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Abstract

Background: Anthropogenic factors potentially affect observed biogeographical pat-
terns in population genetics, but the effects of ancient human activities on the origi-
nal patterns created by natural processes are unknown. Sinotaia quadrata, a widely
distributed freshwater snail species in East Asia, was used to investigate this issue. It
is unclear whether S. quadrata in Japan was introduced from China and how different
human uses and varying geographic patterns affect the contemporary population
genetics between the two regions. Thus, we investigated the demography of S. quad-
rata and detected its genetic structure in Japan and continental East Asia.

Results: Sinotaia quadrata populations first naturally migrated from continental East
Asia to Japan, which is associated with the ancient period in Japanese geohistory
(about 70,000 years ago). They were then artificially introduced in association with
agriculture expansion by human movements in two recent periods (about 8,000 and
1,200 years ago). Populations in different parts of Japan have their own sources.
Natural migration in the ancient period and artificial introduction in the recent period
suggest that the population distribution is affected by both the geohistory of East
Asia and the history of human expansion. In the background of the historical mi-
gration and introduction, contemporary populations in the two regions show differ-
ent genetic patterns. Population divergence levels were significantly correlated with
geographical patterns in Japan and significantly correlated with human interventions
variables in continental East Asia, suggesting that long-term geographical isolation is
likely the major factor that shaped the contemporary population genetics in Japan,
while modern human uses are likely the major factor in continental East Asia.
Conclusions: Our preliminary results show a complex demography and unusual ge-
netic patterns in the contemporary populations for a common freshwater snail and
are of significance to determine the historical formation and contemporary patterns

of biogeography in Japan and continental East Asia.
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1 | BACKGROUND

Population genetics analysis is a basic step to understanding genetic
variation and evolution processes in recent populations. Comparing
studies of population genetics between or among the origin and in-
troduced areas can clarify the migration, gene flow, mutation, and in-
troduction history (Lounnas et al., 2017). It is typically believed that
source populations are genetically more structured than introduced
populations, and introduced populations might lose genetic diversity
because of demographic bottlenecks or founder effects (Dlugosch
& Parker, 2008; Dybdahl & Drown, 2011; Mergeay, Verschuren, &
De Meester, 2006; Vogel, Pedersen, Giraud, Krieger, & Keller, 2010).
However, this would not be the case if there were differences caused
by the influence of human activity on the populations between the
source and introduced regions, especially for species with low ac-
tive dispersal ability and for ancient introduction by human activity.
Because human-vectored dispersal enhances gene flow, modifies
dispersal paths, and has a variety of effects on genetic exchanges
between populations, more human-vectored dispersal means more
genetic mixing, which yields a uniform population structure; this
contributes to fitness and persistence of the populations (Bullock
et al., 2018; Crispo, Moore, Lee-Yaw, Gray, & Haller, 2011; Pelletier &
Coltman, 2018; Rhymer & Simberloff, 1996). The source populations
would be more uniform if humans in the source regions frequently
used and transported the focal species. Conversely, populations
are more likely to be structured if humans rarely disturb the pop-
ulations in the introduced regions, and the difference in structure
would additionally be facilitated if the geographical patterns were
more varied. Therefore, it is worth investigating how human activity,
which is sometimes driven by different cultures in different regions,
affects population genetic structures by natural environments and
geographical patterns.

Organisms in both Japan and continental East Asia, in particu-
lar China, are an excellent model system to address these issues,
because many connections and differences coexist in the two re-
gions. Particularly, Sinotaia quadrata (Benson, 1842) is a widespread
freshwater snail species that is distributed in East Asia (Hirano,
Saito, & Chiba, 2015; Hirano, Saito, Tsunamoto, Koseki, Prozorova,
et al., 2019; Shu, Wang, Cui, & Wang, 2014). It is commonly re-
ferred to by the synonym Bellamya quadrata (Benson, 1842; Liu,
Zhang, Wang, Wang, & Ma, 1979; Qian, Fang, & He, 2014), and it is
potentially the same species as Bellamya aeruginosa (Reeve, 1863)
and Bellamya purificata (Heude, 1890) (Cianfanelli et al., 2017;
Park, 2015; Wu, Ouyang, YI, Wang, & Yu, 2000). Although these
synonyms were still used in some publications (e.g. Gu, Husemann,
Ding, Luo, & Xiong, 2015a; Gu, Zhang, et al., 2015; Gu, Zhou, et al,,
2015), it is equally deserving of reassessment for erroneous place-
ments of the Asian viviparids in genus Bellamya that is restricted in

Africa (Sengupta, Kristensen, Madsen, & Jgrgensen, 2009; Stelbrink

et al., 2020; Van Bocxlaer & Strong, 2019). The taxonomic issues of
S. quadrata deserve a comprehensive study but are not the topics of
this study. It feeds on small algae or large plant epidermis or other
organic matter, and it can usually be collected on aquatic plants or
bottom sediment in a shallow area of both natural and aquaculture
water bodies. The female breeds throughout the year, and the ju-
venile develops to sexual maturity in 1 year (Liu et al., 1979). It is
gonochoristic with internal fertilization, and the brood pouch con-
tains encapsulated eggs, and it also has no dispersive larval phase
(Liu et al., 1979; Van Bocxlaer & Strong, 2019). Human use of this
snail differs greatly between China and Japan. S. quadrata has wide
adaptability to various freshwater environments, a fast growth rate,
and a large reproductive capacity, and it is treated as a common
food resource in China (Wen, Qin, & Huang, 2018). The average
total capture production of freshwater snails per year in China is ap-
proximate 1.174 x 108 kg (average capture per unit area, 12.23 kg/
km?) (Agency of Fisheries Adminstration, Ministry of Agriculture, &
Rueal Affairs of Peoples' Republic of China, 2003-2017) while that
in Japan is only approximate 2.378 x 10° kg (average capture per unit
area, 6.29 kg/km2) (Ministry of Agriculture, Forestry, & Fisheries of
Japan, 2019). The average capture production of freshwater snails
per unit area in China is about twice the size of that in Japan. If
we assume that the biomass proportion and capture intensity of
S. quadrata in a freshwater habitat are the same in the two countries,
the capture production of S. quadrata per unit area in China would
be also about twice the size of that in Japan. However, the real situ-
ations are very different, especially food consumption of S. quadrata
in the aquatic market, although there is no accurate data to support
these ideas. People can buy this snail from the market for cooking in
China, but eating viviparid snails, especially S. quadrata, is not popu-
lar in Japan. The much larger aquatic consumer market of S. quadrata
in China potentially enhances the transportation of this snail (Wen
et al., 2018), which highly helps to promote human-vectored disper-
sal of S. quadrata. Thus, the different human uses that result in the
different human-vectored dispersals may influence the snail's recent
gene flow to a certain extent. This influence of human transporta-
tion was mentioned in Gu, Husemann, et al. (2015), Gu, Zhang, et al.
(2015), Gu, Zhou, et al. (2015) but they did not make a comparison
study between different distribution areas, China and Japan, which
has different human use of these snails.

It is suggested that S. quadrata in Japan was introduced from
China, but this remains inconclusive (Hirano et al., 2015). Fossils of
S. quadrata in China were found in the Late Pleistocene and Early
Holocene sediments of 11,000-6,000 years ago (Huang, Zhu, Cai,
& Tian, 2007; Wang, 1961, 1983). The oldest S. quadrata fossils in
Japan are from the southern Kyushu, which is also about 10,000-
6,000 years ago (Matsuoka unpublished), but fossil records in other
parts of Japan (Honshu) are more recent about 4,000-1,000 years

ago (Kurozumi, 2013). S. quadrata is currently the most abundant
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species among Japanese viviparid species, but its presence in the
fossil records that are within the past 10,000 years are very rare rel-
ative to other viviparid species (Kurozumi, 2013). Thus, S. quadrata
in Japan was likely introduced from continental East Asia before
10,000 years ago. Historically, the East China Sea region land bridge
might serve as a dispersal corridor that contributed to population dis-
tribution from continental East Asia to Japan during the Pleistocene
(Kameyama, Furumichi, Li, & Tseng, 2017; Saito et al., 2018; Wepfer,
Guénard, & Economo, 2016; Zhang et al., 2016; Zhao et al., 2019).
The land bridge has been influenced by glacial-interglacial cycles
during the Pleistocene (Voris, 2000), resulting in its repeated expo-
sure and submergence, and this played an important role in shaping
the population structure across the land bridge (Zhang et al., 2016).
Combining with the fossil information of S. quadrata, we develop one
hypothesis that the migration of S. quadrata into Japan is likely to
contain a natural process. It originally distributed in some regions
of the Eurasian margin. These regions were separated from the
continent and formed parts of the Japanese archipelago in geo-
history, and finally, populations in these regions settled down and
experienced complex evolutionary processes with a long-term geo-
graphical isolation. Later in recent periods, associating with human
communication between Japan and continental East Asia that has
continued for thousands of years, S. quadrata may also have been
subsequently introduced several times into Japan by human activ-
ity more recently. Therefore, S. quadrata migration from continental
East Asia to Japan might contain both processes of ancient migra-
tion caused by the division of Japan from Eurasian margin and recent

introduction driven by human communication. Understanding the
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background of the sources and introduced populations is essential
to explore the differences in recent genetic patterns between source
and introduced populations.

Previous studies showed that the S. quadrata population showed
a weak divergence across large geographical distances in China, sug-
gesting that floods, human translocations, and the large population
size probably weakened the genetic differentiation (Gu, Husemann,
etal., 2015; Gu, Zhang, et al., 2015; Gu, Zhou, et al., 2015). However,
there is a lack of data on climate and human effects to support the
conclusions in these previous studies, which also did not compare
the different circumstances in the various S. quadrata distribution
areas. In this study, we tried to detect how human effects and bio-
climatic variables have influenced the recent genetic divergence
and we compared the genetic structure between Japan and conti-
nental East Asia, particularly China (including Taiwan island, which
is geographically not on the continent but close to mainland China)
and Vietnam (Figure 1). We investigated the demographic history
of S. quadrata to detect when and how S. quadrata in Japan had mi-
grated from continental East Asia. Based on the history of source
and introduced populations, we subsequently compared the differ-
ences in S. quadrata's genetic patterns and revealed the factors that
shaped the contemporary genetic divergence in the two regions.
Using an example of the demographic history and population struc-
ture of a common freshwater species, we aimed to explain how an-
cient geological processes and recent human introduction combined
with long-term geographical isolation and short-term modern human

activity affected the biogeographical patterns in the region of East
Asia.

