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Abstract To investigate the phylogeography of the
Japanese pale chub Opsariichthys platypus, we exam-
ined the genetic differentiation, phylogenetic relation-
ships, and historical demography using mitochondrial
cytochrome b gene sequences of 788 O. platypus from
124 localities throughout the Japanese Archipelago.
Molecular phylogenetic analyses revealed that Japanese
O. platypus is divided into three major clades (western
Japan: WJ; eastern Japan: EJ; and Kyushu: KY), and
that among these clades, KY is remarkably differenti-
ated from the others. The distribution of the EJ and KY
clades clearly reflects their respective geographical
ranges: the EJ and KY clades are restricted to the
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eastern region of the Ibuki—Suzuka Mountains in central
Honshu and northern Kyushu, respectively. In contrast
to the EJ and KY clades, the WJ clade is widely dis-
tributed throughout the Japanese Archipelago, including
areas where O. platypus is not naturally distributed
(e.g., northern part of Honshu, southern Kyushu, and
Tokunoshima). In addition, nearly all the WJ haplotypes
in the non-indigenous regions were the same as or
similar to the haplotypes in Lake Biwa, and the WIJ]
haplotypes in the distribution ranges of the EJ and KY
clades were also same as or similar to those of Lake
Biwa, indicating that the distribution of WJ clade had
been the result of inadvertent releases in conjunction
with releases of Plecoglossus altivelis from Lake Biwa.
The estimated divergence time indicated that each clade
was formed during or before the Pleistocene, and mis-
match distribution test suggested the occurrence of the
population expansion in three clades and the time since
expansion was 120,000-226,000 years. This study
demonstrates that O. platypus exhibits clear genetic
differentiation among regional populations, and that
range expansion following divergence caused by
uplifting of mountains is important for distribution and
genetic structuring of O. platypus. In addition, artificial
introductions of non-indigenous populations have pro-
ceeded throughout the Japanese Archipelago, indicating
ongoing loss of the genetic features due to introductions
or introgression. Further efforts should be made toward
a comprehensive understanding of the current state of
introductions of non-indigenous O. platypus populations
and the potential influence of invasive populations,
including loss of genetic diversity.

Keywords Biogeography - Invasion - Cyprinidae -
Cytochrome b - Pale chub
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Introduction

The Japanese Archipelago extends approximately 3000 km
from north to south and consists of four major islands and
many small islands (Fig. 1). The geography and climate of
the archipelago varies widely from subarctic to subtropical
(Biodiversity Center of Japan 2010). The many straits and
mountain ranges, which began forming and/or uplifting
during the Pliocene—early Pleistocene (Yonekura et al. 2001;

Machida et al. 2001, 2006), serve as long-term biogeo-
graphical barriers to migration and dispersal of animals and
plants. These variations in geography and climate, including
periodic glacial-interglacial cycles, have played important
roles in creating regional faunas and floras and high levels of
biodiversity within the archipelago (e.g., Oba 1994; Millien-
Parra and Jaeger 1999; Ota 2000). Studies of the geographic
patterns of genetic features have also offered insights into
the roles of complex geographic history in rich biodiversity
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Fig. 1 a Sampling localities of Opsariichthys platypus in Japan. Detailed information on each locality is shown in ESM Table S1. b The
assumed natural range of O. platypus before 1912. This map is cited from Mizuguchi (1990)
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and high levels of endemism in the archipelago (e.g.,
mammals: Ohnishi et al. 2009; Nunome et al. 2010;
amphibians: Nishizawa et al. 2011; Honda et al. 2012;
Tominaga et al. 2013; arthropods: Koizumi et al. 2012;
Schoville et al. 2013; Suzuki et al. 2014).

