA lineages of E. peliomphala, there
were five distinct monophyletic subclades, which had
high levels of intraspecific nucleotide differences (up to
13.1% in Kimura’s distance). The monophyly of these
clades were strongly supported by the high bootstrap
values (100, 97.2, 96.1, 100, and 100%, Fig. 3), and the
general topology was identical to that of the MP tree
(data not shown).

These five genetic groups in E. peliomphala are
strongly patterned geographically in five separate areas:
the Boso Peninsula, the Kanto Plain, around Lake
Ashinoko, the Northern Izu Peninsula, and the South-
ern Izu Peninsula. According to the name of the five
areas, we designated the five mt-lineages (haplotype
groups) as B, K, A, N, and S, respectively, with some
exceptional localities, 16, 23, 56, 59, 73, and 75 (Figs 1,
3, 4, Table 1).

Interestingly, populations of E. peliomphala in the
Southern Boso Peninsula were clustered within a mono-
phyletic clade of a distinct species, E. brandtii. They are
designated as SB in Figs 3 and 4. The existence of such
unusual haplotypes may reflect evolutionary interac-
tions between E. peliomphala and E. brandtii in the past
(see Discussion).

Regression analysis between geographical
and genetic distance

In order to understand the recent history of each haplo-
type, isolation-by-distance was tested in each group of
haplotypes by regression analysis between geographical
and genetic distances (Table 2). A significant positive
slope of genetic distance against geographical distance
indicates the dominance of isolation-by-distance. As
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Fig. 3 Neighbor-joining tree showing the genetic relationships among haplotypes of E. peliomphala and E. brandtii obtained from
analysis of mtCOI sequences. Numbers on branches represent the percentage of the bootstrap values above 70%. Numbers in
parentheses represent localities at which haplotypes were detected. Haplotypes and numbers of localities correspond to Table 1. For
clarity of the tree, basically one individual per one locality except all of the haplotypes K are used.
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kunoensis
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Fig. 4 Distributions of the haplotypes
which correspond to Fig. 3.

Table 2 Regressions between genetic and geographical
distances

Haplotype n R?

B 55 0.054
K 55 0.057
K + isolated area* 66 0.097
N 13 0.219
N + isolated area** 15 0.553
S 12 0.014

R? represents the correlation coefficients of the regressions.
* populations 16, 23, 59; ** populations 73 and 75.

isolation-by-distance assumes the genetic properties of a
continuous population (Wright, 1946), populations
located outside the main distributions of each haplotype
(i.e. populations 16, 23, 59, 73, and 75) or populations
collected from islands (i.e. populations 40, 42, and 71)
were disregarded. Haplotypes of the B (n=155), K
(n=155), and S (n=12) lineages revealed, in each case,
that there was weak correlation between the two
distances (R*>=0.054, 0.057, and 0.014, respectively;
Table 2). Two explanations are possible for this pattern.
Either the range expansion of these haplotypes has

occurred so recently that mutations have not yet
accumulated, or the correlations between the two dis-
tances might have been disrupted because mutation has
become saturated. However, haplotypes of the N lineage
appeared to show a positive relationship (R*=0.219,
Table 2).

We also tested isolation-by-distance of haplotypes
K and N, but now including the isolated areas
previously excluded because exclusion of these areas
may have hidden the evidence of geographical patterns
(Table 2). R? increased from 0.057 to 0.097 for
haplotypes K and from 0.219 to 0.533 for the
Northern Izu haplotype.

[Another haplotype, A, was not dealt with in this and
in the next analysis, because the number of samples
collected in this study was too small (n=75).]

Pairwise difference distributions

We investigated the population genetic dynamics further
by examining the distribution of sequence differences
between all possible pairs of the four major mt-lineages
(i.e. B, K, N, and S) (Fig. 5). If an observed distribution
of pairwise differences is close to a Poisson curve, this
may indicate a population that has been growing
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exponentially in size (Slatkin & Hudson, 1991). How-
ever, a unimodal distribution of pairwise differences
may also be the consequence of selection (Di Rienzo &
Wilson, 1991).