K
5
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FIGURE 1 Sampling locations (a) and Population structure analyzed using DAPC (b-d) for Sinotaia quadrata distributed in Japan and the
continental East Asia. Abbreviation letters represent location names that are also shown in Table 1. Populations in continental East Asia are
highly mixed (b), and only Hong Kong, Lang Son and Cao Bang seemed different (c). Most populations in Japan are structured and form a
chain from east to west, except for Kagoshima, Nagasaki, and Kumamoto in Kyushu (b, d)
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TABLE 1 Sinotaia quadrata samples (N = 778) used in this study

No. Site
Japan

1 Aomori

2 Akita

S Miyagi
4 Fukushima
5 Nagano

6 Kanagawa
7 Shizuoka
8 Nagoya

9 Shiga

10 Biwako

11 Nara

12 Osaka

13 Kagawa
14 Kochi

15 Yamaguchi
16 Kumamoto
17 Nagasaki
18 Kagoshima
China-

Vietnam

19 Changchun
20 Anhui®

21 Nanjing
22 Hangzhou
23 ChunAn
24 Hubei?

25 Jiujiang
26 Sichuan
27 Yangzonghai
28 Shilin

29 HongKong
30 Yilan

31 Tainan

32 Cao Bang®
33 Lang Son®

Label

AM
AK
MY
FK
NGN
KN
SZ
NGY
SG
BW
NR
oS
KGW
KC
YM
KT
NGS
KGS

CcC
AN
NJ
HZ
CA
HB
J)
SC
YZH
SL
HK
YL
TN
CB
LS

YEET AL
Longitude Latitude n N, Ho Hp HWE Ap
0.4919 0.6692
141.32549 40.71090 13 6.833 0.5399 0.7495 o 0.07
141.32549 39.91159 25 9.417 0.5272 0.7214 o 0.27
140.06500 38.20503 21 6.583 0.4991 0.5728 o 0.11
140.30995 37.41986 23 9.417 0.4837 0.7287 o 0.17
137.97012 36.27872 28 7.417 0.6012 0.6512 o 0.13
139.36815 35.34148 48 6.250 0.2858 0.4508 o 0.13
137.73195 34.74079 24 6.583 0.5600 0.6444 o 0.16
136.97387 35.17167 24 8.167 0.6013 0.7664 e 0.21
136.28629 35.49361 23 12.667 0.7218 0.8604 o 0.30
136.07092 35.24254 20 10.167 0.6717 0.8050 o 0.28
135.73082 34.67111 22 6.917 0.6588 0.7415 o 0.10
135.52899 34.56866 13 10.250 0.6338 0.8457 o 0.19
133.80557 34.26782 31 10.083 0.5152 0.7264 o 0.29
133.59092 33.52595 21 6.167 0.4905 0.5415 o 0.07
132.21441 34.14158 33 7.833 0.4827 0.7140 o 0.18
130.65568 32.75014 22 6.333 0.4066 0.5654 o 0.18
129.71472 33.17973 9 4.500 0.3563 0.5897 o 0.10
130.25028 31.82426 26 4.300 0.2282 0.3709 o 0.11
0.6149 0.8398

125.30809 43.85745 27 11.500 0.5318 0.8148 o 0.15
117.38800 31.71570 20 14.833 0.6418 0.8905 e 0.60
118.78347 32.10670 48 20.583 0.6426 0.879 e 0.36
120.11192 30.27164 42 20.917 0.6174 0.8780 o 0.44
119.14888 29.49127 20 13.750 0.6830 0.8803 e 0.67
112.63410 30.92060 16 14.000 0.5649 0.8952 e 0.41
115.99929 29.70966 20 13.333 0.6254 0.8615 o 0.42

30.63369 104.07721 9 7.417 0.4715 0.8098 e 0.27
102.99134 24.89683 32 12.833 0.6516 0.8099 e 0.30
103.31128 24.81002 20 8.583 0.6530 0.7504 e 0.42
114.11083 22.51421 37 11.667 0.5027 0.7516 e 0.23
121.77606 24.66726 19 8.417 0.7350 0.8582 o 0.33
120.29436 23.19994 10 9.988 0.6732 0.8387 o 0.11
106.26256 22.66817 6 4.900 0.6433 0.7103 0.0581 0.40
106.82302 21.73836 26 9.250 0.4716 0.7316 e 0.29

Note: HWE indicated the test significance for deviation to Hardy-Weinberg equilibrium: *p < .05; **p < .01; ***p < .001.

?Part of samples was bought from market. The approximate co-ordinates of market samples were from the seller's information. Final co-ordinates

used for geographic distance calculation were estimated according to the centroid of all sampling sites. For each sampling site, the following
are indicated: GPS coordinates (in decimal degrees), total sample size (n), average number of alleles (NA), observed (HO) and expected (HE)

heterozygosities, and private allelic richness Ap(10).

2

MATERIALS AND METHODS

2.1 | Sampling and DNA extraction

We sampled 15 sites on the continent of East Asia. We selected sam-

pling sites that covered several representative river systems, but we

did not intensively sample all over mainland China, because previous

studies showed that S. quadrata has a weak divergence across large

geographic distances in China (Gu, 2013; Gu, Husemann, et al., 2015;

Gu, Zhang, et al., 2015). Two sites of Yilan and Tainan on Taiwan Island

were included because, although they are not on the mainland, they

are much closer to the mainland compared to the larger distance that
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separates Japan from the continent. We also sampled at two sites
in Vietnam because they have connections through the freshwater
system on the same continent (East Asia). Then, we sampled more
uniformly across Japan at 18 sites, which is separated from continen-
tal East Asia by seas. Sites in Japan were sampled because possible
divergence on the Japanese archipelago must be considered. Overall,
we explored 33 sampling locations and obtained 778 individuals in
Japan (number of populations, Npop = 18; number of individual sam-
ples, n = 426), China (Npop =13, n=326), and Vietham (Npop =2,n=26)
(Table 1). We randomly collected samples from lakes, ponds, or water
channels that were mostly around rice fields, reservoirs, parks, or
villages at each site. All sites were related to human habitats, and a
few samples were even bought from markets (Table 1). We identified
the species directly in the field. We stored muscle tissue samples in
99% ethanol and then used a modified phenol-chloroform method,
which was described by Hirano et al. (2015), to extract total genomic
DNA from each sample. We calculated the geographic distance be-
tween pairwise populations using the Geographic Distance Matrix
Generator (GDMG) v1.2.3 (Ersts, 2018), based on the geographic co-
ordinates of the sampling location in each population (Table 1).

2.2 | Microsatellite genotyping

After pretesting several microsatellite markers for S. quadrata, which were
developed by Gu et al. (2012a,2012b), we chose 12 loci for stable ampli-
fication (Table S1 in Appendix S1, deposited in http://doi.org/10.5061/
dryad.h18931zgk, the same for Appendices below). In the PCR proto-
col, we used normal forward primers and fluorochrome-labeled forward
primers, and added a 7-bp PIG-tail (5'-GTTTCTT-3') to the 5’ end of re-
verse primers to enhance genotype specificity (Brownstein, Carpten, &
Smith, 1996). Each PCR amplification reaction was performed in a total
volume of 2 pl, which included the following: 1 pl of 2x PCR MasterMix
(Qiagen), 0.1 pl of forward primer mixture that was mixed with four differ-
ent fluorochrome-labeled forward primers (0.125 uM of each) together
with the corresponding normal forward primer (1.875 pM), 0.1 pl of cor-
responding reverse primer mixture that had 5' PIG-tail (2 uM), 0.8 pl of
ddH,0, and 0.3 pl of genomic DNA (dried in advance, and the concentra-
tion was not quantified). Thermocycling conditions were as follows: 95°C
for 5 min + 30 x (95°C for 30 s, 60°C for 90 s, 72°C for 30 s) + 60°C for
30 min (Bio-Rad T100™, Thermal Cycler). PCR products were genotyped
using an ABI 3130 genetic analyzer (Applied Biosystems), and allelic sizes
were scored by GeneMapper v4.0 (Applied Biosystems) using an inter-
nal size standard (GeneScan LIZ500, Applied Biosystems). Questionable
specimens and poor amplification with hard-to-read genotypes were re-
extracted and reamplified. Genotypes that have less than 20% of missing

data were considered for all analyses.

2.3 | Population genetics

We estimated the frequency of null alleles for each locus and

population with a microsatellite dataset using the expectation

maximation algorithm that was described by Dempster, Laird,
and Rubin (1977) and redesigned in the program FreeNA (men-
tioned below) by Chapuis and Estoup (2007). It is a correction of
conventional methods and provides a better estimate of genetic
distance with harboring null alleles. Because null alleles are uni-
versal and complex in the microsatellite analysis, species with a
large effective population size usually has a relatively high fre-
quency of null alleles (Chapuis & Estoup, 2007), such as reports
of insects (Chapuis, Loiseau, Michalakis, Lecoq, & Estoup, 2005;
Lehmann et al., 1997; Meglecz et al., 2004) and mollusks (Astanei,
Gosling, Wilson, & Powell, 2005; Li, Hubert, Bucklin, Ribes, &
Hedgecock, 2003). If the null allele frequency was larger than 0.2
in population genetic studies, it was better to eliminate this locus
or use newly designed primers (Wen et al., 2013). In our analysis,
the percentage of the null allele frequency that was larger than
0.2 ranged from 0 (TXH65) to 29% (TXH30) for each locus in all
the populations (Table S2 in Appendix S1). However, for different
populations, the null allele frequency of the same locus showed
a large variation (i.e., TXH30), which suggested that the occur-
rence of null alleles was randomized at the intraspecies level
(Wen et al., 2013). Considering the potential Wahlund effect (i.e.
mixture of population samples from multiple sources or loca-
tions), it was difficult to decide which locus should be dropped.
Therefore, we followed Dempster's method (1977) to estimate
the global F¢; for each locus and the pairwise population Fg;
using FreeNA (Chapuis & Estoup, 2007). By testing the Pearson's
correlation between the pairwise population F¢; (harboring
null alleles) and the pairwise population G¢ H, which was esti-
mated with null alleles included (Philip, 2005) (total: r = 0.8416,
p < .0001; Japan: r = 0.8696, p < .0001; continental East Asia:
r=0.9150, p < .0001), we found that null alleles had no signifi-
cant impact on subsequent analyses. Therefore, we reported
subsequent results using the full microsatellite dataset. We esti-
mated the average number of alleles (N,) and the observed (H,)
and expected (H;) heterozygosities, and we tested the analysis
of molecular variances (AMOVA) using Arlequin v3.5 (Excoffier
& Lischer, 2010). We estimated the linkage disequilibrium (LD)
between loci pairs for the total dataset and for each population,
and tested the global Hardy-Weinberg Equilibrium (HWE) using
a Markov chain algorithm with 10,000 dememorizations, 1,000
batches, and 10,000 iterations per batch using GENEPOP v4.2
(Raymond & Rousset, 1995; Rousset, 2008). We computed the
private allelic richness of each locus within each population using
HP-Rare (Kalinowski, 2004, 2005).

2.4 | Population structure

We performed discriminant analysis of principal component (DAPC)
using the microsatellite data to detect the overall genetic struc-
ture, and also that in Japan and continental East Asia using the
adegenet v2.1.0 package in R (Jombart, 2008; Jombart, Devillard,
& Balloux, 2010). We first pooled individuals without previous
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information to determine the optimal numbers for the groups by
checking the lowest Bayesian information criterion (BIC) (Jombart
et al.,, 2010). We covered several clusters K from 1 to 30, which
was designated as twice the optimal simulation K, and maintained
consistency in each analysis to allow comparison of the results
(Jombart et al., 2010). Then, we performed DAPC containing the
previous information from each individual and used the function
optim.a.score to select the optimal number of retained principal
components (PCs). We also identified individual assignments using
STRUCTURE v2.3.4 (Falush, Stephens, & Pritchard, 2003; Pritchard,
Stephens, & Donnelly, 2000). In the first round, we analyzed the
structure of the overall populations by choosing the same range
of clusters K (1 - 30) as were used in DAPC. In the second round,
we analyzed the structure of Japan and continental East Asia sepa-
rately by choosing the range of K that was equal to the number
of populations in each group. All independent runs were computed
using an admixture model, allele frequencies that were correlated
with a length of 10,000 burn-in period, 50,000 Markov chain
Monte Carlo replications after burn-in, and ten iterations for each
run for K. The optimal number for K was selected using Structure
Harvester Web v0.6.94, according to the highest value of Evanno's
delta K (Earl & Vonholdt, 2012; Evanno, Regnaut, & Goudet, 2005).
Because different values of K might reflect different demographic
information, we also interpreted the structure patterns from “sub-
optimal” K, which was the other peaks of delta K (Meirmans, 2015).
Structure patterns were summarized for the optimal and subopti-
mal K based on merged iteration runs using Pophelper Web App
v1.0.10 (Francis, 2017).

2.5 | lIsolation by distance and gene flow

To provide a better explanation for the genetic diversity (Alcala,
Goudet, & Vuilleumier, 2014; Leng & Zhang, 2011), we meas-
ured the genetic distance of both G, _H (Philip, 2005) and D,
(Jost, 2008) between pairwise populations overall, in Japan, and
in continental East Asia using the FinePop v1.5.1 package in R
(Kitada, Nakamichi, & Kishino, 2017). Then, we computed the nat-
ural logarithm value of the geographical distance and tested its
correlation with the genetic distance (G4 H and D,, respectively)
using the Mantel tests with 10,000 permutations and a linear re-
gression model to estimate the isolation by distance at each group
level. We detected the local historical gene flow within Japan and
continental East Asia using the maximum likelihood algorithm
with Migrate 3.6.11 (Beerli, 2006). We estimated 0 = 4Nm” (N,
the effective population size; m, the mutation rate per locus per
generation) and M = m/m, (m, the migration rate per generation),
and calculated the effective number of migrants (4ANm = 0 x M).
We ran ten short chains (10,000 trees), two long chains (100,000
trees), burn-in 10,000 initial trees, and combined long chains for
estimates. The starting values for & and M were estimated from
the F¢; values. All individuals were included, and three independ-

ent analyses were performed.