Freshwater fish faunas are strongly affected by geogra-
phy, climate, and historical processes. Several Japanese fish
species, for example, exhibit high genetic fragmentation or
divergence associated with geography, even at small spatial
scales (e.g., Takehana et al. 2003; Watanabe and Mori
2008; Tominaga et al. 2009, 2016), reflecting historical
geographic events within the Japanese Archipelago. In
addition, low altitude areas within the Japanese Archipelago
were never covered by ice during glacial periods (Yonekura
et al. 2001), and, in consequence, the primary freshwater
fish fauna has developed continuously since the archipelago
was formed (Watanabe et al. 2006). Therefore, studies
focused on the biogeography and/or phylogeography of
freshwater fish can provide valuable insights into the his-
torical processes responsible for the high levels of ende-
mism and biodiversity within the archipelago. However,
although phylogeographic studies have been conducted on
several fish species, for example Lefua echigonia (Saka
et al. 2003), Misgurnus anguillicaudatus (Morishima et al.
2008), Cobitis biwae (Kitagawa et al. 2003), Pseudogobio
esocinus (Tominaga et al. 2016), Oryzias latipes (Matsuda
et al. 1997; Takehana et al. 2003), Lethenteron spp. (Ya-
mazaki et al. 2003), Liobagrus reinii (Nakagawa et al.
2016), Hemigrammocypris rasborella (Watanabe et al.
2014), Cyprinus carpio (Mabuchi et al. 2008), Biwia zezera
(Watanabe et al. 2010b), Niwaella delicata (Kitagawa et al.
2001), and Gnathopogon elongatus (Kakioka et al. 2013),
the observed phylogeographic patterns of these species
were not concordant. For instance, some studies revealed
that large genetic divergence could be attributed to the
uplifting of the Fossa Magna (e.g., Kitagawa et al. 2003;
Saka et al. 2003; Mabuchi et al. 2008; Nakagawa et al.
2016), while others did not show similar divergence pattern
(e.g., Matsuda et al. 1997; Takehana et al. 2003; Morishima
et al. 2008). In addition, the Ibuki—Suzuka Mountains could
be a primary factor for genetic divergence in some species
(e.g., Watanabe et al. 2010b, 2014), but not in others (e.g.,
Kitagawa et al. 2001; Kakioka et al. 2013; Nakagawa et al.
2016). These facts suggest that general pattern of genetic
divergence and their relation to geographical patterns have
not been well understood. Thus, further study is needed to
understand the geographical factors underlying the forma-
tion of the Japanese freshwater fish fauna.

The pale chub Opsariichthys platypus (formerly called
Zacco platypus in many literatures) is a cyprinid fish dis-
tributed in East Asia, including China, Korea, and Japan,
and one of the most common freshwater fish in this area. In
Japan, O. platypus is found in temperate rivers in the
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western region of Japan (Kyushu, Shikoku, and western
part of Honshu) and is one of the most common species in
this region (Hosoya 2013). Such a wide distribution may
indicate that their genetic variation reflects historical geo-
graphic events throughout the Japanese archipelago, and,
thus, a study of its genetic structure provides good oppor-
tunities for investigating the processes by which freshwater
fish faunas have been established within the Japanese
Archipelago. However, genetic divergence and its geo-
graphical variation have never been studied in this species,
and phylogeographic pattern is not known. In addition, the
range of O. platypus has expanded across the whole of
Japan, probably due to inadvertent releases in conjunction
with releases of Plecoglossus altivelis from Lake Biwa,
which have been conducted since 1924, as well as subse-
quent releases of such introduced O. platypus to other
rivers for fisheries improvement and angling (Fig. 1b;
Mizuguchi 1990). As a result, the range of O. platypus now
includes northern Honshu and Hokkaido (Mizuguchi
1990). Such anthropogenic introductions, as well as a lack
of information on phylogenetic relationships, have ham-
pered the efforts to clarify the process by which genetic
divergences were geographically constructed.

In this study, we examined the genetic differentiation,
phylogenetic relationships, and historical demography of
O. platypus using mitochondrial cytochrome b (cyt b) gene
sequences to investigate the detailed phylogeography and
genetic relationships among O. platypus populations
throughout Japan, and to understand their relationship with
the geological history of the Japanese Archipelago.

Materials and methods

Sample collection. Using hand nets, casting nets, and
fishing cages, we collected 788 specimens of Opsariichthys
platypus from 124 localities between 2006 and 2009,
covering its whole range in the Japanese Archipelago
(Fig. 1). Fin samples or whole body samples were pre-
served in 99 % ethanol.