The haplotypes of the B lineage reveal a clear
unimodal distribution, which has high similarity with
the expected pattern (Fig. 5a). The haplotypes of the
K lineage show a bimodal distribution of sequence
differences (Fig. 5d). A bimodal distribution usually
implies that each peak reflects the pairwise nucleotide
difference, respectively, within and between the differ-
ent lineages. Based on the phylogenetic relationships
among haplotypes, the K lineage can be divided into
two groups in the phylogenetic tree (Fig. 3). One
consists of a single monophyletic clade with small
differentiation (group 1), and the other is the remain-
der with rather high differentiation (group 2). The left
mode in the histogram shown in Fig. 5(d) represents
mainly the distribution of pairwise differences within
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Nucleotide differences

group 1 (Fig. 5e), and the right mode is derived from
the differences between the rest of the pairs in the K
lineage (Fig. 5f). The left mode also seems to fit to
the expected pattern.

On the other hand, the haplotypes of the N lincage
showed a different pattern, with many modes
(Fig. 5b), which appears not to fit to the estimated
curve. The haplotypes of S lineage showed a unimodal
pattern, but also seems to disagree with the expected
values.

Interspecific mtDNA introgressions
between E. peliomphala and E. brandtii

In the contact zone of E. peliomphala and E. brandltii, we
detected interspecific mtDNA introgression in two
individuals (Table 1). One individual in population 4
(n=4) had mtDNA which belonging to E. brandtii
lineages, although the morphology of the shell showed
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the prominent E. peliomphala type. On the other hand,
in population 89 (n=8) there was one snail which
possessed the mtDNA of the E. peliomphala haplotype
in spite of having the morphological phenotype of
E. brandtii.

Discussion

The geography of the mtDNA variation

A strongly structured phylogenetic topology is demon-
strated by our survey of mtDNA diversity of the land
snail E. peliomphala (Fig. 3). One of the most striking
features is the presence of five distinct clades. In
addition, each clade shows spatial clustering, being
distributed into the five primary geographical regions
(Fig. 4). This pattern of population genetic structure
indicates the existence of long-term extrinsic (e.g.
zoogeographical) barriers to gene flow. While no such
barriers at the border of each lineage are likely to exist
now, they might have prevented the movement of land
snails in the past.

Two million years ago (Ma), the Kanto Plain and the
northern part of the Boso Peninsula, where lincages B
and K are in contact, were under the sea. Around the
same time, however, there was a landbridge between the
southern part of the Boso area and mainland of Japan
(Fig. 6a, Fujita et al., 1986). This landbridge disap-
peared following rising sea level in the early to middle
Pleistocene (2.0-0.14 Ma) (Fig. 6b, Fujita et al., 1986)
and the Southern Boso area became an island. The land
snails that migrated into the Southern Boso area were
highly likely to be isolated in the island after this
landbridge disappeared, making gene flow between the
Boso and the Kanto regions impossible. This barrier
seems to correspond to the border between the major
distribution ranges of the haplotypes B and K.

During the same epoch, in middle Pleistocene times
(0.7-0.14 Ma), volcanoes became highly active in the
northern part of the Izu Peninsula (Fig. 6b, Kurasawa,
1972). As a result, the land snails that inhabited these
regions might have died out and their distribution range
would have retreated into volcanic refugia surrounded
by uninhabitable areas. Moreover, the volcanoes had a
ring-like distribution at that time. If the volcanoes
worked as effective barriers to gene flow, the distribution
of E. peliomphala would have been divided into three
geographical areas, namely the Northern Izu Peninsula,
the Southern Izu Peninsula, and the area east to the Izu
Peninsula. These three areas are consistent with the
distributions of the haplotypes of A + N, S, and the K
lineage, respectively (Fig. 4).

A population genetic structure influenced by volcanic
activities was also reported in Drosophila silvestris,
which is endemic to Hawaii (Carson et al., 1990).
Carson et al. (1990) argued that volcanic activity in
Hawaii not only formed the islands upon which life
could diversify, but may also have played a direct role in
the acceleration of evolutionary processes as they
operate in local populations. This parallels our case of
land snails, because volcanic activities appear to have
affected the lineage extinction and movements of
E. peliomphala.

Thus, the disappearance of the land bridge which
connected the Southern Boso area to the mainland of
Japan, and volcanic activity in the Izu Peninsula during
the middle Pleistocene (0.7-0.14 Ma) were likely re-
sponsible for dividing the habitat into four regions, now
reflected in the distributions of the haplotypes B, K,
A + N, and S.