2.6 | Human and bioclimatic effects on
genetic divergence

We collected data from human effect variables at each location
from the Socioeconomic Data and Applications Center (SEDAC)
using NASA's Earth Observation system Data and Information
System (EOSDIS) (https://sedac.ciesin.columbia.edu). Human pop-
ulation density (PopD) data were collected from the Population
Density, v4.11 (2015) with a 2.5 arc-minute resolution (Center for
International Earth Science Information Network CCU, 2018).
Human footprint (HmFp) data were collected from the Human
Footprint, 2018 Release (2009) with a spatial resolution of approxi-
mately 1 km (Venter et al., 2016, 2018). Human net migration (NetM)
data were collected from the Global Estimated Net Migration Grid by
Decades v1 (1990-2000) with a half-degree and 30 arc-second grid
cell resolution(de Sherbinin et al., 2012; de Sherbinin et al., 2015).
Urban expansion (UbEx) data were collected from the Development
Threat Index, vl (2015) with a 50 square-kilometer grid cell reso-
lution (Oakleaf et al., 2015; Oakleaf et al., 2019). To measure the
impact of variables more accurately, we specified buffer radii of 1,
5, 10, 20, and 50 km around each sampling location to extract PopD
and HmFp data, and specified buffer radii of 20 and 50 km around
each sampling location to extract NetM and UbEx data using the
raster v2.9-5 package in R (Hijmans, 2019). We limited the buffer
radius up to 50 km to avoid too much data overlap for locations
that were close together (Figure S1 in Appendix S2). We used the
absolute value of NetM in our analysis because both in migrants
(positive) and out migrants (negative) in NetM reflected human dis-
turbances at these locations. We also accessed 19 bioclimatic vari-
ables (from BIO1 to BIO19) of temperature and precipitation data
from WorldClim (http://worldclim.org) (resolution, 10 min of a de-
gree) using the function getData in the raster v2.9-5 package in R
(Hijmans, 2019). The meaning of each variable was listed in Table
S3 (Appendix S1). All data on human and bioclimatic variables are
shown in Appendix S3.

We performed a random forest classification analysis to identify
variables that were important for explaining population divergence (F ;)
using all the following variables: human effect, bioclimate, longitude,
and latitude. All predictor variables were standardized and tested using
the randomForest package in R (Liaw & Wiener, 2002). We selected
the number of parameters that were sampled for each node split (mtry)
using the tuneRF function with 10,000 trees. The optimal mtry param-
eters were then used for classification. We ran a classification with ran-
dom forest by setting 10,000 trees to grow and all other parameters
to the default. We measured the relative importance of each predictor
variable using the mean decrease in accuracy (MDA) that was averaged
over all trees. MDA values represent how the accuracy of random for-
est decreases when the predictor variable is excluded, and thus, higher
MDA values indicate greater importance of the variables in the model
and negative MDA values indicate that the incorporation of variables
reduces the model accuracy. We used all the predictor variables with
positive MDA values as exploratory variables, and we used the allele

frequency of each population that was computed based on Meirmans
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(2015) as dependent variables for redundancy analysis (RDA) within
the overall population, and in Japan and continental East Asia. Thus,
the RDA can tell us how these variables correlate with population ge-
netics. We performed a forward model choice to test the significant
variables for RDA (Table S4 in Appendix S1) using the ordistep func-
tion in the vegan package in R (Oksanen, Blanchet, & Friendly, 2019).
We assessed the significance of RDA and evaluated the contribution
of each component by testing the analyses of variance (ANOVA) using
the global and axis methods with 10,000 permutations.

2.7 | Model checking for population history

We inferred the population history across East Asia using the
Approximate Bayesian Computations (ABC) method with microsatellite
loci data to check population history models. We estimated the popula-
tion divergence, admixtures, and population size changes in the demo-
graphic population history using DIYABC 2.1.0 (Cornuet et al., 2014;
Cornuet, Ravigné, & Estoup, 2010). We defined demographic scenarios
based on our results of the genetic structure, which was inferred by mi-
crosatellite loci (see the Section 3.1 & 3.2) and the current evolutionary
knowledge about S. quadrata. Populations were uniform across conti-
nental East Asia, and thus, all populations in continental East Asia were
grouped and defined as CN. For Japan, populations in Kyushu (one of
the four islands in Japan) were separated from others and were defined
as the JPK group. The other populations were structured correspond-
ing to the geographical patterns and were grouped into two parts: JP1
and JP2. The JP1 lineage was consistent with the usual area division in
Japan called Tohoku (meaning Northeast) and Kanto (meaning East).
The JP2 lineage was consistent with the usual area division in Japan,
which s called Kansai (meaning West) and Shikoku (one of the four main
islands of Japan), and had admixtures with populations on continental
East Asia (CN). Populations in the continental East Asia (CN) were con-
sidered to be the source (Hirano et al., 2015; Saito et al., 2018). Kyushu
has the shortest distance from the continent and it was attached to the
continent in ancient times (Kitamura & Kimoto, 2006; Martin, 2011,
Otofuji, Matsuda, & Nohda, 1985; Takenaka & Tojo, 2019), suggesting
that the earliest introduction from the continent might have happened
here. Additionally, the historical population size changes were assumed
to be an expansion model because S. quadrata is currently distributed
widely. Therefore, we defined 12 demographic scenarios under these
assumptions (see details in Section 3.5).

To balance the sample size of lineages and to determine the com-
puting time, we randomly choose 60 individuals in lineages from JP1,
JP2, and CN, and retained all individuals (n = 57) in JPK (Appendix
S4). We defined the historical parameters by performing the pilot
run with wide extensive parameters and all summary statistic val-
ues (Table S5 in Appendix S1). Overall, we computed seven summary
statistics for the microsatellite group (mean number of alleles, mean
genetic diversity, mean size variance for one sample, mean number
of alleles, Fy, classification index, and (dy)2 distance for two sam-
ples). We set all of the microsatellite mutation models to the default

settings. Then, we compared the different scenarios by computing
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their relative posterior probabilities by checking linear discriminant
analysis on summary statistics using a logistic regression method
from 10% of the simulated data sets that most closely resembled the
observed data set. Under the most likely scenario, as determined by
the logit transformation of parameters, we estimated the posterior
parameter distribution in 10% of the simulated data sets that most
closely resembled the observed data set. Then, we used the option
of model checking with principal component analysis to evaluate
how well the posterior predictive distribution of the model fit the
observed data for the best scenario. Finally, using linear discriminant
analysis on summary statistics, we evaluated the confidence in the
scenario choice by computing the scenario-specific prior-based error
using historical parameters that were drawn from the prior distribu-
tion and 1% of simulated data sets that most closely resembled the
observed data set using the logistic approach with other parameters

set to default settings.

3 | RESULTS
3.1 | Population genetics

The average observed heterozygosity of continental East Asia
(0.6149) was higher than that of Japan (0.4919) (Table 1). H, ranged
from 0.4715 (Sichuan) to 0.7350 (Yilan) in China, from 0.2282
(Kagoshima) to 0.6588 (Nara) in Japan, and from 0.4716 to 0.6433 in
Vietnam (Table 1). Almost all populations deviated from the Hardy-
Weinberg equilibrium (HWE), except for Cao Bang (with only six
samples). Private alleles were present within all populations but with
a relatively higher frequency in China. In the overall dataset, nine
of 60 loci pairs showed significant linkage disequilibrium (Table Sé
in Appendix S1), but 3.4% of all loci pairs were detected as being
linked when each population was tested separately. After the popu-
lations were divided into groups of Japan and continental East Asia,
AMOVA detected 3.85% variation between Japan and continental
East Asia, and a 17.32% variation among populations within groups,
which suggested that a significant genetic differentiation exists be-
tween groups (AMOVA F; = 0.0385, p < .001) and among popula-
tions in different groups (Fg; = 0.2118, p < .001; Table 2). The fixation
index F, for each population was estimated and used for multivari-
able analysis of population genetics (Appendix S3). The range of
pairwise genetic distance was as follows: i) Gg;_H is from 0.1369
(Shiga-Biwako pair) to 0.9632 (Kagoshima-Kanagawa pair); and ii) D,
is from 0.1258 (Shiga-Biwako pair) to 0.9372 (Kagoshima-Shizuoka
pair).

3.2 | Population structure

The DAPC with previous information retained 58, 53, and 53 PCs
overall and for Japan and continental East Asia, respectively (Figure
S2 in Appendix S2). The results showed that populations were mixed

and showed no obvious edge and structure in continental East Asia
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(Figure 1b), while Hong Kong and Vietnam (Lang Son and Cao Bang)
seemed to be different (Figure 1d). Most populations in Japan were
highly structured and formed a chain from the northeast (e.g. Akita)

to the southwest (e.g. Kochi) (Figure 1c). However, Kagoshima,

TABLE 2 AMOVA analysis for total populations and groups

Sum of Variance of Percentage
Source of variance  squares components variation (%)
AMOVA results of all populations
Among 362.454 0.222 19.670
populations
Within 1,382.127 0.908 80.330
populations
Total 1744.582 1.130

Fep=0.1967""

AMOVA results of populations in two groups (Japan, continental
East Asia)

Nagasaki, and Kumamoto on Kyushu island were separated from
the main chain with a few overlaps on the DAPC axis 1 (Figure 1b,c).
Clusters driven by Kochi, Nara, Shiga, Biwako, and Osaka in Japan
were partially overlapped with populations in continental East Asia
(Figure 1b). According to the lowest BIC score, DAPC without previ-
ous information on the populations identified 16, 13, and six clus-
ters overall, and for Japan and continental East Asia, respectively.
Predefined populations in Japan were obviously clustered (e.g.
Kagoshima), while those in continental East Asia showed no obvious
clusters, which was consistent with DAPC results that were obtained
using previous information (Figure S3 in Appendix S2).

Structure analyses identified two genetic clusters (optimal K = 2)
for the overall populations (Figure 2). There was a split between Japan
and continental East Asia, suggesting that structured populations
corresponded to previous geographical locations among the two re-
gions. Populations in continental East Asia were clustered together
and had admixtures with Shiga, Biwako, Osaka, and Kagoshima in
Japan, which was consistent with the DAPC results. Additionally,

Among groups 46.294 0.044 3.850
results of round Il analysis focusing on each group showed two clus-
Among 316160  0.199 17.320 . ‘ ]
populations ters (optimal K = 2) in the Japan group and three clusters (optimal
within groups K = 3) in the continental East Asia group. Structures illustrated by
Within 1,382.127 0.908 78.830 the suboptimal K values (Japan: K = 5, K = 11; continental East Asia:
populations K =8) in round Il (Figure S4 in Appendix S2) indicated that Japan had
Total 1744.582 1.151 stronger structures than continental East Asia (Figure 2, Round ).
For= 0.2118 ™, The clusters in the Japan group were generally divergent in the dif-
Foc=0.1802"", ferent geographical areas of northeast, middle, and southwest Japan
Fcr=0.0385 (Figure 1). The clusters in the continental East Asia group showed
***p <.001. that populations were genetically mixed, except for some special
@ > Q& o (d < > Q’b\ o)
& N o F T8 & 9 S S O &
N - S @ @ X @ o Q. N & &S O O & CNEN S © 2
é@&q’ \\\Q’Q\ 5‘99 & féﬁ & ‘b@* Sy & @’5"? & & @@ S rbq&rzr‘g% & & & ¥ & §Y§°\.§§§° RPN '\*‘Qi& s
PHEPHE & ¢ S IFTFTLFPE © @ OFFF ¢ 8 T FIPGT & F F SPS

Round II Continent K =3

Wil

Round II Continent K

Round II Japan K= 11

Continent

Japan I ‘

FIGURE 2 Population structure analyzed using Structure. Japan and continental East Asia are split associating with their geography
and have some admixtures (Round ). Structure results suggested that Japan is highly structured according to geographic barriers, while
continental East Asia is highly mixed (Round Il). Blue colors represent structured clusters in Japan. Red colors represent structured clusters
in continental East Asia. Clusters that are consistent with corresponding populations are colored based on Figure 1
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clusters that were driven by Hong Kong and Vietnam (Cao Bang and
Lang Son), which was similar to the DAPC results. Additionally, pop-
ulation genetics in mainland China were uniform despite of the long
geographic distance (e.g., Changchun, Nanjing, Yangzonghai, and
Shilin) (Figure 2, Round I1).