DNA extraction, amplification, and alignment. Total
genomic DNA was extracted from skeletal muscle samples
or fin samples using a DNeasy Blood & Tissue Kit (QIA-
GEN, Venlo, Netherlands), a High Pure PCR Template
Preparation Kit (Roche Diagnostic, Basel, Switzerland), or
a ChargeSwitch gDNA Mini Tissue Kit (Life Technolo-
gies, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Total genomic DNA was used to amplify
DNA fragments by polymerase chain reaction (PCR). For
PCR amplification of cyt b, the following primers were
used: L14690-Cb-AH, 5'-GGT CAT AAT TCT TGC TCG
GA-3’, and H15913-Thr-AH, 5-CCG ATC TTC GGA
TTA CAA GAC CG-3'. The PCR was carried out using an
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automated thermal cycler (2720 Thermal Cycler; Applied
Biosystems, Foster City, CA, USA) in 10 pl of the reaction
mixture containing 0.625 units of Taq polymerase
(TaKaRa Ex Taq; TaKaRa, Otsu, Japan), 0.125 uM of each
primer, 0.25 mM dNTP, 2.0 pl of Crimson Taq Reaction
Buffer (New England Biolabs, Ipswich, MA, USA), and
1.0 pl of genomic DNA as a template. The thermal con-
ditions were as follows: initial denaturation for 1 min at
95 °C, 30 cycles of incubation for 1 min at 95 °C, 1 min at
55 °C, and 2 min at 72 °C, and hold at 10 °C. The PCR
products were purified using an Exo SAP-IT Kit (GE
Healthcare, Buckinghamshire, England). The purified DNA
products were directly sequenced using the ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction Kit
ver. 3.1 in an ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems). The sequence data of 1004 bp of partial cyt-
b were aligned with CLUSTAL X ver. 2.0 (Larkin et al.
2007) to identify nucleotide variations and defining hap-
lotypes. We also used sequence data from the DNA data-
bank  DDBIJ/EMBL/GenBank [accession  number:
AB198972 in Sasaki et al. 2007; Electronic Supplementary
Material (ESM) Table S1].

Phylogenetic analyses and estimating divergence time.
Phylogenetic analyses were performed by the neighbor-
joining (NJ) and maximum likelihood (ML) methods
implemented in MEGA 6 (Tamura et al. 2013). The p-
distance was used in the NJ analysis. Prior to the ML
phylogenetic estimation, the best nucleotide substitution
model was evaluated using MEGA 6, and the
GTR + G + I model was selected based on corrected
Akaike information criterion (AICc) scores. Detailed
information about the samples is provided in ESM
Table S1. The robustness of the nodes on each tree was
assessed by generating 1000 bootstrap replicates. For
phylogenetic analysis, the following sequences of the same
or related species were used as outgroups: Chinese “O.
platypus” (accession numbers and sample ID: AY245029,
XIA39-1; AY245067, CHIS3-1; AY245062, LI20-1;
AY245057, YU25-1; Perdices et al. 2004; KP101036,
NRMT3590; KP101038, NRMT3095; KP101019, NRM
T3531; KP101023, NRMT3216; KP101025, NRMT3714;
KP101029, NRMT3154; KP101032, NRMT3674; KP1
01044, NRMT3029; KP101045, NRMT3030; KP101058,
NRMT3996; KP101062, NRMT3421, KP101069, NRM
T3921; Perdices and Coelho 2006), O. uncirostris uncir-
ostris (collected for this study from Anegawa River,
Nagahama, Shiga; accession number: LC021312), Candida
sieboldii  (from Usogawa River, Hikone, Shiga;
LC021311), C. temminckii (from Adogawa River, Taka-
shima, Shiga; LCO021310), and Aphyocypris chinensis
(AB218688; Saitoh et al. 2006), referring to Saitoh et al.
(2011) and Hosoya (2013) . The lack of the nucleotides in
some cited data were treated as missing data.