However, there are several populations that are
located outside the main distribution of each haplotype
(populations 16, 23, 56, 59, 73, and 75). This unusual
distribution of haplotypes suggests (i) vestiges of the

(c) 20,000 BP

(a) 2 Ma (b) 0.5 Ma

\ o

kunoensis

Fig. 6 Palacogeographic maps around Izu and Kanto area, Japan, and the hypothesis for the ancient movement of E. peliomphala
and E. brandtii. Coastlines are shown in bold lines. The present coastline is shown in a narrow line. The black area represents the
distributions of the volcanic activities. The range of E. peliomphala is shown in striped zone, and that of E. brandtii is shown in
shaded zone. Arrows in (c) show the postglacial movement of the land snails.
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past distribution of the haplotypes and/or (ii) the result
of human dispersal. As this species usually inhabits
urban areas, passive human transport is possible.

Because the period of isolation was too short to
generate the distinct mt-lineages that we observe (espe-
cially lineages S, N and A), we propose that each lineage
existed in a polymorphic state throughout its range
before the appearance of the barriers to gene flow. When
populations were divided, the effective population size
of each subpopulation got smaller, and this resulted in
genetic drift. As a result, genetic variation was lost in
each area.

Although the effective barriers to gene flow explains
the population genetic structure in E. peliomphala
revealed in this study, we cannot tell whether this
pattern was common in other sympatric species. Addi-
tional phylogeographical data on the other animals
occurring around the Izu and Kanto area requires
further examination.

Fluctuation in population size

This study demonstrated the lack of isolation-by-
distance, i.e. a negligible correlation between genetic
and geographical distances (Table 2), and the similarity
between observed and expected distributions of the
pairwise nucleotide differences in the Boso haplotype
and in group 1 of the Kanto haplotype (Figs 5a, Se).
The results of these two analyses suggest that haplotypes
B and K experienced a major recent expansion of their
distributions.

From a palaeogeographical point of view, these
results appear very reasonable. The Northern Boso
Peninsula and the Kanto Plain became exposed as land
during the Last Glacial Age (50 000—18 000 Bp). After
the end of the Last Glacial Age, there was a vegetational
transition from coniferous forests into broad-leaved
forests, accompanied by a rise in temperature at about
17 000—12 000 Bp (Inada et al., 1998). Because E. peli-
omphala is an arboreal species that never lives in
coniferous trees, the vast stretch of the newly opened
area in the Kanto Plain and the Northern Boso area
became suitable for colonization only after the veget-
ational transition. As a result, the movement of the
founders northward into the new habitat should have
occurred in the last 17 000—12 000 years. It is notewor-
thy that most of the snails with B and group 1 of the K
haplotypes are distributed in the newly opened area,
which was under the sea until comparatively recently.

Tokyo Bay also rose above sea level (Fig. 9¢) during
the Last Glacial Maximum (=20 000 Bp). Therefore, it
would have been possible for the land snails to move
into or out of the Southern Boso area across Tokyo Bay.
However, the vegetation around the Kanto Plain and
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the Northern Boso Peninsula at that time was mainly
coniferous forest (Inada et al., 1998), which E. peliomp-
hala avoid. Also, with an average temperature about
7-8°C lower than present (Saito, 1998), it was unlikely
that the arboreal land snails would have been able to
travel such a long distance during the ice age. On the
other hand, pollen analysis has shown that the glossy-
leaved forests, favoured by E. peliomphala, were present
in the Southern Boso area even during the glacial age
(Inada et al., 1998). It is likely that the movements of
land snails in the Southern Boso area were restricted to
within the glossy-leaved forests. When the temperature
rose after the end of the Last Glacial Age, Tokyo Bay
was re-invaded by the sea, making it impossible for land
snails to move directly across it.

It is likely that when the Kanto plain became suitable
for inhabitation after the end of the Last Glacial Age,
E. peliomphala expanded northwards and E. brandtii
southwards into new habitat. As a result, both of the
species encountered each other around the Tonegawa
River, the current contact zone.