3.3 | Isolation by distance and gene flow

The correlation between genetic and geographic distance matrices
using the Mantel test showed a significant correlation among all the
populations and the Japan group, but no significant correlation with
the continental East Asia group (Table 3). Linear regression between
the genetic distance and geographic distance also supported the
results that populations in the Japan group were more significantly
divided by geographic distance than populations in continental East
Asia (Table 3 and Figure 3a). The historical gene flow (4Nm) between
population pairs was higher among regions of continental East
Asia than regions in Japan (Figure 3b). In Japan, gene flow from the
Kyushu area (e.g., Kagoshima, Nagasaki) to other parts was relatively
higher (Figure 3c). In continental East Asia, gene flow from the east-
ern part of China (e.g. Nanjing, Hangzhou, ChunAn) to other parts
was relatively higher (Figure 3d).

3.4 | Human and environmental correlates of
genetic divergence

To illustrate the relationship between human disturbance of the en-
vironment and population divergence, and to reveal the extent of
the differences in the aspects of human effects between Japan and

TABLE 3 Correlations between genetic distance (G4 H, D)) and
geographic distance (dist.. ) of pairwise populations

Geo
China-
Correlation Total Japan Vietnam
Mantel test
GgH ~ dist,,
r 0.2358 0.3159 0.1390
p 0.0007™" 0.0025" 0.1044
D, ~ dist.,,
r 0.2610 0.3156 0.1387
p 0.0003"" 0.0013" 0.1007
Linear regression
Ggr H ~ dist,,
7 0.0547 0.0969 0.0146
p 8.3e-15 " 1.6e-08"" 0.0440
D, ~ dist,,
7 0.0673 0.0967 0.0144
p 2.2e-16" 1.7e-08"" 0.0452"

*p <.05, **p < .01, ***p < .001.
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continental East Asia, we investigated the relationships between
population divergence (F) and bioclimatic variables, geographi-
cal longitude and latitude, and major variables of human interven-
tion in the environment (human population density (Center for
International Earth Science Information Network, 2018), footprint
(Venteretal., 2016, 2018), migration (de Sherbinin etal., 2012, 2015),
and urban expansion (Oakleaf et al., 2015, 2019)) (see the Methods
section). We identified top variables that are important for explain-
ing variation in population divergence at each level (Figure 4a-c).
Top variables with a positive mean MDA were collapsed into a RDA
compared to the microsatellite allele frequency of each population
(Figure 4d-f). In the overall populations, human intervention and dis-
turbance (human pressure, density, and urban expansion) were im-
portant for explaining genetic divergence (Figure 4a), among which
longitude and temperature (e.g. BIO11) significantly influenced di-
vergence in Japan (Figure 4d,e), whereas urban expansion (UbEx
20 km, UbEx 50 km) and temperature (e.g. BIO10, BIO11) signifi-
cantly affected divergence on continental East Asia. Urban expan-
sion variables were also important for explaining variations in Japan
(Figure 4b), but they had no significance on the RDA?2 axis (Figure 4e).
In the continental East Asia group, many bioclimatic variables and a
few human effect variables were important (Figure 4c), reflecting
that there were similar levels of human disturbance for different
populations of S. quadrata in continental East Asia, which make the
high admixture of population genetics (Gu, Husemann, et al., 2015;
Gu, Zhang, et al., 2015; Gu, Zhou, et al., 2015; and our results) and
probably reduce the importance of some anthropic variables. But
the RDA results revealed that most populations were on the nega-
tive side of the RDA 1 axis, suggesting that population genetics were
widely and significantly influenced by some human interventions in
the continent. Variances in the continent that were shown on the
RDA?2 axis were mainly caused by the factors of temperature (e.g.
BIO3, BIO5, BIO11) and precipitation (BIO14, BIO19) (Figure 4f).

3.5 | Demographic history and introduction

We tested the divergence times, admixtures, and population size
changes by testing 12 different demographic scenarios (Figure 5)
using the ABC method (see the Methods section). The results showed
that scenario 11 had the highest posterior probability and scenario 7
had a close probability to scenario 11 (Table S7 in Appendix S1 and
Figure S5 in Appendix S2). Scenario 11 indicated that populations
from Kyushu (JPK) were divided from the eastern Asian continent
(CN) at T3, while scenario 7 indicated that CN and JPK were sister
groups that had divided from the same ancestral population (NA) at
T3, and the other demography of the two scenarios after T3 were the
same (Figure 5). The posterior demographic parameters in scenarios
11 and 7 are shown in Table S8 (Appendix S1), Figures Sé6 and S7
(Appendix S2). In scenario 11, JPK was divided from CN 6.93 x 10*
generations ago (median value) at time T3 (95% CI: 2.11 x 104-
1.81 x 10°). Eastern Japan (JP1, see the Section 2.7) was mixed with
CN and JPK and diverged at 7.91 x 10° generations (median value)
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FIGURE 3 Isolation by distance and gene flow in Japan and continental East Asia. Linear regression between natural logistic value of

geographical distance and genetic distance assessing by G¢;_H and D, showed higher significance overall and in Japan compared to that in
the continental East Asia (a). r? represents the linear regression value for each model. Gene flow values (4 Nm) within the continental East
Asia are relatively higher than that within Japan (b). In Japan, gene flow from Kyushu to other parts is a little bit higher (c). In the continental
East Asia, gene flow from the east part (e.g. NJ, CA, HB) to other parts is relatively higher (d). Population abbreviations are listed in Table 1

ago at time T2 (95% Cl: 1.83 x 10°-3.87 x 10*). Western Japan (JP2,
see Section 2) was mixed with CN and JP1 and diverged at 1.16 x 10°
generations ago (median value) at time T1 (95% CI: 74.5-7.81 x 10°).
Expansions for the corresponding populations occurred at T2.1 (me-
dian, 5.85 x 10% 95% Cl, 2.27 x 10-9.68 x 10* and T1.1 (median,
6.69 x 10%;95% Cl: 1.21 x 10°-1.86 x 10%) (Figure 6b). Previous stud-
ies showed that the S. quadrata sexual maturation is likely to take
1 year, with iteroparous reproduction taking several years thereafter
(Liu et al., 1979; Van Bocxlaer & Strong, 2019). Therefore, we in-
ferred that the earliest introduction from CN to JPK happened ap-
proximately 70,000 years ago, and that JP1 was separated from CN
and JPK approximately 8,000 years ago, while JP2 was separated
from CN and JP1 approximately 1,200 years ago (Figure 6b). The
PCA results from scenario 11 are shown in Figure S8 (Appendix S2).
The type | error (the probability that a true scenario is rejected) and
type Il error (probability of false-positive) for scenario 11 are shown
in Table S9 (Appendix S1). The nonconflicting scenarios 11 and 7 in-
dicated that S. quadrata in Kyushu have unique genetic properties

and that they probably migrated from China around 70,000 years

ago. Subsequently, the populations of Kyushu spread eastward and
mixed with S. quadrata from China beginning 8,000 years ago.

4 | DISCUSSION
4.1 | Demographic history and ancient migration

The ancient origin and historical migration of species from east-
ern Asia to the Japanese archipelago have included various taxa,
such as plants (Aoki et al.,, 2019; Deng, Jiang, Hipp, Manos, &
Hahn, 2018; Xiang, Erst, Xiang, Jabbour, & Wang, 2018), mammals
(Kinoshita et al., 2019), insects (Jang-Liaw et al., 2019; Takenaka &
Tojo, 2019), freshwater fish (Matsumoto et al., 2010; Saitoh, Chen,
& Mayden, 2010), and freshwater snails (Saito et al., 2018), show-
ing that agreement with geohistory of the Japanese archipelago
and its connections with continental East Asia are combined to
affect the biogeography. Most parts of the Japanese archipelago

were attached to the eastern margin of the Eurasian continent
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FIGURE 4 Theimportance of the variables for explaining the population divergence were tested using random forest classification (a-c)
and redundant analysis (RDA) based on population allele frequencies and significant variables (d-f). Urban expression is one of the most
significant variables that influences population genetics in the continental East Asia (d, f), although it is not very important (c). Longitude is
a very important variable and significantly influences population genetics in Japan (b, d, e), while urban expansion is important, but it is not
significant (b, e). The explanations of variables are listed in Table S3 (Appendix S1)

until about 20 million years ago (Ma) (Martin, 2011; Otofuji
et al., 1985; Takenaka & Tojo, 2019). The Sea of Japan opened
up and Japan was separated as an island archipelago until about
15 Ma (Martin, 2011; Otofuji et al., 1985; Takenaka & Tojo, 2019)
and the southwestern part of Japan was attaching to the margin
of the continent until about 2 Ma (Kitamura & Kimoto, 2006). The
best model of demographic history (scenario 11) in our results
also suggests that S. quadrata in Japan migrated from continental
East Asia at about 70,000 years ago (T3). This period is consistent

with the hypothesis of an East China Sea land bridge as a “disper-
sal corridor” (Kameyama et al., 2017; Saito et al., 2018; Wepfer
et al,, 2016; Zhang et al., 2016; Zhao et al., 2019). During the Last
Glacial Maximum (about 22,000 years ago), wide extensions of
the continental shelf across the East China Sea were assumed to
have been exposed and formed a land bridge, providing a corridor
for species or population distribution and allowing migration of
many species from continental East Asia to Japan (Lambeck, Esat,
& Potter, 2002; Zhang et al., 2016). The Sea of Japan and the sea of
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FIGURE 5 Scenarios defined based on previous of genetic structures and evolutionary backgrounds for analyzing demographic history
in DIYABC. Results show that scenario 11 was the best model and scenario 7 was the second model. T represents the divergence time of
lineages. N represents effective population size of each population in each period. CN represents linage of populations in continental East
Asia. JP1 represents linage of populations in Tohoku and Kanto. JP2 represents linage of populations in Kansai and Shikoku. JPK represents

linage of populations in Kyushu

northwest Kyushu became brackish during the last glacial period
(70,000-10,000 years ago) because surface water in these areas
was replaced by freshwater that was brought from the Yellow
River and Yangtze River (Oba & Tanimura, 2012). Therefore, the
natural ancient migration of S. quadrata was most likely to have
occurred during this period and the first migration was shown to
occur in Kyushu. Human introduction of S. quadrata during this pe-
riod is unlikely because the first human arrival to Japan is around
40,000-30,000 years ago (Fujita et al., 2016).

However, our results do not show solid evidence to exclude the
second best model (scenario 7), which indicated that populations in
Kyushu had the same unknown ancestors as those in continental

East Asia. Except for the origin of the Kyushu populations, scenarios

7 and 11 illustrate the identical process for populations in the other
parts of the Japanese archipelago (Figure 5). Our results suggest
that the first S. quadrata migration to Japan (Kyushu) probably con-
tains both migration from the continent after it had geographically
separated (best model of scenario 11) and ancestral divergences
from the unknown ancestors before it had geographically separated
(alternative model of scenario 7). This would be illustrated by the
independent origins of the Japanese archipelago that originates in
southwestern Japan, which is related to the coast of mainland China,
but the origins of northeastern Japan are related to coast of eastern
of Siberia (Otofuji et al., 1985; Tojo et al., 2017). Another viviparid
species Cipangpaludina chinensis is likely also native to the Kyushu

region, indicating its special origins during the geological ancient
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FIGURE 6 Demographic history and parameters of Sinotaia quadrata introduced from continental East Asia. (a) Arrows and small maps
represent the historical introduction approaches of S. quadrata from continental East Asia (CN) to Japan based on the best model (scenario
11, see the Section 3.5). The first introduction happened in Kyushu (JPK). Then, eastern Japan (JP1) was formed by admixture of CN and
JPK, and western Japan (JP2) was formed by admixture of CN and JP1. (b) The best model scenario 11 indicates that Kyushu was separated
from the continent, which is shown as the solid gray box. The second model scenario 7 indicates that Kyushu and the continent were
separated from an unknown ancestor NA, which is shown as the dotted box. Demographic parameters of scenarios 11 (black) and 7 (gray)

are shown in the parentheses

periods (Hirano, Saito, Tsunamoto, Koseki, Ye, et al., 2019). Further

studies are needed to examine the details of the initial process.