A minimum spanning network was constructed using
Arlequin ver. 3.5 (Excoffier and Lischer 2010) and Hapstar
(Teacher and Griffiths 2011) to assess the phylogenetic
relationships among the observed haplotypes. Haplotype
and nucleotide diversities at each sampling site were cal-
culated using Arlequin.

The divergence times of each major clade of O. platypus
were estimated by a Bayesian estimation method imple-
mented in BEAST ver. 1.8.1 (Drummond and Rambaut
2007). In this analysis, the same dataset was used for the
NJ and ML analyses except for the sequences in Perdices
and Coelho (2006) due to their short length (940 bp). A
commonly used mutation rate for cyprinid fish (i.e.,
0.76 %/Myr/lineage; Zardoya and Doadrio 1999) and
TN93 + G model selected by the Bayesian information
criterion (BIC) in MEGA were adopted. The Yule process
was used as the tree prior and we adopted the uncorrelated
lognormal relaxed clock. Markov-chain Monte Carlo
(MCMC) simulations were run for 40 million generations,
sampling every 1,000 generations with the first 10 % of
generations discarded as burn-in. We performed two
independent runs and the results of these runs were com-
bined using LogCombiner ver. 1.8.1, and the summary
statistics of the estimated parameters were visualized using
Tracer ver. 1.6 (Rambaut et al. 2014)

Demographic and genetic structure analyses. We con-
ducted mismatch distribution tests for demographic
expansion (Rogers and Harpending 1992) in three of the
clades identified in the phylogenetic and network analyses
(i.e., EJ, W], and KY; see “Results”). To test whether the
sequence data deviated significantly from expectations
under a sudden expansion model, goodness of fit based on
the sum of square deviations (SSD) was calculated with
10,000 replicates. In addition, we also calculated Tajima’s
D (Tajima 1989) and Fu’s Fs (Fu 1997) for these groups to
infer potential expansion. All the demographic tests were
performed using Arlequin. When expansions were detected,
the time of sudden expansion (f) was estimated as t = 7/2u,
where 7 is an expansion parameter. We calculated u ac-
cording to the equation u = 2uL, where p is the molecular
divergence rate per nucleotide and L is the DNA length
analyzed (Rogers and Harpending 1992; Schenekar and
Weiss 2011). In this study, the value used was u = 0.76 %/
Myr/lineage (Zardoya and Doadrio 1999). For WJ clade, to
avoid misleading the result of the above demographic
analyses (reviewed by Grant 2015), we conducted further
estimation of the indices that excluded the regional sub-
clade found in northern Kyushu (see “Results”).

In eastern to central Honshu Island, we calculated
genetic differentiation, estimated by Fgr, between eastern
(from Ibaraki to Nagano and Shizuoka Prefectures, locality
ID 3-8, 16-23, 43-46) and western part (Aichi, Gifu, and
Mie Prefectures, locality ID 24-36, 38, 47-53) of the
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region, because there was a possibility of regional differ-
entiation within clade (see “Results”). The significance
level of Fgy was obtained from 10,000 permutations using
Arlequin.

Landscape-shape interpolation analysis was performed
to visualize the spatial patterns of genetic diversity across
the study area using Alleles In Space (Miller 2005). In this
analysis, higher genetic diversity could also be found in
zones where subpopulations from different geographical
origins secondarily contacted or where native and intro-
duced populations had become mixed (Miller et al. 2006).
To avoid misleading results from these types of mixing, we
used only samples that were thought to be from indigenous
populations and conducted the analyses for each clade. In
this procedure, although there are some ambiguities of
detailed natural distribution, we regarded a population as
an indigenous population according to Mizuguchi (1990)
and excluded the WJ haplotypes in the distribution areas of
EJ and KY clades (see “Results”).

Results

Phylogenetic analysis and divergence time. A total of
195 Opsariichthys platypus haplotypes were identified
among 789 individuals collected from 124 localities (ESM
Table S1) based on 1004 bp nucleotide sequences. These
new haplotypes of cytochrome b were deposited in the
DNA databank DDBJ/EMBL/GenBank (accession num-
bers: LC19793-L.C19987; details are shown in ESM
Table S2) and in a database of genetic diversity for Japa-
nese freshwater fishes (GEDIMAP, Watanabe et al. 2010a)
(data ID: P1847-1969, 1979). The haplotype and nucleo-
tide diversities of all samples were 0.985 and 0.01665,
respectively (ESM Table S1).