‘Past’ and ‘present’ hybridization
between E. peliomphala and E. brandtii

We detected mtDNA introgression between E. peliomp-
hala and E. brandtii at the contact zone between the
species (populations 4, 89, and also 32; Fig. 8, Table 1).
Interspecific mitochondrial gene flow via hybridization
has been reported in various groups of animals (Ferris
et al., 1983; Spolsky & Uzzell, 1984; Carr et al., 1986;
Lamb & Avise, 1986; Solignac & Monnerot, 1986;
Nelson et al., 1987; Lehman et al., 1991). Our studies
indicate that there are also ongoing interspecific hybrid-
ization events between E. peliomphala and E. brandtii.
The existence of individuals with shell morphology
intermediate between those of E. peliomphala and
E. brandtii in the same area (data not shown) also
supports the idea that the species are hybridizing.

The unusual population of E. peliomphala in the
Southern Boso area, which has the mtDNA haplotypes
of E. brandtii (SB haplotype), should also be regarded as
another example of the interspecific mtDNA introgres-
sion from E. brandtii to E. peliomphala. As this area is
inhabited exclusively by E. peliomphala, recent contact
between these two species in this area is impossible.

The most plausible explanation for the presence of the
SB haplotypes in this population is that they are the
remnants of past hybridizations. According to this
hypothesis, E. brandtii may have been more widely
distributed in the south during the early Pleistocene.
E. brandtii would have invaded into the Southern Boso
area via the landbridge and hybridization with
E. peliomphala and subsequent mtDNA introgression
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taken place. After the disappearance of the landbridge,
E. brandtii may have become extinct in the Southern
Boso area but the introgressed mtDNA was maintained
in the remaining E. peliomphala populations. As animal
mitochondria are generally inherited maternally and
clonally, evidence for such hybridizations will remain as
long as maternal lineages survive. Consequently,
mtDNA analysis can reveal vestiges of hybridization
even after one of the two species have become extinct in
a hybrid zone (Harrison, 1989).

The alternative explanation is that snails in the
Southern Boso (SB) area may, in reality, be E. brandtii.
E. peliomphala can be distinguished from E. brandtii by
different shell shape, size, characteristic colour pattern,
and diagnostic radial variegation. The Southern Boso
population can be identified clearly as E. peliomphala
based on these features. The alternative hypothesis
requires convergent evolution in all of these features.
Although E. brandtii shows a wide range of shell
variation, a phenotype such as that found in the
Southern Boso population has not been seen in
the distribution range. In addition, the shell features of
the Southern Boso population show the characteristic
pattern of the E. peliomphala inhabiting Boso peninsula.
It is thus more plausible that these snails are
E. peliomphala but with E. brandtii -type mtDNA.

Genetical interactions between E. 'p.” kunoensis
and E. peliomphala

In the current taxonomy, E. ‘p.” kunoensis is separated
from E. peliomphala by having wider whorls (Masuda &
Habe, 1989). Although the shell whorls of E. p.
kunoensis inhabiting the western area, including the
type locality, are distinctly wider than those of
E. peliomphala, some intermediate forms do appear in
other areas. Our finding that E. ‘p.” kunoensis is
genetically and phylogenetically divergent from
E. peliomphala provides a new and objective marker
for separating these taxa. As they cannot be distin-
guished clearly by morphology, we tentatively identified
E. ‘p.’ kunoensis by the mt-genotype. It was an
unexpected finding that there are several mixed popu-
lations of E. ‘p.” kunoensis and E. peliomphala haplo-
types at the border (populations 45 and 46) and that
some snails with E. ‘p.” kunoensis haplotypes occur
within the range of E. peliomphala. These observations
suggest hybridization between the two taxa.

Another unexpected finding was the close phyloge-
netic affinity of E. ‘p.” kunoensis with E. brandtii rather
than with E. peliomphala. Although the distribution
ranges of E. p.” kunoensis and E. brandtii are not in
contact, the mt-phylogeny (Fig. 2) indicates their evo-
lutionary affinity. Our data suggest that E. ‘p.’ kunoensis

is either a sister taxon of E. brandtii or a subspecies of
E. peliomphala with brandti-mtDNA, due to a past
introgressive hybridization. In the former case, the
morphological similarity between E. ‘p.” kunoensis and
E. peliomphala must be a result of convergence. In order
to understand the genetic interaction and the taxonomic
position of E. ‘p.” kunoensis in more detail, further
studies should be carried out using different nuclear
molecular markers.
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