4.2 | Recent introduction, population
admixture, and isolation

Both scenarios 11 and 7 showed the same process of divergence
and admixture in the other part of Japan after populations settled in
Kyushu. Populations from the continent migrated to eastern Japan
approximately 8,000 years ago (T2) and mixed with some popula-
tions that migrated from Kyushu. Then, the migration continued
from the continent to western Japan approximately 1,200 years
ago (T1), and admixture with some populations that migrated from
eastern Japan occurred (Figure 6a). Populations on Honshu Island
genetically originated from the eastern Asian continent and also had
some admixture with Kyushu. Within Honshu, the lineage in west-
ern Japan (JP2) was derived from the lineage in eastern Japan (JP1)
that mixed with the lineage on the continent (CN) (Figure éb). Thus,
the historical patterns of S. quadrata spread throughout Japan are
not simply a spread from west to east, but are a multiple processes
of migrations and admixtures. These episodes of population spread-
ing and mixing within Japan and migration from the continent oc-
curred beginning 8,000 years ago are most likely to be caused by
human movements with agriculture expansion (Bellwood, 2005;
Diamond & Bellwood, 2003). In this period, the early paddy rice do-

mesticates are thought to have moved from continental East Asia

to Japan (Fuller et al., 2010; Kovach, Sweeney, & McCouch, 2007).
The introduction of paddy rice cultivation during this period prob-
ably caused migration of the freshwater snails, because paddy and
the irrigation system of agriculture are typical habitats for viviparids
(e. g. Benson, 1842; Liu et al., 1979; Yen, 1937). Another episode of
migration and admixture that occurred about 1,200 years ago corre-
sponds to the timing of a rapid increase in trade between Japan and
the continent (Hanihara, 1993; Omoto & Saitou, 1997). Migration of
a large freshwater snail species such as S. quadrata from the conti-
nent to Japan did not likely occur after 8,000 years ago by natural
processes because the Sea of Japan had expanded and it became an
effective barrier for migration. This suggests that the recent migra-
tion from the continent to Japan that occurred between 8,000 years
ago and 1,200 years ago was artificial introduction.

Higher genetic structure found in the contemporary popula-
tions in Japan suggests that these lineages from different regions
of Japan were isolated after their introduction to the area. In par-
ticular, Kyushu is separated from the other regions (Figure 1b,
Figure 1c). Kyushu is a region with a long volcanic history in the
southwest area of the Japan archipelago (Kamata & Kodama, 1999).
For instance, the eruption of Tsurumi volcano in the northeast part
of Kyushu started at 60,000 years ago and continued to present
during the past 30,000 years for multiple times (Fujisawa, Okuno,
Nakamura, & Kobayashi, 2002). The volcanic activities of volcanoes
at southern Kyushu were traced back to about 6,500 years ago (Ui
& Fukuyama, 1972). Multiple volcanic eruptions might have caused

S. quadrata to undergo repeated colonization-extirpation processes,
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which caused periodic losses in genetic diversity and multiple
founder effects. This is consistent with the above results, which
showed that the population size of Kyushu historically decreased
(Figure 6). Although populations in other parts of Japan probably
received ongoing introductions from continental East Asia through-
out history (T2 and T3), the long-term isolation caused by various
geographical patterns would be the main reason why contemporary
populations in Japan show significant isolation by distance (IBD) and
a high genetic structure. However, populations in the larger geo-
graphical range of continental East Asia show no significant IBD,
which is consistent with previous studies (Gu, Husemann, et al,,
2015; Gu, Zhang, et al., 2015; Gu, Zhou, et al., 2015). Our hypoth-
esis that more human use of S. quadrata in continental East Asia is
likely to contribute to human-vectored dispersal in modern times is
also consistent with the explanation of human transportation (Gu,
Husemann, et al., 2015; Gu, Zhang, et al., 2015; Gu, Zhou, et al,,
2015). In addition, comparing with previous studies, our comparison
study under different situations of human use between continental
East Asia and Japan promotes to understand that human-vectored
dispersal could increase the genetic connectivity (Bilton, Freeland, &
Okamura, 2001; Holland & Cowie, 2007; Maguire, 1963).

4.3 | Long-term geographical isolation in Japan and
modern human use in continental east Asia

Populations in a small habitat area generally have a relatively low
genetic diversity (Andrén, 1994; Bridle, Pedro, & Butlin, 2004;
Tews et al., 2003). The introduced populations (here they are the
populations in Japan) might also be expected to be less structured
than the source populations (Dlugosch & Parker, 2008; Dybdahl &
Drown, 2011; Mergeay et al., 2006; Vogel et al., 2010). However,
here, we detected the opposite case, and we generated a hypoth-
esis that populations of S. quadrata on relatively small scale in Japan
had lower genetic diversity but stronger population structure than
that in continental East Asia. Populations in the continental East Asia
showed high genetic diversity but weak structure, which is consist-
ent with previous studies (Gu, Husemann, et al., 2015; Gu, Zhang,
et al., 2015; Gu, Zhou, et al., 2015). We supplemented the compari-
son study of populations in Japan and agreed in principle with the
effects that are mentioned in previous studies, but we also observed
that the uniform genetic structure for contemporary populations in
continental East Asia is mainly shaped by modern human use, while
that of the higher structure in Japan is mainly shaped by long-term
geographical isolation.

For the human effects, S. quadrata is not food or a food product
that was eaten by Japanese people. It seems hard to compare the de-
tails of food consumption of this snail and to detect the difference in
the transportation system between Japan and continental East Asia,
but human use and disturbance suggested that human-vectored dis-
persal across continental East Asia is higher, resulting in the higher
gene flow. For populations in Japan, the genetic structure seems

to be correlated with the geological structure of the country. The

Japanese archipelago contains four main islands, including Hokkaido
(not involved in these studies), Honshu, Shikoku, and Kyushu from
east to west. The largest island of Honshu is usually divided into two
regions of Kanto (east) and Kansai (west) by mountains between
Lake Biwa and Nagoya, and the Kanto region also contains an area
of Tohoku (northeast) (Figure 6a). Our results suggest that popula-
tion divergences in Japan are largely consistent with common geo-
graphical boundaries. For example, structure clusters in Japan are
divided into regions around Nagoya and Biwako (Figure 1b) where
the boundary between the two regions of Kanto (east) and Kansai
(west) in Honshu is located (Figure 6a). In addition, population diver-
gences in Japan are significantly correlated with longitude in the di-
rection of the east-west geographical divisions (Figure 4e). Although
the demographic history showed that historical gene flow might
happen among these regions, the isolated geographical patterns and
lack of human disturbance probably hide the effects of gene flow
for contemporary populations in Japan. We suggest that the popu-
lation genetics are more differentiated in Japan because of the com-
bined effects of less human use and more geographical divergence.
Therefore, long-term geographical isolation and modern human use
show trends toward becoming the corresponding focal point that af-
fect the genetic patterns of the contemporary populations in Japan
and continental East Asia.

In conclusion, S. quadrata populations historically had two
main approaches to migration from continental East Asia to Japan.
One approach is natural migration that is associated with the geo-
history of Japan in ancient times, and the other approach is the
artificial introduction that is associated with agriculture expan-
sion by human movements in recent times. Populations in Kyushu
were initially derived from the continent probably through the
East China Sea land bridge during the last glacial period (about
70,000 years ago) as the first approach. Populations in eastern
Japan originated recently (about 8,000 years ago) from conti-
nental East Asia and Kyushu at the beginning of the agriculture
expansion through human movement from continental East Asia
to Japan. Populations in western Japan, however, originated more
recently (about 1,200 year ago) from continental East Asia and
eastern Japan when the socioeconomic and culture was com-
prehensively exchanged between continental East Asia (such as
China) and Japan. Natural migration in the ancient period and
artificial introduction in the recent period suggest that the pop-
ulation distribution of S. quadrata is affected by both the geohis-
tory of East Asia and the historical human expansion. Moreover,
in the background of the historical migration and introduction,
contemporary populations in the two regions may experience dif-
ferent biogeographic processes, which are manifested in different
genetic structures in the two regions. Populations in Japan that
have complex geographical barriers are more highly structured
and isolated by distance than that in their source populations in
continental East Asia where there is more human use of this snail,
suggesting that long-term geographical isolation is likely the major
factor that shapes the genetic structure of contemporary popu-

lations in Japan, while modern human uses are likely the major
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factors affecting the genetic structure in continental East Asia.
Although further studies are required, our preliminary results re-
veal a complex population history and unusual genetic patterns
in the contemporary populations for a common freshwater snail
in Japan and continental East Asia. By emphasizing the effects of
natural processes and humans, our study is of significance to re-
search on the historical formation and contemporary patterns of
biogeography in East Asia.

ACKNOWLEDGMENTS

We thank Osamu Kagawa, Tomoki Aota, Joichiro Koseki, Daishi
Yamazaki, and Shota Uchida for collecting samples and materials.
We thank Liew Thor Seng for giving advises for the manuscript. We
thank American Manuscript Editors for the English editing. We thank
the support provided by JSPS KAKENHI Grant Number 17H04611
funding and Japanese Government (Monbukagakusho: MEXT)
Scholarships.

CONFLICT OF INTERESTS
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTION

Bin Ye: Conceptualization (lead); Data curation (lead); Formal anal-
ysis (lead); Resources (equal); Software (lead); Validation (lead);
Visualization (lead); Writing-original draft (lead); Writing-review &
editing (lead). Takumi Saito: Conceptualization (equal); Data cura-
tion (equal); Investigation (lead); Resources (equal); Software (equal);
Writing-original draft (equal); Writing-review & editing (equal).
Takahiro Hirano: Conceptualization (equal); Data curation (equal);
Investigation (lead); Resources (equal); Software (equal); Writing-
original draft (equal); Writing-review & editing (equal). Zhengzhong
Dong: Investigation (equal); Resources (equal); Writing-original draft
(equal); Writing-review & editing (equal). Van Tu Do: Investigation
(equal); Resources (equal); Writing-original draft (equal); Writing-
review & editing (equal). Satoshi Chiba: Conceptualization (lead);
Data curation (equal); Formal analysis (equal); Funding acquisition
(lead); Project administration (lead); Resources (equal); Writing-
original draft (equal); Writing-review & editing (equal).

DATA AVAILABILITY STATEMENT

Appendix S1, Table files for Table S1-S9; Appendix S2, Figure files
for Figure S1-S8; Appendix S3, population F and environmental
variables; Appendix S4, Genotype file for analysis in DIYABC; and
data of microsatellite genotypes are deposited in Dryad: http://doi.
org/10/5061/dryad.h18931zgk

ORCID
Bin Ye https://orcid.org/0000-0002-5359-4389
REFERENCES

Agency of Fisheries Adminstration, Ministry of Agriculture and Rueal
Affairs of Peoples' Republic of China (2003-2017). China fisheries
yearbook. Beijing, China: China Agriculture Press.

Fcology and Evolution o 8069
= WILEY- %

Alcala, N., Goudet, J., & Vuilleumier, S. (2014). On the transition of ge-
netic differentiation from isolation to panmixia: What we can learn
from G¢; and D. Theoretical Population Biology, 93, 75-84.