The NJ phylogenetic tree revealed three major O. platy-
pus clades with high bootstrap support: western Japan (WJ),
eastern Japan (EJ), and Kyushu (KY) (Fig. 2). The topology
of the ML tree (not shown) were similar to the NJ trees, that
is, clade KY is primarily divided from the haplotypes of
Honshu, and then the Honshu haplotypes are further dis-
criminated into two clades (EJ and WJ). Clades EJ and KY
clearly correspond to a distribution area, that is, the haplo-
types of EJ and KY were distributed, respectively, in eastern
Honshu (from Kanto to Tokai regions) and Kyushu (except
for Oita Prefecture). In contrast, the haplotypes of WJ were
widely distributed throughout Japan (Fig. 3). Among the
three clades, the KY showed remarkable differentiation
from the other two clades and uncorrected p-distance
between EJ and KY and between WJ and KY were 3.4 %
and 3.0 %, respectively, while that of between WJ and EJ
was 1.9 %. The haplotype and nucleotide diversities of each
clade were 0.9272-0.9748 and 0.00391-0.00632,
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respectively (Table 1). The mean proportion of different
sites (p-distance) within clades, between clades, and net
between clades were 0.005-0.007, 0.019-0.034, and
0.012-0.029, respectively (ESM Table S3).

The estimation of divergence time revealed that the
differentiation between KY and the two other clades (i.e.,
W1 and EJ) might have occurred 1.9-4.1 million years ago
(Mya) in the late Pliocene—Pleistocene. The divergence
time between WJ and EJ was estimated at 1.5-3.1 Mya.

The genetic differences among Chinese O. platypus
haplotypes were extensive and the haplotypes were divided
into two clades (north and south China; Fig. 2). The north
China clade grouped with the Japanese clades, and these
clades formed a monophyletic group. However, the hap-
lotypes of south China comprised a well-supported single
clade, including O. uncirostris uncirostris.

The minimum spanning network strongly supported the
results from the phylogenetic trees, indicating the presence
of regional genetic structure (Fig. 4). The three major
clades were separated from each other and each of them
showed a bush-like pattern. The central (e.g., WJ08, WJ47,
KYO03, KY06) and more connected haplotypes (e.g., WJ03,
EJ04) were widely distributed within each distribution area
(except for WJ88, EJOS, EJ22; ESM Table S1). In the WJ
clade, nearly all the W1J haplotypes in the areas thought as
non-indigenous regions were the same as or similar to the
haplotypes in Lake Biwa (ESM Table S1). In addition, the
eight haplotypes (WJ74-81) distributed only within north-
ern Kyushu (locality ID 89, 91-97) and Yamaguchi (locality
ID 76) constituted a monophyletic subclade (Fig. 4). In the
EJ clade, most of the haplotypes distributed in the eastern
region (Ibaraki to Nagano and Shizuoka Prefectures) con-
stituted a monophyletic subclade that was derived from
those in the western region (Aichi, Gifu, and Mie Prefec-
tures) (Fig. 4). The haplotype differences demonstrated
genetic differentiation between the eastern and western
regions in the EJ clade (Fst = 0.364, P < 0.001).

Demography and genetic structuring. A mismatch
distribution test for each of the three clades did not differ
significantly from the null hypothesis of population
expansion and suggests the occurrence of population
expansion in all of the clades (WJ: t = 6.887,
SSD = 0.003, P =0.122; EJ: v =5.711, SSD = 0.010,
P =0.068; KY: t=3.672, SSD = 0.004, P = 0.666;
Fig. 5). Similarly, Tajima’s D and Fu’s Fs for the three
clades exhibited significant negative values (except for
Tajima’s D in clade KY), indicating the possibility of the
occurrence of population expansion (Table 1). The esti-
mated times since the expansion of WJ, EJ, and KY were
approximately 226,000, 187,000, and 120,000 years,
respectively. In further analyses of clade WIJ without
regional subclade, the occurrence of population expansion
was indicated (v = 6.594, SSD = 0.001, P = 0.460).
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<«Fig. 2 Neighbor-joining (NJ) tree of Opsariichthys platypus and

outgroups based on mitochondrial cytochrome b (cyt b) sequences
(1004 bp). Sixteen sequences were based on the cyt b sequences of O.
platypus in China (Perdices et al. 2004; Perdices and Coelho 2006).
Numbers on major nodes represent NJ/maximum likelihood (ML)

bootstrap support (1000 replicates). Western Japan (WJ), eastern

Japan (EJ), and Kyushu (KY) clades are colored blue, green, and red,
respectively. Light-blue and yellow-green represent the Kyushu

subclade of WJ and the haplotypes distributed in the western region

of the EJ clade, respectively
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Fig. 3 Distribution of each clade of Opsariichthys platypus. Haplo-
type colors as in Fig. 2
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Tajima’s D and Fu’s Fs also indicated a similar trend
(D =-192, P =0.002; Fs = -24.60, P = 0.001) and the
time since expansion was approximately 216,000.

Landscape-shape interpolation analysis revealed the
geographic locations of higher genetic diversity in each
clade (Fig. 6). In this analysis, the populations that were
thought to be artificially introduced in accordance to
Mizuguchi (1990) were excluded. Although WJ haplotypes
were widely distributed, those in eastern-central Honshu
and in southwestern Kyushu were also excluded because
those haplotypes are non-indigenous (see “Discussion”). In
the WIJ clade, geographic regions with higher genetic
diversities were found in the Kinki district, and the lowest
genetic diversity was found in the northern Kyushu district
except around Kanmon Strait. In the EJ clade, populations
from the central region showed higher genetic diversities
than those from northern Tokai, and the lowest genetic
diversity was observed in the Kanto district. In the KY
clade, populations from the southern region showed higher
genetic diversity (Fig. 6).

Discussion

The present study revealed that the mtDNA lineage of
Japanese pale chub Opsariichthys platypus is divided into
three major clades (western Japan: WJ; eastern Japan: EJ;
and Kyushu: KY) (Figs. 2, 4), and the distribution of the EJ
and KY clades clearly reflects their respective geographical
ranges (Fig. 3). These results suggest the existence of
regional differentiation in O. platypus. On the other hand,
clade W1J is distributed throughout the Japanese Archipe-
lago, including the eastern and northern part of Honshu
(Tohoku, Hokuriku, and San-in districts), western Shikoku,
southern Kyushu, and Tokunoshima Island, where O.
platypus was not distributed naturally (Fig. 3; Mizuguchi
1990). The presence of O. platypus in non-indigenous
regions had been suggested to be the result of its inad-
vertent introduction from Lake Biwa in conjunction with
the Ayu Plecoglossus altivelis altivelis, one of the most
important fish for freshwater fisheries in Japan (Nakamura
1969; Mizuguchi 1990; Ma et al. 2006; Takamura and
Nakahara 2015). In this study, nearly all the WJ haplotypes
in the non-indigenous regions were the same as or similar
to the haplotypes in Lake Biwa (ESM Table S1). The WJ
haplotypes in the distribution ranges of the EJ and KY
clades were also same as or similar to those of Lake Biwa;
thus, the WJ haplotypes may have been introduced into
various regions by artificial transplantation. However, the
W1 haplotypes in southern Kyushu and Tokunoshima were
the same as those in Oita Prefecture, northeastern Kyushu
(ESM Table S1). This indicates that the WJ haplotypes in
northern Kyushu were transplanted into that area. In
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Table 1 Indices of genetic R R R R . . ;
diversity and demographic tests Clade N Haplotype number Haplotype diversity Nucleotide diversity Tajima’s D Fu’s Fs
for each clade of O. platypus E] 215 50 0.9246 0.00480 1396% 25,13k
2 429 112 0.9748 0.00632 -1.878** -24.45% %%
KY 145 33 0.9272 0.00391 -1.323 -14.25%*