Andrén, H., & Andren, H. (1994). Effects of habitat fragmentation
on birds and mammals in landscapes with different proportions
of suitable habitat: A review. Oikos, 71, 355-366. https://doi.
org/10.2307/3545823

Aoki, K., Tamaki, I., Nakao, K., Ueno, S., Kamijo, T., Setoguchi, H., ...
Tsumura, Y. (2019). Approximate Bayesian computation analysis of
EST-associated microsatellites indicates that the broadleaved ever-
green tree Castanopsis sieboldii survived the Last Glacial Maximum
in multiple refugia in Japan. Heredity, 122, 326-340. https://doi.
org/10.1038/s41437-018-0123-9

Astanei, |., Gosling, E., Wilson, J. I. M., & Powell, E. (2005). Genetic vari-
ability and phylogeography of the invasive zebra mussel, Dreissena
polymorpha (Pallas). Molecular Ecology, 14, 1655-1666. https://doi.
org/10.1111/j.1365-294X.2005.02530.x

Beerli, P. (2006). Comparison of Bayesian and maximum-likelihood infer-
ence of population genetic parameters. Bioinformatics, 22, 341-345.
https://doi.org/10.1093/bioinformatics/bti803

Bellwood, P. (2005). Examining the farming language dispersal hypoth-
esis in the East Asian context. In R. Blench, L. Sagart, & A. Sanchez-
Mazas (Eds.), The peopling of East Asia: Putting together archaeology,
linguistics and genetics (pp. 17-30). Oxford, UK: Routledge Curzon.

Benson, W. H. (1842). Mollusca. In T. Cantor (Ed.), General features of
Chusan, with remarks on the flora and fauna of that island. Annals and
magazine of natural history ser. 1 (vol. 9, pp. 486-490). London, UK: R.
and J. E. Taylor.

Bilton, D. T,, Freeland, J. R., & Okamura, B. (2001). Dispersal in freshwa-
ter invertebrates. Annual Review of Ecology and Systematics, 32, 159-
181. https://doi.org/10.1146/annurev.ecolsys.32.081501.114016

Bridle, J. R., Pedro, P. M., & Butlin, R. K. (2004). Habitat fragmentation
and biodiversity: testing for the evolutionary effects of refugia.
Evolution, 58, 1394-1396; discussion 1397-1400.

Brownstein, M. J., Carpten, J. D., & Smith, J. R. (1996). Modulation of
non-templated nucleotide addition by tag DNA polymerase: Primer
modifications that facilitate genotyping. BioTechniques, 20, 1004.

Bullock, J. M., Bonte, D., Pufal, G., da Silva Carvalho, C., Chapman, D. S,,
Garcia, C., ... Delgado, M. M. (2018). Human-mediated dispersal and
the rewiring of spatial networks. Trends in Ecology & Evolution, 33,
958-970. https://doi.org/10.1016/j.tree.2018.09.008

Center for International Earth Science Information Network CCU
(2018). Gridded population of the world, version 4 (GPWv4): Population
density, revision 11. Palisades, NY: NASA Socioeconomic Data and
Applications Center (SEDAC).

Chapuis, M. P,, & Estoup, A. (2007). Microsatellite null alleles and estima-
tion of population differentiation. Molecular Biology and Evolution, 24,
621-631. https://doi.org/10.1093/molbev/ms|191

Chapuis, M. P, Loiseau, A., Michalakis, Y., Lecoq, M., & Estoup, A. (2005).
Characterization and PCR multiplexing of polymorphic microsatel-
lite loci for the locust Locusta migratoria. Molecular Ecology Notes, 5,
554-557. https://doi.org/10.1111/j.1471-8286.2005.00987.x

Cianfanelli, S., Stasolla, G., Inghilesi, A. F., Tricarico, E., Goti, E., Strangi,
A., & Bodon, M. (2017). First European record of Sinotaia quadrata
(Benson, 1842), an alien invasive freshwater species: Accidental or
voluntary introduction? (Caenogastropoda: Viviparidae). Bollettino
Malacologico, 53, 150-160.

Cornuet, J.-M., Pudlo, P., Veyssier, J., Dehne-Garcia, A., Gautier, M.,
Leblois, R., ... Estoup, A. (2014). DIYABC v2.0: A software to make
approximate Bayesian computation inferences about population
history using single nucleotide polymorphism, DNA sequence and
microsatellite data. Bioinformatics, 30, 1187-1189. https://doi.
org/10.1093/bioinformatics/btt763

Cornuet, J. M., & Ravigné, V.,& Estoup, A. (2010). Inference on
population history and model checking using DNA sequence


http://doi.org/10/5061/dryad.h18931zgk
http://doi.org/10/5061/dryad.h18931zgk
https://orcid.org/0000-0002-5359-4389
https://orcid.org/0000-0002-5359-4389
https://doi.org/10.2307/3545823
https://doi.org/10.2307/3545823
https://doi.org/10.1038/s41437-018-0123-9
https://doi.org/10.1038/s41437-018-0123-9
https://doi.org/10.1111/j.1365-294X.2005.02530.x
https://doi.org/10.1111/j.1365-294X.2005.02530.x
https://doi.org/10.1093/bioinformatics/bti803
https://doi.org/10.1146/annurev.ecolsys.32.081501.114016
https://doi.org/10.1016/j.tree.2018.09.008
https://doi.org/10.1093/molbev/msl191
https://doi.org/10.1111/j.1471-8286.2005.00987.x
https://doi.org/10.1093/bioinformatics/btt763
https://doi.org/10.1093/bioinformatics/btt763

YE ET AL.

8070 WI LEY_ECObe and Evolution

Open Access,

and microsatellite data with the software DIYABC (v1.0). BMC
Bioinformatics, 11, 401.

Crispo, E., Moore, J. S., Lee-Yaw, J. A, Gray, S. M., & Haller, B. C. (2011).
Broken barriers: Human-induced changes to gene flow and intro-
gression in animals: An examination of the ways in which humans
increase genetic exchange among populations and species and the
consequences for biodiversity. BioEssays, 33, 508-518. https://doi.
org/10.1002/bies.201000154

de Sherbinin, A., Levy, M., Adamo, S., MacManus, K., Yetman, G., Mara,
V., ... Pistolesi, L. (2012). Migration and risk: Net migration in marginal
ecosystems and hazardous areas. Environmental Research Letters, 7,
045602. https://doi.org/10.1088/1748-9326/7/4/045602

de Sherbinin, A., Levy, M., Adamo, S., MacManus, K., Yetman, G., Mara,
V., ... Pistolesi, L. (2015). Global estimated net migration grids by de-
cade: 1970-2000. Palisades, NY: NASA Socioeconomic Data and
Applications Center (SEDAC).

Dempster, A. P, Laird, N. M., & Rubin, D. B. (1977). Maximum likelihood
from incomplete data via the EM algorithm. Journal of the Royal
Statistical Society: Series B (Methodological), 39, 1-22.

Deng, M., Jiang, X. L., Hipp, A. L., Manos, P. S., & Hahn, M. (2018).
Phylogeny and biogeography of East Asian evergreen oaks (Quercus
section Cyclobalanopsis; Fagaceae): Insights into the Cenozoic his-
tory of evergreen broad-leaved forests in subtropical Asia. Molecular
Phylogenetics and Evolution, 119, 170-181. https://doi.org/10.1016/j.
ympev.2017.11.003

Diamond, J., & Bellwood, P. (2003). Farmers and their languages: The
first expansions. Science, 300, 597-603. https://doi.org/10.1126/
science.1078208

Dlugosch, K. M., & Parker, I. M. (2008). Founding events in species in-
vasions: Genetic variation, adaptive evolution, and the role of mul-
tiple introductions. Molecular Ecology, 17, 431-449. https://doi.
org/10.1111/j.1365-294X.2007.03538.x

Dybdahl, M. F., & Drown, D. M. (2011). The absence of genotypic diver-
sity in a successful parthenogenetic invader. Biological Invasions, 13,
1663-1672. https://doi.org/10.1007/s10530-010-9923-4

Earl, D. A., & Vonholdt, B. M. (2012). STRUCTURE HARVESTER: A web-
site and program for visualizing STRUCTURE output and implement-
ing the Evanno method. Conservation Genetics Resources, 4, 359-361.
https://doi.org/10.1007/s12686-011-9548-7

Ersts, P. J. (2018). Geographic distance matrix generator (version 1.2.3).
American Museum of Natural History, Center for Biodiversity and
Conservation. Retrieved from http://biodiversityinformatics.amnh.
org/open_source/gdmg

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the num-
ber of clusters of individuals using the software STRUCTURE: A
simulation study. Molecular Ecology, 14, 2611-2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new series
of programs to perform population genetics analyses under Linux
and Windows. Molecular Ecology Resources, 10, 564-567. https://doi.
org/10.1111/j.1755-0998.2010.02847.x

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of popula-
tion structure using multilocus genotype data: Linked loci and cor-
related allele frequencies. Genetics, 164, 1567-1587.

Francis, R. M. (2017). POPHELPER: An R package and web app to analyse
and visualize population structure. Molecular Ecology Resources, 17,
27-32.

Fujisawa, Y., Okuno, M., Nakamura, T., & Kobayashi, T. (2002). Eruptive
activities of Tsurumi volcano in Japan during the past 30,000
years. Journal-geological Society of Japan, 108, 48-58. https://doi.
org/10.5575/geosoc.108.48

Fujita, M., Yamasaki, S., Katagiri, C., Oshiro, I., Sano, K., Kurozumi, T., ...
Kaifu, Y. (2016). Advanced maritime adaptation in the western Pacific
coastal region extends back to 35000-30000 years before present.

Proceedings of the National Academy of Sciences, 113, 11184. https://
doi.org/10.1073/pnas.1607857113

Fuller, D. Q., Sato, Y.-I., Castillo, C., Qin, L., Weisskopf, A. R., Kingwell-
Banham, E. J,, ... van Etten, J. (2010). Consilience of genetics and
archaeobotany in the entangled history of rice. Archaeological and
Anthropological Sciences, 2, 115-131. https://doi.org/10.1007/s1252
0-010-0035-y

Gu, Q. H. (2013). Genetic diversity and taxonomy of Bellamya populations
from different geographic regions in China. Wuhan, China: Huazhong
Agricultural University.

Gu, Q. H., Husemann, M., Ding, B., Luo, Z., & Xiong, B. X. (2015).
Population genetic structure of Bellamya aeruginosa (Mollusca:
Gastropoda: Viviparidae) in China: Weak divergence across large
geographic distances. Ecology and Evolution, 5, 4906-4919.

Gu, Q. H., Xiong, B. X., Zhu, Y. T., Wang, Q., & Shi, P. S. (2012a).
Development of 18 microsatellite loci for the freshwater snail
Bellamya aeruginosa (Mollusca, Gastropoda). Genetics and Molecular
Research, 11, 1449-1453. https://doi.org/10.4238/2012.May.18.4

Gu, Q. H., Xiong, B. X., Zhu, Y. T., Wang, Q., & Shi, P. S. (2012b). Isolation
and characterization of polymorphic microsatellites loci in the fresh-
water snail Bellamya aeruginosa (Mollusca, Gastropoda). Conservation
Genetics Resources, 4, 387-390. https://doi.org/10.1007/s1268
6-011-9556-7

Gu, Q., Zhang, M., Zhou, C., Zhu, G., Dong, J., Gao, Y., ... Chen, P. (2015).
Analysis of genetic diversity and population structure of Bellamya
quadrata from lakes of middle and lower Yangtze River. Genetica, 143,
545-554. https://doi.org/10.1007/s10709-015-9852-3

Gu, Q. H., Zhou, C. J., Cheng, Q. Q., Li, X.-J., Zhu, G.-R., Zhang, M., ...
Dong, J. (2015). The perplexing population genetic structure of
Bellamya purificata (Gastropoda: Viviparidae): Low genetic differen-
tiation despite low dispersal ability. Journal of Molluscan Studies, 81,
466-475.

Hanihara, K. (1993). The population history of the Japanese. Japanese
Journal of Geriatrics, 30, 923-931. https://doi.org/10.3143/geria
trics.30.923

Hijmans, R. J. (2019). raster: Geographic data analysis and modeling. R
package version 2.9-5.

Hirano, T., Saito, T., & Chiba, S. (2015). Phylogeny of freshwater viviparid
snails in Japan. Journal of Molluscan Studies, 81, 435-441. https://doi.
org/10.1093/mollus/eyv019

Hirano, T., Saito, T., Tsunamoto, Y., Koseki, J., Prozorova, L., Do, V. T,, ...
Chiba, S. (2019). Role of ancient lakes in genetic and phenotypic di-
versification of freshwater snails. Molecular Ecology, 28, 5032-5051.
https://doi.org/10.1111/mec.15272

Hirano, T., Saito, T., Tsunamoto, Y., Koseki, J., Ye, B., Do, V. T., ... Chiba, S.
(2019). Enigmaticincongruence between mtDNA and nDNA revealed
by multi-locus phylogenomic analyses in freshwater snails. Scientific
Reports, 9, 6223. https://doi.org/10.1038/s41598-019-42682-0

Holland, B. S., & Cowie, R. H. (2007). A geographic mosaic of passive
dispersal: Population structure in the endemic Hawaiian amber snail
Succinea caduca (Mighels, 1845). Molecular Ecology, 16, 2422-2435.
https://doi.org/10.1111/j.1365-294X.2007.03246.x

Huang, B. Y., Zhu, X. G., Cai, H. W,, & Tian, M. L. (2007). Study on mol-
lusc Corbicula and Bellamya from Xixi and Luotuodun, Yixing, Jiangsu
Province. Marine Sciences, 31, 54-61.

Jang-Liaw, N.H., Tominaga, K., Zhang, C., Zhao, Y., Nakajima, J., Onikura,
N., & Watanabe, K. (2019). Phylogeography of the Chinese false
gudgeon, Abbottina rivularis, in East Asia, with special reference
to the origin and artificial disturbance of Japanese populations.
Ichthyological Research, 66, 460-478. https://doi.org/10.1007/s1022
8-019-00686-w

Jombart, T. (2008). adegenet: A R package for the multivariate analy-
sis of genetic markers. Bioinformatics, 24, 1403-1405. https://doi.
org/10.1093/bioinformatics/btn129


https://doi.org/10.1002/bies.201000154
https://doi.org/10.1002/bies.201000154
https://doi.org/10.1088/1748-9326/7/4/045602
https://doi.org/10.1016/j.ympev.2017.11.003
https://doi.org/10.1016/j.ympev.2017.11.003
https://doi.org/10.1126/science.1078208
https://doi.org/10.1126/science.1078208
https://doi.org/10.1111/j.1365-294X.2007.03538.x
https://doi.org/10.1111/j.1365-294X.2007.03538.x
https://doi.org/10.1007/s10530-010-9923-4
https://doi.org/10.1007/s12686-011-9548-7
http://biodiversityinformatics.amnh.org/open_source/gdmg
http://biodiversityinformatics.amnh.org/open_source/gdmg
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.5575/geosoc.108.48
https://doi.org/10.5575/geosoc.108.48
https://doi.org/10.1073/pnas.1607857113
https://doi.org/10.1073/pnas.1607857113
https://doi.org/10.1007/s12520-010-0035-y
https://doi.org/10.1007/s12520-010-0035-y
https://doi.org/10.4238/2012.May.18.4
https://doi.org/10.1007/s12686-011-9556-7
https://doi.org/10.1007/s12686-011-9556-7
https://doi.org/10.1007/s10709-015-9852-3
https://doi.org/10.3143/geriatrics.30.923
https://doi.org/10.3143/geriatrics.30.923
https://doi.org/10.1093/mollus/eyv019
https://doi.org/10.1093/mollus/eyv019
https://doi.org/10.1111/mec.15272
https://doi.org/10.1038/s41598-019-42682-0
https://doi.org/10.1111/j.1365-294X.2007.03246.x
https://doi.org/10.1007/s10228-019-00686-w
https://doi.org/10.1007/s10228-019-00686-w
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129

YE ET AL.

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis
of principal components: A new method for the analysis of genet-
ically structured populations. BMC Genetics, 11, 94. https://doi.
org/10.1186/1471-2156-11-94

Jost, L. (2008). Ggr and its relatives do not measure differentiation.
Molecular Ecology, 17, 4015-4026.

Kalinowski, S. T. (2004). Counting alleles with rarefaction: Private alleles
and hierarchical sampling designs. Conservation Genetics, 5, 539-543.
https://doi.org/10.1023/B:COGE.0000041021.91777.1a

Kalinowski, S. T. (2005). HP-RARE 1.0: A computer program
for performing rarefaction on measures of allelic rich-
ness. Molecular Ecology Notes, 5, 187-189. https://doi.
org/10.1111/j.1471-8286.2004.00845.x

Kamata, H., & Kodama, K. (1999). Volcanic history and tectonics of
the Southwest Japan Arc. Island Arc, 8, 393-403. https://doi.
org/10.1046/j.1440-1738.1999.00241.x

Kameyama, Y., Furumichi, J., Li, J., & Tseng, Y. H. (2017). Natural ge-
netic differentiation and human-mediated gene flow: The spatio-
temporal tendency observed in a long-lived Cinnamomum cam-
phora (Lauraceae) tree. Tree Genetics & Genomes, 13, 38. https://doi.
org/10.1007/s11295-017-1119-y

Kinoshita, G., Nunome, M., Kryukov, A. P., Kartavtseva, I. V., Han, S.-
H., Yamada, F., & Suzuki, H. (2019). Contrasting phylogeographic
histories between the continent and islands of East Asia: Massive
mitochondrial introgression and long-term isolation of hares
(Lagomorpha: Lepus). Molecular Phylogenetics and Evolution, 136, 65-
75. https://doi.org/10.1016/j.ympev.2019.04.003

Kitada, S., Nakamichi, R., & Kishino, H. (2017). The empirical Bayes
estimators of fine-scale population structure in high gene flow
species. Molecular Ecology Resources, 17, 1210-1222. https://doi.
org/10.1111/1755-0998.12663

Kitamura, A., & Kimoto, K. (2006). History of the inflow of the warm
Tsushima Current into the Sea of Japan between 3.5 and 0.8 Ma.
Palaeogeography, Palaeoclimatology, Palaeoecology, 236, 355-366.
https://doi.org/10.1016/j.palaeo.2005.11.015

Kovach, M. J., Sweeney, M. T., & McCouch, S. R. (2007). New insights into
the history of rice domestication. Trends in Genetics, 23, 578-587.
https://doi.org/10.1016/j.tig.2007.08.012

Kurozumi, T. (2013). Fossil molluscs occurred from Shimonakae
ruins. In Kumamoto Education Committee (Ed.), Shimonakae and
Kamihiokimeotogi ruins (pp. 83-92). Kumamoto, Japan: The Research
Report of Archaeological Surveys, Kumamoto Prefectural Board of
Education.

Lambeck, K., Esat, T. M., & Potter, E. K. (2002). Links between climate
and sea levels for the past three million years. Nature, 419, 199-206.
https://doi.org/10.1038/nature01089

Lehmann, T., Besansky, N. J., Hawley, W. A., Fahey, T. G., Kamau, L., &
Collins, F. H. (1997). Microgeographic structure of Anopheles gambiae
in western Kenya based on mtDNA and microsatellite loci. Molecular
Ecology, 6, 243-253.

Leng, L., & Zhang, D. E. (2011). Measuring population differen-
tiation using Gg; or D? A simulation study with microsatel-
lite DNA markers under a finite island model and nonequilib-
rium conditions. Molecular Ecology, 20, 2494-2509. https://doi.
org/10.1111/j.1365-294X.2011.05108.x

Li, G., Hubert, S., Bucklin, K., Ribes, V., & Hedgecock, D. (2003).
Characterization of 79 microsatellite DNA markers in the Pacific
oyster Crassostrea gigas. Molecular Ecology Notes, 3,228-232. https://
doi.org/10.1046/j.1471-8286.2003.00406.x

Liaw, A., & Wiener, M. (2002). Classification and regression by random-
Forest. R News, 2, 18-22.

Liu, Y. Y., Zhang, W. Z., Wang, Y. X., Wang, E. Y., & Ma, S. M. (1979).
Economic fauna of China (Freshwater Mollusks). Beijing, China: Science
Press.

Fcology and Evolution o 8071
= WILEY- %7

Lounnas, M., Correa, A. C., Vazquez, A. A,, Dia, A., Escobar, J. S., Nicot,
A., ... Hurtrez-Boussés, S. (2017). Self-fertilization, long-distance
flash invasion and biogeography shape the population structure of
Pseudosuccinea columella at the worldwide scale. Molecular Ecology,
26,887-903.

Maguire, B. (1963). The passive dispersal of small aquatic organisms and
their colonization of isolated bodies of water. Ecological Monographs,
33, 161-185. https://doi.org/10.2307/1948560

Martin, A. K. (2011). Double saloon door tectonics in the Japan Sea,
Fossa Magna, and the Japanese Island Arc. Tectonophysics, 498, 45-
65. https://doi.org/10.1016/j.tecto.2010.11.016

Matsumoto, S., Kon, T., Yamaguchi, M., Takeshima, H., Yamazaki, Y.,
Mukai, T., ... Nishida, M. (2010). Cryptic diversification of the swamp
eel Monopterus albus in East and Southeast Asia, with special refer-
ence to the Ryukyuan populations. Ichthyological Research, 57, 71-77.
https://doi.org/10.1007/s10228-009-0125-y

Meglecz, E., Petenian, F., Danchin, E., D'Acier, A. C., Rasplus, J.-Y., &
Faure, E. (2004). High similarity between flanking regions of different
microsatellites detected within each of two species of Lepidoptera:
Parnassius apollo and Euphydryas aurinia. Molecular Ecology, 13, 1693-
1700. https://doi.org/10.1111/j.1365-294X.2004.02163.x

Meirmans, P. G. (2015). Seven common mistakes in population genetics
and how to avoid them. Molecular Ecology, 24, 3223-3231. https://
doi.org/10.1111/mec.13243

Mergeay, J., Verschuren, D., & De Meester, L. (2006). Invasion of an
asexual American water flea clone throughout Africa and rapid dis-
placement of a native sibling species. Proceedings of the Royal Society
B: Biological Sciences, 273, 2839-2844. https://doi.org/10.1098/
rspb.2006.3661

Ministry of Agriculture, Forestry and Fisheries of Japan (2019). Statistics
information for fisheries. Retrieved from http://www.maff.go.jp

Oakleaf, J. R., Kennedy, C. M., Baruch-Mordo, S., West, P. C., Gerber,
J. S., Jarvis, L., & Kiesecker, J. (2015). A world at risk: Aggregating
development trends to forecast global habitat conversion. PLoS One,
10(10), e0138334. https://doi.org/10.1371/journal.pone.0138334

Oakleaf, J. R., Kennedy, C. M., Baruch-Mordo, S., West, P. C., Gerber, J. S.,
Jarvis, L., & Kiesecker, J. (2019). Development threat index. Palisades,
NY: NASA Socioeconomic Data and Applications Center (SEDAC).

Oba, T., & Tanimura, Y. (2012). Surface environments in the Japan Sea
around the last glacial maximum. Journal of the Geological Society of
Japan, 118, 376-386. https://doi.org/10.5575/geoso0c.2012.0011

Oksanen, J., Blanchet, F. G,, Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., ... & O'Hara, R.B. (2019) vegan: Community ecology package. R
package version 2.4-5. Retrieved from https://CRAN.R-project.org/
package=vegan

Omoto, K., & Saitou, N. (1997). Genetic origins of the Japanese: A par-
tial support for the dual structure hypothesis. American Journal
of Physical Anthropology, 102, 437-446. https://doi.org/10.1002/
(SIC1)1096-8644(199704)102:4<437:AID-AJPA1>3.0.CO;2-P

Otofuji, Y., Matsuda, T., & Nohda, S. (1985). Opening mode of the Japan
Seainferred from the palaeomagnetism of the Japan Arc. Nature, 317,
603-604. https://doi.org/10.1038/317603a0

Park, G. M. (2015). Karyological Studies of Sinotaia quadrata (Benson,
1842) (Gastropoda: Viviparidae) of Korea. Cytologia, 80, 89-93.