%k P < 0.001, ** P <0.01, * P <0.05

Fig. 4 Minimum spanning
network of Opsariichthys
platypus derived from
cytochrome b sequences.
Haplotype colors as in Fig. 2

addition, the EJ and KY clades might be also introduced to
non-indigenous regions that were adjacent to their original
distribution ranges (Fig. 3). Mizuguchi (1990) reported that
the population of O. platypus on the Izu Peninsula, Shi-
zuoka Prefecture, had originated by transplantation from
the Tenryu River, Shizuoka Prefecture. Evidence of
transplantation of O. platypus among the rivers in Kyushu
was obtained by hearing to freshwater fisheries coopera-
tives in Kyushu (Onikura, unpublished). Thus, the geo-
graphical distributions of the EJ and KY clades may also be
somewhat disturbed by artificial transplantation.

Among the three clades of O. platypus, the KY clade
showed remarkable differentiation from the other two
clades. Clade KY is only distributed in Kyushu, except for
Oita Prefecture, and this suggests that the mtDNA lineage
of O. platypus is divided by the Kanmon Strait (between
Honshu and Kyushu) and the eastern part of the Chikushi
Mountains (between Oita Prefecture and the rest of the
northern Kyushu region). Such mtDNA divergence in

northern Kyushu had been reported in some freshwater
fishes, including Oryzias latipes (Takehana et al. 2003),
Tanakia limbata (Hashiguchi et al. 2006; Matsuba et al.
2014), Rhodeus atremius (Miyake et al. 2011), Hemi-
grammocypris rasborella (Watanabe et al. 2014), and
Pseudogobio esocinus (Tominaga et al. 2016). A parsi-
mony analysis of endemicity (PAE) of the Japanese pri-
mary freshwater fish fauna based on the literature
(Watanabe 1998, 2012) and a clustering analysis of the
northern Kyushu freshwater fish fauna based on field sur-
veys (Nakajima et al. 2006) also indicated that the northern
Kyushu freshwater fish fauna is divided by the eastern part
of Chikushi Mountains (Sangun Mountains), so that the fish
fauna in northeastern Kyushu facing the Seto Inland Sea
(i.e., the eastern side of the Sangun Mountains and Oita
Prefecture) is similar to that of Honshu and Shikoku rather
than to the other regions within Kyushu. For example, a
striped loach Cobitis biwae that is distributed in western
Honshu is also distributed in Oita Prefecture, but it is not
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Fig. 5 Mismatch distribution based on cytochrome b sequences for
the three clades of Opsariichthys platypus. Solid lines and dotted lines
represent the expected distribution under the sudden expansion model
and the 95 % confidence interval, respectively. Open circles represent
the observed frequencies of pairwise differences

found in the other regions of Kyushu (Kitagawa et al.
2004). In the present study, the KY clade of O. platypus
was absent in this prefecture, while the WIJ clade was
present. These biogeographic concordances suggest that
the eastern part of the Chikushi Mountains separates the
freshwater fish populations.

The second largest differentiation was found between
the WJ and EJ clades, and the boundary geographically
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separating these clades seem to correspond with the Ibuki—
Suzuka Mountains. Many studies have reported a genetic
border in freshwater fish populations at the Ibuki—Suzuka
Mountains (Matsuda et al. 1997; Saka et al. 2003; Take-
hana et al. 2003; Watanabe and Mori 2008; Tominaga et al.
2009, 2016; Miyazaki et al. 2011; Komiya et al. 2014;
Watanabe et al. 2014). Because the time of uplifting of the
Ibuki—Suzuka Mountains (ca. 1.0-1.5 Mya; Kawabe 1994,
Kaizuka et al. 2000) is consistent with the estimated
divergence time between the WJ and EJ clades of O.
platypus (ca. 1.5-3.1 Mya) and those of other freshwater
fishes to some extent, long-term separation is a plausible
explanation for the genetic differentiation between the
western and eastern populations of O. platypus.