Pelletier, F., & Coltman, D. W. (2018). Will human influences on evo-
lutionary dynamics in the wild pervade the Anthropocene? BMC
Biology, 16, 7. https://doi.org/10.1186/s12915-017-0476-1

Philip, W. H. (2005). A standardized genetic differentiation measure.
Evolution,59,1633-1638.https://doi.org/10.1111/j.0014-3820.2005.
tb01814.x

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population
structure using multilocus genotype data. Genetics, 155, 945-959.

Qian,Z.X.,Fang,Y.F.,&He, J.(2014). A conchological review of Bellamyinae
(Gastropoda: Viviparidae) of China. Shell Discoveries, 1, 3-12.


https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1023/B:COGE.0000041021.91777.1a
https://doi.org/10.1111/j.1471-8286.2004.00845.x
https://doi.org/10.1111/j.1471-8286.2004.00845.x
https://doi.org/10.1046/j.1440-1738.1999.00241.x
https://doi.org/10.1046/j.1440-1738.1999.00241.x
https://doi.org/10.1007/s11295-017-1119-y
https://doi.org/10.1007/s11295-017-1119-y
https://doi.org/10.1016/j.ympev.2019.04.003
https://doi.org/10.1111/1755-0998.12663
https://doi.org/10.1111/1755-0998.12663
https://doi.org/10.1016/j.palaeo.2005.11.015
https://doi.org/10.1016/j.tig.2007.08.012
https://doi.org/10.1038/nature01089
https://doi.org/10.1111/j.1365-294X.2011.05108.x
https://doi.org/10.1111/j.1365-294X.2011.05108.x
https://doi.org/10.1046/j.1471-8286.2003.00406.x
https://doi.org/10.1046/j.1471-8286.2003.00406.x
https://doi.org/10.2307/1948560
https://doi.org/10.1016/j.tecto.2010.11.016
https://doi.org/10.1007/s10228-009-0125-y
https://doi.org/10.1111/j.1365-294X.2004.02163.x
https://doi.org/10.1111/mec.13243
https://doi.org/10.1111/mec.13243
https://doi.org/10.1098/rspb.2006.3661
https://doi.org/10.1098/rspb.2006.3661
http://www.maff.go.jp
https://doi.org/10.1371/journal.pone.0138334
https://doi.org/10.5575/geosoc.2012.0011
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1002/(SICI)1096-8644(199704)102:4%3C437:AID-AJPA1%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1096-8644(199704)102:4%3C437:AID-AJPA1%3E3.0.CO;2-P
https://doi.org/10.1038/317603a0
https://doi.org/10.1186/s12915-017-0476-1
https://doi.org/10.1111/j.0014-3820.2005.tb01814.x
https://doi.org/10.1111/j.0014-3820.2005.tb01814.x

YE ET AL.

8072 WI LEY_ECObe and Evolution

Open Access,

Raymond, M., & Rousset, F. (1995). GENEPOP (version 1.2): Population
genetics software for exact tests and ecumenicism. Journal of
Heredity, 86, 248-249. https://doi.org/10.1093/oxfordjournals.
jhered.a111573

Rhymer, J. M., & Simberloff, D. (1996). Extinction by hybridization and
introgression. Annual Review of Ecology and Systematics, 27, 83-109.
https://doi.org/10.1146/annurev.ecolsys.27.1.83

Rousset, F. (2008). GENEPOP' 007: A complete re-imple-
mentation of the GENEPOP software for Windows and
Linux. Molecular Ecology Resources, 8, 103-106. https://doi.
org/10.1111/j.1471-8286.2007.01931.x

Saito, T., Hirano, T., Prozorova, L., Tu Do, V., Sulikowska-Drozd, A.,
Sitnikova, T., ... Chiba, S. (2018). Phylogeography of freshwater pla-
norbid snails reveals diversification patterns in Eurasian continental
islands. BMC Evolutionary Biology, 18, 164. https://doi.org/10.1186/
$12862-018-1273-3

Saitoh, K., Chen, W. J., & Mayden, R. L. (2010). Extensive hybridization
and tetrapolyploidy in spined loach fish. Molecular Phylogenetics
and  Evolution, 56, 1001-1010. https://doi.org/10.1016/j.
ympev.2010.04.021

Sengupta, M. E., Kristensen, T. K., Madsen, H., & Jagrgensen, A.
(2009). Molecular phylogenetic investigations of the Viviparidae
(Gastropoda: Caenogastropoda) in the lakes of the Rift Valley area
of Africa. Molecular Phylogenetics and Evolution, 52, 797-805. https://
doi.org/10.1016/j.ympev.2009.05.007

Shu, F. Y., Wang, H. J., Cui, Y. D., & Wang, H. Z. (2014). Diversity and dis-
tribution pattern of freshwater molluscs in the Yangtzu river basin.
Acta Hydrobiologica Sinica, 38, 19-26.

Stelbrink, B., Richter, R., Kéhler, F., Riedel, F., Strong, E. E., Van Bocxlaer,
B., ... Von Rintelen, T. (2020). Global diversification dynamics since
the jurassic: Low dispersal and habitat-dependent evolution explain
hotspots of diversity and shell disparity in River Snails (Viviparidae).
Systematic Biology. (syaa011) https://doi.org/10.1093/sysbio/syaa011

Takenaka, M., & Tojo, K. (2019). Ancient origin of a dipteromimid mayfly
family endemic to the Japanese Islands and its genetic differentiation
across tectonic faults. Biological Journal of the Linnean Society, 126,
555-573. https://doi.org/10.1093/biolinnean/bly192

Tews, J., Brose, U., Grimm, V., Tielborger, K., Wichmann, M. C,,
Schwager, M., & Jeltsch, F. (2003). Animal species diversity driven
by habitat heterogeneity/diversity: The importance of key-
stone structures. Journal of Biogeography, 31, 79-92. https://doi.
org/10.1046/j.0305-0270.2003.00994.x

Tojo, K., Sekiné, K., Takenaka, M., Isaka, Y., Komaki, S., Suzuki, T., &
Schoville, S. D. (2017). Species diversity of insects in Japan: Their
origins and diversification processes. Entomological Science, 20, 357-
381. https://doi.org/10.1111/ens.12261

Ui, T., & Fukuyama, H. (1972). 14C age of the Koya pyroclastic flow de-
posit and range of the volcanic activities of volcanoes at southern
Kyushu. Journal of Geological Society of Japan, 78, 631-632.

Van Bocxlaer, B., & Strong, E. E. (2019). Viviparidae Gray, 1847. In C.
Lydeard, & K. S. Cummings (Eds.), Freshwater mollusks of the world:
A distribution atlas (pp. 43-50). Baltimore, MD: Johns Hopkins
University Press.

Venter, O., Sanderson, E. W., Magrach, A., Allan, J. R., Beher, J., Jones,
K. R., ... Watson, J. E. M. (2016). Global terrestrial Human Footprint
maps for 1993 and 2009. Scientific Data, 3, 160067. https://doi.
org/10.1038/sdata.2016.67

Venter, O., Sanderson, E. W., Magrach, A., Allan, J. R., Beher, J., Jones, K.
R.,...Levy, M. A.(2018). Last of the wild project, version 3 (LWP-3): 2009
Human Footprint, 2018 release. Palisades, NY: NASA Socioeconomic
Data and Applications Center (SEDAC).

Vogel, V., Pedersen, J.S.,Giraud, T.,Krieger, M. J. B., & Keller, L. (2010). The
worldwide expansion of the Argentine ant. Diversity and Distributions,
16, 170-186. https://doi.org/10.1111/j.1472-4642.2009.00630.x

Voris, H. K. (2000). Maps of Pleistocene sea levels in Southeast Asia:
Shorelines, river systems and time durations. Journal of Biogeography,
27,1153-1167. https://doi.org/10.1046/j.1365-2699.2000.00489.x

Wang, H. J. (1983). Gastropods from the Zhenpiyan Cave in Guilin,
Guangxi. Acta Palaeontologica Sinica, 22, 117-119+148.

Wang, S. M. (1961). Some Pleistocene fresh-water moulluscan faunules
from North China. Acta Palaeontologica Sinica, 9, 80-89.

Wen, Y. H,, Qin, H. M., Huang, J., Luo, F. G., Wang, W. M., & Yang, R.B.
(2018). Market status and prospects of peocessing industry and ca-
tering industry for Bellamya quadrata. China Fisheries, 10, 42-45.

Wen, Y., Uchiyama, K., Han, W., Saneyoshi, U., Xie Weidong, X.,
& Gangbiao, T. Y. (2013). Null alleles in microsatellite markers.
Biodiversity Science, 21, 117-126.

Wepfer, P. H., Guénard, B., & Economo, E. P. (2016). Influences of climate
and historical land connectivity on ant beta diversity in East Asia.
Journal of Biogeography, 43, 2311-2321. https://doi.org/10.1111/
jbi.12762

Wu, X. P,, Ouyang, S., Y|, L., Wang, H. Z., & Yu, Y. F. (2000). Comparative
studies on shell and radular morphology of Bellamya (Gastropoda:
Viviparidae). Journal of Nanchang University (Natural Science Edition),
24, 1-5.

Xiang, K. L., Erst, A. S., Xiang, X. G., Jabbour, F., & Wang, W. (2018).
Biogeography of Coptis Salisb. (Ranunculales, Ranunculaceae,
Coptidoideae), an Eastern Asian and North American genus. BMC
Evolutionary Biology, 18, 74.

Yen, T. C. (1937). Notes on some gastropods of Hunan Province. Bulletin
Du Musée Royal D'histoire Naturelle De Belgique, XIII, 1-41.

Zhang, D., Ye, Z., Yamada, K., Zhen, Y., Zheng, C., & Bu, W. (2016).
Pleistocene sea level fluctuation and host plant habitat require-
ment influenced the historical phylogeography of the invasive spe-
cies Amphiareus obscuriceps (Hemiptera: Anthocoridae) in its native
range. BMC Evolutionary Biology, 16, 174. https://doi.org/10.1186/
$12862-016-0748-3

Zhao, K.-K., Landrein, S., Barrett, R. L., Sakaguchi, S., Maki, M., Mu,
W.-X., ... Wang, H.-F. (2019). Phylogeographic analysis and genetic
structure of an endemic Sino-Japanese disjunctive genus Diabelia
(Caprifoliaceae). Frontiers in Plant Science, 10, 913. https://doi.
org/10.3389/fpls.2019.00913

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Ye B, Saito T, Hirano T, Dong Z, Do VT,
Chiba S. Human-geographic effects on variations in the
population genetics of Sinotaia quadrata (Gastropoda:
Viviparidae) that historically migrated from continental East
Asia to Japan. Ecol Evol. 2020;10:8055-8072. https://doi.
org/10.1002/ece3.6456



https://doi.org/10.1093/oxfordjournals.jhered.a111573
https://doi.org/10.1093/oxfordjournals.jhered.a111573
https://doi.org/10.1146/annurev.ecolsys.27.1.83
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1186/s12862-018-1273-3
https://doi.org/10.1186/s12862-018-1273-3
https://doi.org/10.1016/j.ympev.2010.04.021
https://doi.org/10.1016/j.ympev.2010.04.021
https://doi.org/10.1016/j.ympev.2009.05.007
https://doi.org/10.1016/j.ympev.2009.05.007
https://doi.org/10.1093/sysbio/syaa011
https://doi.org/10.1093/biolinnean/bly192
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1111/ens.12261
https://doi.org/10.1038/sdata.2016.67
https://doi.org/10.1038/sdata.2016.67
https://doi.org/10.1111/j.1472-4642.2009.00630.x
https://doi.org/10.1046/j.1365-2699.2000.00489.x
https://doi.org/10.1111/jbi.12762
https://doi.org/10.1111/jbi.12762
https://doi.org/10.1186/s12862-016-0748-3
https://doi.org/10.1186/s12862-016-0748-3
https://doi.org/10.3389/fpls.2019.00913
https://doi.org/10.3389/fpls.2019.00913
https://doi.org/10.1002/ece3.6456
https://doi.org/10.1002/ece3.6456