On the other hand, the Fossa Magna in central Honshu
Island is regarded as the most important factor in struc-
turing the Japanese freshwater fish fauna, as reported in
other studies (e.g., Watanabe et al. 2000; Kitagawa et al.
2003; Saka et al. 2003; Mabuchi et al. 2008; Miyazaki et al.
2011; Tominaga et al. 2016; reviewed by Watanabe et al.
2006 and Watanabe 2012). Although some freshwater
fishes have large genetic divergences between the eastern
and western regions of the Fossa Magna, the mtDNA
phylogeny of the O. platypus was not divided at this point.
A similar pattern had already reported in Oryzias latipes
(Takehana et al. 2003), so there is a possibility that some
freshwater fishes could have expanded their distribution
beyond the Fossa Magna region. However, in the EJ clade
of O. platypus, the eastern (EJ13, EJ15-33, EJ46-48) and
western haplotypes (EJO1-12, EJ14, EJ34-45, EJ49-50)
were not shared between the two regions and the haplotype
differences clearly showed genetic differentiation between
the eastern and western populations in the EJ clade
(Fst = 0.364, P < 0.001). These results indicate that O.
platypus have a certain level of genetic divergences
between the eastern and western regions of the Fossa
Magna, even though the haplotypes in each region did not
make monophyletic clades (Fig. 4). In addition, if two
haplotypes (EJ13 and EJ48) were artificially introduced
from Tokai to Kanto district, the eastern and western
populations of EJ clade were more clearly separated.
However, further studies are needed to identify indigenous
haplotypes in local regions.

In the WJ clade, some geographical differentiation was
also observed. Although most of the W haplotypes were
same or close to those in Lake Biwa, eight haplotypes
(WJ74-81) in northern Kyushu and Yamaguchi constituted
a monophyletic subclade (Fig. 4; Table S1). This result
suggests that the subclade had been originally distributed in
northern Kyushu and adjacent areas of Honshu, and it
became isolated from the other WJ haplotypes. Studies of
other freshwater fishes such as Pseudogobio esocinus and
Oryzias latipes found a similar geographical distribution
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Fig. 6 Results of a landscape-
shape interpolation analysis of
each mitochondrial DNA clade.
The geographic regions with the
highest genetic diversity are
shown in red, and blue
represents the areas of lowest
genetic diversity

genetic landscape

Low

pattern of local mitochondrial lineages in the area (Take-
hana et al. 2003; Tominaga et al. 2016). Thus, several
freshwater fish populations in the northern Kyushu—Yam-
aguchi area might have been isolated from those in other
Honshu and Kyushu areas.

In Kyushu, although the KY clade did not show any
regional geographical differentiation, the genetic land-
scape-shape interpolation analysis showed higher genetic
diversity in the southern area (Fig. 6). This result indicates
that the distribution of the KY clade might have expanded
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from south to north. In the northernmost area of Kyushu,
however, the northern Kyushu subclade of W] haplotypes
was distributed with the KY clade. This overlapping might
have resulted from secondary contact between the two
lineages. The northern Kyushu subclade of WJ consisted of
endemic monophyletic haplotypes, and thus it had been
distributed in the area for a long time after the population
expansion of the WJ clade (approximately, 226,000 years
ago as estimated by mismatch distribution analysis; Fig. 5).
In contrast, the KY clade in the area showed lower genetic
diversity, indicating recent immigration. These results
suggest that the northern Kyushu subclade of WJ had been
established earlier than the northward expansion of the KY
clade. In this study, however, we could not determine
whether the invasion of the KY clade into northernmost
Kyushu was a prehistoric or an anthropogenic event.

In the present study, we found that O. platypus has clear
genetic differentiation among regional populations, and this
emphasizes the need to protect such indigenous genetic fea-
tures as important conservation units (Frankham et al. 2004).
The fact that haplotypes of WJ were introduced throughout
the Japanese Archipelago could indicate an ongoing loss of
the genetic features of the Kyushu and eastern Honshu pop-
ulations due to introductions or introgression from western
Honshu populations. Takamura and Nakahara (2015) indi-
cated that populations of O. platypus in major rivers in the
Kanto Plain had already been admixed with introduced pop-
ulations from Lake Biwa. Therefore, efforts should be made
toward a comprehensive understanding of the current state of
introductions of non-indigenous O. platypus populations and
the potential influence of invasive populations, including loss
of genetic diversity.
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